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To the Student 
This is a textbook to help you in studying biology for the 
GCSE. You will be following the GCSE syllabus of only 
one Examination Group, but this book contains the 
material needed by all the Groups. For this ·reason, 
amongst others, it is not expected that you will need to 
study or learn everything in the book. 

Furthermore, the emphasis in GCSE is on the ability to 
understand and use biological information rather than on 
committing it all to memory. However, you will still need 
to use a book of this sort to find the facts and explanations 
before you can demonstrate your understanding or apply 
the biological principles. 

The text is presented at two levels. Core text is in 
ordinary print and contains subject matter which occurs 
in nearly all the syllabuses. Extension text appears on a 
blue background and covers topics that are beyond the 
basic syllabus requirements or are relevant to only one 
syllabus. 

It is therefore quite possible to concentrate only on the 
core material. If, however, you have a particular interest 
in biology or if parts of the extension material are relevant 
to your syllabus, you should read the extension material, 
either when you come to it or later after gaining a sound 
understanding of the core material. 

The questions included in a chapter are intended to test 
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your understanding of the text you have just read. If you 
cannot answer the questions straightaway, read that 
section of text again with the question in mind. 

The questions at the end of each section and those grouped 
at the end of the book are mostly selected from the 
specimen examination papers published by the GCSE 
Examining Groups. In many cases, they are designed to 
test your ability to apply your biological knowledge. The 
question may provide certain facts and ask you to make 
interpretations or suggest explanations. In such cases, the 
factual information may not be covered in the text. 

Looking up information. The index, the contents pages and 
the headings at the beginning of each chapter are intended 
to help you find the information you need. If the word you 
want does not appear in the index, try a related word. For 
example, information about 'sight' might be listed under 
'vision', 'eyes' or 'senses'. 

Practical work. Given standard laboratory equipment, it 
should be possible for you to attempt any of the practical 
work described in the book, though you will probably not 
have time to do it all. 

For this reason, it has been necessary to give the expected 
results of the experiments so that you can appreciate the 
design and purpose of an experiment even if you have not 
been able to do it yourself. 
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SECTION 1 

SOME PRINCIPLES 
OF BIOLOGY 

\ 



1 Cells and Tissues 

CELL STRUCTURE 
How tissues are studied to see cells: the microscope; 
taking sections. Cell components. Plant cells. Cell 
structure at high magnification with the electron 
mic•·oscope; types of electron microscopy. Evidence 
for functions of eel I components. Artefacts. 

CELL DIVISION AND SPECIALIZA liON 
Cell division and growth. Specialization of cells for 
different functions. 

CELL STRUCTURE 

If a very thin slice of a plant stem is cut and studied under 
a microscope (Fig. 1), it can be seen that the stem consists 
of thousands of tiny, box-like structures. These structures 
are called cells. Figure 2 is a thin slice taken from the tip 
of a plant shoot and photographed through a microscope. 

objective lens 

focusing 
knobs 

Fig. 1 The microscope. Light is reflected by the mirror 
and directed through the specimen into the lenses of the 
microscope. These lenses produce a greatly magnified 
image of t he specimen which can be studied directly or 
photographed. 

2 

TISSUES AND ORGANS 
Definitions and examples of tissues, organs and 
systems. Tissue c ui ture. 

PRACTICAL WORK 

Preparing, observing and drawing plant and animal 
cells. 

Fig. 2 Longitudinal section through the tip ot' a 
plant shoot ( x 60). The slice is only one cell thick, so 
light can pass through it and allow the cells to be seen 
clearly. 

Photographs like this are called photomicrographs. The 
one in Fig. 2 is 60 times larger than life, so a cell which 
appears to be 2 mm long in the picture, is only 0.03 mm long 
in life. 



Thin sl ices of this kind are called sections. If you cut 
along the length of the structure, you are taking a 
longitudinal section. Figure 2 is a longitudinal section 
which passes through two small developing leaves near the 
tip of the shoot, and two larger leaves below them. The 
leaves, buds and stem are all made up of cells. If you cut 
across the structure, you make a transverse section 
(Fig. 3). 

(a) transverse 
section 

(b) longitudinal 
section 

Fig. 3 Cutting sections of a plant stem 

It is fairly easy to cut sections through plant structures 
just by using a razor blade. To make a microscopic study of 
animal structures is more difficult because they are mostly 
soft and flexible. Pieces of skin, muscle or liver, for 
example, first have to be soaked in melted wax. When the 
wax goes solid it is then possible to cut thin sections. The 
wax is dissolved away after making the section. 

When sections of animal structures are examined under 
the microscope, they, too, are seen to be made up of cells 
but they are much smaller than plant cells and need to. be 
magnified more. The photomicrograph of kidney tissue in 
Fig. 4 has been magnified 700 times to show the cells 
clearly. The sections are often treated with dyes, called 
'stains', in order to show up the structures inside the cells 
more clearly. 

Fig. 4 Transverse section through a kidney tubule 
(x700). A section through a tube will look like a ring (see 
Fig. 19b on p. 10). In this case, each 'ring' consists of 
about 10 cells. 
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Making sections is not the only way to study cells. Thin 
strips of plant tissue, only one cell thick, can be pulled off 
stems ot·leaves (Experiment 1, p. 12). Plant or animal tissue 
can be squashed or smeared on a microscope slide (Ex peri· 
ment 2, p. 13) or treated with chemicals to separate the cells 
before studying them. 

There is no such thing as a typical plant or a nima l cell 
because cells vao·y a great deal in their size and shape 
depending on thei r function. Nevertheless, it is possible to 
make a 'generalized' drawing like Fig. 5 to show features 
which are present in most cells. All cells have a cell 
membrane which is a thin boundary enclosing the 
cytoplasm. Most ce lls have a nucleus. 

Fig. 5 A group of llnimal cells, e.g. cells scraped from 
the lining of the ch eek (sec p. l3). 

Cytoplasm Under the ordinary microscope (light micro· 
scope), cytoplasm looks like a thick liquid with pao·ticles in 
it. In plant cells it may be seen to be flowing about. The 
particles may be food reserves such as oil droplets or 
granules of starch. Other particles are structures which 
have particular functions in the cytoplasm. These struC· 
tures are the ot·gane lles. Examples are the ribosomes 
which build up the cell's proteins (see p. 14) and the 
mitochondt·ia which generate energy for the cel l's liv ing 
processes (see p. 24). 

When studied at much higher magnifications with the 
electron microscope (see below), the cytoplasm no 
longer looks like a structureless jelly but appears to be 
organized into a complex system of membranes and 
vacuoles. 

ln the cytoplasm, a great many chemical reactions are 
taking place which keep the cell a live by providing energy 
and making substances that the cell needs (see pp. 14 and 
24). 

The liquid part of cytoplasm is about 90 per cent water 
with molecules of salts and sugars dissolved in it. 
Suspended in th is solution there are larger molecules of 
fats (lipids) and proteins (see pp. 14- 15). Lipids and 
proteins may be used to build up the cell structures, e.g. the 
membranes. Some of the prote ins are enzymes (p. 17). 
Enzymes control the rate a nd type of chemical reactions 
which take place in the cells. Some enzymes are attached 
to the membrane systems of the cell, others float freely in 
the liquid part of the cytoplasm. 
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Cell membrane ·rhis is a thin layer of cytoplasm round 
the outside of the cel l. It stops the cell contents from 
escaping and a lso controls the substances which are 
allowed to enter and leave the cell. In general, oxygen, 
food and water are allowed to enter; waste products are 
allowed to leave and harmful substances are kept out. In 
this way the cell membra ne maintains the structure and 
chemical reactions of the cytoplasm. 

Nucleus (plural= nuclei) Most cells contain one nu­
cleus, usually seen as a rounded structure embedded in the 
cytoplasm. In drawings of cells, the nucleus may be shown 
darker than the cytoplasm because, in prepared sections, 
it takes up certain stains more strongly than the 
cytoplasm. The function of the nucleus is to control the 
type and quantity of enzymes produced by the cytoplasm. 
In this way it regulates the chemical changes which take 
place in the cell. As a result, the nucleus detet·mines what 
the cell will be, e.g. a blood cell, a liver cell, a muscle cell 
or a nerve cell. 

The nucleus a lso controls cell division as s hown in 
Fig. 15. A cell without a nucleus cannot reproduce. Inside 
the nucleus are thread-like structures called chr omo­
somes which can be seen most easily at the time when 
the cell is dividing. (See p. 220 for a fuller account of 
chromosomes.) 

'!'be term protoplasm is sometimes used to describe the 
cytoplasm, nucleus and cell membrane together. 

Plant cells 
Figure 5 represents a few generalised anima l cells . 
F igure 6 is a photograph of plant cells in a leaf (pa lisade 
cells). Figure 7 is a simplified drawing of two of the cells. 

Plant cells differ from animal cells in severa l ways; 
1. They a ll have a cell wall outside the cell membrane. T'bis 

is a non-living layer of cellulose, which allows liquids 
and dissolved substances to pass freely through it. It is 
not selective like the cell membt·ane. (Note that plant 
cells do have a cell membrane but it is not easy to see or 
draw because it is pressed against the inside of the cell 
wa ll. See Fig. 8.) 

Fig. 6 Plant cells. 'J'his is a section through a leaf to show 
some of the tall palisade cells ( x 460) (see alsop. 61). 

cell membrane 

vacuole 

cv10plasm 

cell wall 

,Q;) - D 9 

ci 8 nucleus 

0 
0 

0 

0 £ 
(), 
c 0 

0 (b) transverse section 
0 
I ,o c o· (a) longitudinnl 15ection 

Fig. 8 Structure of a palisade cell. It is important to 
rcmembe.r that, although cells look Hat in sections or in 
th in strips of tissue, they are in fact three-dimensional 
and may seem to have different sha1>es according to the 
direction in which the section is cut. If the cell is cut 
across it will look like (b); if cut longitudinally it will 
look like (a). 

Under the microscope, plant cells are qui te distinct 
and easy to see because of their cell walls.ln Fig. 2 it is 
only the cell walls (and in some cases the nuclei) which 
can be seen. Each plant cell has its own cell wall but the 
boundary between two cells s ide by side does not usually 
show up clearly. Cells next to each other therefore 
appear to be sharing the same cell wall . 

cell wall 
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Fig. 7 Palisade cells from a leaf 



2. Most mature plant cells have a large, fluid-filled space 
ca ll ed a vacuole. The vacuole contains cell sap, a 
watery solution of sugars, salts and sometimes pig­
ments. This large, central vacuole pushes the cytoplasm 
aside so that it forms just a thin lining inside the cell 
wal l. Tt is the outward pressure of the vacuole on the 
cytoplasm and cell walJ which makes plant cells and 
their tissues firm (seep. 38). Anima I cells may sometimes 
have small vacuoles in their cytoplasm but they are 
usually produced to do a particular job and are not 
permanent. 

3. In the cytoplasm of plant cells are many organelles 
called plastids which are not present in animal cells. If 
they contain the green substance chlorophyll, the 
organelles are called chloroplasts (see p. 47). Colour­
less plastids usually contain starch which is used as a 
food store. 

The shape of a cell when seen in a transverse section may 
be quite different when the same cell is seen in a 
longitudinal section. Figure 8 shows why this is so. 
F igures 9b and con p. 63 show the appearance of cells in a 
stem vein as seen in transverse and longitudinal section. 

QUESTIONS 
1 (a) What structures are usually present in all cells, whether 
they are from an animal or from a plant? 

(b) What structures are present in plant cells but not in an ima l 
cells? 
2 What cell structure is largely responsible for controlling the 
entry and exit of substances into or out of the cell? 
3 ln what way does the red blood cell shown in Fig. I on p. 137 
differ from most other animal cells? 
4 How does a cell membrane differ from a cell wall? 
5 Why does the cell shown in Fig. 8(b) appear to have no nucleus? 
6 In Fig. 4, the cell membranes are not always clear. Why is it still 
possible to decide roughly how many cells there are in each 
tubule section? 
7 (a) In order to see cells clearly in a section of plant tissue, would 
you have to magnify the tissue (i) x 5, (ii) x 10, (iii) x 100 or (iv) 
X \0()(}? 

(b) What is the approximate width (in mm) of one of the largest 
cells in Fig. 4? 
8 Make a simple drawing to show what a longitudinal section 
through Fig. 19b would look like. 

The electron microscope 
The structure of the cell as described so far is what 
might be seen with an ordinary microscope, using 
daylight or artificial light. A 'light' microscope such 
as this gives good results up to magnifications of 
about x 1000 but is unable to distinguish structm·es 
much smaller than 0.3 microns. (A micron, prn, is a 
thousandth of a millimetre.) 

The electron microscope passes beams of electrons 
instead of beams oflight through the object. Because 
the wavelength of electron beams is very short, clear 
images can be produced at much greater magnifica­
tions than are possible with the light microscope. A 
common magnification with the electron microscope 
is x 50 000 but in s'6'me cases x 500 000 is used. The 
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image can be seen by projecting it on to a fluorescent 
screen, as in a television tube, or by photographing it 
to make an electron micrograph (Fig. 9). 

Fig. 9 Electron micrograph of cells in the pancreas 
(x 3000). 

The specimen is embedded in clear plastic and then 
cut into slices thin enough to allow the electron beam 
to pass through. The 'stains' used in this case are not 
dyes, but have a chemical composition which impedes 
the passage ofelectt·ons. This gives a greater contrast 
between the cell structures. Electron micrographs 
taken by this means show that the cytoplasm is a 
highly organised material, containing specialised 
organelles (Fig. 10). 

cell 

oil 
droplet ~-1-t--t' 

glycogen 
granule 

Fig. 10 General diagram of an animal cell as seen 
by the electron microscope. The cell has been 
dehydrated, stained and sectioned but it is assumed that 
the simplified features shown do represent structures in 
the living cell. 

There are severa.l other methods of electron 
microscopy. The tissues may be frozen in liquid 
nitrogen and then sectioned in various ways to 
expose the cell structure. Since electrons can pass 
straight through these 'unstained' tissues, a thin 

\ 
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coating of carbon and platinum is applied to the 
surface. This makes a replica which absorbs elec· 
trona to varying extents and so produces an image of 
the cut surface (Fig. 11). 

Fig. l1 Yeast cell (x 12,000). Electron micrograph of a 
freeze·ctched section. The carbon-platinum film on tho 
exposed cut surface seems to throw the features into 
relief. m • mitochondrion n = nucleus v • vacuole 

A st1·uctura coated in this way may also be studied 
by the scanning electron microscope. The features 
of the structlll'e are revealed by e lectrons being 
scattered from the surface and redirected into a 
converter which produ.ces a picture on a television 
screen (Fig. 12). 

Fig. 12 Fly's head ( x 40). A scanning elcctron 
micrograph which shows the surface features of this 
insecfs head showing eyes and tongue. 

Organelles 
Endoplasmic r eticulum This is a series of tubes 
and Aattened sacs extending throughout tho cyto· 
plasm. The channels are not permanent but cha nge 
thei •· s hapes and connections. Enzyme reactions 
(p. 17) take place on the surface of tho membranes 
which form the endoplasmic reticulum, and the 
system of channels might allow substances to move 
rapidly about in the cell. 

Ribosom es Some of the endoplasmic reticulum 
membranes have particles attached to them. These 
are called ribosomes and are known to be the sites 
where proteins (p. 14) are built up. 

Mitochondria (singular= mitochondrion) Mi to· 
chondri a are present in the majority of cells. Their 
shape varies from sausage-like to spherical and they 
can move about in the cells. Often they co!Ject at sites 
where rapid chemical activity is taking place or 
whet'e oxygen is abundant. As shown in Fig. 10 their 
internal membranes appear to be thrown into folds 
which greatly increase thei r surface area. On these 
internal membranes there may be enzymes which 
control the process of respiration (p. 24). In respira· 
tion, molecules of food such as glucose are broken 
down to release energy with the aid of oxygen and 
enzymes. The mitochondria, therefore, are the main 
energy converters of the cell. 

Nuclear mem brane Electron micrographs show 
the nucleus to have a membrane round it. In this 
membrane there appear to be pores and it is thought 
that substances pass through the pores into tho 
cytoplasm whe1·c they influence the reactions taking 
place. 

Nucleolus The nucleolus is thought to be the 
region in the nuc leus where a substance called RNA 
(ribose-nucleic acid) is made (seep. 17). 

Chloroplasts These are present in plant cells and 
in certain single-celled organisms and algae (p. 327). 
Figure 13 shows a section through a chloroplast as 
revealed by the electron microscope. The system of 
membranes in the chloroplast carries molecules of 
chlorophyll and the enzymes which conduct the first 
stages of photosynthesis. The liquid material be· 
tween the membranes contains enzymes w/Uch 
continue tho process (seep. 45). 

Fig. 13 Section through a chloroplast ( x 12,000). Tho 
system of internal membranes carries the chlorophyiJ and 
enzymes needed for photosynthesis. 



Artefacts 
When tissues are prepared for sectioning and 
microscopic study, they are often treated with 
chemicals called fixatives which harden the cyto­
plasm and preserve it. The tissues may then be 
dehydrated, e.g. by immersing them in alcohol, before 
embedding them in wax or plastic. Finally the 
sections may be 'stained' with chemicals which show 
up the nucleus, cell membrane, cytoplasm or cell wall 
more clearly. [t could be argued that the cell 
'structures' seen under the microscope are the results 
of this drastic treatment. For example, the chemical 
fixatives and dehydrating agents might make the cell 
contents shrink, become distorted and so cause the 
appearance of features which do not represent the 
structures of the living cell. Such artificial features 
are called artefacts. 

It is, however, possible to study living cells and, by 
varying the methods of preparing tissues and the 
kind of illumination used, confirm that the cell 
membrane, nucleus, nucleolus and mitochondria, at 
least, are normal structures in the living cell. There 
is still argument about some ofthe details revealed by 
electron microscopy (e.g. what happens to the endo­
plasmic reticulum when the cytoplasm streams about 
in the cell?) but the bulk of the evidence supports the 
view that the visible features shown in electron 
micrographs do represent living structures, even if 
the preparation of the section has distorted them to 
some extent. 

Nevertheless, it is best to bear in mind that 'seeing' 
is not always 'believing' when cells, tissues, organs 
and organisms are subjected to various forms of 
artificial treatment before observing them. 

Evidence for the functions of 
organelles 
The function of some organelles has been mentioned 
above. The evidence for these functions comes mainly 
from techniques which• break open the cells and 
separate the different cell structures. There are many 
methods of breaking cells open without damaging 
their contents too much. 

A suspension of cells is made in a suitable salt 
solution. The suspension may then be forced through 
a fine tube or put in a device similar to a food blender. 
The result is that the cell membranes are bt·oken open 
and the organelles and granules released. 

The suspension of cell fragments is then subjected 
to cen trifugation. Tubes of the suspension are 
whirled round in a centrifuge. If you hold a bucket 
of water in your hands and then spin round on the 
spot, your arms and the bucket are puJied to a 
horizontal position. The water does not fall out 
because of the outward force generated by the 
spinning movement. A centrifuge works in a similar 
way with a number of special test-tubes being spun 
horizontally and very rapidly. The outward force 
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causes the suspended organelles to move towards the 
bottom of the test-tube. The heavier organelles are 
forced towards the bottom faster than the light ones. 
So by spinning the tubes at increasing speeds, it is 
possible to separate out the organelles. At slow 
speeds, the nuclei settle out first, then chloroplasts, 
mitochondria, membrane fragments and ribosomes. 

These suspensions of organelles can then be 
subjected to microscopic examination and experi­
mentation to investigate their functions. There is 
still a great deal to be learned from investigations of 
this sort. The detailed reactions taking place in the 
mitochondria, ribosomes and cell membranes are far 
from being fully understood. It must also be remem­
bered that the activities of isolated organelles 
suspended in test-tubes of solution may not be the 
same as their activities in a living cell. 

CELL DIVISION AND CELL 
SPECIALIZATION 

Cell division 
When plants and animals grow, their cells increase in 
numbers by dividing. Typical growing regions are tbe ends 
of bones, layers of cells in the skin, root tips and buds 
(Fig. 14). Each cell divides to produce two daughter cells. 
Both daughter cells may divide again, but usually one of 
the cells grows and changes its shape and structure and 
becomes adapted to do one particular job-in other 
words, it becomes specialized. At the same time it loses its 
ability to divide any more. The other cell is still able to 
divide a nd so continue the growth of the tissue. Growth is, 
therefore, the result of cell division, followed by ce ll 
enlargement and, in many cases, cell specialization. 

Fig. 14 Cell division in an onion root tip ( x 750). The 
nuclei are stained pink. Most of t he cells have just 
completed cell division. 
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(a) Animal cell about 
to di,•ide. 

(b) The nucleus divides 
first. 

Fig. 15 Cell division in an animal cell 

0 
(lr) A plant cell nbout 
to divide has a large 
nucleus and no ''1-lCuolc. 

OJ 
(b) 1'he nucleus divides 
first. A new ccJJ wall 
develops nnd ooparatcs 
the two t--ells. 

Fig. 16 Cell division in a plan t cell 

(c) 'l'he dnughter m1clei 
se parate and the 
c;:ytOillasm pi nches ofl' 
between the nuclei. 

fi~l-r-:--0 .. - ~·. . . .. ~-;-. _·_:\ 
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(d) 1\"o cells urc formed. 
One moy keep the ability 
to <livide, nnd t.hc other 
may bccoma spccinJized. 

r rJ r CJ 
~-======~ ========= 

(c) The cytoplasm adds 
ln.ycrs or ccJiu lose on each 
~;ide or the new ce ll wall. 
Vacuoles form in the 
cyt.o)ll~tsm of one ce ll. 

(d) The vncuoles join up lo 
fom1 one vacuole. This takes 
in water and mokcs the ceJJ 
bigger. 'l'he othe•· cell wi II 
divide agnin. 

Figm·e 15 shows the process of cell division in an animal 
cell . '!'he events in a plant cell are shown in Figs 14 and l6. 
Becallse of the cell wall, the cytoplasm cannot simply pinch 
off in the middle, and a new wall has to be laid down between 
the two da ughter cell s. Also a new vacuole has to form. 

the daughter ce lls at cell division. 
Figure 17 s hows the pattem of cell division that takes 

place at the growing point of a simple seaweed. The cells 
divide a nd expand to make the tip longer and wider. Once 
cells 4a-d have formed they cannot divide again but may 
become s pecia lized, e.g. 4b a nd 4c may help carry food up 
to the growing point. 

Or·ganelles such as mitochondria and cbloroplusts are 
a ble to divide and are shared more or less equally between 

2 

3 

4 

L!'•· . - ~?, ' 
-~ - '" . . _· : 

vacuoles 
form 

.L--..-----<~-,.,-....), - -~ 

~-- ----- ~i 
chese cells growth 
will get in length 

m=bd6~..,.;,.d.1 :~g~·-- _____ L_}.;-~~b:'~~~~~ 

Fig. 17 Growth by cell division and cell elongation at the ti11 of a seaweed 
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cilia 

nucleus 

~ 

~· . • J 

(a) Ciliated cells. T-hese fonn the lining of the nose 
and windpipe, and the t.iny cytoplasmic ' hairs'. 
called cilia. arc in continual flicking movement 
keeping up a stream of fhlid (mucus) that cnrries 
dust und bacteria away from t ho lungs. 

r. 
• \._ 

r. 
4 I 

vacuole 

(b) White blood cell. Occuno in the b lood stream 
and is specialized for engulfing harmful bacteria. 
lt. is uble to change its shape and move about, 
even throu&h the walls of blood vessels into the 
surrounding t issues. 

nucleus 

chloroplast 

pore 

.... 
(d) Guard ecUs of n stomn. These two curved cells 
form on opening in the epidennis of nlcaf and allow 
oxygen ond carbon dioxide to pnss in and 0 \ lt. They 
can change their shape and thus close the pore. 

. ' 
f 
1' i j' 1t 

\ I I '\ 

sieve plate 

(e) Nerve cell. Special izcd for conduct.iog impulse-s 
of an e lectrical nat.ure along the fibre. A nerve 
consists or hundreds of fibres bound together. 
The fibres may be very long, e.g. from tho 
foot to the spinul column. 

bacteria 

noNe 
fibre 

j • I 
. . I ' 

' cell body 

(c) Food-conducting cell in a plant (phloem cell). 
Long cells, joined end to end. n.nd where t.hcy meet. 
perforations occur in tho walls. Through thc~;e holes 
the cytoplasm of one cell coml'nunicntes with Lhc next. 
Dissolved food is thought t.o pnss through the holes 
during its transport. through the stem. 

Fig. 18 Specialized cells (not to scale) 
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Specialization of cells 
Most cells, when they have finished dividing and growing, 
become specialized. This means that 
1. they do one particular job; 
2. they develop a distinct shape; 
3. special kinds of chemical change take place in their 

cytoplasm. The changes in shape and chemical reactions 
enable the cell to carry out its special function. Nerve 
cells and guard cells are examples of specialized cells. 

Nerve cells (Fig. 18e): 
1. conduct electrical impulses to and from the brain; 
2. some of them are very long and connect distant parts of 

the body to the spinal cord and brain; 
3. their chemical reactions cause the impulses to travel 

along the fibre. 

Guard cells of 11 s tomn (Fig. 18d): 
1. open or close the stomatal pore in a len£; 
2. their curved shape and unevenly thickened cell walls 

causes them to change shape when the pressure in the 
vncuole alters; 

3. changes in carbon dioxide concentration affect the 
chemical reactions in their cytoplnsm a nd cell sap 
making the latter more or less concentrated. 

The specialization of cells to carry out particular 
functions in nn organism ia sometimes referred to as 
'division of labour ' within the organism. Similarly, the 
special functions of mitochondria, ri bosomes and other 
cell organelles may be termed 'division of labour' within 
the cell. 

QUESTIONS 
9 Select from the following events and put them in the correct 
order for cell division in (i) animal cells, (ii) plant cells: 
(a) cytoplasm divides, (b) vacuole forms in one cell, (c) new cell 
wall separates cells, (d) nucleus divides. 
10 Which cells in Fig. 17 mako the greatest contribution to 
growth in length? 
11 Look at Fig. 4 on page 167. When a Malpighian cell oftheskin 
divides, which daughter cell becomes specialized and which one 
keeps the ability to divide again? 
12 Look at Fig. 2 on page 59. (a) Whereabouts in o leaf are the 
food·carrying cells? (h) Wha~ other specialized cells are there in 
the lear! 

TISSUES AND ORGANS 

There are some microscopic organisms that consist of one 
cell only and can carry out ull the processes necessary for 
their survival (see p. 327). 'rhe cells of the larger plants and 
animals cannot survive on their own. A muscle cell could 
not obtain its own food and oxygen. Other specialized cells 
have to provide the food a nd oxygen needed for the muscle 
cell to live. Unless these cells arc grouped together in large 
numbers and made to work together, they cannot exist for 
long. 

Tissue A tissue such as bone, nerve or muscle in animals, 
and epidermis, phloem or pith (p. 62) in plants, is made up 
of many hundreds of cells of a few types. The cells of each 

type have simi lor structures and functions so that the 
tissue itself can be said to have a particular function, e.g. 
nerves conduct impulses, phloem carries food in plants. 
Figure 19 shows how some cells oro arranged to form 
simple tissues. 

Organs C<lnsist of several tissues grouped together to 
make a structure with a special function. For example, the 
stomach is an organ which contains tissues made from 
epithelial cells, glnnd cells and muscle cells. These cells 
are supplied with food and oxygen brought by blood 
vessels. The stomach also has a nerve supply. The heart, 
lungs, intestines, brain and eyes ore further examples of 
organs in animals. In flowering plants, the root, stem and 
leaves are the organs. The tissues of the leaf are epidermis, 
palisade tissue, spongy tissue, xylem and phloem (see 
pp. 48 and 5~2). 

(o) Cells forming on epithelium, n thin Ioyer oftiASuc, 
e.g. the lining oft.ho mouth cnvit.y. Different types of 
epithelium form the int.c rnoll ining of tho, windpipe, uir 
passages, food cannl. etc., nnd protect. Uwac orgnnM rrom 
physical or chomicnl dnmngo. 

(b) Cells Cor ming a small tube, e.g. a kidney tubule (Bee 
p. 160). Tubules such ns this carry liquids from one I>Arl or on 
organ tc) another. 

(c) One kind of muscle cell forming n ohcet ormu•clc 
tissue. Blood vessels. nerve fibrca ond connective tissues 
will also be present. Contractions of this kind or muscle 
help to move food along the food cunn i or to clooe down 
small blood vessels. 

(d) Cells forming part of n gland . The colla make 
chemicals which ore rclcucd into the ccntrnlspncc u nd 
carried away by n tubule such •• •hown in (IJ). liundrcdo or 
cell groups Jikc this would form o glond like. t-ho aulivnry 
glnod. 

Fig. 19 Row cells form tissues 



ulna 

(a) Skeletal system 

pelvic 
girdle 

(b) Nervous system 

Fig. 20 Three examples of systems in the human body 
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{c) Circulatory system 

A system usually refers to a gt·oup of organs whose 
functions ar·e closely related. For example, the heart and 
blood vessels make up the circ ulatory system; the brain, 
spinal cord and nerves make up the nervous system 
(Fig. 20). In a flowering plant, the stem, leaves and buds 
make up a system called the shoot (p. 58). 

An organism is formed by the organs and systems 
working together to produce an independent plant or 
animal. 

(a) A system- the digestive 
system of the human organi&m. 

Fig. 21 An example of how cells, t issues and organs 
are related 

(b) An organ- the stomnch, from tho 
dige-stive syst.om (cut. open to show 
the lining nnd the muscle lnye r). 

(d) Cells~mo muscle cells 
[rom the muscle tissue . 

(c) Tissuc-n smaJJ piece of stomach wall 
with muscle tissue and g land tissue. 
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Tissue culture 
It is possible to take samples of developing anima l 
tissues, separate the cells by means of enzymes and 
make the cells grow and divide in sha llow dishes 
containing a nutrient solution. This technique is 
called tissue culture. The cells do not become 
specialized but may move about, establish contact 
with each other and eventually cover the floor of the 
culture dish with a layer, one cell thick. At this point, 
they stop dividing unless they are separated and 
transferred to fresh cultu1·e vessels . Even so, most 
mammal cells cease to reproduce after about 20 
divisions. 

These tissue cultures are used to study cells and 
cell division, to test out new drugs and vaccines, to 
culture viruses or to test the effect of possible 
harmful chemicals. For some tests and experiments, 
tissue cultures are able to ta ke the place of 
laboratory animals. 

Large·scale tissue cultures are being developed in 
order to obtain cell chemicals which may be useful in 
medical treatments. 

QUESTIONS 
13 Say whether you think the following are cells, tissues, organs 
or organisms: lungs (p. 151}, skin (p. 165), root hair (p. 75), 
mesophy 11 (p. 61), multi·polar neurone (p. 206). 
14 What tissues are shown in the following drawings: Fig. 10 on 
page 187; Fig. 8 on page 209? 
15 Look at Fig 5 on page 127. Which of the structures shown do 
you think are organs? What system is represented by the 
drawing? (The first sub·heading on page 126 is a 'give·away'.) 
16 (a) Make a list of the ways in which cells can be studied. 

(b) For each method of study, point out one way in which the 
results may not represent what really happens in living cells. 

PRACTICAL WORK 

1. P lant cells 
The outer layer of cells (epidermis) from a stem or an onion 
scale can be stripped off as shown in Fig. 22a and b. A piece 
of onion or a rhubarb stalk is par t icu larly suitable for this. 
A small piece of this epidermis is placed in a drop of weak 
iodine solution on a microscope slide and covered with a 
cover·slip (Fig. 22c): The tissue is then studied under the 
microscope. The iodine will stain the cell nuclei pale 
yellow and the starch grains will stain blue. If red 
epidermis from rhubarb stalk is used, you will see the red 
cell sap in the vacuoles. 

To see chloroplasts, use fine forceps to pull a leaf from a 
moss pls nt, mount it in water on a slide as before and 
examine it with the high power objective of the microscope 
(Fig. 23). At the base of the leaf, the chloroplas ts are less 
densely packed and, therefore, easier to see. 

(a) Peel a stril) or red epidermis from a piece of 
rhubarb stalk or ... 

(b) peel t.he epidermis from t.hc ins ide of an onion scaJc. 

(c) Pineo the epidermis in a drop of wate r o r weak iodine 
solution on a slide and corcfully lower a cover slip over it. 

Fig. 22 Looking at plant cells 

Fig. 23 Cells in a moss leaf ( x 500). The vacuole 
occupies most of the space in each cell. The chloroplasts 
a!'e confined to the layer of cytoplasm lining the cell wall . 
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2. Animal cells 
Run a clean fin ger firmly round your mouth on the inside 
of your cheek. Rub the liquid you collect on to a clean slide 
and let it dry. Put a drop of methylene blue solu tion on the 
clried I iquid for a minute a nd then rinse the blue stain off 
with a few drops of water fo·om a pipet te (F ig. 24). Study the 
slide \onder the microscope a nd you will see s cattered cells 
scraped from your inside cheek lining. T he nuclei wi ll be 
sta ined blue (Fig. 25). 

• • ... 

4toplasm~ 

Fig. 24 Cheek epithelium cells on a slide. Wash away 
the methylene blue with a few drops of water. 

Fig. 25 Cells from the lining epithelium of the 
cheek ( x 1000). 

CHECK LIST 
• Nearly all plants and animals are made up of thousands or millions of microscopic cells . 
• All cells contain cytoplasm enclosed in a cell membrane. 
• Most cells have a nucleus. 
• Cytoplasm contains organelles such as mitochondria, chloroplasts and ribosomes. 
• Many chemical reactions take place in the cytoplasm to keep the cell alive. 
• The nucleus directs the chemical reactions in the cell and also con trols cell division. 
• Plant cells have a cellulose cell wall and a large central vacuole. 
• Cells are often specialized in their shapes and activities to carry out particular jobs. 
• Large numbers of similar cells packed together form a tissue. 
• Different tissues arranged together form organs. 
• A group of related organs makes up a system. 
• An organism is a complete plant or animal with many different systems in its body. 



2 The Chemicals of Living 
Cells 

CELL PHYSIOLOGY 

Description. 

CHEMICAL COMPONENTS OF CELLS 

Water, proteins, lipids, carbohydJ·ates, nucleic acids, 
sa lts, ions, vitamins; their chemical structure and role 
in the cell. Inter-conversion of substances in cells. 

Cell physiology 
The term 'physiology' refers to all the normal functions 
that take place in a living organism. Digestion of food, 
circulation of blood and contraction of muscles are some 
aspects of human physiology. Abs01·ption of water by 
roots, production of food in the leaves, and growth of 
shoots towards light are examples of plant physio logy. The 
next three chapters are concerned with physiological 
events in individual cells. 

'I' he physiology of a whole organism is, in some ways, the 
sum of the physiology of its component cells. If a ll cells 
need a supply of oxygen then the whole organism must 
take in oxygen. Cells need chemical substances to make 
oew cytoplasm and to produce energy. Therefore the 
organism must take in food to supply the cel ls with these 
substances. Of course, it is not quite as simple as this; most 
cells have specialized functions (p. 10) and so have 
differing needs. However, all cells need water, oxygen, 
salts and food substances and all cells consist of water, 
proteins, lipids, nucleic acids, carbohydrates, salts and 
vitamins or their derivative,s. 

THE CHEMICAL COMPONENTS 
O F A CELL 

Water 
Most cells contain about 75 per cent of water and will die 
if their water content falls much below th is. Water is a 
good solvent and many substances move about the cell in 
a watery solution. Water molecules take part in a great 
many vital chemical reactions (e.g. photosynthesis, p. 45). 
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ENZYMES 

Definition. Methods of action. Effects of temperature 
and pH. Enzyme specificity. Intra· and extra-cellular 
enzymes. 

PRACTICAL WORK 

Experiments with enzymes: catalase. starch 
pho~phorylasc. pi I and temperature. 

In plants, it is the water pressure in the vacuoles which 
keeps the cells turgid (firm). 

The physical and chemical properties of water differ 
from those of most other liquids but make it uniquely 
effective in s upporting living activities. For example, 
water has a high capacity for· heat(high thermal capacity). 
This means that it can absorb a lot of beat without its 
temperature ri sing to levels which damage the proteins in 
the protoplasm (seep. 15). However, because water freezes 
at 0 •c most cells are damaged if their temperature falls 
below this and ice crystals form in the protoplasm. (Oddly 
enough, rapid free'ling of cells in liquid nitrogen at below 
- 196 •c does not harm them.) 

Proteins 
Some proteins contribute to the structures of the cell, e.g. 
to the cell membranes, the mitochondria, ribosomes and 
chromosomes. These proteins are called str·uctural 
proteins. 

There is another group of proteins called enzymes. 
Enzymes are present in the membrane systems, in the 
mitochondria, in special vacuoles and in the fluid part of 
the cytoplasm. Enzymes control the chemical reactions 
which keep the cell alive (seep. 17). 

Although there are many different types of protein, they 
a ll conta in carbon, hydrogen, oxygen, nitrogen and 
sulphur, and their· molecules arc made up of long chains of 
simpler chemica ls called amino acids. 

One of the s implest amino acids is glycine which 
has the formula · 

H'N-~-c,o 
W" f\ 'OH often written as CH2(NH.)COOH. 



The -COOH group makes the chemical an acid and 
the -NH2 is the amino group. There are about 20 
different amino acids in animal proteins, including 
alanine, leucine, valine, glutamine, cysteine and 
lysine. A small protein molecule might be made up 
from a chain consisting of a hundred or so amino 
acids, e.g. glycine-valine-valine-cysteine-leucine­
glutamine-, etc. 

Each different protein has the amino acids 
arranged in its own particular order. The chemical 
linkage between each amino acid is called a peptide 
bond. Two amino acids joined together form a 
dipeptide, three form a tripeptide. More amino acids 
than this would make a molecule called a 
polypeptide. · 

A long polypeptide molecule becomes a protein 
when the chain of amino acids takes up a particular 
shape as a result of cross-linkages. Cross-linkages 
form between amino acids which are not neighbours, 
as shown in Fig. 1. The shape of a protein molecule 
has a very important effect on its reactions with 
substances as explained in 'Enzymes' below. 

5er-Cyst -Val- Gly-5er-Cyst-Ala ...... 
1 1 Val 
, , V 

1 
pept1 e 5 5 p. .d 

5 S a bonds 
I I 5~ 

Val-Cyst- 5er-Cyst-Val-Cyst-Giy-
l 
s 
5 
I 

Val- Cyst-Ala-Ala -Ser-Gty 

Fig. 1 A small imaginary protein made from only five 
different kinds of amino acid. Note that cross linkage 
occurs between cysteine molecules with the aid of 
sulphur atoms. 

When a protein is heated to temperatures over 50 oc, the 
cross-linkages in its molecule break down; the protein 
molecule loses its shape and will not usually regain it even 
when cooled. The protein is said to have been denatured. 
Because the shape of the molecule has been altered, it will 
have lost its original properties. 

Egg-white is a protein. When it is heated, its molecules 
change shape and the egg-white goes from a clear, runny 
liquid to a white solid and cannot be changed back again. 
The egg-white protein, albumen, has been denatured by 
heat. 

Proteins form enzymes and many of the structures in the 
cell, so if they are denatured the enzymes and the cell 
structures will stop working and the cell will die. Whole 
organisms may survive for a time above 50 oc depending on 
the temperature, the period of exposure and the proportion 
of the cells which are damaged. 

Lipids 
Lipids are oils or fats and substances related to or derived 
from them. Fats are formed from carbon, hydrogen and 
oxygen only. A molecule of fat is made up of three 
molecules of an organic acid, called a fatty acid, combined 
with one molecule of glycerol. 
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A commonly occurring fat is tristearin (or glyceryl 
tristearate ). 

H2c-ooc-c,7H35 
I . > H~--ooc-c,7 H35 

H2c-ooc-c17 H35 

glycerol stearic acid tristearin, a fat 

Three molecules of the fatty acid, stearic acid 
(C1 7H3sCOOH), have combined with one molecule of 
glycerol (with the removal of three molecules of 
water) to form the triglyceride, tristearin. The 
difference between one fat and another depends on 
which fatty acids are combined with the glycerol. The 
fatty acids in any one triglyceride are not necessarily 
the same, e.g. 

H2C -0- stearic acid 
I 

H-C-0- oleic acid 

H2t-o- palmitic acid 

Triglycerides are often combined with proteins to 
form lipoproteins. One group of lipids, with complex 
molecular structures, comprises the steroids. 

Lipids form part of the cell membrane and the internal 
membranes of the cell such as the nuclear membrane or the 
endoplasmic reticulum. Droplets of fat or oil form a source 
of energy when stored in the cytoplasm. 

Carbohydrates 
These may be simple, soluble sugars or complex materials 
like starch and cellulose, but all carbohydrates contain 
carbon, hydrogen and oxygen only. A commonly occurring 
simple sugar is glucose, whose chemical formula is 
CsHt20s. 

The glucose molecule is often in the form of a ring, 
represented as 

\ 
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or more simply as 

or merely 

Two molecules of glucose can be combined to form a 
molecule of maltose C12H.20 11 or 

Sugars with a single carbon ring are called m ono­
saccharides, e.g. glucose and fructose. Those sugars 
with two carbon rings in their molecules uro called 
di-sacchar ides, e.g. maltose and sucrose. Mono· and 
di·saccharides are readily soluble in water. 

When many glucose molecules are joined together, the 
carbohydrate is called a poly-saccharide. Glycogen 
(Fig. 2) iR A [IOiy.AAr.r.hnride which fnrmR n fnod storage 
substance in many animal cells. The s tarch molecule is 
made up of hundreds of glucose molecules joined together 
to form long chains. Starch is an important storage 
substance in the plastids of plant cells. Cellulose consists 
of even longer chains of glucose molecules. 'l'he chain 
molecules are grouped together to form microscopic fibres, 
which are laid down in layers to form the cell wn ll in plant 
cells (Figs 3 nnd 4). 

PoJy.sacchnrides are not readily soluble in water. 

Fig. 2 Part or a glycogen molecule 

Fig. 3 Cellulose. Plnn~ cell walls are composed of long. 
intm-wovon and intc••conncctcd cellulose fibres which nro lnrgo 
enough to be scon with t ho e lectron microscope. l':ach fibre is 
made up of many long·chni n cellulose molecules. 
(From Principles of Plant Physiology by James Bonner nnd 
Arthur W. GalsLon. W. H. Freeman and Co. ·~ 1952.) 

Fig. 4 E lec tron micrograph or a plant cell wall ( x 18,000) 
showing lhe cellulose fibres. 



Nucleic acids 
These are large, complex molecules made up from 
smaller molecules called nucleotides. Each nucleo· 
tide is formed from a simple sugar, r ibose ot· d eoxy­
r ibose, combined with one or more phosphate 
groups, and an organic base such as a d enine or 
cytos ine (Fig. 5). Long chains of nucleotides joined 
together, form the nucleic acids DNA and RNA. 
Deoxy-ribose-nucleic acid (DNA) occurs in the 
nucleus; r ibose -nucle ic acid (RNA) is in the nucleus 
and the cytoplasm. DNA and RNA work together to 
control the sequence of amino acids which are built 
up into proteins by the ribosomes. 

(a) 

ribose 

(a) A nucle-otide, adenosine 
monOJ>hosphote (AMP). 
Adenine is an organic base: 
ribose is n 6-carbon sugor. 

(b) Nutleic •1cid. a c hain of 
nucleotides (- P03 is us.ed us 
shol'thand for the phosphate 
group - II, PO, .) 

Fig . 5 Nucleic acid 

Salts 
Salts are present in cells in the form of their ions, e.g. 
sodium chloride in a cell will exist as sodium ions (Na+) 
and chlorine ions (C(-}. The ions may be free to move about 
in the water of the cell or attached to other molecules such 
as the proteins or lipids. 

Ions, and other substances dissolved in water, 
usually attract water molecules arotmd them. A 
sodium ion attracts th;ree water molecules, a chloride 
ion attracts six. These ions are srud to be hydrated, 
and it is the hydrated ion, e.g. a sodium ion 
surrounded by three water molecules, which moves 
about in solution and takes part in reactions. 

Ions take part in and inAuence many chemical 
reactions in the ce ll, e.g. phosphate ions (P0. 3 - ) are 
essential for energy transfer reactions (see 'ATP', 
p. 25). Ions are also involved in determining how 
much water enters or leaves the cell (see 'Osmosis', 
p. 36). Calcium, potassium and sodium ions are 
particularly important in chemical changes re lated 
to e lectrical activities of a cell, e.g. responding to 
stimuli or conducting nerve impulses. A shortage or 
excess of ions in the cells upsets their physiology and 
affect.<> the normal functioning of the whole organism. 
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Vitamins 
This is a category of substances which, in theit· chemical 
structure at least, have little in common. Plant ce lls can 
make their own vitamins. Animal cell s have to be supplied 
with vitamins ready·made. Vitamins. or substances de· 
rived from them, play a part in chemical reactions in the 
cell, for example those which involve a transfer of energy 
from one compound to another. If cells are not s upplied 
with vitamins or the substances needed to make them, the 
ce ll physiology is thrown out of order and the whole 
organism suffers. 

In ter -conversion of substan ces in 
cells 
Cells are able to build up and break down their 
proteins, lipids and carbohydrates or change one to 
the other. For example, animal cells build up 
glycogen from glucose; plant cells make starch and 
cellulose from glucose. All cells can make proteins 
from amino acids and they can build up fats from 
glycerol and fatty acids. Animal cells can change 
carbohydrates to lipids, and lipids to carbohydrates; 
they can also change proteins to cat·bohydrates but 
they cannot make proteins unJess they are supplied 
with amino acids. Plant cells, on the other hand, can 
make their own amino acids starting from sugar and 
salts. The cells in the green parts of plants can even 
make glucose starting fxom only carbon dioxide and 
wate r (see pp. 44-8). 

QUESTIONS 
1 Why do you think it is essentia l fot·us to include proteins in our 
diet? 
2 Which substances ru·e particularly important in (a) forming the 
structures oft he cell and (b) storing food in the cell? 
3 \l{hich of the following are (a) carbohydrates, (b} salts, 
(c) lipids: sugar, butter, iron sulphate, starch, sodium chloride, 
olive oil, cellulose? 
4 Whal additiona l clements arc needed to convert a car· 
bohydrate into a prot.eirl'? Where do you think plants get these 
elements ft·om? 
5 What is the difference between a protein and a polypeptide• 
6 'l'he fatty acid,law·ic acid, has the formu la CH3(CH2)roCOOH. 
'l'ry wr·iting the formula for its triglycet·ide. 
7 Whnt chctnical changes can occur in a plant cell that do not 
ta ke place in nnimal cells'/ 

En zymes 
Enzymes ilre proteins that act as catalysts. 'I' hey are made 
in the cells. A catalyst is a chemical substance which 
speeds up a reaction but does not get used up during the 
reaction. One enzyme can be used many ti mes over (Fig. 6). 

Figure 7a is a diagram of how an enzyme molecule might 
wm·k to join two other molecules together and so for·m a 
more complicated substance. 
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Fig. 6 Building up a cellulose molecule 
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Fig. 7 Possible explanation of enzyme action 

An example of an enzyme·controlled reaction such as 
this is the joining up of two glucose molecu les to form a 
molecule of maltose. 

enzyme 

C>+C> - --<=).o..(J .. ~o 
c.H ,.o. c.H .,o. 
glucose glucose 

C,, H.,O,, 
maltose 

H.o 
water 

In a simila r way, hundreds of glucose molecules might be 
joined together , end to end, to form a long molecule of 
starch to be stored in the plastid of a plant cell. The glucose 
molecules might also be buiJt up into a molecule of 
cellulose to be added to the cell wall. Protein molecules are 
built up by enzymes which join together tens or hundreds 
of amino acid molecules. These proteins are added to the 
cell membrane, to the cytoplasm or to the nucleus of the 
cell. They may also become the proteins which act a s 
enzymes. 



After the new substance has been formed, the enzyme is set 
free to start another reaction. Molecules of the two 
substances might have combined without the enzyme 
being present but they would have done so very slowly. By 
bringing the substances close together, the enzyme 
molecule makes the reaction take place much more 
rapidly. A chemical reaction which would take hours or 
days to happen on its own takes only a few seconds when 
the right enzyme is present. 

Figure 7b shows an enzyme speeding up a chemical 
change but this time it is a reaction in which the molecule 
of a substance is split into smaller molecules. If starch is 
mixed with water it will break down very slowly to sugar, 
taking several years. In your saliva there is an enzyme 
called amylase which can break down starch to sugar in 
minutes or seconds. Inside a cell, many of the 'breaking­
down' enzymes are helping to break down glucose to 
carbon dioxide and water in order to produce energy (see 
p. 24). 

Enzymes and temperature 
A rise in temperature increases the rate of most chemical 
reactions; a fall in temperature slows them down. In many 
cases a rise of10 oc will double the rate of reaction in a cell. 
This is equally true for enzyme-controlled reactions, but 
above 50 oc the enzymes, being proteins, are denatured and 
stop working. 

Figure 7 shows how the shape of an enzyme molecule 
could be very important if it has to fit the substances on 
which it acts. Above 50°C the shapes of enzymes are 
changed and the enzymes can no longer combine with the 
substances. 

This is one of the reasons why organisms may be killed 
by prolonged exposure to high temperatures. The enzymes 
in their cells are denatured and the chemical reactions 
proceed too slowly to maintain life. 

One way to test whether a substance is an enzyme is to 
heat it to boiling point. If it can still carry out its reactions 
after this, it cannot be an enzyme. This technique is used 
as a 'control' (seep. 30) in enzyme experiments. 

Enzymes and pH 
Acid or alkaline conditions alter the chemical properties 
of proteins, including enzymes. Most enzymes work best at 
a particular level of acidity or alkalinity (pH). The protein­
digesting enzyme in your stomach, for example, works well 
at an acidity of pH 2. At this pH, the enzyme amylase, from 
your saliva, cannot work at all. Inside the cells, most 
enzymes will work best in neutral conditions (pH 7). The 
pH or temperature at which an enzyme works best is often 
called its optimum pH or temperature. 

Although changes in pH affect the activity of enzymes, 
these effects are usually reversible, i.e. an enzyme which is 
inactivated by a low pH will resume its normal activity 
when its optimum pH is restored. Extremes of pH, 
however, may denature some enzymes irreversibly. 
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Enzymes are specific 
This means simply that an enzyme which normally acts on 
one substance will not act on a different one. Figure 7a 
shows how the shape of an enzyme could decide what 
substances it combines with. The enzyme in Fig. 7a has a 
shape which exactly fits the substances on which it acts, 
but would not fit the substance in b. Thus, an enzyme which 
joins amino acids up to make proteins will not also join up 
glucose molecules to make starch. If a reaction takes place 
in stages, e.g. 

protein~ polypeptides (stage 1) 

polypeptides ~ amino acids (stage 2) 

a different enzyme is needed for each stage. 

The names of enzymes usually end with -ase and 
they are named according to the substance on which 
they act, or the reaction which they promote. For 
example, an enzyme which acts on proteins may be 
called a protease; one which removes hydrogen from 
a substance is a dehydrogenase. 

The substance on which an enzyme acts is called its 
substrate. Thus, the enzyme sucrase acts on the 
substrate sucrose to produce the mono-saccharides, 
glucose and fructose. 

Rates of enzyme reactions 
As explained above, the rate of an enzyme-controlled 
reaction depends on the temperature and pH. It also 
depends on the concentrations of the enzyme and its 
substrate. The more enzyme molecules produced by a 
cell, the faster the reaction will proceed, provided 
there are enough substrate molecules available. 
Similarly, an increase in the substrate concentration 
will speed up the reaction if there are enough enzyme 
molecules to cope with the additional substrate. 

Intra- and extra-cellular enzymes 
All enzymes are made inside cells. Most of them remain 
inside the cell to speed up reactions in the cytoplasm 
and nucleus. These are called intra-cellular enzymes 
('intra-' means 'inside'). In a few cases, the enzymes made 
in the cells are let out of the cell to do their work outside. 
These are extra-cellular enzymes ('extra-' means 'out­
side'). Fungi (p. 321) and bacteria (p. 310) release extra­
cellular enzymes in order to digest their food. A mould 
growing on a piece of bread releases starch-digesting 
enzymes into the bread and absorbs the soluble sugars 
which the enzyme produces from the bread. In the digestive 
systems of animals (p. 125), extra-cellular enzymes are 
released into the stomach and intestines in order to digest 
the food. 
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PRACTICAL WORK 

Tests for proteins, fats and carbohydrates are described on 
page 122. Experiments on the digestive enzymes amylase 
and pepsin are described on page 134. 

Methods of preparing the reagents for the following 
experiments are given on page 363. 

1. Extracting and testing an enzyme 
from living cells 
In this experiment, the enzyme to be extracted and 
tested is catalase, and the substrate is hydrogen 
peroxide (H20 2). Certain reactions in the cell 
produce hydrogen peroxide, which is poisonous. 
Catalase renders the hydrogen peroxide harmless by 
breaking it down to water and oxygen. 

catalase 
2H202 2H20+0• 

Grind a small piece ofliverwith about 20 cm3 water 
and a lit tle sand, in a mortar. This will break open the 
Liver cells and release their contents. Filter the 
mixture and share it between two test-tubes, A and B 
(Fig. 8). The filtrate will contain a great variety of 
substances dissolved out from the cytoplasm of the 
liver cells, including many enzymes. Because 
enzymes a•·e specific, however, only one of these, 
catalase, will act on hydrogen peroxide. Add some 
drops of the filtrate from test-tube A to a few cm3 

hydrogen peroxide in a test-tube. You will see a 
vigorous reaction as the hydrogen peroxide breaks 
down to produce oxygen. (The oxygen can be tested 
with a glowing splint.) 

~"- . 0 · .. , 

Now boil the filtrate in tube B for about 30 seconds. 
Add a few drops of the boiled filtrate to a fresh lot of 
hydrogen peroxide. There will be no reaction because 
boiling has denatured the catalase. 

Next, shake a little manganese(rv) oxide powder in 
a test-tube with some water and pour this into some 
hydrogen peroxide. There will be a vigorous reaction 
similar to the one with the liver extract. If you now 
boil some manganese(1v) oxide with water and acid 
this to hydrogen peroxide, the reaction will sti II 
occur. Manganese( IV) oxide is a catalyst but it is not 
an enzyme because heating has not altered its 
catalytic properties. 

The experiment can be repeated with a piece of 
potato to compare its catalase content with that of 
the liver. The piece of potato should be about the 
same size as the liver sample. 

2. Building starch from glucose 

Grind a small piece of potato in a mortar with a bout 
10 cm3 cl.istilled water and a little clean sand. Filter 
the mixture into a clean test-tube. On a cavity tile 
place 2 rows of 4 ch·ops of a 5 per cen t solution of 
glucose phosphate (Fig. 9). Pick up a little of the 
filtered potato extract in a bulb pipette and place a 
ch·op in a spare cavity on the tile. Test this drop with 
iodine solution. Tf it goes blue it contains starch and 
the extract must be filtered again to remove all starch 
grains. 

If the extract is free from starch, place 1 drop of it 
on each of the 4 drops of glucose phosphate in the 
top row on the tile. Now boil the rest of the potato 
extract, let it cool and then place a drop on each of the 
glucose phosphate drops in the bottom row on the 
tile. 

A 

pour filtrate 
into hydrogen 
peroxide etush liver 

with water 

ce~ ...... ,.--.,·.v··· · .· ... · . .. , .. , ... , .. . B 
boil · _,,..,.:, 
filtrate ··-:. 

Fig. 8 Extracting and testing living cells for catalase 



After 5 minutes, test the first drop in each row with 
iodine solution. Repeat th is testat5-minute intervals 
with the other 3 pairs of drops. 

Fina.lly, use a spare cavity on the tile to test a drop 
of the glucose phosphate solution with iodine. 

Result The last 2 glucose phosphate drops in the 
top row should turn blue. None of the drops in the 
bottom row should go blue. 

Interpretation A blue colour with iodine shows 
that starch is present. Neither the glucose phosphate 
solution nor the potato extract contained starch, so 
the starch must have formed during the course of the 
expel"iment. Presumably, an enzyme in the potato 
extract had joined the glucose phosphate molecules 
together to form stru·ch. This is supported by the fact 
that the boiled extract did not produce starch, as you 
would expect if the reaction was brought about by an 
enzyme. The enzyme in question is called starch 
phosphocylase. 

fiher tho 
potato extract 

glucose phosphate 
solution 

alfd 1 drop of boiled filtrate 
to each cavity of bottom row 

Fig. 9 Build ing starch fr om g lucose 

3. The effect of temperature on an 
enzym e reaction 
Saliva contains a starch-digesting enzyme called 
am ylase, which breaks down starch to a sugar 
(maltose). 

Collect about 30 mm (depth) of saliva in a clean 
test-tube. Label three test-tubes A, Band C and use a 
graduated pipette to place 1 cm3 saliva in each tube. 
Rinse the pipette. 

Now label three test-tubes 1- 3 and use the pipette 
to place 5 cm3 of a 1 per cent starch solution in each. 
To each of tubes 1- 3, add 6 drops only of dilute iodine 
solution using a dropping pipette. 

Prepru·e three water baths by half filling beakers or 
jars as follows: 
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1. ice and water, adding ice during the experiment to 
keep the temperature at about 10 •c; 

2. water from the cold tap at about 20 •c; 
3. warm water at about 35 •c by mixing hot and cold 

water from the tap. 
Place tubes 1 and A in the cold water bath, tubes 2 

and B in the water at room temperature, and tubes 3 
and C in the warm water. Leave them for 5 minutes to 
reach the temperature of the water. (Fig. 10.) 

After 5 minutes, take the temperature of each water 
bath, then pour the saliva from tube A into the starch 
solution in tube 1 and return tube 1 to the water bath. 
Repeat this with tubes 2 and B, and 3 and C. 

As the amy lase breaks down the starch, it will 
cause the blue colout· to disappear. Make a note of 
how long this takes in each case. 

Answe1· the follow ing questions: 
(a) At what temperature did the salivary amylase 
break down starch most rapidly? 
(b) What do you think would have been the result if a 
fourth water bath at 90 •c had been used? 

3 

;/ 
6 drops iodine solution ~ 
in tubes 1- 3 ~-~ 

~ ~ 
c ~~;~; 

m tubes 
A-C 

\ 

LEAVE A LL THREE FOR 5 M IN 

NOTE THE TIME and add tho saliva 10 the s•arch solution 

Fig. 10 Tbe effect of temperature on an enzyme 
rea ction 
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4. The. effect of pH on an· enzyme 
reaction 
LRbel five test-tubes 1-5 and use a graduated pipette 
to place 5 cm3 of a 1 per cent starch solution in each 
tube. Add acid or alkali to each tube as indicated 
below. Rinse the pipette when ~hanging from sodium 
carbonate to acid. 

Tube Chemical Approximate pH 

1 1 cm3 sodium carbonate 9 (alkaline) 
solution (M/20) 

2 0.5 cm3 sodium 7-8 (slightly 
carbonate alkaline) 
solution (M/20) 

3 nothing 6-7 (neutral) 

4 2 cm3 ethanoic (acetic) 6 (slightly 
acid (M/10) acid) 

5 4 cm3 ethanoic (acetic) 3 (acid) 
acid (M/10) 

Place several rows of iodine solution drops in a 
cavity tile. 

1 cm3 

sodium 
carbonate 
solution 

5 cm3 starch solution in each tube 

test samples 
with iodine 

Fig. 11 The effect of pH on an enzyme reaction 

Collect about 50 mm (depth) saliva in a clean test­
tube and use a graduated pipette to add 1 cm3 saliva 
to each tube. Shake the tubes and note the time. 
(Fig.11.) 

Use a clean dropping pipette to remove a small 
sample from each tube in turn and let one drop fall on 
to one of the iodine drops in the cavity tile. Rinse the 
pipette in a beaker of water between each sample. 
Keep on sampling in this way. 

When any of the samples fails to give a blue colour, 
this means that the starch in that tube has been 
completely broken down to sugar by the salivary 
amylase. Note the time when this happens for each 
tube and stop taking samples from that tube. Do not 
continue sampling for more than about 15 minutes, 
but put a drop from each tube on to a piece of pH paper 
and compare the colour produced with a colour chart 
of pH values. Also test the pH of your own saliva. 

Answer the following questions: 
(a) At what pH did the enzyme, amylase, work most 
rapidly? 
(b) Is this its optimum pH? 
(c) Explain why you might have expected the result 
which you got. 
(d) Your stomach pH is about 2. Would you expect 
starch digestion to take place in the stomach? 

2cm3 

ethanoic 
acid 

4cm3 

ethanoic 
acid 

rinse the pipette 
between samples 



Fu r th er experimen ts In the series Experimental Work 
itt Biology 17 experiments on food tests and 11 experiments 
on enzymes are described. (Seep. 364.) 

QUESTIONS 
8 Which of the following statements apply both to enzymes and 
to any other catalysts: 

(a) Their activity is stopped by high temperature, 
(b) They speed up chemical reactions, 
(c) They bu ild up large molecules from small molecules, 
(d) They are not used up during the reaction. 

9 How would you expect the rate of an enzyme·controlled 
reaction to change if the temperature was raised (a) from zo•c to 
30 •c. (b) from 35 •c to 55 •c? Explain your answers. 
Ill There are cells in your salivary glands which can make an 
extracellular enzyme, amylase. Would you expect these cells to 
make intracellular enzymes as well? Explain your answer. 
11 Apple cells contain an enzyme which t urns the tissues brown 
when an apple is peeled and left for a time. Boiled apple does not 
go brown (Fig. 12). Explain why the boiled apple behaves 
differently. 

CHECK LIST 
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Fig. 12 Enzyme activity in an apple. Slice A has been freshly 
cut. Band Cwere cut2daysearlier butC was dipped immediately 
in boiling W;llcr for o ne minute. 

12 (a) What name would you give to an enzyme which converted 
a peptide to ami no acids'/ 

(b) On what kind of substance would you expect a lipase to act? 
13 Suppose that t he enzyme in Fig. 7a is joining a glycine 
molecule (p. 15) to a valine molecu le. Suggest why the same 
enzyme will not join glycine to serine. 
14 If you tried Experiment 2, suggest what might be the value in 
a pota to tuber of an enzyme which changes glucose to starch. 

• Liv ing matter is m a de up of water, protein s, lipids, n u cle ic a cids, carbohyd rate s , s alts and v itamin s. 
• Proteins a r e built u p ft·om a m ino acids joined together by peptide bonds . 
• In differ ent proteins the 20 or s o amino acids are in different prop ortion s a nd a.n anged in differen t 

sequences. 
• P roteins are de natured by h ea t and s ome che mical s . 
• L ipids include fats , fat ty acids and s teroid s . 
• Ma ny fats a r e t rig lycer ides, m a de from fa t ty acids a nd glycerol. 
• Prote ins an d lipids form t he membra nes o uts ide an d inside the cell. 
• Enzyme s a re proteins which cata lyse c h emical reactions in t h e cell . 
• Enzymes ar e affected by pH and tempera ture and a re denatured a bove 50 •c. 
• Different enzy m es may a ccele r a te reactions wh ich build up or bt·eak down m o lecules. 
• Each enzym e acts on only one s ubstance (breaking down), o r a pa ir o f s ubstances (building up). 
• T h e s ubstan ce o n which a n e nzym e a c ts is called the substt·ate. 



3 Energy from Res pi ration 

RESPIRATION 

Definition. Aerobic and anaerobic resp iration. 8 ncrgy 
transfer with ATP. Metabolism. 

PRACTICAL WORK 

Principles of the experimental designs. Output of 
carbon dioxide, uptake of oxygen, temperature rise. 
anaerobic respiration. Muscle con t raction with ATP. 

Most of the processes tak ing place in ce lls need ene1·gy to 
make them happen. Building up proteins from amino acids 
or making starch [rom glucose needs energy. When muscle 
cells contract, nerve cells conduct electri cal impulses or 
plant cells form cell walls, they use energy. This ene1·gy 
comes li·01n the food which cells take in . The food mainly 
used for energy in cells is glucose. 

The process by which energy is produced from food is 
called respiration. 

Respit·ation is a chemical process which takes place in 
cells. Tt must not be confused with the process of breathing 
which is also sometimes called ' t·espiration'. To make 
the d ifference quite clear, the chemical process in cells 
is sometimes called cellula t· respit·ation, internal res­
piration or t issue respiration. The use of the word 
'respira tion ' for breathing is best avoided altogether. 

Aerobic respiration 
The word aerobic means that oxygen is needed for this 
chemical reaction. The food molecules arc combined with 
oxygen. The process is called oxidation a nd the food is 
said to be oxidized. All food molecules contain carbon, 
hydrogen and oxygen atoms. '!'he process of oxidation 
convet-ts the carbon to c::u·bon dioxide (CO.) ancl the 
hydrogen to water (H2 0) and, at the same time, sets free 
energy which the cell can use to dt·ive other reactions. 

Aerobic respiration can be summed up by the equation 

enzymes 
Co H ,.0,; + 602 __ ,_ 6CO, + 6H ,O + 2830 kJ 
glucose oxygen carbon water energy 

dioxide 

The 2830 kilojoules (kJ) is the amount of energy you would 
get by completely oxidizing 180 grams of glucose to carbon 
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CONTROLLED EXPERIMENTS 

Description. Hypoth est:~ :md hypothesis testing in 
scientific invcstignt ionR. Use of carbon-14. 

dioxide and water. In the cells, the energy is not released 
a ll at once. The oxidation takes place in a series of small 
steps and not in one jump as the equation,suggests. Each 
s mall step needs its own enzyme and at each stage a little 
energy is released (Fig. 1). 

A I though the energy is used for the processes mentioned 
above, some of it always appears as heat. In 'warm·blooded' 
animals some of this heat is retained to keep up their body 
temperature. In 'cold·blooded' animals the heat may build 
up for a time and a llow the anima l to move about faster. In 
plants the heat is lost to the surroundings (by conduction, 
convection and evaporation) as fast as it is produced. 

Anaerobic respiration 
The word anaerobic means 'in the absence of oxygen'. In 
this process, energy is still released from food by breaking 
it down chemically but l:be •·eactions do not use oxygen 
though they do often produce carbon dioxide. A common 
exan1ple is the action of yeast on sugar solution to produce 
alcohol. This process is ca lled fe rmentation. The 
fo llowing equ~ttion shows what happens: 

enzymes 
CuH ,,0.--,_ 2C,H. OH + 2CO, + 118 kJ 
glucose a lcohol carbon energy 

dioxide 

As with aerobic resp iration, the reaction takes place in 
small steps and needs several different enzymes. The yeast 
uses the energy for its growth and living activities, but you 
can see from the equation that less energy is produced by 
anaerobic respiration than in aerobic respiration. 'rhis is 
because the alcohol still contains a great deal of energy 
which the yeast is unable to use. 
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(d) Each 3-carbon molecule is broken down 
to carbon dioxide 

(e) More energy is released and CO, is 
produced 

(j) The glucose has been completely oxidiZ<ld 
to carbon dioxide (and water), and all tho 
energy released 

Fig. 1 Aerobic respiration 

In animals, the first stages of respiration in muscle cells 
are anaerobic and produce pyruvic acid (the equivalent of 
the yeast's alcohol). Only later on is the pyruvic acid 
completely oxidized to carbon dioxide and water. 

enzymes 
enzymes and oxygen 

glucose ) pyruvic acid C02+H20 
ANAEROBIC STAGE AEROBIC STAGE 

During exercise pyruvic acid may build up in a 
muscle faster than it can be oxidized. In this case it is 
tut·ned into lactic acid and removed in the blood­
stream. On reaching the liver, some of the lactic acid 
is oxidized to carbon dioxide and water, using up 
oxygen in the process. So, even after exercise has 
stopped, a high level of oxygen consumption may 
persist for a time as the excess of lactic acid is 
oxidized. This build up oflacticacid which is oxidized 
later is said to create an oxygen debt. 

Energy transfer 
The energy released when glucose is broken down is 
not used directly in the celL Instead it is transferred 

adenine adenine 

ADP ATP 
ATP 

........____,. 

.,,~ c, 
energy 

c 6'" &~ 
a 6·carbon 'Y 

sugar 

3-carbon 
intermediates 

energy 

~ 
ADP ATP 

Fig. 3 Energy transfer involving ATP 

carbon 
dioxide 

to other chemicals which act as a store of readily 
available energy. One of these chemicals is the 
nucleotide adenosine triphosphate (ATP) (Fig. 2). 
At those stages in a glucose molecule's breakdown 
when energy is released, the energy is used to 
combine a phosphate ion (P03~-) with a molecule of 
adenosine diphosphate (ADP) to make a molecule of 
adenosine triphosphate (Fig. 3). 

adenine 

adenosine monophosphate (AMP) 

+ PO.s 

adenosine diphosphate (ADP) adenosine triphosphate (ATP) 

Fig. 2 The adenine nuclcotides 
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Figure 3 seems to suggest that four molecules of 
ATP are made for every molecule of glucose broken 
down. However, many of the intermediate steps have 
been omitted and, in fact, about 40 molecules of ATP 
can be built up when one molecule of glucose is 
completely oxidized to carbon dioxide and water. 

In the presence of an appropriate enzyme, ATP 
readi ly breaks down to ADP. releasing energy and a 
phosphate ion. The energy can be used to drh•e other 
chemical reactions such as those producing muscle 
contraction. 

ATP ADP .........._____ 
~ 

muscle contraction 

ATP is thus a kind of energy store in the cell and 
can be used directly for driving almost any reaction 
which needs energy. The breakdown of glucose to 
carbon dioxide and water is a comparatively slow 
process with many intermediate steps and enzymes. 
ATP breakdown is rapid and needs only a suitable 
ATP-ase enzyme to bring it about. This is true of all 
cel.ls, plant, animal or micr{)·organism. 

The breakdown of glucose might be compared to 
burning coal, in order to generate steam, which 
drives a turbine and so charges a battery; a fairly 
complex and long-winded business. The charged 
battery, however, is like the ATP. It can be used at a 
second's notice to do a wide variety of things such as 
light a lamp, ring a bell, drive a motor, etc. 

Metabolism 
All the chemical changes taking place inside a cell m· 
a living organism are called its metabolism. Tbe 
minimum turnover of energy needed simply to keep 
an organism alive, without movement or growth, is 
called the basal metabolism. Our basal metabolism 
maintains vital processes such as breathing, heart 
beat, digestion and excretion. 

The processes which break substances down are 
sometimes called catabolis m. Respiration is an 
example of catabolism in which carbohydrates are 
broken down to carbon dioxide and water. Chemical 
reactions which build up substances are called 
anabolism. Building up a protein from amino acids 
is an example of anabolism. The energy released by 
the catabolic process of respiration is used to drive 
the anabolic reactions which build up proteins. 

You may have heard of anabolic steriods, in 
connection with drug-taking by athletes. These 
chemicals do reduce the rate of protein breakdown 
and may enhance the build up of certain proteins. 
However, their effects are complicated and not fully 
understood. There is no evidence that they improve 
performance and their use contravenes athletics 
codes. 

QUESTIONS 
1 (a) If, in one word, you had to say whnt respiration was about. 
which word would you choose from this list: breathing, energy. 
oxygen, cells, food? 

(b) Ln which parts of a living organism does respiration take 
place? 
2 What ru·e the two main differences between ae•·obic and 
anaerobic respiration? 
3 What chemical substances (a) from outside the cell , (b) from 
inside the cell, must be provided for aerobic rcs(>i•·ation to take 
place? (c) What m·e the products of aerobic respiration? 
4 Victims of drowning who have stopped breath ing are 
sometimes revived by a process called 'artificial respira tion'. 
Why would a biologist object to the use of this expres.~ion? 
('Resuscitation' is a better word to use.) 
!\ Which cell organelle would you expect to produce most ATP? 
(Sec p. 6.) 
fi By comparing the equations for aerobic and anaerobic 
•·cspiration on page 24, how many molecules of A'I'P might you 
expect to be produced by the anaerobic fcrmcntnt ion of one 
molecule of glucose? 

PRACTI CAL WORK 

EXPERIMENTS ON RESPIRATION 
If you look below at the c hemical equa tion which 
represents aerobic respira tion you will see that a tissue or 
an organism which is respiring s hould be (a) using up food, 
(b) using up oxygen, (c) giving off ca rbon dioxide, (d) giving 
off water and (e) releasing ene•·gy which can be used for 
othe.· processes. 

(b) using up (d) giving 
~ oxygen ~ out water 

8+8~8+8+8 
~a) using (c) giving out~ (e) releasing~ 

up food carbon dioxide energy 

If we wish to test whether aerobic respiration is ta king 
place: 

1. '(d) Giving out water' is not a good test because non· 
living ma terial wiU give off water vapour if it is wet to start 
with. 
2. '(a) Using up food' can be tested by seeing if an organism 
loses weight. This is not so easy as it seems because most 
organisms lose weight as a result of evaporation of water 
and this may have nothing to do with respit·ation. lt is the 
decrease in 'dry weight' which must be measured (p. 96). 
3. (b), (c) and (e) are fairly easy to demonstrate either with 
whole organisms or pieces ofliving tiss ue, and three simple 
experiments will now be described. 

Seeds are often used as the living organisms because 
when they start to grow (germinate) there is a high level of 
chemical activity in the cells. The seeds are easy to obtain 
and to handle and they ftt in to sma ll-scale a ppa1·atus . In 
some cases blowfly maggots can be used as a nimal 
material. 



1. Giving off carbon dioxide in respiration 
The living organism is placed under a bell-jar which is 
sealed to a glass plate using a film ofVaseline (Fig. 4). Air 
is drawn through the apparatus with a filter pump or 
pushed through it with an aquarium pump. The air is led 
firstly through a tube of soda-lime which absorbs all the 
atmospheric carbon dioxide. Then the air passes through 
a tube of clear lime water to show that the carbon dioxide 
has been removed from the air. After passing through the 
bell-jar, the air is bubbled through a second tube of lime 
water. If the organism is producing carbon dioxide, the 
lime water should go milky. The lime water in the first tube 
should stay clear. 

air from aquarium pump ... 

(a) Animals 

(b) Modification for plants 

. .. or to filter pump 

sealed to 
glass plate 

black paper or 
polythene to 
exclude light 

pot enclosed in 
plastic bag 

Fig. 4 Living organisms produce carbon dioxide 

Modification for plants A potted plant or some leafy 
shoots in a jar of water can be placed under the bell-jar. 
However, some changes need to be made. Green plants, in 
daylight, use up more carbon dioxide than they produce 
(See 'Photosynthesis', p. 44), so the bell-jar must be covered 
with black paper or black polythene to keep out any light 
(Fig. 4b ). If a potted plant is used, the pot and soil must be 
enclosed in a polythene bag, secured round the plant's 
stem. This is to ensure that any carbon di'oxide produced 
comes from the plant and not from organisms in the soil. 
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2. Carbon dioxide from germinating seeds 
Put some germinating wheat grains in a large test-tube. 
Cover the mouth of the tube with aluminium foil. After 
15--20 minutes, take a sample of the air from the test-tube. 
Do this by pushing a glass tube attached to a 10 cm3 plastic 
syringe through the foil and into the test-tube (Fig. 5a). 
Withdraw the syringe plunger enough to fill the syringe 
with air from the test-tube. Now slowly bubble this air 
sample through a little clear lime water in a small test-tube 
(Fig. 5b ). Cover the mouth of the small test-tube and shake 
the lime water up. 

aluminium foil 

germinating seeds lime water 

(b) Testing the air sample 

(a) Taking the air sample 

Fig. 5 Production of carbon dioxide by germinating 
seeds 

Result The lime water will go milky. 

Interpretation Lime water turning milky is evidence of 
carbon dioxide but it could be argued that the carbon 
dioxide came from the air or that the seeds give off carbon 
dioxide whether or not they are respiring. The only way to 
disprove these arguments is to do a control experiment 
(seep. 30). 

Control Boil some of the germinating wheat grains 
before starting the experiment. When you set up the 
experiment, put an equal amount of boiled wheat grains in 
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a large test-tube and cover the mouth of the tube with 
aluminium foil exactly as you did for the living seeds. 
When you test the air from the living seeds, also test the air 
from the dead seeds. It should not turn the lime water 
milky. This means that the carbon dioxide did not come 
from the air, nor was it given off by the dead seeds. It must 
be a living process in the seeds which produces carbon 
dioKide and this process is likely to be respiration. 
However, since you stopped all living processes by boiling 
the seeds in the control experiment, you have not been a ble 
to prove that it was respiration rather than some other 
chemical change which produced the carbon dioxide. 

An experiment to show carbon dioxide production by 
plants, using hydrogencarbonate indicator, is described 
on page 49. 

3. Using up oxygen during respiration 

The apparatus in Fig. 6 is a respirometer (a 'respire 
meter'), which can measure the rate of respiration by . 
seeing bow quickly oxygen is taken up. Germinating seeds 
or blowfiy larvae are placed in the test-tube and , as they 
use up the oxygen for respiration, the level of liquid in the 
delivery tubing will go up. 

There are two drawbacks to this. One is that the 
organisms usually give out as much carbon dioxide as they 
take in oxygen. So there may be no change in the total 
amount of air in the test-tube and the liquid level will not 
move. This drawback is overcome by placing soda-lime in 
the test-tube. Soda-lime will absorb carbon dioxide as fast 
as the organisms give it out. So only the uptake of oxygen 
will affect the amount of air in the tube. The second 
drawback is that quite small changes in temperature will 
make the air in the test·tube expand or contract and so 

delivery 
tube 

colourod 
water 

F·ig. 6 A simple respirometer 

rubber bung 

test- tube 

cause the liquid to ri se or fall whether or not respiration is 
taking place. To overcome this, the test-tube is kept in a 
beaker of water (a water bath). The temperature of water 
changes far more s lowly than that of air, so there will not 
be much change during a 30·minute experiment. 

Control To show that it is a living process which uses up 
oxygen, a similar respirometer is prepared but containing 
an equal quantity of germinating seeds which have been 
killed by boiling. (If blowfly la rvae are used, the control 
can consist of an equivalent volume of glass beads. This is 
not a very good control but is probably more acceptable 
than killing an equiva lent number of larvae.) 

The apparatus is fina lly set up as shown in Fig. 7 and left 
for 30 minutes (10 minutes if blowfly larvae are used). 

The capillary tube and reservoir of liquid are called a 
manometer. 

Result The level ofliquid in the experiment goes up more 
than in the control. The level in the control may not move 
at all. 

lntet·pt:etation The rise of liquid in the delivery tubing 
shows that the living seedlings have taken up pat·t of the 
air. It does not prove that it is oxygen which has been taken 
up. Oxygen seems the most likely gas, however, because 
(1) there is only 0.03 per cent carbon dioxide in the a ir to 
start with and (2) the other gas, nitrogen, is known to be 
less active than oxygen. 

I f the experimen~ is allowed to run for a long time, the 
uptake of oxygen could be checked at the end by placing a 
lighted splint in each test-tube in turn. Jf some of the 
oxygen has been removed by the living seedlings, the fl ame 
should go out more quick ly than it does in the tube with 
dead seed lings. 

screw clip or 3~way tap 
(closed when experiment ~"'-llb!Yt, 

is started) 

marker for 
star'ting ••••"-~ 

capillary lut>e---HI 

germinating 
seedlings 

Fig. 7 To see if oxygen is taken up in respiratio11 



4. Measuring the rate ohespiration 
The rate of respiration can be determined by 
measuring the rate of carbon dioxide production or 
the rate of oxygen uptake. It is fairly easy to modify 
Experiment 3 to measure the uptake of oxygen. 

Fit a 2 cm3 syringe to the rubber tubing above tbe 
screw clip oftbe test· tube with the living organisms. 
Better still, use a 3-way nylon tap instead of a screw 
clip, as in Fig. 8. Before fitting the syringe, withdraw 
the plunger to the 2 cm3 mark. During the course of 
the experiment, the water level will rise in the 
manometer. From time to time, carefully press the 
syringe plunger to return the water level to its first 
position. After ~0 minutes or so, take the reading on 
the syringe and subtract it from 2. This will be the 
volume of air you have had to add to make up for the 
oxygen absorbed by the organisms in the test-tube. 

For exan1ple, if you had to add 1.3 cm3 air in 30 
minutes, the organisms are using oxygen at the rate 
of.2.6 cm3 per hour. If the organisms weigh 20 g, the 
rate of oxygen uptake is 2.6/20=0.13 cm3 per gram per 
hour. This figure does not mean much on its own but 
can be used as the basis for comparisons, e.g. the rates 
of oxygen uptake at different temperatures or by 
different organisms. 

2 cml syringe 

If the reading is 1.2. 

~f. the volume of Q, used 
Cii is 0 .8 em, 

I <::== 

position of tap 
when cxperimcm 

is running 

position of 1ap 
when adjusting 

syringe 

conan 
= .::::.-1--- woof 

Fig. 8 Measuring the uptake o£ oxygen 
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5. Releasing energy in respir a tion 

Fill a smnll vacuum flask with wheat gtains which have 
been soaked for 24 hours and rinsed in 1 per cent formalin 
(or domestic bleach diluted 1 +4) for 5 minutes. These 
solutions will kill any bacteria or fungi on the surface of 
the grains. Kill an equal quantity of soaked grains by 
boiling them for 5 minutes. Cool the boiled seeds in cold 
tap-water, rinse them in bleach or formalin for 5 minutes as 
before and then put them in a vacuwn flask ofthesamesize 
as the first one. This flask is the control. 

P lace a thermometer in each flask so that its bulb is in 
the middle of the seeds (Fig. 9). Plug the mouth of each 
flask with cotton wool and leave both flasks for 2 clays, 
noting the thermometer readings whenever possible. 

dead seeds 

Fig. 9 Energy release in germinating seeds 

germinating 
seeds 

Result The temperature in the flask with the living seeds 
wi ll be 5-10 •c higher than that of the dead seeds. 

Interpretation Provided that there are no signs of the 
living seeds going mouldy, the beat produced must have 
come from living processes in the seeds, because the dead 
seeds in the control did not give out any heat. There is no 
evidence that this process is respiration rather than any 
other chemical change but the result is what you would 
expect if respiration does produce energy. 

For an experiment comparing the energy value of 
different food substances, see page 124. 

6. Anaerobic respir a tion in yeast 
Boil some water to expel all the dissolved oxygen. W~en 
cool , use the boiled water to make ~P a 5 P":r cen t solutiOn 
of glucose and a 10 per centsuspenswn of dro;d yeast. P lace 
5 em" of the glucose solution and l em of t~e yeast 
suspension in a test-tube and cover the mixture w1th a th1_n 
layer of liquid paraffin to exclude atmosphenc oxygen. Fit 
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a delivery tube as shown in Fig. 10 and allow it to dip into 
~lear lime water. 

screw clip--1~11:111 
:c1osed when 

experiment 
starts) 

liquid paraftin 

yeast and 
glucose 
solution 

Fig. 10 Anaerobic respiration in yeast 

time 
water 

Result After 1Q-15 minutes, with gentle warming if 
necessary, there should be signs of fermentation in the 
yeast-glucose mixture and the bubbles of gas escaping 
through the lime water should turn it milky. 

Interpretation The fact that the lime water goes milky 
shows that the yeast-glucose mixture is producing carbon 
dioxide. If we assume that the production of carbon dioxide 
is evidence of respiration, then it looks as if the yeast is 
respiring. In setting up the experiment, you took care to 
see that oxygen was removed from tbe glucose sol uti on and 
the yeast suspension, and the liquid paraffin excluded air 
(including oxygen) from the mixture. Any respiration 
taking place mu.st, therefore, be anaerobic (i.e. without 
oxygen). 

Control It might be suggested that the carbon dioxide 
came from a chemical reaction between yeast and glucose 
(as between chalk and acid) which had nothing to do with 
respiration or any other living process. A control should, 
therefore, be set up using the same procedure as before but 
with yeast which has been killed by boiling. The failure, in 
this case, to produce carbon d ioxide supports the claim 
that it was a living process in the yeast in the first 
experiment which produced the carbon dioxide. 

For an experiment on yeast in bread dough, see page 326. 

7. E nergy from adenos ine triphosphate 

Cut th•:ee ~ery thin strips of fi'esh meat (muscle) as 
shown~~ Fig. 11. Make your cuta a long the stmnds of 
muscle tissue rather than across them. Keep cutting 
the strips until they are only about 1 mm wide but try 

Fig. 11 Cutting t h in s t rips of m uscle 

to keep them at least 20 mm long. Put each strip on a 
slide in a drop of Ringer's solution (seep. 363) which 
bas a composition similar to tissue fluid. Number the 
slides 1-3 and measure the length of each muscle 
strip. 

Now add a drop of 1 per cent glucose solution to 
slide 1, ATP solution to slide 2 and boiled (and cooled) 
A'l'P solution to slide 3. After 5 minutes, measure the 
muscle strips again. 

Result The muscle strips on slides 2 and 3 will have 
contracted. 

Interpretation Slide 1: although glucose contains 
energy, the non-living muscle cannot use it for 
contraction. 

Slide 2: ATP produced contraction probably 
because the non·living muscle still contained an 
active enzyme for breaking down A 'l'P to provide the 
necessat·y energy. 

Slide 3: ATP is not affected by boiling and, 
therefore, in making muscle contract, it is not acting 
as an enzyme which releases energy from some other 
chemical. 

CONTROLLED EXPERIMENTS 

In most biological experiments, a second experime 
called a control is set up. This is to make sure that t 
results of the first experiment are due to the conditio 
bemg stud1ed and not to some other cause which has be, 
overlooked. 

In the exper iment in Fig. 7, the liquid rising up the tu 
coul~l have b~e':' t~e r~sultofthe test·tube cooling down, 
makmg the a u· msiCie 1t contract. The identical experime 
w1th dead seeds- the control- showed that the rest 
'~as.not due to a temperature change, because the leve l 
hqutd m the control did not move. 



'!'he term 'controlled experiment' •·efers to the fact that 
the experimente•· (1) sets up a control and (2) controls the 
conditions in the expet·iment. Tn the experiment shown in 
Fig. 7 the seeds are enclosed in a test-tube, and soda-lime 
is added. '!'his makes sure that any uptake or output of gas 
will make the liquid go up or down, and that the output of 
carbon dioxide will not affect the results. '!'he experimen­
ter had controlled both the amount and the composition of 
the air available to the germinating seeds. 

If you did an experiment to compare the growth of plants 
in the house or in a greenhouse, you could not be sure 
whether it was the extra light or the high temperature of 
the greenhouse which caused better growth. This would 
not, therefore. be a properly controlled experiment. You 
must alter only one condition at a time, e ither the light or 
the temperature, and then you can compare the results 
with the control experiment. 

A properly controlled experiment, therefore, alters only 
one condition at a time and includes a control which shows 
that it is this condition and nothing else wbicb gave the 
result. 

QUESTIONS 
7 Which of the following statements aa·e true'? I fan organism is 
respiring you would cxvcct it to be (a) giving out carbon dioxide, 
(b) losing heat, (c) breaking down food, (d) using up oxygen, 
(e) gaining weigM, (/) moving about? 
8 What was the vurpose of the soda-lime in E:xpcriment 3 on 
page 28, and the lime water in E:xpcriments 2 and 6 on pages 27 
and 29? 
9 In an experiment like Fig. 7 on page 28, the g.-owing seeds took 
in 5 em• oxygen tmd gave out 7 em• carbon dioxide. What change 
in volume wil l take place (a) if no soda-lime is present, (b) if soda­
lime is J>resent? 
10 '!'he germinating seeds in Fig. 9 on page 29 will release the 
same amount of heat whether they are in a beaker or a vacuum 
flask. Why then is it necessary to use a vacuum flask fo•· this 
cxpcl'imcnt? 
11 What is the purpose of the control in the experiment to show 
carbon dioxide production (fo'ig. 5, p. 27)? 

Hypothesis testing 
You will have noticed that none of the experiments 
described above claim to have proved that respiration 
is taking place. The most we can claim is that they 
have not disproved the proposal that energy is 
produced from respiration. There are many reactions 
taking place in living organisms and, for all we know 
at tbis stage, some of them may be using oxygen or 
giving out carbon dioxide without releasing energy, 
i.e. they would not fit our definition of respiration. 

This inability to 'prove' that a particular proposal 
is 'tl'Ue' is not restricted to experiments on respira­
tion. It is a feature of many scientific experiments. 
One way that science makes progress is by putting 
forward a hypothesis, making predictions from the 
hypothesis, and then testing these predictions by 
experiments. A hypotbesis is an attempt to explain 
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some event or observation using the information 
currently available.lftheresults of an experiment do 
not confirm the predictions, the hypothesis has to be 
abandoned or altered. 

For example, biologists observing that living 
organisms take up oxygen might put forward the 
hypothesis that 'Oxygen is used to convert food to 
carbon dioxide, so producing energy for movement, 
growth, reproduction, etc.' This hypothesis can be 
tested by predicting that, 'If the oxygen is used to 
oxidize food then an organism that takes up oxygen 
will also produce carbon dioxide.' Experiments 2 and 
3 on pp. 27 and 28 test this and fulfil this pt·ediction 
and, therefore, support the hypothesis. Looking at 
the equation for respiration, we might also predict 
tbat an organism wbicb is respiring will produce 
carbon dioxide and take up oxygen. The experiment 
with yeast, however, does not fulfil this prediction 
and so does not support the hypothesis as it stands, 
because here is an organism producing carbon 
dioxide without taking up oxygen. The hypothesis 
will have to be modified, e.g. 'Energy is released from 
food by breaking it down to carbon dioxide. Some 
organisms use oxygen for this process, others do not'. 

There are still plenty of tests which we have not 
done. For example, we have not attempted to see 
whether it is food that is the source of energy and 
carbon dioxide. One way of doing this is to provide 
the organism with food, e.g. glucose, in wbjch tbe 
carbon atoms are radioactive. Carbon-14 (' ''C) is a 
radioactive form of carbon and can be detected by 
using a Geiger counter. If the organism produces 
radioactive carbon dioxide, it is reasonable to 
suppose that the carbon dioxide comes from the 
glucose. 

CGH,20o+602 - ;,.. 6C0 2+ 6 H20+energy 
Experiment 1 can be moclifed to test this prediction. 
Some glucose which contains •·•C is dissolved in the 
drinking-water oftbe experimental animals, e.g. rats 
or mice (it doesn't harm them in dilute solution). If 
the theory of respiration is correct, tbe "'C of the 
glucose molecules should be oxidized to carbon 
dioxide and so tbe carbon dioxide produced by the 
animals should be radioactive. Tbis can be checked 
by filtering the cloudy lime water from the second 
tube and seeing if there is any radioactivity in the 
precipitated calcium carbonate. 

Ca(OHh+C02 -;,.. CaCOs~+H•O 
If the calcium carbonate was not radioactive, then 
the carbon dioxide could not have been radioactive 
eitber and the carbon must have come from some· 
thing other than the glucose. Such a result would not 
demolish the respiration hypothesis, but it would 
cast doubt on the assumption that glucose is one of 
the food substances which are oxidized. 

Experimental Work in Biology contains 16 experiments 
on respiration (seep. 364). 
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QUESTIONS 
12 The experiment with yeast on page 29 supported the claim 
that anaerobic respiration was taking place. The experiment was 
repeated using unboiled water and without the liquid paraffin. 
Fermentation still took place and carbon dioxide was produced. 
Does this mean that the design or the interpretation of the first 
experiment was wrong? Explain your answer. 
13 Twenty seeds are placed on soaked cotton wool in a closed 

CHECK LIST 

glass dish and after 5 days in the light 15 of the seeds had 
germinated. If the experiment is intended to see if light is needed 
for gennination, which of the following would be a suitable 
control: 

(a) Exactly the same set~up but with dead seeds 
(b) The same set~up but with 50 seeds 
(c) An identical experiment but with 20 seeds of a different 

species 
(d) An identical experiment but left in darkness for 5 days? 

• Respiration is the process in cells which releases energy from food. 
• Aerobic respiration needs oxygen, anaerobic respiration does not. 
• The oxidation of food produces carbon dioxide as well as releasing energy. 
e The energy from oxidation of food is transferred to ATP. 
G) ATP acts as a store of readily available energy for driving other chemical reactions or producing 

movement. 
• Experiments to investigate respiration try to detect uptake of oxygen, production of carbon dioxide, 

release of energy as heat or a reduction in dry weight. 
• In a controlled experiment, the scientist tries to alter only one condition at a time, and sets up a control to 

check this. 
• A control is a second experiment, identical to the first experiment except for the one condition being 

investigated. 
• The control is designed to show that only the condition under investigation is responsible for the results. 
e Experiments are designed to test predictions made from hypotheses; they cannot 'prove' a hypothesis. 



4 How Substances get in 
and out of Cells 

DIFFUSION 

Explanation. Diffusion into and out of cells. Rates of 
diffusion. Controlled diffusion . Surface area. Endo­
and exo-cytosis. Active transport. 

OSMOSIS 
Definition. Explanation. Artificial selectively 
permeable membranes; the cell membt·ane. 
Osmotic potential. 

Cells need food materials which they can oxidize for 
energy or which they can use to bui ld up their cell 
structures. They also need salts and water which play a 
part in chemical reactions in the cell. On the other hand 
they need to get rid of substances, such as carbon dioxide, 
which, if they accumulated in the cell, would upset some of 
the chemical reactions and even poison the cell. 

Substances may pass through the cell membrane either 
passively by diffusion, or actively by some form of active 
transport. 

Diffus ion 
The molecules of a gas such as oxygen are moving about all 
the time. So are the molecules of a liquid, or a substance 
such as sugar dissolved in water. As a result of this 
movement, the molecules spread themselves out evenly to 
1111 all the avai lable s pace (Fig. 1). This process is called 
diffusion. One effect of diffusion is that the molecules of 
a gas, a liquid or a dissolved substance will move from a 
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Fig. 1 Diffusion 
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MOVEMENT OF WATER BETWEEN PLANT CELLS 

PRACTICAL WORK 

Experiments on diffusion of gases, diffusion in liquids, 
selective permeability, dialysis, turgor, osmotic flow, 
plasmolysis, turgor in potato tissue. 

'MODELS' 
Use of 'models ' to explain theories. 

region where there are a lot of them (i .e. concentrated) to 
regions where there are few of them (i.e. less concentrated) 
unti I the concentration everywhere is the same. Figure Za 
is a diagram of a cell with a high concentration of 
molecules (e.g. oxygen) outside and a low concentration 
inside. The effect of this difference in concentration is to 
make the molecules diffuse into the cell until the 
concentration inside and outside is the same (Fig. 2b). 

Whether this will happen or not depends on whether the 
cell membrane will let the molecules through. Small 
molecules such as water (H.O), carbon dioxide (C02) a nd 
oxygen (02) can pass through the cell membrane fairly 
easi ly. So diffusion tends to equal ize the concentration of 
these molecules inside and outside the cell all the time. 
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(b) Concentrations equal 
on both sides of the 
cell mcmbl'ane 

Fig. 2 Molecules entering a cell by diffusion 
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When a_ cell uses up oxygen for its aembic respiration, 
the concentration of oxygen inside the cell falls and so 
oxygen molecules diffuse into the cell until the con centra· 
tioh is raised again. During tissue resph·ation, carbon 
dioxide is produced and so its concentration inside the cell 
goes up. Once again diffusion takes place, but this time the 
molecules move out of the cell. In this way, diffusion can 
explain how a cell takes in its oxygen and gets rid of its 
carbon dioxide. 

Rates of diffusion The speed with which a sub­
stance diffuses through a cell wall or cell membrane 
will depend on temperature, pressure and many other 
conditions including (1) the distance it has to diffuse, 
(2) its concentration inside and outside the cell and 
(3) the size of its molecules or ions. 

1 .. Cell membranes are all about the same thickness 
(about 0.0071lJD) but plant cell walls vary in their 
thickness and permeability. Generally speaking, 
the thicker the wall, the s lowe1· the rate of 
diffusion. 

2. The bigger the difference in concentration of a 
substance on either side of a membrane, the faster 
it will tend to diffuse. The di fference is called a 
co ncen tration gradient or d iffusion gt·adien t 
(Fig. 3). If a substance on one side of a membrane 
is steadily removed, the diffusion gradient is 
maintained. When oxygen molecules enter a red 
cell they combine with a chemical (haemoglobin) 
which takes them out of solution. Thus the 
concentration of free oxygen molecules inside the 
cell is kept vel'Y low and the diffusion gradient for 
oxygen is maintained. 

,. . . . . . . . . .. . . . . . . . ... .. 
:·::. · .. ·. . ·. 
molecules will move from 
the densely packed areas 

Fig. 3 Diffusion gradient 

3. In general, the la1·ger the molecQles or ions, the 
slower they dcffuse. However, many ions and 
molecules in solu tion dnract water molecules 
around them (seep. 36) and so their effective size 
is greatly increased. It may not be possible to 
predict the rate of diffusion from the molecular 
size a lone. 

Controlled diffusion AI though for any one sub­
stance, the rate of diffusion through a cell membrane 
depends partly on the concentration gradient, the 
rate is often faster or slower than expected. Water 
diffuses more slowly and amino acids diffuse more 
rapidly through a membrane than might be expected. 
In some cases th is is thought to happen because the 
ions or molecules can pass tbr.ough the membrane 
only by means of special pores. These pores may be 
few in number or they may be open or closed in 
different conditions. 

ln other cases, the movement of a substance may be 
speeded up by an enzyme working in the cell 
membl·ane. Soitseems that 'simple passive' diffusion, 
even of water molecules, may not be so simple or so 
passive aft.er all, where cell membranes are con· 
cerned. 

Su t·face area If 100 molecules diffuse through 
1 mm2 of a membrane in l minute, it is reasonable to 
suppose that an area of 2 mm2 will allow twice as 
many through in the same time. 'rhus the rate of 
diffusion into a cell will depend on the cell's surface 
area. The greater the surface area, the faster is the 
total diffusion. Cells which are involved in rapid 
absorption, e.g. in the kidney or the intestine, 
often have their 'free' surface membrane formed 
into hundreds of tiny finger-like projections called 
mic rovilli (Fig. 4). 

Fig. 4 Microvilli 

'l'he shape of a cell will also affect the sm·face area. 
For example, the cell in Fig. 5a has a greater sm-face 
area than that in Fig. 5b, even though they each have 
the same volume. 

(a) 

Fig. 5 Surface arcn. The cells have the sante volume 
but (a) has a much greater stnfncc area. 

Endo- and exocytosis 
Some cells can take in (endocytosis) or expel 
(exocytos is) solid particles or drops of fluid through 
the cell membrane. Endocytosis occurs in single­
celled 'animals' such as Paramecium (p. 327) when 
they feed, or in certain white blood cells (phagocytes, 
p. 138) when they engulf bacteria, a process called 
phagocytosis . Exocytosis takes place in the cells of 
some glands. A secretion, e.g. a digestive enzyme, 
forms vacuoles or granules in the cytoplasm and 
these are expelled through the cell membrane to do 
their work outside the cell (Figs 6 and 7). 



nucleus cell mombr a no 

(b) (c) 

Fig. 6 Endocytosis (phagocytosis) in a white blood 
ceU 

Active transport 
If diffusion were the only method by which a cell cou.ld take 
in substances, it would have no control over what went in 
or out. Anything that was more concentrated outside 
would diffuse into the cell whether it was harmful or not. 
Substances which the cell needed would diffuse out as soon 
as their concentration inside rose above that outside the 
cell. The cell membrane, however , has a great dea l of 
contro l over the substances which enter and leave the cell. 

In some cases, substances are taken in to or expelled from 
the cell against the concentration grad ient. For example, 
sodium ions may continue to pass out of a cell even though 
the concentration outside is greater than inside. The 
processes by which such reverse concentrations are 
produced are not properly unde•·st.ood ~md may he quite 
din·erent for different su bstances but are all generally 
described as active transpor t (Fig. 8). 

Anything which interferes with respiration, e.g. lack of 
oxygen or gluco.se, prevents active t•·ansport taking place. 
Also, during active transport, ATP is broken down to ADP 
(see p. 25). Thus it seems that active transport needs a 
supply of energy from respiration. 
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vacuole /enzyme released 

(a) (b) (c) 

Fig. 7 Exocytosis in a gland ceU 

In some cases, a combination of active transport and 
controlled diffusion seems to occur. For example, sodium 
ions are thought to get into a cell by diffusion through 
special pores in the membrane and are expelled by a form 
of active transport. The •·cversed diffusion gradient for 
sodium ions created in this way is very important in the 
conduction of nerve impulses in nerve ce lls. 

QUESTIONS 
1 Look at Fig. 3 on pngc 138. If the symbol 0 2 •·ep1·esents an 
oxygen molecule, explain why oxygen is entering the cells d.-awn 
on the left but leaving l.hc cells on the right. 
2 Look at Fig. 9 on pllSC 154 •·cprc:5cnting one of the small nlr 
pockets (an alveolus) wh ich form the lung. 

(a) Suggest a reason why the oxygen and carbon dioxide are 
diffusing in opposite directions. 

(b) What might happen to the rate of diffusion if the blood flow 
were to speed u1>? 
3 List the ways in which a cell membrane n1ightregulate the flow 
of substances into the cell . 

subs1ance subs'tance combines energy from ATP makes carrier 

b 
with carrier rotat,e (or change its shape) 

OUTSIDE 
00 

.'1 

ooCDo carrier 

ADP 

ATP 

(a) (b) (c) 

INSIDE substance 
released 
inro cell 

Fig. 8 Theoretical model to explain active transpo•·t 

cell 
mcmbmne 
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Osmosis 
Osmosis is the s pecial name used to descr ibe the diffusion 
of water across a membra ne, ft·om a d ilute solution to a 
more concentJ·a ted solution. Tn biology this usually means 
the diffusion of watet· into or ou t of cells. Os mosis is j ust 
one special kind of diffusion because it is only water 
molecules a nd their movement we are considering. 

Figure 3 s howed that molecules wi ll diffuse from a 
region where there are a lot of them to a region where they 
a re fewer in number; that is, [rom a region of highly 
concentrated molecules to a region of lower concentra­
tion. 

Pure water has the highest possible concentration of 
water molecu les; it is 100 per cent water mo lecu les, a ll of 
them free to move (Fig. lOa). 

Figure 9 s hows a concentra ted sugar solution, separated 
from a d ilute solution by a membra ne which a llows water 
molecules to pass through. The di lute solution, in effect, 
contains more water molecules than the concentrated 
solution. As a o·esu lt of this difference in concentrat ion, 
water molecules will diffuse from the di lute to the 
concentrated solution. 

T he level of the concentrated solution wi II rise or, il'i t is 
confined in a n enclosed space, its pressure will increase. 

'l'he membrane separating the two solu tions is often . 
called select ively permeable or sem i-pet·meable be­
cause it appears as if water molecules can pass through it 
more easily tha n sugar molecules can. 

Osmosis, then , is the passage of water across a 
selectively permeable membrane from a dilute to a 
concent rated solution. 

This is a ll you need to know in order to understand the 
effects of osmosis in living organisms, but a more complete 
expla nation is given be low. 

conconnated 
solution 

Fig. 9 The effect of osmosis 

roombranc 
' 

dilute 
solution 

Explana t ion of osm osis When a substance, such 
as sugar, dissolves in water, the sugar molecules 
attract water molecules and combine with them. The 
water molecules now combined with s ugar molecu les 
are no longer free to move and so the effective 
concentration of free water molecu les in the solution 
has been reduced (Fig. l Ob). 'fbe more sugar 
molecules there are in a solution, the more water 
molecules will be 'tied up'. In other words, the more 
concentrated a solution is, tbe fewer free water 
molecules it will contain. 
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(a) This is 100 t>er cent free 
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rree 

Fig. 10 The effect of dissolved s ubstances on wntco· 
concentration 

Figtu·e 11 represen ts a dilute sugar solution 
separated from a concentrated s ugar solution by a 
thin membrane. Tbe membrane prevents the solu­
tions mixing freely but allows individua l water 
molecules and sugar molecules to pass through. 
There a1·e more free water molecules on tbe left than 
on the right and so water molecules will pass more 
ra pidly through the membra ne from left to righ t than 
from right to left. 

In a similar way, there will be a net movement of 
s ugar molecu les from r ight to left across the 
membrane because there are more of them on the 
right. However, the larger s ugar molecules move 

selectively permeable sugar molecules pass 1hrough 
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Fig . 11 The diffus ion theory of osmos is 



more slowly than the water molecules and the most 
obvious effect is the flow of water molecules from the 
dilute to the concentrated sugar solution. 

A membrane which stops solutions from mixing 
freely but a llows molecules below a certain size to 
pass through it is described as selectively permeable. 

The selectively permeable membrane The non· 
living membranes used in osmosis experiments are 
usually made of cellulose acetate in the form of thin 
transparent sheets or tubes. The membranes have 
microscopic pores in them, too small to allow liquids 
to flow through freely but large enough to allow 
individual molecules through. Very large molecules 
such as starch or protein molecules cannot get 
through the pores, but small molecules, such as 
water, sa lts or sugars, can do so. Such a selectively 
permeable membrane can be used for separating 
large molecules, such as proteins, from smaller 
molecules in solution (see Experiment 3, p. 39). · 

The pores in the artificia l membrane are large 
enough to a llow sugar molecules-and water mole­
cules through, so the membrane is not selectively 
permeable with respect to these two kinds of 
molecule. Nevertheless, in the model described above 
(Fig. 11) the differing concentrations of sugar and 
water molecules, and their relative rates of move· 
ment, cause water molecules to diffuse ti·om the 
dilute to the concentrated solution, faster than the 
sugar molecules diffuse in the opposite direction. 
This makes it appear as ifthemembrane is selectively 
permeable to water molecules while resisting the 
passage of sugar molecules. 

The cell membrane behaves like a se lectively permeable 
membrane to water and dissolved substances. The selec· 
tive permeability may depend on pores in the cell 
membrane but the processes involved are far more 
com pi icated than in an artificia I membrane and depend on 
the structure of the membrane and on living processes in 
the cytoplasm (see p. 34). The cell membrane contains 
I ipicls and proteins. Anything which denatures proteins, 
e.g. heat, also destroys the structure and t)le selectively 
permeable properties of a cell membrane. If this happens, 
the cell wi ll die as essential substances diffuse out of the 
cell and harmful chemicals diffuse in. 

Osmotic potential The osmotic potential of a 
solution is a measure of whether it is likely to lose or 
gain water molecules from a nother solution. A dilute 
solution, with its high proportion of free water 
molecules, is said to have a higher osmotic potential 
than a concentrated solution, because water will flow 
from the dilute to the concentrated solution (from a 
high potential to a low potential). P ure water has the 
highest possible osmotic potential because water 
molecules will flow from it to any other aqueous 
solution, no matter how dilut-e. 
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(a) There is a higher 
concentration of free water 
molecules outeid~ the cell than 
insid0, so water diffuses into the 
cell 

(b) 'rhe cxLra w»ter makes !.he cell 
S\YCll UJ). 
(Note thnt. molecules arc rt~ally 
far too sma11 to be seen al this 
magnificntion.) 

Fig. 12 Osmosis in an animal cell 

Animal cells 
In Fig. 12 an animal cell is shown very simply. The 
coloured c ircles represent molecules in the cytoplasm. 
They may be· sugar, salt or protein molecules. The grey 
circles represent water molecules. 

The cell is shown surrounded by pure water. Nothing is 
dissolved in the water; it has 100 per cent concentnttion of 
water molecules. So the concentration of free water 
molecules outside the cell is greater than that inside and, 
therefore, water will diffuse into the cell by osmosis. 

The membrane allows water to go through either way. 
So in our example, water can move into or out of the cell. 

The cell membrane is selectively permeable to most of 
the substances dissolved in the cytoplasm. So although the 
concentration of these substances inside may be high, they 
cannot diffuse freely out of the cell. 

The water molecules move into and out of the cell, but 
because there are more of them on the outside, they will 
move in faster than they move out. The liquid outs ide the 
cell does not have to be 100 per cent pure water. As long as 
the concentration of water outside is higher than that 
inside, water will diffuse in by osmosis. 

Water entering the cell will make it swell up, and un less 
the extra water is expelled in some way the cell wi II burst. 

Conversely, if the cells ru·e surrounded by a solution 
which is more concentrated than the cytoplasm, water will 
pass out of the cell by osmosis and the cell will shrink. (See 
Experiment 6, p. 41.) Excessive uptake or loss of water by 
osmosis may damage cells. 

For this reason, it is very important that the cells in an 
animal's body are surrounded by a liquid which has the 
same concentration as the liquid inside the cells. The 
outside liquid is called 'tissue fluid' (see p. 142) and its 
concentration depends on the concentration of the blood. 
In vertebrate animals the blood's concentration is 
monitored by the b•·ain and adjusted by the kidneys, as 
described on page 160. 

By keeping the blood concentration within narrow 
limi ts, the concentration of tissue fluid remains more or 
less constant (see pp. 145 and 163) and the cells are not 
bloated by taking in too much water, or dehydrated by 
losing too much. 
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Plant cells 
'!'he cytoplasm of a plant cell a nd the cell sap in its vacuole 
contain salts, sugars a nd proteins which effective ly reduce 
the concentration of free water molecules inside the cell . 
The cell wa ll is freely permeable to water a nd dissolved 
substances but the cell membrane of the cytoplasm is 
selectively permeable. If a plant cell is surrounded by 
water or a solu tion more dilute than its contents, water 
will pass into the vacuole by osmosis. The vacuole will 
expand and press outwards on the cytoplasm and cell wa ll. 
The cell wall of a mature plant cell cannot be stretched, so 
there comes a time when the inflow of water is resisted by 
the unstretchable cell wall (Fig. 13). 

1 Occ::m1sc there is 
effectively n lower 
concentration of wntcr 
in the cell tmp . . . 

2 

2 

2 wutcr 
diffuses 
into the vacuole .. . 

Fig. l3 Osmosis in a plant cell 

(«) Plnnt wilting 

Fig. 14 Wilting 

cy10plasm 

2 

cell 
woll 

:J And mnkcs it 
))USh 0 \l l 
ug.ainst.. the 
ctll wn ll. 

1'his bas a s imilar effect to inflating a soft bicycle ty re. 
'!'he tyre represents the firm cell wal l, the floppy inner tube 
is like the cytoplasm and the air inside corresponds to the 
vacuole. If enough ai r is pumped in, it pushes the inner 
tube aga inst the tyre and makes the tyre hard. A planL cel l 
wi th the vacuole pushing out on the cell wall is said to be 
turgid and the vacuole is exerting t urgor pressure on the 
cell wall. 

If al l the cells in a leaf a nd stem are turgid, the stem wil l 
be firm and upright and the leaves held out stra ight. lfthe 
vacuoles lose water for any reason, the cells wi ll lose their 
turgor and become flac cid. A leaf with flaccid cells will be 
limp and the s tem wi ll droop. A plant which loses water to 
this exten t is said to be 'wi lt ing' {Fig. 14). 

Water movement by osmos is Osmosis may con­
t ribute to the passage of water from one ce ll to 
another in a plant. Imagine two adjacent eel Is A and 
B (Fig.15). A has a lower concentration of sugar in its 
cell sap and h ence a higher osmotic potentia l than B. 
The mor'O dilute cell sap in A will thus force water by 
osmosis into cell B. The water entering cell B will 
dilute its cell sap and raise both its osmotic potentia l 
and its t~Lrgor pressure, so tending to force water out 
into the next cell in line. Thus water passes from cell 
to cell down an osmotic gradient. 

However, if cell B is fully turgid it is unable to 
expand and so can take in no more water even though 
it has a lower osmotic potential than its neighbour A. 
In fact, if cell A is not fully turgid and sti ll capable of 
expansion, the high wall pressure of cell B will force 
water out into cell A against the osmotic gradient. 
The movement of water between plant cells depends, 
therefore, not only on the osmotic potential of their 
vacuoles but also on how turgid they at·e. 

dilute 
solution A B 

more 
concentrated 

)c:~~;i;:::::;~~?,;;3;;;;::;;;~solution 

water movement 

Fig. 15 Movement of water tlu·ough plan t cells 

This kind of osmotic exchange between cells might 
account, to some extent, for the passage of water into 
the centre of a root, from a leaf vein to a palisade ce ll 
or from an epidermal cell to the guard cell of a stoma 
(p. 60). However, in most cases the cellulose eel I walls 
will be saturated with water and it wo~Lld be easier fo1· 
a cell below its maximum turgor to absorb water by 
osmosis from the ce ll wa ll than from its neighbouring 
ce ll. 



QUESTIONS 
4 A 10 per cent solution of copper sulphate is separated by a 
;select.ively permeable' mcmbrunc from a 5 per cent solut ion of 
copper sulphate. Will water diffuse from the 10 per cent to the 
5 per cent solution, or from the 5 per cent to the 10 per cent 
solution? 
5 If a fresh beetroot is cutup, the pieces washed in water and then 
left for an hour in a beaker of watet·, little ot· no red pigment 
escat>es from the cells into the water. If the beetroot is boiled first, 
tha t>igment does escape into the water. Bearing in mind the 
properties of a living cell membrane, offer an explanation for this 
difference. 
6 When doing experiments with animal t issues (e.g. the 
experiment with muscle on page 30) they arc usually bathed in 
Hinger's solution which has a concentrat ion simi lar to that of 
blood or tissue Aujd, Why do you think this is necessary? 
7 Why docs a dissolved substance reduce the nwnber of 'free' 
water rnolcculcs in a solution? 
8 When a plant leaf is in day light, its cells make sugar fJ·om 
carbon dioxide and water (sec p. 44). The suga r is at once turned 
into starch and deposited in plnstids. Whnt is the osmotic 
advantage of doing this? (Sugar is soluble in water, starch is not. 
Sec p. 16.) 

PRACTICAL WORK 

EXPERIMENTS ON DIFFUSION AND OSMOSIS 

1. Diffusion of gases 

Moisten eight small squares of red litmus paper with water 
and push them into a wide glass tube by means of a glass 
rod or piece ofwireso that they are equally spaced out. The 
squares will stick to the inside of the glass because they are 
wet. 

Close both ends of the tube with corks, one of which 
contains a pad of cotton wool soaked in a mmonia solution 
(Fig. 16). Ammonia is an alka li which tums red litmus blue. 

CAUTION Ammonia solution and ammonia vapour can 
be very harmful to the nose and eyes. The solutions must be 
made up and dispensed by the teacher. 

Result The squares of litmus paper will gradua ll y go 
blue, starting with the ones nearest thesourceofammonia. 

con on wool soaked w ith 
ammonia solu1ion 

Fig. 16 Diffusion of ammonia in air 
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Interp1·etation Molecules of ammonia must have 
passed down the tube to reach the litmus squares. Since 
air currents have been prevented by c losing the ends of 
the tube, the ammonia molecules must have travelled 
by diffusion. 

2. Diffusion in a liquid 

Diffusion in a liquid is s low and liab le to be affected by 
convection and other movements in the liquid. Tn this 
experiment the water is 'kept still' , so to speak, by 
dissolving ge latin in it. 

Pour a wm·m 10 per cent solut ion of gelatin into a test· 
tube to half fill it. In a separate test· tube, colour a little of 
the liquid gelatin with methylene blue. When the first 
layer of gelatin has set, pour a little of the blue gelatin to 
ma ke a thin laye1· on top of it. Once the blue layer is cold 
and firm, fill the rest of t he test· tube with gelatin solution 
so that the blue layer is sandwiched between two clear 
layers (Fig. 17), and leave for a week. 

Resul t Afte1· a week, the blue dye will be seen tO have 
spread into the clear gelatin above and below the original 
blue layer. 

clear gelatin 

gelatin w ith 
methylene b lue 

clear gelatin 

Fig. 17 Diffusion in a liquid 

Interpretation The methylene blue molecules have 
passed, by diffusion, into the clear gelatin. They are not 
signi ficantly affected by gravity since they have passed 
equally upwards a nd downwards . 

3. Selective permeability (dialysis) 
The next three exper iments use 'Visking' dia lysis tubing. 
It is made from ce ll u lose and is selectively permeable, 
allowing water molecules to diffuse through freely, but 
restricting the passage of disso lved substances to varying 
extents. It is used in kidney machines because it lets the 
small molecules of harmful waste products (e.g. urea, 
p. 160) outoftbe blood but retains the blood ce lls and large 
protein molecules. 

' 
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Take a 15 em length of dialysis tubing which has been (a) Place 3 cm3 syrup 
soaked in water and tie a knot tightly at one end. Use a in the dialysis tube 

dropping pipette to partly fill the tubing with 1 per cent 
starch solution. Put the tubing in a test-tube and hold it in 
place with an elastic band as shown in Fig. 18. Rinse the 
tubing and test-tube under the tap to remove all traces of 
starch solution from the outside of the dialysis tube. 

Fill the test-tube with water and add a few drops of 
iodine solution to colour the water yellow. Leave for 10-15 
minutes. 

Result The starch inside the dialysis tubing goes blue 
but the iodine outside stays yellow. 

Fig. 18 Dialysis 

dilute iodine 

dialysis tube containing 
starch solution 

Interpretation The blue colour is characteristic of the 
reaction which takes place between starch and iodine, and 
is used as a test for starch (seep. 122). The results show that 
iodin~ molecules have passed through the dialysis tubing 
into the starch but the starch molecules have not moved 
out into the iodine. This is what we would expect if the 
dialysis tubing is selectively permeable on the basis of its 
pore size. Starch molecules are very large (seep. 16) and 
probably cannot get through the pores. Iodine molecules 
are much smaller and can, therefore, get through. 

4. Osmosis and turgor 
Take a 20 em length of dialysis tubing which has been 
soaked in water and tie a knot tightly at one end. Place 
3 cm3 of a strong sugar solution in the tubing using a 
graduated pipette (Fig. 19a)·and then knot the open end of 
the tube (Fig. 19b). The partly filled tube should be quite 
floppy (Fig. 19c). Place the tubing in a test-tube of water for 
30-45 minutes. After this time, remove the dialysis tubing 
from the water and look for any changes in how it looks or 
feels. 

Result The tubing will now be firm, distended by the 
solution inside. 

Interpretation The dialysis tubing is selectively perme­
able and the solution inside has fewer free water molecules 
than outside. Water has, therefore, diffused in and 
increased the volume and the pressure of the solution 
inside. 

This is a crude model of what is thought to happen to a 
plant cell when it becomes turgid. The sugar solution 
represents the cell sap and the dialysis tubing represents 
the cell membrane and cell wall combined. 

(c) The partly filled tube should 
be flexible enough to bend 

water 

(d) Immerse in a tube of water 

Fig. 19 Experiment to illustrate turgor in a plant cell 

5. Osmosis and water How 
Tie a knot in one end of a piece of soaked dialysis tubing 
and fill it with sugar solution as in the previous 
experiment. Then fit it over the end of a length of capillary 
tubing and hold it in place with an elastic band. Push the 
capillary tubing into the dialysis tubing until the sugar 



solution enters the capillary. Now clamp the capillary 
tubing so that the dialysis tubing is totally immersed in a 
beaker of water as shown in Fig. 20. Watch the level of 
liquid in the capillary tubing over the next 10 or 15 
minutes. 

Result The level of liquid in the capi llary tube wi ll be 
seen to rise. 

capillary oubo -----

dialysis tube 
containing syrup --+--+.'1 

Fig. 20 Demonstration of osmosis 

Interpretation Water must be. passing into the sugar 
solution from the beaker. This is what you would expect 
when a concentrated solution is separated from water by a 
'selectively permeable' membrane. The results are similar 
to those in Experiment 4 but instead of the expanding 
solution distending the dialysis tube, it escapes up the 
capillary. 

A process similar to this might be partially responsible 
for moving water from the roots to the stem of a plant. (See 
Experiment 8, p. 79.) 
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6. Plasmolysis 

Peel a small piece of epidermis (outer layer of cells) from a 
red area of a rhubarb stalk (Fig. 22a, p. 12). Place the 
epidermis on a slide with a drop of water and cover with a 
cover slip (Fig. 22c, p. 12). Place a 30 per cent solution of 
sugar at one edge of the cover slip with a pipette and then 
draw the solution under the cover slip by placing a piece 
of blotting-paper on the opposite side (Fig. 21). While you 
are doing this, study a small group of cells under 
the microscope and watch for any changes in their 
appearance. 

Fig. 21 Changing t he water for salt solution 

Result The red cell sap will appear to shrink and get 
darker and pull the cytoplasm away from the cell wall 
leaving c lear spaces. (lt wi ll not be possib le to see the 
cytoplasm but its presence can be inferred from the fact 
that the red cell sap seems to have a distinct outer 
boundary in those places where it has separated from the 
cell wal l.) 

Interpretation The interpretation in terms of osmosis is 
outlined in Fig. 22. The cells are said to be plasmolysed. 

The p lasmolysis can be reversed by drawing water under 
the cover s lip in the same way that you drew the sa lt 
solution under. It may need two or three lots of water to 
flush out all the salt. Tf you watch a group of cells, you 
should see their vacuoles expanding to fill the cells once 
again. 

J The solution 
outside t.hc cell 
is more concen­
trated thm1 the 
cell sap 

Fig. 22 Plasmolysis 

2 Water 
diffuses 
Otlt of the 
vacuole 

3 The vacuole: 
shrinks.. pulling 
the cytoplasm 
away from the 
ceJI wa11, leaving 
the cell flAccid 

' 
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Fig. 23 (a) Turgid cells (x 100). Tho cells nrc in o strip 
of epidermis from an onion scale. The cytoplasm is 
pressed against the inside of the cell wall by the vacuole. 
Nuclei can be seen in three of the cells. 

Rhubarb is used for this experiment because the 
coloured cell sap shows up, but if rhubarb is not available 
the epidermis from an onion scale can be used with results 
similar to those in Fig. 23. 

7. Turgor in potato tissue 
Push a No. 4 or No. 5 cork borer into a la rge potato. 

CA UTJON Do not hold the potato in your hand but 
use a board as in Fig. 24a. 

Push the potato tissue out of the cork borer using a 
pencil as in Fig. 24b. Prepare a number of potato 
cylinders in this way and choose the two longest (at 
least 50 m.m). Cut these two accurately to the same 
length, e.g. 50,60 or 70 mm. Measure carefully. 

(b) PuRh the polRto 
cylinder out with 
o pencil 

) 

(a) Plocc ~he potot.o 
on o bonrd 

Fig. 24 Obtaining cylinders of potato tissue 

(b) Plasmolyscd cells ( x 100). The same cells as Lh cy 
appear after treatment with salt solution. The vacuole 
has lost water by osmosis, shrunk and pulled the 
cytoplasm nwny from the cell wall. 

Label two test-tubes A and B and place a potato 
cylinder in each. Cover the potato tissue in tube A 
with wate.r; cover the tissue in B with a 20 per cent 
sugar solution. Leave the tubes for a day. 

After this time, remove the cylinder from tube A 
and measure its length. Notice also whether it is firm 
or fiahby. Repeat this for the potato in tube B, but 
rinse it in water before measuring it. 

Result The cylinder from tube A should have 
gained a millimetre or two a nd feel firm. The cylinder 
from tube Bshould be a millimetre or two shorter and 
feel flabby. 

Interpretation If the potato cells were not fully 
turgid at the beginning of the experiment, they would 
take up water by osmosis (tube A), and cause an 
increase in length. 

In tube B, the sugar solution is stronger than the 
cell sap of the potato cells, so these cells will lose 
water by osmosis. The cells will lose their turgor and 
the potato cylinder will become fiabby and shorter. 

An alternative to measuring the pota to cores is to 
weigh them before and after the 24 hours imme•·sion 
in water or sugar solution. The core in tube A should 
gain weight and that in tube B should lose weight. It 
is important to blot the cores dry with a paper towel 
before each weighing. 

Whichever method is used, it is a good idea to pool 
the results of the whole class since the changes may 
be quite small. A gain in length ofl or 2 mm might be 
due to an error in measurement, but if most of the 
class record an increase in length, then experimental 
error is unlikely to be the cause. 

These experiments and eight others are described in 
greater detail in Experimental Work i1~ Biology (see p. 364). 

QUESTIONS 
9 In Experiment l (Fig. 16) iL mny take 20 minutes for the last 
piece of litmus paper on the right U> go blue. What changes could 
you make in the design or the experiment in order to reduce this 
time interval? 



10 In Bxperirnent5 (Fig. 20), what do you think wou.ld happen (a) 
if a much stronger sugar solution was placed in the cellulose 
tube, (b) if the beaker contained a weak sugar solution instead of 
water, (c) if the sugar solution was in the beaker and the water 
was in the cellulose tube? 
11 In Experiment 4 (Fig. 19), what might happen if the cellulose 
tube filled with sugar solution was left in the water for several 
hours? 
12 Figure 22 explains why the vucuole shrinks in Experiment 6. 
Give a brief explanation of why it swells up again when the cell 
is surrounded by water. 
13 An alternative interpretation of the results of Experiment 3 
on page 39might be that the dialysis tubing allowed molecules(of 
any size) to pass in but notout. Describe an experiment to test this 
possibil ity and say what results you would expect (a) if it were 
correct and (b) if it were false. 
14 In Experiment 5 on page 40, the column of liquid accumula­
ting in the capillary tube exerts an ever-increasing pressure on 
the solution in the dialysis tube. Bearing this in mind and 
nssuming a very long capi llary, at what stage would you expect 
the net flow of water from the beaker into the dialysis tubing to 
cease? 

Models 
One way in which scientists explain their theories is 
by making 'models'. Experiment 4 on page 40 was a 
'model' of a plant cell to help explain the. phenomenon 
of turgor. The model omitted many features of a plant 
cell and concentrated solely on the selectively 
permeable membrane and the solution inside it. 'rhe 
model probably helped you to visualize what might 
happen in a cell, but in many respects it is a poor 
model. For example, if you heated the d-ialysis tubing 
to 50 •c the experiment would sti II work. A cell 
membrane heated to this temperature would lose its 
selective properties. The dialysis tubing, therefore, 
fails to model the cell membrane very accurately. 

Very often a model is no more than a kind of 
diagram to represent the way a hypothesis might 
work in practice. Figure 8 on page 35 is a model to 
explain how the hypothesis of active transport might 
work. It does not mean that we know for sure that it 
works in this way. The carrier substance, if it exists 
at aU, probably does not rotate. It might change its 
shape in order to push the substance through the 
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membrane. There might be more than one carrier 
substance involved. 

Since we cannot get inside cells to see what is 
happening, most of the explanations given at this 
level are in the form of models which become more 
detailed and more refined as more information 
emerges. The danger is that a model may be taken to 
represent the 'truth' rather than an informed guess. 
For example, in recent years, the model for the 
structure of the cell membrane bas changed from 
Fig. 25a to Fig. 25b. Those of us who thought that 25a 
was the structure of the cell membrane were quite 
surprised to learn that it was merely a model. 

In a book of this kind it is tedious to have to keep 
reading 'It is thought that .. .', 'There is evidence to 
show .. .', 'Some biologists believe .. .', etc. So, many 
of the explanations of function are offered simply as 
if they were 'Gospel Truth'. Try to bear in mind that 
what is generally believed at the moment is based on 
our current level of knowledge. 
. Some explanations, such as the description of 
photosynthesis on page44, have stood the test. of time 
and, a lthough they have been elaborated, have not 
been seriously challenged. Others, such as the 
account of active transport on page 35, are quite 
likely to undergo fundamental changes in the next 
few years. 

~~g· /. ~r~~:~ 
f \ ! j \ \ ~ ) molecules 

I I I I ! I I I I l I lipid 
~~ ... ~0,6 molecule 

. -----· 
(a) The Davson-Dunielli model 

!YO 11~'(1\ (f ~~~1ecule 
~ ~ jJ b ~ lJ be?t- protein 

(b) The Singer-Nicholson model 

Fig. 25 Models of the cell membrane's structure 

• Diffusion is th e result of mole cules o f liquid, gas or dissolved solid moving a bout. 
• The m olecules o f a s ubsta nce dif fuse from a reg ion wher e t h ey are very concentra ted. to a region whe re 

th ey are less concen trated. 
• Substan ces may e nte r cells by s im ple diffusion , co ntrolle d diffu sion, a ctive t ransp or t or endocytos is . 
• Osmosis is t h e diff u sion of water th rough a 'selectively pe rmeaple' membrane. 
• Water diffuses from a dilute s olution of salt or su gat· to a con centrated solu t ion because t he c oncentrated 

solution contains fewer free water molecules. 
• Cell membran es ar e select ively permeable and c ytoplasm and cell sap contain m a n y s ubstan ces in 

solution . · 
• CeUs take up wate r fr om dilute solut io n s but lose wate•· to concentrated solut ions because of osm osis . 
• Osmos is maintain s turgor in pla n t cells. 



5 Photosynthesis and 
Nutrition in Plants 

PHOTOSYNTHESIS 
Introductory explanation; defin ition and equation. 

PRACTICAL WORK 
Experiments to test photosynthesis: principles of 
experimental design; destarcbing and testing a leaf for 
starch; need for chlorophyll, light and carbon dioxide; 
production of oxygen. 

PROCESS OF PHOTOSYNTHESIS 
The process in leaf cells. 

GASEOUS EXCHANGE 
Uptake of carbon dioxide and output of oxygen in 
ph(ltosynthesis. Uptake of oxygen and output of 
carbon dioxide in respiration. Compensation point. 

All living organisms need food. They need it as a source of 
raw materials to build new cells and tissues as they grow. 
They also need food as a source of energy. Food is a kind of 
'fuel' which drives essentia l living processes and brings 
about chemical changes (see pp. 24 and 114). Animals take 
in food, digest it, and use the digested products to bui ld 
their tissues or to produce energy. 

Plants also need energy and raw materials but, a part 
from a few insect-eating species, plants do not appear to 
take in food. The most likely source of their raw materials 
would appear to be the soiL However, experiments show 
that the weight gained by a growing plant is far greater 
than the weight lost by the soil it is growing in. So there 
must be additional sources of raw materials. 

These additional sources can only be water and air. A 
hypothesis to explain the source of food in a plant is that 
it makes it from air, water and soil salts. Carbohydrates 
(p. 15) contain the elements carbon, hydrogen and oxygen, 
as in glucose (C6 H 120 6). 'l'he carbon and oxygen could 
be supplied by carbon dioxide (C02) from the air, and 
the hydrogen could come f-rom tbe water (H20) in the soil. 
The n itrogen and sulphur needed for making proteins 
(p. 14) could come from nitrates and sulphates in the soil. 

This building up of complex food molecules from simpler 
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ADAPTATION OF LEAVES FOR PHOTOSYNTHESIS 

Shape and internal structure. 

EFFECTS OF EXTERNAL Ft\CTORS ON RATE OF 
PHOTOSYNTHESIS 

Light intensity; carbon dioxide concentration: 
temperature. Limiting fac~ors. 

USE OF PHOTOSYNTHETIC PRODUCTS IN PLANTS 
Storage, energy and growth. 

SOURCES OF MINERAL ELEMENTS 

Nitrates, sulphates and fertilizers. 

WATER CULTURES 

Experiment to demonstrate the importance of cer tain 
minerals. 

substances is called a synthesis and it needs enzymes and 
energy to make it happen. The enzymes are present. in the 
plant's cells and the energy for the first stages in the 
synthesis comes from sunlight. The process is, therefm·e. 
ca lled photosynthesis ('photos' means ' light'). There is 
evidence to s uggest that the gr·een substance chlol'ophyll, 
in the chloroplasts of plant cells, plays a part in 
photosynthesis. Chlorophyll absorbs sunlight and makes 
the energy fmm sunlight ava ilable for chemical reactions. 
Thus, in en·ect, the function of chlorophyll is to convert 
light energy to chemical energy. 

Our working hypothesis for photosynthesis is, therefore, 
the building-up of food compounds from carbon dioxide 
and watet· by gt·een plants using energy from sunlight 
which is absor·bed·by chlorophyll. 

A chemica l equation for photosynthesis would be 
ligh~ 

6C02 
carbon 
dioxide 

+ 
water 

energy 
--»- CuH,.Or. 

glucose 
+ 

oxygen 

Tn order to keep the equation simple, glucose is s hown as 
the food compound produced. This cloes not imply thai: it is 
the only substance synthesized by photosynthesis. 



PRACTICAL WORK 

EXPERIMENTS TO TEST PHOTOSYNTHESIS 

The design of biological experiments was discussed on 
page 30 and this should be revised before studying the 
next section. It would also be helpful to read the section 
on 'Hypothesis testing' (p. 31) if you have not already 
done so. 

A hypothesis is an attempt to explain certain observa­
tions. In this case the hypothesis is that plants make their 
food by photosynthesis. The equation given below is one 
way of stating the hypothesis and is used here to show how 
it might be tested. 

sunlight 
6C02 + 6H20 C6H1206 + 602 

if\ if' chlorophyll ~ t 
uptake uptake production release 

of carbon of water of of oxygen 
dioxide sugar 

(or starch) 

If photosynthesis is going on in a plant, then the leaves 
should be producing sugars. In many leaves, as fast as 
sugar is produced, it is turned into starch. Since it is easier 
to test for starch than for sugar, we regard the production 
of starch in a leaf as evidence that photosynthesis has 
taken place. 

The first three experiments described below are designed 
to see if the leaf can make starch without carbon dioxide, 
or sunlight, or chlorophyll, in turn: If the photosynthesis 
story is sound, then the lack of any one of these three 
conditions should stop photosynthesis, and so stop the 
production of starch. If a leaf without a supply of carbon 
dioxide can still produce starch, then the hypothesis is no 
good and must be altered or rejected. 

In designing the experiments, it is very important to 
make sure that only one condition is altered. If, for 
example, the method of keeping light from a leaf also cuts 
off its carbon dioxide supply, it would be impossible to 
decide whether it was the lack of light or lack of carbon 
dioxide which stopped the production of starch. To make 
sure that the experimental design has not altered more 
than one condition, a control is set up in each case. This 
is an identical situation, except that the condition missing 
from the experiment, e.g. light, carbon dioxide or 
chlorophyll, is present in the control (seep. 30). 

De starching a plant If the production of starch is your 
evidence that photosynthesis is taking place, then you 
must make sure that the leaf does not contain any starch 
at the beginning of the experiment. This is done by 
destarching the leaves. It is not possible to remove the 
starch chemically, without damaging the leaves, so a plant 
is destarched simply by leaving it in darkness for 2 or 3 
days. Potted plants are destarched by leaving them in a 
dark cupboard for a few days. In the darkness, any starch 
in the leaves will be changed to sugar and carried away 
from the leaves to other parts of the plant. For plants iri the 
open, the experiment is set up on the day before the test. 
During the night, most of the starch will be removed from 
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the leaves. Better still, wrap the leaves in aluminium foil 
for 2 days while they are still on the plant. Then test one of 
the leaves to see that no starch is present. 

Testing a leaf for starch Iodine solution (yellow) and 
starch (white) form a deep blue colour when they mix. The 
test for starch, therefore, is to add iodine solution to a leaf 
to see if it goes blue. First, however, the leaf has to be 
treated as follows: 

1. The leaf is detached and dipped in boiling water for half 
a minute. This kills the cytoplasm and destroys the 
enzymes in it, so preventing any further chemical 
changes. It also makes the cell more permeable to iodine 
solution. 

2. The leafis boiled in alcohol (ethanol), using a water bath 
(Fig. 1), until all the chlorophyll is dissolved out. This 
turns the leaf whitish and makes any colour changes 
caused by iodine easier to see. 

boiling 
alcohol 

burner 
extinguished 

Fig. 1 To remove chlorophyll from a leaf 

3. Alcohol makes the leaf brittle and hard, but it can be 
softened by dipping it once more into the hot water. 
Then it is spread flat on a white surface such as a glazed 
tile. 

4. Iodine solution is placed on the leaf. Any parts which 
turn blue have starch in them. If no starch is present, the 
leaf is merely stained yellow or brown by the iodine. 

Experiment 1. Is chlorophyll necessary for 
photosynthesis? 

It is not possible to remove chlorophyll from a leaf without 
killing it, and so a variegated leaf, which has chlorophyll 
only on patches, is used. A leaf of this kind is shown in 
Fig. 2a. The white part of the leaf serves as the experi­
ment, because it lacks chlorophyll, while the green part 
with chlorophyll is the control. After being destarched, 
the leaf-still on the plant-is exposed to daylight 
for a few hours. It is then removed from the plant, drawn 
carefully to show where the chlorophyll is (i.e. the green 
parts), and tested for starch as described above. 

Result Only the parts that were previously green turn 
blue with iodine. The parts that were white stain brown 
(Fig. 2b). 
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(a) Variegated 
lenf 

(b) After testing 
for s tarc h 

Fig. 2 To show that chlorophyll is necessary 

Interpretat ion Since star·ch is present only in the parts 
which originally contained cb1oropbyll, it seems reason· 
able to suppose that chlorophyll is needed for photo· 
synthesis. 

It must be remembered, however, that there are 
other possible interpretations which this experiment 
has not ruled out; for example, starch could be made 
in the green pru·ts and sugar in the white parts. Such 
alternative explanations could be tested by further 
experiments. 

Experiment 2. Is light necessary for 
photosynthesis? 

A simple shape is cut out from a piece of aluminium foil to 
make a stencil which is attached to a destarched leaf 
(Fig. 3a). After 4 to 6 hours of daylight, the leaf is removed 
from the plant and tested for starch. 

Result Only the areas which had received light go blue 
with iodine. 

Interpretation As starch has not formed in the areas 
which received no light, it seems that light is needed for 
starch formation and thus for photosynthesis. 

(o) 

leaf still 
attached to tree 

aluminium 
foil stencil 

Fig. 3 To show that light is necessary 

(b) After testing 
for alarch 

You could argue that the aluminium foil had 
stopped carbon dioxide from entering the leaf and 
that it was shm·tage of carbon dioxide rather than 
absence of light which prevented photosynthesis 
taking place. A further control could be designed, 
using transparent material instead of alwninium foil 
for the stencil. 

Experiment 3. Is carbon dioxide needed for 
photosynthes is? 

Two destarched potted plants are watered and the shoots 
enclosed in polythene bags. One ofthe bags contains soda· 
lime to absorb carbon dioxide from the air (the experi· 
ment). The other has sodium hydt·ogencarbonate solution 
to produce carbon dioxide (the control), as shown in Fig. 4. 
Both plants are placed in light for several hours and a leaf 
fmm each is then removed and tested for starch. 

Result The leaf wnich had no cat·bon dioxide does not 
turn blue. 'rhe one from the polythene bag containing 
carbon dioxide does turn blue. 

soda-lime or sodium 
hydrogencarbonate 
solution 

Fig. 4 To show that carbon dioxide is necessary 

Interpretation The fact that starch was made in the 
leaves which bad carbon dioxide, but not in the leaves 
which bad no carbon dioxide, suggests that this gas must 
be necessary for photosynthesis. The controlmles out the 
possibi li ty that high humidity ot· high temperature in the 
plastic bag prevents normal photosynthesis. 

Experiment 4. Is oxygen produced during 
photosynthesis? 

A short·stemmed funnel is placed over some Canadian 
pondweed in a beaker of water. A test-tube fi lled with 



water is placed upside-down over the funnel stem (Fig. 5). 
'rhe funnel is raised above the bottom of the beaker to 
allow the water to circulate. 1'he apparatus is placed in 
sunlight, and bubbles of gas soon appear from the cut stems 
and collect in the test-tube. A control experiment should be 
set up in asimilarway but placed in a dark cupboard. Little 
o•· no gas will be collected. When sufficient gas has 
collected from the plant in the light, the test-tube is 
removed and a glowing splint inserted. 

gas collecting 

sunlight 

. . .. . . . . 
·. .. 
•' -.. .. 

Fig. 5 To show that oxygen is produced 

Result The glowing spl int bursts into tlames. 

Canadian 
pondweod 

Interpretation The relighting of a glowing splint does 
not prove that the gas collected in the test-tube is pure 
oxygen, but it does show that it contains extra oxygen and 
this must have come from the plant. 'rheoxygen is given off 
only in the light. 

You should bear in mind that water contains 
dissolved oxygen, carbon dioxide and nitrogen. These 
gases may diffuse in or out of the bubbles as they pass 
through the water and collect in the test-tube. The 
composition of the gas in the test-tube may not be the 
same as that in the bubbles leaving the plant. 

The results of these four experiments support the 
·hypothesis of photosynthesis as stated on page 44 and as 
represented by the equation. Starch formation (our 
evidence for photosynthesis) does not take place in the 
absence of light, chlorophyll or carbon dioxide, and 
oxygen production occurs only in the light. 

If starch or oxygen production had occurred in the 
absence of any one of these conditions, we should have to 
change our hypothesis about the way plants obtain their 
food. Bear in mind, however, that although our results 
support the photosynthesis theory, they do not prove it. 
For example, it is now known that many stages in the 
production of sugar and starch from carbon dioxide do not 
need light (the 'dark' reaction). 
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QUESTIONS 
1 Which of the following arc needed for •tnrch production in 
a leaf: (a) carbon dioxide, (/1) oxygen, (c) nitrates, (d) wat.cr, 
(e) chlorophyll, (f) soil, (g) light? 
2 In Experiment 1 (concerning the need for chlorophyll), why 
was it not necessary to set up a separate control experiment? 
3 What is meant by 'destarching' a leaf? Why is it necessary to 
destarch leaves before setting up some of the photosynthesis 
experiments? 
4 In Experiment3(concemingtheneed for carbon dioxide), what 
were the functions of (a) the soda-lime, (b) the sodium 
hydrogencarbonate, (c) the polythene bag? 
5 Why do you think a pond weed, rather than a land plant, is used 
for Experiment 4 (concerning production of oxygen)? In what 
way might this choice make the results less useful? 
6 A green J>lant makes sugar from carbon dioxide and water . 
Why do we not try the experiment of depriving n plant ofwat.cr to 
see if that stops photosynthesis? 
7 Does the method of destorching a plant take for granted the 
results of Experiment 2? Explain your answer. 
8 In Experiment 2, an extra control was suggested to see whether 
the aluminium foil stencil hod prevented carbon dioxide as well 
as light from getting into n leaf. If the st.cncil was made of clear 
plastic, (a) should its effect differ from that of the aluminium foil 
stencil, and (b) what result would you expect (i) if the stencil ilad 
interfered with the supply of carbon dioxide and (ii) if it ilad 11ot? 

THE PROCESS OF 
PHOTO SYNTHESIS 

Although the details of photosynthesis vary in different 
plants, the hypothesis as stated in this chapter has stood 
up to many years of experimental testing and is universally 
accepted. The next section describes how photosynthesis 
takes place in a plant. 

The process takes place mainly in the cells of the leaves 
and is summarized in Fig. 6. In land plants water is 
absorbed from the soil by the roots and carried in the water 
vessels of the veins, up the s tem to the leaf. Carbon dioxide 
is absorbed from the air through the stomata (pores in the 
leaf, see p. 60). In the leaf cells, the carbon dioxide and 
water are combined to make sugar; the energy for this 
reaction comes from sunlight which has been absorbed by 
the green pigment chlorophyll. The chlorophyll is present 
in the chloroplasts of the leaf cells and it is inside the 
chloroplasts that the reaction takes place. Chloroplasts 
(Fig. 6d) are small , green structures present in the 
cytoplasm of the leaf cells. Chlorophyll is the substance 
which gives leaves and stems their green colour. It is able 
to absorb energy from light and use it to split water 
molecules into hydrogen and oxygen (the 'light' reaction). 
The oxygen escapes from the leaf and the hydrogen mole­
cules are added to carbon dioxide molecules to form sugar. 

There are four types of chlorophyll which may be 
present in various proportions in different species. 

( 
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sunlight penetrates leat 

sunlight 
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chloroplast 
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and water 
combine to 
make sugar 

nucleus 

(d) A single palisade cell 

Fig. 6 Photosyn thesis in a lea f 

'l'bere are a lso a number of photosynthetic pigments, 
other than chlorophyll, which may mask the colour 
of chlorophyll even when it is present, e.g. the brown 
and red pigments which occur in certain seaweeds. 

Q UESTIONS 
9 What substances must a 1>lant take in, in order to carr·y on 
photosynthesis? Where does it get each of these substances from? 
10 Look at Fig. 7a on page 61. Identify the palisade cells, the 
spongy mesophyll cells and the cells of the epidermis. In which of 
these would you expect photosynthesis to occur (a) most rapidly, 
(b) least rapidly, (c) not at all'? Explain your answer. 
ll (a) What provides a plant with energy for photosynthesis? 

(b) What chemical process pr·ovidcs a plant with energy to 
car·ry on all other living activities? 

vessels 
carrying 
water 

cells 
carrying 

---food made 

""'"""'""''""' in leaf 

ca•bon dioxide enters 
leaf rhrough a 
Sloma (pore) 

carbon dioxide 
diffuses through 
air spaces to 
reach cells 

GASEOUS EXCHANGE IN 
PLA NTS 

Air contains the gases, n itrogen, oxygen, carbon dioxide 
and water vapour. Plants and animals take in or give out 
these last three gases and this process is called gaseous 
excha nge. 

You can see from the equation for photosyothesis (p. 44) 
that one of its products is oxygen. Therefm·e, in dayl ight, 
when photosynthesis is going on in green plants, they will 
be taking in carbon dioxide nod giving out oxygen. This 
exchange of gases is the opposite of that resulting from 
respi t·ation (p. 24) but it must not be though t that green 
plants do not respire. The energy they need for all their 
living processes- apart from photosynthesis- comes 
fl'Om respirat ion and this is going on all the t ime, using up 
oxygen and producing carbon dioxide. 



During the daylight hours, plants are photosynthesizing 
as well as respiring, so that all the carbon dioxide produced 
by respiration is used up by photosynthesis. At the s ame 
t ime, all the oxygen needed by respiration is provided by 
photosynthesis. Only when the rate of photosynthes is is 
faster than the rate of respiration will carbon dioxide be 
taken in and the excess oxygen be given out (Fig. 7). 

DARKNESS DIM LIGHT BRIGHT LIGHT 

o, 0, 

t rosplrallo'n 0 respirallon ~"'""'" l 
). 

'( pholo· ; phOIO· CO 
synlhesis CO, synlhesis JJ 

co, 
Hutes of rCSJ)irntion 

co, 
nnd J)hotosynthcsis Photosynthes is 

No photo· equnl: no exchange faster thnn 
synthesis of gnses wiUl air respiration 

Fig. 7 Respiration and photosynthesis 

Compensation point As the light intensity in­
creases during the morning and fades dw·ing the 
evening, there will be a time when the rate of photo· 
synthesis exactly matches the rate ofrespiration. At 
this point, there will be no net intake or output of 
carbon dioxide or oxygen. This is the compensation 
point. The sugar produced by photosynthesis exactly 
compensates for the sugar broken down by respira­
tion. 

Experiment 5. Gaseous exchange 
dur ing photosynthesis 
Wash three test-tubes first with tap-water, then with 
distilled water and finally with hydrogencarbonate 
indicator. Then place 2 cm3 hydrogencarbonate 
indicator (seep. 363) in each tube. 

Place a green leaf in tubes 1 and 2 so that it is held 
against the walls of the tube and does not touch the 
indicator (Fig. 8). Close the three tubes with bungs. 
Cover tube 1 with aluminium foil and place all three 
in a rack in direct sunlight, or a few centimett·es from 
a bench lamp, for about 40 minutes. 

Result The indicator (which was originally 
orange) should not change colour in tube 3, the 
control; that in tube 1, with the leaf in darkness, 
should turn yellow; and in tube 2 with the illuminated 
leaf, the indicator should be scarlet or purple. 
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hydrogencarbonale 
indicator 

Fig. 8 Gaseous exchange during photosynthesis and 
respiration 

Interpretation Hydrogencarbonate indicator is a 
mixture of dilute sodium hydrogencarbonate solution 
with the dyes cresol red and thymol blue. It is a pH 
indicatorin equilibrium with the atmospheric carbon 
dioxide, i.e. its original colour represents the acidity 
produced by the carbon dioxide in the air. Inct·ease in 
atmospheric carbon dioxide makes it more acid and it 
changes colour from orange to yellow. Decrease in 
atmospheric carbon dioxide makes it less acid and 
causes a colour change to red or pw·ple. 

The resu lts, therefore, provide evidence that in 
darkness (tube 1) leaves produce carbon dioxide 
(from respiration), while in light (tube 2) they use up 
more carbon dioxide in photosynthesis than they 
produce in respiration. Tube 3 is the control, showing 
that it is the presence of the leaf which causes a 
change in the atmosphere in the test-tube. 

The experiment can be criticized on the grounds 
that the hydrogencarbonateindicator is not a specific 
test for carbon diox ide but will respond to any change 
in acidity or alkalinity. In tube 2 there would be the 
same change in colour if the leaf produced an alkaline 
gas such as ammonia, and in tube 1, any acid gas 
produced by the leaf would turn the indicator yellow. 
However, a knowledge of the metabolism of the leaf 
suggests that these are less likely events than changes 
in the carbon dioxide concentration. 

QUESTIONS 
12 What gases would you expect a leaf to be (i) taking in, 
(ii) giving out, (a) in bright sunlight, (b) in da rkness? 
13 Measurements on a leaf show that it is giving out carbon 
dioxide and taking in oxygen. Does this prove that photo· 
synthesis is not going on in the leaf? Explai n your answet·. 

' 
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Fig. 9 Daily cha nges in concentration of ca r bon d ioxide 
one met•·e above a plaot crop. (From Ve rma a nd Rosenberg, 
Span. 1979.) 

14 Figure 9 is a graph show ing the •werage daily change in the 
carbon dioxide concentration, I metre above nn agricultural crop 
in July. From what you have teamed about ph-otosynthesis and 
respiration, try to expla in the changes in the carbon dioxide 
concentration. 
15 How could you adapt the experiment with hydrogen­
carbonate indicator to find the light intensity which corre­
sponded to the compensation point? 

How would you expect t he compensation points to differ 
between plants growing in a wood and those growing inn field? 

Ada ptat ion of leaves for 
photosynthesis 
When biologists say that something is adapted, they mean 
that its structure is well suited to its function . 'I' be detailed 
stmcture of the leaf is described on pages 59 to 61, and 
although there are wide variations in leaf shape the 
fo llowing general statements apply to a great many leaves, 
and are i llustrated in Figs 6b and c. 

1. Thei1· broad, flat shape offers a large smface area for 
absorption of sunlight and carbon diox ide. 

2. Most leaves are thin and the carbon dioxide has to 
diffuse across on ly short distances to reach the inner 
cells. 

3. 'rhe large spaces between cells inside the leaf provide an 
easy passage through which carbon dioxide can diffuse. 

4. '!'here are many stomata (pores) in the lower sm·face of 
the leaf. These a llow the exchange of carbon dioxide and 
oxygen with the air outside. 

5. 'I' here are more chloroplasts in the upper (palisade) cells 
than in the lower (spongy mesophyll) cells. 'l'he palisade 
cells, being on the upper surface , wi ll receive most 
sunlight and this will reach tbe ch loroplasts without 
being absorbed by too many cell walls. 

6. The branching network of veins provides a good water 
supp ly to the photosynthesizing cells. No cell is ve1·y fa1· 
from a water-conducting vessel in one of these veins. 

·Although photosynthesis takes place ma inly in the leaves, 
any t>art of the plant which contains chlorophyll will 
photosynthesize. Ma ny plants have gt·een stems in which 
photosynthesis takes place. 

The rate of photosynthesis 
'l'he rate of the light reaction will depend on the Ught 
intensity. 'l'he brighter tbe light, tbe faster will water 
molecules be split in the chloroplasts. 'l'he 'dark' 
reaction will be affected by temperature. A 1·ise in 
temperature will increase the rate at which carbon 
dioxide is combined with hydrogen to make carbo­
hydrate. 

Limiting factors If you look at Fig. lOa, you will 
see that an increase in light intensity does indeed 
speed up photosynthesis, but only up to a point. 
Beyond that point, any further increase in light 
intensity has only a small effect. This limit on tbe rate 
of increase could be because all available chlot·o· 
plasts are fully occupied in ligh t absorption. So, no 
matter how much the light i11tensicy increases, no 
more light can be absorbed and used. Alternatively, 
the limit could be imposed by the fact that there is not 
enough carbon dioxide in the air to cope with the 
increased supply of hydrogen atoms produced by the 
light reaction. Or, it may be that low temperature is 
restricting the rate of the 'dark' reaction. 
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F ig. 10 Limi ting factors in photosynthesis 



Figure lOb shows that, if the temperature of a plant 
is raised, then the effect of increased illumination is 
not limited so much. Thus, in Fig. lOa, it seems likely 
that the increase in the rate of photosynthesis could 
have been limited by the temperature. Any one of the 
external factors, temperature, light intensity or 
carbon dioxide concentration, may limit the effects 
of the other two. A temperatw·c rise may cause 
photosynthesis to speed up, but only to the point 
where the light intensity Jimjts fw·ther increase. ln 
such conditions, the externa l factor which restricts 
the effect of the others is called the lim iting factor. 

Since there is only 0.03 per cent of carbon d ioxide 
in the air, it might seem that shortage of carbon 
clioxide could be an important limiting factor.lndeed, 
experiments do show that an increase in carbon 
ruoxide concentration does allow a faster rate of 
photosynthesis. However, recent work in plant 
physiology bas shown that the extra carbon dioxide 
affects reactions other than photosynthesis. 

The main effect of extra carbon ruoxide is to slow 
down the rate of oxidation of sugar by a process 
called photorespiration and this produces the same 
effect as an increase in photosynthesis. 

Although carbon dioxide concentration limits 
photosynthesis only indirectly, artificially high 
levels of carbon dioxide in greenhouses do effectively 
increase yields of crops (Fig. 11). 

Greenhouses also maintain a higher temperature 
and so reduce the effect of low temperature as a 
limiting factor. 

Fig. 11 Effect of extra carbon diox.idc on growth.· 
Only 121ettuces from the C02 enriched greenhouse will 
fit in a standard box comJJarcd with 15 from the control 
greenhouse. 

The concept of limiting factors does not apply only 
to photosynthesis. Adding fertilizer to the soil, for 
example, may increase crop yields, but only up to the 
point where the roots can take up a ll the nutrients 
and the plant can build them into proteins, etc. The 
uptake of minera l ions is limited by the absorbing 
area of the roots, rates of respiration, aeration of the 
soil and availability of carbohydrates from photo· 
synthesis. • 

Currently there is debate about whether athletic 
performance is limited by the ability of the heart and 
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lungs to supply oxygenated blood to muscles, or by 
the ability of the muscles to take up and use the 
oxygen. 

T he role of the stomata The stomata {p. 60) in a 
leaf may affect the rate of photosynthesis according 
to whether they are open or closed. When photo· 
synthesis is taking place, carbon dioxide in the leaf is 
being used up and its concentration falls. At low 
concentrations of carbon dioxide, the stomata will 
open. Thus, when photosynthesis is most .rapid, the 
stomata are likely to be open, allowing carbon 
dioxide to ruffuse into the leaf. When the light 
intensity falls, photosynthesis will slow down and the 
buiJd.upof carbon diox ide from respiration will make 
the stomata close. In this way, the stomata are 
normally regulated by the rate of photosynthesis 
rather than photosynthesis being limited by the 
stomata. However, if the stomata close during the 
daytime us a result of excessive water loss from the 
leaf, their closure will restrict photosynthesis by 
preventing the inward diffusion of atmospheric 
carbon dioxide. 

Normally the stomata are open in the daytime and 
closed at night. 'l.'heir closure at night, when intake of 
carbon dioxide is not necessary, reduces the loss of 
water vapour from the leaf (p. 73). 

Experimen t 6. The effect of ligh t 
intensity on t he rate of photosyn thesis 

Fill a beaker or jar witb tap·water and add about 
5 cm3 saturated sodium hydrogencru.'bonate solu tion. 
{This is to maintain a good supply of carbon dioxide.) 

Select a pond weed shoot about5- 10 em long. Partly 
prize open a small paper·clip and slide it over the tip 
of the sboot and drop the shoot into the ja1· of water. 
The paper·clip should hold the shoot under water as 
shown in Fig. 12. 

paper clip holds 
pond weed 

upsidedown 

Fig. 12 Light intensity a.nd oxygen production 
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pull the paper 
along steadily 

after 15 seconds 
count the dots 

tap rhythmically 
in time with 
the bubbles 

Fig. 13 Estimating t he rnte of bubble production 

Switch on a bench lamp and bring it close to the jar. 
After a minute or two, bubbles should appear from the 
cut end of the stem. If they do not, try a different piece 
of pond weed. 

When the bubbles are appearing steadily, switch 
off the bench lamp and observe any change in the 
production of bubbles. 

Now place the lamp about 25 em from the jar. 
Switch on the lamp and try to count the number of 
bubbles coming off in a minute. Move the lamp to 
about 10 em from the jar and count the bubbles again. 

If the bubbles appear too t·apidly to count, try 
tapping a pen or pencil on a sheet of paper at the same 
rate as the bubbles appear and get your partner to 
slide the paper slowly along for 15 seconds. Then 
count the dots. (Fig. 13.) 

Result When the light is switched off, the bubbling 
should stop. The rate of bubbling should be faster 
when the lamp is closer to tbe plant. 

Interpretation Assuming that the bubbles contain 
oxygen produced by photosynthesis, it seems that an 
increase in light intensity produces an increase in the 
rate of photosynthesis. We are assuming also that the 
bubbles do not change in size during the experiment. 
A fast stream of small bubbles might represent the 
same volume of gas as a slow stream of large bubbles. 

Land plants Experiment 5 can be modified to 
investigate the effect oflight intensity on the rate of 
photosynthesis. Two tubes with a leaf and hydrogen· 
carbonate indicator are set up as described in the 
experiment (Fig. 8) and placed at 10 em and 20 em 
respectively from the light source. The shorter the 
time the indicator takes to turn red or purple, the 
faster is the rate of carbon dioxide uptake. This is a 
measure of the rat(l of photosynthesis. 

\ 

THE PLANT'S USE O F 
PHOTOSYNTHETIC PRO DUCTS 

The glucose molecules produced by photosynthesis are 
quickly bui lt up into starch molecules and added to the 
growing starch granules in the chloroplast. If the glucose 
concentration was a llowed to increase in the mesophyl l 
cells of the leaf, it could distmb the osmotic balance 
between the cells (p. 38). Starch is a relative ly insoluble 
compound and so does not a lter the osmotic potential of 
the cell contents. 

The starch , however, is steadily broken down to sucrose 
(p. 16) and th is soluble sugar is transported out of the cell 
into the food-carrying ce Lls (see p. 64) of the leaf veins. 
These veins wi ll distribute the sucrose to a ll parts of tho 
plant which do not photosynthesize, e.g. the growing buds, 
the ripening fruits, the roots a nd the underground storage 
organs. 

The cells in these regions will use the sucrose in a 
variety of ways (Fig. 14). 

Respiration The sugar can be used to provide energy. ll 
is oxidized by respiration (p. 24) to carbon dioxide and 
water, and the energy released is used to drive other 
chemical reactions such as the building up of p1·oteins 
described below. 

Storage Suga1· which is not needed for respi ration is 
tumed into sta•·ch and stored. Some plants store it as 
starch grains in the ce ll s of their stems OJ' roots. Other 
plants such as the potato or parsnip have special sto•·age 
organs (tubers) fo•· holding the reserves of sta1·ch (p. 102). 
Sugar may be sto•·ed in the fruits of some plants; grapes, fo1· 
example, contain a large amount of glucose. 

Syn t hesis of other substances As well as sugat'S for 
energy and starch for storage, the plant needs cellulose for 
its cell wa lls, lipids for its cell membranes, proteins for its 
cytoplasm and pigments for its flower petals, etc. All these 
substances are built up (synthesized) ft·om the sugar 
molecules and other molecules produced in photo· 
synthesis. 

By joining hundreds of glucose molecules together, the 
long chain molecules of cellulose (Fig. 3, p. 16) are bui lt up 
and added to the cell walls. 

Amino acids (see i>· 14) are made by combining nitrogen 
with sugar molecules or smaller cat·bobydrate molecu les. 
These amino acids are then joined together to make the 
proteins which fo•·m the enzymes and the cytoplasm of the 
cell. T he ni trogen for this synthesis comes from n itrates 
which are absorbed from the soi l by the roots. 

Pmteins a lso need sulphur molecules and these m·e 
absorbed from the soil in the form of sulphates (SO.,). 
Phosphorus is needed for nucleic acids (p. 17) and for 
energy transfer reactions (p. 25). It is taken up as 
phospha tes (PO.). 

The chlorophyll molecule needs magnesium (Mg).1'his 
metallic element is also obtained in salts from the soil (see 
the salts listed under 'Water cultures'. 

Many other e lements, e.g. iron, manganese, boron, in 
very small quantities, al'e a lso needed for healthy growth. 
These are often referred to as trace elements. 
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~ sucrose starch cell"i'ose oil 
~cell 

membrane proteins I ~ui~ 
respiration cell 

walls stored 
in seeds n 

cell structures 
and enzymes 
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tubers and 

seeds 

Fig. H Green plants can make all the materials they need from carbon dioxide, water and salts. 

The meta ll ic a nd non-metallic elements a re a ll taken up 
in the form of their ions (p. 17). 

All these chemica l processes, such as t.he uptake of salts 
and the building up of proteins, need energy from 
respiration to make them happen. 

QUESTIONS 
16 What substances does a green plant need to take in, to make 
(a) sugar, (b) proteins? What must be present in the cells tc make 
reactions (a) and (b) work? 
17 A molecule of carbon dioxide enters a leaf cell at 4 p.m. and 
leaves the snmc cell at 6 p.m. What is likely tc have happened to 
the carbon dioxide molecule during the 2 hours it was in the leaf 
cell? 
18 ln 'J part ially controlled environment such as a greenhouse, 
(a) how could you alter the externa l factors to obtain maximum 
photosynthesis, (b) which of these alterations might not be cosL­
e£fecLive? 

THE SOURCES OF MI NERAL 
ELEMENTS 

'!'he minera l elements needed by plants are absorbed from 
theso i I in the form of salts. For example, a plant's needs for 
potassium (I{) and nitrogen (N) might be met by absorbing 
the sa lt potassium nitrate (KN03 ) . Salts like this come 
originally from •·ocks which have been bt·oken down to 
form the soi I (p. 254). '!'hey are continually being taken up 
from the soil by plants or washed out of the soil by t·ain. 
They a re replaced partly from the dead remains of plants 
and anima ls. When these organisms die and the ir bodies 

decay, the salts they contain a re released back into the 
soi I. This process is explained in some detail, for nitrates, 
on page 247. 

In arable farming, the ground is ploughed and wha tever 
is grown is removed. There are no dead plants left to decay 
and replace the minera l salts. The farmer must replace 
them by spreading animal manure, sewage s ludge or 
artificial fertilizers in measured quantities over the la nd. 

Three manufactured fertilize•·s in common use are 
ammonium n itrate, superphosphate and compound NPK. 

Ammon iu m ni trate (NH.NO,) The formula shows that 
ammonium ni trate is a rich source of nitrogen but no other 
plant nutrients. It is sometimes mixed with calciwll 
carbonate to form a compound fertilizer such as 'Ni t t·o­
chalk'. 

Superphosphates 'l'hese ferti lizers are mixtures of 
minerals. They a ll contain calcium and phosphat-e a nd 
some have sulphate as well. 

Compoun d NP K fertilizer 'N' is the chemical symbol 
for nitrogen, 'P' for phosphorus and 'K' for potassium. 
NPK fertilizers are made by mixing ammonium sulphate, 
ammonium phosphate and potassium chloride in va rying 
proportions. They provide the ions of nitrate, phosphate 
and potassium which are the ones most likely to be below 
the optimum level in an agricultural soil. 

\Vater cultures 
It is possible to demonstrate the importance of the various 
mineral e lements by growing plants in water cu.ltures. A 
full water culture is a solution containing the salts which 
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Fig. 15 Soil-less culture. The tomato plants nrc 
growing in a nutrient solution circulated through 
troughs of polythene. The network of roots enn be seen in 
the polythene. 

provide a lithe necessary elements for healthy growth, e.g. 

potassium nitrate for potassium and nitrogen 
magnesium su lphate for magnesium and sulphur 
potassium phosphate for potassium and phosphorus­
ca lcium nitrate for calcitun and nitrogen 

l~•·om these e lements, plus the carbon dioxide, waLe•· and 
sunlight needed for photosynthesis, a green plant can 
make a ll the substances it needs for a healthy existence. 

Some branches of horticulture, e.g. growing of glass­
house crops, make use of water cultures on a large scale. 
'l'omalocs may be grown with their roots in Ant polythene 
tubes. 1'he appropriate water culture solution is JHunped 
along these tubes (Fig. 15). This method ha.s the advantage 
that the yield is increased and the need to st.cri lize the soil 
each year, to destroy pests, is eliminated. 'rhis kind of 
technique is sometimes described as hydroponics or soi l­
less culture. 

Experiment 7. T he importance of different 
mineral elements 
Place wheat seedlings in test-tubes containing water 
cultures as shown in Fig. 16. Cover tbe lubes with 
alwninium foi l to keep out light and so slop green algae 
from growing in the solution (p. 329). Some of the solutions 

co non 
wool 

culture 
solution 

aluminium 
foil1o exclude ---1 

light 

Fig. 16 To sot up a wnter culture 

wheal 
seedling 

have one of tho elements missing. For example, in tho list 
of chemicals above, mngno~ium chl01·ide is used instead of 
magnesium su lphate a nd so the solution will lack sulphur. 
In a similar way, so lutions Jacking nitrogen, potass ium 
and phosphorus can be prepared. 

Leave the seedlings to grow in these solutions for a few 
weeks. keeping the tubes topped up with distilled water. 

Result Figure 17 shows the kind of results which might 
be expected from wheat seedlings. Generally, tbe plants in 
a complete culture will be tall and sturdy, with large, dark 
green leaves. 'rhe plnn ts lacking nitrogen will usunlly be 
stunted and have small, pale leaves. In the absence of 
magnesium, chlorophyll cannot be made, and these plants 
wi ll be small with ye llow leaves. 

Figure 18 shows the results of a larger scale exper iment. 

normal culture no 
solution niuatos 

no 
calcium 

no 
phosphales 

Fig. 17 Result of water culture experiment 

diStilled 
water 



Fig. 18 Effect of mineral salts on growth. The 
chrysnnthemum plants on the left were planted at the 
same time as those on the right but have been deprived of 
phosphate. 

Intet·pretation The healthy plant in the full culture is 
the control and shows that this method of raising plants 
does not affect them. The other, less healthy plants show 
that a full range of mineral elements is necessary for 
normal growth. 

Quantitative results Although the effects of 
mineral deficiency can usually be seen simply by 

CHECK LIST 

• Photosynthesis is the way plants make their food. 
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looking at the wheat seedlings, it is better if actual 
measurements are made. 

The height of the shoot, or the total length of all the 
leaves on one plant can be measured. The total root 
length can also be measured, though this is difficult 
if root growth is profuse. 

Alternatively, the dry weight (see p. 26) of the 
shoots and roots can be measured. In this case, it is 
best to pool the results of several experiments. All the 
s hoots ft•om the complete culture are placed in a 
labelled container; all those from the 'no nitrate' 
culture solution are placed in another container, and 
so on for all the plants from the different solut ions. 
The shoots are then dried at 110 •c for 24 hours and 
weighed. The same procedure can be carried out for 
the roots. 

You would expect the roots and shoots from the 
complete culture to weigh more than those from the 
nutrient-deficient cultures. 

QUESTIONS 
19 What salts would you put in a water culture which is to 
contain no nitrogen? 
20 What mineral elements do you think are provided by (a) bone 
mea l (p. 185), (b) d1·ied blood (p. 137)? 
21 How con a floating pond plant, such as duckweed, su•·vive 
wilhoul having its roots in soil? 
22 In the water cultw·e experiment, why should (a) lack of 
nitrate, (b) lack of phosphate cause r~'<.luced growth? 

• They combine carbon dioxide and water to make s ugar. 
• To do t his, they need energy fr om s unlight, whic h is absorbed by c hlorophyll. 
• Chlorophyll converts light energy to chemical energy. 
• The equat ion to represent photosynthesis is 

energy rrom sunlight 
6C0,+6H.O- --------;. c .. H ,, Oa+60• 

absorbed by chlorophyl l 

• Plant leaves are adapted for the process of photosynthesis by being broad and t hin, with many 
chloroplasts in their cells. 

• From the sugar made by photosynthesis, a plant can make all the other substances it needs, prov ided it 
has a supply of mineral salts like nitrate , phosphate and potassium. 

• In daylight, respiration a nd photosynthesis will be takin g place in a leaf; in darkness, only respiration will 
be taking place. 

• In daylight a plant will be taking in carbon dioxide and g iving out oxygen. 
• ln darkness a plant will be taking in oxygen and giving out carbon dioxide. 
• Experiments to test photosy nthesis are designed to exclude light, or carbon dioxide, or chlorophyll, to see 

if t he plant can still produce starch. 
• The rate of photosynthesis may be limited by light intensity and tempet·ature. 
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Examination Questions 
Section 1: Some Principles of Biology 

Do not write on this page. Where necessary copy drawings, 
tables or sentences. 

1 In a plant cell, the part made of cellulose is the 
A nucleus C cell wall 
B cytoplasm D cell sap 

2 The structure of a cell is most closely related to its 
A age C function 
B size D movement 

3 Carbohydrates contain all of the following except 
A oxygen C phosphorus 
B hydrogen D carbon 

4 Enzymes are said to be catalysts because they 
A alter the rate of chemical reactions · 
B are proteins 
C are affected by temperature 
D are affected by pH 

(N) 

(R) 

(R) 

(N) 

5 To carry out photosynthesis a plant requires the presence of 
A oxygen, light, chlorophyll and water 
B carbon dioxide, light, chlorophyll and water 
C chlorophyll, oxygen, carbon dioxide and water 
D water, carbon dioxide, sugar and light 
E starch, darkness, oxygen and chlorophyll (Cl) 

6 The gas evolved in photosynthesis is usually identified by a test 
involving the use of 

A lime water 
B iodine solution 
C boiling alcohol 

D a glowing splint 
E soda lime 

(Cl) 

7 The following results show the percentage change in dry mass 
of batches of seeds which were germinated in the light. (Dry mass 
is the mass of material after water has been removed.) 

Day Percentage change in 
dry mass (as % of original) 

0 0 
5 -5 

10 -11 
15 -H1.5 
20 -12 
25 +1 
30 +18 

(a) Plot a line graph of these results. 
(b) (i) According to your graph, on which day does the process 

of photosynthesis first cause an overall gain in dry mass? 
(ii) Which organs on the plant shoot will have developed to 

enable the seedling to photosynthesize? 
(iii) Explain how the process of photosynthesis causes the 

seedling to gain mass? 
(iv) Explain why there is a loss of mass during the first 20 days 

of the experiment. (C/EA) 

8 Fig. 1 below represents animal cells and plant cells. 

cytoplasmic 
lining 

A diagram of a 
group of cheek 
cells from Man 

A diagram of a 
group of plant cells 
from the leaf 

Fig. I 

(a) In the table below state three differences between the 
structures of the plant cells and the animal cells shown in Fig. 1. 

Plant cells Animal cells 

1 
2 
3 

(b) Suppose that each group of cells was placed in a 5% sucrose 
solution. Describe briefly what would happen in each case. 

(c) Name, and briefly describe, the type of plant cell concerned 
with (i) the transport of water and salts, (ii) the transport of 
sugars and amino acids. (Seep. 63.) (C/EA) 

9 The apparatus shown in Fig. 2 was set up as illustrated. The 
shallow dish contained an indicator that changes as follows: 

green ~ blue ~ yellow 
(neutral) (weak acid) (acid) 

(a) The apparatus was placed in the dark for 12 hours and the 
indicator by the end of that time was yellow in colour. Explain 
briefly in terms of the plant and the air in the bell jar why the 
indicator has changed from blue to yellow. 

(b) The lamp was then switched on and after some hours the 
indicator changed to blue and then finally to green. 

(i) What process in the plant has brought about this change? 
(ii) Explain why the indicator changed colour in this way? 
(c) What is the function of the glass tank containing water? 
(d) What is the function of the plastic bag? (C/EA) 

potted 
plant 

Fig. 2 



SECTION 2 
FLOWERING PLANTS 



6 Plant Structure and 
Function 

lEAF 

Epidermis, stomata, mesophyll, veins. 

STEM 
Epidermis, vascular bundles and their function. 

ROOT 
Outer layer and root hairs. 

Figure 1 shows a young sycamore plant. It is typical of 
many flowering plants in having a root system below the 
ground and a shoot above ground. The shoot consists of an 
upright stem, with leaves and buds. The buds on the side of 
the stem are called lateral buds. When they grow, they 
will produce branches. The bud at the tip of the shoot is 
the terminal bud and when it grows, it will continue 
the upward growth of the stem. The lateral buds and the 
terminal buds may also produce flowers. 

The region of stem from which leaves and buds arise is 
called a node. The region of stem between two nodes is the 
internode. 

The leaves make food by photosynthesis (p. 44) and pass it 
back to the stem. 

The stem carries this food to all parts of the plant which 
need it and also carries water and dissolved salts from the 
roots to the leaves and flowers. 

In addition, the stem supports and spaces out the leaves 
so that they can receive sunlight and absorb carbon 
dioxide which they need for photosynthesis. 
· An upright stem also holds the flowers above the ground, 
helping the pollination by insects or the wind (p. 83). A tall 
stem may help in seed dispersal later on (p. 89). 

The roots anchor the plant in the soil and prevent it 
falling over or being blown over by the wind. They also 
absorb the water and salts which the plant needs for 
making food in the leaves. 

The structure and functions of the plant organs will be 
considered in more detail in this chapter. 
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GROWTH IN ROOTS AND STEMS 
Cell division and expansion at root and shoot tip. 
Buds. · 

PRACTICAl WORK 

Tension in stems, cells and vessels. Stomata. Region of 
growth in roots and stems. 

shoot 

leaf 

ground level 

root 

Fig. 1 Structure of a typical flowering plant 



LEAF 

Figure 2o shows a typical leaf of a broad-leaved plant. It is 
attached to the stem by a leaf stalk which continues into 
the leaf as a m idrib. Branching from the midrib is a 
network of veins which deliver water and salts to tho leaf 
cells and carry away the food made by them. 

(a) Whole loaf 

vessel 

(c) Arrangement of cell• in o leaf 

air space 

sievo tube 

Fig. 2 Leaf structure 

palisa<lo mesophyll 

air 

Fig. 3 Transverse section through a leaf ( x 30) 
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As well as carrying food and water, the network of veins 
forms a kind of skeleton which supports the softer tissues 
of the leaf blade. 

1'he leaf blade (or lamina) is broad and thin. Figure 2c 
shows a vertical section through a small part of a leaf 
blade, and Fig. 3 is a photograph of a leaf section under the 
microscope. 

(b) 'l'rnnsvo•·sc section 

... ,.., .. ~.~ 
enlarged below 

midrib ein 

palisade cell 

gunrd coli 

"''""''" ''" bundle 

epidermis 

;;:. 

1 
E 
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Epidermis 
The epidermis is a s ingle layer of cells on the upper a nd 
lower surface of the leaf. The epidermis helps to keep the 
leaf's shape. The closely 6tting cells (Fig. 2c) reduce 
evaporation from the leaf and prevent bacteria and fungi 
from getting in. There is a thin waxy layer called the 
cu ticle over the epidermis which helps to reduce water 
loss. • 

Stomata 
In the leaf epidermis there are structures called stomata 
(singular=stoma). A stoma consists of a pair of guard 
cells (Fig. 4) surrounding an opening, or stomatal pore. 
Changes in the turgor (p. 38) and sha pe of the guat·d cells 
can open or close the stomatal pot·e. In most dicotyledons 
(i.e. the broad-leaved plants; seep. 306), the stomata occur 
only in the lower epidermis. Tn monocotyledons (i.e. 
narrow-leaved plants such as grasses) the stomata are 
equally distributed on both sides of the leaf. 
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Fig. 4 Stomata in the lower epidermis of a leaf 
(X 350) 

In very general terms, s tomata are open during the hours 
of daylight but closed during the evening and most of the 
night (Fig. 5). This pattern, however, varies greatly with 
the plant species. A satisfactory explanation of stomatal 
rhythm has not been worked out, but when the stomata 
are open (i.e. mostly dul'ing daylight), they allow carbon 
dioxide to diffuse into the leaf where it is used for photo· 
synthesis. 

If the stomata c lose, the carbon dioxide supply to the 
leaf cells is virtua lly cut off and photosynthesis stops. 
However, in many species, the stomata are closed during 
the hours of darkness, when photosynthesis is not taking 
place anyway. 

lt seems, therefore, that stomata allow carbon dioxide 
into the leaf when photosynthesis is tak ing place and 
prevent excessive loss.of water vapout· (see pp. 72 and 73) 
when photosynthesis stops, but the s tory is likely to be 
more complicated than this. 

(a) Open 

nucleus 

chloroplast 

(b) Closed 

-o~ 
n~~o~ 

~ CI:J ," 
Fig.5 Stoma 

The detailed mechanism by which stomata open 
and close is not fully understood, hut it is known that, 
in the light, the potassium concentration in the gua.rd 
cell vacuoles increases. This lowers the osmotic 
potential of the cell sap and water enters the guard 
cells by osmosis from their neighbouring epidermal 
cells. 'rhis inflow of water raises the turgor pressure 
inside the guard cells. 

The cell wall next to the s tomatal pore is thicker 
than elsewhere in the cell and is less able to s tretch 
(Fig. 6). So, although the increased turgor tends to 
expand the whole guard cell , the thick inner wall can­
not expand. This causes the guard cells to curve in 
such a way that the stomatal pore between them is 
opened. 

When potassium ions leave the guard cell, the 
osmotic potential rises, water passes out of the cells 
by osmosis, the turgor pressure falls and the guard 
cells straighten up and close the stoma. 

Where the potassium ions come from and what 
triggers their movement into oroutofthe guard cells 
is still under active investigation. 

You will notice from Figs 5 and 6 that the guard 
cells are the only epidermal cells co11taining cb loro­
plasts. At one time it was thought that the 
chloroplasts built up sugar by photosynthesis during 
daylight, that the sugars made the cell sap more 
concentrated and so caused the increase in ttu·gor.ln 



(a) 

guard cell chloroplast 

Fig. 6 Structure of guard cells 

fact, little or no photosynthesis takes place in these 
chloroplasts and their function bas not been ex­
plained, though it is known that starch accumulates 
in them during the hours of darkness. In some species 
of plants, the guard cells have no chloroplasts. 
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Mesophyll 
The tissue between the upper and lower epidermis is ca11ed 
mesophyll (Fig. 2c). It consis~ of two zones: the upper, 
palisade mesophyll and the lower, spongy m esophyll 
(Fig. 7). The palisade cells are usually long and contain 
many chloroplasts. The spongy mesophy11 cells vary in 
shape and fit loosely together, leaving many air spaces 
between them. 

The function of the palisade cells and- to a lesser 
extent-of the spongy mesophyll cells is to make food by 
photosynthesis. Their chloroplasts absorb sunlight and 
use its energy to join carbon dioxide and water molecules 
to make sugar molecules as described on Pl\ge 44. 

In daylight, when photosynthesis is rapid, the mesophyll 
cells are using up carbon dioxide. As a result, the 
concentration of carbon dioxide in the air spaces falls to a 
low level and more carbon dioxide diffuses in (p. 33) from 
the outside air, through the stomata (Fig. 7). This diffusion 
continues through the air spaces, up to the cells which are 
using carbon diox ide. These cells at·e also producing 
oxygen as a by-product of photosynthesis. When the 
concentration of oxygen in the air spaces rises, it diffuses 
out through the stomata. 

-----epidermis ___ __,,.. 

co, guard cell co, 

palisade 
,------mesophyll----t-

cell 

(b) 

( 
( 

Fig. 7 Vertical section through a leaf blade (x 300) 
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Veins (vascular bundles) 
The water needed for making sugar by photosynthesis is 
brought to the mesophyll cells by the veins. Tho cells take 
in the water by osmosis (p. 36) because the concentration 
of free water molecules in a leaf cell, which contains 
sugars, will be less than the concentration of water in the 
water vessels of a vein, which does not contain sugars. The 
branching network of leaf veins means that no cell is very 
fat· from a water supply. 

The sugars made in the mesophyll cells are passed to tho 
phloem cells (see below) oftbe veins, and those cells carry 
the sugars away from the leaf into the stem. 

The ways in which a leaf is thought to be well adapted to 
its function of photosynthesis are listed on page 50. 

QUESTIONS 
l What are the functions of (a) the epidermis, (b) tho mesopbyll 
of a leaf? 
2 Look nt Fig. 7. Why do you think thaL J>hotosynthesis does not 
UJ.kc place in the cells of the epidermis? 
3 During bright sunlight, what gases are (a) passing out of tho 
lenf through the stomata, (b) entering tho leaf through the 
stomata? 
4 Wbnt typos of leaves do you know which do not hnvc nny 
midrib'? 
5 In some plants, the stomata close for n period at about midday. 
Suggest some possible advantages and disndvnntagcs of this to 
the plant. 

STEM 

Figure 8 is a diagram of a s tem cut across (transversely) 
and down its length Oongitudinally) to show its internal 
structure. 

Epidermis 
Like the leaf epidermis, this is a single layer of cells which 
helps to keep the shape of the stem and c uts down the loss 
of water vapour. There are stomata in the epidermis which 
a llow the tissues inside to take up oxygen and get rid of 
carbon dioxide. In woody stems, the epidermis is replaced 
by bark which consists of many layers of dead cells. 

Vascular bundles 
These ore made up of groups of specialized cells which 
conduct water, dissolved salts and food up or down the 
stem (Fig. 10). The vascular bundles in tho roots, stem, leaf 
stalks and leuf veins all connect up to form a transport 
system throughout the entire plant (Fig. 9). Tho two main 
tissues in the vascular bundles a re called xylem and 
phloem . Food substances travel in the phloem; water and 
snits travel mainly in the xylem. The cells in each t issue 
take the form of elongated tubes called vessels or s ieve 
t ubes und they are surrounded and suppor ted by other 
cells. 

transverse 
section 

longitudinal tangential 
section 

epidermis 

Fig. 8 Structure of plunt stern 

vascular 
bundle 

longitudinal 
radial section 

__ _.leal 
-..... 

. ..., .. ~leafstalk .. 

Fig. 9 Distribution of veins from root to leaf 
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cortex------' 

epidetmis 

pith 
cort x 

vessel 

(a) Diagram showing cells 

Fig. 10 Structure of plant stem 

vessel I 
sieve tube 
(phloem) 

Vessels 'rhe ce lls in the xylem which carry water form 
vessels. A vessel is made up of a series of long cells joined 
end to end (Fig. lla). Once a region of the plant bas ceased 
growing, the end walls of these cells are digested away to 
form a continuous, fine tube (Fig. lOc). At the same time, 
the cell walls are thickened and impregnated with a 
substance called lignin, which makes the cell wall very 
strong and impermeable. Since these lignified cell walls 
prevent the free passage of water and nutrients, the 
cytoplasm dies. This does not affect the passage of water in 
the vessels. Xylem also contains many elongated, lignified 
supporting cells called fibres. 
Sieve tubes The conducting cells in the phloem remain 

' ' . 
(r: 

,k-t, ''<, i ,.J 
J ~ ~ ). ... ' '( ·~ 
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' I 

(b) Transverse section through sunflower stem ( x 40) 

starch 

(c) Longitudinal section through sunflower stem ( x 200) 

alive and form sieve tubes. Like vessels, they are formed by 
vertical columns of cells (Fig. llb). Perforations appear in 
the end walls, allowing substance to pass from cell to cell, 
but the cell walls are not lignified and the cell contents do 
not die, although they do lose their nuclei. The perforated 
end walls are called sieve plates. 

Phloem contains supporting cells as well as sieve tubes. 

Functions of vascula r bu n dles In genera l, water 
travels up the stem in the xylem from the roots to the 
leaves. Food may travel either up or down the stem in the 
phloem, from the leaves where it is made, to any part of 
the plant which is using or storing it. 
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(a) Cella forming A vessel (b) Cells forming a aievotube 

Fig. 11 Conducting structures in a plant 

Vascu lar bundles have a supporting function as well as 
a transport function, because they contain vessels, fibres 
and other thick·walled elongated cells. In many stems, the 
vascular bundles are arranged in a cylinder, a little way in 
from the epidermis. This pattern of distribution helps the 
stem to resist the sideways bending forces caused by the 
wind. In a root, the vascular bundles are in the centre 
(Fig. 18) where they resist the pulling forces which the root 
is likely to experience when the shoot is being blown about 
by the wind. 

The network of veins in many leaves supports the soft 
mesophyll tissues and resists stresses which could lead to 
tearing. 

The methods by which water, salts a nd food are moved 
through the vessels a nd sieve tubes are discussed in 
Chapter 7 (p. 71). 

Cortex and pith 
The tissue between the vascular bundles and the epidermis 
is called the cortex. Its cells often store starch. In green 
stems, the outer cortex ceUs contain chloroplasts and 
make food by photosynthesis. The central tissue of the 
stem is called pit h . The cells oftbe pith and cortex act as 
packing tissues and help to support the stem in lhe same 
way as a lot of blown· up balloons packed tightly into a 
plastic bag would form quite a rigid structure. 

QUESTIONS 
6 Make a list of the types of cells or tissues you would expect to 
find in a voscu lor bundle. 
7 Whut structures help to keep the stem's shape and upright 
position? 
8 Whot arc the differences between xylem and phloem (a) in 
structure (b) in runction? 

Fig. 12 Root structure 

ROOT 

~oothair 

-11-+---11~----xylom 

region of coli 
division 

Figure 12 shows the internal structure of a typical root. 
The vascular bundle is in the centre of the root (Fig. 13), 
unlike the stem where the bundles form a cylinder in the 
cortex. 

The xylem carries water and salts from the root to the 
stem. The phloem will bring food from the stem to the root, 
to provide the root cells with substances for their energy 
and growth. 

Fig. 13 Transverse section through n root ( x 40). 
Notice that the vascuJar tissue is in the centre. Some root 
hairs can be seen in the outer layer or cells. 



Outer layer and root hairs 
There is no distinct epidermis in a root. At the root tip are 
several layers of cells forming the root cap. These cells are 
continually replaced as fast as they are worn away when 
the root tip is pushed through the soil. 

In a region above the root tip, where the root has just 
stopped growing, the cells of the outer layer produce tiny, 
tuhe·likeoutgrowthscalled roothairs(Fig. 7, p. 75). These 
can just be seen as a downy layer on the roots of seedlings 
grown in moist air (Fig. 14). In the soil, the root hairs grow 
between the soil particles and stick closely to them. The 
root hairs take up wate1· from the soi l by osmosis. and 
absorb mineral salts (as ions) by diffusion or active 
transport (p. 35). 

The large number of tiny root hairs greatly increases the 
absorbing surface of a root system. The surface area of the 
root system of a mature rye plant has been estimated at 
about 200m2 • The additional surface provided by the root 
hairs was calculated to be 400m2 . 

Root hairs remain alive for only a short time. The region 
of root just below a root hair zone is producing new root 
hairs, while the root hairs at the top of the zone are 
shrivelling (Fig. 15). Above the root hair zone, the cell 
walls of the outer layer become less permeable. This means 
that water cannot get in so easily. 

Fig. 14 Root hairs ( x 5) as they appear on a root grown 
in moist air. 

root hairs 
die 

- ) root hair 
== zone 

· root hatrs 
grow 

Fig. 15 The root hair zone changes ns the root 
grows 

elongation 
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QUESTIONS 
9 State brieAy the functions of the following: xylem, 
palisade cell , root hair, root cap, stoma, epidermis. 
10 If you were given a cylindrical structure cut from part 
of a plant, how could you tell whether it was a piece of stem 
or a piece ofroot(a) with the naked eye, (b) with the aid of 
a microscope or band lens? 
11 Describe the path taken by (a) a carbon dioxide 
molecule from the air and (b) a water molecule from the 
soil, until they reach a mesophyll cell of a leaf to be made 
into sugar. 
12 Why do you think that root hairs are produced only on 
the parts of the root system that have stopped growing? 
13 ·Discuss whether you would expect to find a vascular 
bundle in a A ower petal. 

GROWTH IN ROOTS AND 
STEMS 

Root 
At the tip of the root, the cells are dividing rapid ly and 
producing a large number of new cells (Fig. 16). Just above 
this region, the cells start to absorb water by osmosis. At 
this stage the cell walls are quite soft and as the vacuole 
expands it will make the cell longer (see Fig. 17, p. 8). 
Hundreds of cells getting longer at the same time will push 
the root tip down through the soil. Growth is thus the 
result of cell division and cell expansion. 

Fig. 16 Longitudinal section through the •·oot tip of 
an onion ( x 60) 
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In addition, cell differentiation is taking place. 
This means that certain ceUs undergo changes in 
structure and function which swt them to perform a 
particular function, e.g. a conducting function. Cells 
in the centre of a growing root become vessels, and 
groups of cells just outside the centt·e differentiate 
into sieve tubes as described on page 63. 

-1----main mo1 

"I 

root hairs 

zone of 
elongation 

new mot 
hairs 
develop 

L---- old roo1 hairs die 

growing point 

Fig. 17 Regions of n root system 

Lateral roots grow from the main root (Fig. 17). They 
arise from the vascular bundle, push their way through the 
cortex and grow horizontally or diagonally downwards 
into the soil. They, too, will develop root hairs and side 
branches. This type of.root growth gives rise to a tap root 
system (Fig. 18a). A fibrous root s ystem (Fig. 18b) arises 
when many, equal.sized roots grow from the seed or from 
the base of the stem. 

Anabolic (bui lding·up) chemical reactions are taking 
place rapidly at the growing point·of roots and shoots. 
Glucose molecules are being built up into cellulose 
molecules for the new cell walls. Amino acids are being 
combined to form proteins for the protoplasm of the new 
cells. These chemical reactions need energy and so the rate 
of respiration (p. 24) will also be high in the growing 
region. 

Stem 
'!'he stem grows by cell division at the tip, followed by cell 
elongation further down. Cel l division at the growing 
point is more complex than in the root because it produces 
new leaves as well as new stem. 

(a) Tnr> r<>oL (b) Fibrous root 

Fig. 18 Types of root system 

Buds In woody plants, cell division at the tip of the 
shoot produces tiny, closely packed leaves on a short 
stem, so forming a bud (Fig. 19). The outermost leaves 
of the bud may become thick and tough, forming bud 
scales, which protect the more delicate inner leaves 
from frost and from attack by insecta and fungi. The 
new leaves and stem pass the winter in the bud. In the 
spring, the bud's stem elongates very rapidly by cell 
expansion, pushing the bud scales apart and spacing 
out the new leaves (Fig. 20). The bud scales fall off but 
the new leaves expand and grow to full size. 

All this growth takes place in a few weeks, after 
which the stem and leaves do not grow any more that 
year. New ter minal buds are formed at the shoot 
tips; la te ra l buds develop at the junction of the leaf 
stalk and stem. In the following season, the growth of 
the terminal bud will increase the length of the shoot. 
The lateral buds, when they grow, wilJ form 
branches. Terminal or lateral buds may produce 
flowers as well as leaves. 

Q UESTIONS 
14 In which part of a growing root are the cells (a) divid ing, 
(b) extending? 
15 Which type of bud might (a) form a branch, (b) produce a 
flower, (c) continue growth in length of the stem? 
16 lf you removed 3 mm from a root tip, what further growth, if 
any, wollld you expect to occllr? 
17 Assuming thatnll the buds in Fig. I develop next season, make 
a sketch to show the appearance of the shoot. Indicate by colour 
which regions are last year's and which are this year's growth. 
18 Cutting a hedge removes all the terminal buds. Suggest why 
it is that the hedge will (a) continue to grow in height, (b) become 
more bushy. 
19 A farmer hammers a long nail into a tree·trunk 2 metres above 
ground· level. Have a guess at where the nail will be in 20 years' 
time. 
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Fig. 19 Bud formation·and growth 
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(b) CI'Qwlh of bud 

leaves 
spaced out 

folinge 
leaves 

position of grc>wing_ 

arc>wiina region 

eaf stalk 

(d) 

Fig. 20 Stages in the growth of a horse-chestnut terminal bud 
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PRACTICAL WORK 

1. To show the tension in stems 

Partly remove a strip of epidermis from a rhubarb stalk as 
shown in Fig. 2la. When you replace the epidermis in 
position it will have become too short, showing the 
shrinking stress that exists in the epidermis. 

Push a cork borer into the pith and withdraw it without 
removing any tissue. The cylinder of pith so formed, freed 
from the constraint of the epidermis, expands and 
protrudes slightly. This shows the elongating tendency of 
the inner tissues (Fig. 2lb). 

These two opposing stresses in the stem help to give it 
rigidity when the cells are turgid (p. 38). 

core of pilh protruding 
where cork borer 
was removed 

Fig. 21 To show opposite tensions in pith and 
epidermis 

2. Cells a nd vessels 

Some celery or rhubarb stalks which have been cut up into 
pieces about 2 em long, are left for a few days in a 
macerating fluid of 10 per cent chromic and nitric acids. 
This fluid breaks down the material between the cells, so 
that the cells can be teased apart with mounted needles. 
The macerating acids will have been washed off before you 
use the material. 

Place a little of the material on a slide with a little water 
and pull it to pieces with a pair of mounted needles. When 
you study it under the microscope, you should see 
individual cells and vessels. 

3. Stomata 
Strip off a piece of the lower epidermis of a rhubarb leaf and 
place-it on a s lide, in a little water, under the microscope 
(Fig. 22). The stomata can be made to close by putting a 
little strong salt or sugar solution on the tissue. The 
solution withdraws water from the guard cells by osmosis 
and they lose their turgor. 

Fig. 22 Lower the cover slip carefully to exclude ail· 
bubbles 

4. Region of growth in a root 

Leave some peas in water for 24 hours and then wrap them 
in a roll of blotting-paper as shown in Fig. 23. After 3'days, 
the roots will bave grown about 10 mm. Choose seedl ings 
with straight roots and mat·k the roots with ink lines about 
2 mm apart. Figure 24 shows one way of doing this. Place 
three marked seedlings between two strips of moist cotton 
wool in a Petri dish so that the seeds are held fh·mly but the 
roots are exposed and easily seen (Fig. 25a). Keep the lid of 
the Petri dish in place with an elastic band and leave the 
dish on its edge, with the roots pointing downwards, for 
2 days. 

·· .. ./ 
,., 
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(a) SOO<Is hold between 
moist. blotting paper 

(b) !Lean be unrolled to 
inspect the seedlings 

Fig. 2.3 Growing seedlings with straight roots 

Fig. 24 Marking a root. A piece of cotton is held by 
the hairpin and dipped into black ink. 



(a) Setting up the experiment. 
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(b) The results 

Fig. 25 Region of growth in a root 

Result The ink marks will have become most widely 
spaced in the region just behind the root tip (Fig. 25b). 

Interpretation The wide spacing of the marks shows 
that the region of most rapid. growth is just behind the tip. 
Tn fact it is known that cell division takes place in the tip 
of the root but cell elongation occurs a short distance 
behind the tip (see Fig. 16, p. 65). 

5. Growth in stems 

Grow some bean seedlings as described for peas on page 68. 
Select one of the seedlings which has a s.traight stem and 
place it alongside a ruler. Use a fine marker pen to draw 
lines at2 or 3 mm interva ls all the way up the stem (Fig. 26), 
above and below the cotyledons (if these are still present). 

Wrap a little cotton wool round the base of the stem and 
put the seedling in a test-tube of water. Leave it in a 
position where it will not receive strong light, for 2days or 
more. 

The spacing of the marks after this period will give an 
indication of the region of maximum elongation. The 
results will depend on the species of plant used and its age, 
but in general the region of elongation is usually just 
behind the tip of the shoot. 
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Fig. 26 Marking a French bean stem 

QUESTION 

20 Figure 25bshows the resultofan experiment to find the region 
or maximum growth in a root. Draw a diagram to show how the 
result would have appeared if(a) the root grew simply by adding 
new cells at the t ip, and (b) if the root grew mainly at t he point 
just below its attachment to the cotyledons. 

STRUCTURE AND FUNCTION 

It is always tempting when studying an organism, to 
ascribe some function to the structures which are 
being observed. In some cases tbis is easy. It is 
obvious, for example, that the function of a mammal's 
bind limb is locomotion because the limb can be seen 
in action. 

The functions of internal organs are not so obvious 
and guesses about their function may be quite 
inaccurate. At one time it was thought that the 
arteries carried air because the arteries seen in the 
dissection of dead animals often contained no blood. 
The chloroplasts in the guard cells (p. 60) were 
assumed for a long time to be the site of photo­
synthesis and it was only after conducting experi­
ments that this assumption was shown to be false. 

The functions of tissues described in this chapter 
have been stated as if they were certainly known and 
without offering any evidence for these functions. In 
Chapter 8 experiments will be described wbich do 
provide some evidence for the statements. 

In gene.ral, although function can be guessed at 
from studying anatomy of dead organisms, it cannot 
be confirmed without experiments to test the guesses 
(hypotheses). It is usually most unwise to assume a 
particular function from simply studying anatomy.. 
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CHECK LIST 
• The shoot of a plant consists of the stem, leaves, buds and flowers. 
• The leaf makes food by photosynthesis in its mesophyll cells. 
• The water for photosynthesis is carried in the leaf's veins. 
• The carbon dioxide for photosynthesis enters the leaf through the stomata and diffuses through the air 

spaces in the leaf. 
• Closure of the stomata stops the entry of carbon dioxide into a leaf but also reduces water loss. 
• Sunlight is absorbed by the chloroplasts in the mesophyll cells. 
• The food made in the leaf is carried away in the phloem cells. 
• The stem supports the leaves and flowers. 
• The stem contains vascular bundles (veins). 
• The water vessels in the veins carry water up the stem to the leaves. 
• The phloem in the veins carries food up or down the stem to wherever it is needed. 
• The position of vascular bundles helps the stem to withstand sideways bending and the root to resist 

pulling forces. 
• The roots hold the plant in the soil and absorb the water and mineral salts needed by the plant for making 

sugars and proteins. 
• The root hairs make very close contact with soil particles and are the main route by which water and 

mineral salts enter the plant. 
• Growth in the length of stems and roots takes place by cell division at the tip followed by cell elongation 

behind the tip. 
• Buds are condensed shoots; their immature foliage leaves are protected inside thick bud scales. 
• Buds grow by rapid elongation of the stem and expansion of the leaves. 
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TRANSPORT OF WATER 

Transpiration: its function and control. Rates of 
transpiration. Root pressure. 

TRANSPORT OF SALTS 

TRANSPORT OF FOOD 
Movement of solutes in the phloem: evidence for this. 

TRANSPORT OF WATER 

Trans piration 
The main force which draws water from the soil and 
through the plant is caused by a process called trans pira-

evapo~ation into 
atmosphere 
from leaf surface 

water absorbod 
by roots 
from soil 

Fig. I The transpiration stream 
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UPTAKE OF WATER AND SALTS 

Osmosis in the roots. Possible mechanisms for salt 
uptake. 

TRANSPORT OF CASES 

Diffusion through stomata and intercellular spaces. 

PRACTICAL WORK 
Experiments on transport in plants: the potometer; 
rates of transpiration; role of vascular bundles; 
evaporation from a leaf; pathway for gases; root 
pressure. 

t ion. Water evaporates from the leaves and causes a kind 
of 'suction' which pulls water up the stem (Fig. !). The 
water travels up the vessels in the vascular bundles (see 
Fig. 9, p. 62) and this flow of water is called the trans­
piration stream. Figure 2 shows the cells in part of a leaf 
blade. As explained on page 38. the cell sap in each cell is 
exerting a turgor pressure outwards on the cell wall. This 
pressure forces some water out of the cell wall and into the 
air space between the cells. Here the water evaporates and 

movement _ ....,.,.,4Q. 
byosmos;s 

movement 
by -~~~~~~~~~· 
evaporation 

section through 
leaf blode vopaur 

Fig. 2 Movement of water through o leaf 
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the water vapour passes by diffusion through the air 
spaces in the roesophyll and out of the stomata . It is this 
loss of water vapour from the leaves which is called 
'transpiration'. 

The cell walls which m·e losing water in this way replace 
it by drawing water from the nearest vein. Most of this 
water travels along the cell wa lls without actually going 
inside the cells (Fig. 3). 'l'housands of leaf cells are 
evaporating water like this and dra wing water to replace 
it from the xy lem vessels in the veins. As a result, water is 
pulled through the xy lem vessels and up the stem from the 
roots. This transpiration pull is strong enough to draw up 
water 50 metres or more in trees (Fig. 4). 

xylem 
vessel 

asma11 
proportion of------1-r! 
water enters 
cells by 
osmosis 

Fig. 3 Probable pathway or water through leaf cells 

In addition to the water passing a long the cell walls, a 
small amount will pass right through the cells. When leaf 
cell A (Fig. 3) loses water, its turgor pressme will fa ll. 'l'his 
fall in pressure allows the water in the cell wall toenterthe 
vacuole and so restore the turgor pressure. In conditions of 
water shor tage, cell A may be able to get water by osmosis 
from cell B more easily than it can get it from the xy lem 
vessels. In this case, all the mesophyll cells wi ll be losing 
water faster than they can absorb it from the vessels, and 
the leaf will wi lt (seep. 38). 

Importance of t ranspiration A tree, on a hot day, 
may draw up hundreds oflitres of water from the soil. 
Most of this water evaporates from the leaves; only a 
tiny fraction is retained for photosynthesis and to 
maintain the turgor of the cells. The advantage to the 
plant of this excessive evaporation is not clear. A 
rapid water flow may be needed to obtain sufficient 
mineral salts, which are in very di lute solution in the 
soil. Evaporation may also help to cool the leaf when 
it is exposed to intense sunlight. 

Against the first possibility, it bas to be pointed out 
that, in some cases, an increased transpiration rate 
does not increase the uptake of minerals. 

F ig. 4 Californian •·edwoods. Some or these trees are 
over 100 metres tall. Transpi•·ation from their leaves pulls 
water up the trunk. 

'l'he second possibility, the cooling effect, might be 
very important. A leaf exposed to direct sunlight will 
absorb heat and its temperature may rise to a level 
which could ki ll the cytoplasm. Water evaporating 
from a leaf absorbs its latent heat and cools the leaf 
down. This is probably one value of transpiration. 
However, there are plants whose stomata close at 
around midday, greatly reducing transpiration. How 
do these plants avoid overheating? 

Many biologists regard transpit·ation as an inevi­
table consequence of photosynthesis. In order to 
photosynthesize, a leaf has to take in carbon dioxide 
from the air. The pathway which allows carbon 
dioxide in will a lso let water vapour out whether the 



plant needs to lose water or not. In all probability, 
plants have to maintain a careful balance between 
the optimum intake of carbon dioxide and a damag­
ing loss of water. Plants achieve this balance in 
different ways, some of which are described below. 

Control of transpiration 
Stomata Since most of the water vapour is lost through 
the stomata, the closure of these will greatly reduce 
transpiration. However, there is little or no- evidence to 
suggest that stomata close in response to water loss except 
in extreme conditions. When loss of water greatly exceeds 
uptake and the plant wilts, the leaf cells, including the 
guard cells, become flaccid (flabby) and the stomata close, 
preventing further evaporation. Usually the movements of 
the stomata depend on the light intensity (but seep. 60), so 
that they are generally open during the day and closed 
at night. Less water vapour is lost during darkness, 
therefore, when photosynthesis is impossible and carbon 
dioxide is not needed. 

Leaf fall Deciduous trees shed their leaves in winter: if 
they retained them, transpiration would still tend to go on 
although the supply of water from a cold or frozen soil, or 
through a frozen trunk or stem, wottld be very limited. 

Leaf shape and cuticle Leaves with a small surface 
ru·ea, such as pine needles, will transpire less rapidly than 
the broad, flat deciduous leaves. Waxy cuticles and 
stomata sunk below the epidermis level are also modiiica­
tions thought to be associated with reduced transpiration. 
They are often found in plants which grow in dry or cold 
conditions or in situations where water is difficult to 
obtain. Most evergreen plants have one or more of these 
leaf characteristics and this pl'Obably enables them to 
retain their leaves during the winter months. 

Rate of transpiration 
Transpil·ation is the evaporation of water from the leaves, 
so any change which increases or reduces evaporation wi II 
have the same effect on transpiration. 

Light intensity Light itself does not affect evaporation, 
but in daylight the stomata (p. 60) of the leaves are open. 
This allows the water vapour in the leaves to diffuse out 
into the atmosphere. At night, when the stomata close, 
transpiration is greatly reduced. 

Genera lly speaking, then, transpiration speeds up when 
light intensity increases because the stomata respond to 
changes in light intensity. 

Sunlight may also warm up the leaves and increase 
evaporation (see below). 

Humidity Tf the air is very humid, i.e. contains a great 
deal of water vapour, it can accept very little more from the 
plants and so transpiration slows down. In dry air, the 
diffusion of water vapour from the leaf to the atmosphere 
will be rapid. 
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Air movements In still air, the region round a 
transpiring leaf will become saturated with water vapour 
so that no more can escape from the leaf. In these 
conditions, transpiration would slow down. In moving air, 
the watet· vapour will be swept away f•·om the leaf as fast 
as it diffuses out. This will speed up transpiration. 

Temperature Warm air can hold more water vapour 
than cold air. Thus evaporation or transpiration will take 
place more rapidly into warm air. 

Furthermore, when the sun shines on the leaves, they 
will absorb heat as well as light. This warms them up and 
increases the rate of evaporation of water. 

Experiments which investigate the effect of some of 
these conditions on the.rate of transpiration are described 
on page 77 (Experiment 2). 

QUESTIONS 
1 What kind of climate and weather conditions do you think will 
cause a high rate of transpiration? 
2 What would happen to the leaves of a plant which was losing 
water by transpimtion faster that it was taking it up from the 
roots? 
3 In what two ways does sunlight increase the rate of 
transpiration? 
4 Apart from drawing water through the plant, what else may be 
drawn up by the transpiration stJ•eam? 
5 Transpiration has been described in this chapter as if it took 
place only in leaves. What other parts of a plant might t ranspire? 

Water movement in the xylem 
You may have learned in Physics that you cannot 
draw water up by 'suction' to a height of more than 
about .10 metres. Many trees are taller than this yet 
they can draw up water effectively. The explanation 
offered is that, in long vertical columns of water in 
very thin tubes, the attractive forces between the 
water molecules are greater than the forces trying to 
sepru·ate them. So, in effect, the transpiration stream 
is pulling up thin threads of water which resist the 
tendency to break. 

There are still problems, however. It is likely that 
the water columns in some of the vessels do have air 
breaks in them and yet the total water flow is not 
affected. 

Evidence for the pathway of water 
Experiment 3 on page 77 uses a dye to show that, in a 
cut stem, the dye, and, therefo1·e, presumably the water, 
travels in the vascular bundles. Closer examination with a 
microscope would show tbat it travels in the xylem vessels. 

Removal of a ring of bark (which includes the phloem) 
does not affect the passage of water along a branch 
(Experiment4). Killing parts of a bra ncb by heat or poisons 
does not interrupt the Bow of water, but anything which 
blocks the vessels does stop the A ow. 
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The ev idence a ll points to the non-living xylem vessels 
as the main route by which wntcr· passes fr·om thesoil to the 
leaves. 

Root pressure 
In ExperimentS on page 79 it is demonstrated that liquid 
may be forced up a stem by pressure from the root system. 
The usual explanation for this is that the cell sap in tbe 
root hairs is more concentmtcd than the soil water and so 
water enters the root by osmosis (sec p. 36). The water 
passes from cell to cell by osmosis and is finally forced into 
the xylem vessels in the centre of the root and up the stem. 

This is rather on elabornte model from very little 
evidence. For example, a grad ient of fall ing osmotic 
potentials from the outside to the inside of a root has 
not been demonstrated. However, there is some 
supporting evidence for the movement of water as a 
result of root pressure. 

Killed root systems do not exhibi t any root 
pressure and so it is clearly dependent on intact 
cytoplasm a nd liv ing processes in the roots. Reducing 
the osmotic potentia l of soil water nlso reduces root 
pressure as would be expected if the osmosis story is 
cor-rect . 

Root pressures of 1 2 atmospheres have been 
recorded, a nd these would s uppor t co lumns of water 
10 or 20 metres high. Some workers claim pressures of 
up to 8 a tmospheres (i.e. 80 metres of wate r). 

However, root pressure seems to occur mainly in young 
herbaceous (i.e. non-woody) plants or in woody plants 
early in the growing season and though in many species it 
must contribute to water movements in the stem, the 
observed rates of flow ore too fast to be explained by root 
pressure alone. 

TRANSPORT OF SALTS 

'l'he liquid which tn1vc ls in tho xy lem ia not, in fact, pure 
water·. It is a vot·y d ilute solut ion , contnin ing from 0.1 to 1.0 
per cent di sso lved soliclA, mosl.ly nmino ncicls, other 
or·gan ic acids and miner·u l sa lts. T ho organic acids are 
made in the t·oots; tho m i ncnd sa lts come fo·om the soi I. The 
faster the flow in tho tntnSl>inllion str·cam, the more dilute 
is the xy lem sup. 

Experimental cv idcnco suggests that sa lts are cm..-ied 
from the soi I to the leuves main ly in the xy lem vessels. 

TRANSPORT OF FOOD 

The xylem sap is a lways n very dilute solution. but the 
phloem sap may contuin up to 25 per cent of dissolved 
solids, the bulk of which consists of sucrose and amino 
acids. 

There is a good deal of evidence to suppor·tthe view that 
sucrose, amino acids and many other substances are 
transported in the phloem. 

Tbe movement of wnter and salts in the xylem is always 
upwards, from soil to leaf, but in the phloem, the solutes 
may be travel ling up or down the stem. 'l'he carbohydrates 
made in the leaf during photosynthesis ore converted to 
sucrose and carried out of the leaf to the stem. From here, 
the sucrose may pass upwards to growing buds and fruits 
or downwards to the roots and storage organs. All parts of 
a plant which cannot photosynthesize will need a supply of 
nutrients brought by the phloem. It is quite possible for 
substances to be travell ing upwards and downwards at the 
same t ime in the phloem. 

'!'here is no doubt that substances t rave l in the sieve 
tubes (p. 63) of the phloem but the mechanism by which 
they are moved is not fu ll y understood. 

The transpor t of mineral sa lts nnd food in phmts is 
sometimes call eel tr·ansloc ation. 

Evidence of translocation in the 
phloem 
If a leaf is s upplied with I'Odionctive carbon dioxide. 
the rad ioactive car·bon {p . 31) soon appears in sucrose 
in tbe phloem. Furthct·more, if the phloem of the stem 
below the leafis killed by a jet of steam or· removed by 
cutt ing a way a ring of bark, the substances contain· 
ing radioactive carbon are found to move only up the 
stem (Fig. 5). When the phloem above the leafis killed 
or removed by ringing, conduction is only down the 
stem. lfthe ph loem above and below the leaf is killed 
or removed. tbe radioactive substances do not appear 
anywhere in the stem. Similarly if the oxygen supply 
to the phloem is cut off, t ranslocation of sugars 
ceases. 

This is evidence which clearly shows that (a) 
sugars travel in the phloem, (b) they can travel 
in either direction and (c) some living process is 
in volved. 

There arc severa l theories which attempt to 
explain how sucrose and other solutes are trans· 
J>Orted in th e phloem but none of them is entirely 
satisfactory. 

Q UESTIONS 
6 How do sieve Lubes n ncl VCHSciH eli rrcr (tl) i" the ~u hst.n tlC('S I hoy 
tt·ansport, (b) in the di rccticms Lhcso substonces nro cnrt·icd? 
7 A complet-e ri ng of ba rk cut front round the cir·curnfcronce of n 
tree-trunk csauscs tho Lrcc Lo di<:. 'l'ho xy lem continucJJ lo cuny 
water a nd sa lts to the leaves which cnn make nllthc substnnccs 
needed by the tr·cc. So why does I he tree die? 
8 Make a list of all Lhc non·alhotosynthctic pnrts of n l>lnnt which 
need a supply of sue ruse und umino ncids. 



radio·active products 
. travel up stem ,. 0 2 

(a) 

phloem killed bv heat 

(b) 

Fig . 5 Experiment a l evidence £01· t ranspor t in phl oem 
(after Rabidcnu & Burr, Amcr. J. Bot., 32, 1945) 

most water travels 
in or between 
the cell walls 

root hair absorbing 
water from soil 

to stem 
vacuole 

xylem vessel 

a small proportion of 
water passes thmugh 
tho vacuoles 

Fig. 6 The probable pathway of water thro ug h a r oot 
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UPTAKE OF WATER AND SALTS 

Uptake of water 
The water tension developed in the vessels by a rapidly 
transp iring p lant is thought to be sufficient to draw water 
througl1 the root from the soil. The precise pathway taken 
by the water is the subject of some debate, but the path of 
least resistance seems to be in or between the cell wa lls 
rather than through the cells. 

When transpiration is slow, e.g. at night time or just 
before bud burst in a deciduous tree, then osmosis may play 
a more important pat·t in the uptake of water. F igure 6 
shows a root hair in the soil. The cytoplasm of the root hair 
is selectively permeable to water. The soil water is more 
dilute than the ce ll sap and so water passes by osmosis 
(p. 36) from the soil into the cell sap of the root hair cell. 
This flow of water into the root hair cell raises the cell 's 
turgor pressure (p. 38). So water is forced out through the 
cell wall into the next cell and so on, right through the 
cortex of the root to the xylem vessels (Fig. 7). 

One problem for this explanation is that it has not been 
possible to demonstt·ate that there is an osmotic gradient 
across the root cortex which could produce this Bow of 
water from cell to cell. Nevertheless, 1·oot pressure 
developed probably by osmosis can be shown to force water 
up the root system and into the stem (see pp. 38 and 79). 

to stem 

-!----cortex 

Fig. 7 Oiagt·amm ntic section of •·oot to sh ow passage of 
water f1·om the soil 



76 Flowering Plants 

Uptake of salts 
The methods by which roots take up sa lts from the soi I are 
not fully understood. Some salts may be carried in with the 
water drawn up by transpiration and pass mainly along the 
cell walls in the root cortex and into the xylem. 

It may be that diffusion from a relatively high 
concentration in the soi l to a lower concentration in the 
root cells accounts for uptake of some individual salts, but 
it has been shown (a) that salts can be taken from the soil 
even when their concentration is below that in the roots 
and (b) that anything which interferes with respiration 
impairs the uptake of sa lts. This suggests that 'active 
transport' (p. 35) plays an important part in the uptake of 
salts. 

The growing region of the •·oot and the root hai•· zone 
seem to be most active in taking up salts. Most of the salts 
appear to be 'carried at first in the xylem vessels, though 
they soon appear in the phloem as well. 

The salts are used by the plant's cells to build up 
essential molecules. Nitrates, for example, are combined 
with carbohydrates to make amino acids in the roots. 
These amino acids are used later to make proteins. 

QUESTIONS 
9 lfroot hairs take up water from the soi I by osmosis. what would 
you expect to happen if.so much niln\Lc fertilizer was put on the 
soil thaL the soil water became a stronger solution than the cell 
sap of the root hairs? 
10 A plant's roots may take up water and s11lts less efficiently 
from a waterlogged soil than [rom n fairly dry soil. Revise 'Active 
transport' (p. 35) nnd 'Pore spaces' in the soi I (Jl. 255) and suggest 
reasons for this. 
11 Why do you think that, in a deciduous tree in spriJtg, 
transpiration is negligible before bud burst? 

TRANSPORT OF GASES 

Tbe process of diffusion described on page 33 accounts for 
the movement of gases in and out of a plant. During 
respiration, oxygen is taken in and carbon dioxide given 
out. When photosynthesis is faster than respiration, 
carbon dioxide diffuses in and oxygen cliff uses out (Fig. 7, 
p. 49). In leaves and green stems, the gases enter and leave 
through the stomata (p. 60). Then they diffuse through the 
air spaces between the cells to reach all parts of the plant 
organ. In woody plants, the stems have no stomata and the 
gases have to pass through small openings in the bark 
called lenticels. 

Roots obtain their oxygen from the air spaces in the soil 
{p. 255). Much of this oxygen will be dissolved in the soil 
water which enters the root tlu·ough the growing region 
and the root hairs. 

ABSORPTION BY LEAVES 

Leaves are able to absorb certain substances if these are 
sprayed on to them. Mineral ions in solution can be 

absorbed through the cuticle or stomata and, for some 
crops, this is a method of applying 'fertilizer'. {The process 
is called foliar feeding.) 

Some insecticide and fungicide sprays are absorbed 
through the leaves and translocated through the plant. 
Such pesticides are called systemic because they enter 
the plant's system. A caterpillar wllicb ate part of a leaf 
treated with a systemic insecticide would be poisoned by 
the chemical in the cells of the leaf. 

It is important, of course, that systemic pesticides are 
broken down to harmless compounds by the plant, long 
before its leaves or fruits are used for human consumption. 

PRACTICAL WORK 

EXPERIMENTS ON TRANSPORT IN PLANTS 

1. To measure the rate of transpiration 
Since transpiration is the loss of water vapour, the rate of 
transpiration can be measured by weighing a plant at 
intervals to see bow much weight it loses. 

Water a potted plant and enclose the pot and soil in a 
plastic bag and tie it round tbe plant's stem (Fig. 8). This 
makes sure that any losses are due to evaporation from the 
shoot a nd not from the soil. Weigh the plant at intervals. 
I fit loses, say, 56 grams in 4 hours, the rate of transpiration 
is 14 grams of water transpired per hour. This result 
asswnes that a ny c hange in weight is entire ly due to 
transpiration. In fact, thel'e may be small gains in weight 
due to absorption of carbon dioxide in photosynthesis, or 
small losses due to the escape of carbon dioxide from 
respiration. In practice, over a few hours, these changes 
are very small compared with the losses due to 
b·anspiration. 

A control experiment should be canied out. A pot of soil 
is watered and Wl'apped in a plastic bag exactly as before 
but without having a plant. If this is weighed over the same 
period as the experimental plant, there should be little or 
no change in weight. This shows that, in the exper iment. 
the plant was responsible for the loss in weight. 

water evaporates 

pot enclosed in 
polylhane bng --=-

Fig. 8 Measuring the rate of transpiration in a potted 
plant 



2. Rates of water uptake in different 
conditions 

The apparatus shown in Fig. 10 is called a potometer. It 
is designed to measure the rate of uptake of water in a cut 
shoot. 

3-way tap-----1. 

top of ____ -HI 

scale 

capillary 
tube -----1 H 

Fig. 9 A potometer 

(ii) closed (iii) closed 

(i) closed 

3-way tap 

start of scale 

meniscus 

water column is just 
below start of scale 

. Fill the syringe with water and attach it to the side arm of 
the 3-way tap. Turn the tap downwards (i) and press the 
syringe until water comes out of the rubber tubing at the 
top. 

Collect a leafy shoot and push its stem into the rubber 
tubing as far as possible. Set up the apparatus in a part of 
the laboratory that is not receiving direct sunlight. 

Turn the tap up (ii) and press the syringe till water comes 
out of the bottom of the capillary tube. Turn the tap 
horizontally (iii). 

As the shoot transpires, it will draw water from the 
capillary tube and the level can be seen to rise. Record the 
distance moved by the water column in 30 seconds or a 
minute. 
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Turn the tap up and send the water column back to the 
bottom of the capillary. Turn the tap horizontally and 
make another measurement of the rate of uptake. In this 
way obtain the average of three readings. 

The conditions can now be changed in one of the 
following ways: 
1. Move the apparatus..,nto sunlight or under a fluorescent 

lamp. 
2. Blow air past the shoot with an electric fan or merely fan 

it with an exercise book. 
3. Cover the shoot with a plastic bag. 

Mter the change of conditions, take three more readings 
of the rate of uptake and notice whether they represent an 
increase or a decrease in the rate of transpiration. 

You might expect results as follows: 
1. An increase in light intensity should make the stomata 

open and allow more rapid transpiration. 
2. Moving air should increase the rate of evaporation and, 

therefore, the rate of uptake. 
3. The plastic bag will. cause a rise in humidity round the 

leaves and suppress transpiration. 
Ideally, you should change only one condition at a 

time. If you took the experiment outside, you would be 
changing the light intensity, the temperature and the air 
movement. When the rate of uptake increased, you would 
not know which of these three changes was mainly 
responsible. 

To obtain reliable results, you should really keep taking 
readings until three of them are nearly the same. A change 
in conditions may take 10 or 15 minutes before it produces 
a new, steady rate of uptake. In practice, you may not 
have time to do this, but even your first three readings 
should indicate a trend towards increased or decreased 
uptake. 

Limitations of the potometer Although we use the 
potometer to compare rates of transpiration, it is really the 
rates of uptake that we are observing. Not all the water 
taken up will be transpired; some will be used in 
photosynthesis; some may be absorbed by cells to increase 
their turgor. However, these quantities are very small 
compared with the volume of water transpired and they 
can be disregarded. 

The rate of uptake of a cut shoot may not reflect the rate 
in the intact plant. If the root system were present, it might 
offer resistance to the flow of water or it could be helping 
the flow by means of its root pressure. 

3. Transport in the vascular bundles 
Place the shoots of several leafy plants in a sol uti on of 1 per 
cent methylene blue. 'Busy Lizzie' (Impatiens) or celery 
stalks with leaves are usually effective. Leave the shoots 
in the light for 30 minutes or more. 

Result In some cases, after this time, the blue dye will 
appear in the leaf veins. If some of the stems are cut across, 
the dye will be seen in the vascular bundles (see Fig. 3, p. 3). 

Interpretation These results show that the dye and, 
therefore, probably also the water, travels up the stem in 
the vascular bundles. Closer study would show that they 
travel in the xy I em vessels. 



78 F lowering Plants 

4. Transport of water in the xylem 
Cut three leafy shoots from a deciduous tree or shmb. l!:ach 
shoot should have about the same number of leaves. 

On one twig remove a ring of bark about 5 mm wide, 
about 100 mm up from the cut base. With the second shoot, 
smear a layer of Vaseline over the cut base so that it blocks 
the vessels. The th ird twig is a control. 

Place all three twigs in a jar with a little water. The 
water-level must be below the region from which you 
removed the ring of ba rk . Leave the twigs where they call 
rece ive direct s un light. 

Result After an hour m· two, you will probably find that 
the twig with blocked vessels shows signs of wi ltillg. The 
other two twigs should still have tmgid leaves. 

[oterpretation Removal of the bark (including the 
phloem) has not prevented water from reaching the leaves. 
but blocking the xy lem vessels has. The vessels of the 
xylem, therefore. offer the most likely route for water 
passing up the stem. 

5. P roduction of water vapour by 
transpir ation 
Enclose the shoot of' a recently watm·ed potted plant, or a 
plant in the garden, in a transparent polythene bag which 
is then tied round the base of the stem (Fig. 10). Leave the 
i>la nt for an hour or two in dio·ect sun light. 

The water va pour transpired by the plant will soon 
saturate the atmosphere inside the bag and drops of water 
wi II condense on the inside. 

Remove the bag and shake a ll the condensed wateo· into 
a corner and then pour a few dt·ops of it on to some 
anhydrous copper sulphate or a piece of blue cobalt 
ch loride paper. 

polythene 
bag 

Fig. 10 Water produced in transpiration 

If the copper s ulpha te goes blue. ot· the cobalt chloride 
turns pink, this is ev idence of the pr'esence of water in the 
condensed liquid(though it does not prove it is pure water). 

A contro l can be set up using a shoot in a similar 
situation but from which a ll the lenves a nd flowers have 
been detached. Little or no water should condense in the 
pi as tic bag. 

6. To find which surface of a lea f loses more 
water vapour 
Filter paper is soaked in a 5 per cent so lution of cobalt 
chloride, dr ied and cut into 5 mm squares. When dry the 
paper is blue, but it changes to pink when damp. 

'['ake two squares of this cobalt chloride paper and, 
holding them with forceps, dry each in turn over a bench 
lamp or a small Bunsen flame until they are blue. Then 
stick them to a leaf using trans parent s ticky tape (Fig. I 1). 
Stick one square on the upper s urface and the other on the 
lower surface and ·note the time it takes for the coba lt 
chloride pa1>er to turn pink. 

transparenl 
s1icky tape 

Fig. 11 To find wh ich surface of a leaf loses more water 
VU})OUI" 

Paint a small area on the upper and lower surface of the 
leaf with clea r nail varnish and leave it to dry for 10 
minutes. Cut a s mall piece (a bout 10 rom square) from part 
of the leaf which has the dried varnish a nd press the lower 
surface on to a piece of transparent adhesive tape. Use fine 
forceps to peel the leaf away from the tape, leaving the 
varnis h pee l behind. Stick the tape to a glass s lide and 
examine the va rnish peel uncleo· the microscope. The 
varnish fi lm will bear an impo·ession of the leaf epidermis 
and show the stomata. Count the numbeo' of stoma ta 
visible in the neld or a fraction of the fie ld of the 
mict·oscope. 

Repeat this operation with the varnish peel from the 
upper stu-face. 

You would expect the side with more stomata to release 
more water vapour. This side, therefore, s hou ld be the first 
to tum the cobalt chloride paper pink. 

In the leaves of most trees and shrubs, the stomata a re on 
the underneath surface only. The leaves of grasses and 
related plants have stomata on both sides. 



7. The pathway for gases 

Heat a beaker of water to about 70 ''C. Use forceps to put a 
leaf under the water (Fig. 12) and watch both surfaces of 
the leaf for air bubbles. The heat from the water expands 
the air inside the leaf and forces it out of the stomata. By 
observing the number of air bubbles on each side, it should 
be possible to see which side of the leaf has more stomata. 
Try comparing a rose leaf with a grass leaf. 

You can also do this experiment with a piece of woody 
stem to see the air forced out of the lenticels, but you must 
first seal the cut ends of the twig with Plasticine to stop air 
escaping this way. 

If you take an onion leaf (which is tubular) and blow 
down the cut end while holding the leaf under water, you 
will see air escaping from the stomata. 

Fig. 12 The route for gaseous exchange in a leaf 

CHECK LIST 
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8. To demonstrate root pressure 

Connect a piece of glass tubing by means.ofrubber tubing 
to the freshly cut stem of a potted plant (Fig. 13). Place a 
little coloured water in the tube and mark its level. If the 
roots are kept well watered, the coloured water will rise a 
few centimetres in the tube. This demonstrates root 
pressure. 

nnE~--- 1st level 

1-----rubber tubing 

cut stem 

Fig. 13 Root pressure 

QUESTIONS 
12 A leafy shoot, plus the beaker of water in which it is placed, 
weighs 275 grams. rrwo hours later, it weighs 260 grams. An 
identical beaker of water, with no plant, loses 3 grams over the 
same period of time. What is the rate of transpiration of the 
shoot? 
13 In Experiment 6, suggest (a) why forceps are used to handle 
the cobalt chloride paper squares, (b) why it was water vapour 
from the leaf and not water vapour from the air which made the 
cobalt chloride paper change from blue to pink. 
14 An interesting experiment is to use a syringe, attached to the 
cut end of a woody shoot, to force air through the xylem vessels. 
If the shoot is held under water while you press the syringe, would 
you expect to see air escaping from the stomata? If you cut away 
the top half of each leaf, what would you expect to see when the 
syringe is pressed? Explain your reasoning. 

• Transpiration is the evaporation of water from the leaves of a plant. 
• Transpiration produces the force which draws water up the stem. 
• The water travelling in the transpiration stream will contain dissolved salts. 
• Closure of stomata and shedding of leaves may help to regulate the transpiration rate. 
• The rate of transpiration is increased by sunlight, high temperature, low humidity and air movements. 
• Root pressure forces water up the stem as a result of osmosis in the roots. 
• Salts are taken up from the soil by roots, and are carried in the xylem vessels. 
• Water and salts move up the stem from the roots to the leaves. 
• Food made in the leaves moves up or down the stem in the phloem. 
• Oxygen and carbon dioxide move in or out of the leaf by diffusion through the stomata. 



8 Sexual Reproduction 
Flowering Plants 

• 1n 

FLOW ER STRUCTURE 
Sepals, petals, stamens, carpel, receptacle. Wallflower 
and lupin. Composite flowers. Grasses. 

POLLINKTION 

Cross· and self·poUination. Wallflower, lupin and 
grass. Adaptation to wind and insect pollination. 

FERTILIZATION AND FRUIT FORMATION 
Fertilization: the pollen tube. Fruit and seed 
formation; the ovary forms the fruit. 

Flowers are reproductive structures; they contain the 
reproductive organs of the plant. The male organs a re the 
stamens which produce pollen. The fema le organs are 
the carpels. After fertilization, part of the carpel becomes 
the fruit of the plant and contains the seeds. In the flowers 
of most plants there are both stamens and carpels. These 
flowers are, therefore, male and female at the same time, a 
condition known as bisexual or hermaphrodite. 

Some species of plants have unisexual flowers, i. e. any 
one flower will contain either stamens or carpels but not 
both. Sometimes both male and female flowers are present 
on the same plant, e.g. the hazel, which has male and 
female catkins on the same tree. In the willow l:ree, on tbe 
other band, the male and female catkins are on different 
trees. 

outer 
sepal (stamen removed) 

(inner sepal removed) 

Fig. I Wollilower; s tructure of Bower. (I sepal, 
2 pe1.0ls and sLnmen removed) 
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DISPERSAL OF FRUIT AND SEEDS 

Wind, animal a nd explosive methods. 

PRACTICAL WORK 

Growth of pollen tubes. 

FLOWER STRUCTURE 

The basic structure of a flower is shown in Figs I and 2. 

Petals These nrc usually brightly coloured and some­
times scented. They are arranged in a circle (Fig. I) or a 
cylinder. Most flowers have from four to ten petals. 
Sometimes they are joined together to form a tube (Fig. 3) 
and tho individua l petals can no longer be distinguished. 
'l'he colour and scent of the petals attract insects to the 
flowet·; the insects may bring about pollination (p. 88). 

The !lowers of grasses and many trees do not have petals 
but small , leaf-like structures which enclose the t·eproduc· 
t ive organs. 

ovulo 

Q ovary 

nec1ary 

petals. longitudinal 
stamens. section 

filament sepals 
removed 

Sepal Stamon Carpel 

Fig. 2 Floral ports of wollftowe.r 



Fig. 3 Daffodil flower cut in half. The inner petals 
form a tube. Three stamens are visible round the long 
style and the ovary contains many ovules. 

Sepals Outside the petals is a ring of sepals. They are 
often green and much smaller than the petals. They may 
protect the flower when it is in the bud. 

Stamens The stamens are the male reproductive organs 
of a flower. Each stamen has a stalk called the filament, 
with an anther on the end. Flowers such as the buttercup 
and blackberry have many stamens; others such as the 
tulip have a small number, often the same as, or double, the 
number of petals or sepals. Each anther consists of four 
pollen sacs in which the pollen grains are produced by cell 
division. When the anthers are ripe, the pollen sacs split 
open and release their pollen (Fig. 11). 

Carpels These are the female reproductive organs. 
Flowers such as the buttercup and blackberry have a large 
number of carpels while others, such as the lupin, have a 
single carpel. Each carpel consists of an ova ry, bearing a 
style and a stigma. 

Inside the ovary there are one or more ovules. Each 
blackberry ovary contains one ovule but the lupin ovary 
contains several. The ovule will become a seed, and the 
whole ovary will become a fruit. (ln biology, a fruit is the 
fertilized ovary of a flower, not necessarily something to 
eat.) 

The style and the stigma project from the top of the 
ovary. The stigma has a sticky surface and pollen grains 
will stick to it during pollination. The style may be quite 
short (wallflower, Fig. 1) or very long (lupin, Fig. 4). 

Receptacle The flower structures just described are all 
attached to the expanded end of a flower stalk. This is 
called the receptacle and, in a few cases after fertiliza. 
tion, it becomes fleshy and edible, e.g. strawberry (Fig. 24), 
apple and pear. 

Wallfiower 
The wallflower (Fig. 1) has four sepals (two outer and two 
inner), and four petals. The sepals and the bases of the 
petals are not joined up but form a kind of tube which 
encloses the stamens and ovary: 

You might expect to find four or eight stamens but, in 
fact, there are six; two outer and an inner ring of four. 

At the base of each outer stamen there is a swelling 

.... 

Sexual Reproduction in F lowering Plants 81 

petals 

standard keel wing 

Fig. 4 Half-flower of lupin 

which forms a nectary. This produces a sugary solution 
called nectar which collects in the cup·like base of the 
outer sepals. Insects visit the flower to pick up this nectar. 

The ovary consists of two carpels joined to make a fairly 
long pod·like ovary with a short style and a two·lobed 
stigma at the top. 1'here are two rows of about ten ovules 
in each carpel. 

In order to show the structure of a flower, it is usual to 
draw a 'half flower'. This shows the flower as it would 
appear if cut vertically down the middle.ln the wallflower, 
the cut would have to pass between the petals or the sepals. 
So, Fig. 1 is not a true vertical section or half flower but a 
flower from which one sepal, two petals and one outer 
stamen have been removed to show the structure. 

Lupin 
The lupin flower is shown in Figs 4-6. There are five sepals 
but these are joined together forming a short tube. The five 
petals are of different shapes and sizes. The uppermost, 
called the standard, is held vertically. Two petals at the 
sides are called wings and are partly joined together. 
Inside the wings are two more petals joined together to 
form a boat-shaped keel. 

The single carpel is long, nanow and pod·shaped, with 
about ten ovules in the ovary. The long style ends in a 
stigma just inside the pointed end of the keel. There are ten 
stamens, five long ones and five shortones.Their filaments 
are joined together at the base to form a sheath round the 
ovary. 

The flowers of peas and beans are very similar to those 
of lupins. 

The shoots or branches of a plant carrying groups of 
flowers are called inflorescences. The flowering shoots of 
the lupin in Fig. 6 are inflorescences, each one carrying 
about a hundred individual flowers . 
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standard 

lnt.act 

One wing removed 

ovary 

One side or keel removed 

Fig. 5 Lupin Hower dissected 

Composite flowers 
The flowers of the Compositae family (daisies, 
dandelions, hawkweeds, etc.) are arranged in dense 
inflorescences (Fig. 7). What at first appears to be a 
petal in the flower head is actually a complete flower, 
often called a floret (Fig. 8). 

Fig. 7 A hawkweed. These compo•ite flowers are 
inflorescences, that. is, groups of many flowers. 

Fig. 6 Lupin inflorescence. There are a hundt·ed 
or more flowers in each inflorescence. ' rhe youngest 
flowers, at the lop, have not yet opened. The oldest 
flowers are at the bottom and have already been 
pollinated. 

stigma---------I~V"' 
stylo---- ---- -7"'-1 

filament 

vary 

Fig. 8 S ingle Jloret of dandelion 

-



Dandelion In the outer florets of the dandelion 
inflorescence there are five petals joined together. At 
the base, the fused petals form a tube but open out to 
a ribbon-Like structure at the top. The sepals are 
reduced to a ring of fine hairs; the five fused anthers 
are grouped round the style, which has a forked 
stigma. There is a single ovule in the ovary. 

I n some Compositae, the outer florets with con­
spicuous petals are unisexual or have no reproduc­
tive organs at all. The inner florets, with tiny, joined 
petals, carry the male and female reproductive 
organs. The various daisies are examples of this type 
of inflorescence. 

Grasses 
The flowers of the grasses are tiny, inconspicuous and in 
dense inflorescences. There are no petals or sepals in the 
usua l sense, but the reproductive mgans are enclosed in 
two green, leaf-like structures called bracts. The ovary 
contains one ovule and bears two styles wi th feather·y 
stigmas. There are three stamens, the anthers of which, 
when r·ipe, hang outside the bracts. 

The cereals wheat, oats, barley, maize . etc. are grasses 
especia ll y bred and cultivated by humans for the sake of 
the food stored in the fruits or seeds of their flowers. 

Rye g rass The inflorescence and flower of this gr·ass a re 
illustrated in Fig. 9. 

QUESTIONS 
I Work ing from outside to inside, list the parts of a bisexual 
flower. 
2 What features of flowers attract insects? 
3 When you next get the chance, study the large white 
inflorescences of hedge parsnip or hogwccd (Umbclliferae 
family). How do these inflorescences differ from those of the 
Compositae? 

spikelet (a 
group of flowers) 

(a) Flowering stem 

Fig. 9 Ryegrass; flower· structure 

(b) Single 
SJ)ikelet. 
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4 Make a tah le to show how a lupin flower· difl'crs from t hat of a 
wallflower. 

IAtpin flower Wallflower 
Sepals 
Peta ls 
Stamens 
Ovary 

POLLINATION 

The transfer of po llen from the a nther-s to the stigma is 
call ed 'poll ina tion '. The anther·s spli t open, exposing the 
microscopic pollen grains (Figs 10 a nd 11). The pollen 
grains a re then carried a way on the bodies of insects. or 
simply blown by the wind, and may land on the sti gma of 
a nother flower. In self-pollinating pla nts, the pollen 
which reaches the stigma comes fTom the same flower or 
another flower on the same plant . In c ross-pollination. 
the polle n is carri ed fr·om the anthers of one flower to the 
stigma in a flower on another plant of the same species. 

Tf a bee CIHTied pollen from one of the younger flower·s 
near the middle of the lupin inflorescence (Fig. 6) to an 
older flower near· the bot tom, this would be self· 
pollination. If, however. the bee flew ofl' to visit a sepa rate 
lupin plant and pollinated one of its flowers, this would be 
cross-pollination. 

The term 'cross-pollination', strictly speaking, 
should be applied only if there are genetic differences 
between the two plants involved. The flowers on a 
single platlt a ll have the same genetic constitution. 
The flowet·s on plants growing from the same rhizome 
or rootstock (p. 100) will a lso have the same genetic 
constitution. Pollination between s uch flowers is 
little different from self-pollination in the s ame 
flower. 
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anther 
will 
split 
here 

vascular bundle 

sac 

Fig. 10 Transverse section through an anther ( x 75) 

Pollination of the wallflower 
Nectar is produced by the nectaries at the base of the outer 
stamens and collects in the cup-like base of the two outer 
sepals. The sepals and bases of the petals form a narrow 

Fig. 12 Pollination of the wallflower. The bee pushes 
past the petals to reach the nectary and pollen is 
deposited on its body. 
tube which is partially blocked by the stamens and ovary. 
Thus only insects with long probosces ('tongues') can 
reach. the nectar. 

Long-tongued bees still have to push some way into the 
petal tube (Fig. 12) and, in so doing, become dusted with 
pollen from the ripe anthers. When the same bee visits an 
older flower, some of the pollen adhering to its body will be 
picked up by the sticky surface of the stigma. 

Butterflies and moths have longer probosces than bees 
do. Even so, when a butterfly collects nectar from the 
flower, pollen is likely to adhere to its proboscis and be 
transferred to another flower. 

pollen grains 

pollen 
sac 

filament 

(a) (b) Pollen sacs split 
exposing pollen 

Fig. 11 Structure of anther (top cut off) 

Pollination of the lupin 
Lupin flowers have no nectar. The bees which visit them 
come to collect pollen which they take back to the hive for 
food. Other members of the lupin family (Leguminosae), 
e.g. clover, do produce nectar. 

Fig. 13 Pollination of the lupin 

The weight of the bee, when it lands on the flower's 
wings, pushes down these two petals and the petals of the 
keel. The pollen from the anthers has collected in the tip of 
the keel and as the petals are pJ·essed down, the stigma and 
long stamens push the pollen out from the k eel on to the 
underside of the bee (Fig. 13). 'l'he bee, with pollen grains 
sticking to its body, then flies to another Aower. If this 
flower is older than the first one, it will already have lost 
its pollen. When the bee's weight pushes the keel down, 
only the stigma comes out and touches the insect's body, 
picking up pollen grains on its sticky surface. 

Lupin and wallflower are examples ofinsect-pollinated 
flowers. 



Pollination of the grasses 
Grasses are pollinated, not by insects, but by air currents. 
'rhis is called wind pollination. 

At first, the feathery stigmas protrude from the flower, 
and pollen grains floating in the air are trapped by them. 
Later, the anthers hang outside the flower (Figs 9b and 14), 
the pollen sacs split, and the wind blows the pollen away. 
This sequence varies with species. 

If the branches of a birch or hazel tree with ripe male 
catkins, or the flowers of the ornamental pampas grass, at·e 
shaken, a shower of pollen can easily be seen (Fig. 15). 

Fig. 14 Grass flowers. The stigmas are the fluffy white 
structures. Notice that the anthers and stigmas protrude 
from the flowers. 

Adaptation 
Insect-pollinated flowers are considered to be adapted in 
various ways to their method of pollination. The term 
'adaptation' implies that, in the course of evolution, the 
structure and physiology of a flower have been modified in 
ways which improve the chances of successful pollination 
by insects. 

Most insect-pollinated flowers have brightly coloured 
petals and scent which attract a variety of insects. Some 
flowers produce nectar which is also attractive to many 
insects. The dark lines ('honey guides') on petals are 
believed to help direct the insects to the nectar source and 
thus bring it into contact with the stamens and stigma. 

These features are adaptations to insect pollination in 
general, but are not necessarily associated with any 
particular insect species. The various petal colours and 
the nectaries of the wallflower attract a variety of insects. 
Many flowers, however, have modifications which adapt 
them to pollination by only one type or species of insect. 
The lupin can be poll inated only by insects heavy enough 
to depress the 'wing' petals and so cause the pollen or 
stigma to be extruded. Flowers such as the honeysuckle, 
with narrow, deep petal tubes are likely to be pollinated 
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Fig. 15 Birch catkins shedding pollen 

only by moths or butterflies whose long 'tongues' can 
reach down the tube to the nectar. 

Tube-like flowers such as foxgloves need to be visi ted by 
fairly large insects to effect pollination. Tbe petal tube is 
often lined with dense hairs which impede small insects 
that would take the nectar without pollinating the flower. 
A large bumble-bee, however, pushing into the petal tube, 
is forced to rub against the anthers and stigma. 

Some orchid flowers resemble cer tain species of bee so 
closely in appearance and odour that male bees try to 
copulate with the flower and, in doing so, encounter the 
anthet-s and stigma. 

Many tropical and sub-tropical flowers are adapted to 
pollination by birds or even by mammals, e.g. bats and 
mice. 

Wind-pollinated flowers are adapted to their method of 
pollination by producing large quantities of light pollen, 
and having anthers and stigmas which project outside the 
flower. Many grasses have anthers which are not t·igidly 
attached to the filaments and can be shaken by the wind. 
The st igmas of grasses are feathery and act as a net wlLich 
traps passing pollen grains. 

QUESTIONS 
5 Put tbc following events in the correct order for pollination in 
a lupin plant: (a) bee gets dusted with pollen, (b) pollen is 
deposited on stigma, (c) bee visits older flower, (d) bee visits 
young Rower, (e) anthers split open. 
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6 Why do you think a large insect such as a bee can pollinate a 
lupin flower, while a small insect like a fly cannot? 
7 Which.ofthe following trees would you expect to be pollinated 
by insects: ·apple, hazel, oak, cherry, horse-chestnut, sycamore? 
8 In what ways do you think (a) an antirrhinum flower, (b) a 
nasturtium flower are adapted to insect pollination? 
9 In the course of evolution, some flowers may have become 
adapted to pollination by certain insect species. Discuss whether 
the insects are likely to have become adapted to the flowers. What 
sort of adaptation might you expect? 

(b) From pine (wind-pollinated) 

Fig. 16 Pollen grains 

.--------- Wind- and Insect-pollinated flowers compared -------., 

Wind-pollinated 

1. Small, inconspicuous flowers; petals often green. No 
scent or nectar. 

Insect-pollinated 

1 . Relatively large flowers or conspicuous 
inflorescences. Petals brightly coloured and scented; 
mostly with nectaries. 

Insects respond to the stimulus of colour and scent and are 'attracted' to the flowers. When in the flower, they collect 
or eat the nectar from the nectaries, or pollen from the anthers. 

2. Anthers large and often loosely attached to filament 
so that the slightest air movement shakes them. The 
whole inflorescence often dangles loosely (hazel male 
catkins), and the stamens hang out of the flower 
exposed to the wind (Figs 14 and 15). 

2. Anthers not so large and are firmly attached to the 
filament. They are not usually carried outside the 
flower but are in a position within the petals where 
insects are likely to brush against them. 

The wind is more likely to dislodge pollen from exposed, dangling anthers than from those enclosed in petals. 

3. Large quantities of smooth, light pollen grains 
produced by the anthers. 

3. Smaller quantities of pollen produced. The grains 
are often spiky or sticky and so stick to the insect's 
body (Fig. 16). 

With wind pollination, only a very small proportion of pollen grains is likely to land on a ripe stigma. If large quantities 
of pollen are not shed, the chances of successful pollination become very poor. Smooth, light grains are readily carried 

in air currents and do not stick together. 
In pollination by i'nsects, fewer of the pollen grains will be wasted. The patterned or sticky pollen grains are more likely 

to adhere to the body of the insect. 

4. Stigmas projecting outside the flower (Fig. 9d). 4. Flat or lobed, sticky stigmas inside the flower. 

The feathery stigmas of grasses form a 'net' of relatively large area in which flying pollen grains may be trapped. 

FERTILIZATION AND FRUIT 
FORMATION 

Pollination is complete when pollen from an anther has 
landed on a stigma. If the flower is to produce seeds, 
pollination has to be followed by a process called 
fertilization. In all living organisms, fertilization hap­
pens when a male sex cell and a female sex cell meet and 
join together (they are said to fuse together). The cell 

which is formed by this fusion develops into an embryo of 
an animal or a plant (Fig. 17). The sex cells of air living 
organisms are called gametes. 

In animals, the male gamete is the sperm and the female 
gamete is the egg or ovum (p. 170). 

In flowering plants, the male gamete is in the pollen 
grain; the female gamete, called the egg cell, is in the 
ovule. For fertilization to occur, the nucleus of the male 
cell from the pollen grain has to reach the female nucleus 
of the egg cell in the ovule, and fuse with it. The following 
account explains how this happens. 



Themale ®' 
cell .. . ~ 

Sexua l Reproduction in Flowering Pla n ts 87 
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and their The le~ilized egg cell 
... and the nuclei fuse. divides many times 
female egg !;\ 

and forms 
an embryo which grows into 

a new individual cell ... V 
Fig. 17 Fertilization 

Fertilization 
The pollen grain absorbs liquid from the stigma and a 
microscopic pollen tu be grows out of the grain (Fig. 18). 
This Lube grows down the style and into the ovary where 
it enters a small hole, the micropy le, in an ovule (Fig. 1.9). 
The nucleus of the po llen grain travel~ down the pollen 
tube and enters the ovule. Here it combines with the 
nucleus of the egg cell. Each ovule in an ovary needs to be 
fertilized by a separate pollen grain. 

Although pollination must occur before the ovule can be 
fert ilized, pollination does not necessarily result in 
fertilization. A bee may visit many flowers on a Bramley 
apple tree, transferring pollen from one flower to the other. 
The Bramley, however, is 'self-steri le'; po llination with its 
own pollen will not result in ferti lization. Poll ination with 
pollen from a Worcester or a Cox's app le tree, however, can 
result in successful fertilization and fruit formation. 

secretory cell 
of stigma 

pollen tube 

pollen grain 

Fig. 18 Pollen grains growing on stigma of crocus 

Fru it and seed formation 
After the pollen nucleus has fused with the egg nucleus, 
the egg cell divides many times and produces a miniature 
plant called an e~he embryo consists of a tiny root 
and shoot with two spectal leaves called coty le dons. ln 
dicot plants (p. 306) food made in the leaves of the parent 
plant is carried in the phloem to tlie cotyledons. The 
cotyledons grow so large with this stored food that they 
completely enclose the embryo (Fig. 2b, p. 93). Tn monocot 
plants (p. 306) the food store is laid down in a specia l tissue 
called endosperm (p. 95) which is outside the coty ledons. In 
oothcases the outer wall of the ovule becomes thicker and 
harder, and forms the seed coat or testa (seeP- 92). 

./ 

pollen tube 
en1ers 
micropyle 

pollen grain 

ovary wall 

micropyle 

Fig. 19 Diagram of fertilization, e.g. wallflower 

As the seeds gmw, the ovary also becomes much larger 
and the petals and stamensslwivel and fall off(Fig. 20). The 
ovary is now called a fruit. The biological definition of a 
fruit is a ferti lized ovary; it is not necessari ly edible. in the 
lupin, the fertilized ovary forms a dry, hard pod, but in a 
related plant-the runner bean-the ovary wall becomes 
fleshy and edible before drying out. The wall flower ovary 
forms a dry capsule. 

Fig. 20 Lupin flower after fertilization . The ovary 
(still with the style and stigma attached) has grown much 
larger than the flower ru1d the petals have shrivelled . 
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A plum is a good example of a fleshy, edible fruit. 
Tomatoes (Fig. 21) and cucumbers are a lso fruits although 
they are classed as vegetables in the shops. Blackberries 
(Figs 22 and 23) and raspberries are formed by many small 
fruits clustered together. In strawberries (Fig. 24), the 
fruits are the pips and the edible part is formed by the 
receptacle of the flower. In the apple (Fig. 25) and pear the 
edible part consists of the swollen receptacle surrounding 
and fused to the ovary wall. 

(a) Tomato flowers 

(b) After fertili>.ation 

receptacle 

(d) After fertilization. 
Overy grows; petals 
and stamens fall off 

(c) Ripe fruit 

remains of style 

ovary 

(e) Ripe fruit 

Fig. 21 Tomato; fruit formation 

fruit 
wall 

(a) Half flower 

(b) After fertilization 
(petals and sepals 
have fa llen) 

stamen 

receptacle 

sepal 

ripening 

(c) Longitudinal section of young fruit 

Fig. 22 Blackberry; fruit formation 

Fig. 23 Blackberry Bowers and fruits. Most of the 
flowers have been pollinated and fertilized. The petals 
have dropped and the carpels are growing to form fruits. 
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receptacle"'*"-­
(will 
become 
fleshy 
and 
succulent) 

(a) liulf Rower (b) Aft.cr fertilization (c) .Longitudinal section of young rruic. 

Fig. 24 Strawberry; fruit formation 

stamen petal 

ovary wall 

(o) ~In if flower 

Fig. 25 Apple; fruit formation 

QUESTIONS 
10 Which stmctures in a flower produce (a) the male gametes, 
(b) the female gametes? 
11 rn not more than two sentences, show that you Ullderstand the 
difference between pollination and fertilization. 
12 ln flower-ing plants, (a) can pollination occur without 
fertilization, (b) can fertilization occur without pollination? 
13 Which parts of a tomato flower (a) grow to form the fruit, 
(b) fall off after fertiliwtion, (c) remain attached to the fruit? 
14 Which of the following edible plant products do you think are, 
biologically, (a) fruits, (b) seeds, (c) neither: runner beans, peas, 
grapes, baked beans, marrow, rhubarb, tomatoes? 
15 Make a drawing to show what you think a ripe pea pod might 
look like if only four out of ten ovules in the ovary had been 
fertilized after poll ination. (A pea flower is very simi lar 1.0 a lupin 
flower.} 
t6 Describe an experiment you could carry out with a lupin plant 
to demonstrate that pollination is necessary before fnnt 
formation can occur. 
17 Why do you think that some fruit·~::,rowers pay bee-keepers to 
setup their hives in their orchards dunng thesprmg? Why would 
an arable farmer not do this? 

seed 

scaly pnrt 
ol ovary 
wall 

remains of stamens 
and sepals 

(b) Ripe fruit (longitudinal section) 

receptacle (becomes 
lleshy and edible) 

DISPERSAL OF FRUITS AND 
SEEDS 

When the seeds are mature, the whole fruit or the 
individual seeds fa ll from the parent plant to the ground 
and the seeds may then germinate (p. 94). In many plants. 
the fruits 01· seeds are adapted in such a way that they are 
carried a long distance from the parent plant. This reduces 
competition for light and water between members of the 
same species. It may also result in plants g1·owing in new 
places. The main adaptations are for dispersal by the wind 
and by animals but some plants have 'explosive' pods that 
sea tter the seeds. 

Wind dispersal 
'Pepper-pot' effect l!:xamples are the white campio~, 
poppy (Fig. 26a) and antirrhinum. The flower .stalk ts 
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dried stigmas 

pore 

~~-- scar where 
petals have 
fallen 

(n) Poppy 

(b) Wallflower 

wing-like 
extension 
of ovatv wall 

Fig. 26 Fruit and seed dispersal 

(c) Sycamore 

usually long and the ovary becomes a dry, hollow capsule 
with one or more openings. '!'he wtnd shakes the flower 
stalk and the seeds are scattered on all sides through the 
openings in the capsule. . . 

In the wallflower, the frUit spli ts open from the bottom 
(l"ig. 26b), exposing the seeds, which remain attached to a 
centra l septum. When the wind shakes the plant, the seeds 
become detached from the septum and a re scattered, 
tbough not very far, away from the parent plant. 

' Parachute' fmits and seeds Clematis, thist.l~s, willow 
herb and dandelion (Fig. 27) have seeds or frUits of thts 
kind. 'Feathery hairs project from the frui t or ;eed a,nd s~ 
increase its surface area. As a result., the seed floats ove1 
long distances before sink ing to the ground. 1t IS, 
therefore, likely to be carried a long way from the parent 
plant by slight a it· currents. 

'Winged' fruits Frwts of the lime, sycamore (Fig. 26e) 
a nd ash trees have wing·ljke outgrowths from the ovary 
wall or leaf·like structures on the flower stalk. These 
'wings' cause the fruit to spin as it falls from tl1e tree and 
so slow down its fall. '!'his delay increases the chances of 
the fruit being carried away in air currents. 

Animal dis persal 
Mammals and booked fru its '!'he inAorescence of 
the burdock is surrounded by bracts wbich form hooks 
(Fig. 26d). 'l'hese hooks catch in the fur of passing mamma Is 
and the seeds fall out as the mammal moves about. 

fn other booked fruits, e.g. agrimony, herb bennet and 
goose grass. hooks develop from different parts of the flower. 

remains of 
petals 

seed 

and stamens 

(c) Lupin 

carpel splits open. 
curls back and 
ejects seeds 

(d) Burdock 

hooked 
btacts 

Fig. 27 Wi.nd dispersal. Dandelion fruit.~ being blown away 

Birds, mamm als and succulent f'nLits Fruits such 1 

the blackberry and elderberry are eaten by birds an 
mammals (Fig. 28). Tbe hard pips containing the seed a1 
not digested and so pass out with the droppings of the bi1 
away from the parent plant. '!'he soft textlll'e and , in sorr 
cases, the brig ht colour of these frui ts may be regm-ded 1 

an adaptation to this method of dispersal. 



Fig. 28 Animal dispersal. Blackbird eating a 
hawthorn bcny. 

'Explosive' fruits 
'l'he pods of flowers in the pea family, e.g. gorse, lwoom, 
lupin and vetches, dry in the sun and shrivel. '!'he tough 
fibres in the ftuit wall shrink and set up a tens ion. When 
the fruit spli ts in ha lf down two lines of weakness, the two 
halves curl back suddenly and flick out the seeds (Fig. 26c}. 

QUESTIONS 
18 What are tho advantages of a plant dispersing its se~ds over 
a wide area? What disadvantages might t here be? 
19 Which methods of dispersal are likely to result in seeds 
travelling the gt·catcst distances? !explain your answer. 
20 Students sometimes confuse 'wind po llination' and 'wind 
dispersal". Write a sentence or t wo about each to make ~he 
difference clear. 

CHECK LIST 

• Flowers contain the reproductive organs of plants. 

Sexual Reproduction in Flowering Plants 91 

PRACTICAL WORK 

The growth of pollen tubes 

(1) Make a solut ion of 15 g sucrose and 0.1 g sodium borate 
in 100 cm3 water. Put a drop of this solution on a cavity 
slide and scatter some pollen grain s on the drop. '!'his can 
be done by scraping an anther (which must alteady have 
opened to expose the pollen) with a mounted needle, or 
simply by touch ing the anther on the liquid drop. 

Cover the drop with a cover slip and examine the s lide 
under the microscope at intervals of about 15 minutes. In 
some cases, pollen tubes may be seen growing from the 
grains. 

Suitable plants inc lude lily , narcissus, tul ip, bluebell, 
lupin, wallflower, sweet pea ordeadnettle, but a 15 per cent 
sucrose solution may not be equally suitable for all of 
them. It may be necessary to experiment with solutio11s 
ranging from 5 to 20 per cent. 

(2) Cut the stigma from a mature flower, e.g. honeysuckle, 
crocus, eveni11g primrose o•· chickweed and place it on a 
s lide in a drop of 0.5 per cent methyleM blue. Squash the 
stigma under a covet· sl ip (if the stigma is large, it may be 
safer to squash it between two s lides), and leave it for 
5 minutes. 

Put a drop of water on one side of the slide, just touching 
the edge of the cover slip a nd draw it under the cover s lip 
by holding a piece of niter paper against the opposite edge 
(see Fig. 21, p. 41). '!'his will remove excess stain. 

If the squash preparation is now examined under the 
microscope, pollen tubes may be seen growing between the 
s pread-out cells of the s tigma (Fig. 18}. 

• The stamens are the male organs. They produce pollen grains which contain the male gamete. 
• The carpels m·e the female organs. They p•·oduce ovules which contain the female gamete and will form 

the seeds . 
• The flowers of most plant species contain male and female organs. A few species have unisexual flowers. 
• Brightly-coloured petals attract insects, which pollinate the fiowet·. 
• Pollination is the transfer of pollen from the anthers of one flower to the stigma of anothel". 
• Pollinat ion may be done by insects or by the wind. 
• Flowers which are pollinated by insects at·e usually bt·ightly coloured and have nectar. The shape of the 

petals may adapt the flower to pollination by one type of insect. 
• Flowers which are pollinated by the wind at·e usually s mall and green. Their stigmas and anthers hang 

outside the flower where they are exposed to air movements. 
• Fertilization occurs when a pollen tube gr·ows from a pollen grain into the ovary and up to an ovule. The 

pollen nucleus passes down the tube and fuses with the ovule nucleus. 
• After fertilization, the ovary grows rapidly to become a fruit and the ovules become seeds. 
• Seeds and fruits may be dispersed by the wind, by animals, or by an 'explosive' method. 
• Dispersal scatters the seeds so that t h e plants growing from them are less likely to compete with each 

other and with t heir parent plant. 
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SEED STRUCTURE AND GERMINATION 

Seed structure: French bean; broad bean. 
Germination: stages in the French bean. Other forms 
of germination: broad bean and wheat.. 

PRACTICAL WORK 1 

Experiments on germination: the role of the 
cotyledons; food reserves. Food reserves and theit· 
mobi lization; conversion of starch to sugar. Decrease 
in dry weight; using up reserves. Region of growth in 
radicles; marking the roots. 

The previous chapter described how a seed is formed from 
the ovule of a Bower as a resu lt of fertilization, and is then 
dispersed from the parent plant. If the seed lands in a 
suitable place it will germinate, i.e. grow into a mature 
plant. 

Flowering plants can be divided into two major groups, 
the monocotyledons and the dicotyledons. A cotyledon 
is a modified leaf in a seed. The cotyledon plays a part in 
supplying food to the growing plant embryo. Monocoty­
ledons (usually abbreviated to 'monocots') have only one 
of these seed leaves in the seed. Dicotyledons ('dicots') 
have two cotyledons in the seed and these two cotyledons 
store food. 

Other chatacteristics and examples of rnonocots and 
dicots are discussed on page 306. 

To follow the process of germination, the structure of a 
dicot seed, in this case the French bean, will first be 
described. The structure of the broad bean is basically the 
same though its shape is different (Fig. 3). 

rr-.. ;· ... ~,, 
(

' . · micropyle 

: 
1 hilum 

\ 

CONDITIONS FOR GERMINATION 
PRACTICAL WORK 2 
Experiments on the need for water, oxygen and 
suitable temperature. Controll ing the variables: 
experimental design. 

THE IMPORTANCE OF WATER, OXYGEN AND 
TEMPERATURE 

Uses of water. Uses of oxygen. Importance of 
temperatul'e. Germination and light. 

DOR,\-IANCY 

SEED STRUCTURE AND 
GERMINATION 

Seed structure (French bean) 
The seed (Figs 1 and 2) contains a miniature plant, the 
embryo, which consists of a root or radicle, and a shoot or 
plumule . The embryo is attached to two leaves called the 
cotyledons, which at·e swollen with stol'ed food. This 
stored food, mainly starch, is used by the embryo when it 
starts to grow. The embryo and cotyledons are enclosed in 
a tough seed coat or testa. The micropyle, through which 
the pollen tube entered (p. 87), remains as a small hole in 
the testa and is an important route for the entry of water 
in some seeds. The hilum is the scar left where the seed was 
attached to the pod. 

~.\\ 

~radicle 
plumule 

--H-- - cotyledon 

(a) External appearance (b) Tostn removed (c) One cotyledon removed 

.Fig. 1 ·.The French bean seed 
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Germination 
The stages of germination of a French bean are shown in 
~~ig. 6. The corresponding stages in the broad bean are 
shown in Fig. 4. 

A seedjustshed from its parent plant contains only 5-20 
per cent water, compared with 80-90 per cent in mature 
plant tissues. Once in the soil, some seeds wi II absorb water 
and swell up, but will not necessarily start to germinate 
until other conditions are suitable (see pp. 98- 9). 

The rad.icle grows first and bursts through the testa. 'l'he 
•·adicle continues to grow down into the soil, pushing its 
way between soi l particles and small stones. Its t ip is 
protected by the root cap (see p. 64). Branches, called 
lateral roots, grow out from the side of the main t·oot and 
he lp to anchor it firmly in the soil. On the main root and the 
lateral roots, microscopic root hairs grow out. These are 
fine outgmwtbs from some of the outer cells.- They make 
close contact with the soil particles a nd absorb water from 
the spaces between them (see p. 75). 

In the French bean a •·egion of the embryo's stem, the 
hypocotyl, just above the radicle (Fig. 2b), now starts to 
elongate. The rad icle is by now firm ly anchored in the soil , 
so the rapidly growing hypocotyl arches upwards through 
the soil, pulJing the cotyledons with it (Fig. 6). Sometimes 
the cotyledons are pulled out of the testa, leaving it below 
the soil, and sometimes the cotyledons remain enclosed in 
the testa for a time. In either case, the plumule is well 
protected from damage while it is being pulled through the 
soil , because it is enclosed between the coty ledons. 

radicle 
emerges 

testa splirs 

(a) 

root 
hairs 

hypocotyl 
starts to grow 

(b) 

Fig. 6 Germination of F r ench bean 

hypoeOiy l 
"elbows· out of soil 

latomt roots 
grow 

(c) 

F ig. 5 Germinating seeds. '['he brown testa is shed. the 
cotyledons turn green and t he plumule expands. 

Once the coty ledons are above the soil, the hypocotyl 
stra ightens up and the leaves of the plumule open out. Up 
to this point, all the food needed for making new cells and 
producing energy has come fr·om the cotyledons. 

The main type of food stored in the cotyledons is starch. 
Before this can be used by the growing shoot and root, the 
stat·ch has to be turned into a soluble sugar. In this form, 
it can be transported by the phloem cells. The change from 
starch to sugar in the cotyledons is brought about by 
enzymes which become active as soon as the seed starts to 
germinate. The cotyledons shrivel as theit· food reserve. is 
used up, and they fall off a ltogether soon after they have 
been brought above the soil. 
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between cotyledons 
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cotyledons 
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By now the plumule leaves have {p·own much larger, 
turned green and started tonbsorbsun lightand make their 
own food by photosynthesis (p. 44). Between the plumule 
leaves is a growing point which continues the upward 
growth of the stem and the production of new leaves. The 
embryo has now become an independent plant, absorbing 
water and mineral salts from the soi l, carbon dioxide from 
the air and making food in its leaves. 

Other forms of germ in a tion 
Not all seeds germinate in the same way as the 
French bean. In peas, broad beans and runner beans, 
for example, it is the epicotyl (Fig. 2b) which 
elongat~s. leaving the cotyledons in the soil (Fig. 4). 

In grasses and cereals, the food reserve is not in the 
cotyledon but in a region called the endospe rm. 
There is only one cotyledon (hence the classification 
as monocots), and this remains in the seed, digesting, 
absorbing and transferring the stored food in the 
endosperm (Fig. 7). During germination, the shoot 
grows straight up through the so il, protected at first 
by a sheath-like coleoptile. Once above ground, the 
co leoptile stops growing and tho first leaf but·sts 
through (Fig. 8). 

cotyledon ondosporm 
plumule 

seed coat 

Fig. 7 Wheat seed; vertical section 

forst leaf 

open 

(a) 

(c) 

Fig. 8 Germination of wheat 

Seed Ge rminat ion 95 

QUESTIONS 
1 What nre the functions of (a) the r11dicle. (b) the plumule nnd 
(c) the cotyledons of a seed? 
2 Rewrite the following in the correct order for germination in a 
French bean seed: (a) cotyledons 11hotosynthesi7.c, (b) rndicle 
grows down into the soil, (c) hypocotyl straightens, (d) hypocotyl 
starts to elongate, (e) root hairs develop,(/) rndicle emerges from 
testa, (C) cotyledons pulled out of soil, (II) testa splits. 
3 During germination of the French bean, how arc (a) the 
plumule, (b) the radicle proteCted from damage ns they nrc forced 
through the soil? 
4 List all the possible purposes for which a growing seedling 
might use the food stored in its cotyledons. 
5 At what stage of development is 11 seedling able to stop 
depending on the cotyledons for it$ food? 
6 What do you think arc the odvantngcs ton germinating seed of 
having its radicle growing some time before the shoot starts to 
grow? 

PRACTICA L WORK 

EXPERIMENTS ON GERMINATION 

1. The role of the cotyledons in the 
bean seed 

Soak four runner bean seeds in water for 24 hours. 
Peel off the testas and separate tho coty ledons. 
Discard the cotyledons which do not have embryos 
attached to them. Pin one of the cotyledons to a piece 
of expanded polystyrene ceiling ti lo covered with 
blotting-paper (Fig. 9a). Cut away and discard three 
quarters of the second cotyledon and pin the 
remaining piece, with the embryo, to the polystyrene. 
Cut away as much as possible of the third cotyledon, 
leaving a small piece attached to the embryo. P in this 
to the polystyrene. Finally, dissect off the embryo 
from the fourth cotyledon and pin it to the 
polystyrene. 

Place the polystyrene strip in a tall, screw-top jar 
with a little water, as shown in Fig. 9a, and leave it for 
a week. 

COtyledon· 
pinned to 
polystyrene 
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bloning 
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Fig. 9(a) The importance or cotyledons 

tall 
SCfOW· tOp 
jur 
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~epicotyl 

colyledon--=tk_llaleral ~-~C.,.:IM::: 
stalk root 

radicle----__}/ 

Embryo roinus 
co1yleoons 

Embryo with one cotyledon 

Fig. 9(b) Seedlings after 1 week 

Result The embryo without its cotyledons will 
grow a little (Fig. 9b), but not as much as the others 
which will probably grow in pl'OpOrtion to the 
amount of cotyledon attached to them. It may take 
another week, however, to see a difference between 
the whole and the quarter cotyledon. 

Intet·pretation The rate of growth of the embryo 
seems to depend on the amount of cotyledon. This 
could be because the cotyledon supplies the embryo 
with food or because it contains a growth-promoting 
substance. 

2. Food reserves and their mobilization 

You will need about 20 wheat grains which have been 
soaked overnight and the same number of wheat 
seedlings which have been germinating for about a 
week. 

Grind the ungerminated grains with a little sand 
and water in a mortar and place the watery mixture 
in a test-tube labelled A. 

Cut the shoots from the seedlings, grind them with 
a little sand and water and put the mixtm·e in test­
tube B. 

Cut and discard the roots from the seedlings and 
grind the seeds with water and sand as before. Put 
this mixture into test-tube C. 

Leave all three tubes in a boiling water bath (p. 45) 
for 10 minutes and then cool them tmder the cold tap. 

1'ip half the contents of tube A into a clean test­
tube and add a few dl'Ops of iodine. Add Benedict's 
solution to the rest·of the liquid in tube A and heat it 
in the water bath for 5 minutes. 

Repeat these steps with tubes B and C, keeping a 
note of any colour changes and what these signify. 
(See 'Food tests' on page 122.) 

Results (A). The extract from the ungerminated 
seeds should give a positive result for starch but 
probably not for sugar, i.e. iodine turns the mixture 
blue but heating with Benedict's solution does not 
give a yellow, orange or red precipitate. 

(B) The shoot extract will probably give a positive 
result with Benedict's solution but not with iodine. 

(C) The extract from the germinating seeds will 
probably give a blue colour with iodine and a lso 
produce an orange precipitate with Benedict's 
solution. 

In terpretation The results suggest that ungerm­
inated seeds contain stm·ch, germinating seeds 
contain starch and sugar and the shoots contain only 
sugar. (Note: the tests reveal nothing about proteins, 
or fats.) 

This is consistent with the suggestion that the food 
reserve in the seed is starch and that, during 
germination, tbe starch is changed to sugar and 
transported to the gt·owing shoot. 

3. Decrease in dry weight (using up 
carbohydrate) 
If living material is converting food, e.g. car­
bohydrate, t~ carbon dioxide and water, its weight 
(mass) should decrease. However, it is the dry weight 
which must be measured, since any material, living 
or non-living, may lose weight by evaporation of 
water into the atmosphere. 

Soak one hundred wheat seeds in water for 24 
hours. Kil l half of the seeds by boiling them. These 
are the controls (p. 30). Place the living seeds in a 
dish containing moist cotton wool and the dead seeds 
in an identical dish also with moist cotton wool. 
At 2-day intervals, take ten seeds from each dish 
and heat them in an oven at 120 •c for 12 hours to 
evaporate all the water. Then weigh the two samples 
and record their weights. In this way only the solid 
matter in the seeds is weighed. 

Result 'l'he dry weight of the living seeds decreases 
over the 10 days. The dry weight of killed seeds does 
not change (Fig. 10). (There will, of course, be 
variations because the individual grains are not all 
exactly the same size, but there will be no downward 
trend.) 
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Interpretation The living seeds are respiring and 
oxidizing· their starch stores to produce the energy 
needed in germination. The loss of carbon dioxide to 
the atmosphere results in a decrease in weight. 

The weight of the dead seeds did not change and, 
therefore, you have shown that the loss in weight 
must be the result of the living processes involved in 
germination. 

4. Region of growth in radicles 
Radicles of germinating peas are marked with evenly 
spaced l ines. In a day or two, the region of most rapid 
growth is revealed by the increased spacing between the 
lines. This experiment is described on p. 68. 

QUESTIONS 
7 In Experiment l, two alternative interpretations of the resu lts 
are given. Suggest an experiment which might help to distinguish 
between these two interpretations. 
8 Explain why sugar can be found in germinating wheat grains 
but not in ungerminated grains. 

EXPERIMENTS ON THE CONDITIONS FOR 
GERMINATION 

The envi1·onmental conditions which might be expected to 
affect germination are temperature, light intensity and the 
availability of water and air. The relative importance of 
some of these conditions can be tested by the experiments 
which fol low. The effects of these conditions are discussed 
on pp. 98-9. 

5. The need for water 

Label three containers A, Band C and put dry cotton wool 
in the bottom of each. Place a number of soaked seeds in B 
and C, and an equal number of dry seeds in A. Leave A 
quite dry; add water to B to make the cotton wool moist; 
add water to C until a ll the seeds are complete ly covered 
(Fig. 11). Put lids on the containers and leave them all at 
room temperature for a week. 

Soaked peas, dry colton wool 

n 8 n 
~ 

Soukcd peas, 
wet cotton wool 

Soaked pens 
covered with water 

Fig. 11 The need for water in germination 
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Result The seeds in B will germinate normally. Those in 
A wi ll not germinate. The seeds inC may have started to 
germinate but will probably not be as advanced as those in 
Band may have died and started to decay. 

In terpretation Although water is necessary for ger· 
mination, too much of it may prevent ge•·mination by 
cutting down the oxygen supply to the seed. 

6. The need for oxygen 

Set up the experiment as shown in Fig. 12. (CARE : 
Pyrogallic acid and sodium hydroxide is a caustic mixture. 
Use eye shields, handle the liquids with care and report 
any spillage at once.) 

If the moist cotton wool is rolled in some cress seeds, 
they will stick to it. 'rhe bungs must make a n airtight seal 
in the flask and the cotton wool must not touch the 
solution. Pyrogallic acid and sodium hydroxide absorb 
oxygen from the air, so the cress seeds in flask A are 
deprived of oxygen. Flask B is the control (seep. 30). This 
is to show that germination can take place in these 
experimental conditions provided oxygen is present. 
Leave the flasks for a week at room temperature. 

Result The seeds in flask B wi ll germinate but there will 
be little or no germination in flask A. 

Interpretation The main difference between flasks A 
and B is that A lacks oxygen. S ince the seeds in this flask 
have not germinated, it looks as if oxygen is needed for 
germination. 

To show that the chemica ls in flas k A had not ki ll ed the 
seeds, the cotton wool can be swapped from A to B. The 
seeds from A will now germinate. 

pyrogallic 
acid and 
sodium 
hydroxide 
solution 

A 

Fig. 12 The need for oxygen 

water 

Note Sodium hydroxide absorbs carbon dioxide 
from the air. The mixture (sodium hydroxide + 
pyrogallic acid) in flask A, therefore, absorbs both 
carbon dioxide and oxygen ft·om the air in this flask. 
The control flask B, therefore, should really contain 
soditun hydroxide rather than water. The sodium 
hydroxide would absorb carbon dioxide but not 
oxygen. When the seeds in B germinate, it can then be 
argued that lack of carbon dioxide did not affect 
them, whereas lack of oxygen in A did. 
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7. Tempe1·a ture a n d ger mination 

Soak some maize grains for a day and then roll them up in 
three strips of moist blotting-paper as shown in Fig. 13. Put 
the rolls i.nto plastic ba gs. Place one in a r·efrigerator 
(about 4 •c), leave one upright in the room (about 20 •C) 
and put the third one in a warm place such as over a 
radiator or~bettet~in an incubator set to 30 •c. 

Because the seeds in the refrigerator will be in darkness, 
the other seeds must also be enclosed in a box or a 
cupboard, to exclude light. Otherwise it could be objected 
tha t it was lack oflight rather tha n low temperature which 
a ffected germina tion. 

After a week, examine the seedlings and meas ure the 
length of the roots and shoots. 
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Fig. 13 ·rem perature a nd germination. Roll the seeds in 
moist blotting paper, and stand the rolls upright in plastic 
bags. 

Result The seedlings keptat30"C will be more advanced 
than those at room temperature. The grains in the 
refrigera tor may not have started to germinate at all. 

In terpreta tion Seeds will not germinate below a certain 
temperature. The higher the temperature, the faster the 
germinat ion, at least up to 3:>-40 •c. 
Note These exper iments a nd others are fully described 
in Experimental Work in Biology, Combined Edition. (See 
p. 364.) 

QUESTIONS 
9 List the externa l conditions necessary for germination. 
10 Do any of tbe results of Experiments &-7 suggest whether or 
not light is necessary for germination"? Explain. 
11 (a) In Exper iment 7 it could be argued that the low 
temperature ofthe refrigerator had killed the seeds and that this 
explains why they did not germinate. How could you check on 
this pos.~ibility? (b) How could you modi fy Experiment?, at least 
in theory, to find the minimum temperature at which maize seeds 
would gc•·minate? 

Controlling the variables 
These expedments on germination i ll ustra te one of 
th e problems of des igning biological experiments. 
You have to decide wha t conditions (the 'variables') 
could influence the resu lts and then try to change 
only one condition at a time. The dange•·s are that 
(1) some of the variables might not be controllable, 
(2) controlling some of the variables might also 
affect the condition you wan t to invest igate and 
(3) there might be a n umber of importa nt variables 
you have not thought of. 
1. In your germination experimen ts, you were unable 

to contro l the quality of the seeds, but had to 
ass ume that the differences between them would be 
small . I f some of the seeds were dead or diseased, 
they would not germinate in any condi t ions a nd 
this could distort the resu lts. '!'his is one reason 
for using as large a sample a s possible in the 
experiments . 

2. You had to ensure that, when temperature was tbe 
variable, the exclusion of light from the seeds in 
the refrigerator was not an addition al variable. 
This was done by putting all the seeds in darkness. 

3. A variable you might not have considered could be 
the way the seeds were handled. Some seeds can be 
induced to germin ate more successfully by scratch· 
ing or chipping the testa . 

THE IMPORTANCE O F WATER, 
OXYGEN AND TEMPERATURE 

Use of water in the seedling 
Most seeds, when first dispersed, conta in very I ittle water. 
ln this dehydrated sta te, their meta bolism is very slow and 
their food reserves are not used up. The dry seeds are also 
resistant to ext remes of temperature a nd to desiccation. 
Before the metabolic changes necessary for germination 
can take place, the seeds must a bsorb water. 

Water is absorbed firstly through the micropyle, in some 
s pecies, and then through the testa as a whole. Once the 
radicle has emerged, it will absorb water from the soil , 
par t icu la rly through the root hai rs. The water which 
r·eaches the embryo and coty ledons is used to: 
1.. a ctiva te the enzymes in the seed; 
2. help the conversion of stored sta rch to sugar, and 

proteins to amino acids (p. 14); 
3. transport the s ugar in solut ion from the cotyledons to 

the growing regions; 
4. expand the vacuoles of newly formed cells a nd so cause 

the root and shoot to grow and the leaves to expand 
(p. 65); 

5. maintain the turgor (p. 38) of the cells and thus keep the 
shoot upright a nd the leaves expanded; 

6. provide the water needed for photosynthesis once the 
plumule a nd young leaves are a bove ground; 

7. t ransport salts from the soil to the shoot. 



Uses of oxygen 
In some seeds the testa is not very permeable to oxygen, 
and the early stages of ge•·mination are probably anaero· 
bic (p. 24). The testa when soaked or split open allows 
oxygen to enter. The oxygen is used in aerobic respiration, 
which provides the energy for the many chemical changes 
involved in mobilizing the food reserves and making the 
new cytoplasm and cell walls of the growing seedl ing. 

Importance of temperatu re 
On page 19 it was explained that a rise in temperature 
speeds up most chemical reactions, including those taking 
place in living organisms. Gm·mination, therefore, occurs 
more rapidly at high temperatures, up to about 40°C. 
Above 45 •c, the enzymes in the cells are denatured and 
the seedlings would be killed. Below certain temperatures 
(e.g. 0-4 •C) germination may not start a tall in some seeds. 
However, there is a considerable variation in the range 
of temperatUI·es at which seeds of different species will 
germinate. 

Germination a nd light 
Since a great many cultivated plants are grown from seeds 
which are planted just below soil level, it seems obvious 
that light is not necessary for germination. Similarly, 
experiments in the laboratory, with seeds grown in glass 
dishes, show that light does not prevent germination. 
There are some s pecies, however, in which the seeds n eed 
some exposure to light before they will germinate, e.g. 
foxgloves a nd some varieties of lettuce. In all seedlings, 
once the shoot is a bove ground, light is necessary for 
photosynthesis. 

CHECK LIST 
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QUESTIONS 
12 Describe the natw·al conditions in the soi l that would be most 
favourable fo•· ge•·mination. How could a gardener try to create 
these conditions? {See also PJ>. 256-7.) 
13 Suppose you planted some bean seeds in the garden but no 
plants 11ppearcd after 3 weeks. List all the possible causes forth is 
failure. How could you invest igate some or these possibi lities? 

DORMANCY 

When plants shed their seeds in stunmer and autumn, 
there is usually no shortage of water, oxygen and 
warmth. Yet, in a great many species, the seeds do not 
germinate until the following spring. These seeds.are 
said to be dormant, i.e. there is some internal control 
mechanism which prevents immediate germinat ion 
even though the external conditions are suitable. 

If the seeds did germinate in the autumn, the 
seedlings might be killed by exposure to frost, snow 
and freezing conditions. The advantage of a dormant 
period is that germination is delayed until these 
adverse conditions are past. 

The controlling mechanisms are very varied and 
are sti ll the subject of investigation and discussion. 
The factors known to influence dormancy are plant 
growth substances (p. 109), the testa, low tempera· 
ture a nd light, or a combination of these. 

• A dicot seed consists of an embryo with two cotyledons enclosed in a seed coat (testa). 
• The embryo consists of a small root (radicle) and shoot (plumule). 
• The cotyledons con tain th e food stor e that t he embryo will use when it starts t o grow. 
• The food stored in the cotyledons has to be made solu ble by en?;ymes and transported to the g rowing 

regions . 
• When germination takes place, (a) the radicle of the embryo grows out of the testa and down into the soil 

and (b) the plumule is pulled backwards out of the soil. 
• In many seeds, the cotyledons are a lso brought above the soil. They photosynthesize for a while before 

falling off. 
• Germination is influenced by temperature and t he amount of water and oxygen available. 
• Some seeds have a dormant period after being s hed . During this period they will not germinate. 
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VEGETATIVE PROPAGATION 

Stolons; rhizomes; strawberry runners; bulbs and corms. 
Food storage. Advantages of vegetative reproduction; 
clones. 

In addition to reproducing by seeds, many plants are able 
to produce new individuals asexually, i.e. without 
gametes, pollination and fertilization. This form of asexual 
reproduction is also called vegetative propagation. 

VEGETATIVE PROPAGATION 

When vegetative propagation takes place naturally, it 
usually results from the growth of a bud on a stem wh.ich 
is close to, or under the soi l. Instead of just making a 
branch, the bud produces a complete plant with roots, stem 
and leaves. When the old stem dies, the new plant is 
independent of the parent which produced it. 

Stolons and rhizomes 
The flowering shoots of plants such as the strawberry and 
the creeping buttercup are very short and, for the most 
part, be low ground. The stems of shoots such as these are 
called rootstocks. The roots tocks bear leaves and 

stem contains 
stored food 

Fig. 1 Strawberry runne•· developing from root-stock 
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ARTIFICIAL PROPAGATION 

Cuttings; grafting; preservation of useful 
characteristics. 

flowers. After the main shoot has flowered, the lateral buds 
produce long shoots which grow horizontally over the 
ground (Fig. 1). These shoots are called stolons (or 
'runners'), and have only small scale-leaves at their nodes 
and very long internodes. At each node there is a bud 
which can protluce not only a shoot, but roots as well 
(Fig. 2). Thus a complete plant may deve lop and take t·oot 
at the node, nourished for a time by food sen t from the 
parent plant through the stolon. Eventually, the stolon 
dries up and withers, leaving an independent daughter 
plant g•·owing a short distance away from the parent. In 
this way a strawberry plant can produce many daughter 
plants by vegetative propagation in addition to producing 
seeds (p. 89). 

In many plants, horizontal shoots arise from 
lateral buds near the stem base, and grow under the 
gt·ound. Such underground . horizontal stems are 
called 1·hizomes. At the nodes of the rhizome are 
buds which may develop to produce shoots above the 
ground. The shoots become independent plants when 
the connecting rhizome dies. 

Many grasses propagate by rhizomes; the couch 
grass (Fig. 4) is a good example. Even a small piece of 



scale leaf 

soi\ \evct 

Fig. 2 Wild strawberry runner (Early summer) 

rhizome, provided it has a bud, can produce a new 
plant. 

In the bracken, the entire stem is horizontal and 
below ground (p. 331). The bracken fronds you see in 
summer are produced from lateral buds on a rhizome 
many centimetres below the soil. 

rhizome 

Fig. 3 Couch grass rhizome 

Bulbs and corms 
Bulbs such as those of the daffodil and snowdrop are 
very short shoots. The stern is only a few millimetres 
long and the leaves, which encircle the stem, are 
thick and fleshy with stored food. 

In spring, the stored food is used by a rapidly 
growing terminal bud which produces a flowering 
stalk and a small number of leaves. During the 
growing season, food made in the leaves is sent to the 
leaf bases and stored. The leaf bases swell and form a 
new bulb ready for growth in the following year. 
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paren1 plant 

root stock. 
SIOIOn 

new plant 
growing 
from bud 

Vegetative reproduction occurs when some of the 
food is sent to a lateral bud as well as to the leaf bases. 
The lateral bud grows inside the pa1·ent bulb and, 
next year, will produce an independent plant (Figs 4 
and 6). 

The corms of crocuses and anemones have life 
cycles similar to those of bulbs but it is the stem, 
rather than the leaf bases, which swells with stored 
food. Vegetative reproduction takes place when a 
lateral bud on the short, fat stern grows into an 
independent plant. 

flower bud 

last year's 
leaf bose 

lateral bud 

(o) M beginning 
of season 

remains of - -----­
leaves 

swollen leaf -----,~ 
base 

lateral bud 
will produce ---11,1-11 
new plant 

(b) At e nd o f 
season 

Fig. 4 Daffodil bulb; vegetative reproduction 
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Food storage 
In many cases the organs associated with asexual repro­
duction also serve as food stores. 

Food in the storage organs enables very rapid growth in 
the spring. A great many of the spring and early summer 
plants h ave bulbs, corms, rhizomes or tubers: e.g. daffodil, 
snowdrop and bluebell, crocus and cuckoo pint, iris and 
lily-of-the-valley and lesser celandine. 

rhizome 

Potatoes are stem tubers. Latera l buds at the base of 
the potato shoot pmduce underground shoots (rhizomes). 
These rhizomes swell up with stm·ed starch and form 
tubers (Fig. 5a). Because the tubers are stems, they carry 
buds. If the tubers are left in the ground or transplanted, 
the buds will produce shoots, using food stored in the 
tuber (Fig. 51>). Tn th is way, the potato plant can pmpagate 
vegetatively. 

tuber forming 

The food reserve in plant storage organs is often starch 
but in some cases it is glucose (as in the onion) or sucrose 
(as in sugar-beet). now tuber 

Early growth enables the plant to flower and produce 
seeds before competition with other plants (for water, 
mineral salts and light) reaches its maximum. This must be 
particularly impor tant in woods where, in summer, the leaf 
canopy prevents much light from reaching the ground and lateral bud 

the tree roots tend to drain the soil of moisture over a wide 
area. 

Tn agricu lture, humans have exploited many of these 
types of plant and bred them for bigget· and more nutritious 
storage organs for his own consumption, e.g. onion, leek, 
potato, beetroot. 

Advantages of vegetative 
propagation 
The outcome of sexual reproduction in plants is the 
formation and dispersal of seeds. When seeds a re d ispersed 
from a parent plant, many of them will fall in a reas quite 
unsuitable for germination and growth. The soi I may be 
hard and dry or there may be inadequate light. 

A plant which reproduces vegetatively must, itself, 
a lready be in a situation favomable fot· growth. The 
s ituation must, therefore, be equally suitable for its 
offspring. Thus some of the hazards of seed dispersal and 
germination are avoided. 

However, plants which reproduce vegetatively also 
reproduce sexually and bear fruits and seeds. 

Dispersal methods such as those described on page 89 
spread seeds over a wide area and some of the seeds may 
eventually colonize new regions, away from competition 
with the parent plant. Vegetative reproduction produces 
daughter plants very close to the parent (Fig. 6), so the 
spread to new t·egions is very slow and there is probably 
some competition between individuals. Nevertheless, the 
dense colony of vegetatively produced plants usua lly 
excludes competitors of other species. 

Fig. 5(a) Stem t ubers growing on potato plant 

(£_ hoot 

Fig. 5(b) Potato tuber sprouting 

Fig. 6 Daffodils growing in clumps. Each clum1> is 
probably derived rrom one or two parent bulbs. 

old ruber 
shrivelling 



Clones Daughter plants, produced vegetatively, are all 
genetically identical with each other and their parent, i.e. 
they form clones (see p. 350). There will be no variation 
between individuals. [n agriculture and horticulture, this 
has the advantage thnt all the good characteristics of 
a crop plant, such as potato, can be preserved from 
generation to generation. From the point of view of 
evolution (p. 237), however, the absence of different 
varieties may be a disadvantage if there is a change in 
climate or other environmental condition. For example, 
among the varieties produced by sexual reproduction, 
there may be one which is particularly resistant to 
drought. If the environment becomes very dry for a long 
period, some of these individuals will survive and 
reproduce. Vegetatively produced individuals, having 
produced no varieties of any kind, might not survive a 
prolonged drought. · 

However, although these distinctions are important 
from an agricultural viewpoint, they are of less signifi­
cance in wild plants, many of which employ both methods 
of reproduction. 

QUESTIONS 
1 Plants can often be propngotcd from stems but rarely from 
•·oots. What features of shoots account for this difference? 
2 The plants which survive a heath tire Ol'e often thoso which 
have a rhi1.omc (e.g. bracken). Suggest a reason why this is so. 
3 Suggest why pulling up couch grass is unlikely to be effective 
in eliminating this weed from the garden. 

ARTIFICIAL PROPAGATION 

Agriculture and horticulture exploit vegetative reproduc· 
tion in order to produce fresh stocks ofplants.'l'his can be 
done naturally, e.g. by planting potatoea, dividing up root­
stocks or pegging down stolons at their nodes to make 
them take root. '!'here are also methods which would not 
occur naturally in the plant's life cycle. 'l'wo important 
methods of artificial propagation are by taking cuttings 
and by grafting. 

Cuttings 
It is possible to produce new individuals from certain 
plants by putting the cut end of a shoot into wate.· or moist 
earth. Roots (Fig. 7) grow fTom the base of the stem into the 
soi l whi le tho s hoot continues to grow and produce leaves. 

In practice. the cut end of the atom may be treated with 
a rooting 'hormone' (see p. 110) to promote root growth, 
and evaporation from the shoot is r·cduced by covering it 
with polythene or a glass jar. Carnations, geraniums and 
chrysanthemums are commonly propagated from cuttings. 
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(a) Roots developing from Busy 
Lizzie stem. 

Fig. 7 Rooted cuttings 

Grafting 

(b)lloots growing from Colcuo 
culting. 

A bud or shoot from one plant is inserted under the 
bark on the stem of another, closely related, variety. 
The rooted portion is called the stock; the bud or 
shoot being grafted is the scion (Figs 8 and 9). 

The stock is obtained by growing a plant f.rom seed 
and then cutting away the shoot. '!'he scion is a 
branch or a bud cut from a cultivated variety with the 

· required characteristics of Bower colour, fruit 
quality, etc. 

Rose plants grown from seed would produce a wide 
variety of plants, only a few of which would retain all 
the desirable features of the parent plant. Most of 
them would be like wild roses. Similarly, most of the 
apple trees grown from seed would bear only small, 
sour 'crab-apples'. By taking cuttings and making 
grafts, the inbred characteristics of the plant are 
preserved and you can guarantee that all the new 
individuals produced by this kind of artificial 
propagation will be the same. 

QUESTIONS 
4 Draw up a table like the one portially shown here. 

Vegetative Sexual reproduction 
propago tio11 (seeds) 

(o) Variations 
in offspring 

Make notes in columns 2and3 to compare the features mentioned 
in column 1 for the two methods of reproduction. Do the same for 
the following three features (b) colonizing new areas, (c) food 
supplies to offspring, (d) chance of reaching suitable habitat. 
5 After making a graft, why is it desirable to remove ony 
branches which grow from the stock? 
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A '1" slit is 
made in the 
bark of tho 
stock and the 
bud with its 
own piece of 
bark is slipped 
inside. 

BUD GRAFT 

Fig. 8 Two types of grafting 

CHECK LIST 

In both cases the g roft 
is held in place with 
tape or twine and 
the wound covered 
with grease to 
exclude fungi and 
reduce C\'RpQn\Lioo. 

Fig. 9 Two cleft grafts on a pear tree stump 

EXPERIMENTS ON PROPAGATION FROM CUTIINGS 

1. Effect of rooting hormone 

An experiment on the effect of rooting hormone is 
described on p. 110 (Experiment 5). 

2. Formation of adventitious roots 

If small branches cut from a Busy Lizzie plant or a Coleus 
are placed in a jar of water, they will develop roots in a 
week or two. Roots which grow directly from a stem are 
called adventitious roots. 

• Asexual reproduction occurs without gametes or fertilization. 
• Plants reproduce a sexually when some of t h eir buds grow into new plants . 
• Asexual reproduction in plants is called vegetative pr opagation. 
• The stolon of the strawberry plant is a horizontal stem which grows above the ground, takes root at the 

nodes and produces new plants. 
• The couch grass rhizome is a horizontal stem which g rows below the ground and sends up shoots from its 

nodes. 
• Bulbs are condensed shoots with circular fleshy leaves. Bulb-forming plants reproduce asexually f1·om 

lateral buds . 
• Rhizomes, corms, bulbs and tap-roots may stot·e food which is used to accelerate ear ly growth. 
• Vegetative propagation produces (genetically) ident ical individuals. 
• A clone is a population of organisms produced asexually from a single parent. 
• Artificial propagation from cuttings or grafts preserves the desirable characteristics of a crop plant . 



11 Plant Sensitivity 

RESPONSES TO STIMULI 

Tropic and nastic responses. 

PHOTOPERIODISM 

TROPISMS 
Geotropism and phototropism. 'l'ropism experiments. 
Advantages of tropic responses. The mechanism of 
tropisms; the auxin theory. 

One of the featur·es of living organisms which distingujshes 
them from non· I iving things is their sensit iv ity (sometimes 
called 'irritabil ity'), i.e. they respond to stimuli (singular= 
stimulus). A stimulus may be a touch, a change in light 
intensity or temperature, a sound or vib.-ation, or various 
combinationsofthese. If you push a stone, it wi II move, but if 
you touch it lightly, nothing will happen. If you touch an 
earthworm, however, it willquicklyretr·eatinto its burrow; if 
you try to swat a fly, it will takeoff when the shadow of your 
hand falls on it. The fly and the earthworm have responded to 
stimuli and this demonstrates their sensitivity. 

Plants are li ving organisms and they, too, respond to 
stimuli, though not so obviously or so rapidly as animals 
do. Tn plants, the response is made by certain organs, e.g. 
Rowers, leaves, roots, stems or tendrils, whereas an animal 
usually responds as a whole. Important stimuli for plants 
are light, day length, gravity, temperature and touch. They 
respond by changing their direction of b'Towth and by 
opening or c losing their Rowers and leaves. 

Plant responses which are related to the d irection of the 
stimulus are called t ropic responses or tropisms; 
responses which are not directional are nastic l·esponses; 
responses made to changes in day length are called 
photoperiodism . 

Examples of nastic responses are the 'sleep 
movements' made by some plants at night or when 
light intensity falls, e.g. 
1. the closing up of the petals of crocuses and tulips 
2. the closing of the outer florets of daisies (Fig. 1) 
3. the folding of the leafiets of wood sorrel. 

In some cases, the movement is brought about by 
changes in growth rate. In other cases it is changes in 
the till'gor (p. 38) of groups of cells which bring about 
the movement. 

It is not entirely clear what the advantages of'sleep 
movements' are. 
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CHEMICAL CO·ORDINA TION IN PLANTS 
Plant 'growth' substances; 'hormones' . 

PRACTICAL WORK 

Regions of response to one-sided stimuli . Response of 
wheat coleopti les to one-sided ligh t. Use of hormone 
rooting powder. 

(a) Dayt.ime ; 
inflorescences open 

(b) Evening; inflorescences 
closed 

Fig. 1 'Sleep movements' of daisies· 

PHOTOPERIODISM 

There are many species of plant which will not 
produce Bowers un less the day length is above or 
below a ce.rtain minimum. If spinach plants are kept 
in an artificial situation with 12 hours of darkness 
and 12 hours of light, they wi.ll grow well but will not 
produce Rowers. Only if the period of light is 
increased to abou t 14 hours will they flower. Spinach 
is an example of a 'long-day' plant; it 'bolts' (i.e. 
flowering shoots suddenly grow tall and produce 
flowers) in the late spring when daylight extends 
from, say, 5 a.m. to 8 p.m. 
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Chrysanthemums, on the other hand, are 'short­
day' plants and will not flower unless they receive 
more than 9 hours of continuous darkness. Horti­
culturists prevent their chrysanthemums from 
flowering by simply switching on an electric light for 
a few minutes in the night. As Christmas approaches, 
the plants are allowed 10 or more hours of unbroken 
darkness and they flower. ·Thus, blossoms are 
available when both the demand and the prices are 
high. 

The response to day or night length is assumed to 
be an adaptation to the latitu.de and climatic con­
ditions of the plant's habitat. Plants which will not 
flower until the day length exceeds 14 homs are 
usually summer-flowering species growing in north­
ern latitudes. For example, delay of flowering till late 
in the year may give a plant a longer period of growth 
before producing seeds. Late flowering might also 
coincide with the maximum abundance of pollinating 
insects. 

Note that long-day and short-day plants are only 
the extremes of a wide variety of plant responses to 
variations of day length. 

QUESTIONS 
I Insectivorous plants often make movements which trap 
insects. What might be the stimuli which set off these 
movements? 
2 Why du you think t.lull l::ihorl-du.y 1JlUnL$ might. nut. flou1·i::sh in 
the Arctic? 

TROPISMS 

'Tropisms are growth movements related to directional 
stimuli, e.g. a shoot will grow towards a source of light but 
away from the direction of gravity. Growth movements of 
this kind are usually in response to the direction of light, 
or gravity. Responses to light are called phototropism s; 
responses to gravity are geot ropisms. 

If the plant organ responds by growing towards the 
stimulus, the response is said to be 'positive'. If the 
response is growth away from the stimulus, it is said to be 
'negative'. 

For example, if a plant is placed horizontally, its stem 
will change its direction and grow upwards, away from 
gravity (Fig. 2). The shoot is negative ly geotro pic. The 
roots, however, will change their direction of growth 
to grow vertically downwards towaTds the pull of 
gravity (Experiment 1). Roots, therefore, are positively 
geotropic. 

Phototropism and geotropism are best illustrated by 
some simple controlled experiments. 

F ig. 2 Negative geotropism. The tomato planl has 
been left on its side for 24 hours. 

EXPERIMENTS ON TROPISMS 

1. Geotr opism in pea r adicles 
Soak about 20 peas in water for a day and then let them 
germinate in a roll of moist blotting-paper (Fig. 23, p. 68). 
After 3 days, choose 12 seedlings with straight radicles and 
pin six of these to the turntable of a clinostat so that the 
radicles are horizontal . Pin another six seedlings to a cork 
that will fit in a wide-mouthed jar (Fig. 3). Leave the jar on 
its side. A clinostat is a clockwork or electric turntable 
which rotates the seedlings slowly about four times an 
hom-. Although gravity is pulling sideways on their roots, 
it will pull equally on all s ides as they rotate. 

Place the jar and the clinostat in the same conditions of 
l ighting or leave them in darkness for 2 days . 

(\~1 
1\ l~l)l 
, UP..~-11 

clinosta1 

~~-~~:::=:3 
control 

Fig. 3 Geotr opism in r oots 

Resul t The radicles in the clinostat will continue to 
grow hoi·izontally but those in the jar will have changed 
their direction of growth, to grow vertically downwards. 

In terpr etation The stationary radicles have responded 
to the stimulus of one-sided gravity by growing towards it. 
The radicles are positively geotropic. 

The radicles in the clinostat are the contt·ols. Rotation 
of the clinostat has allowed gravity to act on all sides 
equally and there is no one-sided stimulus, even though the 
raclicles wet·e horizontal. 



2. Phototropism in shoots 

Select two potted seedlings, e.g. sunflower or French bean, 
of simi Jar size a11d water them both. Place one of them 
under a cardboard box with a window cut in one side so 
that light reaches the shoot from one direction only 
(Fig. 4). Place the other plant in an identica l situation but 
on a clinostat. This will rotate the plant about 4 times per 
hour and expose each side of the shoot equally to the 
somce of light. This is the control. 

control 

Fig. 4 Phototropism in a shoot 

Result After 1 or 2 days, the two plants are removed from 
the boxes nod compared. It will be found thatthe stem of the 
plant with one-sided illumination has changed its direction 
of growth and is gmwing towards the light (Fig. 5). The 
control shoot has continued to grow vertica 1\y. 

Fig. 5 Positive phototropism. The sunflower seedlings 
ha~e received one-sided lighting for a day. (See Fig. 6 for 
a theoretical explanation.) 
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Interpretation The results suggest that the young 
shoot has responded to one-sided lighting by growing 
towards the light. The shoot is said to be positively 
pi10totropic because it grows towards the direction of the 
stimulus. 

However, the •·esul ts of an experiment with a single 
plant cannot be used to draw conclusions which apply 
to green plants as a whole. The experiment desct·ibed here 
is more of an illus tration than a critical investigation. To 
investigate phototropisms thoroughly, a large number of 
plants from a wide variety of species would have to be used. 

Advantages of tropic responses 
Positive photot.-opism of shoots By growing towards 
the source of light, a shoot brings its leaves into the best 
situation for photosynthesis. Similarly, the flowers are 
brought into an exposed position where they are most 
likely to be seen and pollinated by flying insects. 

Negative geotropism in shoots Shoots which are 
negatively geotropic grow vertically. This lifts the leaves 
and flowers above the ground and helps the plant to 
compete for light and carbon dioxide. The Bowers are 
brought into an advantageous position for insect ot· wind 
pollination. Seed dispersa l may be more effective from 
fruits on a long, vertical stem. However, these advantages 
are a product of a tall shoot rather than negative 
geotropism. There are a great many very successful plants 
with short, vertical root-stocks, e.g. dandelion. 

Stems which form rhizomes (p. 100) are not negative ly 
geotropic; they grow horizontally below the ground, 
though the s hoots which grow up from them are negatively 
geotropic. 

Branches from upright stems are not negatively 
geotropic; they grow at 90 degrees or, usually, at a more 
acute angle to the directional pull of gravity. The lower 
branches of a potato plant must be partially positively 
geotropic when they grow down into the soi I and produce 
potato tubers (p. 102). 

Positive geotropism in roots By growing towards 
gravity, roots penetrate the soil which is their means of 
anchorage and their source of water and mineral sa lts. 
Lateral roots are not positively geotropic; they grow at 
right angles or s lightly downwm·ds from the main root. 
'!'his diageotropism of latera l roots enables a large 
volume of soil to be exploited and helps to anchor the 
plants secmely. 

QUESTIONS 
3 (a) To what directional stimuli clo (i) roots, (ii) shoots respond? 

(b) Name the plant organs which are (i) positively phototropic. 
(ii) positively geotro1>ic. (iii) negatively geotropic. 
4 Why is it incorrect to say (a) "Plants grow towards the light'. 
(b) 'If a root is placed horizontally, it will bend towards gravity"? 
5 Ex1>lain why a clinostat is used for the controls in tropism 
experiments. 
6 l.ook at Fig. 2. What will the shoollook like in 24 hours aftet· 
the pot has been stood upt·ight again? (Just draw the outline of 
the stem.) 
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7 (a) Why does a seed still germina te successfully even if you 
plant it 'upside-down'? 

(b) Refer to Fig. 8 on page 95 and make a simple drawing to 
correspond to Fig. Sc, assuming that the wheat grain had been 
planted 'upside-down'. 
8 What do you think might happen if a pott.ed plant were placed 
on its side and the shoot illuminated from below (i.e. light ru1d 
gravity are acting from the same diloection)? 

The mecha nism of tropisms 
There are a number of classical experiments, star t ing with 
Darwin in 1880, which have shaped the theory of plant 
responses to one-sided stilnuli. Pla nt physiologists ex­
perimented with the rapidly growing coleoptiles (p. 95) of 
oat seedlings. From their results and from more m9dero 
studies a general model of tropic movements has grown up. 
This model is far frorn satisfactory but does se1·ve as a 
working hypothesis for the t ime being. 

Plants have been shown to produce growth-regulating 
substances in their tissues. One group of these, including 
indole-acetic acid (IAA), are called a uxins. They at·e 
thought to be produced at the tips of shoots and roots. 
When they pass back from the shoot tip, the auxins cause 
more rapid extension of cells in the region of the shoot 
behind the tip. 

Phototropism If the shoot is illumina ted u·om above, 
auxin passes from its tip to the region bf cell extens ion, 
which grows uniformly and vertically. One-sided illumina­
tion affects the distribu tion of auxin. How the I ight a ffects 
the distribution of auxin is not clear, but the outcome is 
that less auxin reaches the illuminated s ide and more 
reaches the shaded side. The resu.lt is that cells on the 
shaded side extend more rapidly than those on the 
illuminated side, causing the shoot to grow in a cw-ve 
towat·ds the light source (Fig. 6). 

2 . .•• which passes 
down the hypocotyl .. . 

3 . . . . and causes 
il to oxtand 

cotyledon 

The evidence in supportofthis explanation of photo­
tropism is not entirely satisfactory. Experiments have 
shown that there certainly is a higher concentration of 
auxin on the dark side than on the iJ lumina ted side of a 
shoot, but its concentration and rate of accumulation 
do not seem high enough to account for the observed 
degree and rate of growth curvature. 

In addition, the evidence from oat coleoptiles does 
not apply very well to dicotyledonous shoots. The 
coleopti leis a hollow structure, which grows at its base 
and not at its t ip. It is very shot·t-lived and serves only as 
a tube conducting the frrst leaf through the soil. This 
makes it a poor model for a dicot shoot which is solid, 
grows at the tip and produces structures which last 
throughout the life of the plant. 

Geotropism of shoots Tf a pla nt is placed with its shoot 
horizontal, more au.,'in reaches the lower s ide of the shoot. 
(Again the reason for this is not clear.) The lower side of 
the shoot, therefore, elongates more rapidly than the upper 
side and the shoot curves upwards as it grows. 

Geotropism in roots The root tip (in some cases the root 
cap) produces auxin. In a horizontal root, more auxin 
reaches the lower side. One theory associates this with the 
movement of s ta t·ch grains to the lower side of the root 
cells, though how th is a fl'ects the distri but ion of auxin is 
not known. The root is thought to be more sensit ive to 
auxin tha n the shoot a nd cell extension is inhibited rather 
than enhanced by auxin. (There is supporting evidence for 
this.) Consequently, the lower side of the root g1·ows more 
slowly than the upper s ide and makes the root ctu·ve 
downwa rds as it grows (Fig. 7). 

There is evidence to suggest that auxin from the 
shoot may be trans located to the root and interact 
\vith other growth substances produced by the root 
tip. Tbe simple models presented here are going to 
need considerable modification. 

auxin 

1. One -sided 
lighting 

-1------- - hypocotyl- -----1-

{a) SunAower seedling; light from above 

Fig. 6 One way the auxin theory could explain phototropism 

2. Lig ht causes 
redistribution of auxin 

(b) ResJ>Onse to one-sided lighting 
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- ---1--- 3 .. .. and slows 
cell extension v /.......--....____ 

//--

\ I 

\ / 
( I :t1 ~~- .and stops i.t extending /0 as much as top s1de 

" 2 .. • . which passes 
back . . . 

~ ,, 1. More growth substance 

(a) Normnl growth; root. vertieul 

Fig. 7 Possible explanation of positive geotropism in •·oots 

QUESTIONS 
9 Look at Fig. 2. Which side ofthestem has (a) probably received 
more auxin, (b) grown faster? 
10 Root tips and shoot tips are both presumed to produce auxin, 
yet a horizontal shoot grows upwards whi le a hori1.ontal root 
grows downwards. Suggest an explanation for this difference in 
response to the same stimulus. 
11 If cutting off the tip of a root removes the region of cell 
division, (a) why does this operation not immediately stop ~n·owth 
and (b) would you expect the root to respond to unidirectiona l 
gravity? 

CHEMICAL CO -ORDINATION IN 
PLANTS 

Although plants do not have nervous systems, they still 
need to co·ordinate their activ ities. For example, the 
stomata need to be open in thedayl ightand closed at night; 
food rese•·ves in seeds need to be digested and transpOt·ted 
to the rapidly growing roots and shoots at the right time. 

Some of these activities are CO·Ordinated by chemicals 
such as the auxins which are thought to play a part in 
tropisms. In some cases, these chemicals ru·e made in 011e 
part of the plant (e.g. the root cap), but produce their effect 
in anotl)er part (e.g. the growing region of the root). Only 
tiny quantities of the chemicals are needed to produce an 
effect. In these two respects, the plant chemicals are 
similar to the hormones {p. 212) of animals and they are 
sometimes carted 'plant hormones'. However, they are not 
chemically related to animal hormones and they are not 
always produced at a distance from their point of action so 
the term 'hormone' is not really appropriate. They are 
usually called plant gr owth substances, though they 
influence many factors other than growth. 

'\'he auxins, for example, affect not only growth but a lso 
fruit formation, bud burst, leaf fal l and root formation. 

reaches lower side .. 

pull of gravity 

(b) Response lo one·sided gravity 

NOTE. The 'growth' 
substance inhibits 
growth 

Other growth substances regulate cell division and 
differentiation, root and shoot growth , flower formation, 
seed dormancy and the formation of winter buds. An auxin 
produced by the fertilized ovules in a flower plays a part in 
causing the fruit to develop. 

Use of pla n t g r owth substances Chemicals can be 
manufactured which closely resemble natural growth 
substances and may be employed to control var ious 
aspects of growth and development of crop plants. 

An artificial auxin sprayed on to tomato flowers will 
induce all of them to produce fruit, whether or not they 
have been pollinated. Another growth substance, sprayed 
on to fruit trees, prevents early fruit fa ll and enables all the 
fruit to be harvested at the same time. 

The weed·killer, 2,4·D, is very similar to one of the 
auxins. When sprayed on a lawn, it affects the broad· 
leaved weeds (e.g. daisies and dandelions) but not the 
grasses. (It is called a 'selective weed-killer '.) Among other 
effects, it distorts the weeds' growth and speeds up their 
rate of respiration to the extent that they exhaust their 
food •·eserves and die. 

PRACTICAL WORK 

FURTHER EXPERIMENTS ON TROPIC RESPONSES 

3. Region of response 
Grow pea seedlings as described on page 68 and select 
six wi th straight radicles about 25 mm long. Mark a ll 
the radicles with lines about 1 mm apar t as described 
on page 68. Use four strips of moist cotton wool to 
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wedge three seedlings in each. of two Petri dishes. 
Leave the dishes on their sides for two days, one (A) 
with the radicles horizontal and the other (B) with 
the radicles vertical. 

Result The ink marks will be more widely spaced 
in the region of greatest extension (Fig. 8). By 
comparing the seedlings in the two dishes, it can be 
seen that the region of curvature in the B seedl ings 
conesponds to the region of extension in the A 
seedlings. 

(b) 

Fig. 8 The region of response to one-sided gravity 

Interpretation The response to the stimulus of 
one-sided gravity takes place in the 1·egion of 
extension. It may be that this is also the region which 
detects the stimulus. 

4. Response of coleoptiles to one-sided 
illumination 

Soak about 20 wheat seeds in water for 24 hours and then 
place them on moist cotton wool in a Petri dish. Allow the 
wheat to germinate in darkness for about6 days, checking 
each day that the cotton wool is moist and the coleoptiles 
do not exceed about 30 mm. 

When most of the coleoptiles are between 20 and 30 mm, 
cut 5 mm from the tip of three or fou r· seedl ings . Put caps of 
aluminium foil on the tips of another three or four and 
leave the rest in tact. (The foil caps can be made by ro lling 
small pieces of aluminium foil round the tip of a cocktail 
stick. The caps should not be longer than 5 mm, Fig. 9.) 

Place the Petri dish in a light-proof box, with a s lot cut 
in one side at the level of the coleoptiles, or illtun inate the 
seedlings with a bench lamp 15-30 em away and screen 

Fig. 9 Phototropism in coleoptiles. Cover some of the 
coleoptile tips with foil caps. 

them from other light sources. Examine the seedlings after 
3, 5 and 24 hours. 

Result After 3 hours, the intact coleoptiles should show 
a distinct growth curvature towards the light source. '!'he 
foi l-covered and decapitated coleoptiles should still be 
growing more or less vertically and straight. 

After 24 hours, the intactcoleopti les will exhibit a ' lean' 
towards the light source rather than a curvature and the 
other coleoptiles may show signs of directional growth. 
particularly if the first leaf has emerged and pushed off' the 
foil cap. 

Interpretation The intact coleoptiles have exhibited 
positive phototropism and the curvature appears 10 mm or 
more below the tip. Covering or removing the ti p has 
impair·ed the phototropic response. 

Since the response occur·s below the tip, this .r·esult 
supports the hypothesis that the stimulus of one-sided 
lighting is perceived by the tip, but the response occurs 
at a distance from the tip. (More sophisticated experiments 
suggest that other parts of the coleoptile can detect the 
stimulus of' one-sided light.) 

Note These experiments and others are fully described 
in Experimental Work in Biology, Combined Edition. (See 
p. 364.} 

5. Use of horm one rooting powder 
Cut ten shoots, about 15 em long, from the new 
growth of an un trimmed Lonicera hedge in 
June-August. (L011icera nitida is bush honeysuckle; 
cuttings from flowering currant and laurel also work 
well but take longer than two weeks.) Remove the 
leaves ft·om the lower 5 em of the stems and, with five 
of the cuttings, dip the exposed stem first into water 
and then into hormone rooting powder. Tap off the 
excess powder and push the stems into a compost of 
sand and peat in a flower-pot labelled 'A'. Dip the 
other five stems into water only and push them into 
compost in a flower-pot labelled 'B'. Wash your hands 
to remove any traces of the powder. 

Leave both pots in the same conditions of light and 
temperature and keep the compost moist for 2 weeks. 
After this time, remove the cuttings and wash the 
compost off the stem bases. 

Result Most of the cuttings will have developed 
roots from the part of the stem in the compost, but the 
cuttings treated ,yjth hormone rooting powder will 
have many more roots. Some of the untreated 
cuttings may have failed to develop any roots at aU. 

l ntet·p retation The hormone rooting powder con­
tains a chemical similar to the auxin IAA (probably 
naphthyl acetic acid NAA). This chemical has 
promoted the formation of roots in the stem cuttings. 

Note The rooting powder may also contain a 
fungicide, which makes interpretation of the results 
less cer tain. 
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CHECK LIST 
• The roots or shoots of plants may respond to the stimuli of light or gravity. 
• A response related to the direction of the stimulus is a tropism. 
& Nastic responses are non-directional responses, e.g. the opening and closing of flower petals. 
e The time of flowering of many plants is controlled by day length. 
• Phototropism is a growth response to the direction of light. 
• Geotropism is a growth response to the direction of gravity. 
• Growth towards the direction of the stimulus is called 'positive'; growth away from the stimulus is called 

'negative'. 
• Tropic responses bring shoots and roots into the most favourable positions for their life-supporting 

functions. 
• Auxin is a growth-promoting substance produced in plants. 
• Tropic responses may be explained, in some cases, by the uneven distribution of auxin on opposite sides of 

a stem or root. 
• Plants have a number of different 'growth' substances which help to co-ordinate their activities. 
• These activities include growth, fruit formation, leaf fall, dormancy and bud burst. 

Examination Questions 
Section 2: Flowering Plants 

Do not write on these pages. Where necessary copy draw­
ings, tables or sentences. 

1 In a typical leaf, photosynthesis takes place chiefly in the 
A epidermal cells D spongy mesophy ll 
B cuticle E guard cells 
C palisade cells (Cl) 

2 Chloroplasts may be found in each of the following parts of a 
flowering plant except the 

A palisade layer 
B spongy mesophy ll 

Cphloem 
D cortex 

E guard cells 
(Cl) 

3 Water is transported up a plant stem through the 
A xylem D phloem 
B bark E cambium 
C cuticle (Cl) 

4 Translocation of the products of photosynthesis takes place 
by the 

A movement of sugars through phloem 
B osmosis of sugars through the xylem 
C diffusion of starch through the intercellular spaces 
D diffusion of starch through the phloem 
E movement of starch through the xylem (Cl) 

5 Which one of the following sets of external conditions would 
result in least loss of water by transpiration from a leafy shoot? 

A warm, dry, still C cold, .dry, still 
B cold, moist, still D cold, moist, windy (N) 

6 Pollen is produced in the 
A receptacle 
B filament 
C stigma 

D anther 
E style 

(Cl) 

7 Which one of the following features is most likely to be found 
in a wind-pollinated flower? 

A brightly coloured petals 
B production of nectar 
C large, branched or feathery stigmas 
D production of a scent (N) 

8 In the germination of a seed the structure which usually 
emerges first is a 

A plumule D radicle 
B coleoptile E dominant bud 
C rhizoid (Cl) 

9 The growth movement of a plant in response to an external 
stimulus is called a 

A tactic movement 
B reflex action 
C tropism 

D nastic movement 
E voluntary action 

(Cl) 

10 The following observations were made in experiments on the 
growth of potato tubers sprouting in the dark. 

(i) There was a decrease in dry mass of the sprouting potatoes. 
(ii) There was an increase in the sugar level in the potatoes. 

The increase in sugar level is probably the result of 
A photosynthesis C breakdown of cellulose 
B breakdown of starch D translocation (N) 
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palisade 
mesophyll 

air spaces 

Fig.1 

11 The above diagram shows part of a vertical section through 
part of a green leaf. 

(a) (i) Give the main advantage to the plant of having large air 
spaces as shown in the diagram. 

(ii) Suggest one benefit to the plant of having the palisade 
mesophy 11 elongated as shown in the diagram. 

(b) Increasing both the carbon dioxide content of air and the 
temperature will give an increased yield of crops grown in a 
greenhouse. 

(i) Explain how a grower could increase the carbon dioxide 
content of the air with the same equipment used for heating the 
greenhouse. 

(ii) How would a grower decide on how much heat to provide in 
the greenhouse? (N) 

12 (a) Make two labelled diagrams of transverse sections to show 
the typical structure of a herbaceous stem and root. 

(b) Explain how the living tissues help to support the stem. 
(c) Describe under suitable headings a simple experiment to 

demonstrate osmosis in a living system. (W) 

13 The root hairs of flowering plants contain vacuoles filled with 
cell sap, separated by semi-permeable membranes from the soil 
water. 

(a) Describe how this arrangement enables water to enter plant 
roots. 

(b) Explain why a cress seedling will wilt if it is losing more 
water than it is gaining. 

(c) State three ways in which the water absorbed by plant roots 
is used by the plant. (C/EA) 

14 (a) Name a plant whose fruits or seeds are dispersed by wind. 
(b) By means of a suitably labelled diagram show how the fruit 

or seed of this species is adapted for dispersal from the parent 
plant. (C/EA) 

15 An experiment was set up to find which conditions are needed 
for germination. Five equal samples of dry cress seeds were 
placed in five screw-top jars similar to the one shown in the 
diagram, and left for four days. 

Fig. 2 

r screw-on lid 

glass jar 

Or.9:C~tP.J~~?R.~w;:iJ:S~==- seeds 
~.~··.:.:-::.:··::-:.::·;:.:::·.·:·.:.::-:-:::.-:-.· .... :.:.:: :-:-:·.·1 damp cotton wool 

The seeds were treated as follows: 

Jar Treatment Results 

1 On a sunny window sill Seeds germinated 

2 In a refrigerator No germination 

3 In a dark cupboard Seeds germinated 

4 Without water on a No germination 
sunny window sill 

5 Without air on a sunny No germination 
window sill 

(a) State which of the above was the control. 
(b) Explain the purpose of the (i) cotton wool, (ii) lid. 
(c) State how you would set up jar number 5 with no air. 
(d) State which two jars should be compared to decide if 

(i) water (ii) air are needed for germination. 
(e) One pupil suggested that it was lack of light which had 

prevented seeds in jar 2 from germinating. Explain why the 
results show that this is not true. (W) 

16 Fig. 3 shows an apparatus often used as a control in 
experiments examining growth responses in plants. 

cork pad rotating 
electric motor once every 15 min 

electric 
flex 

Fig. 3 

(a) Name the apparatus. 

plastic cover 

radicle 

fixing pin 

seed 

(b) (i) What stimulus is under investigation with the apparatus 
as shown? 

(ii) Make a drawing of the seedling to show its appearance after 
2-3 days rotation at the speed shown in Fig. 3 (do not include the 
apparatus but state the magnification of your drawing compared 
to the seedling in Fig. 3). 

(c) The electric motor was switched off and the seedling left for 
a further 2-3 days. Make a second drawing of the seedling to show 
its appearance after this time. 

(d) State one reason for any difference that there may be in 
your drawings. (C/EA) 

17 (a) Describe, with the aid of a diagram, how astra wherry plant 
reproduces vegetatively. 

(b) Strawberry plants can also reproduce sexually by forming 
seeds. 

(i) Name two processes that must take place before seeds are 
produced. 

(ii) Explain how the seeds of a strawberry plant may be 
disP,ersed. 

(iii) State one advantage of the dispersal of seeds. 
(c) Describe briefly the steps taken to reproduce a plant by 

taking cuttings. (C/EA) 
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CLASSES OF FOOD 
Carbohydrates, proteins and fats. 

DIET 

Mineral salts, vitamins, fibre and water. 

BALANCED DIETS 

Energy needs and proteins. Special needs. 
Western diets. 

THE NEED FOR FOOD 

All living organisms need food. An important difference 
between plants and animals is that the green plants can 
make food in their leaves but animals have to take it in 
'ready-made' by eating plants or tho bodies of other 
animals. In all plants and animals, food is used as follows: 

For growth rt provides the substances needed for 
making new cells and tissues. 

As a source of energy for the chemical reactions which 
take place in living organisms to keep them alive. When 
food is broken down during respiration (sec p. 24), the 
energy from the food is used for chemical reactions such as 
~uilding complex molecules (p. 14). In animals the energy 
1s also .used for activities such as movement, heart beat and 
nerve 1m pulses. 

For replacement of worn a nd damaged tissues The 
substances provided by food are needed to replace-for 
example-the millions of our red blood cells that break 
down each day, and to replace tho skin which is worn 
away, and to repair wounds. 

CLASSES OF FOOD 

There are three classes of food: carbohydrates, proteins 
and fats. The chemical structure of these substances is 
described on pages 14- 17. 
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PRESERVING AND PROCESSING 
Additives. 

WORLD FOOD 

PRACTICAL WORK 

Food tests. Energy from food. 

Carbohydrates 
Sugar and starch are important ca1·bohydrates in our 
diet. Starch is abundant in potatoes, bread, maize, rice nnd 
other cereals. Sugar appears in our diet mainly as suct·ose 
(table sugar) which is added to drinks and many prepared 
foods such as jam, biscuits and cakes. Glucose and fructose 
are sugars which occur naturally in many fruits and some 
vegetables. 

Although all foods provide us with energy, carbo· 
hydrates arc the cheapest and most readily available 
source of energy. They contain the elements carbon, 
hydrogen and oxygen (e.g. glucose is C8 H 120 0 ). When 
c_arbohydrates are oxidized to provide energy by respira· 
tion they are broken down to carbon dioxide and water 
(see p. 24). One gram of carbohydrate can provide on 
average, 16 kilojoules (kJ) of energy. ' 

If we eat more carbohydrates than we need for our 
energy requirements, the excess is converted in the liver to 
eith~r glycogen (sec p. 131) or fat. The glycogen is stored in 
the hver and muscles; the fat is stored in fat depots in the 
abdomen, round the kidneys or under the skin (Fig. 1). 

The cellulose in the cell walls of all plant tissues is 
a carbohydrate. We probably derive relatively little 
nourishment from cellulose but it is important in the diet 
as fibre (see p. 117) which helps to maintain a healthy 
digestive system. 

Proteins 
Lean meat, fish, eggs, milk and cheese are important 
sources of animal protein. All plants contain some protein 
but beans or cereals like wheat and maize are the bcsi. 
sources. 

Proteins, when digested, p1·ovide the chemical sub­
stances needed to build cells and tissues, e.g. skin, muscle. 
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Fig. 1 Digestion and use of carbohydrate 

blood and bones. Neither carbohydrates nor fats can do 
th is and so it is essential to include some proteins in the 
diet. 

Protein molecules consist of long chains of amino acids 
(seep. 14). When proteins are digested, the molecules are 
broken up into the constituent amino acids. The amino 
acids are absorbed into the bloodstream and used to build 
up different proteins. These proteins form part of the 
cytoplasm and enzymes of cells and tissues. Figure 2 shows 
such a rearrangement of amino acids. 

The amino acids which are not used for making new 
tissues cannot be stored, but the liver removes their amino 
(- NH 2 ) groups and changes the residue to glycogen. 'rhe 
glycogen can be stored or oxidized to provide energy 
(p. 132). 

Chemically, proteins differ from both carbohydrates and 
fats because they contain njtrogen and sulphur as well as 
carbon, hydrogen and oxygen. 

Essential amino acids Although humans and 
other animals cannot make amino acids, they can 
change one amino acid into another. There are, 
however, at least eight amino acids that the body 
cannot produce in this way. These are called 
essential amino acids and they must be included in 
the diet. Lysine, valine and leucine are examples of 
essential amino acids. 

Some plant proteins do not contain enough 
essential amino acids to supply the needs of the body. 
Protein from cereals, for example, has too little 
lysine. A diet that was almost entirely made up of rice 
or maize could lead to a protein·deficiency disease. 
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Fig. 2 Digestion and use of a protein molecule 

Beans, however, are a rich source of lysine and by 
including these in the diet, the lysine deficiency is 
made up. 

Most animal proteins contain all the essential 
amino acids (see Table 1 overleaf). 

Fats 
Animal fats are found in meat, milk, cheese, butter and 
egg·yolk. Plant fats occur as oils in fruits(e.g. palm oil) and 
seeds (e.g. sunflower seed oi 1), and are used for cooking 
and making margarine. Fats and oils are sometimes collec· 
tively called lipids. 

Lipids are used in the cells of the body to form part of the 
cell membrane and other membrane systems (p. 4). Lipids 
can also be oxidized in respiration, to carbon dioxide and 
water. When used to provide energy in this way, 1 g fat 
gives 39 kJ of energy. 1'his is more than twice as much 
energy as can be obtained from the same weight of 
carbohydrate or protein. 

Fats can be stored in the body, so providing a means of 
long-term storage of ene•·gy in fat depots. The fatty tissue, 
adipose tissue, under the skin forms an insulating layer 
which •·educes heat losses from the body. 

QUESTIONS 
1 What sources of protein·rich foods are availabl e to a 
vegetarian who (a) will eat animal products but not meat itself, 
(b) will eat only plants and their products? 
2 Why must all diets conta in some protein? 
3 In what sense can the fats in your diet be said LO contribute to 
•keeping y6u warm'? 
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4 'rhe table below shows the number of milligrams of four 
essent ial amino acids 1irovided by n fixed amount of protein. It 
a lso shows how much of these the body needs to get from tha t 
amount of prote in. Of the seven proteins shown 

(a) which one is the best source of essent ial amino acids; 
(b) which is the best plant source; nnd 
(c) which combinations of plant products will provide an 

adequate supply of essent ia l amino ucicJs? 

Table 1 Four essentia l amino acids 

Amino acid (mg) 
' ['ry Lys Leu Val 

Body needs 90 270 300 270 
Protein in 
1hese foods 
prouides: 
Meat 80 510 490 330 
Milk 90 490 630 440 
Eggs 110 420 560 ,,50 
Wheat 80 170 400 270 
Rice 90 220 510 370 
l3eans 60 450 530 370 
Potatoes 65 230 290 270 

(Try= tryptophan; Lys = lysine; Leu= leuc ine; Val = vnline.) 

DIET 

In addition to proteins, carbohydrates and fats , the diet 
must include salts, vitamins, water and vegetable fibre 
(roughage). These substances are pt·esent in a balanced 
diet and do not normally have to be taken in separately. 

Salts 
These are sometimes called 'mineral salts' or just 
'minerals'. Proteins, ca rbohydt·ates and fats provide the 
body with carbon, hydrogen, oxygen, nit rogen, sulphur 
and phosphorus but there are several more elements which 
the body needs and which occur as salts in the food we eat. 

[ron The red blood cells contain the pigment haemo· 
globin (p. 137). Part of the haemoglobin molecule contains 
i1·on and this plays an important part in canying oxygen 
round the body. Millions of red cells break down each day 
and their iron is stored by the liver and used to make more 
haemoglobin. However, some iron is lost and adults need 
to take in about 15 mg each day. Iron is needed also in the 
muscles and for enzyme systems in all the body cells. 

Red meat, especially liver and kidney, is the richest 
source of iron in the diet, but eggs, groundnuts, bread, 
spinach and other green vegetables are also important 
sources . 

If the diet is deficient in iron, a person may s uffm· from 
some form of anaemia. Insufficient haemoglobin is made 
and the oxygen-carrying capacity of the blood is reduced. 

Calcium Calciwn, in the form of calcium phosphate, is 
deposited in the bones and the teeth and makes them hat·d. 

It is present in blood plasma and plays an essential part in 
normal blood clotting (p. 146). Calcium is also needed in 
the muscles for the chemical changes which make muscles 
contract. 

The richest sources of calcium a re milk (I iquid, skimmed 
or dried), and cheese, but calcium is present in most foods 
in small qua ntities and also in 'hard' water. 

Many calcium salts are not soluble in watet· and 
may pass through the alimenta1·y canal without 
being absorbed. Simply increasing the calcium in the 
diet may not have much effect unless the calcium is in 
the t·ight form, the d iet is balanced and the intestine 
is healthy. Vitamin D and bile salts (p. 129) are needed 
for efficient abso1·ption. 

The level of calcium in the blood is controiJed by a 
glaud in the neck, called the parathyroid. 

Iodine This is needed in only small qua ntities , but it forms 
an essentia I pnrtofthemoleculeofthyroxine. Thyroxine is a 
hormone (p. 2l2) produced by the thyroid gland in the neck. 

Specially t·i ch sources of iodine are sea-fish and shellfish 
but it is present in most vegetables, provided that the soil 
in which they grow is not deficient in the mineral. In some 
parts of the world, where soi ls have little iodine, potassium 
iodide may be added to table salt to bring the iodine in the 
diet to a satisfactory level. 

Sodium and potassium These elements occw· in 
all the cells and fluids of the body. Sodium is main ly 
in the blood and tissue fluid, while most of the 
potassium is inside the cells. Salts of sodium and 
potassium are needed to keep the blood and tissue 
fluids at the correct osmotic concentration (seep. 37) 
so that the tissues do not become waterlogged or 
dehydrated. Both sodium and potassium salts are 
excreted in the w·ine, and sodium is lost in the sweat. 
We need about2-4 g of each of these salts every day. 

Most foods contain sodium and potassium in 
sufficient quantities. The extra sa lt added during 
cooking, or shaken over the food, is probably 
unnecessary and may even be harmful for some 
people. Only people who lose a lot of sodium chloride 
in swea t may need a high intake. 

Phosphorus Phosphorus is needed for the calcium 
phosphate of bone, and also for the nucleotides such 
as ADP and ATP, and the nucleic acids DNA and 
RNA (p. 17). It is present in nearly all food but is 
particularly abundant in cheese, meat and fish. 

Fluoride Fluoride occurs natmally, in small quan­
tities, in ch·inking-water. It plays a part in the 
formation of teeth. Although tooth decay t·esults 
mainly (rom the continuous presence of sugar or 
other carbohydrate in the mouth (p. 191), fluoride 
helps to resist decay, particularly in children. For 
this reason, some toothpastes have fluoride added to 
them and some people dissolve fluoride tablets m 
their drinking-water. 



Vitamins 
All proteins are similar to each other in their chemical 
structure and so are all carbohydrates. Vitamins, on the 
other hand, are a group of organic substances quite 
unrelated to each other in their chemical structure. The 
features shared by them all are: 

1. They are not digested or broken down for energy. 
2. Mostly, they are not built into the body structures. 
3. They are essential in very small quantities for normal 

health. 
4. They are needed for chemical reactions in the cells, 

working in association with enzymes. 

Plants can make these vitamins in their leaves, but 
animals have to take them in ready-made either from 
plants or from other animals. 

If any one of the vitamins is missing from our diet, or at 
a low level, we will develop a vitamin-deficiency disease. 
These diseases can be cured, at least in the early stages, 
simply by adding the vitamin to the diet. 

Fifteen or more vitamins have been identified and they 
are sometimes grouped into two classes: water-soluble or 
fat-soluble. The fat-soluble vitamins are found mostly in 
animal fats or vegetable oils, which is one reason why our 
diet should include some of these fats. The water-soluble 
vitamins are present in green leaves, fruits and cereal 
grains. 

Table 2 describes vitamins, gives examples of foods 
which contain them and mentions the vitamin-deficiency 
diseases which result from their absence. 

Table 2 Vitamins 
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Dietary fibre (roughage) 
When we eat vegetables and other fresh plant material, we 
take in a large quantity of plant cells. The cell walls of 
plants consist mainly of cellulose, but we do not have 
enzymes for digesting this substance. The result is that the 
plant cell walls reach the large intestine (colon) without 
being digested. This undigested part of the diet is called 
fibre or roughage. The colon contains many bacteria 
which can digest some of the substances in the plant cell 
walls to form fatty acids (see p. 15). Vegetable fibre, 
therefore, may supply some useful food material, but it has 
other important functions. 

The fibre itself and the bacteria which multiply from 
feeding on it, add bulk to the contents of the colon and help 
it to retain water. This softens the faeces (p. 131) and 
reduces the time needed for the undigested residues to pass 
out of the body. Both of these effects help to prevent 
constipation and keep the colon in a healthy condition. 

Most vegetables and whole cereal grains contain fibre, 
but white flour and white bread do not contain much. Good 
sources of dietary fibre are wholemeal bread and bran. 

Water 
About 70 per cent of most tissue consists of water; it is an 
essential part of cytoplasm. The body fluids, blood, lymph 
and tissue fluid (Chapter 14) are composed mainly of water. 

Digested food, salts and vitamins are carried round the 
body as a watery solution in the blood (p. 145) and 

Name and source of vitamin Diseases and symptoms caused by lack of Notes 
vitamin 

Retinol (vitamin A; fat-soluble): Reduced resistance to disease, particularly The yellow pigment, carotene, present in 
Liver, cheese, butter, margarine, milk, those which enter through the epithelium. green leaves and carrots is turned into 

eggs. Poor night vision. Cornea of eyes becomes retinol by the body. 
dry and opaque leading to keratomalacia Retinol forms part of the light-sensitive 

Carotene (vitamin A precursor; water- and blindness. pigment in the retina (p. 196). 
soluble): Retinol is stored in the liver. 
Fresh green leaves and carrots. 

Folic acid (water-soluble): Vitamin deficiency anaemia: Likely to affect pregnant women on poor 

Liver, spinach, fish, beans, peas. Not enough red blood cells are made. diets. 

Ascorbic acid (vitamin C· 
' 

water- Fibres in connective tissue of skin and Possibly acts as a catalyst in cell respira-
soluble): blood vessels do not form properly ,leading tion. Scurvy is only likely to occur when 

Oranges, lemons, grapefruit, tomatoes, to bleeding under the skin, particularly at fresh food is not available. Cows' milk 

fresh green vegetables, potatoes. the joints, swollen, bleeding gums and poor and milk powders contain little ascorbic 
healing of wounds. These are all symptoms acid so babies may need additional 
of scurvy. sources. 

Cannot be stored in the body; daily 
intake needed. 

Calciferol (vitamin D; fat-soluble): Calcium is not deposited properly in the Calciferol helps the absorption of calcium 

Butter, milk, cheese, egg-yolk, liver, fish- bones, causing rickets in young children from the intestine and the deposition of 

liver oil. because the bones remain soft and are calcium salts in the bones. 
deformed by the child's weight. Natural fats in the skin are converted 

Deficiency in adults causes osteo- to a form of calciferol by sunlight. 
malacia~ fractures are likely. 

The B vitamins There are ten or more water-soluble vitamins which occur together, particularly in whole cereals, peas and 
beans. A deficiency of any one of these vitamins is likely to occur only in communities living on restricted diets such as maize 
or milled rice. 

There are several other substances classed as vitamins, e.g. riboflavin (B2), tocopherol (E), phylloquinone, but these are either 
(1) unlikely to be missing from the diet, or (2) not known to be important in the human diet. 



118 Human Phys iology 

excretory products such as excess salt and urea are 
removed from t~e body in solution by the kidneys (p. 159). 
Water thus nelS as a solvent and as a lransport medium for 
these substances. 

Digestion is a process which uses water in a chemical 
reaction to brenk down insoluble substances to soluble 
ones (p. 126). These products then pass, in solution, into 
the bloodstream. In a ll cells there a t·o many reactions in 
wh ich wale•· p luys an essential pat·t ns a renctant 11ncl a 
solvent. 

Since we lose water by eva pora tion, sweating, urinati ng 
and breathing, we have to ma ke good t his loss by taki ng in 
water with l.hc diet. 

QUESTIONS 
5 Which tissues of the body need (a) iron, (I>) glucose, (c) calcium, 
(d) protein. (c) iodine? 
6 Figure 3 ohows some examples of the food thnL would give a 
balanced diet. Consider each sample in turn and soy what class of 
food or item of diet is mainly present. For example, the kidney is 
mainly 1>rotein but will also contain some iron. 
7 What is the vu luc of leafy vegetables, such us cabbage and 
lettuce, in tho diet? 
8 Why is 11 diet consisting main ly of one type of food, e.g. rice or 
I>Otn t.oos, li kely to be unsatisfacLory even if it is su fliciont Lo meet 
our onorgy need~? 

BALANCED DIETS 

A balanced diet must contain enough carbohydrates and 
fa IS to meet our energy needs. It must also contain enough 
protein of the right kind to pt·ovidc the essentia l amino 
acids to make new cells and tissues for growth or repair. 
'!'he diet must also contain vitamins and mineral salts, 
p lant fibre and water. Figure 4 shows the composition of 
five food somples. 

Energy requirements 
Energy can be obtained from carbohydrates, fats and 
proteins. The cheapest energy-giving food is usually 
carbohydral.e; the greatest amount of energy is available 
in fats; proteins give as much energy as carbohydrates but 
are expensive. Whatever mixture of carbohydral.e, fat and 
protein makes up the diet, the total energy must be 
sufficient (I) to keep our internal body processes working 
(e.g. heart beating, breathing action}, (2) to keep up our 
body temperature and (3) to meet the needs of work and 
other activities. 

Tho nmount of energy that can be obtained From food is 
measu t·cd in culories m· joules. One gntm of cnrbohydrate 
or protein can provide us with up to 17 kJ (ki lojoulos). A 
gr am of fat can give 39 kJ. We need to obtai n abou t 12 000 
kJ of energy cnch day from our food. Table 3 shows how 
this figu a·e is obtained. However, the figure will vary 
greatly accord ing to our age, occupation and activity 
(J?ig. 5). It is fairly obvious that a pen;on who does hard 
manunl work. such as digging, will use more energy than 
someone who sits in an office. 

F ig. 3 Exam1>lcs of types of food in a bnlnnced diet 
(see question 6) 

Whole· 
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Water Fobre Carbo· 

hydrate 

CJ 
Fat Protein 

Note The% water includes nny sa lts and vitamins. 
There are wide vnrintions in the composition of any given 
food sample ncc01·d i n~;to its souo·cc and t he method of 
preservation and cooking. 'Wh ite fish' (e.g. cod. haddock. 
plaice) contains only 0.5% fnt whercns herring and 
mackerel contain up to 14%. White brcnd contains only 
2-3",(. fibre. Frying the fbod ndrl• greatly to its fat content. 

Fig . 4 An ana lysis of four food samples 
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Fig. 5 The changing energy requirements with age and 
occupation 

Table 3 Energy requ irements in kJ 

8 hours asleep 2400 

3 hours awake; relatively inactive physically 3000 
8 hours physically active 6600 

Total 12 000 

The 2400 kJ used during 8 hours sleep represents the 
energy needed for basal me tabolis m which maintains the 
ci rculation , breath ing, body temperature, brain function 
and essential chemical processes in the liver and other 
organs. 

If the diet includes more food than is needed to s upply 
the energy demands of the body, the surplus food is stored 
either as glycogen in the liver (see p. 132) or as fat below the 
skin and in the abdomen. 

Prote in requirements 
As explained on page 14, proteins are an essential part of 
the diet because they supply the amino acids needed to 
build up our own body structures. Estimates of how much 
protein we need have changed over the last few years. A 
recent FAO/WHO report recommended that an average 
person needs 0.57 g protein for every k ilogram of body 
weight. That is, a 70 kg person would need 70 x 0.57 = 39.9, 
i.e. about 40·g protein per day. This could be supplied by 
about 200 g (7 ounces) lean meat or 500 g bread but 2 kg 
potatoes would be needed to supply this much protein and 
even this will not contain all the essential amino acids. 

Special needs 
P regnancy A pregnant woman who is already receiving 
an adequate diet needs to take in no extra food. Her body's 
metabolism will adapt to the demands of the growing baby. 
If, however, her diet is deficient in protein, calcium, iron or 
vitamin 0, she will need to increase her intake of these 
substances to meet the needs of the baby. 

The baby needs protein for making its tissues; calcium 
and vitamin D are needed for b_one development, and iron 
is used to make the haemoglobin in its blood. 
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Lactation 'Lactation' means the production of breast 
milk for feeding the baby. The production of milk, rich in 
proteins and minerals, makes a large demand on the 
mother's resources. If her diet is a lready adequate, her 
metabolism will adjust to tbese demands. Otherwise, 
she may need to increase her intake of proteins, vitamins 
and calcium to produce milk of adequate quality and 
quantity. 

Gt·owing children Most chi ldren up to the age of about 
12 years need less food than adults, but they need more in 
proportion to their body weight. For example, an adult 
may need 0.57 g protein per kg body weight, but a 6-11 
month baby needs 1.53 g per kg, and a lO·year·old needs 
0.8 g per kg. The extra protein is needed for making new 
tiss ues as the chi ld grows. 

In addition to prote in, children need extra calcium for 
their growing bones, iron for their red blood cells, vitamin 
D to help calcification of their bones a nd vitamin A for 
disease resistance. 

West ern diets 
Tn the affluent societies of the USA, USSR and Europe, 
there is no general shortage of food and most people can 
afford a diet with a n adequate energy and protein content. 
Consequently there are few people who suffer from 
malnutri tion, but it seems very likely that many people eat 
too much food of the wrong kind. This causes illnesses in 
middle age and old age. 

Too m uch suga•· White sugar (sucrose) is made by 
refining (purifying) the sugar from sugar.ca ne or sugar· 
beet. Refined sugar is used in sweets, jam, biscuits and soft 
drinks. It is a lso added to many other processed foods. 

There is plenty of evidence to show that sugat· is an 
important cause of tooth decay (p. 191 ), but refined s ugar 
also affects us in many other ways. It is a very con­
centrated source of energy. You can absorb a lot of sugar 
from biscu its, ice-cream, sweets, soft drinks, tinned fruits 
and sweet tea without ever feeling 'full up', so you tend to 
ta ke in more sugar than your body needs. A high intake of 
refined s ugar, therefore, causes some people to become 
overweight, and this leads to other forms of illness as 
described below. 

Too much fat The fatty layer which forms in the lining 
of arteries and leads to coronary heru·t disease contains 
fats and a substance called cholesterol. The more fat and 
cholesterol you have in your blood, the more likely you are 
to s uffer a coronary heart attack. Many doctors and 
scientists think that if you eat too much fat, you raise the 
level offats and cholesterol in the blood and so put yourself 
at r isk. There is still a good deal of argument about this, 
but until more is known, it seems to be a good idea to keep 
a low level of fats in your diet. 

There are reasons to believe that animal fats such as 
butter, cream, some kinds of cheese, egg-yolk and tbe fat 
present in meat might be more harmful tha n some 
vegetable oils. Animal fats are digested to give what are 
called saturated fatty acids (because of the structure of 
their molecules). Many of the fats and oi ls from plants, 
s uch as the oil from sunflower seeds, contain unsaturated 
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from 
cholesterol level is low and the unsaturated fatly acids 
(polyunsaturates) are high. 

fatty acids (Fig. 6). These are thought to be less likely to 
cause fatty deposits in the arteries. For this reason, it 
seems to be better to fry food in vegetable oil aJtd to use 
margarine from certain vegetable oils rather than butter, 
though this is still a matter for controversy. 

Too little fibre We eat too many processed foods, such 
as sugar, which have been purified from their vegetable 
sources, and too much white bread, from which the bran 
has been removed. Unprocessed foods such as potatoes, 
vegetables and fruit contain a large amount of fibre. Fibre 
prevents constipation and probably other disorders and 
diseases of the intestine, inclucling cancer. Eating a diet 
with a lot of fibre makes you feel 'full up' and so stops you 
from over-eating. A 100-gram portion of boiled potato 
provides only 340 kJ. (A potato about the size of an egg 
weighs 5Q-70 grams.) You could feel quite full after eating 
300 grams of potatoes but would take in only 1000 kJ. A 
lOO·gram portion of milk chocolate will give you 2400 k,J 
but it is not filling. So a high fibre diet helps to keep your 
weight down without leaving you feeling hungry all the 
time. 

Too m uch of everything If you eat more food than your 
body requires for its energy needs or for building tissues, 
you are likely to store the surplus as fat and so become 
overweight (Fig. 7). An overweight person is much more 
likely to suffer from high blood pressure, coronary heart 
disease and diabetes than a person whose weight is about 
right. Being fat a lso makes you less wi ll ing to take exercise 
because you have to carry the extra weight around. 

Whether you put on weight or not depends to some 
extent on genetics. You may inherit the tendency to get fat. 
Some people seem able to 'burn off' their excess food as 
heat and never get fat, no matter how much they eat. You 
can't change your genetics but you can avoid putting on 
too much weight by controlling your diet. This does not 

necessarily mean eating less but simply eating differently. 
Avoid sugar and all processed food with a high sugar level, 
such as sweets, cakes and biscuits, and include more 
vegetables, fruit and wholemeal bread in your diet. Your 
teeth, waistline, intestines and health in general wi ll 
benefit from such a change in diet. 
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Alcohol 
Alcohol in drinks such as beer, wine and spirits can be used 
as a source of energy (29 kJ per g) or converted to fats. 
However, it is not a desirable food sout;ce because it lacks 
other nutrients and has adverse effects on the body. 

The short-term effects of alcohol are: 
(a) Depression of brain function. This tends to reduce 

i,nhibitions and helps people to overcome shyness and 
nervous tension but it also leads to slower thought 
pt·ocesses and less rational behaviour. Tt blurs the 
judgement and increases t·eaction time, which is why 
alcohol in the blood makes it unsafe to drive. In 1974,35 per 
cent of drivers killed in accidents had been drinking 
a lcohol. 

(b) It causes vaso-dilation (p. 168). The blood vessels in 
the skin dilate and allow more blood to flow near the 
sm·face. This makes you {eel warm but in fact leads to n 
more rapid loss of heat from the body. 

Alcohol taken in moderation seems to have little 



harmful effect (except in pregnant women) but taken in 
excess can lead to inational and an t i-social behaviour. 
There is evidence to show that p1·egnant women who ta ke 
as little as one alcoholic drink a day have a greater ris k of 
spontaneous abortion (p. 177) and are more likely to 
produce babies of below average birth weight. 

Heavy drinking over a long period ca n lead to liver 
damage, irritation of the stomach lining, ulcers, weakened 
heart muscle and alcoholism (addiction, seep. 216). 

QUESTIONS 
9 Make a list of the food and other substances that are needed to 
make up a balanced di et. 
10 Why is it better to take in regular, small amounts of protein 
rather than to ea t a large amount of protein at one meal'/ (Revise 
page 115.) 
11 Select one food class and one mineral salt which are 
particnlarly impor·tant in the diet of a ll three of the following: 
pregnant woman, woman breast-feeding a baby, growing child. 
12 (a) If you feel 'peckish' between meals, why is it better to eat 
an apple than a bar of chocolate? 

(b) If yon are going to do a long-distance walk, why is it better 
to take chocolate bars than apples? 
13 One hundred grams of boiled potato wiU give you 340 kJ, but 
100 grams of chips give you 900 kJ. Why do you think there is such 
a big difference? 
14 Why should a 'high fibre' diet help to stop you putting on 
weight? 
15 It is sometimes believed that a person who does hard, physical 
work needs to cat a lot of protein. Try to explain why this is not 
true. 
16 How much protein would a 5 kg baby need each day? 
17 !"rom Table3on page 119 work out the approximate minimum 
amount of energy needed each day to maintain yow· basal 
metnbolism. 

PRESERVING AND PROCESSING 

Food preservation 
If food is kept for any length of time before it is eaten 
it may start to 'go off'. This may be because it is 
attacked by its own enzymes, oxidized by the air or, 
more important, decomposed by bacteria a nd fungi. 
A II these processes make the food taste and smell 
unpleasant, but the greatest harm is likely to result 
from the fungi and bacteria. 

Both these organisms may produce poisonous 
compounds (toxins) which make us ill if we eat them, 
e.g. salmonella poisoning by bacteria. Cooking the 
food may kill the organisms but will not necessarily 
destroy the toxins they have already produced. 

Methods of food preservation try to prevent the 
food's own enzymes from working and to stop the 
growth of fungi and bacteria. 

Drying Removal of water stops the enzymes from 
working and also prevents the growth of fungi and 
bacteria. 
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Salting Impregnating food with salt, e.g. sodium 
chloride or sodium nitrate, lowers its osmotic 
potential. Any bacteria that land on the food will be 
killed because the salt extracts water from them by 
osmosis (p. 37). 

Syrup Immersing food in concentrated sugar solu­
tions has the same osmotic effect on bacteria as does 
salt. 

Refrigeration and freezing Most refrigerators 
are kept at 4 •c. At this temperature bacteria repro­
duce only very s lowly but they are not killed. The 
activity of any enzymes in the food is also slowed 
down. The temperature of - 20 •c in the freezer stops 
the growth and reproduction of bacteria but it sti ll 
does not kill them alL 

Pickling The ethanoic (acetic) acid in vinegar 
Jowers the pH to the extent that bacteria cannot grow 
and enzymes are inhibited. 

Blanching and pas teurization Heating food to 
90 •c denatures its enzymes and kills most bacteria. 
This process is sometimes called 'blanching' . 

Milk is heated to 72 •c for 15 seconds to destroy 
most of the bacteria and improve its keeping 
qualities. This is called 'pasteurization'. 

Food additives 
About 3500 different chemicals may be used by the 
processed food industr y. T hese c hemicals have no food 
va lue but are added to food (1) to stop it going bad, (2) to 
' im prove' its colour 01· (3) to a lter or enhance its Aavoux. 

TRADITIONAL RECIPE SUGGESTION 
Place rice pudding in an oven dish. Sprinkle a 
little sugar on top. Cook at 375°F or 190°C (Gas 
Mark 51 for 30-40 minutes, until brown on top. 

· Ingredients: Full Cream-:Milk, Skimm~d-- 1 
• . ,.,". Milk, Rice, Sugar, Sultanas, 

Stabilisers: E339, 526, 
: Nutmeg, Cinnamon. 

L--------

43'9 g 15} OZ e 
Ambrosia Ltd, Ambrosia Creamery, 

Lifton, DEVON, England. 
Fig. 8 Food addit ives. E339 is sodillm di hydrogen phosphate; 
E526 is calcium hyd r·oxide. These chemicals maintain the pi-!, 
keep the liquid components in a stable emulsion and stop them 
separating out. 
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There is an unavoidable time lag between harvesting a 
perishable food, processing it, packaging and despatching 
it to the food shops. The food also spends time on the shelf 
in the shop and pantry. Thus, for foods other than dried or 
frozen food, some chemical method of preservation is 
needed to stop bacterial growth. The need for artificial 
colouring and flavours is less obvious, though some soft 
drinks consist of nothing else, apart from water and carbon 
dioxide (Fig. 8). 

Possible harmful effects Only about 300 of the ad­
ditives are regulated by law, but the food industry tests 
all the additives, usually by feeding them in large doses 
to animals. The results, however, are not necessarily 
applicable to humans. Some workers, for example, 
estimate that tests for cancer-causing properties may be 
only 37 per cent successful in animal trials. 

There is little widely accepted evidence to show that 
food additives are harmful. Most allergic reactions to food 
are caused by naturally occurring substances in the food, 
though the yellow dye, tartrazine (E102), does cause an 
allergic reaction in a small number of people. Eczema in 
children, in some cases, has been relieved by eliminating 
artificial colour and flavour from their diets. The nitrates 
and nitrites used to 'cure' ham and bacon are sometimes 
suspected, without much evidence, as possible car­
cinogens (cancer-causers). 

Most of us eat from 3 to 7 kg of additives each year with 
no obvious harm, but it is very difficult to know whether 
the additives have a long-term effect. The risks of cancer 
from eating cured meats are far lower than the risk of 
serious bacterial poisoning from eating unprocessed meat. 
Nevertheless, some people are uneasy that there are so 
many food additives, whose long-term effects are not 
known for sure, and which are not really essential for a 
safe and healthy diet. 

WORLD FOOD 

The world population is increasing at the rate of 
about 50 million people per year. Whether this rate of 
increase will continue is impossible to say but at the 
moment, the rate of increase is itself accelerating. 
United Nations experts suggest that by AD 2000 the 
world population may have increased from its 
present 4700 million to 7000 million. Such a rate of 
increase introduces many problems, but one of the 
most urgent is the supply of food. Whether increase in 
food production can match this increase in numbers 
is another controversial matter, both in theory and in 
practice. Theoretically a ten- or twenty-fold increase 
in world food production seems possible, and yet 
in the 10 years from 1960 to 1970 the Food and 
Agriculture Organization of the United Nations 
(F AO) estimated that although food production 
increased by 2.7 per cent per year, the demand for 
food by an increasing population rose by 3.9 per cent 
per year. In Africa and the Near East, food pro­
duction had not kept up with population growth 
and in Latin America it had barely kept pace. Clearly, 

a large proportion of the world population receives 
inadequate food, a fact made obvious by the droughts 
and famines in Africa 1n recent years. 

Theoretically, the parts of the world which produce 
surplus food could make up the shortfall in the Third 
World, but this is not a satisfactory long-term 
solution. 

Famine is caused by a number of interrelated 
events. Long-term climatic changes may gradually 
make agriculture impossible. For example, meteoro­
logical evidence suggests that the rainfall in 
Ethiopia, Sudan and Chad has been declining for the 
last 200 years. Attempts to continue cultivation in 
these arid conditions leads to the spread of the desert 
margins. 

Overpopulation puts more pressure on poor quality 
land, leading to soil erosion and the spread of deserts 
(see p. 269). The land in these over-grazed, over­
cultivated regions is also much more susceptible to 
the effects of drought. In some cases, the adverse 
changes in climate can be attributed to removal of 
forests and other plant cover to make way for agri­
culture. Certainly, many disastrous floods, which 
wash away topsoil, are the result of deforestation of 
mountainous areas. 

Economic pressures also cause food shortages. In 
the simplest case, a country may have an adequate 
food supply but the people are just too poor to buy it. 
Some Third World countries use their best quality 
land for raising cash crops, such as coffee and tea. 
These have no food value but are exported to earn 
foreign currency. 

In many Third World countries, even if the people 
do get enough to eat in terms of energy content, their 
diets are unbalanced and lack necessary proteins and 
vitamins. These people will suffer from malnutrition 
even though they are not starving. 

PRACTICAL WORK 

1. Food tests 
See page 363 for the preparation of iodine and Benedict's 
solutions. 

(a) Test for starch Shake a little starch powder in a test­
tube with some cold water and then boil it to make a clear 
solution. When the solution is cold, add 3 or 4 drops of 
iodine solution. A dark blue colour should be produced. 

(b) Test for glucose Heat a little glucose with some 
Benedict's solution in a test-tube. The heating is done by 
placing the test-tube in a beaker of boiling water (see 
Fig. 1, p. 45). The solution will change from clear blue to 
cloudy green, then yellow and finally to a red precipitate 
(deposit) of copper(l) oxide. 

(c) Test for protein (Biuret test) To a 1 per cent 
solution of albumen (the protein of egg-white) add 5 cm3 

dilute sodium hydroxide (CARE: this solution is caustic), 



followed by 5 cm3 1 per cent copper sulphate solution. A 
purple colour indicates protein. 

(d) Test for fat Shake 2 drops of cooking oil with about 
5 cm3 ethanol in a dry test-tube until the fat dissolves. Poitr 
the alcoholic solution into a test-tube containing a few cm3 

water. A cloudy white emulsion will form. This shows that 
the solution contained some fat or oil. 

(e) Test for vitamin C Draw up 2 cm3 fresh lemon juice 
into a plastic syringe. Add this juice drop by drop to 2 em" 
of a 0.1 per cent solution of PIDCP (a blue dye) in a test· 
tube. The PIDCP will become colourless quite suddenly as 
the juice is added. The amount of juice added from the 
syringe should be noted down. Repeat the experiment but 
with orange juice in the syringe. If it takes more orange 

pour 
filtrate 
into 
water 

FAT 

Fig. 9 Food tests 

heat 
with 
Benedict's 
solution 

SUGAR 
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Jmce than lemon juice to decolourize the PIDCP, the 
orange juice must contain less vitamin C. 

2. Application of the food tests 

The tests can be used on samples of food such as milk, 
potato, t·aisins, onion, beans, egg-yolk, peanuts, to find 
what food materials are present (Fig. 9). '!'he solid samples 
are crushed in a mortar and shaken with wru·m water to 
extract the soluble products. Separate samples of the 
watery mixture of crushed food are tested for stat·ch, 
glucose at· protein as described above. To test for fats, the 
food must first be crushed in ethanol, not water, and then 
filtered. The clear filtrate is poured into water to see if it 
goes cloudy, indicating the presence of fats. 

Biuret 
test 

PROTEIN 

20 drops (5 mm) 
sodium 
hydroxide 

20 drops (5 mm) 
dilute copper 
sulphate 

C) 
~ cool 

u 
add 
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3. Energy from food 

Arrange the apparatus as shown in F ig. 10. Use a 
measuring cylinder to place 100 cm3 cold water in the 
can. With a thermometer, find the temperature of the 
water and make a note of it. In the nickel crucible or 
tin lid place 1 g sugar and heat it wi th the Bunsen 
fiame until it begins to burn. As soon as it starts 
burning, slide the crucible under the can so that the 
flames heat the water. lf the fiame goes out, do not 
apply the Bunsen burner to the crucible while it is 

thermometer 

place burning food 
under can 

Fig.lO Energy from food 

CHECK LIST 

under the can, but return the crucible to the Bunsen 
flame to start the sugar burning again and replace the 
crucible beneath the can as soon as the sugar catches 
light. When the sugar has finished burning and 
cannot be ignited again, gently stir the water in the 
can with t he thermometer and recot·d its new 
temperatme. Calcula te the r ise in temperature by 
subtracting the first from the second temperatm e. 
Work out the quantity of energy transferred to the 
water f:rom the burning sugar as follows. 

4.2 joules raise 1 g water 1 •c 
100 cm3 cold water weighs 100 g 
Let the rise in temperature be T ·c 
To raise 1 g water 1 •c needs 4.2 joules 

:. To raise 100 g water 1 •c needs 100 x 4.2 joules 
:. To mise 100 g water T ec needs T X 100 X 4.2 joules 
:. 1 g burning sugar produced 420 x T joules 

The experiment may now be repeated using 1 g 
vegetable oi I instead of sugar and replacing the wann 
water in the can with 100 cm3 cold water. 

(Note The experiment is very inaccurate because 
much of the heat from the burn ing food escapes into 
the air without reaching the water, but since the 
errors are about the same for both samples, the 
resu lts can at least be used to compare the energy 
released from sugar and oil.) 

• Our diets m ust contain proteins, carbohydrates, fats, m inerals, vi tamins, fib re and water. 
• Fats, carbohydrates and proteins p rovide energy. 
• P roteins provide amino acids fo r the growth and replacement of t he tissues. 
• Mineral salts like ca lcium and h·on are needed in t issues such as bone a nd blood. 
• Vegetable fibre helps t o maintain a healthy intestine. 
• Adolescents and adults need abou t 10-12 thousand k ilojoules of energy each day from t heir food. 
• Vitamins are essent ial in sm a ll quantities for chemical reactions in cells . 
• The fat -soluble vit amins A and D occur mainly in an im al p roducts . 
• Most cerea ls cont ain vitamins of the B group. 
• Vitamin C occurs in certain f r uits and in green leaves. 
• Lack of vitamin A can lead to blindness; shortage of C ca uses scurvy; inadequate D causes rickets. 
• Growing children have s pecia l dietary needs . 
• Western diets often contain too m uch sugar and fat and too litt le fibre. 
• Methods of food preservation aim to stop enzym es wor k ing and to suppress growth offungi and bact eria . 

/ 



13 Digestion, Absorption 
and Use of Food 

THE ALIMENTARY CANAL 

Structure, function, peristalsis. 

DIGESTION 
Definition. Mouth, stomach, small intestine. 

ABSORPTION 
Absorption in the small and large intestine. 

Feeding involves taking food into the mouth, chewing it and 
swallowing it dow11 into the stomach. This satisfies om· 
hunger, but for food to be of any use to the whole body it has 
first to be digested and absorbed. This means that the food 
is dissolved, passed into the bloodstream and carried by the 
blood all round the body. In this way, the blood delivers 
dissolved food to the living cells in all parts of the body such 
as the muscles, brain, heart and kidneys. '!'his chapter 
describes how the food is digested and absorbed. Chapter 14 
describes how the blood carries it round the body. 

THE ALIMENTARY CANAL 

'l'he a.l imen tary canal is a tube, running through the 
body. Food is digested in the alimentary canal. The soluble 
products are absorbed and the indigesti ble residues 
expelled (egested). Figure 1 shows a simplified diagram of 
an alimentary canal. 

The inside of the alimentary canal is lined with layers of 
cells forming what is called an epithelium. New cells in 
the epithelium are being produced all the time to replace 
the cells worn away by the movement of the food. There are 
a lso cells in the lining which produce mucus. Mucus is a 
slimy liquid that lubricates the lining of the canal and 
protects it from wear and tea1·. Mucus may also protect the 
lining from attack by the digestive enzymes which are 
released into the alimentary canal. 

Some of the digestive enzymes are produced by cells in 
the liningofthealimentarycanal, as in the stomach lining. 
Others are produced by glands which are outside the 
alimentary canal but pour their enzymes through tubes 
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USE AND STORAGE OF DIGESTED FOOD 

Glucose, fats, amino acids. 

THE LIVER 

Functions. 

PRACTICAL WORK 
Experiments on digestion. Salivary amylase and 
pepsin. 

ingestion 
( food) 

storage 
digestion 

egestion 
(faeces) 

F ig . 1 The alimentary canal (generalized) 

(called ducts) into the alimentary canal. The salivary 
glands (Fig. 6) and the pancreas (Fig. 9) are examples of 
such digestive glands. 

'l'he alimentary canal has a great many blood vessels in 
its walls, close to the lining. 'l'hese bring oxygen needed by 
the cells and take away the carbon diox ide they produce. 
They also absorb the digested food from the a limentary 
canal. 

Peristalsis 
The alimentary canal has layers of muscle in its walls 
(Fig. 2). The fibres of one layer of muscles run •·ound the 
canal (cit·cular muscle) and the others run along its 
length (longitudinal muscle). When the circular muscles 
in one region contract, they make the alimentary canal 
narrow in that region. 
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longitudinal 
muscle fibres 

circular muscle 
fibres 

lining epithelium 
with digestive glands 

Fig. 2 The general structure of the alimentary canal 

muscular wall 
of gullet 

circular muscle _____ ......, 

contracting 

food 

Fig. 3 Diagram to illustrate peristalsis 

A contraction in one region of the alimentary canal is 
followed by another contraction just below it so that a 
wave of contraction passes along the canal pushing food in 
front of it. 

The wave of contraction, called peristalsis, is illus­
trated in Fig. 3. 

QUESTIONS 
1 What three functions of the alimentary canal are shown in 
Fig. 1? 
2 Into what parts of the alimentary canal do (a) the pancreas, 
(b) the salivary glands, pour their digestive juices? 
3 Starting from the inside, name the layers of tissue that make up 
the alimentary canal. 

DIGESTION 

Digestion is a chemical process and consists of breaking 
down large molecules to small molecules. The large 
molecules are usually not soluble in water, while the 
smaller ones are. The small molecules can pass through the 
epithelium of the alimentary canal, through the walls of 
the blood vessels and into the blood. 

Some food can be absorbed without digestion. The 
glucose in fruit juice, for example, could pass through the 
walls of the alimentary canal and enter the blood vessels. 
Most food, however, is solid and cannot get into blood 
vessels. Digestion is the process by which solid food is 
dissolved to make a solution. 

The chemicals which dissolve the food are enzymes, 
described on page 17. A protein might take 50 years to 
dissolve if just placed in water but is completely digested 
by enzymes in a few hours. All the solid starch in foods such 
as bread and potatoes is digested to glucose which is 
soluble in water. The solid proteins in meat, egg and beans 
are digested to soluble substances called amino acids. 
Fats are digested to two soluble products called glycerol 
and fatty acids (see p. 15). 

The chemical breakdown usually takes place in stages. 
For example, the starch molecule is made up of hundreds 
of carbon, hydrogen and oxygen atoms. The first stage of 
digestion breaks it down to a 12-carbon sugar molecule 
called maltose. The last stage of digestion breaks the 
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Fig. 4 Enzymes acting on starch 

... and broken into 
smaller molecules (e.g. 
the sugar, maltose) ... 

... which are 
attacked by 
different enzymes ... 

... and broken into even 
smaller molecules (e.g. 
the sugar, glucose) 



maltose molecule into two 6-carbon sugar molecules called 
glucose (Fig. 4). Protein molecules are digested first to 
smaller molecules called pe ptides and finally into 
completely soluble molecules called amino acids. 

starch -7 maltose -> glucose 

protein -7 peptide -> amino acid 

These stages take place in different parts of the alimentary 
canal. The progress of food through the canal and the 
stages of digestion will now be described (Figs 5 and 6). 

The mouth 
The act of taking food into the mouth is called inges tion. 
In the mouth, the food is chewed and mixed with sa l iva. 
The chewing breaks the food into pieces which can be 
swallowed and it also increases the surface area for the 
enzymes to work on later. Saliva is a digestive juice 
produced by three pairs of glands whose ducts lead into the 
mouth (Fig. 6). It helps to lubricate the food and make the 
small pieces stick together. Saliva contains one enzyme, 
salivary amylase (sometimes called ptyalin), which acts 
on cooked starch and begins to break it down into maltose. 

Strictly speaking, the 'mouth' is the aperture 
between the lips. The space inside, containing the 
tongue and teeth, is called the buccal cavity. Beyond 
the buccal cavity is the 'throat' or pharynx. 

Swallowing 
By studying Fig. Sa, it can be seen that for food to enter the 
gullet (oesophagus), it has to pass over the windpipe. All 
the complicated actions which occur during swallowing 
ensure that food does not enter the windpipe and cause 
choking. 
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gall 
bladder --~;L..-e:;:>{' 

appendix rectum 
anus 

I. The tongue presses upwards and back against the roof 
of the mouth, forcing a pellet of food, called a bolus, to Fig. 5 The alimentary canal 
the back of the mouth. 

phorynx 

epiglottis 

glottis 

gullet 

Fig. 6 Section through head to show swallowing action 
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partly closos glonis 
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2. 1'he soft palate closes the nosnl cuvity at the back. 
3. The larynx cartilage round tho LOll of the windpipe is 

pulled upwards so thot the opening of the windpipe (the 
glottis) lies under the back of the tongue. 

4. 1'he glottis is also partly closed by the contraction of a 
ring of muscle. 

5. The epiglottis, a Aap of curti lage (gristle) helps to 
prevent the food from going down the windpipe instead 
of the gullet. 

1'he beginningoftheswallowing action is voluntary, but 
once the food reaches the back of the mouth, swallowing 
becomes an automatic or reHex nction. The food is forced 
into and down the oesophagus, or gullet, by peristalsis. 
This takes about 6 seconds with relatively solid food and 
then the food is admitted to the stomach. Liquid travels 
more rapidly down the gullet. 

The stomach 
The stomach has clastic walls which stretch as the food 
collects in it. The pyloric sphincter is a circular band of 
muscle at the lower end of the stomach which stops solid 
pieces of food fr·om passing through. The main function of 
the stomach is to store the food from a meal, turn it into a 
liquid and release it in small qunntities at a time to the rest 
of the alimentary canal. 

Glands in the lin ing of the stomach (Fig. 7) produce 
gastric juice containing the enzyme peps in. Pepsin is a 
protease (or proteinnse), i.e. it acts on pr·oteins and breaks 
them down into solub le compounds cu lled peptides (p. 15). 
1'he stomach lining also producos hyth·och loricacid which 
makes a weak solution in tho gastric juice. Tbis acid 
provides the best degree of acidi~y for pepsin to work in 
(seep. 19) and kills many of the bacteria Loken in with the 
food. 

1'he regular, peristaltic movements of the stomach, 
about once every 20 seconds, mix up the food and gastric 
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longitudinal muscle circulor muscle 

Fig. 7 Diagram of section through stomach wa ll 

gastric 
juice 

juice into a creamy liquid. How long food remains in the 
stomach depends on its nature. Water may pass through in 
a few minutes; a meal of carbohydrate such as porridge 
may be held in the stomach for less than an hour. but a 
mixed meal containing protein and fat may be in the 
stomach for I or 2 hours. 

The pyloric sphinc~er lets the liquid products of 
digestion pass, a little at a time, into ~he first part of the 
small intestine called the duodenum. 

The pyloric sphincter closes as each wave of 
peristalsis passes down the stomach and also when 
tbe acid contents of the stomach enter the duodenum. 
It then remains closed until the duodenal contents 
are partially neutralized. 

The stomach contractions can be monitored by 
swallowing a small balloon attached to a long tube. 
The balloon is inflated and the pressure changes arc 
measured by connecting the tube to a manometer. 

The peristaltic movements of the alimentary canal 
in general can be followed by observing the passage ' 
of a barium-containing meal by using X-rays (Fig. 8). 
Barium sulphate is opaque to X-rays and can be seen 
travell ing along the alimentary canal by using an 
X-ray screen. 

peristaltic contrOCijOn 

Fig. 8 X-ray of stomach containing a bar ium mea.!. 
The barium meal has starred to enter the duodenum. The 
clear gap in this region represcnl8 the pyloric sphincter. 



The small intestine 
A digestive juice from the pancreas (pancreatic juice) 
and bile from the liver are poured into the duodenum to ~ct 
on food there. The pancreas is a digestive gland lying 
below the stomach (Fig. 9). It makes a number of enzymes, 
which acton all classes of food. There are several pro teases 
which break down proteins to peptides and amino acids. 
Pancreatic amylase attacks starch and converts it to 
maltose. Lipase digests fats (lipids) to fatty acids and 
glycerol. 

Pancreatic juice contains sodium hydrogencarbonate 
which partly neutralizes the acid liquid from the stomach. 
This is necessary because the enzymes of the pancreas do 
not work well in acid conditions. 

Fig. 9 Relationship between stomach, liver and pancreas 

Bile is a green, watery fluid made in the liver, stored in 
the gall-bladder and delivered to the duodenum by the bile 
duct (Fig. 9). It contains no enzymes, but its green colour 
is caused by bile pigments which are formed from the 
breakdown of haemoglobin in the liver. Bile also contains 
bile salts which act on fats rather like a detergent. 'l'he bile 
salts emulsify the fats. That is, they break them up into 
small drops which a re more easily digested by l ipase. 

Al l the digestible material is thu·s changed to soluble 
compounds which can pass through the lining of the 
intestine and into the bloodstream. The final products of 
digestion are: 

food final products 
starch - ;:. glucose 
proteins __,.,. amino acids 
fats (lipids)__,.,. fatty acids and glycerol 

The small intestine itself does not appear to 
liberate digestive enzymes. The structure labelled 
'crypt' in Fig. 12 is not a digestive gland, though some 
of its cells do produce mucus and other secretions. 
The main function of the crypts is to produce new 
epithelial cells (see 'Absorption' below) to replace 
those lost from the tips of the villi. 
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The epithelial cells of the villi contain, in their cell 
membranes, enzymes which complete the breakdown 
of sugars and peptides, before they pass through the 
cells on their way to the bloodstream. For example, 
the enzyme maltase converts the disaccharide 
maltose in to the monosaccharide, glucose. 

Prevention of self-digestion The gland cells of 
the stomach and pancreas make protein-digesting 
enzymes (proteases) and yet the proteins of the cells 
which make these enzymes are not digested. One 
reason for this is that the proteases are secreted in an 
inactive form. Pepsin is produced as pepsinogen and 
does not become the active enzyme until it encoun· 
ters the hydrochloric acid in the stomach. The lining 
of the stomach is protected from the action of pepsin 
probably by the layer of mucus. 

Similarly, trypsin, one of the proteases from the 
pancreas, is secreted as the inactive trypsinogen 
and is activated by en terokinase, an enzyme 
secreted by the lining of the duodenum. 

Control of secretion 
The sight, smell and taste of food set off nerve 
impulses from the sense organs to the brain. The 
brain relays these impulses to the stomach and 
initiates gastric secretion. When the food reaches the 
stomach, it stimulates the stomach lining to produce 
a hormone (p. 212) called gastrin. This hormone 
circulates in the blood and when it returns to the 
stomach in the bloodstream, it stimulates the gastric 
glands to continue secretion. Thus, gastric secretion 
is maintained all the time food is present. 

In a similar way, the pancreas is affected first by 
nervous impulses and then by the hormone secretin. 
Secretin is released intd the blood from cells in the 
duodenum when they are stimttlated by the acid 
contents of the stomach. When secretin reaches the 
pancreas, it stimulates it to produce pancreatic juice. 

Caecum and appendix 
In humans, the caecum and appendix are small structures, 
possibly without special functions. In grass-eating animals 
(herbivores) like the cow and the rabbit, however, the 
caecum and appendix are much larger and it is here that 
digestion of the cellulose in plant cell walls takes place, 
lat·gely as a result of bacterial activity. 

Q UESTIONS 
4 Why can you not breathe while you are swallowing? 
5 Why is it necessary for our food to be digested? Why do plants 
not need a digestive system? (Seep. 44 .) 
6 In which pru·ts of the alimenta•·y canal is (a) starch (b) protein 
digested? 
7 Stud)• the characteristics of enzymes on pages 17-19. 

(a) Suggest a more logical name for pepsin. 
(b) ln what ways does pepsin show the characteristics of an 

enzyme? 
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ABSORPTION 

The small intestine consists of the duodenum and the 
ileum. Nearly all the absorption of digested food takes 
place in the ileum which is efficient at this for the following 
reasons: 

l. It is fairly long and presents n large absorbing su•·face 
to the digested food. 

2. Its internal surface is greatly increased by circular folds 
(Fig. 10) bearing thousands of tiny p1·ojections called 
villi (singular = villus) (Figs 11 and 12). These villi are 
about 0.5 millimetre long and may be finge1··like or 
flattened in shape. 

3. The lining epithelium is very thin and the fluids can 
pass rapidly through it. The inner membrane of each 
epithelial cell has microvilli (p. 34) which increase by 
20 times the exposed surface of the cell. 

4. There is a dense network of blood capillaries (tiny blood 
vessels, Aee p. 142} in each villus (Fig. 12). 

(a) CIRCUlAR J."'L09 AJIIO VILLI 

capillory necwork villus 

blood 

circular muscle 

(b) BLOOD S<IPPLf TO VU.LJ 

Fig. 10 The absorbing surface of the ileum 

Fig. 11 Scann ing e lect ron micrograph of the human 
intestina l li ning ( x 60). The villi are about 0.5 mm long. In the 
duodenum they nrc mostly leaf.Jike (C), but further towards the 
ileum they become narrower (B), and in the ileum they ore 
mostly finger·like (A}. This micrograph is of a region in the 
duodenum. 
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Fig. 12 Structure of n s ingle villus 



The small molecules of the digested food, fa•· example, 
glucose and amino acids, pass into the epithel ial cells and 
then through the wall of the capi llaries in the vi ll us and 
into the bloodstream. They are then carried away in the 
capillaries which join up to form veins. These veins unite 
to form one large vein, the hepatic portal vein (see Fig. 10 
on page 141}. This vein carries all the blood from the 
intestine to the liver, which may store or a lter any of the 
digestion products. When these products are re leased from 
the liver, they enter the general blood circulation. 

Some of the fatty acids and glycerol from the digestion of 
fats enter the blood capillaries of the villi. However, a 
large proportion of the fatty acids and glycerol may be 
combined to form fats again in the intestinal epithel ium. 
These fats then pass into the Jacteals (Fig. 12). The fluid in 
the lacteals flows into the lymphatic system which forms 
a network all over the body and eventually empties its 
contents into the bloodstream (see p. 144}. 

Absorption of the products of digestion and other 
dietary items is not just a matter of simple diffusion, 
except perhaps for alcohol and, sometimes, water. 
Although the mechanisms for transport across the 
intestinal epithelium have not been fully worked out, 
it seems likely that various forms of active transport 
(p. 35} are involved. Even water can cross the 
epithelium against an osmotic gradient(p. 37). Amino 
acids, sugars and salts are, almost certainly, taken up 
by active transport. Glucose, for example, et·osses the 
epithelium faster than fructose although their rates 
of diffusion would be about the same. 

Water-soluble vitamins may diffuse into the 
epithelium but fat-soluble vitamins are carried in the 
microscopic fat droplets that enter the cells. The ions 
of mineral salts are probably absorbed by active 
transport. Calcium ions need vitamin D for their 
effective absorption. 

The epithelial cells of the viUi are constantly being 
shed into the intestine. Rapid cell division in the 
epithelium of the crypts (Fig. 12), replaces these lost 
cells. In effect there is a steady procession of 
epithelial cells moving up from the crypts to the villi. 

The large intestine (colon and 
rectum) 
The material passing into the large intestine consists of 
water with undigested matter, largely cellulose and 
vegetable fibres (roughage), mucus and dead cells ft·om the 
lin ing of the alimentary canal. The large intestine secretes 
no enzymes but the bacteria in the colon digest part of the 
fibre to form fatty acids which the colon can absorb. Bile 
sal ts are absorbed and returned to the liver by the blood 
circulation. The colon also absorbs much of the wate1· from 
the undigested residues. About 7 li tres of digestive juices 
are poured into the alimentary canal each day. If the water 
from these was not absorbed by the ileum and colon, the 
body would soon be dehydrated. 

The semi-solid waste, the faeces or 'stool', is passed into 
the rectum by peristalsis and is expelled at intervals 
through the anus. The residues may spend from 12 to 24 
hours in the intestine. The act of expelling the faeces is 
called egestion or defecation. 
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QUESTIONS 
8 What are the produciS of digestion of (a) sta rch, (b) protein, 
(c) fats, which are absorbed by the ileum? 
9 What characteristics of the small intestine enable it to absorb 
digested food efficiently'! 

USE O F DIGESTED FOOD 

The products of digestion are carried round the body in the 
blood. Ft·om the blood, cells nbsorb and use glucose, fats 
and amino acids. This uptake and use of food is called 
assim ilation. 

Glucose During respiration in the cells, glucose is 
oxidized to carbon dioxide and water (see p. 24}. This 
reaction provides energy to <h·ive the many chemical 
processes in the cells which resu lt in, for example, the 
building u_p of proteins, contraction of muscles or 
electrical changes in nerves. 

Fats These are buil t into cell membranes and other cell 
structures . Fats also form an important source of energy 
for cell metabolism. Fatty acids produced from stored fats 
or taken in wi th the food, are oxidized in the cells to carbon 
dioxide and water. This releases energy for processes such 
as muscle contraction. 'Pats can provide twice as much 
energy as sugars. 

Amino acids These are absot·bed by the ce lls and built 
up, with the aid of enzymes, into proteins. Some of the 
proteins will become plasma proteins in the blood (p. 139). 
Others may form structures such as the cell membrane or 
they may become enzymes which control the chemical 
activity within the cell. Amino acids not needed for 
making cell p1·oteins are converted by the liver int.o 
glycogen which can then be used for energy. 

QUESTIONS 
10 State briefly what har>pens ~o a protein molecule in food, from 
the time it is swallowed. to the time its products are built up into 
the cytoplasm of a muscle cell. 
11 Listthc chemical changes which a stareh molecule undergoes 
from the time it reaches the duodenum to the time its carbon 
atoms become part of carbon cl ioxide molecules. Say where in the 
body these changes occur. 

STORAGE OF DIGESTED FOOD 

If more food is taken in than the body needs for energy or 
for building tissues, such as bone or muscle, it is stored in 
one of the followi11g ways: 

Glucose The sugar not required immediate ly for energy 
in the cells is changed in the liver to glycogen. The 
glycogen molecule is built up by combining many glucose 
molecules into a long chain molecule similar to that of 
starch (seep. 16}. Some of this insoluble glycogen is stored 
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in the liver a nd the rest in the muscles. When the blood 
sugar falls below a certain level, the liver changes its 
glycogen back to glucose and releases it into the 
circulation. The muscle glycogen is not returned to the 
circu Ia tion but is used by muscle cells as a source of energy 
during muscu la r activity. 

The glycogen in the liver is a 'short-term' store, 
sufflcient for only about6 hours. Excess glucose not s tored 
as glycogen is converted to fa t and stored in the fa t depots. 

Fat Unlike glycogen, there is no limit to the amount of 
fat stored and because of its high energy value (p. 115) it is 
an effective 'long-term' store. The fat is stored in ad ipose 
tissue in the abdomen, round the kidneys and under the 
skin. These are the fat de pots. Figures 1-3 on page 166 
show the adipose tissue of the skin. 

Certain cells can accumulate drops of fat in their 
cytoplasm. As these drops increase in size and 
number, they join together to form one large globule 
offat in the middle of the cell, pushing the cytoplasm 
into a th:in layer and the nucleus to one side (Fig. 13). 
Groups· of fat cells form adipose tissue. 

tat droplets 

droplets 
join up 

~( v 
(a) ACCUMULA1'l0N OP FAT IN A fiAT CELL 

(b) APP&ARANCg OF ADU10S£ TI SSUE lN A SEC1'10 N 

Fig. 13 Adipose tissue 

Amino acids Amino acids are not stored in the body. 
Those not used in prote in formation are de-amina ted (see 
below). The prote in of the liver and other tissues can act as 
a k ind of protein store to maintain the protein level in the 
blood, but a bsence of protein in the diet soon leads to 
serious disorders . 

All these convet·sions of one substance to a nother need 
specific enzymes to make them happen. 

Body weight 
The rate a t which glucose is oxidized or changed into 
glycogen and fat is controlled by hormones (p. 212). When 

intake of carbohydrate and fat is more than enough to meet 
the energy requirements of the body, the surplus will be 
stored mainly as fat. Some people never seem to get fat no 
matter how much they eat, while others sta rt to lay down 
fat when thei•· intake only just exceeds their needs. Putting 
on weight is certainly the result of eating more food than 
the body needs, but it is not clear why people should differ 
so much in this respect. The explanation probably lies 
in the balance of hormones which, to some extent, is 
dete•·mined by heredity. 

QUESTIONS 
12 List the ways in which the body cnn store an excess of 
carbohydrates taken in with the diet. 
13 If you were deprived of food for several days, how would yom· 
body meet t he demands for energy by your heart and other 
organs• 

THE LIVER 

The liver has been mentioned severa l times in connection 
with the digestion, use and storage offood. This is only one 
aspect of its many important functions, some of which are 
listed below. It is a large, reddish-brown organ which lies 
just benea th the diaphragm and pa rtly overlaps the 
stomach. All the blood from the blood vessels of the 
al imentary canal passes through the liver, which adjusts 
the composition of the blood before releasing i t into the 
general c ixculation (Fig. 14). 

Regulation of blood sugar Aftet a meal, the liver 
removes excess glucose from the blood and stores it as 
glycogen. In the periods between meals , when the glucose 
concentration in the blood s tarts to fa ll , the liver converts 
some of its stored glycogen into glucose and releases it into 
the bloodstream. In this way, the concentration of sugar in 
the blood is kept at a fairly steady level. 

The concentration of glucose in the blood of a 
person who has not eaten for 8 hours is usually 
between 90 and 100 mg/100 cm3 blood. After a meal 
containing carbohydrate, the blood sugar level may 
rise to 140 mg/100 cm3 but 2 houxs later, the level 
returns to about 95 mg as the liver has converted the 
excess glucose to glycogen. 

About 100 g glycogen is stored in the liver of a 
healthy man. If the concentration of glucose in the 
blood falls below about 80 mg/100 cm3 blood, some of 
the glycogen stored in the liver is converted by 
enzyme action into glucose and it enters the 
circulation. If the blood sugar level rises above 
160 mg/100 cm3 , glucose is excreted by the kidneys. A 
blood glucose level below 40 mg/100 cm3 affects the 
brain cells adversely, leading to convulsions and 
coma. By helping to keep the glucose concentration 
between 80 and 150 mg, the liver prevents these 
undesirable effects and so contr ibutes to the homeo­
stasis (see below) of the body. (See Fig. 10 on page 141 
for the circulatory supply to liver.) 
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Fig. 14 Some functions of the liver 

Production of bile Cells in the liver make bile con· 
tinuously and this is stored in the gall-bladder until it is 
discharged through the bile duct into the duodenum. The 
green colour of the bile resu lts from a pigment, bilixubin, 
which comes from the breakdown of haemoglobin from 
worn·Out red blood cells. 

The bi le also contains bi le sa lts which assist the 
digestion of fats as described on page 129. 

A large proportion of the bile salts is 1·eabsorbed in the 
ileum along with the fats they have helped to emulsify. Bile 
salts are also absorbed in the colon. 

De-amination The amino acids not needed for making 
proteins are converted to glycogen in the liver. During this 
process, the nitrogen-containing, amino part (NH2) of the 
amino acid is removed and changed to u rea, which is later 
excreted by the kidneys (see p. 160). 

When the -NH2 group is removed from certain 
amino acids it forms ammonia, NH3 (or, more strictly, 
the ammonium ion - NH.•). Ammonia is very 
poisonous to the body cells, and the liver converts it 
at once to urea, (NH2) 2CO, which is a comparatively 
harmless substance. 

Storage of iron Millions of red blood cells break down 
every day. The iron from their haemoglobin (p. 137) is 
stored in the liver. 

Ma nufactur e of plasm a p1·ote ins The liver makes 
most of the proteins found in blood plasma, including 
fibt·inogen which plays an important part in the c lotting 
action of the blood (p. 116). 

Deto xication Poisonous compounds, produced in the 
large in testine by the action of bacteria on amino ac ids. 
enter the blood, but on reaching the liver are converted to 
harmless substances, later excreted in the urine. Many 
other chemical substances normally present in the body or 
introduced as drugs are modified by the liver before being 
excreted by the kidneys. Hormones, for example, are 
converted to inactive compounds in the liver, so limiting 
their period ~f activity in the body. 

Storage of v itamins The fat-soluble vitamins A and D 
are stored in the liver. This is the reason why animal liver 
is a va luable source of these vitamins in the d iet. 

Heat pr oduction All these chemical changes going on 
in the liver release heat as a by-product. When this heat is 
distributed round the body by the blood circulation, it 
helps to keep up the body temperature. 

QUESTION 
14 Explain how lhc Jivcr exercises control over the substances 
coming from the intestine and entering the general blood 
circulation. 

" 
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Homeostasis 
A complete acco'!ffit of the functions of the liver 
would involve a very long list. It is most important, 
however, to realize that the one vital function of the 
liver, embodying all the details outlined above, is 
that it helps to maintain the concentration and 
composition of the body fluids, particularly the blood. 

Within reason, a variation in the kind of food eaten 
will not produce changes in the composition of the 
blood. 

If this internal environment, as it is called, were 
not so constant, the chemical changes that maintain 
life would become erratic and unpredictable so that 
with quite slight changes of diet or activity the whole 
organization might break down. The maintenance of 
the internal environment is called homeostasis and 
is discussed again on pages 145, 163 and 214. 

PRACTICAL WORK 

1. The action of salivary amylase on starch 
Rinse the mouth with water to remove traces of food. 
Collect saliva in two test-tubes, labelled A and B, to a depth 
of about 15 mm (see Fig. 15). Heat the saliva in tube B over 

__] 15mm 
saliva 

l r add2cm' l r 
wtarch solution~ 

WAIT FIVE MINUTES 

iodine . Benedict's iodine Benedict's D solution ~ D solution ~ 

Fig. 15 Salivary amylase acting on starch 

a small flame until it boils for about 30 seconds and then 
cool the tube under the tap. Add about 2 cm3 of a 2 per cent 
starch solution to each tube; shake each tube and leave 
them for 5 minutes. 

Share the contents of tube A between two clean test­
tubes. To one of these add some iodine solution. To the 
other add some Benedict's solution and heat in a water 
bath as described on page 45. Test the contents of tube Bin 
exactly the same way. 

Results The contents of tube A fail to give a blue colour 
with iodine, showing that the starch has gone. The other 
half of the contents, however, gives a red or orange 
precipitate with Benedict's solution, showing that sugar is 
present. 

The contents of tube B still give a blue colour with iodine 
but do not form a red precipitate on heating with 
Benedict's solution. 

Interpretation The results with tube A suggest that 
something in saliva has converted starch into sugar. The 
fact that the boiled saliva in tube B fails to do this, suggests 
that it was an enzyme in saliva which brought about the 
change (see page 19), because enzymes are proteins and are 
destroyed by boiling. If the boiled saliva had changed 
starch to sugar, it would have ruled out the possibility of 
an enzyme being responsible. 

This interpretation assumes that it is something in 
saliva which changes starch into sugar. However, the 
results could equally well support the claim that 
starch can turn unboiled saliva into sugar. Our 
knowledge of (1) the chemical composition of starch 
and saliva and (2) the effect of heat on enzymes, 
makes the first interpretation more plausible. 

2. The action of pepsin on egg-white 
protein 

A cloudy suspension of egg-white is prepared by 
stirring the white of one egg into 500 cm3 tap water, 
heating it to boiling point and filtering it through 
glass wool to remove the larger particles. 

A 

3 drops 3 drops 3 drops 
HCI HCI HCI 

B C D 

2 cm3 

egg-white 
2 cm3 

egg-white 

Fig. 16 Pepsin acting on egg-white 

1 cm3 

boiled 
pepsin 



Label four test-tubes A, B, C and D and place 2 cm3 

egg-white suspension in each of them. Then add 
pepsin solution and/or dilute hydrochloric acid to the 
tubes as follows (Fig. 16): 

A Egg-white suspension+ 1 cm3 pepsin solution (1 %) 
B Egg-white suspension+3 drops dilute hydro-

chloric acid (HCI) 
C Egg-white suspension+ 1cm3 pepsin+3dropsHCI 
D Egg-white suspension + 1 cm3 boiled pepsin + 3 

drops HCl 

Place all four tubes in a beaker of warm water at35 •c 
for 10-15 minutes. 

Resu lt The contents of tube C go clear. The rest 
remain cloudy. 

Interpret ation The change from a cloudy suspen­
sion to a clear solution shows that the solid particles 
of egg protein have been digested to soluble products. 
The failure of the other three tubes to give clear 
solutions shows that: 

A Pepsin will only work in acid solutions. 
B It is the pepsin and not the hydrochloric acid 
which does the digestion. 
D Pepsin is an enzyme, because its activity is 
destroyed by boiling. 

3. A 'model ' for dige stion and 
absorption 

Put about 30 mm 3 per cent starch solution in .a test­
tube. Take a 15 em length of dialysis tubing which has 
been soaked in water and tie a knot securely in one 
end. Use a dropping pipette to fill the dialysis tubing 
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with the starch solution and place the tubing in a test­
tube labelled A. Secure the tubing to the r im of the 
test-tube with an elastic band as shown in Fig. 17. 
Wash away all traces of starch solution from the 
outside of the tube by filling the test-tube with water 
and emptying it several times. Finally, fill the test­
tube with water and leave it in the rack. 

Now add about 2 rom saliva to the remaining starch 
solution. Shake the mixture and fill a second dialysis 
tube exactly as before. Wash it thoroughly and secure 
it in a test-tube of water, labelled B. 

After 24 hours pour about 30 mm of the water from 
tube A into each of two clean test-tubes. Add 5 dt·ops 
of iodine to one of these tubes and test the other for 
sugar by heating it in a water bath with an equal 
volume of Benedict's solution. 

Repeat this procedure for the water taken from 
tube B. 

Result The water from tube A should not give a 
blue colour with iodine, nor should it give a red 
precipitate with Benedict's solution. 

The water from tube B also should not give a blue 
colour with iodine but it should give a red precipitate 
with Benedict's solution. 

Interpr etation In tube A, the starch has been 
confined to the dialysis tubing and has not diffused 
out into the surrounding water. In tube B, starch has 
not diffused through the dialysis tubing. However, in 
tube B, salivary amylase has turned some of the 
starch into maltose which diffused tlu:ough the 
dialysis tubing into the water. 

This is an acceptable model for the digestion of 
starch, but a poor model for absorption in the ileum. 
It is doubtful whether much, if any, absorption in the 
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ileum takes place by passive diffusion. 'l'he epithelial 
cell membranes play an active part in both the 
digestion and absorption of food in the ileum. 

More rapid results can be obtained by placing a 
mixture of 3 per cent starch and 30 per cent glucose 
solutions in the dialysis tubing. The gJucose can be 
detected in the dialysate (the liquid in the test-tube) 
after about 15 minutes, but the model is even less 
satisfactory than before because no digestion is 
involved. It could also be argued that the glucose, 
being 10 times more concentrated than the starch, 
would be expected to diffuse faster. 

CHECK LIST 

QUESTIONS 
15 In experiments with enzymes, the control often involves the 
boiled enzyme. Suggest why this type of control is used? 
16 In Experiment 2, why does the change from cloudy to clear 
suggest that digestion has occurred? 
17 How would you modify Experiment2 if you wanted to find the 
optimum temperature for .the action of pepsin on egg-white? 
18 It was suggested that an alternative interpretation of the 
result in Expetiment 1 might be thntsterch has turned saliva into 
sugar. From what you know about starch, saliva and the design 
of the experiment, explain why this is a less acceptable 
interpretation. · 
19 Write down the menu for your breakfast and lunch (or 
supper). State the main food substances present in each item of 
the meal. State the final digestion product of each. 

• Digestion is the process which changes insoluble food into soluble substances. 
• Digestion takes place in the alimentary canal. 
• The changes are brought about by chemicals called digestive enzymes. 

Region of 
Digestive gland 

Digestive jllice Enzymes in the Class of food 
Substances produced alimentary canal prodllced j~<ice acted llpon 

Mouth salivary glands sa liva salivary amylase starch maltose 
Stomach glands in gastric juice 

stomach lining 
pepsin proteins pcptidcs 

Duodenum pancreas pancreatic juice pro teases pt·oteins and peptides and amino acids 
pep tides 

amylase starch maltose 
lipase fats fatty acids and glycerol 

• MaJtose and sucrose are changed to glucose by enzymes in the epithelium of the villi. 
• The ileum absorbs amino acids, glucose and fats. 
• These are carried in the bloodstream first to the liver and then to all parts of the body. 
• Internal folds, villi and microvilli greatly increase the absorbing sul'face of the small intestine. 
• The digested food is used or stored in the following ways : 

Glucose is (1) oxidized for energy or (2) changed to glycogen or· fat and stored. 
Amino acids are {1) built up into proteins or (2) de-aminated to urea and glycogen and used for energy. 
Fats are (1) oxidized for· energy or (2) stored. 

• Glycogen in the liver and muscles acts as a short-term e ner·gy s tore; fat in the fat depots acts as a long­
tet·m energy store. 

• The liver stores glycogen and changes it to glucose and releases it int o the bloodstream to keep a steady 
level of blood sugar. · 

• The liver exercises control ovet· many othet· aspects of blood compos it ion a nd so helps maintain chemical 
stability in the body. 



14 The Blood Circulatory 
System 

BLOOD COMPOSITION 

Blood cells and plasma. 

THE HEART 

Structure and function. 

CIRCULATION 
Arteries, veins and capillaries. 

LYMPHATIC SYSTEM 

Spleen and thymus. 

FUNCTIONS OF THE BLOOD 
Homeostasis, transport and defence. 

The previous chapter explained how food is digested to 
amino acids, glucose, etc., which are absorbed in the small 
intestine. These substances are needed in all living cells in 
the body such as the brain cells, leg muscle cells and 
kidney cells. The substances are carried from the intestine 
to other parts of the body by the blood system. In a similar 
way, the oxygen taken in by the lungs is needed by all the 
cells and is carried round the body in the blood. 

COMPOSITION OF BLOOD 

Blood consists of red cells, white cells and platelets float­
ing in a liquid called plasma. There are between 5 and 
6 litres of blood in the body of an adult. 

Red cells 
These are tiny, disc-like cells (Figs la and 2) which do not 
have nuclei. They are made of spongy cytoplasm enclosed 
in an elastic cell membrane. In their cytoplasm is the 
red pigment, haemoglobin, a protein combined with 
iron. Haemoglobin combines with oxygen in places where 
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ANTIBODIES AND IMMUNITY 
Vaccines. 

BLOOD GROUPS i\ND TRANSFUSIONS 
ABO blood groups. 

CORONARY HEART DISEASE 
Possible causes. 

CORRELATION AND CAUSE 

(a) REO CELLS 

nucleus 

©@ 
phagocyte 

(b) TWO TYPES OP 

WIUTE C~LLS 

lymphocyte 

Fig. 1 Blood cells 

section through 
red cell 

.~ blood 
': • • •: platelets . . . 

(c) WHJTE CELL 

ENGULFIS(; 8ACTERlA 
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Fig. 2 Red and white cells from human blood ( x 2000). 
The large nucleus can be clearly seen in the white cells. 

there is a high concentration of oxygen, to form oxy­
haemoglobin. Oxy-haemoglobin is an unstable com­
pound. It breaks down and releases its oxygen in places 
where the oxygen conccnlt·ation is low (Fig. 3). This makes 
haemoglobin very useful in carrying oxygen from the 
lungs to the tissues. 

Blood which contains mainly oxy-haemoglobin is said to 
be oxygenated . Blood with little oxy-haemoglobin is 
ca lied deoxygenn ted. 

Each red cell lives for about 4 months, after which it 
breaks down. The red haemoglobin changes to a yellow 
pigment, bilirubin, which is excreted in the bile. The iron 
from the haemoglobin is stored in the liver. About 200 000 

million red cells wear out and ore replaced each day. Tbis 
isaboutl per cent of the total. Red cells are made by the red 
bone marrow of certain bones in the skeleton; in the t•ibs, 
vertebrae and breastbone for example. 

White cells 
There are several different kinds of white cell (Figs lb and 
2). Most are larger than the red cells, and they all have a 
nucleus. The two most numerous types of while cells are 
phagocytes and lymphocytes. 

The phagocytes can move about by a flowing action or 
their cytoplasm and can escape from the blood capillaries 
into the tissues by squeezing between the cells of the 
capillary walls. They collect at the site of an infection. 
engulfing (ingesting) and digesting harmful bacteria and 
cell debris (Fig. lc). In this way they prevent the spread of 
infection through the body. 

The lymphocytes' function is to produce antibodies 
(p. 147). There is I white cell to evet·y 600 red cells. 

White cells are made in the same bone marrow that 
makes red c,ells but many of them undergo u process of 
maturation and development in the thymus gland, lymph 
nodes or spleen (p. 144). 

Platelets 
These are pieces of special blood cells budded off in the red 
bone marrow. They help to clot the blood at wounds and so 
stop the bleeding (p. 146). 
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Plasma 
The liquid part of the blood is called plasma. It is water 
with a large number of substances dissolved in it. The ions 
of sodium, potassium, calcium, chloride and hydrogen· 
carbonate, for example, are present. Proteins such as 
fibrinogen, a lbumin and globulins constitute an important 
part of the plasma. Fibrinogen is needed for clotting 
(p. 146), and the globulin proteins include the antibodies 
which combat bacteria and other foreign matter (p. 147). 
1'he plasma will also contain varying amounts of food 
substances such as amino acids, glucose and lipids (fats). 
There may also he hormones (p. 212) present, depending on 
the activities taking place in the body. The excretory 
product, urea, is dissolved in the plasma. 

The liver and kidneys keep the composition of the 
plasma more or less constant but the amount of digested 
food. sa lts and water will vary within narrow limits 
according to food intake and body activities. 

QUESTIONS 
1 In whatwnys nrc white cells different from red cells in (a) their 
structure, (b) their function? 
2 (a) Where, in the body, would you expect hncmoglobin to be 
combining with oxygen to form oxy-hncrnoglobin? 

(b) In what parts of tho body would you expect oxy· 
hncmoglobin to be breaking down to oxygen nnd haemoglobin? 
3 Why is it important for oxy-haemoglohin to be nn unstable 
compound, i.e. cosily changed to oxygen and hnomoglobin? 
4 What might be the effect on n person whose diet contnined too 
little iron? 

THE HEART 

The heart pumps blood through the circulatory system all 
round the body. Figure 4 shows its appearance from the 
outside, Fig. 5 shows the left side cut open, while Fig. 6 is 
a diagram of a vertical section to show its internal 
structure. Since the heart is seen as if in a dissection of a 
person facing you, the left side is drawn on the right. 

If you study Fig. 6 you will see that there are four 
chambers. The upper, thin-walled chambers ore the atria 
(singular = atrium) and each of these opens into a thick­
walled chamber, the ventricle, below. 

Blood enters the atria from largo veins. The pulmonary 
vein brings oxygenated blood from the lungs into the left 
atrium. The vena cava brings deoxygenated blood from 
the body tissues into the right atrium. 'l'he blood passes 
from each atrium to its conosponding ventricle, nnd the 
ventricle pumps it out into the arteries. 

The artery carrying oxygenated blood to the body ft·om 
the left ventricle is the aorta. Tho pulmona ry a rtery 
cnnies deoxygenated blood from tho t·ight ventricle to the 
lungs. 

In pumping the blood, the muscle in the walls of the at•·ia 
and ventricles contracts and relaxes (Fig. 7). The wa lls of 
the atria contract first and .force blood into the two 
ventricles. Then the ventricles contract and send blood 
into the arteries. The blood is stopped from flowing 
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{3) semi-lunar valves closo 
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Fig. 7 Diagram of heart beat (on ly the left side is shown) 

backwards by four sets of valves. Between the right atrium 
and the l'ight ventricle is the tt·icuspid ( "' three flaps) 
va lve. Between the left atrium and loft ventric le is the 
bicus pid ( = two flaps) va lve. The flaps of these va lves are 
shaped rather like parachutes, with 'strings' called 
tendons or cords to prevent their being turned inside out. 

In the pulmonary artery and aorta arc the semi-lunar 
( = half-moon) va lves. These each consist of three pockets 
which are pushed Hat against the artery walls when blood 
flows one way. If blood tries to flow the other way, the 
'pockets' fill up and meet in the middle to stop lhc flow of 
blood (Fig. 8). 

When the ventricles contract, blood pressure c loses the 
bicuspid and tricuspid valves and these prevent blood 
returning to the atria. When the ventricles relax, the blood 
pressure in the arteries closes the semi-lunar valves so 
preventing the return of blood to the ventl'icles. 

The heart contracts and relaxes 60-80 times n minute. 
During exercise, this rate goes up to over 100 and increases 
the supply of oxygen and food to the tissues. 

The heart musc le is supplied with food and oxygen by the 
coro na ry arteries (Fig. 4). 
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Fig. 8 Action of the semi-lunar valves 
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From the description above, it may seem that the 
ventricles are filled with blood as a result of the 
contraction of the atria. ln fact, when the ventricles 
relax, their internal volume increases and they draw 
in blood from the pulmonary vein or vena cava 
through the relaxed atria. Atrial contraction then 
forces the final amount of blood into the ventricles 
just before ventricu lar con traction. 

Control of heart beat 
At rest, the normal heart rate may lie between 50 and 
100 beats per minute, according to agE!, sex and other 
factors. During exercise, the rate may increase to 200 
per minute. 

The heart beat is initiated by the 'pace-m aker ', a 
small group of specialized muscle cells at the top of 
the right atrium. The pace-maker receives two sets of 
nerves from the brain. One group of nerves speeds up 
the heart rate and the other group slows it down. By 
this means, the heart rate is adjusted to meet the 
needs of the body at times of rest, exer tion and 
excitement. 

QUESTIONS 
5 Which parta of tho heart (a) pump blood into the urtc•·ics, 
(b) stop blood Oowing the wrong way? 
6 Put the following in the correct order: (a) blood enters artcriu, 
(b) ventricles contract, (c) atria contract, (d) ventricles relax, 
(e) blood enters ventricles,{/) semi-lunar valves close, {g) tri- and 
bicuspid valves close. 
7 \Vhy do you think that {o) the walls of the ventricles ore more 
muscular than the walls of the atria and (b) the muscle of the 
left ventricle is thicker than that of the right ventricle? (Consult 
Fig. 10.) 
8 Which important veins nro not shown in Fig. 4? 
9 Why is a person whose heart valves are damaged by disease 
unable to take part in active sport? 

THE CIRCULATION 

The blood, pumped by the heart, travels all round the body 
in blood vessels. It leaves the heart in arteries and returns 
in veins. Figure 9 shows the route of the circuJation as a 
diagram. The blood passes twice through the heart during 
one complete circuit; once on its way to the body and again 
on its way to the lungs. The circulation through the lungs 
is called the pulmonary circulation; the circulation 
round the rest of the body is called the systemic 
circulation. On average, a red cell would go round the 
whole circulation in 45 seconds. Figure 10 is a more 
deta iled d iagram or the c it·culation. 

Arteries 
These are fairly wide vessels (Figs lla and 12) which carry 
blood from the heart to the limbs and organs of the body 
(Fig. 13a). Tho blood in the arteries, except for tho 
pulmonary arteries. is oxygenated. 



deoxygenated 
blood 

systemic 
circulation 

Fig. 9 Blood circulation 

elastic 
fibres 

(a) ARTRRY 

muscle layer 

(b) \ 'RIN 

D 
oxygenated 

blood 

fibtous 
tissue 

relative 
size 

I single 
layer 
of cells 

-" \J. I 
(~~ ' •) • :7 
red cells 

(c) CAI'Il.LAR'i 

Fig. 11 Blood vessels, transverse sections 

Arter ies have elastic tissue and muscle fibres in their 
thick walls. 

The large arteries, near the heart, have a ~rreater 
proportion of elastic tissue which allows these vessels to 
stand up to the surges of high pressure caused by the heart 
beat. The r ipple of pressure which passes down an artery as 
a result of the heart beat can be felt as a 'pulse' when the 
artery is near the surface of the body. You can feel the 
pulse in your radial artery by pressing the finger-tips of one 
hand on the wrist of the other (Fig. 14). 
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Fig. 12 Transverse section through a vein and m·tery. 
The vei n is on t he right, the artery on the left. Notice that the 
wa ll of t he artery is much t hicker than tha t of the vein . The 
material fi lling the artery is fo1111cd from coagulated red blood 
cells. These are a lso visible in two regions of the vein. 
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The arteries divide into smaller vessels called ar­
terioles. The small arteri es a nd the arterioles have 
proportionately less elastic tissue and more musc le fibres 
than the great arteries. When the muscle fibres of the 
arterioles contract, they make the vessels na rrowm· and 
restrict the blood flow. Tn this way, the distribution of 
blood to different parts of the body can be regulated. (See 
p. 168 for an example of this.) 
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Fig. l3(b) Diagram of the venous system 
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T he arterioles divide repeatedly to form a branching 
nelwork of mic roscopic vessels passing between the ce lls 
of every living tissue. These fin a l branches are called 
capillaries. 

Capillaries 
These are tiny vessels, often as little as 0.001 mm in 
diameter a nd with walls only l·cell thick (Figs llc and 15). 
Although the hloocl as a whole cannot escape from the 
capi llary, the thin capillary walls a llow some liquid to pass 
through, i.e. they are permeable. Blood pressure in the 
capilla1·ies forces part of the plasma out through the walls. 
The Auid which escapes is not blood, nor plasma, but 
t issue fluid. Tissue fluid is similar to plasma hut contains 
less protein. This Auid bathes a ll the livingcellsoflhe body 
and s ince it con tains di ssolved food and oxygen from the 
blood, it s upplies the cells with their needs (Figs 16 and17). 
The tissue fluid eventually seeps back into the capi llaries, 
having given up its oxygen and dissolved food to the cells, 
but it has now received the waste products of the cells, 
such as carbon dioxide, which are carried away by the 
bloodstream. 

The capillary network is so dense that no living cell is far 
from a supply of oxygen and food. The capillaries join up 
into larger vessels, called venules, which then combine to 
form veins. 
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Veins return blood from the tissues to the heart (Fig. 13b). 
The blood pressure in them is steady and is less than that 
in the arteries. They are wider and their walls are thinner, 
less elastic and less muscular than those of the arteries 
(Figs llb and 12). They also have valves in them similar to 
the semi-lunar valves (Fig. 8). 

Contraction of body muscles, particularly in the limbs, 
compresses the thin-walled veins. The valves in the veins 
prevent the blood flowing backwards when the vessels are 
compressed in this way. 

The blood in most veins is deoxygenated and contains 
less food but more carbon dioxide than the blood in most 
arteries. '!'his is because respiring cells have used the 
oxygen and food and produced carbon dioxide. The 
pulmonary veins, which return blood from the lungs to the 
heart, contain oxygenated blood. 
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Blood pressure 
The pumping action of the heart produces a pressure which 
drives blood round the circulatory system. In the arteries, 
the pressure fluctuates with the heart beat, and the 
pressure wave can be felt as a pulse. The millions of tiny 
capillaries offer resistance to· the blood flow and, by the 
time the blood enters the veins, the surges due to the heart 
beat are lost and the blood pressure is greatly reduced. 

In medical terms, 'blood pressure' means the two 
pressures, as measured in the arteries, when the heart is 
contracting and relaxing. 

QUESTIONS 
10 Starting from the left atrium, put the following in the correct 
order for circulation of the blood: (a) left atrium, (b~ vena cava, 
(cl aorta, (d), lungs, (e). pulmonary artery, (j). right atrium, 
(g). pulmonary vein, (h) right ventricle, (i}.IMt ventricle. 
11 Why is it not correct to say that all arttries carry oxygenated 
blood and all veins carry deoxygenated blood? 
12 How do veins differ from arteries in (a) their function, (b) their 
structure? 
13 How do capillaries differ from other blood vessels in (a) their 
structure, (b) their function? 
14 Describe the path taken by a molecule of glucose, from the 
time it is absorbed in the small intestine, and the path taken by 
a molecule of oxygen absorbed in the lungs, to the time when they 
both meet in a muscle cell of the leg (use Fig. 10). 

THE LYMPHATIC SYSTEM 

Not all the tissue fluid returns to the capillaries. Some 
of it enters blindly-ending, thin-walled vessels called 
lymphatics (Fig. 16). The lymphatics from all parts of the 
body join up to make two large vessels which empty their 
contents into the blood system as shown in Fig. 18. 

The lacteals from the villi in the small intestine (p. 130) 
join up with the lymphatic system, so most of the fats 
absorbed in the intestine reach the circulation by this 
route. The fluid in the lymphatic vessels is called lymph 
and is similar in composition to tissue fluid. 

Some of the larger lymphatics can contract, but most of 
the lymph flow results from the vessels being compressed 
from time to time when the body muscles contract in 
movements such as walking or breathing. There are valves 
in the lymphatics (Fig. 19) like those in the veins, so that 
when the lymphatics are squashed, the fluid in them is 
forced in one direction only: towards the heart. 

Figure 18 shows that at certain points in the lymphatic 
vessels, there are swellings called lymph nodes. Lym­
phocytes are stored in the lymph nodes and released into 
the lymph to reach, eventually, the blood system. There are 
also phagocytes in the lymph nodes. If bacteria enter a 
wound and are not ingested by the white cells of the blood 
or lymph, they will be carried in the lymph to a lymph node 
and white cells there will ingest them. The lymph nodes 
thu~ form part of the body's defence system against 
infection. 
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Fig. 18 Main drainage routes of the lymphatic system 
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Fig. 19 Lymphatic vessel cut open to show valves 

Spleen 
The spleen is the largest organ in the adult lymphatic 
system. It is a solid, deep red body about 12 em long 
and lies in the left side of the upper abdomen, between 
the lower ribs and the stomach. It contains lym­
phatics and blood vessels. Its main functions are 
to (1) remo.ve worn-out red cells, bacteria and cell 
fragments from the blood, (2) produce lymphocytes 
and antibodies (p. 147). 

The spleen contains many phagocytes which ingest 
the spent red cells and turn their haemoglobin into 
the compounds bilirubin and ferritin which ar,e 
released into the blood circulation. The yellow 
pigment, bilirubin, is excreted in the bile (p. 129) but 
ferritin is a protein which contains the iron from the 
haemoglobin and is used by the red bone marrow to 
make more haemoglobin. 



If bacteria or their antigens (p. 147) reach the 
spleen, the lymphocytes ttlere start to make anti­
bodies against them. .. 
Thymus 
The thymus glan~ lies at the top of the thot·ax, partly 
over the heart and lungs. It is an important lymphoid 
organ particularly in the newborn where it controls 
the development of the spleen and lymph nodes. The 
thymus produces lymphocytes and is the main centre 
for providing immunity against harmful micro­
organisms. 

After puberty, the thymus becomes s maller but is 
sti ll an important immunological organ. White cells 
from the bone marrow are stored in the thymus. 
Hm·e they undergo cell division to produce a 
large population of lymphocytes which can be 
'programmed' to make antibodies aga inst specific 
micro-organisms. 

Q UESTIONS 
16 List the things you would expect to find if you alla lysed a 
sample of lymph. 
16 Describe the course taken by a molecule of fat from the time 
it is absorbed in the small intestille to the time it reaches the liver 
to be oxidized for energy. (Use Fig. 12 on p. 130, Fig. 10 on p. 141 
and Fig. 18 on p. 144.) 

FUNCTIONS OF THE BLOOD 

lt is convenient, at this point, to distinguish between the 
ftmctions of the blood (1) as the agent replenishing the 
tissue Auid surrounding the cells, i. e. its role in homeo­
stasis (p. 134), (2) as a circulatory transport system and 
(3) as a defence mechanism against harmful bacteria, 
viruses and foreign p1·oteins. 

Homeostatic functions 
All the cells of the body are bathed by tissue fluid 
which is derived from plasma. Tissue fluid supplies 
the cells with the food and oxygen necessary for their 
living chemistry, and removes the products of their 
activities which, if they accumulated, would poison 
them. 

The composition of the blood plasma is regulated 
by the liver and kidneys so that, within narrow limi ts, 
the living cells are soaked in a liquid of a lmost 
unva1·ying composit ion. This provides them with the 
environment they need and enables them to live a nd 
grow in the most favourable conditions. By deliver· 
ing oxygen and nutrients to the tissue Auid and 
removing the excretory products, the blood fulfils a 
homeostatic function (p. 134), maintaining the 
constancy of the internal environment. (Seep. 163 for 
further details .) 
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Tr ansport 
Transport of oxygen from the lungs to the tissues fn 
the lungs, the concentmtion of oxygen is high a nd so the 
oxygen combines with the haemoglobin in the red cells, 
forming oxy-haemoglobin. The blood is now said to be 
oxygenated. When this oxygenated blood reaches tissues 
where oxygen is being used up, the oxy-haemoglobin 
breaks down and releases its oxygen to the tissues. 
Oxygenated blood is a bright red colour; deoxygenated 
blood is dark red. 

'l'ransport of carbon dioxide from the t issues to the 
lungs The blood picks up carbon dioxide from actively 
respiring cells and canies it to the lungs . Tn the lungs, the 
carbon dioxide escapes from the blood and is breathed out 
(seep. 154). 

The ca1·bon dioxide is carr ied in the form of hydrogen­
carbonate ions (- HCO, - ).Some of the hydrogencarbonate 
is carried in the red cells, but most of it is dissolved in the 
plasma. 

Tt·ansport of digested food from the intestine to t h e 
tissues The soluble products of digestion pass into the 
capillaries of the villi lining the small intestine (p. 130). 
They are canied in solution by the plas ma and, after 
passing tf11'ough the liver, enter the main blood system. 
Glucose, salts, vitamins a nd some proteins pass out of the 
capillaries and into the t issue Auid. The cells bathed by 
this fluid take up the substances they need for their living 
processes. 

Transpo rt of nit rogenous waste f rom the liver to t he 
k idneys When the liver changes amino acids into 
glycogen (p. 131), the amino part of the molecules (- NH2 ) 

is cha nged into the nitrogenous waste product, urea. This 
s ubstance is can·iecl away in the blood circulation. When 
the blood passes through the kidneys, much of the urea is 
removed a nd excreted (p. 160). 

Transport of hormones Hormones are chemicals 
made by certain glands in the body (see p. 212). The blood 
carri es these chemicals from the glands which make them, 
to the 01·gans (ta rget organs) whe•·e they affect the 
rate of activity. For example, a hormone called insulin, 
made in the pancreas, is carried by the blood to the liveo· 
and controls how much glucose is stored as glycogen 
(p. 132). 

Table 1 Transport by the blood system 

Srtbstance 

Oxygen 
Carbon dioxide 
Urea 
Hormones 
Digest<><! food 
Heat 

J4'rom 

lungs 
whole body 
liver 
glands 
inicstinc 
li vco· and muscles 

To 
whole body 
lungs 
kidneys 
target organs 
whole body 
whole body 

Note that the blood is not directed to a particular organ. A 
molecule ofw·ea may go round the circulation many times before 
it enters the renal artery, by chance. and is removed by the 
kidneys. 
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Transport of heat The limbs and bead lose heat to the 
surrounding air. Chemical activity in the liver and the 
contraction of muscles produce heat. ·rhe blood carries 
the heat from the warm places to the cold places and so 
helps to keep an even temperature in all regions. Also by 
opening or closing blood vessels in the skin, the blood 
system helps to control the body temperature (seep. 168). 

QUESTION 
17 What substance would the blood (a) gain, (b) lose, on passing 
through (i) the kidneys, {ii) the lungs, (iii) an active muscle? 
Remember that respiration (p. 24) is taking place in all these 
organs. 

Defence against infection 
Clotting When tissues are damaged and blood vessels 
cut, platelets clump together and block the smaller 
capillaries. The plate lets and damaged cells at the wound 
also produce a substance which acts, through a series of 
enzymes, on the plasma protein called fibrinogen. As a 
result of this action, the fibrinogen is changed into fibrin, 
which forms a network of fibres across the wound. Red 
cells become trapped in this network and so form a blood 
clot. The clot not only stops further loss of blood, but also 
prevents the entry of harmful bacteria into the wound 
(Figs 20 and 21). 

White cells White cells at the site of the wound, in the 
blood capillaries or in lymph nodes (p. 144) may ingest 

Fig. 20 A red cell trapped in a fibrin network { x 8800) 

harmful bacteria and so stop them ente1·ing the general 
circulation. White cells can squeeze through the walls of 
capillary vessels and so attack bacteria which get into the 
tissues, even though the capil laries themselves are not 
damaged. 
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Fig. 21 The defence against infection. An area of skin has been damaged and two capillaries broken open 
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Antibodies On the surface of bacteria there are chemi· 
ca l substances called antigens. Certain types of white 
cells, lymphocytes, produce chemicals called antibodies 
which attack the antigens of bacteria and other foreign 
proteins which get into the body. Antibodies are th em· 
selves proteins, released into the plasma by the 
lymphocytes. They may attach to the smface of the 
bacteria and make them easier for the phagocytes to 
ingest, or simply neutralize the poisonous proteins (toxins) 
produced by the bacteria. 

Each antibody is very specific. This means that an 
antibody which attacks a typhoid bactel'ium will not affect 
a pneumonia bacterium. Figure 22 illustrates this in the 
form of a diagram. 

Once an antibody has been made by the blood, it may 
remain in the circulation for some time. '!'his means that 
the body has become immune to the disease, because the 
antibody wi II attack the bacteria or viruses as soon as they 
get into the body. Even if the antibodies do not remain for 
long in the circulation, the lymphocytes can usually make 
them again very quickly, so giving the person some degree 
of immunity. '!'his explains why, once you h ave had 
measles or chicken pox, for example, you are very unlike ly 
to catch the same disease again . This is ca lled natural 
immun ity. 

When you are inoculated (vaccinated) against a 
disease, a harmless form of the bacteria or viruses is 
introduced into yam body. The white cells make the 
correct antibodies, so that if the real micro-organisms get 
into the blood, the antibody is already present or very 
quickly made by the blood. 

The material which is injected or swallowed is called a 
vaccine and is either 

(1) a harmless form of the micro-organism, e.g. the BGG 
inoculation against tuberculosis and the Sabin ora l 
vaccine against polio. (Oral, in this context, means 'taken 
by mouth'.) 

(2) the killed micro-organisms, e.g. the Salk anti-polio 
vaccine and the whooping cough vaccine, 

(3) a t oxoid, i.e. the inactivated toxin from the bacteria, 
e.g. the diphtheria and tetanus vaccines. (A toxin is the 
poisonous substance produced by certain bacteria and 
which causes the disease symptoms.) 

'rhe immunity produced by a vaccine is called at·tificial 
immunity. 
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Antibodies are also present in the senl used to t reat 

ce1·tain d iseases. Serum is plasma with the fibrinogen 
<"emoved. Sera are prepar·ed from the plasma given by blood 
donors. People who have recently received an anti -te tanus 
inoculation will have made anti-tetanus antibodies in 
their blood. Some of these people val u n teer to donate more 
blood than usual, but their plasma is separated at once and 
the red cells returned to theit·citculation. The anti-tetanus 
an tibodies are then extracted from the plasma and used to 
treat patients who have contracted tetanus. In a simi lar 
way, antibodies against chicken-pox and mbies can be 
produced. 

QUESTIONS 
18 Wlutt part do white cells play in the defence of the body 
against infection• 
19 Why is iL neccs.~ary t.o inoculate a person against a disease 
before he catches it rather thnn wait until ho catches it? 

BLOOD GROUPS AND 
TRANSFUSIONS 

If somebody loses a lot ofbloodas a l"esu ltofan injury 
or surgical operation, he can be given a blood 
transfusion. Blood taken from a )leal thy person, the 
d onor, is fed into one of the patient's veins. For a 
transfusion to be successful the blood type of the 
donor has to match the blood of the patient. If the two 
blood types do not match, the donor's red cells are 
clumped in the patient's blood vessels and cause 
serious harm. The red cells are clumped because they 
carry antigens on their cell membranes and if the 
blood types do not match, the antibodies in the 
patient's blood will act on the donor's red cells and 
clump them together. 

For the purposes of transfusion, people can be put 
into one of four groups called group A, group B, group 
AB and group 0. The red cells of {,'l"Oup A people have 
antigen A on their cell membranes and the plasma 
contains anti -B antibod ies. Since antibodies are 
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Fig. 23a ABO blood grouping. A blood sample is 
mixed with the dried serum on the card. Clumping has 
occurred in anti-A but not in anti-B serum, so the sample 
is from a group A person. The control ensures that 
clumping was not caused by some other factor. 

specinc, as explained on page 147, the anti-B 
antibodies do not attack the A antigens on the red 
cells. 

The red cells of group B people carry the B antigen 
and their plasma has the anti-A antibody. So if group 
A cells are introduced into a group B person, they wi!J 
be clumped by the anti-A antibody. Group AB people 
have both A and B antigens on their cells but no 
antibodies in their plasma. The red cells of group 0 
people have neither A nor B antigens but their 
plasma contains both anti-A and anti-B antibodies 
(Table 2). 

Table 2 Antigens and antibodies 

Gro11p Antigen on cells Antibody in plasma 

A A anti-B 
B B anti-A 
AB AandB neither 
0 neither anti-A and anti-B 

The red cells from group 0 people can be given to 
any other group because they have neither the A nor 
B antigens and so cannot be c lumped. Group 0 
people, on the other band, can receive blood only 
from their own group because their plasma contains 
both anti-A and anti-B antibodies. 

Group AB people, having neither anti-A nor anti-B 
antibodies in their plasma, can receive blood from 
any group. Table 3 shows the acceptable pattern of 
giving and receiving for the four groups. 

'I'able 3 Blood transfusion 

Gro11p Ca" donate blood' to Can receiue blood {r01n 

A A andAB AandO 
B BandAB BandO 
AB AB all groups 
0 all groups 0 

Fig. 23b The red cells are being clumped (x 800). 

It is possible to find out a person's blood group by 
mixing a drop of his or her blood with anti-A serum 
and anti-B s erum (Fig. 23). Group AB cells will clump 
in both anti-sera; group 0 cells will clump in neither; 
A cells will clump only in anti-A, and B cells only in 
anti-B. 

A donor gives 420 cm3 of blood from a vein' in the 
arm (Fig. 24). The blood is led into a sterilized bottle 
containing sodium citrate which prevents clotting. 

Fig. 24 Blood donor. The veins i.n the upper a•·m are 
compressed by using an inflatable 'cull'' . The donor's 
blood is then tapped from a vein near the inside of the 
elbow. lt takes 5--10 minutes to fill the bottle. 

The blood is then stored at 5 •c for 10 days, or longer 
if glucose is added. Before blood is transfused, even 
though both groups are known, it is carefully tested 
against the patient's blood to make sure of a good 
match. Then it is fed into one of the pat ien t's arm 
veins at the correct rate and temperature. In a few 
hours, the donor will have made up his or her blood to 
th~ normal volume and in a week or two th e red cells 
will have been replaced. 

QUESTIONS 
20 One of the ABO blood groui>S is sometimes called the 
'universal donor'. Which group do you think this is and why? 
21 A drop of a person's blood shows clumping in anti-B serum but 
not in anti-A. What is his blood group? 
22 A drop of blood ft•om a donor is clumped in serum taken from 
n group B person. What blood groups might the donor be? 



CORONARY HEART DISEASE 

In the lining of the large and medium m·teries, deposits of 
a fat.ty substance, called ath ct·oma, are laid down in 
patches. This happens to everyone and the patches get 
more numerous and extensive with age but until one of 
them actually blocks an important artery, tho effects are 
not noticed. It is not known how or why the deposits form. 
Some doctors think that fatty substances in the blood pass 
into the lining. Others believe that small blood clots form 
on damaged areas of the lining and are covered over by the 
atheroma patches. The patches may join up to form a 
continuous layer which reduces the internal diameter of 
the vessel (Fig. 25). 

The surface of a patch of atheroma sometimes becomes 
rough and causes fibrinogen in the plasma to deposit. fibrin 
on it, so causing a blood clot (a t hrombus) to form. If the 
blood clot blocks the coronary artery (Fig. 4) which 
supplies the muscles of the ventricles with blood, it. starves 
the muscles of oxygenated blood and the heart may stop 
beating. This is a severe heart attack from coronary 
thrombosis. A thrombus might form anywhere in the 
arterial system, but its effects in the cot·onary artery and 
in parts of the brain are the most drastic. 

In the early stages of coronary heart disease, the 
atheroma may partially block the coronary a rtery and 
reduce the blood supply to the heart. 'l'his can lead to 
angina, i.e. a pain in tho chest which occurs during 
exercise or exer tion. This is a wa ming to the pet·son that 
he is at risk and should take pt·ecautions to avoid a 
coronary heart attack. 

Causes of heart disease 
Atheroma and thrombus formation are the immediate 
causes of a heart attack but the long-term causes, which 
give rise to these conditions, arc not well understood. 

There is an inherited tendency towards the disease but 
the disease has increased very significantly in affiuent 
countries in recent years. This makes us think that some 
features of 'Western' diets or life·styles might be causing 
it. Although there is very little direct evidence, the main 
factors are thought to be smoking, fatty diet, stress and 
lack of exercise. 

Smoking Statistical studies suggest that smokers are 
2-3 times more likely to die from a heart attack than are 
non·smokers of a similar age (Fig. 26). '!'he carbon 
monoxide and other chemicals in cigarette smoke may 
damage the lining of tho arteries, a llowing a theroma to 
form, but there is not much direct ev idence for this. 

Fatty diet The atheroma depos its contain cho lestel'Ol, 
which is present, combined with proteins, in the blood. 
Cholesterol plays an essential part in our phys iology, but 
il is known that people with high levels of blood 
cholesterol are more likely to suffer from heart attacks 
than people with low cholesterol levels. 

Blood cholesterol can be innuenced, to some exl.ent, by 
the amount and type of fat in the diet. Many doctors and 
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Fig. 26 Smoking and heart disease. Obviously, os you get 
older you are more likely to die from o hea rt attock, but notice 
that in any age group, the more you smoke, tho higher your 
chances of dying from heart disease. (Ft'Otn S molting or Heltlllt: 
a report of the Royal College of Physicians. i>itmnn Medico I 
Publishing Co. Ltd) 
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dieticians believe that an imal fats (milk, cream, butter, 
cheese, egg-yolk, fatty meat) are more likely to raise th e 
blood cholesterol than are the vegetable oils which 
conta in a high proportion of unsaturated fatty acids 
(p. 119). This is sti ll a matter of some controversy. 

Stress Emotional stress often leads to a raised blood 
pressw·e. High blood pressure may increase the rate at 
which atheroma is formed in the arteries. 

Lack of exercise There is some evidence that regular, 
vigorous exercise reduces the chances of a heart attack. 
This could be the result of a n improved coronary blood 
How. A s lu'ggisb blood flow, resulting from lack of exercise, 
may allow atheroma to form in the arterial lining but, once 
again, the direct evidence fot· this is slim. 

Correlation and cause 
It is not possible or desirable to conduct experiments 
on humans to find out, more precisely, the causes of 
heart attack. The evidence has to be collected from 
long-term studies on populations of individuals, e.g. 
smokers and non-smokers. Statistical ana lysis of 
these studies will often show a correlation , e.g. more 
smokers, within a given age band, suffer heart 
attacks than do non-smokers of the same age. This 
correlation does 110t prove tha t smoking causes 
heart attacks. It could be argued that people who are 
a lready prone to heart attacks for other reasons (e.g. 

CHECK LIST 

high blood pressure) ru·e more likely to take up 
smoking. 'I'his may strike you a s implausible, but 
until it can be s hown that substances in tobacco 
smoke do cause an increase in atheroma, the 
correlation cannot be used on its own to claim a cause 
and effect. 

Nevertheless, there are so many other corre lations 
between smoking and ill-health (bronchit is, em­
physema, lung cancer) that the circwnstantial 
evidence against s moking is very strong. 

Another example of a positive correlation is 
between the possession of a television set and heart 
disease. Nobody would seriously claim that tele· 
vision sets cause heart attacks. 'rbe correlation 
probably reflects an affluent way of life, associated 
with over-eating, fatty diets, lack of exercise and 
other factors which may contribu te to coronary heart 
disease. 

QUESTIONS 
23 (a) What positive s.teps could you take and (b) what things 
should you avoid to reduce your risk of coronary heart disease in 
later life? 
24 About 95 per cent of patients with disease of the leg artet·ies 
are cigarette-smokers. Arterial disease of the leg is the most 
frequent cause of leg amputation. 

(a) Is there a corr·elation between smoking and leg amputation? 
(b) Does smoking cause leg amputation? 
(c) In what way could smoking be a possible cnusc of leg 

ami)ULation? 

• Blood consists of red cells, white cells and platelets sus pended in plasma. 
• Plasma contains watct·, proteins, salts, g lucose and lipids. 
• The red cells carry oxygen. The white cells attack bacteria. 
• The heart is a mus~ul at• pump with valves, which sends blooclt·ound the circulatory system. 
• The left s ide of the heat·t pumps oxygenated blood round the body. 
• The right side of the heart pumps deoxygenated blood to the lungs . 
• Blood pressure is essential in order to pump blood round t he body. 
• Arteries carry blood from t he heart to the tissues. 
• Veins return blood to the heart from t he tissues. 
• Capillaries form a network of t iny vessels in all tissues. Their t hin walls allow d issolved food and oxygen 

to pass from the blood into the tissues , and carbon dioxide and other waste substances to pass back into 
the blood. 

• All cells in the body are bathed in t issue fluid which is derived from plasma. 
• Lymph vessels return tissue fluid to t he ly mphatic system attd .finally into the blood system. 
• One function of the blood is to carry s ubstances round the body, e.g. oxygen from lungs to body, food ft·om 

intestine to body and urea f1·om the live r to the kidneys. 
• Lymph nodes, the s pleen and the thymus a t·e important immunological organs. 
• Antibodies are chemicals made by white cells in the blood. They attack a n y micro-organisms ot· foreign 

proteins which get in to the body. 
• In blood transfusions, it is essential to match the A, B, 0 blood group of donor a nd recipient. 
• Blockage of t h e coronary arteries in t he heart lead s to a hea1·t attack. 
• Smoking, fatty diets, stress and lac I< of exercise may contl"ihute to heart disease. 
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LUNG STRUCTURE 

Air passages and alveoli. 

VENTILATION OF THE LUNGS 
Inhaling. exhaling, lung capacity. 

GASEOUS EXCHANGE 

Uptake of oxygen; removal of carbon dioxide. 

All the processes carried out by the body, such as 
movement, growth and reproduction, require energy. In 
animals, this energy can be obtained only from the food 
they eat. Before the energy can be used by the cells of the 
body, it must be set free from the chemicals of the food by 
a process called 'respiration' (seep. 24). Respiration needs 
a supply of oxygen and produces carbon dioxide as a waste 
product. All cells, therefore, must be supplied with oxygen 
and must be able to get rid of carbon dioxide. 

Tn man and other mammals, the oxygen is obtained from 
the air by means of the lungs. In the lungs, the oxygen 
dissolves in the blood and is carried to the tissues by the 
circulatory system (p. 141). 

LUNG STRUCTURE 

The lungs a1·e enclosed in the thorax (chest region) (see 
Fig. 5, p. 127). They have a spongy texture and can be 
expanded and compressed by movements of the thorax in 
such a way that air is sucked in and blown out. The lungs 
are joined to the back of the mouth by the windpipe or 
trachea (Fig. 1). The trachea divides into two smaller 
tubes, bronchi (singular= bronchus), which enter the 
lungs and divide into even smaller branches. When these 
branches are only about 0.2 mm in diameter, they are 
called bronchioles (Fig. 2a). These fine branches end up in 
a mass of little, thin-walled, pouch-like air sacs called 
a lveoli (Figs 2b, 2c and 3). 

Rings of gristle (cartilage) stop the trachea and bronchi 
collapsing when we breathe in. The e piglottis and other 
structures at the top of the trachea stop food and drink 
from entering the air passages when we swallow (see 
p. 127). 

The epithel ium which lines the inside of the trachea, 
bronchi and bronchioles consists of ciliated cells (p. 9). 
There are also cells which secrete mucus. The mucus forms 
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RESPIRATORY SURFACES 

Characteristics. 

SMOKING 

Effect of smoking on the lungs and circulatory system. 

PRACTICAL WORK 

The composition of exhaled air. Lung vo lume. 

right bronchus 

lobes of 
right lun,g~::_L 

right 
ventricle 

Fig. 1 Diagram of lungs, showing position of heart 

a thin film over the internal lin ing. Dust particles and 
bacteria become trapped in the sticky mucus film and the 
mucus is carried upwards, away from the lungs, by the 
flicking movements of the ci lia. In this way, harmful 
particles are prevented from reaching the alyeoli. When 
the mucus reaches the top of the trachea, it passes down 
the gullet during normal swallowing. 

The alveoli have thin elastic walls, formed from a single 
cell layer or e pit helium. Beneath the epithelium is a 
dense network of capillaries (Fig. 2c) supplied with 
deoxygenated blood (p. 145). This blood, ft·om which the 
body has taken oxygen, is pumped from the right ventricle, 
through the pulmonary artery (see Fig. 10, page 141). In 
humans, there are about 350 million alveoli, with a total 
absorbing surface of about 90 m2 • This large absorbing 
surface makes it possible to take in oxygen and give out 
carbon dioxide at a rate to meet the body's needs. 
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ring of cartilage air passage 

from pulmonary 

bronchi 

(a) ArR I)ASSAGlo:S I N TilE !.UNGS (b) 'I'll!-: Alit JJASSAC:Jo~S t:ND 

IN TINY J)OCKP.TS (AI..VEQLl ) 

(c) BLOOD SUI'l'LY OP11U; At.VHOI.r 

Fig. 2 Lung structure 

QUESTIONS 
1 l'lace the following structures in the order in which air will 
reach them when breathing in: bronchus, trachea, nasal cavity, 
alveolus. 
2 One function of the small intestine is to absorb food (p. 130). 
One function of the lungs is to absorb oxygen. Point out the basic 
similarities in these two structures which help to speed up the 
process of absorption. 

VENTILATION OF THE LUNGS 

The movement of air into and out of the lungs, called 
ventilation, renews the oxygen supply in the lungs and 
removes the surplus carbon dioxide from them. 'rhe lungs 
contain no muscle fibres a nd are made to expand and 
contract by movements of the ribs and diaphragm. 

The diaphragm is a sheet of tissue which separates the 
thorax from the abdomen (see Fig. 5, p. 127). When relaxed, 
it is domed slightly upwards. The ribs are moved by the 
intercostal muscles which run from one rib to the next 
(Fig. 4). Figure 5 shows how the contraction of the 
intercostal muscles makes the ribs move upwards. 

Inhaling 
1. The diaphragm muscles cont•·act and pull it down (F ig. 

7a). 
2. The intercostal muscles contract and pull the rib cage 

upwards and outwards (Fig. 6a). 
These two movements make the space in the thorax 

bigger, so forcing the lungs to expand and draw aix in 
tlu-ough the nose and trachea. 

Fig. 3 Small piece of lung t issue ( x ~0). The capill aries 
have been injected with red and blue dye. The networks 
surrounding the alveoli can be seen. 

Exhaling 
1. The diaphragm muscles relax, allowing the diaphragm 

to return to its domed shape (Fig. 7b). 
2. The intercostal muscles relax, al lowing the ribs to move 

downwards under the ir own weight (Fig. 6b). 
The lungs are elastic and shrink back to thei•· relaxed 

size, forcing air out again. 
The outside of the lungs and the inside of the thorax 

are lined with a smooth membrane called the pleural 
membrane. This produces a thin layer of liquid called 
pleural fiuid which reduces the friction between the lungs 
and the inside of the thorax. 
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sternum 

rib 

;;:r--_spinal 
column 

Fig. 4 Rib cage seen from left side, showing 
intercostal muscles 

Ribs swing up and 
increase volume of thorax 

Fig. 6 Movement of rib cage during breathing 

pleural 
membranes 

1 ribs raised 

rib. 

3 air drawn in 

pleural 
fluid 

contracted 
muscle of 
diaphragm 
(exaggerated) 

Fig. 7 Diagrams of thorax to show mechanism of 
breathing 

intercostal muscle 
contracts and swings 
ribs upwards 
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spinal 
column 

Fig. 5 Model to show action of intercost al muscles 

1 ribs return 

2 lungs return to 
original volume 

(b) EXIIALING 

Ribs swing down and 
reduce volume of thorax 

3 air expelled 

returns to 
its domed 

shape 

(b) EXHALING 

spinal 
column 
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Con trolled expiration 
When we speak, sing, play a wind instrument, cough or 
sneeze, we contract the muscles in the front of the 
abdomen. '!'his puts pressure on the stomach and intestines 
and they, in turn, push the diaphragm upwards and 
compress the lungs. '!'he glottis at the top of the windpi pe 
can be closed to control the rate at which ai1· escapes. 

Lung capacity and breathing r a te 
The tota l volume of the lungs when fully inflated is about 
5 litrcs in an adult. However, in quiet breathing, when 
asleep or at rest, you normally exchange only about 
500 cm3 (Fig. 8). During exercise you can take in and expel 
on extra 3 litres. 'l'here is a residual volume of 1.5 litrcs 
which cannot be expelled no matter how hard you breathe 
out. 

At rest, you nonnally inhale and CKhalc about 16 times 
per minute. During exercise, the breathing rote may rise to 
20 o•· :io breaths per minute. The inc•·eased rate and depth 
of breathing during exercise, a llows more oxygen to 
d issolve in the blood and supply the active muscles. The 
extra carbon dioxide which the muscles put. into the blood 
wi ll be •·emoved by the faster, deeper breathing. 

QUESTIONS 
3 What ore the two principal muscular contractions which cause 
air to be inhaled? 
4 Place the following in the correct order: lungs expand, ribs 
rise, air enters lungs, intercostal muscles contrnc1., thorax 
expands. 
5 During inhalation, which partsofthc lung structure would you 
expect to exJ>nnd most? 

GASEOUS EXCHANGE 

Venti lotion refers to the movement of air into and out of 
the lungs. Gaseous exchange t·efers to tho exchange of 
oxygen and carbon dioxide which takes place between the 
air and the blood vessels in the lungs. 

The 1.5 litres of residual air in the alveoli is not 
exchanged during ventilation and the oxygen has to reach 
the blood capillaries by the slower process of diffusion. 
Figure 9 shows how oxygen reaches the red blood cells and 
how carbon dioxide escapes from the blood. 

The oxygen combines with the haemoglobin in the red 
blood cells, forming oxy-haemoglobin (p. 138). The carbon 
dioxide in the plasma is released when the hydrogen· 
carbonate ions (-HC0 3 ) break down to C02 a nd H20 . 

' l'ho capillaries can ·ying oxygenated hlood f•·om the 
alveo li joill up to form the pulmona ry vein (see Fig. 10, 
p. 14 1), which returns blood to the left atrium oft he heart. 
From here it enters the left ventric le and is pumped a ll 
round the body, so supplying the tissues with oxygen. 

Tho process of gaseous exchange in the alveoli does not 
•·emovc all the oxygen from the air. Tho air breathed in 
contains about 21 per cent of oxygen: tbo nir breathed out 
still contains 16 per cent of oxygen (see Table 1). 

Fig. 8 A spirometer . This instrument measures the volume 
of air breathed in and out of the lungs. The first part of the 
chart shows quiet breathing. In the middle, the chart shows o. 
deep breath in and a deep breath out. 

Table I Chunges in the composit ion of breathed air 

Julraled % Exhaled% 

Oxygen 21 16 
Cm·bon dioxide 0.04 4 

Water vapour variable saturated 

The remaining 79 per cent of the air consists mainly or 
nitrogen, whose percentage composition does not change 
significantly during breathing. 

The lining of the alveoli is coated with a film of mois~ure 
in which the oxygen dissolves. Some of this moisture 
evaporates into the alveoli and saturates the air with 
water va)>Our. The air you breathe out, therefore, always 
contains a great deal more water vapour than the a it· you 
breathe in. 'l'heexhuled air is warmer as well, so in cold and 
temperate climates, you lose heat to the atmosphere by 
breathing. 

Sometimes the word respirat io n or r es pirato•·y is used 
in connection with breathing. The lungs, tt'Uchea and 

oxygen 
enters 
red 
cells 

rod cell 

corbon dioxide 
escapes into alveolus 

capillary from 
pulmonary artery 

film of moisture 

r---- epilhelium 
of alvoolus 

IO 
pulmonary 
vein 

Fig. 9 Gaseous exchange in the alveolus 



bronchi are called the r eS11i1·ntory system : a person's rate 
of breathing may be callC<l his respirniion t·ate. This use 
of the word should not be confused with the biological 
meaning of respiration, nrunely the I'Clcnse of energy in 
cells (p. 24). This chemical process is sometimes called 
t issue respiJ·a t ion or interna l respiration to distinguish 
it from breathing. Gaseous exchange and ventilation are 
sometimes called external 1·cspiration. 

Characteristics of respiratory 
surfaces 
The exchange of oxygen and carbon dioxide across a 
respiratory slll·face, ns in the lungs or over the gills of a 
fish, depends on the diffusion of these two gases. Diffusion 
occurs more rapidly if (I) there is a large surface exposed 
to the gas, (2) the distance across which diffusion has to 
take place is small, (3) there is a big difference in the 
concentrations of the gas at two points brought about 
by ventilation and (4) the1·o is a rich supply of blood 
capi II aries. 

Large s urface 'I' he presence of millions of alveoli in the 
lungs provides a very lnt·go surface for gnseous excha nge. 
'l'he many branching fi laments in a fi sh 's gills have the 
same effect. 

Thin epithe lium Ther·e is on ly a 2-ccll lnym·, at the most. 
separating the air in tho a lveoli f1·om the blood in the 
capi llaries (Fig. 9). 'l'hus, the distance for· diffusion is very 
short. 

Ventilation Ventilation of the lungs helps to maintain 
a steep diffusion gradient(p. 34}, between the air at the end 
oft he air passages and the alveolar air. The concentration 
of the oxygen in the air at the end of tho air passages is 
high, because the air is constanUy replaced by the 
breathing actions. 

Capillary network Tho continual remova I of oxygen by 
the blood in the capillaries lining the alveoli keeps its 
concentration low. In this way, a steep diffusion gradient 
is maintained which favours the rapid diffusion of oxygen 
from the air passages to the alveolar lining. 

'l'he continual delivery of carbon dioxide from the blood. 
into the alveoli and its removal from the air passages by 
ventilation, similarly maintains o diffusion gradient 
which promotes the diffusion of carbon dioxide from the 
alveolar lining into the bronchioles. 

The respiratory surfnccs of land-dwell ing mammals arc 
invariably moist. Oxygen has to dissolve in the thin fi lm of 
moistu1·e before passing ocross the epithelium. 

QUESTIONS 

6 Try to mukc n clcnr diRLincLion between '1·cspiration' (p. 24), 
·gaseous exchange' and 'vcnti lntion ·. Sny how onodcpends on the 
other. 
7 Describe the 1>ath taken by n molecule of oxygen from the time 
it is breathed in through tho nose, tO the time it enters the heart 
in some oxygenat-ed blood. 
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8 Figure 9 shows oxygen and carbon dioxide eli !Tusing ncrossnn 
alveolus. What causes Lhem to diffuse in OPi>Ositc cJ i••cctions? (Sec 
p. 34.) 
9 Jn 'mouth to mouth' resuscitAtion, air is brenlhed from the 
rescuer's lungs into the lungs of the person who has SlOPI>cd 
breathing. How can this ·used' air help lO revive the person? 

SMOKING 

The sho1·t-term effects of smoking cause the bronchioles to 
constrict and the cilia lining the air p11ssages to stop 
beating. 'l'he smoke also makes the lining produce more 
mucus. The long-te1·m effects may toke many years to 
develop but they are seve1·e, disabling nnd often lethol. 

Lung cancer 
Although a ll forms of air- pollution llJ·e likely to incr·euse 
the chances of lung cancer, many scientific studies show, 
beyond a ll 1·easonnble doubt, that the vf\st increase in lung 
cancer (<1000 per cent in the last century) is ulmost enti r·ely 
due to cigarette-smoking (Fig. 10). 

There a re at least 17 substances in tobacco smoke known 
to cause cancer in experimenta l a nimn ls, and it is now 
thought that 90 pe1· cent of lung Clli1CC I' is caused by 
smoking. Table 2 s hows the 1·elntionship between smoking 
cigarettes and the risk of deve loping lung cnnce1·. 

Table 2 Cigarette-smoking and lung cancc1· 
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Fig. 10 Smoking and lung cancer. Cigar a nd pipe smoko1·s 
are probably at less risk because they oncn do not inhole. But 
notice that their death rat-e from lung cancer is still twice that 
of non-smokers. (Prom Smohi11g a11d Health Now: a report o( tire 
Royal College of Physicians, Pitman Medicnl Publishing Co. l,td.) 
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(a) Normal lung tissue showing a bronchiole and about 
25 alveoli ( x 200). 

Fig. 11 Emphysema 

Emphysema 
Emphysema is a breakdown of the alveoli . The action of 
one or more of the substances in tobacco smoke weakens 
the walls of the alveoli. The irritant substances in the 
smoke cause a 'smokers' cough' and the coughing bursts 
some of the weakened alveoli. In time, the absorbing 
surface of the lungs is greatly reduced (Fig. 11). Then the 
smoker cannot oxygenate his blood properly and the least 
exertion makes him breathless and exhausted. 

Chronic bronchitis 
The smoke stops the cilia in the 1,1ir passages from beating 
and so the irritant substances in the smoke and the excess 
mucus collect in the bronchi. This leads to the inftamma· 
tion known as bronchitis. Over 95 per cent of people 
suffering from bronchitis are smokers and they have a 
20 times greater chance of dying from bronchitis than 
non-smokers. 

Heart disease 
Coronary heart disease is the leading cause of death in 
most developed cotmtries. It results from a blockage of 
coronary arteries by fatty deposits. This reduces the 
supply of oxygenated blood to the heart muscle and sooner 
or later leads to heart failure (see p. 149). High blood 
pressure, diets with too much animal fat, and lack of 
exercise are also thought to be causes of heart attack, but 
about a quarter of all deaths due to coronat·y heart disease 
are thol(ght to be caused by smoking (Fig. 26, p. 149). 

The nicotine and carbon monoxide from cigarette smoke 
increase the tendency for the blood to clot and so block the 
coronary arteries, already partly blocked by fatty deposits. 
The carbon monoxide increases the rate at which the fatty 
material is deposited in the arteries. 

(b) Lung tissue from a person with emphysema. This is the same 
magnification as (a). The alveoli have broken down leaving 
only about five air sacs which provide a much reduced 
absorbing surface. 

Other risks 
About 95 per cent of patients with d isease of the leg 
arteries are cigarette-smokers and this condition is the 
most frequent cause of leg amputations. 

Strokes due to arterial disease in the brain are more 
frequent in smokers. 

Cancer of the bladder, ulcers in the stomach and 
duodenum, tooth decay, gum disease and tuberculosis all 
occur more frequently in smokers. 

Babies born to women who smoke (hu·ing pregnancy are 
smaller than average, probably as a result of reduced 
oxygen supply caused by the carbon monoxide in the blood. 
In smokers, there is twice the frequency of miscardages, a 
50 per cent higher still-birth rate and a 26 per cent higher 
death rate of babies (Fig. 12). 

In 1976 two famous doctors predicted that one in every 
three smokers will die as a result of their smoking habits. 
Those who do not die at an early age will probably be 
seriously disabled by one of the conditions described above. 

Passive smoking lt_is not only the smokers themselves 
who are hat·med by tobacco smoke. Non-smokers in the 
same room are a lso affected. One study has shown that 
children whose parents both smoke, breathe in as much 
nicotine as if they were themselves smoking 80 c igarettes 
a year. 

Statistical studies also suggest that the non-smoking 
wives of smokers have an increased chance of lung cancer. 

Redu~ing the risks 
By giving up smoking, a person who smokes up to 20 
cigarettes a day wi ll , after 10 years, be at no greater risk 
than a non-smoker of the same age. The pipe· or cigar· 
smoker, provided he does not inhale, is at less l'isk than a 
cigarette-smoker but still at gt·eater t·isk than a non­
smoker. The r isk of disease or death is also reduced by 
changing to low-tar cigarettes, leaving longer stubs, 
inha ling less and taking fewer puffs. 



Fig. 12 Cigarette smoke can harm the unborn baby. 
Pre~nant women who smoke may have smaller babies and a 
higher chance of miscarriage or stillbirth. 

Correlations and causes 
On page 150 it was explained that a correlation 
between two variables does not prove that one of the 
variables causes the other. The fact that a higher risk 
of dying from lung cancer is correlated with heavy 
smoking does not actually prove that smoking is the 
cause oflung cancer. The alternative explanation is 
that people who become heavy smokers are, in some 
way, exposed to other potential causes of lung 
cancer, e.g. they live in areas of high air pollution or 
they have an inherited tendency to cancer of the 
lung. These alternatives are not very convincing, 
particularly when there is such an extensive list of 
ailments associated with smoking. 

This is not to say that smoking is the only cause of 
lung cancet· or that everyone who smokes will 
eventually develop lung cancer. There are likely to 
be complex interactions between life·styles, environ· 
ments and genetic backgrounds which could lead, in 
some cases, to lung cancer. Smoking may be only a 
part, but a very important part, of these interactions. 

QUESTIONS 
10 What are (a) the immediate effects and (b) the long·term 
effects of tobacco smoke on the trachea, bronchi and lungs? 
11 Why does a regular smoker get out of breath sooner than n 
non·smoker of similar age and build? 
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12 If you smoke 20 cigarettes a day, by how much are your 
chances of getting lung cancer increased• 
13 Apnrt from lung cancer, what other diseases nre probably 
caused by smoking? 

PRACTICAL WORK 

1. Oxygen in exh aled a ir 

Place a large screw· top jar on its side in a bowl of water 
(Fig. 13a). Put a rubber tube in the mouth of the jar and 
then turn the jar upside·down, still full of water and with 
the rubber tube still in it. Start breathing out and when 
you feel your lungs must be about half empty, breathe the 
last part of the air down the rubber tubing so that the air 
collects in the upturned jar and fills it (Fig. 13b). Put the 
screw top back on the jar under water, remove the jar from 
the bowl and place it upright on the bench. 

Light the candle on the special wire holder (Fig. 13c), 
remove the lid of the jar, lower the burning candle into the 
jar and count the number of seconds the candle stays 
alight. Now take a fresh jar, with ordinary air, and see how 
long the candle stays alight in this. 

Resul ts The candle will bum for about 15- 20 seconds in 
a large jar of ordinary air. Jn exhaled a ir it will go out in 
about 5 seconds. 

Interpr etation Burning needs oxygen. When the oxy· 
gen is used up, the flame goes out. It looks as if exhaled air 
contains much less oxygen than atmospheric air. 

(b) Breathe out through tho 
rubber tube and trap the ai r 
in the jar 

(a) Lie the jar on its s ide 
under the water 

(c) Lower the burning 
c.1-1nd lo into the jar unt-il 
the lid is resting on 
the rim 

Fig. 18 Testing exhaled air for oxygen 
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2. Carbon dioxide in exhaled air 
Prepare two large test-tubes as shown in Fig. 14, each 
containing a little clear lime water. Put the ends of both 
rubber tubes at the same time in your mouth and breathe 
in and out gently through the tubes for about 15 seconds. 
Notice which tube is bubbling when you breathe out and 
which one bubbles when you breathe in. 

If after 15 seconds there is no difference in the 
appearance of the lime water in the two tubes, continue 
breathing through them for another 15 seconds. 

Results The lime water in tube B goes milky. The lime 
water in tube A stays clear. 

Interpretation Carbon dioxide turns lime water milky. 
Exhaled air passes through tube B. Inhaled air passes 
through tube A. Exhaled air must, therefore, contain more 
carbon dioxide than inhaled air. 

A 

breathe in and out 
through the rubber tubes 
(put both tubes in your 
mouth) 

B 

Fig. 14 Comparing the carbon dioxide content of inhaled 
and exhaled air 

CHECK LIST 

• Ventilation is inhaling and exhaling air. 

3. Volume of air in the lungs 

Calibrate a large (5 litre) plastic bottle by filling it with 
water, half a litre at a time, and marking the water levels 
on the outside. Fill the bottle with water and put on the 
stopper. Put about 50 mm depth of water in a large plastic 
bowl. Hold the bottle upside-down with its neck under 
water and remove the screw top. Some of the water will run 
out but this does not matter. Push a rubber tube into the 
mouth of the bottle (Fig. 15) to position A, shown on the 
diagram. Take a deep breath and then exhale as much air 
as possible down the tubing into the bottle. The final water 
level inside the bottle will tell you how much air you can 
exchange in one deep breath. 

Now push the rubber tubing further into the bottle, to 
position B (Fig. 15), and blow out any water left in the tube. 
Support the bottle with your hand and breathe quietly in 
and out through the tube, keeping the water level inside 
and outside the bottle the same. This will give you an idea 
of how much air you exchange when breathing normally. 

Fig.15 Measuring the volume of air exhaled from the 
lungs. 'A' shows the position of the tube when measuring the 
total lung volume. 'B' is the position for measuring the volume 
exchanged in quiet breathing. 

• The ribs, rib muscles and diaphragm make the lungs expand and contract. This causes inhaling and 
exhaling. 

• Air is drawn into the lungs through the trachea, bronchi and bronchioles. 
• The vast number of air pockets (alveoli) give the lungs an enormous internal surface area. This surface is 

moist and lined with capillaries. 
• The blood in the capillaries picks up oxygen from the air in the alveoli and gives out carbon dioxide. This 

is called gaseous exchange. 
• Ventilation exchanges the air in the air passages but not in the alveoli. 
• Exchange of oxygen and carbon dioxide in the alveoli takes place by diffusion. 
• The oxygen is carried round the body by the blood and used by the cells for their respiration. 
• During exercise, the rate and depth of breathing increases. This supplies extra oxygen to the muscles and 

removes their excess carbon dioxide. 
• Tobacco smoke causes the bronchioles to constrict, the cilia in their lining to stop beating and excessive 

mucus to be produced. 
• Smoking is correlated with heart disease, bronchitis, emphysema and lung cancer. 



16 Excretion and the 
Kidneys 

EXCRETION 

Definition. 

EXCRETORY ORGANS 

Lungs, kidneys, liver. 

KIDNEYS 

Structure. Function. Selective reabsorption. 

A great nwnberofchcmical reactions take place inside the 
cells of an organism in order to keep it a live. The p•·oducts 
of some of these reactions a re poisonous and must be 
removed from the body. For example, the breakdown of 
glucose eluTing •·espiration (p. 24) produces carbon dioxide. 
This is carried a way by the blood and removed in the lungs. 
Excess amino acids are de-aminated in the liver to form 
glycogen a nd u rea, as explained on page 133. The urea is 
removed from the tissues by the blood, and expelled by the 
kidneys. 

Urea and similar waste products, like uric acid, f•·om 
the breakdown of proteins, contain the element nitrogen. 
For th is reason tbey a•·e often called n itt·ogenous waste 
products. · 

During feeding, more water and salts are taken in with 
the food than at·e needed by the body. So these excess 
substances need to be removed as fast as they build up. 

The hormones produced by the endocr ine glands (p. 212) 
affect the rate at which various body systems w01·k. 
Aclrenaline, for example, speeds up the heart beat. Wl1en 
hormones have done their job, they are modified in the 
liver and excreted by the kidneys. 

The nitrogenous waste products, excess salts and spent 
hormones a re excreted by the kidneys as a watery solution 
called urine. 

Excretion is the- name given to the removal from the 
body of 
l. the waste products of its chemical reactions, 
2. the excess water and salts taken in with the diet, and 
3. spent hormones. 

Excretion also includes the removal of drugs or other 
foreign substances taken into the alimentary canal and 
absorbed by the blood. The term 'excretion' should not 
usually be applied to the passing out of faeces (p. 131), 

OSMO-REGULATION 

Controlling the blood concentration. 

THE DIALYSIS tW\CHINE 

HOMEOSTASIS 

'!'he stabi lity of the internal environment. 

because most of the contents of the faeces, apar t from the 
bi le pigments, have not taken part in reactions in the cells 
of the body. 

QUESTIONS 
1 Writ.e a list of the substances that arc likely to be excreted from 
the body duri ng the day. 

159 

2 Why do you think that urine analysis is an important part of 
medical diagnosis'! 

EXCRETORY ORGANS 

Lu ngs The lungs supply the body with oxygen, but they 
are also excretory organs because they get rid of carbon 
dioxide. 1'hey also lose a great deal of water vapour, but 
this loss is unavo idable and is not a method of controll ing 
the water content of the body. 

Kidneys The kidneys •·emove urea and other nitroge. 
nous waste from the blood. They a lso expel excess water, 
salts, hormones (p. 212) and drugs. 

Liver The ye llow/green bi le pigment, bilirubin, is a 
breakdown product of haemoglobin (seep. 133). Bilirubin 
is excreted with the bile into the small intestine and 
expelled with the faeces. The pigment undergoes changes 
in the intestine and is largely responsible for the brown 
colour of the faeces. 

Skin Sweat consists of water, with sodium chloride a11d 
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traces of urea dissolved in it. When you sweat, you will 
expel these substances from your body and so, in one sense, 
they are being excreted. However, sweating is a response 
to a rise in temperature and not to a change in the blood 
composition. In this sense, therefore, skin is not an 
excretory organ like the lungs and kidneys. 

THE KIDNEYS 

Structure 
The two kidneys are fairly solid, oval structures. They are 
red-brown, enclosed in a transparent membrane and 
attached to the back of the abdominal cavity (Fig. 1). The 
renal arter y branches off from the aorta and brings 
oxygenated blood to them. The rena l vein takes de­
oxygenated blood away from the k idneys to the vena cava 
(see Fig. 10, p. 141}. A tube, called the ureter, runs from 
each kidney to the bladder in the lowerpartofthe abdomen. 

aona renal artery 

abdomen ----..,1--

bloddor 

renal vein 

sphincter 
muscle 

-urethra 

Fig. I Position of t he kidneys in the body 

cortex 

.~renal vein 

renal artery 

1---- ureter 

Fig. 2 Section through the kidney to show regions 

The kidney tissue consists of many capillaries and tiny 
tubes, called renal t ubules, held together with connective 
tissue. If the kidney is cut down its length (sectioned), it is 
seen to have a dark, outer region called the co•·tex and a 
lighter, inner zone, the medulla. Where the ureter joins 
the kidney there is a space called the pelvis (Fig. 2). 

The renal m·tery div ides up into a great many arte1·ioles 
and capi llaries, mostly in the cortex (Fig. 3). Bach m·teriolc 
leads to a glomer ulus. This is a capi llary repeatedly 
divided and coiled, making a knot of vessels (Fig. 4). Each 
glomerulus is a lmost entirely surrounded by a cup-shaped 
organ called a Bowman's caps ule, which leads to a coiled 
renal tubule. This tubule, after a series of coi ls and loops, 
joins a collecting d uct which passes through the medulla 
to open into the pelvis (Fig. 5). There are thousands of 
glomeruli in the kidney cortex and the total surface area of 
their capi llaries is very great. 

A nephron is a single glomerulus with its Bowman's 
capsule, renal tubule and blood capi llaries (see F'ig. 6). 

F unction of t he kidneys 
'T'he blood pressure in a glomerulus causes part of the blood 
plasma to leak through the capillary walls. The red blood 
cells and the plasma proteins are too big to pass out of the 
capillary, so the fluid that does filtel" through is plasma 
without the protein, i.e. similar to tissue fluid (seep. 142}. 
The fluid thus consists mainly of water with dissolved 
salts, glucose, urea and uric acid. The process by which the 
fluid is filtered out of the blood by the glomerulus is called 
ul tm-filt ra tion. 

The filtrate from the glomerulus collects in the 
Bowman's capsule and trickles down the renal tubule (Fig. 
6). As it does so, the capillaries which surround the tubule 
absorb back into the blood those substances which the 
body needs. First, a ll the glucose is reabsorbed, with much 
of the water. Then some of the salts are taken back to keep 
the correct concentration in the blood. The process of 
absorbing back the substances needed by the body is called 
selective reabsorption. 

ronal 
vein 

Fig. 3 Section through kidney to show distribution of 
glomeruli 



Fig. 4 Glomeruli in the kidney cortex ( x 300). The three 
glomeruli are surrounded by kidney tubules sectioned at 
different angles. The light space round each glomerulus 
represents the Bowman's capsule. 

glomerulus and 
Bowman's capsule 

cortex 

collecting 
branch of duel 
renal 
artery 

.. • 

-pelvis ol kidney 

Fig. 5 Section through cortex and medulla 

glomerulus 

filtration 
occurs here 

glucose and 
water reabsoc.bed 

renal tubule 
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arteriole from 
renal artery 

blood 
returns to 
tenal vein 

salts and more 
water absorbed 
further along 
tubule 

Fig. 6 Part of a nephron (glomerulus, Bowman's capsule 
and rena1 tubule) 

Salts not needed by the body are left to pass on down the 
kidney tubu le together with the urea and uric acid. So, 
these nitrogenous waste products, excess salts a nd water 
continue down the renal tube into the pelvis of the kidney. 
From here the fluid, now called urine, passes down the 
ureter to the bladder. 

The following table shows some of the differences 
in composition between the blood plasma and the 
urine. The figures rep1·esent average values because 
the composition of the urine varies a great deal 
according to the diet, activity, temperature and 
intake of liquid. 

Table 1 Composition of blood plasma and urine 

Plasma% Urine% 
Water 90-93 95 
Urea 0·03 2 
Uric acid 0·003 0·05 
Ammonia 0·0001 0·05 
Sodium 0·3 0·6 
Potassium 0·02 0·15 
Chloride 0·37 0·6 
Phosphate . 0·003 0·12 

The bladder can expand to hold about 400 cm 3 urine. 
The urine cannot escape from the bladder because a band 
of circular muscle, called a sphincter. is contracted, so 
shutting off the exit. When this sphincter muscle relaxes, 
the muscular walls of the bladder expel the urine through 
the urethra. Adults can control this sphincter muscle and 
relax it only when they want to urinate. In babies, the 
sphincter relaxes by a reflex action (p. 207), set off by 
pressure in the bladder. By 3 years old, most children can 
con trol the sphincter voluntarily. 
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Water balance and osmo-regulation 
Your body gains water from food and drink. It loses water 
by evaporation, urination and defecation (p. 131). 
Evaporation from the skin takes place all the time but 
is particularly rapid when we sweat. Air fr·om the lungs 
is saturated with water vapour which is lost to the 
atmosphere every time we exhale. Despite these gains and 
losses of water, the concentratiorl of body fluids is kept 
within very nan·ow limits by the kidneys, which ndjust the 
concentr·ation of the blood which flows thr·ough them. 

If the blood is too di lute (i.e. cont!l ins too much water), 
less water is reabsorbed from the renal tubu les, leaving 
more to ente r the bladder. Thus, after· drinking a lot, a 
large vo lume of di lute urine is produced . 

If the blood is too concentrated, more water· is absorbed 
back into the blood from the kidney tubules. So, if the body 
is short of water, e.g. after sweating profusely, only a small 
quantity of concentrated urine is produced. 

This regulatory process keeps the blood at a steady 
concentration and is called osmo-regulation because it 
regulates the osmotic strength (see p. 36) of the blood. 
Osmo-regulation is one example of the process of homeo­
s tas is which is described on page 163. 

Changes in the concen tration of the blood are 
detected by a n area jn the bra in called the hy po­
thnlamus. If the blood passing through the brain is 
too concentrated, the hypothalamus stimulates the 
pituitary gland beneath it to secrete into the blood a 
hormone (p. 212) called anti-diuretic hormone (ADH). 
When this hormone reaches the kidneys, it causes the 
kidney tubules to absorb more water from the 
glomerular filtrate back into the blood. Thus the 
urine becomes more concentrated and the further 
loss of water from the blood is reduced. If blood 
passing through the hypothalamus is too dilute, 
production of ADH from the pituitary is suppressed 
and less water is absorbed from tho glomerular 
fi ltrnte. 

The mechanism which produces the sensation of 
th irst is not well undet·stood but it undoubtedly 
serves to regu late the intake of water and so maintain 
the l'ight concentration of the blood. 

QUESTIONS 
3 Why should a fall in blood pressure sometimes lead t.o kidney 
failure? 
4 In whot ways would you expect !Jlc composition of blood in !Jlc 
renal vein t.o differ from that in the renal artery? (Remember !Jlat 
tho cel ls in the kidney will be respiring.) 
5 Where, in tho urinary system, do the following lake place 
(nnswc•· as precisely as possible): til trn lion. •·co bllorption, storage 
of urine, t.rnnsport. of urine, osmo'"rcguloLion? 
6 In hot wont her, when you sweat a great doni, you lll'innlc less 
of'tcn ond the ul'ine is a dark colour. In cold weather, when you 
sweat little, urination occurs more often and the ul'ine is pale in 
colour. Usc your· knowledge of kidnoy function to explain these 
observations. 
7 'l'rocc the path taken by a molecule of uren from the time it is 
produced in the liver, to ihe time it leaves the body in the urine 
(sec alsop. 14 1). 

The dialysis machine ('artificial 
kidney') 
Kidney failure may result from an accident involving 
a drop in blood pressure, or from a wsease of the 
kidneys. In the former case, recovery is usually 
spontaneous, but if it takes longer than 2 weeks, the 
patient may die as a resu lt of a potassium imbalance 
in tbe blood, which causes heartfailure. In the case of 
kidney disease, the patient can survive with only one 
kidney, but if both fai l the pa tient's blood com· 
position has to be regulated by a dialysis machine. 
Similarly, the accident victim can be kept alive on a 
dialysis machine until his or her blood pressure is 
restored. 

In principle, a dialysis machlne consists of a long 
cellulose tube coiled up in a water bath. The patient's 
blood is led from a tube in the ramal artery and 
pumped through the cellulose (dialysis) tubing 
(Figs 7 and 8). The sub-microscopic pores in the 
dialysis tubing a llow small molecules, such as those 
of sal ts, glucose and urea to leak out into the water 
bath. Blood cells and protein molecules are too large 
to get through the pores (see Expel'iment 3, p. 39). 
Thjs stage is similar to the fi ltration process in tho 
glomerulus. 

To preventn loss ofglucoseand essentia l salts from 
the blood, the liquid in the water bath consists of n 
solution of salts and sugar of the correct composition, 
so that only the substances above thls concentration 
can wffuso out of the blood into the bathing solution. 
Thus, urea, uric acid and excess salts are removed. 

The bathing solution is also kept at body tern· 
perature and is constantly changed as the unwanted 
blood solutes accumulate in it. The blood is then 
returned to the patient through a vein in the arm. 

A patient with total kidney failure bas to spend 2or 
3 nights each week connected to tbe machine (Fig. 8). 
With tbjs treatment a nd a carefully controlled diet, 
the patient can lead a fai rly normal life. A kidney 
transpla nt, howevet·, is a better solution because the 
patient is not ob liged to return to the dialysis 
machine every 3 days or so. 

The problem with kidney transplants is to find 
enough suitable donors of healthy kidneys and to 
prevent the transplnnted kidney from being rejected. 

The donor may be a close relative who is prepared 
to donate one of his or her kidneys (you can survive 
adequa!-elY with one kidney). Alternatively, the 
donated kidney may be taken from a healthy person 
who dies, for example, as 11 result of a road accident. 
Unless the occident victim is carrying a kidney donor 
card which gives permission for hjs or her kidneys to 
be used, tho relatives must give their permjssion. 

The problem with r:ejection is that the body rencts 
to any transplnnted cells or tissues as it does to ull 
foreign pr·otc ins und produces lymphocytes which 
attack and destroy them (seep. 147). Thjs rejection 
can be ovet·como by (1) choosing a donor whose 
tissues are as similar as possible to those of the 
patient, e.g. a close relative, and (2) using immuno-
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Fig. 7 The principle of the kidney dialysis macWne 

suppressive drugs which suppress the production of 
lymphocytes and their anti bodies against the trans­
planted organ. 

HOMEOSTASIS 

Homeostasis means 'staying the same'. It refers to the 
fact that the composition of the tissue fluid (p. 142) in the 
body is kept very steady. lts concentration, acid ity and 
temperatu re at·e being adjusted all the time to prevent any 
big changes. 

On page 17 it was explained that in living cells, all the 
chemica l reactions a re controlled by enzymes. The 
enzymes are very sensitive to the conditions in which they 
work. A s light fall in temperature or a rise in acidity (p.l9) 
may slow down or stop an enzyme from working and thus 
prevent an impor tant reaction from taking place in the 
cell. 

The cell membrane controls the substances which enter 
and leave the cell , but it is the tissue fluid which supplies 
or removes these substances, and it is therefore important 
to keep the composition of the tissue fluid as steady as 
possib le. If the tissue fluid were too concentrated, it would 
withdraw water from the cells by osmosis (p. 36) and the 
body would be dehydrated. If the tissue fl uid were too 
dilute, the cells would take up too much water from it by 

Excretion and the Kidneys 163 

--- - --1~ = -_-_-_-~ .: ' \.. 

--+ solution 
changed 

substances 
diffuse out 
of blood 

tank of water. 
salts and 
glucose 

osmosis and the tissues would become waterlogged and 
swollen. 

Many systems in the body contribute to homeostasis 
(Fig. 9). The obvious example is the kidney, which removes 
subs tances that might poison the enzymes and also contols 
the level of salts, water and acids in the blood. 'l'he 
composition of the blood affects the tissue fluid which, in 
tum, affects the cells. 

Another example of a homeostatic organ is the liver, 
which regulates the level of glucose in the blood (p. 132). 

Fig. 8 Kidney diaJysis machine. 'l'he patient's blood is sent 
by the pump (top right) to the dialyser (bottom l'ight). 'l' lw 
patient is adjusting the control box which regulates the 
tem)>eraturc and concentration of the dialysing liquid. 
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level 

BRAIN 
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Fig. 9 The homeostatic mechanisms of the body 

The liver stores the excess glucose as glycogen, or turns 
glycogen back into glucose if the concentration in the 
blood gets too low. The brain cells are very sensitive to the 
glucose concentration in the blood and if the level drops 
too far, they stop working properly, and the person 
becomes unconscious and will die unless glucose is 
injected into the blood system. This shows how important 
homeostasis is to the body. 

The lungs (p. 151) play a par t in homeostasis by keeping 
the concentrations of oxygen and carbon dioxide in the 
blood at the best level for the cell's chemical reactions, 
especially respiration. 

The next chapter describes the way in which the skin 
regulates the temperature of the blood. If cells were to get 
too cold, the chemical reactions would become too slow to 

CHECK LIST 

This tissue fluid. with its carefully controlled 
composition. provides the best conditions for 
the cell's enzymes to work in 

maintain li fe. If they became too hot, the enzyme,s would be 
destroyed. 

The brain has over-all control of the homeostatic 
processes in the body. Tt checks the composition of the 
blood flowing through it and if it is too warm, too cold, too 
concentrated or has too little g lucose, nerve impulses or 
hormones are sent to the organs concerned, causing them 
to make the necessary adjustments . 

QUESTION 
8 Where will the brain send 11ervc impulses or hormones if the 
blood flowing through it (a) has too much water, (IJ) contains too 
little glucose, (c) is too warm, (d) has loo much carbon dioxide? 

• Excretion is getting rid ofunwant.ed s ubstances from the body. 
• The lungs excrete carbon dioxide. 
• The k idneys exct·ete urea, unwanted salts and excess water. 
• Part of the blood plasma entering th e k idneys is fil tered out by the capillaries. Substances which the body 

needs, like glu cose, a re absorbed back into the blood. The unwanted s ubstances are left to pass down th e 
ureters into the bladder. 

• The bladder stores urine, which is discha1·ged at intervals. 
• The kidneys help to keep the blood at a steady concentt·ation by excreting excess salts and by adjusting 

the amount of water (osmo-t·egulation). 
• The kidneys, lungs, liver and skin all help to keep the blood composition the same (homeostasis). 



17 The Skin, and 
Temperature Control 

FUNCTIONS OF THE SKIN 

Protection, sensitivity, temperature control. 

STRUCTURE OF THE SKIN 

Epidermis, dermis, hair, sweat glands. 

The skin forms a continuous layer over the entire body. It 
makes it difficult for harmful substances, bacteria and 
fungi to get into the body.lt reduces the loss of water from 
the body and it helps to regulate the body tempet·ature. 

FUNCTIONS OF THE SKIN 

Protection 
A brown or black pigment in the skin absorbs the harmful 
ultra·vio let rays from sunlight. Skin containing only a 
little pigment may be damaged by these rays. This happens 
when white·skinned people become sunburned. Many 
white·skinned people, however, produce extra pigment 
and so acquire a 'sun·tan' which helps to protect the skin 
from the effects of ultra·violet light. 

The layer of dead cells at the surface of the skin (1) stops 
harmful bacteria getting into the living tissues beneath 
and (2) greatly reduces the evaporation of water from the 
body, so he lping to maintain the composition of the body 
fluids. 

Sensitivity 
Scattered through the s kin are a large numberoftiny sense 
organs which give rise to sensations of touch, presstrre, 
heat, cold and pain. These make us aware of changes in our 
surroundings and enable us to take action to avoid 
damage, to recognize objects by touch and to manipulate 
objects with our hands (see p. 193). 
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HEAT BALANCE 

Gain and loss of heat. 

TEMPERATURE CONTRO L 

Vaso·dilation, vaso.constriction, sweating. 

HYPOTHERMIA 

Temperature regulation 
The way in which the skin helps to keep the body 
temperature constant is described on pages 168-9. 

QUESTION 
1 To what dangers is the body exposed if (a) a small axea of skin 
is damaged, (b) a large area of skin is damaged? 

STRUCTURE OF THE SKIN 

There are two main layers in the skin, an outer epidet·mis 
and an inner dermis. The thickness of these two layers 
depends on which part of the body they are covering. The 
skin on the palms of the hands and soles of the feet has a 
very thick epidermis and no hairs (Fig. 2). Over the rest of 
the body, the epidermis is thinner and has hairs (Fig. 3). 
The diagram of a section through the skin (Fig. 1) is a 
generalized one. It shows a ll the structures that are in skin 
as a whole, even though some may be absent in a particular 
area. 

Epidermis 
Malpighian layer This is the innermost layer of cells in 
the epidermis. These cells contain the pigment that gives 
the skin its colour and helps to absorb ultt·a·violet light 
from the sun. The cells of the Malpighian layer keep 
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Fig. I Generalized section through the skin 

dividing a nd producing new cells which are pushed 
towards the outside of the skin, forming the gra nular 
layer. 

Granular laye•· The cells produced by the Malpighian 
layer move through the granula r layer a nd then die, so 
forming the corni fied layer. 

sweat duct 

/ ,., 

cornified layer 

.. :.. v MatPigllian 
layer 

granular layer 

-- ' . -.• 
Fig. 2 Section through non-hairy skin ( x 300). The sweat 
ducts are contorted as they pass through the cornified layer. 

Cornified layer This consists of dead ce lls. It is the 
outermost layer of the epidermis which helps to cut 
down evapor·ation and keep bacteria out. The cells are con· 
stantly worn away and replaced from below by the 
Malpighian a nd granular layers (Fig. 4). 

hair 
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id dermis 

I 

Fig. 3 Section through hair·y skin ( x 20) 

sweat 
gland 
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Fig. 4 Growth of the epidermis 
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The dermis is a layer of connective tissue containing 
capillaries, sensory nerve endings, lymphatics, sweat 
glands and hair follicles. 

Capillaries These bring oxygen and food to the skin and 
remove its carbon dioxide and nitrogenous waste. They 
supply the hair follicles and sweat glands. The capillary 
loops close to the surface, i.e. just beneath the epidermis, 
play an important part in regulating heat loss from the 
body (see p. 168). 

Sweat glands A sweat gland is a coiled tube deep in the 
dermis. When the body temperature is too high, the sweat 
gland takes up water from the capillaries around it. The 
water collects in the gland, travels up the sweat duct, 
comes out of a pore in the epidermis and on to the skin 
surface. When the sweat evaporates, it takes heat from the 
body and so cools it down. Unless the sweat evaporates, it 
has no cooling effect. 

Sweat is mainly water but there are some dissolved salts 
and urea in it. Some people regard this as a form of 
excretion (p. 159), but sweating occurs in response to a rise 
in temperature and not because there is too much water or 
salt in the body. 

Hair follicles A hair follicle is a deep pit lined with 
granular and Malpighian cells. The Malpighian cells keep 
dividing and adding cells to the base of the hair, making it 
grow. A hair is a lot of cornified cells formed into a tube. 
The hair follicle has nerve endings which respond when 
the hair is touched, or give a sensation of pain if the hair 
is pulled. 

In furry mammals, the hairs trap a layer of air close to 
the body. Air is a bad conductor of heat and so this layer of 
air insulates the body against heat loss. When the hair 
erector muscle contracts, it pulls the hair more upright. 
In mammals, this makes the fur stand up more and so 
provides a thicker layer of insulating air in cold weather. 
Most of our body is covered with short hairs, but they trap 
very little air and when the hair erector muscles contract, 
they produce only 'goose pimples'. 
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Sebaceous glands The sebaceous glands open into the 
top of the hair follicles and produce an oily substance that 
keeps the epidermis waterproof and stops it drying out. 

Sensory nerve endings These are described more fully 
on page 193. 

Fat layer The fat stored in the adipose tissue beneath 
the skin not only provides a store of food, but also forms an 
insulating layer and reduces the heat lost from the body. 

QUESTIONS 
2 Is a hair made by the epidermis or the dermis? 
3 Why do you think dead cells are better than living cells in 
reducing water loss from the skin? 
4 Describe the path taken by a water molecule that enters the 
skin in the blood plasma of a capillary and ends up in sweat on the 
surface of the skin. 

HEAT BALANCE 

Body temperature 
Different parts of the body are at different temperatures. 
The skin temperature is lower than the liver temperature 
and· the feet and hands may be colder than the abdomen. 
However, 'body temperature' usually means the tem­
perature deep inside the body. It is not possible to put a 
thermometer far inside the body so it is usually placed in 
the mouth, under the tongue, and held there for 2 minutes 
with the mouth closed. 

The body temperature varies during the day and there is 
no single 'correcf body temperature. Varjations in the 
range of 35.8-37.7 oc (96.4-99.8 cF) are normal. Body 
temperatures below 34 oc (93 oF) and above 40 oc (104 ?F), 
if maintained for long, are considered to be dangerous (see 
p. 169). -

The body may gain or lose heat as a result of internal 
changes or external influences as explained below. 

Heat gain 
Internal A great many of the chemical reactions in the 
cells release heat. The chief heat-producers are the 
.contracting cells of active muscle and the cells of the liver, 
where so many chemical changes are taking place. Any 
increase in muscular activity of the body or chemical 
reactions in the liver will result in more heat being 
produced. 

External Direct heat from the sun will be absorbed by 
the body. If the air temperature is above 37 oc, the body will 
absorb heat. Hot food and drink also add heat to the body. 

Heat loss 
Heat is lost to the air from the exposed surfaces of the body 
by conduction, convection and radiation. Evaporation 
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from the skin takes place all the time and is a cause of heat 
loss. The cold air breathed into the lungs and cold food or 
drink taken into the stomach all absorb heat from the 
body. 

To a large extent, the heat lost from the body is balanced 
by the heat absorbed or produced. However, changes in the 
temperature of the surroundings or in the rate of activity 
by the animal may upset this balance. In humans, any 
change in the temperature balance is regulated mainly by 
changes in the skin. 

We also control our heat loss and gain by taking 
conscious action. We remove clothing or move into the 
shade to cool down, or put on more clothes or take exercise 
to keep warm. 

QUESTIONS 
5 What conscious actions do we take to reduce the heat lost from 
the body? 
6 What sort of chemical reaction in the liver and in active muscle 
wi II produce heat? How does this heat get to other parts of the 
body? (See pp. 24, 133 and 141.) 
7 Draw up a balance sheet to show all the possible ways the 
human body can gain or lose heat. Make two columns, with 
'Gains' on the left' and 'Losses' on the right. 

TEMPERATURE CONTROL 

Skin structure 
The structur es in the skin which p lay a part in tempe1·ature 
control are the small b lood vessels, the sweat g lands and, 
in ful'l'y mammals, the hairs and hair muscles. 

The arterioles and capillaries near the surface of the 
skjn can increase or decrease in width and so increase or 
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(b) VASO-CONSTRICTION 

Fig. 5 Vaso-dilation and vaso-constriction 

reduce the amount of b lood Rowing through them. An 
increase in width of the vessel is ca lled vaso-dilation; a 
reduction in width is vaso-constriction. 

The sweat glands are not active when the loss and gain 
of heat are balanced, but as soon as the body temperature 
starts to rise, the sweat glands of the trunk, limbs and face 
produce sweat as described above. Sweating from the 
hands, feet and armpits is a t·esponse to emotional stress 
rather than overheating. 

Overheating 
If the body gains or produces beat faster tban it is losing it, 
the following processes occur: 

Vaso-dilation The widening of the blood vessels in the 
dermis allows more warm blood to flow near the surface of 
the skin and so lose more heat (Fig. 6a). 

Sweating The sweat glands pour sweat on to the skin 
surface. When this layer of liquid evaporates it takes heat 
(latent heat) from the body and so cools it down (Fig. 7) . 

Fig . 6 Sweating. During vigorous activity the sweat 
evaporates from the sk in and helps to cool the body. When the 
activity stops, continued evaporation of sweat may over·cool 
the body unless it is towelled off. 

Overcooling 
If the body begins to lose heat faster than it can produce it, 
the following changes occur: 

Sweat production stops Thus the heat lost by evapora­
tion is reduced. 

Vaso-constriction Vaso-constriction of the blood ves­
sels in the shln reduces the amount of warm blood flowing 
near the surface (Fig. 5b). 

Shivering Uncontrollable bursts of rapid muscular 
contraction in the limbs release heat as a result of the 
chemical changes in the muscles. 



As a result of these processes, the body tempera ture of an 
adult does not usually vary by more than 1 •c either side of 
37 C even when the external temperatu re changes. The 
average temperature recorded by a thermometer under the 
tongue is 36.7 •c and is called the 'core' temperature of the 
body. The temperature of the skin can change through 
very wide limits without affecting the core temperature. It 
is the sensory nerve endings in yout· dermis which make 
you feel hot or cold. You cannot consciously detect the 
small changes in your core temperature. 

Hypothermia 
If the body loses heat faster than the tissues can 
produce it, the core temperature may fall Below 35 •c 
there is an impairment of normal function (e.g. 
shu'l'ed speech, unreasonable behayjour, defective 
vision) and below 32 •c there is loss of consciousness. 
This lowering of core temperature is called hypo­
thermia and unless the body is rewarmed in a 
controlled manner, it can result in death. 

In young people, hypothermia may occur in 
conditions such as inunersion in water or exposure in 
wet clothing. In elderly people, hypothermia may 
result simply from inactivity in inadequately b~ated 
surroundings, and from insufficient intake of food. 

CHECK LIST 
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Prevention ofhypot herm ia The chance of suffer­
ing hypothermia can be reduced by eating a good 
meal before taking part in outdoor pursuits such as 
fell-walking, cLimbing or sai ling. The food provides 
the source of energy for heat production. 

Warm clothing helps to reduce heat losses and, in 
particular, should include an outer layer which is 
wind-proof and rain-proof. 

Hypothermia in the elderly can be avoided if they 
are visited regularly to ensm·e that they are eating 
well and keeping their rooms at a suitable tem­
perature (above 20 •c). 

QUESTIONS 
8 (a) Which structures in the skitt or a furry mammal help to 
reduce heat loss? 

(b) What changes take place in the skin of man to reduce heat 
loss? 
9 If your body temperature hardly changes at all, why do you 
sometimes feel hot and sometimes cold? 
10 Sweating only cools you down if the sweat can evaporate. 
(a) In what conditions might the sweat be unable to evaporate 
£rom your skin? (Seep. 73.) 
(b) What conditions mightSJ>eed up the evaporation of sweat and 
so make you feel very cold? 

• Skin cons is ts of an outer la yer of epidermis a nd a n inne r der mis . 
• The epidermis is growing a ll the time and bas au outer layer of dead cells . 
• The dermis contains the sweat glands, hair follicles, sense organs and capillaries. 
• Skin (1) prot ects t he body f1·om bacteria and dry ing out, (2) contains sen se organs which g ive us the sense 

of touch, warmth , cold and pain, and (3) controls the body temperatm·e. 
• Chemical activity in t he body, and muscular contractions produce hea t . 
• Heat is lost t o the surroundings by conduction, convection, radiat ion and evaporation. 
• If the body t empera ture rises too much, t he skin cools it down by sweating a nd vaso-dilation . 
• If the body loses t oo much heat, vaso -constr iction and shive ring help to keep it wa rm . 
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REPRODUCTIVE SYSTEMS PUBERTY AND THE MENSTRUAL CYCLE 

Male and female organs. Gamete production. Hormones and secondary sexua l characteristics. 
Menstruation and menopause. 

FERTILIZATION AND DEVELOPMENT 
Mating and fer tilization. Development of embryo. 
Placenta. Twins. 

BIRTH AND PARENTAL CARE 
Normal labour and delivery. Surgical intervention. 
Breas t-feeding. 

FAMILY PLANNING AND FERTILITY 
Birth control. In-vitro fert ilization. 

WORLD POPULATION 

Reproduction is the process of producing new individuals. 
Some single-celled creatures can reproduce by simply 
dividing into two. Some many-celled animals can produce 
offspring by a process of 'budding', in which part of their 
body breaks away and grows into a new individual. These 
are methods of asexual reproduction (see p. 350}. 

(a) sr•£nM tail 
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Most animals reproduce sexually. The two sexes, male 
and female, each produce special types of reproductive 
cells, called gametes. The male gametes are the sperms 
(or spermatozoa) and the females gametes are the ova 
(singuJar = ovum) or eggs (Fig. 1). 

To produce a new individual, a sperm has to reach an 
ovum and join with it (fuse with it). The sperm nucleus 
then passes into the ovum and the two nuclei also fuse. 
This is called fertilization. 

The cell formed after the ferti lization of an ovum by a 
sperm is called a zygote. A zygote will grow by cell 

(b) OVUM 
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Fig. 1 Human gametes 
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(a) FRONT VIEW 

Fig. 3 The female reproductive organs 

division to produce first an embryo and then a fully 
formed animal (Fig. 2). 

The male animal always produces a large number 
(millions) of sperms, while the female produces a smaller 
number of eggs. In some animals, such as fish and frogs, 
many eggs are fertilized and there are a large number of 
offspring. In mammals, a small number of eggs is fertilized, 
from one to twenty. In humans, usually only one egg is 
fertilized at a time; two eggs being fertilized produces 
twins. 

To bring the sperms close enough to the ova for 
fertilization to take place, there is an act of mating or 
copulation. In mammals this act results in sperms from 
the male animal being injected into the female. The sperms 
swim inside the female's reproductive system and fertilize 
any eggs which are present. The zygote then grows into an 
embryo inside the body of the female. 

THE HUMAN REPRODUCTIVE 
SYSTEM 

Female 
The eggs are produced from the female reproductive 
organs called ovaries. These are two whitish oval bodies, 
3-4 em long. They lie in the lower half of the abdomen, one 
on each side of the uterus (Fig. 3a and b). Close to each 
ovary is the expanded, funnel-shaped opening of the 
oviduct, the tube down which the ova pass when released 
from the ovary. The oviduct is sometimes called the 
Fallopian tube. 

The oviducts are narrow tubes that open into a wider 
tube, the uterus or womb, lower down in the abdomen. 
When there is no embryo developing in it, the uterus is 
only about 80 mm long. It leads to the outside through a 
muscular tube, the vagina. The cervix is a ring of muscle 
closing the lower end of the uterus where it joins the 
vagina. The urethra, from the bladder, opens into the 
vulva just in front of the vagina. 

(b) VERTICAL SECTION 

Male 
Sperms are produced in the male reproductive organs 
(Figs 4 and 5), called the testes (singular~ testis). These 
lie outside the abdominal cavity in a special sac called the 
scrotum. In this position they are kept at a temperature 
slightly below the rest of the body. This is the best 
temperature for sperm production. 

The testes consist of a mass of sperm-producing tubes 
(Fig. 6). These tubes join to form ducts leading to the 
epididymis, a coiled tube about 6 metres long on the 
outside of each testis. The epididymis, in turn, leads into a 
muscular sperm duct. The two sperm ducts, one from each 
testis, open into the top of the urethra just after it leaves 
the bladder. A short, coiled tube called the seminal 
vesicle branches from each sperm duct just before it enters 
the prostate gland, which surrounds the urethra at this 
point. 

right 
kidney--~.:-;;.........,~~<, bladder 

opening of 
bladder and 
sperm ducts 

~~41~~.._:-~;..,.,-~.,-- to urethra 

testis 

Fig. 4 The male reproductive organs; front view 
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front of dividing cells 
potvic giving rise 

urethra 

Fig. 5 Male reproductive organs; s.ide view 

The urethra passes through the penis and may conduct 
either urine ot· sperms at different times. The penis consists 
of connective tissue with many blood spaces in it. This is 
called er ectile tissue. 

QUESTIONS 
1 How do sperms differ from ova in their structure (see Fig. 1)? 
2 List the structures, in the correct order, through which the 
sperms must pass from the time they are produced in tho testis, to 
Lhe time they leave the urethra. 
3 \Yhat structures are shown in Fig. 5 which arc not shown in 
Fig. 4? 
4 In what ways docs a zygote differ from any other cell in the 
body? 

Fig. 7 Human sperms (x 700). The head orthe sperm h1111a 
slightly different appearance when seen in 'side' view or in 
'lOp' view. 

to sperms 

mature 
sperms 

Fig. 6 Section through tubules 

PRODUCTION OF GAMETES 

Sperm production 
The lining of the sperm-producing tubules in the testis 
consists of rapid ly dividing cells (Fig. 6). After a series of 
cell divisions, the cells grow long tails and become sperms 
(Fig. 7) which pass into the epididymis. 

During copulation, the epididymis and sperm ducts 
contract and force sperms out through the urethra. The 
prostate gland and seminal vesicle add fluid to the sperms. 
This fluid plus the sperms it contains is called semen, and 
the ejection of sperms through the penis is called 
ejacula tion. 

Ovulation 
The egg cells (ova) a t·e present in the ovary from the time 
of birth. No more are formed during the lifetime, but 
between the ages of 10 and 14 the egg cells start to ripen 
and are released, one at a time about every 4 weeks from 
alternate ovaries. As each ovum matures, the cells round 
it divide rapidly and produce a fluid-filled sac. This sac is 
ca lled a follicle (Fig. 8) and when mature, it projects from 
the surface of the ovary like a small blister (Fig. 9). Finally, 
the follicle but·sts and releases the ovum with its coating 
of cells into the funne l of the oviduct. This is called 
ovulation. from here, the ovum is wafted down the 
oviduct by the action of ci lia (p. 9) in the lining of the tube. 
If the ovum meets sperm cells in the oviduct, it may be 
fertilized by one of them. 

The freshly released ovum is enclosed in a protein 
coating called the zona pellucida and is still surrounded 
by a layer of follicle cells. Before fertilization can occur, 
sperms have to get through this layer of cells and the 
successful sperm has to penetrate the zona pellucid& with 
the aid of enzymes secreted by the head of the sperm. 
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MATING AND FERTILIZATION 

Mating 
As a result of sexual stimulation, the male's penis becomes 
erect. This is due to blood flowing into the et·ectile tissue 
round the urethra. In the female, the lining of the vagina 
produces mucus which makes it possible for the penis to 
enter. The sensory stimulus (sensation) produced by 
copulation causes a reflex (p. 207) in the male which results 
in the ejaculation of semen into the top of the vagina. 
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Fig. 9 Mature follicle us seen in a section through part of 
an ovary ( x 30). The ovum is surrounded by follicle cells. 
These produce the fluid which occupies much of the space in 
the follicle. 

Fertilization 
The sperms swim through the cervix and into the uterus by 
wriggling movements of their tai ls. They pass through the 
uterus and enter the oviduct, but the method by which they 
do this is not known for certain. If there is an ovum in the 
oviduct, one of the sperms may bump into it and stick to its 
surface. The sperm then enters the cytoplasm of the ovum 
and the male nuc leus of the sperm fuses with the female 
nucleus. This is the momentoffertilization and is shown in 
mol'e detail in Fig. 10. Although a single ejaculation may 
contain two or three hundred million sperms, only one will 
fertilize the ovum. The function of the others is not 
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(b) Folliclo cells scattered, possibly 
by enzymes prod\lced by sperms 
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Fig. 10 Fertilization of an ovum. (The diagrams show what is thought to happen, but the details are not known for certain.) 
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understood but it is likely that a great many do not manage 
to travel from the vagina to the oviduct. 

The released ovum is thought to survive for about 24 
hours; the sperms might be able to fertilize an ovum for 
about 2 or 3 days. So there is only a short period of about 
4 days each month when fertilization mighl occur. 

QUESTIONS 
6 If u woman starts ovulating at 13 and StoJ)li nt 60, (a) how mnny 
ova oro likely to be released from hcrova1·ies, (b) about how many 
of those nro likely to be fertilized? 
6 List, in tho correct order, the parts of the l'cmnlo reproductive 
system through which sperms must pass before I'Cnching and 
fertilizing an ovum. 
7 State exactly what happens at the moment or fc•·tilizntion. 
8 If mating takll& place (a) 2 days before ovulntion, (b) 2 days after 
ovulation, is fertilization likely to occur? ~;xplnin your answers. 

PREGNANCY AND 
DEVELOPMENT 

'!'he fertilized ovum first divides into two coils. Each of 
these divides again, so producing four cells. The cells 
continue to divide in this way to p•·oduce a solid ball of 
cells (Fig. 11), an early stage in the development of the 
embryo. This early embryo travels down the oviduct to 
the uterus. Here it sinks into the lining of the uterus, a 
process called implantation (Fig. 12a). The embryo 
continues to grow and produces new cells which form 
tissues and organs (Fig. 13}. When all the organs are 
formed, the embryo is called a foetus. One of the first 
organs to form is the heart, which pumps blood round the 
body of the embryo. 

As the embryo grows, the uterus enlarges to contain it. 
lnside the uterus the embryo becomes enclosed in a fluid­
fill ed sac called the amnion or water sac, which protects 
it fTom damage and prevents unequa l pressures fTom 
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Fig. 13 Hum on embryo: the first 8 weeks 

acting on it (Figs 12b a nd c). The oxygen and food needed 
to keep the ernbt·yo alive and growing are obtained from 
the mothet·'s blood by means of a structure ca lled the 
placenta. 

placenta 
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Fig. L2 Growth and development in the uterus (not to scale) 



Placenta 
Soon after the ball of cells reaches the uterus some of the 
cells, instead of forming the organs of the e~bryo grow 
into a disc-like s tructure, the placen ta (Fig. 1zd). The 
placenta becomes closely attached to the lining of the 
uterus and is attached to the embyro by a tube called the 
umbilical cord (Fig. 12c). After a few weeks, the embryo's 
heart has developed and is circulating blood through the 
umbthcal cord and placenta as we11 as through its own 
tissues. The blood vessels in the placenta are very close to 
the. bl~ vessels in the uterus so that oxygen, glucose, 
ammo actds and salts can pass from the mother's blood to 
the embryo's blood (Fig. 14a). So the blood flowing in the 
umbilical vein from the placenta carries food and oxygen 
to be used by the living, growing tissues of the embryo. In 
a similar way, the carbon dioxide and urea in the embryo's 
blood escape from the vessels in the placenta and are 
carried away by the mother's blood in the uterus (Fig. 14b). 
In this way the embryo gets rid of its excretot·y products. 

There is no direct communication between the mother's 
blood system and the embyro's. The exchange of sub­
stances takes place across the thin wa lls of the blood 
vessels. In this way, the mother's blood pressure cannot 
damage the delicate vessels of the embryo and it is poss ible 
for the placenta to select the substances a llowed to pass 
into the embyro's blood. 'l'he plncentn con prevent some 
harmful substances in the mother's blood ft·om reaching 
the embryo. It cannot prevent all of them, however, as is 
shown by the effects of cigarette smoke and alcohol 
described below. 

The plucent.. vrotluces hurrnunc~;, iucludin~: u"•· 
trogens and progesterone. It is assumed that these 
hormones play an important part in maintaining the 
pregnancy and preparing for birth, but their precise 
function is not known. They may influence the 
development and activity of the muscle layers in the 
wall of the uterus and prepare the mammary glands in 
the breasts for milk production. 

embtyo uterus 
lining--1--
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~¥... 
f'ig. 15 Human embryo·, 7 weeks ( x 1.5). The embryo is 
enclosed in the amnion. Its limbs, eye ond car-hole at•c clonrly 
visible. The amnion is surrounded by the placenta; the fluffy. 
lookmg structures are the placental vi lli which pcnotrote into 
the lin ing of the uterus. 'l'he umbi lica l cord connects Lhe 
embryo to the placenta . 

Car e du.ring pregnancy During pregnancy, the mother­
to-be should ensure that her diet is adequate (seep. 119) 
nnrl nvoid drinking alcohol or smoking. It hni boon shown 
that pregnant women who drink a lcohol or smoke 
cigarettes run a higher risk of producing babies with low 
birth weights. These babies a re more prone to disease than 
babies with normal birth weights. 

There is also evidence that smoking or drinking during 
pregnancy can lead to a higher rote of miscarriage and 
there is strong suspicion that heavy drinking may damage 
the developing brain of the foetus. 
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Fig. 14 The exchange of substances between the blood of the embryo and t he mother 
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During pregnancy, it is also advisable not to take any 
drugs unless strictly necessary and pt·escribed by a doctor. 

If a woman catches rubella (German measles) during 
the first4 months of pregnancy, there is a danger that the 
virus will affect the foetus and cause abortion or still-birth. 
Even if the baby is born alive, there is a chance that the 
vitus will have caused defects of the eyes, eru·s or nervous 
system. AU girls are advised to have an anti-rubella 
vaccination between the ages of 11 and 13, to ensure that 
their bodies contain antibodies to the disease (seep. 147). 

TWINS 

Sometimes a woman releases two ova when she 
ovulates. If both ova are fertilized, they may form 
twin embryos, each with its o\vn placenta and 
amnion. Because the twins come from two separate 
ova, each fertilized by a different sperm, it is possible 
to have a boy and a girl. Twins formed in this way are 
called fra tern al t wins. Although they are both born 
within a few minutes of each other, they are no more 
alike than other brothers or sisters. 

Another cause of twinning is when a single 
fertilized egg, during an early stage of cell division, 
forms two separate embryos. Sometimes these may 
share a placenta and amnion. Twins formed f1·om a 
single ovum and sperm must be the same sex, because 
only one sperm (X or Y, seep. 232) fertiUzed the ovum. 
These 'one-egg' twins are sometimes called identical 
twins because, unl ike fraternal twins, they will 
closely resemble each other in every respect. 

QUESTIONS 
9 In what ways will the composition of the blood in the umbilical 
vein differ from that in the umbilica l artery? 
10 An embryo is sunounded with fluid, its lungs are filled with 
fluid and it cannot breathe. Why doesn't it suffocate? 
11 If a mother gives birth to twin boys, docs this mean that they 
a.re identical twins? Explain. 

BIRTH 

From fertilization to birth takes about 38 weeks in 
humans. This is ca lied the gestation period. A few weeks 
before the birth, the foetus has come to lie head downwards 
in the uterus, with its head just above the cervix (Figsl2d 
and 16). When the bitth starts, the uterus begins to 
contract rhythmically. This is the beginning of what is 
called 'labour'. These regular rhythmic contractions 
become stronger and more frequent. The opening of the 
cervix gradually widens enough to let the baby's head pass 
through and the contt·actions of the uterus are assisted by 
muscular contractions of the abdomen. '!'he water sac 
breaks at some stage in labour and the fluid escapes 

Fig.J6 Model ofhumiln foetus just before birth. The 
cervix and va,gina seem to provide narrow channels for the 
baby to pass tlu·ough but they widen quite naturally during 
labour and deli vc1·y. 

through the vagina. Finally, the muscular contractions of 
the uterus and abdomen push the baby head-first through 
the widened cervix and vagina (Fig. 17). The umbilical cord 
which still connects the child to the placenta is tied and 
cut. Later, the placenta breaks away from the uterus and 
is pushed out separately as the 'after-birth'. 

The sudden fa ll in temperature felt by the newly born 
baby stimulates it to take its first breath and it usually 
cries. In a few days, the remains of the umbilical c01·d 
attached to the baby's abdomen shrivel and fall away, 
leaving a scar in the abdominal wall , called the navel. 

Caesarian section If you study Fig. 5aon page 184, 
you will see the hole in the pelvic girdle through 
which the baby's head has to pass. During the course 
of pregnancy, the tissues holding the right and left 
sides of the girdle together soften and allow the girdle 
to widen. The bony plates in the baby's skull can 
overlap during birth and so reduce the diameter of its 
head. 

If the pelvic girdle is too narrow to allow the baby's 
head to pass through, the baby can be delivered by 
Caesarian section. The mother is anaesthetized and 
her abdomen and uterus are opened surgically to 
extract the baby. 



Fig. 17 Delivery of a baby. The nu•·sc SUI>ports the baby's 
head while the mother's contractions push out the rest of the 
body. 

Breech delivery A baby sometimes fails to turn 
head downwards in the uterus and is delivered feet 
first or bottom first. If, in the 'feet-first' position, its 
legs are straight, the birth is not impeded but there is 
a risk of suffocation if the head does not follow 
quickly. 

A breech delivery may often be avoided by 
externally manipulating the baby so that it lies bead 
down. A 'bottom-first' delivery can be avoided by 
straightening the legs in the early stages of birth. In 
eithet· case, it may be decided to use a Caesarian 
section. 

Abortion 
The ending of a pregnancy before 28 weeks is called 
an a bortion because the foetus cannot survive on its 
own at this early stage. A birth between 28 and 38 
weeks might be called premature if the baby has not 
developed sufficiently to maintain its body tern· 
peratlll·e or oxygenate its blood without help. 

Spontaneous abort ion (miscarriage) This occltrs 
usually because the embryo is defective in some way. 
The embryo dies and is expelled from the uterus. This 
may occur at such an early stage in the pregnancy 
that it is unnoticed or confused with menstruation. 
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Perhaps as many as 30 per cent offertilized ova fai l 
to implant or develop propet"ly, though such figures 
are difficult to ascertain. 

Induced abortion This is a deliberate termination 
of the pregnancy because it is considered medically 
desirable, e.g. there is a risk to the mother's health 
if the pregnancy continues or the foetus is defective, 
for example, after an attack of rubella in the first 
3 months of the pregnancy. 

A foetus of less than 12 weeks is sucked out of the 
uterus through a tube inserted via the cervix. After 12 
weeks, abortion is more difficult and may involve the 
removal of the uterus. Developments are now taking 
place in the use of chemicals (prostaglandins) which 
induce early labour to expel the foetus. 

The use of abortion as a means of birth control is 
very controversial since it involves thedestt·uction of 
a foetus which has reached a stage where it might be 
considered as an actual or a potential human being. 

FEEDING AND PARENTAL CARE 

About 24 hams after birth, the baby star ts to suckle a t the 
breast. During pregnancy the mammary glands (breasts) 
enlarge as a result of a n increase in the number of milk· 
secreting cells. No milk is secreted during pregnancy, but 
the hormones which s tart the birth process also act on the 
milk-sec•·eting cells of the breasts. The breasts are 
stimulated to release milk by the first sucklings. The 
continued production of milk is under the control of 
hormones, but the amount of milk produced is re la ted to 
the qua ntity taken by the chi ld during suckling. 

Fig. 18 Bl"east-feediug helps to establish an emotional 
bond between mother and baby 
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Fig. 19 Parental care. Human parental care includes a long 
pet-iod of education. 

Milk contains nearly all the food, vitamins and salts that 
babies need for their energy requirements and tissue­
building, but there is no iron present for the manufacture 
of haemoglobin. All the iron needed for the first weeks or 
months is stored in the body of the foetus during gestation. 

The mother's milk supply increases with the demands of 
the baby, up to !litre per day.lt is gradually supplemented 
and eventually replaced entirely by solid food, a process 
known as weaning. 

Cows' milk is not wholly suitable for htunan babies. It 
has more protein, sodium and phosphorus, and less sugar, 
vitamin A and vitamin C than human milk. Manufacturers 
modify the components of dried cows' milk to resemble 
human milk more closely and this makes it more 
acceptable if the mother cannot breast-feed her baby. 

Cows' milk and proprietary dried milk both lack human 
antibodies, whereas the mother's milk contains antibodies 
to any diseases from which she has recovered. It also 
carries white cells which produce antibodies or ingest 
bactGria. These antibodies are important in defending the 
baby against infection at a time when its own immune 
responses are not fully developed. Breast-feeding provides 
milk free from bacteria, whereas bottle-feeding carries the 
risk of introducing bacteria which cause intestinal 
diseases. Breast-feeding also offers emotional and psycho­
logical benefits to both mother and baby (Fig. 18). 

Mos t young mammals are independent of their parents 
after a few weeks or months even though they may stay 
together as a family group. In man, however, the young are 
dependent on their parents for food, clothing and shelter 
for many years. During this long period of dependence, the 
young learn to talk, read and write and learn a great 
variety of other skills that help them to survive and be self­
sufficient (Fig. 19). 

QUESTION 

12 Apart from learning to talk, what other skills might a young 
human develop that would help him when he is no longer 
dependent on his parents in (a) an agricultural society, (b) an 
industrial society? 

PUBERTY AND THE MENSTRUAL 
CYCLE 

Puberty 
Although the ovaries of a young girl contain all the ova she 
will ever produce, they do not start to be released until she 
reaches an age of about 10-14 years. This stage in he•· life 
is known as puberty. 

At about the same time as the first ovulation, the ovary 
also releases female sex hormones into the bloodstream. 
These hormones are called oestrogens and when they 
circulate round the body, they bring about the develop­
ment of secondary sexual characteristics. In the girl 
these are the increased growth of the breasts, a widening 
of the hips and the growth of hair in the pubic region and 
in the armpits. There is also an increase in the size of the 
uterus and vagina. Once all these changes ru·e complete, 
the girl is capable of having a baby. 

Puberty in boys occurs at about the same age as in girls. 
The testes start to produce sperms for the first time and 
also release a hormone, called testosterone, into the 
bloodstream. The male secondary sexual characteristics 
which begin to appear at puberty are enlargement of the 
testes and penis, deepening of the voice, growth of hair in 
the pubic region, armpits, chest and, later on, the face. In 
both sexes there is a rapid increase in the rate of growth 
during puberty. 

The men strual cycle 
The ovaries release an ovum about every 4 weeks. As each 
follicle develops, the amount of oestrogens produced by 
the ovary increases. The oestrogens act on the uterus and 
cause its lining to become thicker and develop more blood 
vessels. These are changes which help an early embryo to 
implant as described on page 174. 

Once the ovum has been released, the follicle which 
produced it develops into a solid body called the corpus 
luteum. This produces a hormone called pr ogesterone, 
which affects the uterus lining in the same way as the 
oestrogens, making it grow thicker and produce more 
blood vessels. 

If the ovum is fertilized, the corpus luteum continues to 
release progesterone and so keeps the uterus in a state 
suitable for implantation. If the ovum is not fertilized, the 
corpus luteum stops pt·oducing progesterone. As a result, 
the thickened lining of the uterus breaks down and loses 
blood which escapes through the cervix and vagina. This 
is known as a menstrual period. The appearance of the 
first menstrual period is oneofthesigns of puberty in girls. 
The events in the menstrual cycle are shown in Fig. 20. 

Menopa use Between the ages of 40 and 55, the ovaries 
cease to release ova or produce hormones. As a con­
sequence, menstrual periods cease, the woman can no 
longer have children, and sexual desire is gradually 
reduced. 



QUESTIONS 
13 From the list of changes at puberty in gi rls, select those which 
are related to child-bearing and say what part you tltink they 
play. 
14 One of the first signs of pregnancy is that the menstrua l 
periods stop. Explain why you would expect th is. 

FAMILY PLANNING AND 
FERTILITY 

As li ttle as 4 weeks after giving birth, it is possible, though 
unlikely, that a woman may conceive again. Frequen t 
breast-feeding may reduce the chances of conception. 
Nevertheless, it would be possible to have children at 
about !-year intervals. Most people do not want, or cannot 
afford, to have as ma11y chi ldren as this. All human 
communi t ies, therefore, practise some form of birth 
contro l to space out births and limit the size of the family . 

Natural methods of family planning 
If it were possible to know exactly when ovula tion 
occurred, intercourse could be avoided for 3-4 days before, 
and I day after ovulation (see p. 172). At the moment, 
however, there is no simple, reliable way to o·ecognize 

mens~eumion uterus lining thickens 

follicle matuting 
ovulation 
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ovulation, though it is usuaJiy 12- 16 days before the onset 
of the next menstrual period. By keeping careful records of 
the intervals between menstrual pel'iods, it is possible to 
calculate a potentia lly fertile period of about 10 days in 
mid-cycle, when sexual intercourse should be avoided if 
chilcb·en are not wanted. 

On its own, this method is not very reliab le but there are 
some physiological clues which help to make it more 
accurate. During or soon after ovulation, a woman's 
temperature rises about 0.5 •c. It is reasonable to assume 
that one day a fter the temperature •·eturns to normal, a 
woman wi ll be inferti le. Another clue comes from the type 
ofmucussecreted by the cervix and liningofthe vagina. As 
the t ime for ovulation approaches, the mucus becomes 
more Auid. Women can learn to detect tbese changes and 
so calculate their fer ti le period. 

By combin ing the 'calendar', 'temperature' and 'mucus' 
methods, it is possible to achieve a bout 80 per cent 
'success' , i.e. only 20 per cent unp lanned pregnancies. 
Advocates of this method may claim highenatesofsuccess 
and, of course, it is a vet·y helpful way of find ing the fertile 
period for couples who do want to conceive. 

Artificial methods of family planning 
'l'he sheath or condom A thin r·ubber s heath is placed 
on the erect penis before sexual intercourse. T he sheath 
traps the sperms and prevents them from reaching the 
utet·us. 
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Fig. 20 'rhe Menstrual cycle. (After G. W. Coner, The Hormones in Human Repro<ltu:li.o,., Princeton.) 
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The diaphragm A thin rubber disc, placed in the vagina 
before intercourse, covers the cervix and stops sperms 
entering the uterus. Condoms and diaphragms, used in 
conjunction with chemicals that immobilize sperms, are 
about 95 per cent effective. 

Intra-u terine device (IUD) A small metal or plastic 
strip bent into a loop or coil is inserted and retained in the 
uterus, where it probably prevents implantation of a 
fertilized ovum. It is about 98 per cent em~ctive but there is 
a small risk of developing uterine infections, particulady 
if sexual relations are promiscuous. 

The cont raceptive pill The pill contains chemicals 
which have the same effect on the body as the hormones 
oestrogen and progesterone. When mixed in suitable 
proportions these hormones suppress ovulation (see 
'Feedback', p. 214) and so prevent conception. The pills 
need to be taken each day for the 21 days between 
menstrual periods. 

There are many varieties of contraceptive pill in which 
the relative proportions of oestrogen- and progesterone­
like chemicals vary. They are 99 percent effective but long­
term use of some types is though t to increase the risk of 
cancer of the breast and cervix. 

Vasectomy This is a simple and safe surgical operation 
in which the man'ssperm ducts arecutand the ends sealed. 
This means that h is semen contains the secretions of the 
prostate gland and seminal vesicle but no sperms and so 
cannot fertilize an ovum. Sexual desire, erection, copula­
tion and ejaculation are quite unaffected. 

The testis continues to produce sperms and testosterone. 
The sperms are t·emoved by white cells as fast as they form. 
The testosterone ensures that there is no loss of 
masculinity. 

The sperm ducts can be rejoined by surgery but this is 
not always succ.essful. 

In-vitro fertilization ('test-tube 
babies') 
'ln-vitro' means literally 'in glass' or, in other words, 
the fertilization is allowed to take place in laboratory 
glassware rather than 'in-vivo', i .e. in the living body. 

One cause of infertility in women is a blockage of 
the oviducts. Sometimes this can be cured by surgery. 
When surgery is ineffective or inappropriate, the 
woman may be offered the chance of in-vitro 
fertilization, a process which has only recently been 
developed and which has received considerable 
publicity since the first 'test-tube baby' was born in 
1978. 

The woman may be given injections of follicle­
stimulating hormone (FSH), and luteinizing hor­
mone (LH) (see p. 214) which cause her ovaries to 
release several mature ova simultaneously. These 
ova are then collected by laparoscopy, i.e. they are 
sucked up in a fine tube inserted through the 
abdominal wall. The ova are then mixed with 
the husband's seminal fluid and watched under 

the microscope to see if cell division takes place. 
(Figure 11 on p. 174 is a photograph of such an 'in­
vitro' fertilized ovum.) 

One or more of the dividing zygotes are then 
introduced to the woman's uterus by means of a tube 
inserted through the cervix. Usually, only one (or 
none) of the zygotes develops though, occasionally, 
there are multiple births as with the quadruplets 
born in the Hammersmith Hospital in 1984. The 
success rate for in-vitro fertilization is probably little 
better than 5- 10 per cent but the main controversy 
seems to be about the fate of the 'spare' zygotes. Some 
people believe that since these zygotes are potential 
human beings, they should not be destroyed or used 
for experiments. In some cases, the zygotes have been 
frozen and used later, if the first transplants did not 
work. 

World population 
Because of the great improvement in drugs and medical 
knowledge, fewer and fewer people die from infectious 
diseases such as typhoid and cholera. But the birth rate in 
many countries has not gone down, so their population is 
doubling every 50 years or less. 

Another theory to account for the increase in popula­
tion in the 'rbird World involves breast-feeding. There is 
evidence that breast-feeding at frequent intervals, i.e. 6 or 
more times a day, suppresses ovulation. I f breast-feeding 
con tinues for 3 years, as it does in some communities, 
births are spaced at about 4-year intel'Vals. The tendency 
to abandon breast-feeding in favour of bottle-feeding, to· 
gether with early weaning (i.e. changing to solid food), 
reduces birth intervals to just over 1 year in populations 
which do not have access to birth control methods. 

Whatever the cause, the rapid growth of population in 
these countries leads to shortages of food and living space. 
It may also result in environmental damage, e.g. the soi l 
erosion which occurs when forests are cleared to planL 
crops. 

There must be a limit to the number of people who can 
live on the Earth and, therefore, it is necessa•·y to tt·y and 
make people understand the need to prevent the popula­
tion increase from getting out of hand (Fig. 21). 
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Fig. 21 World population growth in the last 2000 years 
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CHECK LIST 
• The male reproductive cells (gametes) are sperms. They are produced in the testes and expelled through 

the urethra and penis during mating. 
• The female reproductive cells (gametes) are ova (eggs). They are produced in the ovaries. One is released 

each month. If sperms are present, the ovum may be fertilized as it passes down the oviduct to the uterus. 
• Fertilization happens when a sperm enters an ovum and the sperm and egg nuclei join up (fuse). 
• The fertilized ovum (zygote) divides into many cells and becomes embedded in the lining of the uterus. 

Here it grows into an embryo. 
• The embryo gets its food and oxygen from its mother. 
• The embryo's blood is pumped through blood vessels in the umbilical cord to the placenta, which is 

attached to the uterus lining. The embryo's blood comes very close to the mother's blood so that food and 
oxygen can be picked up and carbon dioxide and nitrogenous waste can be got rid of. 

• When the embryo is fully grown, it is pushed out of the uterus through the vagina by contractions of the 
uterus and abdomen. 

• Each month, the uterus lining thickens up in readiness to receive the fertilized ovum. If an ovum is not 
fertilized, the lining and some blood is lost through the vagina. This is menstruation. 

• The release of ova and the development of an embryo are under the control of hormones like oestrogen 
and progesterone. . _ 

o Twins may result from two ova being fertilized at the same time or from a zygote forming two embryos. 
• At puberty, (1) the testes and ovaries start to produce mature gametes, (2) the secondary sexual 

characteristics develop. 
• Human milk and breast-feeding are best for babies. 
• Young humans are dependent on their parents for a long time. During this period much essential learning 

takes place. 
• The world population is doubling every 50 years to the detriment of food supplies, the environment and 

quality of life. 
• There are effective natural and artificial methods for spacing births and limiting the size of a family. 
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and Movement 

STRUCTURE OF THE SKELETON 
Vertebral column, skull, limbs and joints. 

FUNCTIONS OF THE SKELETON 

Support, protection and movement. 

BONE, CARTILAGE AND MUSCLE 

Skeleta l and smooth muscle. Muscle contraction. 

STRUCTURE OF THE SKELETON 

Figure 2 shows a human skeleton. It consists of a vertebral 
column (sometimes called the 'backbone', 'spine' or 'spinal 
column') which supports the skull. Twelve pairs of ribs are 
attached to the upper part of the vertebral column and the 
limbs are attached to it by means of g irdles. 

'l'he hip girdle (pelvic girdle) is joined rigidly to the 
lower end of the vertebral column. 'l'he shoulder girdle 
(pectoral girdle) consists of a pair of shoulder·blades and 
collar-bones which are not rigidly fixed to the vertebral 
column but held in pluce by muscles. 

The upper arm bone (humerus) fits into a socket in the 
shoulder-blade; the thigh bone (femur) fits into a socket in 
the hip girdle. 

VOr'IObra 

X and Y ••• p!ojoctions 
which join up with the 
next venebra 

(a) A SING!& VERTEBRA 

Fig. l 1'he vertebral column 

l82 

MOVEMENT A'lD 1.01 O.'VIOli()N 

Muscles produce movement. Lever action of limbs. 
Locomotion. 

PRACTICAL WORK 

Structure of bone. 

Vertebra l column 
This forms the central supporting structure of the 
skeleton. It consists of 33 individual bones called 
ver tebrae (singular= vertebra), separut.ed by discs of 
fibrous cartilage (Fig. 1 b). These discs allow the vertebrae 
to move slightly and so enable the vertebral column to 
bend backwards and forwards or from side to side. 

'l'be spinal cord (p. 210) runs through nn nrch of bone 
formed by the vertebrae. ln this position the cord is 
protected from damage (Fig. Ia). 

(b) TJIRF.F. Vf!RTF.RRAR 
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The skull 
This is made up of many bony plates joined together 
(Fig. 3). It encloses and protects the brain and also carries 
and protects the main sense organs, the eyes, ears and 
nose. The upper jaw is fixed to the skull but the lower jaw 
is hinged to it in a way which allows chewing. 

The base of the skull makes a joint with the top vertebra 
of the vertebral column. This joint allows the head to make 
nodding and rotational movements. 

hip girdle 
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Fig. 2 The skeleton 
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Fig. 3 The skull and chewing muscles 

The limbs 

jaw 
hinge 

neck 
venebra 

Arm The upper arm bone is the humerus. It is attached 
by a hinge joint to the lower arm bones, the radius and 
ulna (Fig. 4). These two bones make a joint with a group of 
small wrist bones which in turn join to a series of five hand 
and finger bones. The ulna and radius can partly rotate 
round each other so that the hand can be held palm up or 
palm down. 

Leg The thigh bone or femur is attached at the hip to the 
pelvic girdle by a ball joint and at the knee it makes a hinge 
joint with the tibia. The fibula runs parallel to the tibia 
but does not form part of the knee joint. The ankle, foot and 
toe bones are similar to those of the wrist, hand and 
fingers. 
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Fig. 4 Skeleton of arm and shoulder 
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(a) Til& l'li::J.VIC cumLE. The hip bones form a 
fixed joint with the lower ve.rtebrno of the 
vertebral column. 'l'he femu r forms a bull and 
socket joint with the hip. Notice also the discs 
or cnrlilage between the vertebrae. 
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(c) TIIH S HOULDER JOINT. 'fhe ball (ll the top of 
the humerus fits into a deep socket in the 
shoulder blade. 

position 
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Fig. 5 The joints of t he hip, shoulder and elbow 

Joints 
Where two bones meet they form a joint. It may be a 6.xed 
joint as in the junction of the hip girdle and the vertebral 
column (Fig. 5a) or a m ova ble jo int as in the knee. 'T'wo 
important types of movable joint already mentioned are 
the ba ll a nd socket joints of the hip and the shoulder 
(Fig. 5b), and the hinge j oints of the elbow (Fig. 5e) and 
knee. 'T'he ball and socket joint allows movement forwards, 
backwards and sideways, while the hinge joint al lows 
movement in only one direction. 

Where the surfaces of the bones in a joint rub over each 
other, they are covered with smooth carti lage which 
reduces the friction between them. Friction is also reduced 
by a thin layer of lubricating fluid called synovial fluid 
(Figs. 5b and e). (Movable joints are sometimes called 
synov ia l joints.) The bones forming the joint are held in 
place by tough bands of fibrous tissues called ligaments 
(Fig. 5D. Ligamen ts keep the bones together but do not 
stop their various movements. 

FUNCTIONS O F THE SKELETON 

Suppor t The skeleton holds the body off the ground and 
keeps its shape even when muscles a re contracting to 
produce movement. 

P ro tection The brain is protected from injury by being 
enclosed in the skull. The heart , lungs and liver are 
protected by the rib cage, and the spinal cord is enclosed 
inside the neural a•·ches of the vertebrae. 

Movement Many bones of the skeleton act as levers. 
When muscles pull on these bones, they produce move­
ments such as the raising of the ribs during breathing (see 
p. 153), or the chewing action of the jaws. For a muscle to 
produce movement, both its ends need to have a fir-m 
attachment. The skeleton provides suitable points of 
attachment for the ends of muscles. 



P roduction of blood cells The red marrow of some 
bones, e.g. the vertebrae, ribs, breastbone and the beads of 
the limb bones, produce both red and whi te blood cells 
(pp. 137 and 138). 

QUESTIONS 
I Study Fig. 1 and then write the biological names of t he 
following bones: upper arm bone, upper leg bone. hip bone, 
breastbone, 'backbone' , lower arm bones. 
2 Apart from the elbow and kJtee, what other joints in the body 
function like h inge joints? ~ • '·ee '-' , t~ , 
3 What types of joints are visible in Fig. 5a? Name the bones 
which form each type of joint thnt you men tion. 
4 Wltich partsoftheskeleton a re concerned with both protection 
and movement? 

CARTILAGE, BONE AND MUSCLE 

All these tissues are formed by living cells, though bone 
and cartilage do contain some non-living components. 

Cartilage 
This occurs in several forms. One form is firm and semi­
transparent. It makes up the rings which keep the trachea 
and bronchi open (p. 151), it covers the surfaces of movable 
joints, reducing friction and wear, and it supports that part 
of the nose which protrudes from the face. 

muscle fibre 

(a) JNTACT MUSCI.F. 
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Fibrous cartilage contains many fibres as well as living 
cells. The fibrous cartilage which forms the external ear 
pinna and the epiglottis is elastic and flexible. Less flexible 
but very strong fibres are found in the fibro-carti lage 
which contributes to some ligaments and attaches tendons 
to bones. Fibro-cartilage also forms part of the inter· 
vertebral discs. 

When a foetus is developing in the first few weeks 
(p. 174), its skeleton is first formed in cartilage. The 
cartilage is then gradually replaced by bone in the comse 
of development, before the baby is born. 

Cartilage does not have its own blood supply but 
depends on oxygen and food diffusing from the capi llaries 
of nearby tissues. 

Bone 
Bone is a harder ti ssue than carti I age and less flexible. It 
contains living cells and non-living fibres. The fibrous 
tissue between the cells becomes hardened by a deposit of 
calciwn salts such as calcium phosphate. 

Although bone contains a high proportion of non-living 
material it is penetrated by blood vessels which keep the 
cells alive and a llow growth and repair to take place. 

Muscle 
There are three main types of muscle. One k ind is called 
skeleta l m uscle (or striated, or voluntary muscle). 
Another k ind is called S1nooth muscle (or unstr iated, or 
involuntary muscle). A th ird k ind occurs only in the heart. 

cytoptasm 

connective 

(c) Museu; FUmE 

(b) MUSCU: CUT ACROSS 

Fig. 6 Sk eletal (stria t ed) muscle 
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Skeletal muscle This is made up of long fibres. Each 
fibre is formed from many cells, but the cells have fused 
together. The ce ll boundaries cannot be seen but the 
individual nuclei are still present (Fig. 6c). 

The muscle fibres are arranged in bundles which form 
distinct muscles (Fig. 6b). Most of these are attached to 
bones, and produce movement as described below. Each 
muscle has a nerve supply. When a nerve impulse is sent to 
a muscle, it makes the muscle contract (i .e. get shorter and 
fatter). We can usually control mostofourskeletal muscles. 
For this reason they at·e called voluntary muscles. 

Smooth muscle This is made up of elongated cells 
which are not fused together to form fibres (see Fig. l9c, 
p. 10). The cells make layers of muscle tissue rather than 
distinct muscles, e.g. in the walls of the alimentary canal 
(p. 126), the uterus (p. 171) and the arterioles {p. 142). 

When the cel ls are an-anged at right angles to the organ, 
they form a layer of circular muscle. When circular muscle 
contracts it makes the gut or the arteriole narrower. This 
is the basis for the process of peristalsis (p. 126), vaso­
constriction (p. 168) or labour (p. 176). A localized region of 
circular muscle may form a sphincter, e.g. the pyloric 
sphincter at the exit of the stomach (p. 128), the sphincter 
at the base of the bladder (p. 161), the ana l sphincter at the 
anus and the sphincter muscle in the iris of the eye (p. 198). 

We do not have conscious control over most of the 
smooth muscle in our bodies (though we do fot· the ana l 
and bladder sphincters). This is why smooth muscle is 
sometimes called involuntary muscle. 

Muscle contraction The fibres of skeletal muscle and 
the cells of smooth muscle have the special propet·ty of 
being able to contract, i.e. shorten, when stimulated by 
nerve impulses. However, the fibres and cells cannot 
elongate; they can only contract and relax. So, they have 
to be pulled back into their elongated shape by other 
muscles which work in the opposite direction (see 'Muscles 
and movement' below). 

QUESTIONS 
5 What are the principal differences in structut·e and function 
between skeletal and smooth muscle? 
6 If a tendon is damaged, i t may take a long t ime to heal. A 
damaged bone hea ls relatively more quickly. Suggest a reason fot· 
this di£fcrence. 

MOVEMENT AND 
LOCOMOTION 

Mu scles and m ovement 
The ends of the limb muscles are drawn out into tendons 
which attach each end of the muscle to the s keleton 
(Fig. 5e). 

Figure 8 shows how a muscle is attached to a limb to 
make it bend at the joint. The tendon at one end is attached 
to a non-moving par t of the skeleton while the tendon at 
the other end is attached to the movable bone close to the 
joint. 

Fig. 7 Leg muscles used in running. Compare with Fig. 10. 

When the muscle contracts it pulls on the bones and 
makes one of them move. The position of the attachment 
means that a smal l contraction of the muscle wi ll produce 
a large movement at theendofthe limb. Figure9 is a model 
which shows how the sh01·tening of muscle can move a 
limb. Figure 8 shows how a contt·action of the biceps 
muscle bends (or flexes) the arm at the elbow, whi le the 
triceps straightens (or extends) the arm. 

The non-moving end of the biceps is attached to the 
shoulder-blade while the moving end is attached to the 
ulna, near the e lbow joint. 

contraction of 
biceps raises 
fofe·arm 

shoulder blade 

Pig. 8 Antagonistic muscles of fore-arm 

stretched elastic 
band (=relaxed 
muscle) 

elastic band 
shonens 
(= contracting musclo) 

Fig. 9 Model to s how bow muscles pull on bones to 
JlrOduce IUOVCDlCnt 
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vertebral column 

(a) 

Fig. 10 Action of leg muscles. '\'here are many other muscles which are not shown he re. A, Band C at·e al l contracting to 
straighten the leg and foot. 

Limb muscles are usua lly arranged in pairs having 
opposite effects. This is because muscles can only shotten 
or relax, they cannot elongate, so the triceps is needed to· 
pull the relaxed biceps back to its e longated shape after it 
has contracted Pairs of muscles like this a re called 
antagonistic muscles. Antagonistic muscles are also 
important in ho lding the limbs steady, botb muscles 
keeping the same state of tension or 'tone' . 

The contraction of muscles is controlled by nerve 
impulses. The brain sends out impulses in the nerves so 
that the muscles are made to contract or relax in the right 
order to make a movement. For example, when a muscle 
cont1·acts to bend the limb, its antagonistic muscle must be 
kept in a relaxed state. 

There are many musculat· activities which bring about 
movements but do not result in locomotion. Chewing, 
breathing, throwing, swallowing and blinking are ex· 
am pies of such movements. 

All muscles need energy to make them contract. 'l'his 
energy comes from respiration (p. 24). In the muscle cells, 
glucose and oxygen, both brought by the bloodstream, are 
made to react together and provide the energy which 
causes the long muscle ce lls to get shor tet·. 

On page 25 it was explained that ATP is the 
universal provider of energy. When ATP breaks 
down to ADP it provides the muscle fibres with the 
energy for repeated contraction. The glucose and 
oxygen are used to keep up the supply of ATP by 
converting ADP into A'l'P. 

The chemical t·eactions that take place during respira· 
tion not only cause muscle contraction, they also produce 
heat. A contracting muscle will, therefore, become warm 
and the blooclwill carry the heat away and distribute it to 
other parts of the body. If this raises the general body 
temp<lrature, it may lead to vaso-dilation and sweating (see 
p. 168). 

Locomotion 

Locomotion is brought about by the limb muscles 
contracting and relaxing in an orderly (i.e. co­
ordinated) manner. Figure 7 shows a sprinter at the 
start of a race, and Fig. 10 shows how some of his leg 
muscles are acting on the bones to thrust him 
forward. When muscle A contracts, it pulls the femur 
backwards. Contraction of muscle B straightens the 
leg at the knee. Muscle C contracts and pulls the foot 
down at the ankle. When these three muscles 
contract at the same time, the leg is pulled back and 
straightened and the foot is extended, pushing the 
foot clown wards and backwards against the ground. 
If the ground is firm, the straightening of the leg 
pushes upwards against the pelvic girdle which in 
turn pushes the vertebral column and so lifts the 
whole body upwards and forwards. 

While muscles A, Band C at·e contracting to extend 
the leg, their' antagonistic muscles are kept in a state 
of relaxation. At the end of the extension movement, 
muscles A, B and C relax, and theit· antagonistic 
partners contract to flex the leg. 

There are at least two different types of muscle 
fibre in mammalian muscle, slow-contracting and 
fast-contt·acting, sometimes called type 1 (red muscle) 
and type 2 (white muscle). White muscle is powerful 
and contt·acts rapidly but it also fatigues quickly. Red 
muscle contracts more s lowly and uses energy more 
economically. 

In general terms, white muscle is important for 
vigorous bursts of activity, such as sprinting. Red 
muscle is associated with maintaining posture and 
with activi ties requiring endurance. '!'here is much 
debate among physiologists about whether the ratio 
of red and white muscle in an individual is 
determined by heredity or whether the ratio can be 
changed by particular forms of training. 
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Limbs as levers 
Most limb bones act as levers which greatly magnify the 
movement of the muscles which act on them (Fig. 11). 
Figure llc shows how the lower arm wot"ks as a lever. The 
muscle supplies the effort; the load is an object held in the 
hand; and the elbow joint is the fulcrum or pivot. 

(a) THE LBVER EFFECT 

The load is the force which 
has to be overcome •• . 

Load 

Fulcrum 

(b) LRVJo'!lt 8FFEC'r IN 'N'IB FOOT' 

tibia 

Fulcrum 
(ankle joint) 

foot 

'I 

Effort 
(soleus 
contracting) 

Effort 
. .. and the 
effort is the 
force applied 
to try and 
move the load 

The fulcrum is a hinge 
or pivot 

(C) LEVER BF'FEC1' IN TH£ ARM 

Load 

Effort 
(biceps 
contracting) 

ulna and 
radius 

Fulcrum 
(elbow 
joint) 

Load (thrust of ground against foot) 

Fig. 11 The limb as a lever 

CHECK LIST 

PRACTICAL WORK 

1. The structure of bone 
Obtain two small bones, e.g. limb bones from a chicken. 
Place one of them in a test-tube or beaker, cover it with 
dilute hydrochloric acid and leave it for 24 hours, during 
which time the acid will dissolve most of the calcium salts 
in the bone. After 24 hours pour away the acid , wash the 
bone thoroughly with water a nd then try to bend it. 

Take the second bone and hold one end of it in a hot 
Bunsen flame, heating it strongly for 2 minutes. At first the 
bone will char and then glow red as the fibrous organic 
material burns away, but it will •·eta in its shape. Allow the 
bone to cool and then try crushing the heated end against 
the bench with the end of a pencil. 

Result Both bones reta in their shape after treatment, 
but the bone whose calcium salts had been dissolved in 
acid is rubbery and flexible because only the organic, 
fibt·ous connective tissue is left. The bone that had this 
fibrous tissue burned a way is still hard but very brittle and 
easily shattered. 

Interpretation The combination in bone of mineral 
salts and organic fibres produces a hard, strong and 
resi lient structure. 

QUESTIONS 
7 What is the difference between the functions of a ligament and 
a tendon? 
8 What is the main action of(a) your calf muscle, (b) the muscles 
in the fron t of your thigh and (c) the muscles in your forearm? lf 
you don't already know the answer, try making the muscles 
contract and feel where the tendons are pulling. 
9 In Fig. 10: (a) To what bone is the non-moving end of muscle B 
attached? {b) Which muscle is the antagonistic partner to C? 

• The vertebral column ('backbone') is made up of 33 vertebrae. 
• The vertebral column forms the main support for the body and also protects the spinal cord. 
• The legs are attached to the vertebral column by the hip git·dle. 
• The shoulder-blades and collar-bones form the shoulder girdle. 
• The arms are attached to the shoulder-blades. 
• The skull protects the brain, eyes and ears. 
• The ribs protect the lungs, heart and liver, and also play a part in breathing. 
• Th e limb joints are either ball and socket (e.g. hip a n d shoulder) or hinge (e.g. knee and elbow). 
• Th e surfaces of the j oints are covered with cartilage and lubricated with synovial flu id. 
• Skeletal muscles are formed from fibres and can be consciously controlled. 
• Smooth muscle is formed ft·om layers of cells and cannot be consciously contt·olled. 
• Limb muscle s are attached to the bones by tendons. 
• When the muscles conh·act, they pull on the bones and so bend and straighten the limb or move it 

forwards and backwat·ds. 
• Most limb muscles are a r ranged in antagonistic pairs, e.g. one bends and one straightens the limb. 
• By straightening the leg and thrusting it against the ground, an animal can propel itself forwal'ds. 
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FUNCTIONS OF TEETH 
Incisors, canines, premolars and molars. 

STRUCTURE OF TEETH 
Enamel, dentine, pulp and cement. 

MILK TEETH AND PERMANENT TEETH 

FUNCTIONS OF TEETH 

Before food can be swallowed, pieces have to be bitten off 
which are small enough to pass down the gullet into the 
stomach. Digestion is made easier if these pieces of food are 
crushed into even smaller particles by the action of 
chewing. Biting and chewing are actions carried out by 
our teeth, jaws and muscles (see Fig. 3, p. 183). 

The teeth are given different names according to their 
position in the jaw (Fig. 1}. Tn the front of each of the upper 
and lower jaws there are four incisors. Our top incisors 
pass in front of our bottom incisors and cut pieces off tbe 
food, as when biting into an apple or taking a bite out of a 
sandwich. 

On each side of the incisors there is a canine tooth. In 
carnivorous mammals, like dogs, the canines are long and 
pointed but in humans they are similar to the incisors but 
a little more pointed. They function rather like extra 
incisors. 

At the side of each jaw are the premolars, two on each 
side. They are larger than the canines and have one or two 
blunt points or cusps. At the back of each jaw are two or 

(a) T&ETU AND JAWS, SID£ Vl!W 

crown ---l"ff¥=~~~4't't') 
canine 

incisor 

premola.r 

mol or 

Fig. I Human dentition 
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DENTAL HEALTH 
Tooth decay and gum disease: methods of prevention. 

FLUORIDATION 
Fluoride in drinking water. 

three mola rs. The molars are large1· than the premola t·s 
and have four more cusps. 

The p1·emolars and molars are similar in function. 'l'heit· 
knobbly surfaces meet when the jaws are closed, and crush 
the food into small pieces. 

As well as breaking the food into a suitable size for 
swallowing, the crushing action cif the molars and 
premolars reduces it to quite small particles. Small 
particles of food are easier to digest than large pieces 
because they offer a greater surface area to the digestive 
enzymes. 

QUESTIONS 
1 How many incisors, canines, premolars and molars are there in 
a human upper jaw (see Fig. lb)? How many teeth arc there in o 
full set? 
2 The words 'biting', ·crushing' and 'chewing· have been used 
several times in this section. Say exactly what you think each 
word means. 
3 Look at the position of the jaw muscles in Fig. 3 on page 183. 
Which teeth do you think exert the greatest force on the food? 

(b)TEETIIIN UPPER JAW 

'wisdom' 
lOOth 
(molar) 
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STRUCTURE OF TEETH 

Figure 2a shows the structure of an incisor or canine tooth 
as it would appear in vertical section (i.e. cut from top to 
bottom), and Fig. 2b shows a section through a molar 
tooth. 

Enamel Enamel covers the exposed part, 01· c rown, of 
the tooth and makes a hard bitingsu•·face. Tt is n non·living 
substance containing 97 per cent calcium salts and only 
3 per cent organic matter. Although the enamel is laid 
down before the tooth emerges from the gum, it can be 
thickened and strengthened by sa lts deposited from the 
sa liva or from food and drink. Fluoride ions token up by 
the enamel increase its resistance to decay. 

Dentine Thjs is rather like bone and softer than enamel. 
It is a living tissue with threads of cytoplasm running 
through it. The hardness of both enamel ond dentine 
depends on there being enough calcium in the diet and 
suffic ient vitamin D to help the absorption of calcium in 
the intestine. 

Pulp In the centre of the tooth is soft connective tissue. 
Tt contains cells which make the dentine and keep the 
tooth a live. Jn the pulp are blood vessels which bring food 
and oxygen, so that the tooth can grow at first and then 
remain a live when growth has stopped. There a•·e also 
sensory nerve endings in the pulp, which arc sensitive to 
heat and cold but give only the sensation of pain. If you 
plunge your teeth into an ice·cream, they do not feel cold 
but they do hurt. 

Cement This is a bone-like substance which covers the 
root of the tooth. In the cement are embedded tough fibres 
which pass into the bone of the jaw and hold tho tooth in 
place. 

Fig. 3 Permanent teeth coming through. In the bottom 
ja":· the two outer incisors ore emerging. Only one of the top 
mc1sors has come through. 

Milk teeth and permanent teeth 
Mammals have two sets of teeth in thei•·lifetimes (Fig. 4). 
ln man, the fh-st set, or milk teeth, grow through the gum 
d~.t•·ing the first yem· of li fe and consistoffou1· incisors, two 
canines and four fli'Cmola•·s in each jaw. Between the ages 
of6 and 12 yca•·s, these milk teeth gradually fa ll out(Fig. 3) 
and ore. replace~ by ,t,he JlCrmanent teeth, including six 
molars Ill each Jaw. I he last of these mola•-s, the 'wisdom 
teeth', may not g•·ow until the age of 17 or later. Jn some 
cases they do notnppent· a tall. If these permanent teeth arc 
lost for any reason, they do not grow again. 

QUESTIONS 
4 Which of the permanent teeth arc not represented in th~ set or 
milk teeth? 
5 What arc the difl'crcnccs between dentine and cnnmcl'? 

r \ _______ enamel-------/ 

crown ~ 

,oot ~----------gum 

I 

(a) INCISOR TOOTII 

Fig. 2 Longitudinal sections through incisor and molar teeth 

(b) MOl.AR 1'001'11 

sensory 
nerve 



epitheli~um:::.----r­
of gum 
grows inwards 

(a) 

tooth grows 
out of gum 

jaw grows 
round root 
of tooth 

(d) 

enamel 
forming 

developing 
jaw 

(e) 

enamel 
forming 

dentine 

(c) 

root of milk tooth 
dissolved away 

permanent tooth 
ready to grow out 
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developing 
permanent 
tooth 

gum 

Fig. 4 Sections through lower jaw to show development and growth of milk too th and permanent tooth 

DENTAL HEALTH 

The most like ly reasons for the loss of teeth are dental 
decay and gum disease. 

Dental decay (dental caries) 
Decay begins when small holes (cavities) appeat· in the 
enamel (Fig. 5b). The cavities are caused by bacteria on the 
tooth surface. The bacteria produce acids which dissolve 
the ca lcium salts in the tooth enamel. The enamel and 
dentine a re dissolved away in patches, forming cavities. 
The cavities reduce the distance between the outside of the 
tooth and the nerve endings. The a cids produced by the 
bacteria irritate the nerve endings and cause toothache. Tf 
the cavity is not cleaned and filled by a dentist, the bacteria 
will get into the pulp cavity and cause a painful abscess at 
the root. Often, the only way to treat this is to have the 
tooth pulled out. 

Although some people's teeth a re more resistant to 
decay than others, it seems that it is the presence of refined 
sugar (sucrose) that contributes to decay. 

Western diets contain a good deal of refined sugat· and 
chi ldren suck sweets between one meal and the next. The 
high level of dental decay in Western society is thought to 
be caused mainly by the prolonged presence ofsugat· in the 
mouth. 

(a) Thc.Lcet.h nrc free from cavit-ies and the gums are healthy 

Pig. 5 Healthy and decayed teeth 

The best way to prevent tooth decay, therefore, is to 
avoid eating sugar a t frequent intervals either in the form 
ofaweets ol"in sweet drinks such as orange squash or Coca 
Cola. Tt is often stated that eating hard fibrous food, such 
as raw vegetables, removes pla<Jue and prevents decay but 
there is not much evidence to support thi s. 

Brushing the teeth or rinsing the mouth does li ttle to 
prevent denta l decay. However, if a fluoride toothpaste is 
used it does help to increase the resistance of enamel 
to bacterial acids. Adding Auoride to drinking-water 
a lso reduces the incidence of den tal decay but it is a 
controversial measure. Brushing the teeth is very impor­
tant in the prevention of gum diseases, which causes more 
tooth loss tha n caries does. 

Gum disease (periodontal disease) 
There is usually a layer of saliva and mucus over the teeth. 
This layer contains bacteria which live on the food 
residues in the mouth, building up a coating on the teeth, 
called plaque. lf the plaq ue is not removed, mineral salts 
of calcium and magnesium are deposi ted in it, forming a 
hard layer of 'tar tat·' or calculus. lf the bacterial plaque 
which forms on tee th is not removed regu larly, it spreads 
down the tooth into the narrow gap between the gum and 
ename l. Here it causes inflrunmation , ca lled gingivitis, 
which leads to redness and bleeding of the gurtl6 and to bad 
breath. It also causes the gums to recede and expose the 

(b)Two of the U))JJCr Leeth have cavities caused by decoy 
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cement. If gingivi t is is not treated, it progresses to 
pet·iodontitis; the fibres holding the tooth in the jaw a re 
destroyed, so the tooth becomes loose a nd fa lls out or has 
to be pul led out. 

There is evidence that cleaning the teeth does help to 
prevent gum disease. It is best to clean the teeth about 
twice a day using a toothbrush. No one method of cleaning 
has proved to be any better than any other but the cleaning 
shou ld attempt to remove a ll the plaque from the narrow 
crevice between the gums and the teeth. 

Drawing a waxed thread ('dental floss') between the 
teeth helps to remove plaque in these regions. 

Disclos ing t a blets These contain a harmless dye which 
colours any plaque present on the teeth. You chew a 
disclos ing tablet before cleaning your teeth and then rinse 
your mouth with wa ter. Any plaque on your teeth will be 
stained red. If you now clean yom· teeth, you will be able to 
see how efficiently you remove the plaque. 

Fluoridation 
Fluoride ions are a fairly common constituent of 
drinking-water occurring naturally in concentra­
tions of up to 5 parts per million (ppm) or more. It has 
been shown that in axeas where water naturally 
contains fluoride ions, in concentrations of about 
1 ppm, the incidence of decay is up to 60 per cent less 
than in areas containing little or no fluoride. 
Experiments were conducted in some American 
towns by adding fluoride to drinking-water in 
concentrations ofl ppm, and the populations of these 
towns were compared with cot1trol areas with little 
fluoride in the water. A similar reduction in decay 
was found in the children, with no evidence of 
undesirable side effects. Concentrations of 2 ppm 
or more, however, tend to cause some degree of 
mottling. Experimental fluoridation has been carried 

CHECK LIST 

• 'l'he r oots of ou_r teeth a re he ld in t he j awbone. 

out in the USA for ovet· 25 years, and in Britain for 
over 20 years, with encouraging results. 

Fluoride ions are taken up directly from the mouth 
by the sm·face layers of enamel. Fluoride which is 
swallowed gets into the bloodstream; 95 per cent of it 
is excreted by the kidneys but the fra<;tion which 
remains is taken up by the teeth and bones. Fluoride 
makes enamel more resistant to decay and is 
particularly effective when the permanent teeth are 
still developing, but it has a beneficial effect at all 
ages. 

Opposition to fluoridation has arisen mainly on the 
grounds that it is a measure forced on a ll people, 
giving them no choice in the matter. Biologically it 
may seem a rational adjustment of our environment 
to meet optimum demands. Teeth seem to need a 
supply of fluoride just as they need calcium and 
phosphate, and the best way, it is claimed, of 
obtaining this supply in continuous small doses is via 
the drinking-water. 

Certainly, any adjustment of our envit·onment 
which affects the health of mi II ions of people needs 
very thorough consideration and though the case for 
fluoridation seems to have received careful study, 
there are sti II wide differences of opinion ahou t the 
interpretations of the evidence and about the 
desirability of interfering with the water supplies to 
achieve medical benefits as distinct from merely 
making it safe to drink. 

If the fluoride level in your drinking-water is less 
than 0.3 ppm, it is possible to increase your intake by 
chewing fluoride tablets. 

QUESTIONS 
6 Does your diet include any refined sugar? If so rna ke a list of the 
food substances or meals which contain it. 
7 What are the most important things to do to avoid dental decay 
and gum disease? 

• The c rowns of t he teeth are cover ed with e namel and project into the mo ut h. 
• The pu lp and t he dentine a re kept a live by blood vessels bring in g food and oxygen . 
• We have inc isor, canine, premola r and molar teeth. 
• The incisors nnd canines bite off pieces of food. 
• 'rhe premola rs and molars crush the food ready for swa llowing. 
• We have two sets of teeth in ou r lifetime, m ilk t eeth (20) and pe rmanent teeth (32). 
• Bacteria in the m outh can cause cavities in teeth if sugar is present. 
• Plaque is a lnyer which for ms on the teeth ; it cons ists of saliva , mucus, bac teria and bac teria l produc ts . 
• If plaque is not removed, it may cause gum disease. 
• Cleaning the teeth removes t he plaque an d helps pre ven t g um disease. 
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SKIN SENSES 
Touch, pressure, cold. 

TASTE AND SMELL 

Taste buds. Chemoreceptors. 

PROPRIOCEPTOR$ 

Position of limbs. Tension of muscles. 

SIGHT 
Eye structure and function. Image formation. 
Accommodation. 3-D vision. 

Our senses make us aware of changes in our surroundings 
and in our own bodies. We have sense cells which respond 
to stimuli (singular= stimulus). A stimulus is a change in 
light, temperature, pressure, etc., which produces a 
reaction in a living organism. StructUl·es which respond to 
stimuli are called receptors. Some of these receptors are 
scattered through the skin while others are concentrated 
into special organs such as the eye a nd the ear. 

touch·sensitive 
ending {Meissner's 
corpuscle) 

cold·sensitive 
ending ( free 
nerve ending) 

pressure·sensitive 
on ding ( Pacinian 
corpuscle) 

hair plexus {touch or pain) 

Fig. 1 The sense organs of the skin (genera lized diagram) 
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HEARING 
Ear structure and function. 

BALANCE 

Semicircular canals and utriculus. 

SENSORY IMPULSES 
Sensations. Pain. 

PRACTICAL WORK 

Experiments on touch and taste. 

The special property of sensory cells and sense organs is 
that they are able to convert one form of energy to anothP.r. 
Structures which can do this are called energy tt·ans­
ducers. 'rhe eyes can convert light energy into the 
electrical energy of a nerve impulse. The ears convert the 
energy in sound vibrations into nerve impulses. The forms 
of energy which make up the stimuli may be very different, 
e.g. mechanical, chemical, light, but they are all trans· 
duced into pulses of electrical energy in the nerves. 

SKIN SENSES 

There are a great many sensory nerve endings in the skin 
which respond to the stimuli of touch, pressure, heat and 
cold, and some which cause a feeling of pain. These sensory 
nerve endings are very small; they can be seen only in 
sections of the skin when studied under the microscope 
(Fig. 1), and some have not yet been identified. 

Some of the sensory nerve endings are encapsulated, 
i.e. they are enclosed in a capsule, e.g. the Meissner's 
corpuscles (touch) and the Pacinian corpuscles (pressure) 
(Fig. 2). Other sensory endings seem to consist only of fine 
branches from the nerve fibre, e.g. the 'cold' sensot·s or the 
hair plexuses. These at·e called 'free' ne rve endings. 

Certain regions of the skin have a greatet· concentration 
of sense organs than others. The finger-tips, for example, 
bave a large number of touch organs, making them 
particularly sensit ive to touch. The front of the upper arm 
is sensitive to heat and cold. Some areas of the skin have 

• 
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Fig. 2 Pacininn corpuscle in humnn skin ( x 60) 

relatively few sense organs ond can be pricked or burned 
in certain places without ony sensation being fe lt. 

When the nerve ending receives a stimulus, it sends a 
nerve impulse to the bruin which makes us 1\\vare of the 
sensation. Generally, each typo of nerve ending responds 
to only one kind of stimulus. l~or cxumplo, a heat receptor 
would send off n nerve impu lse if its temperature were 
raised but not if it were LOuchcd. 

QUESTIONS 
I Whntscnsnlion wouldyouexpccllo reel ira worm pin-hcod was 
preased on Loa touch receptor in your skin? Ext>lain. 
2 II a t>icce or icc is pressed on to tho skin, which receptors are 
likely to send impulses to the brain? 

TASTE AND SMELL 

Taste In the lining of the nnsol cavity ond on the tongue 
are groups of sensory cells, called chemo-receptors, 
which respond to chemicals. On tho tongue, these groups 
are called taste-buds and they lie mostly in the grooves of 
the tongue (Fig. 3). The receptor cells in Lhe taste-buds can 
recognize only four classes of chemicals. These are the 
chemicals which give the taste sensations of sweet, sour, 
salt or bitter. Nearly all acids, for example, give the taste 
sensation we call 'sour', but a wide variety of quite 
different chemicals give the sensation of 'sweet'. Gener· 
a lly, the taste cells are sensitive to only one or two of these 
classes of chemical. Fot· a substance to produce a sensation 
of taste, it must be able to disso lve in the Aim of water 
covering the tongue. 

Smell The epithelium lining the top of the nasal cavity 
contains chemo·t·eceptoo·s. Fine pl'occsses ft·om these 
chemo-receptors extend into Lho fi lm of mucus which lines 
the nasal epithelium (Fig. 4). A wide range of ait·borne 
chemicals stimulates the nusu l receptors and they send 
nerve impulses to the brain. 

Our sense of smell is able to distinguish a great many 
more chemicals than our sense of taste. However, there 
is not yet a satisfactory classiAcotion of types of smell 
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we can recognize, nor an explanation of bow they are 
distinguished. 

The sensation we call 'flavour' (as distinct from 'taste') 
is the result of the vapours, fl'Om the food in the mou th, 
reaching the chemo·receptors in the nose. Flavour is, 
therefore, largely 'smell' and we lose some of the sensation 
ofHavour when the nose is blocked, as during a heavy cold. 

The sense of smell is easily fatigued, that is, n smell 
experienced for n long period ceases to give any sensation 
and we become unowm·e of it, though a newcomer may 
detect it at on co. 

QUESTIONS 
3 Which types of tnstc·buds nre likely to be stimulated by 
lemonade? 
4 Apart from the cells which detect chemicals, whut other types 
of rcecptor must be present in the tongue? 
5 What is the difference between taste, smell and flavour? 

PROPRIOCEPTORS 

Sometimes the term 'proprioceptors' refers to any 
kind ofintel'l1alsense organ that responds to changes 
within the body, e.g. blood pressure. More commonly 
it is used to describe muscle receptors which respond 
to stretching. The stretch-receptors are specialized 
muscle fibres with a sensory nerve supply (Fig. 5). 

Fig. G Stretch receptor in muscle 

They lie parallel to the other muscle fibres and tu·e 
stretched when the t·elaxed muscle is extended by the 
contraction of its antagonistic partner (p. 187). 

Stretch· receptors trigger off certain reflex actions 
(see p. 207} and control wallcing patterns in many 
land vertebrates. They enable us to 'know' about the 
position and movement of our limbs without having 
to watch them. In this way, the proprioceptors play 
an important part in co·ordinated movement. 

Proprioceptors also represent an important means 
of 'feedback' to the central nervous system (p. 210), 
indicating the degree of tension in the muscles and 
the position of the limbs. The human upright posture 
is maintained by keeping opposing sets of muscles in 
a state of tension (tone). However, it is impossible to 
stand pot·fectly still; we sway and ti lt imperceptibly 
all the time. Tfwe sway s lightly forward, the stretch· 
receptors in the calf muscles will be stimulated and 
set off a reflex (p. 207) which tightens the calf muscles 
themselves and other muscles in the back of the legs. 
This will restore the upright position. 
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QUESTION 
6 Refer back to Figs 8 ond 10 on pages 186 and 187. In which 
muscles will the stretch·rcccptors be stimulated• 

SIGHT 

[fyou are not already fmnilinr with the way in which lenses 
wot·k, you arc advised to study Fig. 6 before reading tho 
next section. 

., gla$$ 

(a) When a ray or light passes. nt. nn nnglc, from nir to glas.~:; or from air 
to watc.r, the ray is bent s linhtly, lUJ shown. The be nding is called 
'rcfn\Ct ion·. 

(b) If the rays pass through the curvoo gin .. •urface shown here (a lens). 
they nrc bent. towards each oLhcr ond come to a rocus. 

focus 

(c) A thick len• bends light more ... 

focus 

... thun u thin lens. 

Fig. 6 How n convex lens works 
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The eye 
The structure of the eye is shown in Figs 7 and 8. The 
sclera is the tough, white outer coating. The front part of 
the sclera is clear and allows light to ente r the eye. This 
part is called the cornea. The conjunctiva is a th in 
epithelium which lines the inside of the eyelids and the 
front of the sclera, and is continuous with the epithelium 
of the cornea. 

The eye contains a clear liquid whose outward pressure 
in the sclera keeps the spherical shape of the eyeball. The 
liquid in the back chamber of the eye is jelly-like a nd called 
vitreous humour. The aqueous humour in the front 
chamber is watery. 

The lens is a transparent structure, held in place by a 
ring of fibres called the suspensory ligament. Unlike the 
lens of a camera or a telescope, the eye lens is flexible and 
can change its shape. In front of the lens is a disc of tissue 
called the iris. It is the iris we refer to when we describe the 
colour of the eye as brown or blue. There is a hole in the 

position of tear gland 
(under top lid ) 

. , 
lacrimal duct / "

1 

(drains tear lluid 
into nasal cavity) 

Fig. 7 Appearance of right eye from the front 

his 
vitreous humour 

cornea 

ciliary body 

Fig. 8 Horizontal section through left eye 

centr·e of the iris called the pupil. This lets in light to the 
r·est of the eye. The pupil looks black because all the light 
entering the eye is a bsorbed by the black pigment in the 
choroid. The choroid layer, which contains many blood 
vessels, lies between the retina and the sclera. In the front 
of the eyeball, it forms the iris and the ciliary body (see 
p. 198). 'l'he ciliary body produces aqueous humour. 

The internal lining-at the back of the eye is the t·etinn 
and it consists of many thousands of cells which"respond to 
light. When light falls on these cells, they send off nervous 
impulses which travel in nerve fibres, through the optic 
nerve, to the brain and so give rise to the sensation of 
s ight. 

Tear glands under the top eyelid produce tear fluid. 
'!'his is a dilute solution of sodium chloride ~lnd sodium 
hydrogencarbonate. The fluid is spread ove1· the eye 
surface by the blinking of the eyelids, keeping the surface 
moist and washing away any dust particles or foreign 
bodies. 'Pear fluid also contains an enzyme, lysozyme, 
which attacks b!lcteria. 

Vision 
Figures 9 and 10 explain how light from an object produces 
a focused image on the t·etina (like a 'picture' on a cinema 
screen). The curved surfaces of the corneu a nd lens both 
'bend' the light rays which enter the eye, in such a way that 
each 'point of light' from the object forms a 'point oflight' 
on the retina. These points of light will form an image, 
upside-down a nd smaller than the object. 

The cornea and the aqueous and vitreous humou1·s are 
mainly responsible for the 'bending' (refraction) of light . 
The lens makes the final adjustments to the focus (Fig. 9b). 

The pattern of sensory cells stimulated by the image will 
produce a pattern of nerve impulses sent to the brain. The 
bra in interprets th is pattern, using its past experience imd 
learning, and so forms an impression of the rea l size, 
distance and upright nature of the object. 

muscle which moves eveball 

horizontal 
section 
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(a) (1) Light from this point of object 
is reflected in all directions ... 

(3) These light rays are bent 
at the cornea and lens ... 

( 4) ... and brought to a focus on 
the retina so that each point of 
light on the object forms a point 
of light on the retina, so making 
an image (1). 

Fig. 9 Image formation on the retina 

A 

Fig. 10 Image formation in the eye 

Blind spot At the point where the optic nerve leaves the 
retina, there are no sensory cells and so no information 
reaches the brain about that part of the image which falls 
on this blind spot (see Fig. 11). 

Retina The millions of light-sensitive cells in the retina 
are of two kinds, the rods and the cones (according to 
shape). The cones enable us to distinguish colours. There 
are thought to be three types of cone cell. One type 
responds best to red light, one to green and one to blue. If 
all three types are equally stimulated we get the sensation 
of white. The cone cells are concentrated in a central part 
of the retina, called the fovea (Fig. 8), and when you study 
an object closely, you are making its image fall on the 
fovea. 

Fovea Only in the fovea is it possible for the eye and 
brain to make a really detailed analysis of the colour and 
shape of an object. Although we can see objects included in 
a zone of about 100° from each eye, only those objects 
within a 2° zone can be seen in detail (Fig. 12). This is much 
less than people imagine and means, for example, that only 
about two letters in any word on this page can be studied 
in detail. It is the constant movement of the eyes which 
enables you to build up an accurate picture of a scene. 

lens 

+ 

(I) 

(b) Most refraction takes place 
between the air and the cornea 

image of window 
focused on retina 

image of fly falls on 
fovea, and is the only 
part of the object 
seen in detail 

optic nerve carrying 
impulses to brain 

part 'A' of window forms 
image on blind spot and 
so cannot be seen 

• 
Fig. 11 The blind spot. Hold the book about 50 em away. 
Close the left eye and concentrate on the cross with the right 
eye. Slowly bring the book closer to the face. When the image 
of the dot falls on the blind spot it will seem to disappear. 
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Fig. 13 Vertical section through the left eye 
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Fig. 14 How accommodation is brought about 
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Fig. 15 Accommodation 
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on retina 

Accommodation (focusing) 
The eye can produce a focused image of either a near object 
or a distant object. To do this the lens changes its shape, 
becoming thinner for distant objects and fatter for near 
objects. This change in shape is caused by contracting or 
relaxing the ciliary muscle which forms a circular band 
of muscle in the ciliary body (Figs 13 and 14). When the 
ciliary muscle is relaxed, the outward pressure of the 
humours on the sclera pulls on the suspensory ligament 
and stretches the lens to its thin shape. The eye is now 
accommodated (i.e. focused) for distant objects (Figs 14a 
and 15a). To focus a near object, the ciliary muscle 
contracts to a smaller circle and this takes the tension out 
of the suspensory ligament (Figs 14b and 15b). The lens is 
elastic and flexible and so is able to change to its fatter 
shape. This shape is better at bending the light rays from 
a close object. 

Control of light intensity 
The amount of light entering the eye is controlled by 
altering the size of the pupil. If the light intensity is high, 
it causes a contraction in a ring of muscle fibres (a 
sphincter) in the iris. This reduces the size of the pupil and 
cuts down the intensity of light entering the eye. High 
intensity light can damage the retina, so this reaction has 
a protective function. 

3 lens allowed 
to thicken 

1 Ciliary muscle 
contracts 

z;;J.:.t,:,ijil.--- 2 Suspensory 
ligament slackens 

(b) ACCOMMODATED FOR NEAR OBJECT 

light from 
nearby object 

tension in suspensory 
ligament relaxed 

ciliary muscle contracts 

(b) ACCOMMODATED FOR NEAR OBJECT 
on retina 



In low light intensities, the sphincter muscle of the iris 
relaxes and muscle fibres running radially (i.e. like wheel 
spokes) contract. This makes the pupil enlarge and admits 
more light (see Experiment 4, p. 203). 

The change in size of the pupil is caused by an automatic 
reflex action (p. 207); you cannot control it consciously. 

3-D vision and ~istance judgement 
When we look at an object, each eye forms its own image 
of the object. So, two sets of impulses are sent to the brain. 
The brain somehow combines these impulses so that we see 
only one object and not two. However, because the eyes are 
spaced apart, they do not have the same view of the object. 
In Fig. 16, the left eye sees more of the left side of the box 
and the right eye sees more of the right side. When the 
brain combines the information from both eyes, it gives 
the impression that the object is three-dimensional (3-D) 
rather than flat. 

Fig. 16 Different views of the same cube seen by left and 
right eyes. The left eye sees more of side a. The right eye sees 
more of side b. 

In order to look at a nearby object, the eyes have to tum 
inwards slightly. (Focusing on a very close object will 
make you look 'cross-eyed'.) Stretch:receptors in. the eye 
muscles will send impulses to the brain and make It aware 
of how much the eyes are turning inwards. This is one way 
by which the brain may be able to judge how cl?se an object 
is but it is not likely to be much use for obJects beyond 
lS metres. We probably judge greater distances by 
comparing the sizes of familiar objects. The furth~r away 
an object is, the smaller will be its image on the retina. We 
use many other clues to help us to jud~~ distances. . 

We are able to experience 3-D vision and to JUdge 
distances effectively because our eyes are set in the front 
of our head. This gives us what is called binocular vision. 
Animals with eyes set at the side of the head, e.g. rabbits 
and many birds, do not have binocular vision. 

QUESTIONS 
7 In Fig. 10, what structures of the eye are not shown in the 
diagram? 
8 In Fig. 9, explain what the broken lines are meant to represent. 
9 (a) If your ciliary muscles are relaxed, are your eyes focused on 
a near or a distant object? Explain. 

(b) If you dissected a cow's eye, would you expect the lens to be 
at its thinnest or its fattest shape? Explain. 
10 How do you think animals without binocular vision are able 
to judge distances? 
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HEARING 

The hearing apparatus is enclosed in bone on each side of 
the skull, just behind the jaw hinge. Sound vibrations 
travel through a short, wide tube (the outer ear) and are 
converted to nerve impulses by the apparatus in the middle 
ear and inner ear. Figure 18 on p. 200 shows the structure 
of the ear. 

Outer ear 
Sound is the name we give to the sensation we get as a 
result of vibrations in the air. These vibrations are pulses 
of compressed air. They enter the tube of the outer ear and 
hit the ear-drum, a thin membrane like a drum-skin 
across the inner end of the tube. The air vibrations cause 
the ear-drum to vibrate backwards and forwards. If there 
are 200 pulses of compressed air every second, the ear-drum 
will move backwards and forwards at the same rate. 

The ear pinnae are the flaps of skin and elastic cartilage 
which project from the sides of the head and which we 
usually call our 'ears'. The ear pinnae of mammals, such as 
dogs and cats, help to direct sound vibrations into the 
outer ear and enable the animal to locate the source of a 
sound. It is possible that our ear pinnae have a similar 
function. 

Middle ear 
This is a cavity with air in it. It contains a chain of tiny 
bones or ossicles. The first of these ossicles, the malleus, 
is attached to the ear-drum, and the inner ossicle, the 
stapes, fits into a small hole in the skull called the oval 
window. The malleus is connected to the stapes by the 

malleus 

Fig.17 Movement of the ear ossicles in transmitting 
sound 



200 Human Physiology 

inner ear 
(filled with liquid) utriculus 

ossicle 

outer ear -----

ear-drum 

Eustachian tube (connects to nasal cavity 
and keeps air pressure on inside of ear· 
drum the same as that outside) 

Fig. 18 Diagram of the ear 

incus (Fig. 17). When the ear-drum vibrates back a nd 
forth, it f01·ces the ossicles to vibrate in the same way, so 
that the stapes moves rapidly backwards and forwards like 
a tiny piston in the oval window. The way the ossicles are 
attached to each other increases the force of the vibrations 
and so amplifies the sound. 

A narrow tube, called the Eustachian tube, connects 
the nasal cavity (see Fig. 6, p. 127) to the middle ear. 
Although the Eustachian tube is normally closed, it does 
open to admit or release air if the air pressure on the 
outside of the ear-drum changes. Air pressure fa lls when 
going up a mountain or in an aircraft. The action of 
swallowing often causes the Eustachian tube to open and 
gives a 'popping' sound if there has been a change of 
pressure. 

Inner ear 
This is where the vibrations are changed into nerve 
impulses. The inner ear contains liquid, and the vibrations 
of the ossicles are passed to this liquid. The sensitive part 
of the inner ear is the cochlea, a coiled tube with sensory 
nerve endings in it. When the liquid in the cochlea is made 
to vibrate, the nerve endings send off impulses to the brain. 
The nerve endings at the inner (top) end of the cochlea are 

cavity 

Cochlea is coiled 
something liko this 

(Arrows represent movements 
of ear-drum. ossictes and ear 
liquids) 

sensitive to low-frequency vibration (low notes) and those 
at the outer end are ,sensitive to high-frequency vibrations 
(high notes). So, if the brain t·eceives nerve impulses 
coming from the first part of the cochlea, it interprets this 
as a high-pitched noise or a high musical note. If the 
impulses come f1·om the top end of the cochlea, the brain· 
recognizes tbem as being caused by a low note. 

In fact, the way in which vibrations of different 
frequencies are converted to ne1-ve impulses by the cochlea 
has not been fully worked out. It is certainly more 
complicated than the simplified account given here. 

QUESTIONS 
11 What is the function of(a) the ear-drum, (b) the ossicles, (c) the 
liquid of the inner ear, (d) the coch lea? 
12 (a) How does t he function of a sensory cell in t he retina differ 
from the function of a sensory cell in the coch lea? 

(b) IT nerve impulses from the cochlea were fed into the optic 
nerve, what sensations would you expect if somebody clapped 
their hands? 
13 Sometimes, as a result of catching a cold, the middle enr 
becomes filled with a clear sticky lluid. Why do you thi nk this 
causes deafness? (The fluid usually drains away through the 
Eustachian tube when the cold goes.) 



BALANCE 

Semicircular canals 
These a rein the inner ear (see Fig. 18), but do not play 
a part in hearing. There are two vertical (upright) 
cana.ls at right angles to each other and one 
horizonta.l canal. Each canal has a swelling at one 
end called an ampulla (Fig. 19). In each ampu.lla 
there is a structure called a cupu.la. This is rather 
like a swing door which can be pushed either way by 
the liquid in the semicircular canal (Fig. 20). When 
the body turns round, the liquid in the canals lags 
slightly behind and pushes the cupula to one side. 
The cupula pulls on sensory hairs in the ampulla and 
these send nerve impulses to the brain. 

The impulses to the brain inform it of the direction 
and speed of rotation. The horizonta l canal responds 
best to rotations in the horizontal plane, e.g. twisting 
the body round while in an upright position. The 
vertical canals respond particularly to tilting move­
ments of the body forwards, backwards or sideways. 

Utriculus 
This is a sac filled with liquid (Fig. 1.9). Resting on the 
floor of the sac is a small plate made of a dense, 
gelatinous Gelly-like) substance containing some 
chalky granules which increase its weight. Under the 
gelatinous plate there are sensory cells with hair-like 
projections, similar to cilia. These sensory 'hairs' are 
embedded in the jelly (Fig. 21). When the head tilts to 
one side, the gelatinous plate pulls on the sensory 
'hairs' and their cells fire off nerve impulses to the 
brain. These impulses 'inform' the brain of the new 
position of the head. As a result, the brain may send 
impulses to the body to make certain muscles 
contract and bring the head into an upright position 
again. 

The semicircular canals t·espond most strongly to 
rotational movements of the body. The utriculus 
responds mainly to changes of posture. Both these 
sense organs help us to hold om- position when 
standing still and to keep our balance when moving 
about. 

We also make use of information reaching the 
brain from our eyes, from pressure receptors in our 
feet and tension receptors in the muscles to bui ld up 
an impression of our posture and movement. 

QUESTIONS 
14 (a) Which semici•·cu lar canals are likely to be stimulated the 
most while you are turning n somersault? 

(b) What other sensory information wi II be reaching the brain 
while you are doing this? 
15 Some people attribute 'sea-sickness' to the conflicting sensory 
information from the eyes and the organs of balance. Assuming 
you arc below deck, in what way does the sensory information 
confiict? 
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relative positions of 
semicircular canals 

Fig. 19 Semicircula.r canals (arrows show direction of 
rotation which stimulates each canal). 
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Fig. 20 Inside the ampulla 
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Fig. 21 Section through utriculus 
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SENSORY IMPULSES AND 
THEIR INTERPRETATION 

Specificity of sense organs 
In general, a particular sensory cell can respond to 
only one kind of stimulus. A light-sensitive cell in the 
eye does not respond to sound-waves and a pressure 
receptor in the skin is not affected by the stimulus of 
heat. 

However, some sensory endings are less specific 
than this. The sensory nerve endings in the skin, 
which produce the sensation of pain, respond to a 
variety of stimuli, including pressure, heat and cold. 
The ear-lobe, which contains only free nerve endings 
and hair plexuses, can detect heat, cold and pressure. 
The function of a skin receptor cannot always be 
deduced from its structure. 

Intensity of sensation 
A strong stimulus usually produces a more pro­
nounced sensation than a weak stimulus. This is 
probabiy due to (a) the increase in frequency of the 
nerve impulses generated, (b) the greater number of 
sense organs stimulated in the area, and {c) the 
stimulation of a number of sensory cells which do not 
respond at all unless the stimulus is intense. Many 
sensory organs are groups of cells, some of which are 
triggered off by the slightest stimulus while others 
need a powerful stimulus to affect them. When these 
latter are activated, the stimulus is recognized as 
being stronger than usual. 

Vigorous stimulation does not affect the quality or 
intensity of the electrical impulse travelling in the 
nerve fibres but increases the total number of these 
impulses reaching the brain. 

Stimulation and conduction of 
impulses 
The sense organ or sense cell is connected to the 
brain or spinal cord by nerve fibres. When the sense 
organ receives an appropriate stimulus it sets off an 
electrical impulse which travels along the nerve fibre 
to the brain or spinal cord. When the impulse reaches 
one of these centres it may produce an automatic or 
reflex action, or record an impression by which we 
feel the nature of the stimulus and where it was 
applied. 

The sense organs of one kind and in a definite area 
are connected with one particular region of the brain. 
It is the region of the brain to which the impulse 
comes that gives rise to the knowledge about the 
nature of the stimulus and where it was received. For 
example, if the regions of the brain receiving 
impulses from the right leg were suppressed by drugs, 

no amount of stimulation of the sensory endings 
would produce any sensation at all, although the 
sense organs would still be functioning normally. On 
the other hand, if a region of the brain dealing with 
impulses from sense organs in the leg is stimulated by 
any means, the sensations produced seem to be from 
the leg. Even when a limb has been amputated the 
region of the brain to which it originally sent 
impulses is still active and may produce sensations of 
pain from the 'phantom limb'. 

Another important consideration is the fact that 
the impulses transmitted along the nerve fibres are 
fundamentally all exactly alike. It is not the 
sensations themselves that are carried but simply a 
surge of electricity, and this is so whether it is a heat 
organ or a touch organ that sets off the impulse. It is 
only in the brain that the stimulus is identified, 
according to the region of the brain which the 
impulse enters. For example, if the nerves from the 
arm and leg were changed over just before they 
entered the brain, stubbing one's toe would produce 
a sensation of pain in the arm or hand. 

Pain 
A sensation of pain usually accompanies a response 
to a potentially dangerous stimulus, e.g. touching 
something hot or sharp. Pain is not an essential part 
of the quick, reflex action (p. 207) which removes the 
hand from the source of the stimulus, but it does help 
us to avoid the same situation in the future. Pain, 
therefore, plays a part in learning and survival. 

QUESTIONS 
16 It is possible to connect a nerve fibre to an amplifier and hear 
a 'blip' every time a nerve impulse passes. Suppose the fibre comes 
from a touch receptor in the skin: (a) How would the sound heard 
from the amplifier differ for a light touch and a hard pinch? 
(b) How might the sound differ if the amplifier is connected to a 
pressure receptor? 
17 Chemicals such as sugar and saccharine both taste sweet and 
yet they are chemically quite different. Middle Con the piano has 
a frequency of 264 vibrations per second whereas D has 297 
vibrations per second. The difference is small and yet the two 
notes are easily distinguished. 

What are the properties of the sense organs concerned 
which make for poor discrimination of chemicals and precise 
discrimination of sounds? 
18 Most animals have a distinct head end and tail end. Why do 
you think the main sensory organs are concentrated at the head 
end? 

PRACTICAL WORK 

All the experiments suggested here are best done by three 
people working together: an experimenter who applies or 
offers the stimuli, the subject who is given the stimuli, and 
a recorder who watches and makes a note of the responses 
made by the subject. 



1. Sensitivity to touch 

The experimenter marks a regular pattern of dots on the 
back of the subject's hand. To do this he uses an ink-pad 
and a rubber stamp like the one in Fig. 22. He also stamps 
the same pattern on to a piece of paper for the recorder to 
use. The experimenter now tests the sensitivity of the 
subject's skin by pressing a fine bristle on to each dot in 
turn. The bristle, e.g. a horsehair, is glued to a wooden 
handle or held in forceps and pressed on to each mark until 
the bristle just starts to bend. The subject must not look, 
and simply says 'yes' if he feels the stimulus. The recorder 
marks on his pattern how many spots in each row were 
sensitive to touch. 

bristle 

Rubber stamp for marking area in 
experiment 1. This can be made by 
sticking a piece of 'finger cone' 
on a wooden block 

area marked 
out 

Fig. 22 Testing sensitivity to touch 

The sensitivity of the back of the hand can now be 
compared with the sensitivity of the finger-tips or the back 
of the neck by repeating the experiment in these regions. 

2. Ability to distinguish between two touch 
stimuli 
A piece of wire is bent to a hairpin shape like the one in 
Fig. 23a. The experimenter adjusts the hairpin so that 
the points are exactly 5 mm apart and presses one of the 
points or both at once (Fig. 23b) on to the skin of the 
subject's hand, just enough to dent the skin. The subject 
must not watch the experiment and simply says 'one' or 
'two' if he thinks he is being touched by one or two points. 
The recorder notes how many times the subject is correct. 
The experimenter must use one point or two points in ·a 
random way so that the subject does not recognize a 
pattern. The recorder should make up a programme of ten 
stimuli-for example, 1.1.2.1.1.2.2.2.1.2, with five single 
and five double stimuli. The experimenter carries out this 
programme and the recorder ticks the correctly recognized 
stimuli on his plan. 

If the subject gets them all right, the experimenter 
should move the points closer together and try again. If the 
subject makes a lot of mistakes, the points should be 
opened out to 10 mm and the experiment repeated. The idea 

blunt 
ends 
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(b) 

double stimulus 
(points 5 mm apart) 

(c) 

~single 
stimulus 

Fig. 23 Double and single stimulus 

is to find the least distance the points have to be apart for 
the subject to recognize every time whether one or two 
points are touching him. Once this distance has been 
discovered for the back of the hand, the experiment is 
repeated for the finger-tips and the back of the neck. 

3. To find which eye is used more 
A pencil is held at arm's length in line with a distant object. 
First one eye is closed and opened and then the other. With 
one the pencil will seem to jump sideways. This shows 
which eye was used to line up the pencil in the first place. 

4. The iris diaphragm 
For this experiment the room needs to be darkened, but not 
blacked out. 

If you are working in pairs, sit facing each other and 
take it in turns to hold a bench lamp or torch about 10 em 
from the side of your partner's face. Switch on the torch or 
bench lamp and watch the pupil of the eye very carefully. 
Try switching the light on and off at about 3- or 4-second 
intervals. 

If you are working on your own, you must look closely in 
a mirror while switching the light on and off. 

5. Sensitivity of the tongue to different 
tastes 
( CAUTION: It is normally forbidden to taste chemical 
substances in a laboratory. The substances in this 
experiment are harmless but should be made up exactly as 
described on p. 363 and the test-tubes and other apparatus 
used must be very clean.) 

Sweet, sour, salt and bitter solutions are made up as 
described on p. 363. The subject sticks his tongue out and 
the experimenter picks up a drop of one of the solutions on 
the end of a drinking-straw (Fig. 24) and touches it on the 
subject's tongue. The subject must not know in advance 
which solution is being used, but must leave his tongue out 
while he decides whether he can recognize the taste or not. 
If he cannot recognize it, he shakes his head, still leaving 
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his tongue out. The experimenter now tri es a drop of the 
same solution on a different part of the tongue a nd keeps 
doing this unti l the subject recognizes the taste. At this 
point, the subject has to pull his tongue in to say what the 
taste is. 

four regions of the tongue equally with all fou1· solutions 
and may have to go back severa l times to any one of the 
solut ions d ttr i ng the course of the ex peri men t if Lhe subject 
recognizes the taste after only one or two trials. 

The recorder makes four charts of the tongue as shown 
in Fig. 24 a nd puts a tick where each taste was recognized 
and a c1·oss where it was not. 'l'he experimenter now 
changes to a different solution (and a different. d.rinking­
s traw) and repeats the experiment. He should t1·y to test all 

CHECK LIST 

It should be possible to bui ld up a picture of which 
regions of the tongue are pa,·ticularly sensitive or 
insensitive to the four tastes. 

'I'here are more experiments on human senses in Experi· 
mental Work in Biology, Combined Edition (see p. 364). 

• Our senses detect changes in ourselves and in our s urroundings. 
• The skin is a sense organ which detects heat, cold, touch and pressure. 
• Sensory endings in the nose t·espond to chemical substances in the air and give us the sense of smell. 
• The tongue responds to chemicals in food and drink and gives the sense of taste. 

SIGHT 
• The lens focuses light from t he outside world to form a tiny image on the retina. 
• The sensory cells of the retina are stimulated by the light and send nerve impulses to the brain. 
• The brain interprets th ese nerve impulses and so gives us th e sense of vision. 
• The eye can focus on near or distant objects by changing the thickness of the lens. 

SOUND 
• The ear-drum is made to vibrate backwards and forwards by sound-waves in the air. 
• The vibrations at·e passed on to the inner ear by the tiU'ee t iny ear bones . 
• Sensory nerve endings in the inner ear respond to the vibrations and send impulses to the brain. 
• The brain interprets these impulses as sound. 

BALANCE 
• The semicircular canals are tubes filled wit h fluid, which detect tul'D ing movements of the head. 
• When the head rotates, the fluid in the tubes lags behind slightly and pushes a cupula to one s ide. 
• The movement of the cupula sends nerve impulses to the brain. 
• A gelatinous plate in the utriculus pulls on sensory hairs when the bead is tilted. 
• The hair cells send nerve impulses to the brain. 
• As a result of impulses from the semicircular canals and utriculus, the brain makes yout· body move in a 

way that helps to keep your balance. 
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NERVOUS SYSTEM 
Nerve cells. synapses, nervous impulses. 

REFLEX ACTION 
ReHex arc. 

CO~DITIONEO REFUXES 

VOLUNTARY ACTION 

CENTRAL NERVOUS SYSTEM 
Spinal cord and brain. 

Co-ordination is the way all the organs and systems of the 
body are made to work efficiently together (Fig. 1). If, fo•· 
example. the leg muscles are being used for running, they 
will need extra supplies of glucose and oxygen. 'l'o meet 
this demand, the lungs breathe faster and deeper to obtain 
the extra oxygen and the heart pumps more rapidly to get 
the oxygen and glucose to the muscles more quickly. 

The b•·ain detccLs changes in the oxygen a nd cnt·bon 
dioxide content of the blood and sends nervous illl l}ll lRcR to 
the diapl11·agm, in tct·costa l muscles a nd heart. In this 
example. tho co·OI'Ciinntion of the systems is brought nhout 
by the ne rvous system . 

The extt·a supplies of glucose needed for running come 
from the liver. Glycogen in the liver is changed to glucose 
which is released into the bloodstream (p. 132). The con· 
version of glycogen to glucose is stimulated by, among 
other things, a chemical called adrenaline (p. 213). Co· 
ordination by chemicals is brought about by the e n do­
crine system. 

The nervous system works by sending electrical 
impulses along nerves. The endocrine system depends on 
the release of chemicals, called hormones, l't·om endo­
crine g la nds. Hormones are carried by the bloodst•·cnm. 
For example, insulin (p. 213), is carri ed from the pnnct·cus 
to the live•· by tho circulatory system. 

Fig. I Co-ordinnt ion. The tennis player's brain is receiving 
sensory impulses from his eyes, semicircular canals. utl'icu lu• 
and muscle stretch receptors. Using this information. the hrnin 
co-ordinntcsthc muscles of his limbs so that even while 
running or lcnping he cnn control his stroke. 

ENDOCRINE SYSTEM 
Compru·ed with net·vous system. Thyroid, adrenal, 
pancreas, diabetes. t·ept·oductive orgnns. 

HOMEOSTASIS AI'\D FEEDBACK 

MOOD-INFLUENCING DRUGS 
Stimulants. deprt•s,.ants, analgesics. 

TOLERANCE AND DLP[NDLNCC 
Drug addict ion. 

205 



206 Human Physiology 

THE NERVOUS SYSTEM 

Figure 2 is diagram of the human nervous system. The 
brain and spinal cord together form the cent1·al ne rvous 
system. Nerves carry electrical impulses from the cen tral 
nervous system to all parts of the body, making muscles 
contract or glands produce enzymes or hormones. 

spinal nerve 

Fig. 2 The human nervous system 

Glands and muscles are called effectors because they go 
into action when they receive nerve impulses or hormones. 
The biceps muscle (p. 186) is an effector which flexes the 
arm; the salivary gland is an effector which produces 
saliva when it receives a nerve impulse from the brain. 

The nerves a lso carry impulses back to the central 
nervous system from the sense organs of the body. These 
impulses from the eyes, ears, skin, etc. make us aware of 
changes in our surroundings or in ourselves. Nerve 
impulses from the sense organs to the central nervous 
system are caJied sensory impulses; those from the 
central nervous system to the effectors, resulting in action 
of some kind, are called motor impulses. 

The nerves which connect the body to the central 
nervous system make up the peripheral nervous system. 

Ner ve cells (neu rones) 
The central nervous system and the peripheral nerves are 
made up of nerve cells, called neurones. Figure 3 shows 
three types of neurone. The motor neurones carry 
impulses from the central nervous system to muscles a nd 
glands. The sensory neurones carry impulses from the 
sense organs to the central nervous system. The multi-
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Fig. 3 Nerve cells (neuroues) 

polar neurones ru·e neither sensory nor motor but make 
connections to other neumnes inside the central net·vous 
system. 

Each neurone has a cell body consisting of a nucleus 
surrounded by a little cytoplasm. Branching fibres, called 
dendrites, from the cell body make contact with other 
neurones. A long filament of cytoplasm, surrounded by an 
insulating sheath, runs from the cell body of the neurone. 
This filament is called a nerve fibre (Fig. 3a and b). The 
cell bodies of the neurones are mostly located in the brain 
or in the spinal cord and it is the nerve fibres which run in 
the nerves. A nerve is easily visible, white, tough, .and 
stringy and consists of hundreds of microscopic nerve 
fibres bundled together (Fig. 4). Most nerves will contain 
a mixture of sensory and motor fibres. So a nerve can carry 
many different impulses. These impulses will t ravel in one 
direction in sensory fibres a nd in the opposite direction in 
motor fibres. 



nerve fibres nerve 

• 

Fig. 4 Nerve fibres grouped into a nerve 

Some of the nerve fibres are very long. 'l'be nerve fibres 
to the foot have their cell bodies in the spinal cord and the 
fibres run inside the nerves, without a break, down to the 
skin of the toes or tbe muscles of the foot. Thus a single 
nerve cell may have a fibre about 1 metre long. 

QUESTIONS 
1 What is the difference between a nerve and a nerve fibre? 
2 ln what ways nrc sensory neurones and motor neurones simi lar 
(a) in structure, (b) in function? How do they differ? 
S Can (a) a nerve fibre, (b) a nerve, carry both sensory and motor 
impulses? Explain your answers. 

Synapse 
Although nerve fibres are insulated, it is necessary for 
impulses to pass from one neurone to another. An impulse 
from the finger-tips has to pass through at least three 
neurones before reaching the bra in and so produce a 
conscious sensation. The regions where impulses are able 
to cross from one neurone to the next are called synapses. 

At a synapse, a branch at the end of one fibre is in close 
contact with the cell body or dendrite of another neurone 
(Fig. 5). When an impulse arrives at the synapse, it releases 
a tiny amount of a chemical substance (II chemical 
transmitter) which sets off an impulse in the~ne. 
Sometimes several impulses have to arrive at the synapse 
before enough chemical is released to cause an impulse to 
be fired off in the next neul'One. 

dilection 
of impulse 

nucleus 

Fig. 5 Diagram of synapses 

branches of one fibre applied 
to cell body of nex1 nerve cell 

direction 
of impulse 
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The nerve impulse 
The nerve fibres do not carry sensations like pain or cold. 
These sensations are felt only when a nerve impulse 
reaches the brain. The impulse itself is a series of electrical 
pulses which travel down the fibre. Each pulse lasts about 
0.001 second and travels at speeds of up to 100 metres per 
second. All nerve impulses are simi lar; there is no 
difference between net·ve impulses from the eyes, ears or 
hands. 

We are able to tell where the sensory impulses have 
come from and what caused them only because the 
impulses are sent to different parts of the brain. The nerves 
from the eye go to the part of the brain concerned with 
sight. So when impulses are received in this area, the brain 
recognizes that they have come from the ~yes and we 'see' 
something. 

QUESTIONS 
4 Look at Fig. 6b. (a) How many cell bodies are drawn? (b) How 
many synapses are shown? 

Look at Figure 8 and answer the same questions. 
5 If you could intercept and ' listen to' the nerve impulses 
travelling in the spinal cord, could you tell which ones come from 
pain receptors and which from cold receptors? Explain your 
answer. 

The reflex arc 
One of the simplest situations where impulses cross 
synapses to produce action is in the reflex arc. A reflex 
action is an automatic response to a stimulus. When a 
particle of dust touches the cornea of the eye, you wi ll 
bEnk; you cannot prevent yourself from blinking. A 
particle of food touching the lining of the windpipe will set 
off a coughing reflex which cannot be suppressed. When a 
bright light shines in the eye, the pupil contracts (see 
p. 198). You cannot stop this reflex and you are not even 
awat·e that it is happening. 

The nervous pathway for such reflexes is called a reflex 
arc. Figure 6 shows the nervous pathway for a well-known 
reflex caBed the 'knee-jerk' reflex. 

One leg is crossed over the other and the musc les are 
totally relaxed. If the tendon just below the kneecap of the 
upper leg is tapped sharply, a reflex arc !Uakes the thigh 
musc le contract and the lower part of the leg swings 
forward. Figm·e 6b traces the pathway of thjs reflex arc. 
Hitting the tendon stretches the muscle and stimulates a 
stretch-receptor (p.l95). The receptor sends off impulses in 
a sensory fibre. These sensory impulses travel in the nerve 
to the spinal cord. 

In the centrall'egion of the spinal cord, the sensory fibre 
passes the impulse across a synapse to a motol' neurone 
which conducts the impulse down the fibre, back to the 
thigh muscle. The arrival of the impulses at the muscle 
makes it contract, and jerk the lower part of the Limb 
forward. You are aware that this is happening (which 
means that sensory impulses must be reaching the brain), 
but there is nothing you can do to stop it. 
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Fig. 6 The reflex knee jerk. '!'his •·cflcx arc needs only one synapse for making the response. Most reflex actions need many more 
synopses (a) to adjust other muscles in the body and (II) to send impulses to the brai n. 

Spinal cord In Fig. 6b the spinal cord is drawn in 
transverse section. The spinal nerve divides into two 
'roots' at the point where it joins the spinal cord. All the 
sensory fibres enter through the dorsal root and the motor 
fibres all leave through the ventral root, but both kinds of 
fibre are contained in the same spinal nerve. This is like a 
group of insulated wires in the same electric cable. 1'he ce ll 
bodies of all the sensory fibres are situated in the doreal 
root and they make a bulge called a ganglion (Fig. 7). 

Fig. 7 Cell bodies forming a ganglion 

In the simplest reflex action, many more nerve fibres, 
synapses and muscles are involved than are described 
here. Figure 8 shows the reflex arc which would result in 
the hand being removed from a painful stimulus. On the 
left side of the spinal cord, an incoming sensory fibre 
makes its first synapse with a relay neurone (or 
'intermediate' neurone). This can pass the impulse on to 
many other motor neurones, although only one is shown in 
the diagram. On the right side of the spinal cord, some of 
the incoming sensory fibres a •·e shown making synapses 
with neurones which send nerve fibres to the brain, thus 

keeping the brain informed about events in the body. Also, 
nerve fibres from the brain make synapses with motor 
neu•·ones in the spinal cord so that 'commands' from the 
brain can be sent to muscles of the body. 

Reflexes The a·efl ex just described is a spinal reflex. The 
brain, theoretically, is not needed for it to happen. 
Responses which take place in the head, such as blinking, 
coughing and iris contraction, have their reflex arcs in the 
brain, but may still not be consciously controlled. 

The reflex closure of the iris (p. 198) pi'Otects the retina 
from bright light; the withdrawal reflex removes the hand 
from a dangerously hot object; the coughing reflex 
dislodges a foreign particle from the windpipe. Thus, these 
reflexes have a protective function. 

There are many other reflexes going on inside our 
bodies. We are usually unaware of these, but they maintain 
our blood pressure, breathing rate, heart beat, etc. and so 
maintain the body processes. 

Inhibition Motor impulses do not always produce 
action. Some of them inhibit (i.e. suppress the action 
of) muscle contraction. You wiJI appreciate that, in 
Fig. 8, a contraction of the biceps muscle will extend 
the triceps (see Fig. 8, p. 186) and cause its stretch· 
receptors to fire. These receptors would set off a 
reflex in tbe triceps, making it contract and oppose 
the action of the biceps. However, one of the synapses 
from the relay neurone in Fig. 8 would send a nerve 
impulse to the triceps to inhibit it from contracting 
while the biceps was in action. This kind of inhibition 
must be going on all the time during co-ordinated 
movement, or every muscle contraction would be 
immediately opposed by its antagonistic partner. 
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ln most simple reflexes, the stimulus and response 
are t·elated. For example, the chemical stimulus of 
food in the mouth produces the t·efiex of salivation. 
After a period oflearning or training, however, it is 
possible for a different and often unrelated stimulus 
to produce the same response. In such a case, a 
'conditioned reflex' has been estabished, and the 
animal is said to be conditioned to this stimulus. 
Pavlov, a Russian biologist of the 1890s, carried out 

3 Impulse passed 
to motor area 

1 Tas1o buds s1imula1ed 
by food 

4 Impulse sent to 
gland hom motor area 

brain 

spinal cord 

5 Salivary g land activated 
by motor impulse arriving 

(a) REPL&X 

Fig. 9 Possible nervous pathway for conditioning 

I 
I 

dorsal roo1 

,.---....::::..,d·J~"'"oo 

spinal cord 

a great many experiments on conditioned reflexes 
with dogs. One of these experiments is now some­
thing of a classic. 

The taste offood is a stimulus that activates a dog's 
salivary glands, making its mouth water. For several 
days, Pavlov rang a bell at the time the food was given 
to the dogs. Later, the sound of the bell alone was a 
sufficient stimtllus to cause a dog's mouth to water, 
without the taste of food. 'rhe original chemical 
stimulus of the food had been replaced by an 
unrelated stimulus through the ears (Fig. 9). 
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The training of animals is done largely by con­
ditioning them to respond to new stimuli. Many of 
our own actions, such as walking and r iding a 
bicycle, involve complicated sets of conditioned 
reflexes which we acquired in the first place by 
concentration and practice. Conditioned reflexes 
thus play a part in learning. 

Survival va lue The ability to learn by conditioned 
reflex, or by any other process, lias survival value (see 
p. 238). An animal which has learned to avoid danger 
or to take advantage of a favourable situation, is 
ljkely to live longer and to leave more offspring. 

Voluntary a ctions 
A voluntary action starts in the brain. It may be the result 
of external events, such as seeing a book on the floor, but 
any resulting action, such as picking up the book, is 
entirely voluntary. Unlike a reflex action it does not 
happen automatically; you can decide whether ot· not you 
carry out the action. 

The brain sends motor impulses down the spinal cord in 
the nerve fibres. These make synapses 'vith motor fibres 
which enter spinal nerves and make connections to the 
sets of muscles needed to produce effective action. Many 
sets of muscles in the arms, legs and trunk would be 
brought into play in order to stoop and pick up the book, 
and impulses passing between the eyes, brain and arm 
would direct the hand to the right place and 'tell' the 
fingers when to close on the book. 

One of the main functions of the brain is to co-ordinate 
these actions so that they happen in the right sequence and 
at the right time and place. 

QUESTIONS 
6 Put the following in the con·ect order for a simple reflex arc: 
(a) impulse travels in motor fibre, (b) impulse travels in sensory 
fibre, (c) effector organ stimulated, (d) receptor organ stimulated, 
(e) impulse crosses synapse. 
7 Which receptol'S and effectors are involved in the reflex actions 
of(a) sneezing, (b) blinking, (c) contraction of the iris? 
8 Explain why the tongue may be considered to be both a 
receptor and an effccto•· organ. 
9 Discuss whether coughing is a voluntary or reflex action. 

CENTRAL NERVOUS SYSTEM 

Spinal cor d 
Like all other pat·ts of the nervous system, the spinal cord 
consists of thousands of nerve cells. Figures 6b, 8 and 10 
show its structure and Figs la and bon p. 182 show how it 
is protected by the vertebrae. 

All the cell bodies, apart from those in the dorsal root 
ganglion, are concentrated in the centt·al region called the 
grey matter. The white mattet· consists of nerve fibres. 
Some of these will be passing from the grey matter to the 

spinal nerves and others will be running along the spinal 
cord connecting the spinal nerve fibres to the brain. The 
spinal cord is thus concerned with (a) reflex actions 
involving body structures below the neck, (b) conducting 
sensory impulses from the skin and muscles to the brain 
and (c) carrying motor impulses from the brain to the 
musc les of the trunk and l imbs. 

11ig. 10 Section through spina l cord ( x 7). The light aren is 
the wh ite matter, consisting largely of nerve fibres running to 
and from the brain. The dark central area is the grey matter, 
consisting largely of nerve cell bodies. 

The spinal cord is enclosed in two membranes. The 
pia m ater closely surrounds the cord and contains 
many blood vessels. The dura mater is a tough 
membrane outside the pia mater and separated from 
it by a space containing cerebro-spina l flu id. 

The brain 
The brain may be thought of as the expanded ft·ont end of 
the spinal cord. Certain areas are greatly enlarged to deal 
with all the information arriving fl'Om the ea•·s, eyes, 
tongue, nose and semicircular canals. Figure ltd gives a 
simplified diagram of the main regions of the brain as seen 
in vertica l section. The m edulla is concemed with 
regulation of the heart beat, body temperatm·e and 
breathing rate. The ce1·ebellu m cont.-ols posture, balance 
and co-ordinated movement. The mid-bra in deals with 
reflexes involving the eye. The largest par t of the brain, 
however, consists of the cerebrum, made up of two 
cet·ebral hemispheres. These are very large and highly 
developed in mammals, especially man, and are thought to 
be the regions concerned with intelligence, memory, 
reasoning ability and acquired skills. 

In the cerebral hemispheres and the cerebellum, there is 
an outer layer of grey mattet·, the cortex, with hundreds of 
thousands of multipolar neurones (Fig. 3c) forming the 
outer layers and making possible an enormous number of 
synapse connections between the dendrites (Fig. 13). 
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(a) The front end of the spinal cord develops three bulges: the 
fore-, mid- and hind-brain. Each region receives impulses mainly 
from sense organs in the head. 
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(c) A rabbit's brain would look something like this in vertical 
section. 
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(b) The roofs of the fore-, mid- and hind-brain become thicker and 
form the cerebral hemispheres, optic lobes and cerebellum. The 
floor of the hind-brain thickens to fonn the medulla. 
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(d) The same regions are present in a human brain, but because 
of our upright position, the brain is bent through 90°. 

Fig. 11 Development of the brain of a mammal (vertical sections) 

Localization in the cerebral cortex Figure 12 shows 
the left cerebral hemisphere. The left hemisphere controls 
the right side of the body; the right hemisphere controls 
the left side of the body. It is also possible to work out 
which area of the brain receives impulses from or sends 
impulses to particular parts of the body. 

The region numbered '4' in the motor area on the 
diagram sends impulses to the hand. If this part of the brain 
were given a small electrical stimulus, the hand would 
move, whether the person wanted it to or not. 

Similar regions can be mapped out in the sensory area. 
If the brain centre concerned with hearing were to be 
stimulated artificially, we would think we were hearing 
sounds. Stimulation of the 'sight' area would probably 
cause us to 'see' flashes of light or complete images. 

Association centres in the brain are not primarily 
concerned with any particular sensory or effector system. 
Association centres receive impulses from many different 
parts of the brain and relay the impulses to the cortex for 
further processing or to the motor centres to produce 
action. 

motor area sensory area 
frontal lobe 
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Fig. 12 The left cerebral hemisphere 
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Fig. 13 Multi-polar neurones in the cerebral cortex 
( x 350). The cell bodies und their branching fibres have been 
darkly stained to make them show up. 

Functions of t he brain 'l'o sum up: 

1. '!'he brain receives impulses Erom a ll the sensory organs 
of the body. 

2. As a resu lt of these sensory impulses, it sends off moto1· 
impulses to th.e glands and muscles, causing them to 
function accordingly. 

3.ln its association centres it correlates the various 
stimuli from the different sense organs and the memory. 

4. '!'he association centres and motor a1·eas co-ordinate 
bodi ly activities so that the mechanisms and chemical 
reactions of the body work efficiently together. 

5. It 'stores' information so that behaviou r can be modified 
according to past experience. 

QUESTIONS 
10 Would you expect synapses to occm· in grey matter or in white 
matter? Explain your answer. 
11 Look at Fig. 2. If the spinal cord were damaged al a point 
about one-thi rd of the way up the vertebral column, whnt ciTect 
would you expect this to have on tho bodily functions? 
12 (a) With which senses are the fore·, mid· and hind-brain 
mainly concerned? (l>) Which pllrt of the brain seems to be main ly 
concerned with keeping the basic body functions going? 
13 Describe the biological events involved when you hear n 
sound and turn your bead towards it. 
14 If area number 8 of the left cerebral hemisphe1·e (Fig. 12) were 
stimulated, wha~ would you expect to happen? 

THE ENDOCRINE SYSTEM 

Co-ordination by the nervous system is usually rapid and 
precise. Nerve impulses, travelling at up to 100 metres per 
second, are delivered to specific parts of the body and 
produce an almost immediate response. A different kind of 
co-ordination is brought about by the endocrine system. 

'!'his system depends on chemicals, called hormones. 
which are released Erom specia l glands, called endocrine 
glands, in to the bloodstream. The hormones circu late 
round the body in the blood and eventual ly reach cer tain 
organs, called target organs. Hormones speed up or slow 
down or alter the activity of those organs in some way. 
After being secreted, hormones do not remain permanently 
in the blood but are changed by the liver into inactive 
compounds and excreted by th e kidneys. 

Unlike the digestive glands, the endocrine glands do not 
deliver their secretions through ducts. For this reason, the 
endocrine glands are sometimes called the 'ductless 
glands' . '!'he hormones a1·e picked up directly from the 
glands by the blood circu lation . 

Responses of the body to hormones are much s lower than 
responses to nerve impulses. They depend, in the first 
instance, on the speed of the circulatory system and then 
on the time it takes for the cells to change their chemical 
activities. Many hormones affect long-term changes such 
as growth rate, puberty and pregnancy. Nerve impulses 
often cause a 1·esponse in a very limited area of the body, 
such as an eye-blink or a finger movement. Hormones often 
affect many organ systems at once. 

Ser ious deficiencies 01· excesses of hormone production 
give rise to illnesses. Small d ifferences in hormone activity 
between individua ls probably contri bute to di fferences of 
personal ity and temperament. 

pancreas 

ovary ----1---o 
or 
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• 

Fig . 14 Position of endocrine g lands in the body 

'!'he position of the endocrine glands in the body is 
shown in Fig. 14. Notice that the pancreas and the 
reproductive organs have a dua l function. 

Thyroid gland 
'!'he thyroid gland is situated in the front part of the neck 
and lies in front of the windpipe. It produces a hormone 
called t hy roxine, which is formed from an amino acid nncl 



iodine (p. 116). Thyroxine has a s timulatory effect on the 
metabolic •·ate of nearly a ll the body cells. It controls our 
level of activity, pt·omotes normal skeletal growth and is 
essential for the normal development of the brain. 

Adrenal glands 
These glands are attached to the back of the abdominal 
cavity, one above each kidney. Each adrenal gland is made 
up of two distinct regions with different functions. There 
is an outer layer called the adrenal cortex and a n inner 
zone ca lled the adrenal medulla. The medulla receives 
nerves from the brain and produces the hormone 
adrenaline. The cortex has no nerve supply and produces 
a number of hormones called corticosteroids. The 
corticosteroids help to cpntrol the metabolism of carbo· 
hydrates, fats, proteins, salts and water. 

Adrenaline, from the medulla, has less important but 
more obvious effects on the body.ln response to a stressful 
situation, nerve impulses are sent from the bra in to the 
adrena l medulla which releases adrenaline into the blood. 
As adrenaline circulates round the body it affects a great 
many organs, as shown in the table below. 

All these effects make us more able to react quic kly and 
vig01·ously in dangerous situations that might require us 
to run away or put up a struggle. However, in many 
stressful situations, such as taking examinations or giving 
a public performance, vigorous activity is not called for. So 
the extra adrenaline in our bodies just makes us feel tense 
and anxious. You will recognize the sensations described 
in column4 of1'able 1 as characteristic of fear and anxiety. 

Most of the systems affected by adrenaline are also 
controlled by a section of the nervous system called the 
sympathetic nervous system which affects intemal 
organs other than voluntary muscles. It is difficult to tell 
whether it is · adrenaline or the sympathetic nervous 
system which is mainly responsible for the stress re· 
actions. It is known, however, that loss of the adrenal 
medulla seems to cause no i ll-effects. 

Adrenal ine is quickly converted by the liver to a less 
active com1Jound which is excreted by the kidneys . All 
hormones are s imilarly altered and excreted, some within 

Table l Responses to adrenaline 

Organ E[[ecU; of adrenaline 
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minutes, othet·s within days. Thus their effects are not 
long-lasting. The long·term hormones, such as thyt·oxine, 
are secreted continuously to maintain a steady level. 

The pancreas 
The pancreas is a digestive gland which secretes enzymes 
into the duodenum through the pa ncreatic cluct(p. l29).lt 
is also an endocrine (ductless) gland. Most of the pancreas 
cells produce digestive enzymes but some of them produce 
hormones. The hormone-producing cells are ar•·anged in 
small isolated groups called islets (Fig. 15) and secrete 
their hormones directly into the bloodstream. One of the 
hormones is called glucagon and the other is insulin. 

lf the level of suga •· in the blood fa lls, the islets release 
g lucagon into the bloodstream. Glucagon acts on the cells 
in :he liver and causes them to convertsomeoftheir stored 
glycogen into glucose and so restore the blood-sugar level 
(p. 132). 

Insulin has the opposite effect to glucagon. If the 
concentration of blood sugar increases (e.g. after a meal), 
insulin is 1·eleased from the is let cells. When the insulin 
reaches the liver it stimulates the liver cells to remove 
glucose from the blood and store it as glycogen. Ins ulin 

Fig. 15 Section of r><tncreas tissue showing islets ( x 250). 

Biological advantage Effect or sensatio11 

Heart beats faster sends more glucose und oxygen to the thumping heart 
muscles 

Breathing centre of the faster and deeper i ncrcased oxygenation of the blood; panting 
brain breathing rapid •·emoval of ca•·bon dioxide 
Arterioles of the skin cons tricts them (see less blood going to the skin means more person goes pa ler 

p. 168) is ava ilable to the muscles 
A rtcriolcs of the digestive constricts them less blood for the digestive system dry mouth 
system allows more to reach the muscles 

Muscle< o( a limentary canal relux perista lsis and digestion s low down; 'hollow' feeling in 
more energy available for action stomach 

M usclc>S of body tenses them ready for immediate action tense feeling; shivering 

Liver conversion of glycogen to glucose available in blood for energy 

l glucose production 
no sensation 

Fa~ depots conversion of fats to fatty fotty acids available in blood. for 
acids muscle contraction 

/ 
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a lso promotes the conversion of carbohydrates to fat and 
slows down the conversion of protein to carbohydrate. 

All these changes have the effect of regulating the level 
of glucose in the blood to within nanow limits- a very 
important example of homeostasis (p. 134). 

If anything goes wrong with the production or function 
of insulin, the person will show the symptoms of diabetes. 

Diabetes This may result from a failure of the is let cells 
to produce sufficient insulin or from the reduced ability of 
the body cells to use it. Two forms of diabetes are 
recognized, juvenile-onset and adult-onset diabetes. 

Juvenile-onset diabetes is the less common form. It 
mainly affects young people and results from the 
islets producing too li ttle insulin. There is a slight 
inherited tendency towards the disease, but it may be 
triggered off by a virus infection which affects the 
islets. The patient's blood is deficient in insulin and 
he or she needs regular injections of the hormone in 
order to control blood sugar level and so lead to a 
normal life. This form of the disease is, therefore, 
sometimes called 'insulin-dependent' diabetes. 

Adult-onset diabetes usually affects people after 
the age of 40. The level of insu.lin in their blood is 
often not particularly low but it seems that their 
bodies are unable to use the insulin properly. This 
condition can be controlled by careful regulation 
of the diet and does not usually require insulin 
injections. 

In both forms of diabetes, the patient is unable to 
regulate the level of glucose in the blood. It may rise 
to such a high level that it is excreted in the m·ine or 
fall so low that the brain cells cannot work properly 
and the person goes into a coma. 

Ail diabetics need a carefully regulated diet to 
reduce the intake of carbohydrates and keep the 
blood sugar within reasonable limits. 

Reproductive organs 
These produce hormones as well as gametes (sperms and 
ova) and their effects have been described on page 178. 

The hormones from the ovary, oestrogen and proges­
terone, both prepare the uterus for the implantation of the 
embryo, by making its lining thickm· and increasing its 
blood supply. 

The hormones testosterone (from the testes) and oestro­
gen (from the ovaries) play a part in the development of the 
secondary sexual characters as described on page 178. 

During pregnancy, the placenta produces a hormone 
which has effects simj)ar to those of pt·ogesterone. 

Pituitary gland 
This gland is attached to the base of the brain (Fig. lld). It 
produces many hormones. One of these (anti-diuretic 
hormone, ADH) acts on the kidneys and regulates the 
amount of water reabsorbed in the kidney tubules(p. 160). 
Another pituitar·y hormone (growth hormone) affects the 

growth rate of the body as a whole and the skeleton in 
particular. Several of the pituitary hormones act on the 
other endocrine glands and stimulate them to produce 
their own hormones. For example, the pituitary releases 
into the blood a follicle-stimulating hormone (FSH) 
which, when it reaches the ovaries, makes one of the 
follicles start to mature and to produce oestrogen. 
Luteinizing hol·mone (LH) is a lso produced from the 
pitui tat·y and, together with FSH, induces ov1.tlation. 

A thyroid-s timulating hormone (TSH) acts on the 
thyroid gland and makes it produce thyroxine. 

Homeostasis and feedback 
Homeost asis The endocrine system plays an im­
portant part in maintaining the composition of the 
body fluids (homeostasis, seep. 134). 

A rise in blood sugar after a meal , stimulates the 
pancreas to produce insulin. The insulin causes the 
liver to remove the extra glucose from the blood and 
store it as glycogen (p. 132). This helps to keep the 
concentration of blood sugar 'vi thin narrow limits. 

The brain monitors the concentration of the blood 
passing through it. If the concentration is too high, 
the pituitary gland releases ADH (anti-diuretic 
hormone). When this reaches the kidneys (the target 
organs) it causes them to reabsorb more water from 
the blood passing through them (p. 160). If the blood 
is too dilu te, production of ADH is suppressed and 
less water is absorbed in the kidneys. Thus ADH 
helps to maintain the amount of water in the blood at 
a fairly constant level. 

Feedback Some of the endocrine glands are them­
selves controlled by hormones. For example, pitu­
itary hormones such as LH (luteinizing hormone) 
affect the endocrine functions of the ovaries. In some 
cases, the output of hormones is regulated by a 
process of negative feedback. 

Figure 16a shows that the thyroxine produced by 
the thyroid gland, suppresses the production of TSH 
(thyroid-stimulating hormone) from the pituitary. A 
drop in the level of TSH causes a reduction in the 
production of thyroxine by the thyroid. Low levels of 
thyroxine allow the pituitary to produce TSH once 
again. This feedback causes fluctuations in the 
production of thyroxine within narrow limits. 

The feedback between the pituitary and theovar·ies 
produces a more obvious fluctuation which causes 
the menstrual cycle (p. 178). 

When the level of oestrogen in the blood rises, it 
affects the pituitary gland, suppressing its produc· 
tion of FSH (follicle-stimulating hormone). A low 
level of FSH in the blood reaching the ovary \viii 
cause the ovary to slow down its production of 
oestrogen. With less oestrogen in the blood, the 
pituitary is able to resume its production of FSH 
which, in turn, makes the ovary start to produce 
oestrogen again (Fig. 16b). This cycle of events takes 
about 1 month and is the basis of the monthly 
menstrual cycle. 
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Fig. 16 Feedback 

(a) TSH >\ND ·rnYROXINE 

The oestrogen and progesterone in the female 
contraceptive pill act on the pituitary and suppress 
the production of FSH. If there is not enough FSH, 
none of the follicles in the ovary will grow to 
maturity and so no ovum will be released. 

QUESTIONS 
15 Briefly state the differences between co·ordination by 
hormones and co·ordination by the nervous system, under tbe 
headings 'Routes', 'Speed of conduction', "l'arget organs', 'Speed 
of response', 'Duration of effects'. 
16 The pancreas has a dual function in producing digestive 
enzymes as well as hormones. Which other endocrine glands have 
a dual function and what are their other functions? (See also 
p, 178.) 
17 What are the effects on body functions of(a) too much insulin, 
(b) too little insulin? 
18 Why do you thin k urine tests are carried out to sec if a woman 
is pregnant? 

MOOD-INFLUENCING 
DRUGS 

Any substance used in medicine to help our bodies 
fight illness or disease is called a drug. One gl'Oup of 
drugs helps to control pain and relieve feelings of 
distress. These are the mood· influencing drugs. 

Events in your life may make you feel excited, 
depressed, anxious or angry. AU these sensations 

pituitary 
g land 

oestrogen 
slows down 
pmduction of 
FSH by 
pituitary 
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follicle· 
stimulating 
hormone (FSH) 
affects ovary 

oestrogen 
affects uterus 

(b) FSH >\NO O£STitOG£N 

must arise from changes taking place in your nervous 
and endocrine systems. The chemical substance 
adrenaline, when released into your blood, makes 
you feel tense and anxious or excited. In a similar 
way, it is thought that different chemica ls produced 
by nerve endings in your brain give rise to most of 
your emotional sensations. 

It is not always easy to be sure which is cause and 
which is effect. Feelings of anxiety may cause the 
production of adrenaline, or it may be that 
adrenaline causes feelings of anxiety. Nevertheless, 
it is known that swallowing or injecting certain 
substances can give r ise to distinct changes of mood. 
These substances act on the central nervous system 
but it is often not known how they produce their 
effect. Even the method of action of alcohol, one of 
the oldest known mood·influencing drugs, is not 
known. 

Drugs which affect the central nervous system may 
be classed as stimulants, depressants or analgesics, 
but these are not rigid headings. 

Stimulants 
These drugs act, probably, mainly on the cerebral 
cor tex. They increase wakefulness, reduce sensa· 
tions offatigue and a lso depress the appetite. Some of 
them, such as amphetamines, cause a deterioration in 
judgement and accuracy. As a result, the drugs often 
give a false feeling of confidence. It is dangerous for 
athletes to use amphetamines as they cause ex­
cessively high blood pressm·e and overheating. 

Coffee, tea and cocoa contain the substance 
caffeine, which is a mild stimulant. 
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Depressants 
Depressants, e.g. sedatives, act on the central 
nervous system to decrease emotional tension and 
anxiety. Different types of sedative probably affect 
diffetent areas of the brain but they all lead to 
relaxation and, in sufficient doses, to sleep or 
anaesthesia. In excessive doses, they suppress the 
breathing centre of the brain and cause death. 

Tranquillizers Some tranquillizers have been ex­
tremely valuable in treating severe mental illnesses 
such as schizoplu·enia and mania. Many thousands of 
mental patients have been enabled to leave hospital 
and live normal lives as a result of using the 
tranquillizing drug chlorpt·omazine. 

Nowadays, tranquill~ters are being prescribed in 
their millions for the t·elief of anxiety and tension. 
Some people think that these drugs are being used 
merely to escape the stresses of everyday life that 
could be overcome by a litt le more wi 11-power and 
determination. Othet·s think that there is no reason 
why people should suffer the distress of acute anxiety 
when drugs are available for its relief. On the other 
hand, some deg•·ee of artxiety is probably needed for 
mental and physical activity. These activities are 
unlikely to be very effective in people who tran­
quillize themselves into a stupor every time a 
problem crops up. 

Alcohol The alcohol in wines, beer and spirits is a 
depressant of the central nervous system. Small 
amounts give a sense of well-being, with a •·elease 
from anxiety. However, this is accompanied by a fall­
off in performance in any activity requiring skilL It 
also gives a misleading sense of confidence in spite of 
the fact that one's judgement is clouded. The drunken 
driver usually thinks he is driving extremely well. 

Alcohol causes vaso-dilation in the skin, giv ing a 
sensation of warmth but in fact leading to a greater 
loss of body heat (see p. 168). A concentration of 
500 mg of a lcohol in 100 cm3 of blood 1·esults 
in unconsciousness. More than this will cause death 
because it stops the breathing centre in the brain. 

Some people build up a tolerance to alcohol and 
this may lead to both emotional and physical 
dependence (alcoholism). The way alcohol acts on 
the nervous system is not known, but if taken 
in excess for a long time, it causes damage to the 
brain and the liver which cannot be cu1·ed (sec also 
p. 120). 

Analgesics 
Analgesics are drugs which relieve pain. Although 
the cause of pain may start in the body, the sensation 
of pain occurs in the brain. Depressants such as 
alcohol and barbiturates have analgesic effects 
because they alter the brain's reaction to pain. 

Analgesics do not relieve tension or he lp you to 
sleep, but they may reduce the pain which is a cause 
of sleeplessness or anxiety. 

Aspit·in and paracetamol These are mild anal­
gesics, particularly useful for relief of pain resulting 
from inflammation of tissues. They are also used to 
lower the body temperature during a feve1·. 

Tolerance and dependence 
If these mood-influencing drugs are used wisely and 
under medica l supervision, they can be very helpful. 
A person who feels depressed to the point of wanting 
to commit suicide may be able to lead a normal life 
with the aid of an anti-depres.~ant drug which 
removes the sensation of depression. However, if 
dt·ugs are used for trivial reasons, to produce 
sensations of excitement or calm, they may be 
extremely dangerous because they can cause 
tolerance and dependence. 

Tolerance This means that if the substance is 
taken over a long pet·iod, the dosage bas to keep 
increasing in order to have the same effect. The 
continuing use ofbarbitutates in s leeping pills may 
require the dose to increase from one to two or three 
tablets in order to get to sleep. People who drink 
alcohol in order to relieve anxiety may find that they 
have to keep increasing their intake to •·each the 
desired state. If the dosage continues to increase it 
will become so large that it causes death. 

Dependence This is the term used to describe the 
condition in which the user cannot do without the 
substance. Sometimes a distinction is made between 
emotional and physical dependence. A person with 
emotional dependence may feel a craving for the 
substance, may be bad-tempered, anxious or de­
pressed without it, and may commit crimes in order 
to obtain it. Cigarette-smoking is one example of 
emotional dependence. Physical dependence in­
volves the same experiences but in addition there are 
physical symptoms, called withdrawal symptoms, 
when the substance is withheld. These may be 
nausea, vomiting, dianhoea, muscular pain, un­
controllable shaking and hallucinations. Physical 
dependence is sometimes called addiction. 

Not everyone who takes a mood-influencing drug 
develops tolet·ance or becomes dependent on it. There 
are mi llions of people who can take a lcoholic d1·inks 
in moderation with no obvious physical or mental 
damage. Those who become dependent cannot drink 
in moderation; their bodies seem to develop a need for 
permanently high levels of a lcohol and the dependent 
person (an alcoholic) gets withdrawal symptoms if 
alcohol is withheld. 

Physical or emotional dependence is a very 
distressing state. Getting hold of the substance 
becomes the centre of the addicts' lives, and they lose 



in~erest in their persons, their jobs and their fami lies. 
Because the s ubstances they need cannot be obtained 
legally or because they need the money to buy them, 
they resort to criminal activities. Cures are slow, 
difficult and usually unpleasant. There is no way of 
telling in advance which person will become depen· 
dent and which will not. Dependence is much more 
likely with some drugs than with others, and these 
are, therefore, prescribed with great caution. Ex peri · 
menting with drugs for the sake of emotional 
excitement is extremely unwise. 

CHECK LIST 
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QUESTIONS 
19 What is thedifTerence between (a} becomingtolerantofa drug 
and (b) becoming dependent on a drug? Which of these do you 
think is meant by being 'hooked' on a drug? 
20 Why a re amphetamine s timulants unsuitable for im1>roving 
performance in (a) athletics, (b) exami nations? 
21 Why should dri nking a lcoho l cause you to lose heat but make 
you 'feel' warm? 
22 Why is it dangerous to take a lcoholic drinks before dt·i,•ing? 
23 Why is it dangerous to take an overdose of a depressant drug? 
24 What to you t hink is the dilTcrencc between an anaesthetic , a 
sedative a nd an analgesic? 

• The body systems are made to work efficiently together by the nervous system and the endocrine system. 

NERVOUS SYSTEM 
• The nervous system consists of the brain, the spinal cord and the nerves. 
• The nerves consist of bundles of nerve fibres 
• Each nerve fibre is a thin filament which grows out of a nerve cell body. 
• The nerve cell bodies are mostly in the brain and spinal cord. 
• Nerve fibres carry electrical impulses from sense organs to the brain or from the bt·ain to muscles and 

glands. 
• A reflex is an automatic nervous reaction that cannot be consciously controlled. 
• A reflex arc is the nervous pathway which carries the impulses causing a reflex action. 
• The simplest reflex involves a sensory nerve cell and a motor nerve cell, connected by synapses in the 

spinal cord. 
• The brain and spinal cord contain millions of nerve cells. 
• The millions of possible connections between the nerve cells in the brain allow complicated actions, 

learning, memory and intelligence. 

ENDOCRINE SYSTEM 
• The thyroid, adrenal and pituitary are all endocrine glands. 
• The testes , ovaries and pancreas are also endocrine glands in addition to the ir other functions. 
• The endocrine glands release hormones into the blood system. 
• When the hormones reach certain organs they change the rate or kind of activity of the organ. 
• Too much or too little of a hormone can cause a metabolic di sorder. 
• Under-production of insulin causes diabetes. 

MOOD-INFLUENCING DRUGS 
• Mood-influencing drugs at·e valuable for treating mental disorders but dangerous to experiment with. 
• 'Tolerance' means t hat you have to keep taking greater doses to achieve the same effect. 
• 'Dependence' (addiction) means that you feel physically ill and mentally disturbed if you do not take the 

drug. 
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Examination Questions 
Section 3: Human Physiology 

Do not write on this page. Where necessary copy drawings, 
tables or sentences. 

1 Give one use of each of the following in a mammal: 
fat; protein; vitamin C; oxygen; iron. (W) 

2 The lining of the small intestine is covered with tiny 
projections called villi. The function of these is 

A to produce enzymes 
B to form a protective covering 
C to increase the surface area 
D to move the food along the gut (N) 

3 Blood is carried to the heart in both the 
A aorta and the pulmonary artery 
B vena cava and the pulmonary artery 
C vena cava and the pulmonary vein 
D aorta and the pulmonary vein (N) 

4 The blood of many animals contains haemoglobin which is a 
protein combined with a pigment containing 

A phosphorus D sodium 
B iodine E potassium 
C iron (Cl) 

5 In a mammal, urea is made in the 
A liver C kidneys 
B bladder D 'pancreas (N) 

6 In the kidney blood flows through the 
A tubules D pyramid 
B glomerulus E pubis 
C Bowman's capsule (Cl) 

7 When the fertilized egg of a mammal develops, it usually 
becomes attached to the lining of the 

A ovary C ureter 
B oviduct D uterus (N) 

8 A joint is lubricated by 
A synovial fluid 
Blymph 
C aqueous humour 

D plasma 
E tissue fluid 

9 The red marrow of the long bones.ofthe human skeleton 
A stores carbohydrate Dis a fat store 

(Cl) 

B secretes hormones E acts as a shock absorber 
C manufactures blood cells (Cl) 

10 Which one of the following parts of the eye is sensitive to 
light? 

A retina 
B lens 

Ciris 
D optic nerve (N) 

11 Which one of the following would make the liver release 
glucose? 

A bile Cinsulin 
B carbohydrase D glucagon (N) 

12 The table shows the composition per 100 g of various foods. 

Food Carbo- Fat Protein / = Rich Source 
hydrate of Vitamin C 

(g) (g) (g) 

Bread 47 3 10 -
Butter - 82 0.5 -
Fish 8 10 1 -
Lettuce 2 - 1 I 
Fried potatoes 37 9 4 -

Using only the data provided above, answer the following 
questions. 

(a) If the foods were eaten in equal quantities, nall}e the one 
which would be most useful in (i) building muscle, (ii) providing 
energy, (iii) preventing scurvy, (iv) losing weight. 

(b) Name the food which would not be acted upon by amylase. 
(c) Give one reason why lettuce sandwiches might provide a 

more balanced meal than fish and chips. (W) 

13 (a) In the mammalian ~horax, when the diaphragm muscles 
relax, what change will take place to the air pressure inside the 
alveoli? 

(b) Explain briefly how the relaxation of the diaphragm 
muscles brings about this pressure change. (C/EA) 

14 The table below includes information about the percentages 
of various substances present in blood plasma, the filtrate into 
kidney tubules and urine. 

Substance %in plasma %in tubule %in urine 

Water 90-93 90-93 95 
Protein 7.0 0 0 
Glucose 0.1 0.1 0 
Sodium ions 0.3 0.3 0.35 
Chloride ions 0.4 0.4 0.8 
Urea 0.03 0.03 2.0 
Uric acid 0.004 0.004 0.05 
Creatinine 0.001 0.001 0.075 
Ammonia 0.001 0.001 0.04 

(a). Which substance filtered into the tubule is reabsorbed into 
the blood? · 

(b) Give reasons based upon the evidence in the table. 
(c) Which substance is not filtered from the blood plasma? 
(d) Which substance (i) doubles in concentration, (ii) becomes 

concentrated to the greatest extent? (W) 

15 (a) Name the two structures connecting the mammalian 
foetus with the uterus of the female. 

(b State one reason why one of these structures must form a 
barrier between the foetus and the mother. 

(c) Name two compounds that move from the foetal blood 
stream to the maternal blood stream. 

(d) What happens to the two structures named in (a) soon after 
the young mammal has been born? (C/EA) 

16 Which of your sense organs would be sensitive to each of the 
following? (a) Music on radio; (b) A red traffic light; (c) Salt 
~~~ ~ 
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GENETICS AND 
HEREDITY 



23 Cell Division and 
Chromosomes 

HEREDITY AND GENETICS 
E:xplanation of terms. 

CHROMOSOMES AND MITOSIS 
Mitosis: the movement of chromosomes at cell divisipn. 
Function of chromosomes: genes on the chromosomes 
control the cell's physiology and structure. Number of 
chromosomes: a fixed number for each species. 

Heredity and genetics 
We often t.alk about people inheriting cort.ain characteris· 
tics: 'John has inherited his father's curly hair', or 'Mary 
has inherited her mother's blue eyes'. We expect t.all 
parents lo have tall children. The inherit.ance of such 
characteristics is called heredity and the branch of 
biology which studies how hered ity works is called 
genetics. 

Genetics a lso tt·ies to forecast what sott of offspring are 
like ly to be produced when plants ot· animals reproduce 
sexually. What 'vi ii be the eye colout· of children whose 
mother has blue eyes and whose father h11s brown eyes? 
Will a mating between a black mouse and a white mouse 
produce grey mice, black-and-white mice or some black 
and some white mice? 

To understand the method of inheritance, we need lo 
look once again at the process of sexual reproduction and 
fertilization. In sexual reproduction, a new organism 
starts life as a single cell called a zygote (p. 170). This 
means that you started from a single cell. Although you 
were supplied with oxygen and food in the uterus, all your 
tissues and organs were produced by cell division from this 
one cell. So, the 'instructions' that dictated which cells 
were to become liver, or muscle, or bone must a ll have been 
present in this first cell . The ' instructions' which decided 
that you should be tall or shor t, dark ot· fair, male ot· female 
must also have been present in the 1.ygote. 

·ro understand how these 'instructions' are passed from 
cell to cell, we need to look in more detail at what happens 
when the zygote divides and produces an organism 
consisting of thousands of cells. This typo of cell division 
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GAMETE PRODUOION AND CHROMOSOMES 

Meiosis: the chromosomes are shared between the 
gametes. Meiosis and mitosis compared. 

GENES 
The structure of the gene. The role of DNA. The gent'ltr 
code. Genetic engineering: manipulating genes. 
Mutations: changes in genes and chromosomes. 

PRACTICAL WORK 
Observing chromosomes in plant cells. 

is called m itosis. It does not take place only in 11 zygote but 
occurs in all growing tissues. 

QUESTION 
1 (a) What are gametes? What are the male and female gametes 
of(i) plants and (ii) anima ls called, and where are they pt•oduced? 

(b) What haJ>pcns at fertilization? 
(c) What is a zygote and what does it develop into? 

(The information needed to answer these questions is given on 
pages 86 and 170.) 

CHROMOSOMES AND MITOSIS 

Mitos is 
When a cell is not dividing, there is not much detailed 
structure to be seen in the nucleus even if it is treated with 
special dyes called stains. Just before cell division, n 
nwnber of long, thread-like structures appeat· in the 
nucleus and show up very clearly when the nucleus is 
stained (Figs la and 2). These thread-like structures oro 
called chromosomes. Although they are pt·esenl in the 
nucleus all the time, they only show up cleal'ly at cell 
divis ion because at th is t ime they get shorter and thicke t·. 

Each chromosome is seen to be made up of two parallel 
strands, called chromatids. When the nucleus divides 
into two, one chromatid from each chromosome goes into 
each daughter nucleus. The chromatids in each nucleus 



nucleus with two 
chromosomes 

(a) Just before the cell 
di~·idcs. chromosomes appear 
in the nucleus 

cell 
membrane 

two 
chromatids 

two 
chromatids 

(c) gnch chromosome is now 
seen to consist of two 
chromatids 

nuclear 
membrane 

(b) The cluomosomes get 
shorter and thicker 

fibres pull 
chromatids apart 

(d) The nuclear membrane 
djaappears and the 
chromatids n.rc pulled apart 
to Of)posite ends of the cell 

nuclear membrane 
torms 

nucleus with two 
chromosomes 

'daughter' 
cell 

(e) A nuclear membrane 
forms round coch set of 
chromatids. nnd the ceiJ 
st:~rt..'> to divide 

{/) Cell division completed, 
giving two 'daughter' cells, 
each containing the same 
number of chromosomes as 
the parent cell 

Fig. 1 Mitosis. Only one pair of chromosomes is shown. 
Three of the stages described here are shown in Fig. 2. 
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Fig. 2 Mitosis in a root tip ( x 500). 1'he letters refer to the 
stages described in Fig. l. (The tissue has been squashed tO 
separate the cells.) 

now become chromosomes and later they will make copies 
of themselves ready for the next cell division. The process 
of copying is called replication because each chromosome 
makes a replica (an exact copy) of itself. Figure 1 is a 
diagram of mitosis, showing only two chromosomes, but 
there are always more than this. Human cells contain 
46 cht·omosomes. 

Mitosis will be taking place in any part of a plant Ot' 

animal which is producing new cells for growth or 
replacement. Bone marrow produces new blood cells by 
mitosis; the epidermal cells of the skin are reJ?laced by 
mitotic divisions in the Malpighian layer; new epithelial 
cells lining the alimentat·y canal are produced by mitosis; 
growth of muscle or bone in animals, and root, leaf, stem or 
fruit in plants, results from mitotic cell divisions. 

An exception to this occurs in the final stages of gamete 
production in the reproductive organs of plants and 
animals. The cell divisions which give rise to gametes are 
not mitotic but meiotic, as explained on page 223. 

Cells which are not involved in the production of 
gametes are called somatic cells . Mitosis takes place only 
in somatic cells. 

QUESTIONS 
2 Jn the nucleus or a human cell just berore cell division, how 
many chromatids wi 11 there be? 
3 Why can chromosomes not be seen when a cell is not dividing? 
4 Look at Fig. 4 on page 167. Where would you expect mitosis to 
be occur·ringmost often? 
5 ln which human tissues would you expect mitosis to be going 
on in (a) a five-year o ld, (b) an adult? 

The function of chromosomes 
When a cell is not dividing, its cht·omosomes become very 
long and thin. Along the length of the chromosome is a 
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series of chemical structures called genes (Fig. 3). The 
chemical which forms the genes is called DNA (which is 
short for deoxy-ribose nucleic acid, p. 17). Each gene 
controls some part of the chemistry of the cell. It is these 
genes which provide the 'instructions' mentioned at the 
beginning of the chapter. For example, one gene may 
'instruct' the cell to make the pigment which is formed in 

chromosome 

genes for 
tallness 

Fig. 3 Relationship between chromosomes and genes. The 
drawing does not represent real genes or a real chromosome. 
There are probably thousands of genes on a chromosome. 

the iris of brown eyes. On one chromosome there will be a 
gene which causes the cells of the stomach to make the 
enzyme pepsin. When the chromosome replicates, it builds 
up an exact replica of itself, gene by gene (Fig. 4}. When the 
chromatids separate at mitosis, each cell will receive a full 
set of genes. In this way, the chemical instructions in 
the zygote are passed on to all cells of the body. All 
the chromosomes, all the genes and, therefore, all the 
'instructions' are faithfully reproduced by mitosis and 
passed on complete to all the cells. 

t: 
~c 
~D 
~E 
~F 
~G 
~H 

~I 

(a) A chromosome 
builds up a replica of 
itself 

(b) When the cell 
divides, the original 
and the replica are 
called chromatids 

(c) Mitosis 
separates the 
chromatids. Each 
new cell gets a full 
set of genes 

Fig. 4 Replication. A, B, C, etc. represent genes. 

Which of the 'instructions' are used depends on where a 
cell finally ends up. The gene which causes brown eyes will 
have no effect in a stomach cell and the gene for making 
pepsin will not function in the cells of the eye. So the gene's 
chemical instructions are carried out only in the correct 
situation. 

Number of chromosomes 
(a) There is a fixed number of chromosomes in each 
species. Man's body cells each contain 46 chromosomes, 
mouse cells contain 40, and garden pea cells 14 (see also 
Fig. 5). 

(b) The number of chromosomes in a species is the same in 
all of its body cells. There are 46 chromosomes in each of 
your liver cells, in every nerve cell, skin cell and so on. 

(c) The chromosomes have different shapes and sizes and 
can be recognized by a trained observer. 

(d) The chromosomes are always in pairs (Fig. 5), e.g. two 
long ones, two short ones, two medium ones. This is 
because when the zygote is formed, one of each pair comes 
from the male gamete and one from the female gamete. 
Your 46 chromosomes consist of 23 from your mother and 
23 from your father. 

(e) The number of chromosomes in each body cell of a plant 
or animal is called the diploid number. Because the 
chromosomes are in pairs, it is always an even number. 

The chromosomes of each pair are called homologous 
chromosomes. In Fig. 7b, the two long chromosomes form 
one homologous pair and the two short chromosomes form 
another. 

kangaroo (12) man (46) 

domestic fowl (36) fruit fly (8) 

Fig. 5 Chromosomes of different species. Note that the 
chromosomes are always in pairs. 

QUESTIONS 
6 How many chromosomes would there be in the nucleus of 
(a) a human muscle cell, (b) a mouse kidney cell, (c) a human skin 
cell that has just been produced by mitosis? 
7 What is the diploid number in humans? 



GAMETE PRODUCTION AND 
CHROMOSOMES 

The genes on the chromosomes carry the 'instructions' 
which turn a single-cell zygote into a bird, or a rabbit or an 
oak tree. The zygote is formed atfertilization, when a male 
gamete fuses with a female gamete. Each gamete brings 
a set of chromosomes to the zygote. The gametes, there­
fore, must each contain only half the diploid number of 
chromosomes, otherwise the chromosome number would 
double each time an organism reproduced sexua lly. Each 
human sperm cell contains 23 chromosomes and each 
human ovwn has 23 chromosomes. When the sperm and 
ovum fuse at fertilization (p. 170), the diploid number of 
46 (23+23) chromosomes is produced (Fig. 6). 
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Fig. 6 Chromosomes in gamete production and 
fertil izntion 

The process of cell division wh.ich gives rise to gametes 
is ditTerent from mitosis because it results in the cells 
containing only half the diploid number of chromosomes. 
This number is called the haploid number and the process 
of cell division which gives rise to gametes is called 
meiosis. 

Meiosis will take place only in reproductive organs. 
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Meiosis 
ln a cell which is going to divide and produce gametes, the 
diploid number of chromosomes shorten and thicken as in 
mitosis. The pairs of homologous chromosomes, e.g. the 
two long ones a nd the two short ones in Fig. 7b, lie 
alongsicle each other ancl, when the nucleus divides fot· the 
first time, it is the chromosomes and not the chromatids 
which are separated. This t·esults in only half the total 
nwnber of ch1·omosomes going to each daughter cell. In 
Fig. 7c the diploid number of four chromosomes is being 
reduced to two chromosomes prior to the first cell division. 

By now (F'ig. 7d), each chromosome is seen to consist of 
two chromatids and there is a second division of the 
nucleus (Fig. 7e) which separates the chromatids in to four 

(a) The chromosomes 
appear. ~rhosc in colour are 
from the organism's mother: 
the black ones are from its 
father 

(c) The nJ.tclear membrane 
disappears and correspond· 
ing chromosomes move apart. 
to opposite ends of the cell 

(e) A second division takes 
place to separate the 
chromatids 

Fig. 7 Meiosis 

(b} Homologous chromo­
somes lie alongside each 
ot.ber 

(d) By now each 
chrOmosome has become two 
chromatids 

(/) Four gametes arc formed. 
Each contains only half the 
original number of 
chromosomes 
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Fig. 8 Meiosis in an anther ( x 1000). The last division of 
meiosis in the anther of a flower produces fom t>ollen grains. 

distinct nuclei (Fig. 7{). This f,>ives rise to four gametes, 
each with the haploid number of chromosomes. Tn the 
anther of a plant, four haploid pollen grains are produced 
when a pollen mother cell divides by meiosis (Fig.£). In the 
testis of an animal, meiosis of each sperm-producing cell 
forms four sperms. In the cells of the ovule of a flowering 
plant or in the ovary of a mammal, meiosis gives rise to 
only one mature fema le gamete. Although four gametes 
may be produced initially, only one of them turns into an 
egg cell which can be fe1-tilized. 

QUESTIONS 
8 What is the haploid number for (a) man, (b) fruit fly? 
9 Which of the following cells would be haploid and which 
diploid: white blood cell, male cell in pollen grai n, guard cell, root 
hair, ovum, sperm, skin cell, egg cell in ovule? 
10 Where in the body of(a) a human male, (b) a human female and 
(c) a flowering plant, would you expect meiosis to be taking place? 
11 How many chromosomes would be present iJl (a) a mouse 
sperm cell , (b) a mouse ovum? 
12 Why are organisms, which are p•·oduced by asexual•·eproduc· 
tion, identical to each other? 

GENES 

The structure of the gene 
The diagram of genes and clll'omosomes given in 
Fig. 3 is greatly over-simplified. Chromosomes 
consist of a protein framework, with the long DNA 
molecule coiled round the framework in a com· 
plicated way (Fig. 9). It is the DNA part of t he 
chromosome which controls the inherited charac· 
ters, and it is sections of the DNA molecule which 
constitute the genes. 

On page 14, the structures of nucleotides and 
nucleic acids wet·e briefly described. DNA is a nucleic 
acid consisting of a long chain of nucleotides joined 

CYTOSINE 

otganic base 

P03 

I GUANINE 
phosphate 

ADENINE 

Fig. 10 Part of a DNA m olecule 

,------- -----Mitosis and meiosis compared----------~ 
Mitosis 

Occurs during cell division of somatic cells. 

A full set of chromosomes is t>assed on to each daughter 
cell . This is the diploid nwnber of chromosomes. 

The chromosomes and genes in each daughter cell are 
identical. 

If new organisms are produced by mitosis in asexual 
reproduction (e.g. bulbs, p. 101) they wi II all resemble 
each other and their parents. They are said to form a 
'clone'. 

Meiosis 

Occurs in the final stages of cell division leading to 
production of gametes. 

Only half the chromosomes are passed on to the 
daughte•· cells, i.e. the haploid number of chromosomes. 

The homologous chromosomes and theil· genes a1·e 
randomly assorted between the gametes. (See p. 235 for 
a fuller exp lanation of this.) 

New organisms produced by meiosis in sexual reproduc· 
tion wi ll s how variations from each other and from thei•· 
pa•·ents. 
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Fig. 9 Simplified model of chromosome structure. '!'his is a '1974 model ', which has been superseded by something much 
more complicated. 

together by their phosphate groups (Fig. 10). 1'he 
phosphate and suga r (deoxyribose) molecules do not 
vary but the bases may be any one of four kinds; 
either adenine, guanine, cytosine or thymine. 

The sequence of bases down the length of the DNA 
molecule forms a code which instructs the cell to 
make particular proteins. Proteins are made n·om 
amino acids linked together (p. 14). The type and 
sequence of the amino acids joined together will 
determine the kind of protein formed. For example, 
one protein molecule may start with the sequence 
alanine-glycine-glycine ... A differen t protein may 
start glycine-serine-alanine ... 

It is the sequence of bases in the DNA molecule 
which decides which amino acids are used and in 
which order they are joined. Each group of three 
bases stands for one amino acid, e.g. the triplet of 
bases cytosine-guanine-adenine (CGA) specifies the 
amino acid alanine; the base triplet cytosine-

The DNA base sequence . .• determines ... the seQuence of 
amino acids in a 
peptide 

Cy tOSIOO 

} adon1ne 

thymine 

VALINE 

cytosine 

} CytOSI08 

adenine 

GLYCINE 

cytosine 

} guamne 

adenine 

ALANINE 

Fig. 11 The genetic code 

adenine- thymine (CAT) specifies the amino acid 
valine, and the triplet (CCA) stands for glycine. 'l'he 
tripeptide, ualine-glycine-alanine would be specified 
by the DNA code CAT- CCA- CGA (Fig. 11). 

A gene, then, is a sequence of triplets of the four 
bases, which specifies an entire protein. Insulin is a 
small protein with only 51 amino acids. A sequence of 
153 (i .e. 3 x 51) bases in the DNA molecule would 
constitute the gene which makes a n islet cell in the 
pancreas produce insulin. Most proteins are much 
larger thnn this a nd most genes consist of a thousand 
or more bases. 

The chemical reactions which take place in a ce ll 
determine what sort of a cell it is and what its 
functions are. These chemical reactions are, in turn, 
controlled by enzymes. Enzymes are proteins. It 
follows, therefore, that the genetic code of DNA, in 
determining which proteins, particularly enzymes, 
are produced in a cell, nlso determines the cell's 
structure and function. Tn this way, the genes a lso 
determine the structure and function of the whole 
organism. 

Genetic engineering 
The genetic code for a great many proteins has been 
worked out in the last 20 years or so, and it is possible 
to syn thesille DNA molecules in the laboratory. It is 
also possible to remove sections of DNA from the 
nuclei of cells, using special enzymes. 

Genetic engineering consists mainly of obtaining 
lengths of DNA from an organism and inserting them 
into other organisms, usually bacteria. For example, 
the gene for human insu lin can be inserted into a bac· 
terium.The bacterium is thus made to produce insttlin 
which can be isolated and purified from the bacterial 
culture and used for treating diabetics (p. 214). 

It must be admitted, however, that though these 
techniques are being successfully developed in the 
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laboratory, they are running into problems when 
production is stepped up to an industrial scale. 
Nevertheless, there are many possible applications of 
genetic engineering in the future. A blood-clotting 
factor (factor Vlll) has been made by genetic 
engineering. This factor is needed by people suffering 
t:rom one form of haemophilia, a genetic disease in 
which the blood fails to clot adequately. 

It may prove possible to insert genes for disease 
resistance into crop plants, or improve the nitrogen· 
fixing process in root nodule bacter ia (p. 251). 
Enzymes may be commercially produced by genetic 
engineering and it may be possible, one day, to 
replace defective human genes with genetically 
engineered normal ones. 

Mutations 
A mutation is a spontaneous change in a gene or a 
chromosome. Any change in a gene or chromosome usually 
has an adverse effect on the cell in which it occurs. If the 
mutation occurs in a gamete, it will affect all the cells of 
the individual which develops from the gamete. Thus, the 
whole organism may be affected. Tfthe mutation occurs in 
a somatic cell (body cell), it will affect only those cells 
produced, by mitosis, from the affected cel l. 

Thus, mutations in gametes may result in genetic 
disorders in the offspring. Mutations in somatic cells may 
give rise to cancers of the affected tissues. 

A mutation may be as small as the substitution of 
one organic base for another in the DNA molecule, 
or as lat·ge as the breakage, loss or gain of a 
chromosome. 

A disease called s ickle -cell anaemia (p. 239) 
results from a defective haemoglobin molecule which 
causes the red blood cells to distort when subjected to 
a low oxygen concentration. The defective haemo· 
globin molecule ditfers from normal haemoglobin by 
only one amino acid, i.e. valine replaces ghttamic 
acid. This could be the result of faulty replication at 
meiosis. When the relevant parental chromosome 
replicated at gamete formation, the DNA could have 
produced the triplet - CAT- (specifies valine) instead 
of -CTT- (specifies glutamic acid). 

An inherited fot·m of mental and physical retardation, 
known as Down's syndrome, results from a chromosome 
mutation in which the ovum carries an extra chromosome. 
'l'he affected child, therefore, has 47 chromosomes in h is o•· 
her cells instead of the normal46. 

Mutations in bacteria often produce resistance to drugs. 
Bacterial cells reproduce very rapidly, perhaps as often as 
once every 20 minutes. Thus a mutation, even if it occurs 
only rarely, is like ly to appear in a large population of 
bacteria. If a population of bacteria, containing one or two 
drug-resistant mutants, is subjected to that particulm· 
drug, the non.resistant bacteria will be killed, but 
the drug-resistant mutants survive. Mutant genes are 
inherited in the same way as normal genes, so when the 
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surviving mutant bacteri~ reproduce, all their offspring 
will be resistant to the drug (Fig. 12). 

Mutations are comparatively rare events; perhaps only 
one in every 100 000 replications results in a mutation. 
Nevertheless they do occur all the time. (There are bound 
to be some mutants in the 200 million sperms produced in 
a human ejaculate.) It is known, however, that exposure to 
ultra-violet light, X-rays, atomic radiation and certain 
chemicals does increase the rate of mutation. 

PRACTICAL WORK 

Squash preparation of chromosomes using 
acetic orcein 
Material Allium cepa (onion) root tips. Support onions 
over beakers or jars of water. Keep the onions in darkness 
for several days until the roots growing into the water are 
2-3 em long. Cut off about 5 mm of the root tips, place them 
in a watch glass and 
1. cover them with 9 drops acetic orcein and 1 drop molar 

hydrochloric acid; 
2. heat the watch glass gently over a very small Bunsen 

flame till the steam rises from the stain, but do not boil; 
3. leave the watch glass covered for at least 5 minutes; 
4. place one of the root tips on a clean slide, cover with 

45 per cent ethanoic (acetic) acid and cut away all but 
the terminal 1 mm; 

5. cover this root tip with a clean cover slip and make a 
squash preparation as described below. 

Making the squash preparation Squash the softened, 
stained root tips by lightly tapping on the cover slip with 

CHECK LIST 
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a pencil: hold the pencil vertically and let it slip through 
the fingers to strike the cover slip (Fig. 13). The root tip 
will spread out as a pink mass on the slide; the cells will 
separate and the nuclei, many of them with chromosomes 
in various stages of mitosis (because the root tip is a region 
of rapid cell division), can be seen under the high power of 
the microscope ( x 400). 

Fig. 13 Tap the cover slip gently to squash the tissue 

QUESTIONS 
13 What peptide is specified by the DNA sequence 
CGACGACATCCACAT? 
14 A mutation in the DNA sequence in question 13 produces a 
valine in place of the glycine. What change in the genetic code 
could have produced this result? 
15 State briefly the connection between genes, enzymes and cell 
structure. 
16 Why is it particularly important to prevent radiation from 
reaching the reproductive organs? 

• In the nuclei of all cells there are thread-like structure called 'chromosomes'. 
• The chromosomes are in pairs; one of each pair comes from the male and one from the female parent. 
• On these chromosomes are carried the genes. 
• The genes control the chemical reactions in the cells and, as a result, determine what kind of organism is 

produced. 
• Each species of plant or animal has a fixed number of chromosomes in its cells. 
• When cells divide by mitosis, the chromosomes and genes are copied exactly and each new cell gets a full 

set. 
• At meiosis, only one chromosome of each pair goes into the gamete. 
• The DNA molecule is coiled along the length of the chromosome. 
o Genes consist of particular lengths of DNA. 
e Most genes control the type of enzyme that a cell will make. 
0 Genetic engineering involves transferring lengths of DNA from one species to another. 
• A mutation is a spontaneous change in a gene or chromosome. Most mutations produce harmful effects. 
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PATTERNS OF INHERITANCE 
Single-factor inheritance: dominant and recessive 
genes. Breeding true: homozygous nnd heterozygous 
individuals. Genotype and phcnotyi>C. Alleles. The 
th r·ee to one ratio: breeding experiments with mice. 
The r-ecessive back-cross: testing for u heterozygote. 
Co-dominance and incomplete dominance. 
Determination of sex: X and Y chromosomes. 

PATTERNS OF INHERITANCE 

A knowledge of mitosis and rn oios is allows us to explain, at 
least to some extent, how heredity wor·ks. The gene in a 
mother's body cells which causes her Lo have brown eyes 
may be present on one of tho chromosomes in each ovum 
she produces. If the father's spe rm cell contuins a gene for 
br:own c~us on Lho currcaponding chr·omosome, the zygote 
w1ll recmve a gene for brown eyes from each parent. These 
genes will be reproduced by mitosis in nll the embryo's 
~dy cells and when the embryo's eyes develop, the genes 
w1ll make the cells of the iris produce brown pigment a nd 
the child will have brown eyes. 

~n a ~imilar way, the ~hild may receive genes for curly 
ha1r. F1gure 1 shows th1s happening, but it does not, of 
course, show all the other chromosomes with thousands of 
genes for producing the enzymes, making different types 
of cell and all the other processes which control the 
development of the organism. 

gene for 
brown eyes 

zvgoto 

f'ig. 1 Fertilization. Fertilization rcstot·cslho diploid 
number of clll'omosomcs and combines the genes from the 
mother and father. 
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APPLIED GENETICS 

Improving crop plants and farm animals. 

Single factor inheritance 
Because it is impossib le to follow the inheritnnce of the 
thousands of chamcteristics contro lled by genes, it is 
usual to start with the study of a single gene which 
controls one chnrnctm·istic. We have used cyo colour ns an 
~xample so far·. P1·obably more than one gene pair is 
mvolved, but tho simplified example will aer·vc our 
purposP.. Ti. wAs <·>xpl n inPn a hove ho w il gene for· ht•own ey<>s 
fTom each par·ent would res ult in the chi ld hoving bmwn 
eyes. Suppose, however, that the mother hns blue eyes ond 
the father brown eyes. The chi ld might receive a gene for 
~lue eyes fr~m its mother and a gene for brown eyes from 
1ts father (F1g. 2). If this happens, the child will, in fnct. 
have brown eyes. The gene for brown eyes is said to be 
dominant_ to the gene_ for blue eyes. Although the gene for 
blue eyes 1s present m all the child's cells, it docs not 
contribute to the eye colour. lt is said to be t·ecessive to 
brown. 

~ 
sp..-m \ 
from ~ 
fa ther \i 

\J 

@ 
zygote 

Fig. 2 Combination of genes in the zygote (only one 
chromosome is shown). 'rhc zygoto hns both ~~~ncs for eye 
colour; the chi ld wi ll have brown eyes. · 



This example illustrates the following important points: 
1. There is a pair of genes for each characteristic, one gene 

from each parent. 
2. Although the gene pairs control the same character, e.g. 

eye colour, they may have different effects. One tries to 
produce blue eyes, the other tries to produce brown eyes. 

3. Often one gene is dominant over the other. 
4. The genes of each pair are on corresponding chromo­

somes and occupy corresponding positions. For example, 
in Fig. 1 the genes for eye colour are shown in the 
corresponding position on the two short chromosomes 
and the genes for hair curliness are in corresponding 
positions on the two long chromosomes. 
In diagrams and explanations of heredity: 

(a) genes are represented by letters; 
(b) genes controlling the same characteristic are given the 

same letter; and 
(c) the dominant gene is given the capital letter. 

For example, in rabbits, the dominant gene for black fur 
is labelled B. The recessive gene for white fur is labelled b 
to show that it corresponds to B for black fur. If it were 
labelled w, we would not see any connection between B 
and w. Band bare obvious partners. In the same way L 
could represent the gene for long fur and I the gene for 
short fur. 

QUESTIONS 
1 Some plants occur in one of two sizes, tall or dwarf. This 
characteristic is controlled by one pair of genes. Tallness is 
dominant to shortness. 

Choose suitable letters for the gene pair. 
2 Why are there two genes controlling one characteristic? Do the 
two genes affect the characteristic in the same way as each other? 
3 The gene for red hair is recessive -to the gene for black hair. 
What colour hair will a person have if he inherits a gene for 
red hair from his mother and a gene for black hair from his 
father? 

Breeding true 
A white rabbit must have both the recessive genes band b. 
If it had B and b, the dominant gene for black (B) would 
override the gene for white (b) and produce a black rabbit. 
A black rabbit, on the other hand, could be either BB or Bb 
and, by just looking at the rabbit, you could not tell the 
difference. When the male black rabbit BB produces 
sperms by meiosis, each one of the pair of chromosomes 
carrying the B genes will end up in different sperm cells. 
Since the genes are the same, all the sperms will have the 
8 gene for black fur (Fig. 3a). 

The black rabbit BB is called a true-breeding black and 
is said to be homozygous for black coat colour ('homo-' 
means 'the same'). If this rabbit mates with another black 
(BB) rabbit, all the babies will be black because all will 
receive a dominant gene for black fur. When all the off­
spring have the same characteristic as the parents, this is 
called 'breeding true' for this characteristic. 

When the Bb black rabbit produces gametes by meiosis, 
the chromosomes with the B genes and the chromosomes 
with the b genes will end up in different gametes. So 50 per 
cent of the sperm cells will carry B genes and 50 per cent 
will carry b genes (Fig. 3b). Similarly, in the female, 50 per 

all sperms 
carry B 

black 
male rabbits 
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(a) TRUE-BREEDING (b) NOT TRUE-BREEDING 

Fig. 3 Breeding true 

cent of the eggs will have a B gene and 50 per cent will have 
a b gene. If a b sperm fertilizes a b egg, the offspring, with 
two b genes (bb), will be white. The black Bb rabbits are 
not true-breeding because they may produce some white 
babies as well as black ones. The Bb rabbits are called 
heterozygous ('hetero-' means 'different'). 

The black BB rabbits are homozygous dominant. 
The white bb rabbits are homozygous recessive. 

QUESTIONS 
4 (a) Read question 3 again. Choose letters for the genes for red 
hair and black hair and write down the gene combination for 
having red hair. 

(b) Would you expect a red-haired couple to breed true? 
(c) Could a black-haired couple have a red-haired baby? 

5 Use the words 'homozygous', 'heterozygous', 'dominant' and 
'recessive' (where suitable) to describe the following gene 
combinations: Aa, AA, aa. 
6 A plant has two varieties, one with red petals and one with 
white petals. When these two varieties are cross-pollinated, all 
the offspring have red petals. Which gene is dominant? Choose 
suitable letters to represent the two genes. 

Genotype and phenotype 
The two kinds of black rabbit BB and Bb are said to have 
the same phenotype. This is because their coat colours 
look exactly the same. However, because they have 
different gene pairs for coat colour they are said to have 
different genotypes, i.e. different combinations of genes. 
One genotype is BB and the other is Bb. 

You and your brother might both be brown-eyed 
phenotypes but your genotype could be BB and his could 
be Bb. You would be homozygous dominant for brown 
eyes; he would be heterozygous for eye colour. 

Alleles 
The genes which occupy corresponding positions on 
homologous chromosomes and control the same character 
are called allelomorphic genes or alleles. The word 
'allelomorph' means 'alternative form'. The genes Band b 
are alternative forms of a gene for eye colour. B and b are 
alleles. 
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There are orten more than two alleles of a gene. The 
humon ABO blood groups (p. 147) are controlled by three 
alleles, I•', I " and i, though only two of these can be present 
in one genotype. 

The three to one ratio 
Figure 4a s hows the result of a mating between a true· 
breeding (homozygous) black mouse (BB), and a true­
breeding (homozygous) brown mouse (bb). The illustration 
is g•·catly simplified because it shows only one pair of the 
20 pairs of mouse chromosomes and only one pair of genes 
on the chromosomes. 

Because black is dominant to brown, all the offspring 
from this mating will be black phenotypes, because they all 
receive a dominant gene for black fur from Lhe father. 
Their genotypes, however, will be Bb because they all 
receive the •·ecessive b gene from the mother. They are 
heterozygous for coat colour. The offspt·ing resulting from 
this first mating are called the F, generation. 

Figure 4b shows what happens when these hetero­
zygous, Jo', black mice are mated together to pt·oduce what 
is culled the F. generation. Each sperm or ovum produced 
by meiosis can contain only one of the genes for coat 
colour, ei ther B or b. So there are two kinds of sperm ce ll, 
one kind wi th the B gene and one kind with the b gene. 
There arc a lso two kinds of ovum with either B orb genes. 
Whtm fprtili~ntion occurs, there is no way of telling 
whether a b or a B spet·m will fe1·tilize a B ora b ovum, so 
we have Lo look at all the possible combinations as follows: 

l. a b sperm ferti lizes a B ovum. Result: bB zygoLe. 
2. a b sperm fertilizes a b ovum. Result: bb zygote. 
3. o B sperm fertilizes a B ovum. Result: BB zygote. 
4. a B sperm ferti li zes a b ovum. Result: Bb zygote. 

'l'hcrc is no difference between bB and Bb, so there a re 
th•·ee possible genotypes in the offspring- BB, Bb and 
bb. There arc only two phenotypes- black (BB or Bb) 
and brown (bb). So, according to the laws of chance, we 
would expect three black baby mice and one brown. Mice 
usually have more than four offspring and what we rea lly 
expect is that the ratio (proportion) of black to brown will 
be c lose to 3:1. 

If the mouse had 13 babies, you might expect nine black 
and four brown, or eight black and five brown. Even if she 
had 16 babies you would notexpectto find exactly 12 black 
and four brown because whether a B or b sperm fertilizes 
a B or b ovum is a matter of chance. If you spun ten coins, 
you would not expect to get exactly five heads and five 
luils. You would not be surprised at six heads a nd four tai ls 
or ovel\ seven heads and three tails. In the same way, we 
would not be smprised at 14 black and two brown mice in 
ll l ilLOI' of 16. 

'l'o decide whether there really is a 3:1 ratio, we need a 
lot of results. These may come either fTom breeding the 
same pai r of mice together for a year or so to produce ma ny 
litters, or from mating 20 black and 20 brown mice and 
adding up the number of black and brown babies in the 20 
families (see also Fig. 5). 
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(a) All the f 1 generation are heterozygous black 
Pig. 4 Inheritance of coat colour in mice 

QUESTIONS 
7 Look at Fig. 4a. Why is there no possibility of getting n 00 or 
a bb combination in the offspring? 
8 In Fig. 4b whul proportion of the F, black mice nrc true· 
breeding? 
9 '1\vo black guinca·pigs arc mated together on scvot·al occasions 
and their offspring III'C invariably black. Howcvct·, when thei r 
black offspring ore mated with white guinea-pigs. half of the 
matings resul t in nil block litters and the other half produce 
littel'S containing equal numbers of black and white babies. 

From these results, deduce the genotypes of the parents and 
explain the results of the various matings. assuming that colour 
in this case is dctcnnined by B single pair of genes (nllclcs). 
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(b) The probable ratio of coat colours in the F. generation is 3 black: 1 brown 

The recessive back-cross 
(test-cross) 
A black mouse could have either the BB·or the Bb 
genotype. One way to find out which, is to cross the 
black mouse with a known homozygous recessive 
mouse, bb. The bb mouse will produce gametes with 
only the t•ecessive b gene. A black homozygote, BB, 
will produce only B gametes. Thus, if the black mouse 
is BB, all the offspring from the cross will be black 
heterozygotes, Bb. 

Half the gametes from a black, Bb, mouse would 
cany the B gene and half would have the b gene. So, 
if the black mouse is Bb, half of the offspring from the 
cross wiU, on average, be brown homozygotes, bb, 
and half wil l be black heterozygotes, Bb. 

The term 'back-cross' refers to the fact that, in 
effect, the black, mystery mouse is being crossed 
with the same genotype as its brown grandparent, 
the bb mouse in Fig. 4a. Mouse ethics and speed of 
reproduction makes the use of the actual grand· 
parent quite feasible! 
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Fig. 5 F, m aize cobs. These arc the F. offspring from a 
breeding experiment using maize instead of mice. One of the 
gene pair for colour g;vcs yellow grains, the other gives dark 
grains. What was the colour of the seeds which produced the 
plants wilh these cobs? 

QUESTION 
10 Two blnck rabbits thought to be homozygous for coat colour 
wcr·c mated and l>roduced a litter which con t.nincd nil black 
bnbios. The r •. however, resulted in ROiliC whit.c bnbica which 
mcantthot one of the grandparents was hot.crozygous for coat 
colour. How would you find out which p31'cnc. wus heLCI'OZygous? 

Co-dominan ce and incomplete 
dominance 
Co-dominance If both genes of an allelomorphic pair 
produce their effects in an individual (i.e. neither gene 
is dominant to the other) the genes arc said to be co­
dominant. 

The inheritance of the human ADO blood groups 
includes an example of co-dominance. On page 147 it was 
explained that, in the ABO system, there are four 
phenotypic blood groups, A, B, AB and 0. The genes for 
gr·oups A a nd B m·eco-dominant. Tfa per·son inher·itsgenes 
for group A and group B, half his r·ed cells will can·y t he 
antigen A und half will carry the antigen B. 

However, the genes for groups A nnd B are both 
completely dominant to the gene for group 0. (Croup 0 
people have neither A nor B antigens on their red cells.) 

Table I shows the genotypes and phenotypes for the 
ABO blood groups. (Note that the gene for group 0 is 
sometimes represented as i and sometimes as JO). 

Table 1 The ABO blood g roups 

Ge11otype Blood Group 
(phenotype) 

JA{A or Pi A 
[ II( II or I 8 i B 

) Alii i\B 
ii o· 

Since the genes for groups A and Bare dominant to that 
for group 0, a group A person could have the genotype 
JAJA or JAi. Similarly a group B person could be I"I" or Jllj, 
There are no alternative genotypes for groups AB and 0. 

I n complete domina nce This term is sometimes ucken 
to mean the same as 'co-dominance' but, strictly, it applies 
to a case where the effect of the recessive gene is not 
completely masked by the dominant gene. 

An example occurs with sickle-cell anaemia (p. 239). If n 
person inherits both recessive genes (H!)SHbS) for sickle· 
ce ll haemoglobin, then he or she will show manifest signs 
of the cliscase, i.e. distortion of the red cells leading to 
severe bouts of anaemia. 

A heterozygote (HbAHbS), however, wi ll have n con­
dition ca lled 'sickle-cell trait'. Although there may bo mi ld 
symptoms of llnllcmia the condition is not serious or life­
threatening. In this case. the normal haemoglobin gene 
(HbA) is not completely dominant over the recessive (HbS) 
gene. 

QUESTIONS 
l1 What are the possible blood groups likely to be inherited hy 
children born to a group A mother and a group B father? Explain 
your l"easoning. 
12 A woman of blood gr·oup A claims that a man of blood grout) 
AB is t he father of her· child. A blood test reveals lhal the child's 
blood gr·oup is 0. Is it r>ossiblo that the woman's claim is corr·ect? 
Could the father have been n group B man? Explain your 
reasoning. 
13 A red cow has a gene pair for red hairs. A while bull has n gene 
pair for white hnir·s. If o red cow and a white bull are mated, the 
offspring arc all'roon', i.e. they have red and white hairs cqunlly 
distributed over their body. 

(a) Is ~his on example of co-dominance or incomplccc 
dominance? 

(b) Whn~ con~ colours would you expect among the offspring 
of n mating between two roan cattle? 

Determination of sex 
Whether you are a male or female depends on one 
particular pai1· of ch1·omosomes called the 'sex chromo· 
somes'. In females, the two sex chromosomes. called l.he 
X chromosomes, are the same s ize as each other·. In mH ios. 
the two sex ch romosomes are of differen t s izes. One 
corresponds to the female sex chromosomes and is ca lled 
the X chromosome. The other is smaller and is called tho 
Y chromosome. So the female genotype is XX and the male 
genotype is XY. 

When meiosis takes place in the female's ovary, each 
ovum receives one of the X chromosomes, so all the ova nrc 
the same for this. Meiosis in the male's testes results in 
50 per cent of the sperms getting an X chromosome and 
50 per cent getting a Y chromosome (Fig. 6). If an X sperm 
fertili1.es the ovum, the zygote will be XX and will grow 
into a girl. If a Y sper·m ferti lizes the ovum, the zygote will 
be XY and will develop into a boy. There is an equa l chuncc 
of an X or Y chr·omosome fertilizing an ovum, so the 
numbers of girl and boy babies at·e more or less the snmc. 

QUESTION 
14 A married couple has four boirl children but no boys. This docs 
not mean that the husband produces only X sperms. Explain why 
nol. 



APPLIED GENETICS 

Tt is possible for biologists to use their knowledge of 
genetics to produce new varieties of plants and animals. 
For example, suppose one variety of wheat produces a lot 
of grain but is not resistant to a fungus disease. Anothe•· 
variety is resistant to the disease but has only a poor yield 
of g•·ain. If these two varieties are cross·poll inated (Fig. 7), 
the F, offspring should be disease·resista nt and give a good 
yield of grain (assuming that the useful characteristics arc 
controlled by dominant genes). 

R represents a dominant gene for resistance to diseuse, 
and r is the recessive gene for poor resistance. H is a 
dominant gene for high yield and his the recessive gene for 
low yield. The high·yield/low·resistance variety (HHrr) is 
crossed with the low yield/high·resistance variety (hhRR). 
Each pollen grain from the HHrr plant will contain one H 
and one r gene (Hr). Each ovule from the hhR R plant will 
contain an h and an R gene (hR). The seeds will, therefore, 
all be HhRr. The plants which grow from these seeds will 
have dominant genes for both high yield and good disease 
resistance. 

The offspring from crossing two varieties a1·e culled 
hybrids. If the F, hybrids from this cross bred true, they 
could given new variety ofdisease·resisting, high-yield ing 
wheat. As you learned on page 230, the F, genenltion from 
a cross does not necessarily breed true. T he F 2 generation 
of wheat may contain: 

1. high yield, disease resistant 
2. low yield, disease prone 
3. low yield. disease resistant } parental 
4. high yield, disease prone types 

This would notgivesuch a successful crop as the F1 plants. 
With some commercial crops, the increased yield from 
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the F , seed makes it worth while for theseedsrnan to make 
the cross and sell the seed to the growers. The hybrid corn 
(maize) grown in America is one example. The F, hybrid 
gives nearly twice the yield of the standard varieties. 

In other cases it is possible to work out a cross-breeding 
programme to produce a hybrid which breeds true (Fig. 8). 
If, instead of the HhRr in Fig. 7 an HHRR could be 
produced, it would breed t1·ue. 
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Fig. 7 Combining useful characteristics 
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An important part of any breeding programme is the 
selection of the desired varieties. The largest fruit on a 
tomato plant might be picked and its seeds planted next 
year. In the next generation, once again onJy seeds from 
the largest tomatoes are planted. Eventually it is possible 
to produce a true-breeding variety of tomato plant which 
forms large fruits. Figure 8 (p. 239) shows the result of such 
selective breeding. 

The same principles can be applied to farm animals. 
Desirable characteristics, such as high milk yield and 
resistance to disease, may be combined. Stock-breeders 
will select calves from cows which give large quantities of 
mi lk. These calves will be used as breeding stock to build 
a herd of high yielders. A characteristic such as milk yield 
is probably under the control of many genes. At each stage 
of selective breeding the farmer, in effect, is keeping the 
beneficial genes and discarding the less useful genes from 
his animals. 

Selective breeding i.n farm stock can be slow and 
expensive because the animals often have small numbet·s 
of offspring and breed only once a year. 

QUESTIONS 
l5 Suggest some good characteristics that an animal-breeder 
might try to combine in sheep by mating different varieties 
together. 
l6 A variety ofbal"ley has a good car of seed but has a long stalk 
and is easily blown over. Another variety has a shor·t, sturdy stalk 
but a poor ear of seed. 

Suggest a breeding programme to obtain and select a new 
variety which combined both of the useful characteristics. 

Choose letters to represent the genes and show the genotypes 
of the parent plants and their offspring. 

CHECK LIST 

Fig. 8 The genetics of bread wheat. A primitive wheat (a) 
wns crossed with a wild gmss (b) to produce a better-yielding 
hybrid wheat (c). The hybrid wheat (c) was crossed with 
another wild grass (d) to produce one of the varieties of wheat 
(e) which is used for making flour and bread. 

• In breeding experiments, the effect of only one ot· two genes (out of thousands) is s tudied, e.g. colour of 
fur in rabbits or mice. 

• The genes are in pairs, because the chromosomes are in pairs . 
• Although each gene pair controls the same character, they do not necessarily have the same effect. For 

example, of a pair of genes controlling fur colout·, one may try to produce black fur and the ot her may try 
to produce white fur. 

• Usually, one.gene is dominant over the other, e.g. the gene (B) fot· black fur is dominant over t h e gene (b) 
for white fur. 

• This means t hat a rabbit with the gene pait· Bb will be black even though it has a gene fot· white fur. 
• Although BB rabbits and Bb rabbits are both black, only the BB rabbits will breed true. 
• Bb black rabbits mated together are likely to have some white babies. 
• The expectation is that, on average, there will be one white baby rabbit to every three blacks. 
• Meiosis is the kind of cell division that leads to production of gametes. 
• Only one of each chromosome pair goes into a gamete. 
• A Bb rabbit would produce two kinds of gametes for coat colour; 50 per ce nt of the gametes would have 

the B gene and 50 per cent would have the b gene . 
• In some cases, neither one of a pair of genes is fully dominant over the otheL This may be called 

incomplete dominance or co-dominance. 
• Sex, in mammals, is determined by the X andY chxomosomes. Males are XY; females are XX. 
• A knowledge of genetics enables breeders to produce new val'ieties of plants or animals. 
• Cross-breeding two varieties enables beneficial genes from both to be brought together in a new variety. 
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VARIATION 

New gene combinations and mutations. Meiosis and 
new gene combinations. Discontinuous variation: 
distinct differenc.es. Continuous variation: graduated 
differences. Interaction of genes and environment. 

VARIATION 

The term 'variation' refers to observable differences 
within a species. All domestic cats belong to the same 
species, i.e. they can a ll interbreed, but there are many 
variations of size, coat colour, eye colour, fur length, etc. 

Those variations which can be inherited are determined 
by genes. They are genetic or heritable variations. 

There are also variations which are not heritable, but 
determined by factors in the environment. A kitten which 
get~ inRuffieirmt foorl w ill not grow to the Rame Rize as its 
litter mates. A cat with a skin disease may have bald 
patches in its coat. These condit ions are not heritable. 
They are caused by environmental effects. 

Similarly, a fair-skinned person may be able to change 
the colour of his skin by exposing it to the sun, so getting 
a tan. The tan is an acquired characteristic. You cannot 
inherit a sun tan. The dark skin of a negro, on the other 
hand, is an inherited characteristic. 

Many features in plants and animals are a mixture of 
acquired and inherited characteristics (Fig. 1). For 
example, some fair-skinned people never go brown in the 
sun, they only become sunburned. They have not inherited 
the genes for producing the extra brown pigment in their 
skin. A fair-skinned person with the genes for producing 
pigment will only go brown if he exposes himself to 
sunlight. So his tan is a resu lt of both inherited and 
aCQuired characteristics. 

Heritable variation may be the resu lt of mutations 
(p. 226), or new combinations of genes in the zygote. 

New combinations of genes If a grey cat with long fur is 
mated with a black cat with short fur, the kittens will all be 
black with short fur.lfthese offspring are mated together, 
in due course the litters may include four varieties: 
black- short, black- long, grey- short and grey-long.1'wo of 
these are different from either of the parents. (See 'Meiosis 
and new combinations of characteristics' below.) 

Mutations Many of the coat variations mentioned 
above may have arisen, in the first place, as mutations in 
a wild stock of cats. A recent variant produced by a 
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NATURAL SELECTION 

The selection of more efficient varieties. Peppered 
moth: selection of the diffeo·ent forms. Sickle-cel l 
anaemia: selection in different environments. 
Artificial selection for improved breeds. 

mutation is the 'rex' variety, in which the coat has curly 
hairs. 

Many of our high-yielding crop plants have arisen as a 
resu ltofmutations in which the whole chromosome set has 
been doubled. 

Meiosis and new combinations of 
characteristics 
On page 223 it was explained that, during meiosis, 
homologous chromosomes pair up and then at the first 
nuclear diviaion, separate again. 

One of the homologous chromosomes comes from the 
male parent and the other from the female parent. The 
genes for a particular characteristic occupy identical 
positions on the homologous chromosomes but they do not 
necessarily con tro l the characteristic in the same way. 

north side, upper branches south side. upper branches 

.F ig . 1 Acquired cha r acteristics . These apples have all been 
picked from different parts of the same tree. All the apples have 
the same genotype, so the differences in size must have been 
caused by environmental effects. 
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The gene for eye colour will be in the same position on the 
maternal and paternal chromosome but, in one case, it may 
be the gene for brown eyes and in the other case, for blue 
eyes. Separation of homologous chromosomes at meiosis 
means that the genes for blue and brown eyes will end up 
in different gametes (Fig. 2). 

On a second pair of homologous chromosomes there 
may be allelomorphic genes for hair curliness (C=curly; 
c = straight). These chromosomes a nd their genes will also 
be separated at the first division of meiosis. 

Suppose a father has brown eyes and straight hair, and 
a mother bas blue eyes and curly hair. Also suppose that 
the father is heterozygous for eye colour (Bb) and the 
mother is heterozygous for hair curliness (Cc). 

In the mother's ovary, the b and b genes will be 
separated at the first division of meiosis and so will the C 
and c genes. The b gene could finish up in the same gamete 
as either the C or c gene. So, the genotype of the ovum 
could be either bC or be. 

Similarly, meiosis in the father's testes will produce 
equal numbers of Be and be gametes. 

At fertilization, it is a matter of chance which of the two 

sperm mother cell ovum mother cell 

(a) Parental gcnotYJ>eS 

(b) Possible gene combinations in gametes 

~ s G G 

~ 
(1) (2) 

Bb Bb 
Cc cc 

~ 
(3) (4) 

b b bb 
Cc cc 

(c) Possible combinations of genes in the children 

Fig. 2 New combinations of characteristics 

types of sperm ferti lizes which of the two types of ovum. 
(Although usually only one ovum is released, there is a 
50:50 chance of its being bC or be.) 

The gl"id in Fig. 2c shows the possible genotypes of the 
children in the family. 

Offspring (2) and (3) would have the same combination of 
characteristics as their parents: (2) has brown eyes and 
straight hair (father's phenotype), and (3) has blue eyes 
and curly ha ir (mother's phenotype). Offspring (I) and (1), 
however, would have different combinations of these two 
characteristics; combinations which are not present in 
either parent, namely, (1) brown eyes and curly hair, {4} 
blue eyes and straight hair. 

The separation of parenta l chromosomes at meiosis anrl 
their r·ecombination at fertilization bas thus introduced 
the possibility of new combinations of characteristics. It 
occurs because the homologous chromosomes derived 
from one parent do not all go into the same gamete, but 
move independently of each other. 

This t·ecombination of characteristics as a result of 
meiosis is important for plant and animal breeding 
programmes as described on page 233. It is also important 
as a source of variation for natural selection to act on, as 
described on page 237. 

Meiosis takes place only at gamete formation and this is 
an essential feature of sexual reproduction. Tt can be 
claimed, therefore, that one of the important biological 
advantages of sexual r·eproduction is the production of 
new var·ieties which might be more successful than 
existing varieties. 

QUESTIONS 
1 Which of the following do you thi nk are (a) mainly inhcr·itcd 
characteristics, (b) mainly acquired characteristics or (c) a more 
or less equal mixture: manual skills, facial featur·es, body bui ld, 
language, ath leticism, abi lity to tall<? 
2 (a) Bearing in mind the role of the sex chromosomes, suggest 
two other new variations which might occur among the chilch·en 
in the example given above. 

(b) In the example given above, if the mother had been 
homozygous for hair curliness and the father had been 
homozygous for eye colour, is there a possibility of new 
combinations of those chnracters in the offspring? 
3 What new combinations of characters axe possible as a result 
of crossing a tall plant with yellow seeds (TtYy) with a dwarf 
plant with b'l"een seeds (ttyy)? 
4 What m·c the environmental effects which might have caused 
the variation in apple size in Fig. 1? 

Discontinuous variations 
These are variations under the control of a single gene pair 
or a small number of genes. The variations take the form of 
distinct, alternative phenotypes with no intermediates . 
The mice in Fig. 4 on page 230 are either black or brown; 
there are no intermediates. You are either ma le or female. 
Apart from a small number of abnormalities, sex is 
inherited in a discontinuous way. 

Discontinuous vm·iations cannot usually be altered by 
the environment. You cannot change your blood group or· 
eye colour by altering your diet. A genetic dwarf cannot 
grow taller by eating more food. 
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there are no inte nnedintes. 

Fig. 3 Discontinuous and continuous variation 

Continuous variation 
'l'het·e are no distinct categories of height; people are not 
either tall or short. There are a ll possible intermediates 
between very short and very ta II. This is a case of 
continuous variation (Fig. 3b). 

Continuously variable characteristics are usually con· 
trolled by several gene pairs. There might be five pairs of 
genes for height- (Hh), (Tt), (Ll), (Ee) and (Gg)-each 
dominant gene adding 4 em to yom· height. If you inherited 
all ten dominant genes (HH, TT, etc.) you could be 40 em 
taller than a person who inherited all ten recessive genes 
(hh, tt, etc.). 

The actual number of genes which control height, 
in telligence and even the colour of hair and skin, is not 
known. 

Continuously variable characteristics are greatly in· 
Auenced by the environment. A person may inherit genes 
for tallness and yet not get enough food to grow tall. A 
plant may have the genes for large fruits but not get 
enough water, minerals or sunlight to produce la rge fruits. 
Continuous variations in human populations, such as 
height, physique and intelligence are always the result of 
interaction between the genotype and the environment. 

There are many characteristics which are difficult to 
classify as either wholly continuous or discontinuous 
variations. Human eye colour has already been mentioned. 
People can be classified roughly as having blue eyes or 
brown eyes, but there are also categories described as grey, 
hazel or green eyes. Probably there is a smal l number of 
genes for eye colour and a dominant gene for brown eyes 
which overrides all the others when it is present. S imila rly, 
red hair is a discontinuous variation but it is masked by 
genes for othet· colours and there is a continuous range of 
hair colour from blond to black. 
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58 60 62 64 66 68 70 72 74 76 

Height in inches 

(b) Continuous variation. Heights of 90 000 recruits in 1939. The 
apparent 'steps' in the distribution nrc the resu lt of arbitrarily chosct\ 
categories, differing in he ight by one inch. But heights do not differ by 
exactly one inch. lfmcasurc mcnts cou ld bo made accurately to the 
neare-s t millime tre. tJ\tuc would be a smooth curve like the one shown 
in colour. 

QUESTION 

5 Which of the following would you expect to be inherited in (a) 
a continuous way and (b) o discontinuous way: presence ofhoms 
in sheep, black colour in cats, number of seeds in an ear of wheat, 
size of apples, colour of roses, ability to sing, physical strength? 

NATURAL SELECTION 

Theories of evolu tion have been put forward in various 
forms for hundreds of years. In 1858, Charles Darwin and 
Alfred Russel Wallace publ ished a theory of evolution by 
natural selection which is sti ll an acceptable theory today. 

The theory of natural selection suggests that 
1. Individuals within a s pecies are all slightly different 

from each other (Fig. 4). These differences are called 
variations. 

2. If the climate or food supply changes, some of these 
variations may be better able to survive than others. A 
variety of animal that could eat the leaves of shrubs as 
well as grass would be more likely to survive a dt·ought 
than one which fed only on grass. 

3. If one variety I i ves longer than others, it is a lso likely to 
leave behind more offspring. A mouse that lives for 12 
months may have ten li tters of five babies (50 in all) . A 
mouse that lives for 6 months may have only five litters 
of five babies (25 in a ll). 

4. If some of the offspring inherit the variation that helped 
the parent survive better, they too will live longer and 
have more offspring. 

5. In time, this particular variety will outnumber and 
finally replace the original variety. 
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Thomas Malthus, in 1798, suggested that the increase in 
the size of the human population would outstrip the rate of 
food production. He predicted that the number of people 
would eventually be regulated by famine, disease and war. 
When Darwin read the Maltbus essay, he appl ied its 
principles to other populations of living organisms. 

He observed that animals and plants produce vastly 
more offspring than can possibly survive to maturity and 
he reasoned that, therefore, there must be a 'stnaggle for 
survival'. 

For example, if a pair of rabbits had eight offspring 
which grew up a nd formed four pail'S, eventually having 
e ight offspring per pair, in four generations the number 
of rabbits stemming from the original pair would be 512 
(i .e. 2 --> 8-+ 32-+ 128--> 512). The population of rabbits, 
howeve1·, remains more or less constant. Many of the 
offspring in each generation must, therefore, have failed to 
suJ·vive to reproductive age. 

Competit ion and selection There will be competition 
between members of the rabbit population for food, 
burrows and mates. If food is scarce, space is short and 
the number of potential mates limited, then only the 
healthiest, most vigorous, most fertile and otherwise well­
adapted rabbits wi ll survive and breed. 

The competition does not necessari ly involve direct 
conflict. The best adapted rabbits may be able to run faster 
from predators, digest their food more efficiently, have 
larger litters or grow coats which camouflage them better 
or more effectively reduce heat losses. These rabbits will 
survive longer and leave more offspring. II' the offspring 

inherit the advantageous characteristics of their parents, 
they may give rise to a new race of faster, different 
coloured, thicket· funed and more fertile rabbits which 
gradually replace the original, less well-adapted va rieties. 
'!'he new variations are said to have s urvival value. 

This is natural selection; the better adapted varieties are 
'selected' by the pressures of the environment (selection 
pressures). 

For natural selection to be effective, the variations have 
to be heritable. Variations which are not heritable are of 
no value in natural selection. Training may give athletes 
increased lung capacities and more efficient muscles, but 
these characteristics will not be passed on to their 
chi ldren. 

Evolution Most biologists believe that natural se lec· 
tion, among other processes, contributes to the evolution 
of new species and that the great variety of living 
organisms on the Earth is the product of mill ions of years 
of evolution, involving natural scl'!ction. 

The peppered moth 
A good example of natural selection is provided by a 
species of moth called the peppered moth. The common 
form is speckled but there is also a variety which is black. 
The black variety was rare in 1850, but by 1895 in the 
Manchester area its numbers had risen to 98 per cent of the 
population of peppered moths. Observation showed that 
the light variety was concealed better than the dark 

Fig. 4 Variation. The gaa·den tiger 
moths in this picture are all from the same 
family. 'rherc is a lol of variation in the 
pattern on the wings and abdomen. 

Fig. 5 Selection for varieties of the 
peppered motb 

(b) The two forms arc resting on a tree 
trunk which has no lichen and whose 
bark is darkened with soot. Which form 
is more likely to be taken by n bird? 

(a) A light moth and n dark one ru·e 
resting on a lichen-covered Lree trunk. 
Which is better hidden'? 



variety when they rested on tree-trunks covered with 
lichens (Fig. 5). In the Manchester area, pollution bad 
caused the death of the lichens and the darkening of the 
tree-trunks with soot. Ln this industrial area the dark 
variety was the better camouflaged (hidden) of the two and 
was not picked off so often by birds. So the dark variety 
survived better, leftmoreoffspring and nearly replaced the 
light form. 

The selection pressure, in this case, was predation by 
bir·ds. The adaptive variation which produced the selective 
advantage was the dark colour. 

S ickle-cell anaemia 
This condition has a lready been mentioned on page 232. 
A person with sickle-cell disease has inherited two 
recessive genes (HbSHbS) for defective haemoglobin. The 
distortion and destruction of the red cells which occurs 
in low oxygen concentrations leads to bouts of severe 
anaemia (Fig. 6). 

' 
J 

• 
otJ\ • 

Fig. 6 Sickle-cell a.naemin. At low oxygen concentrati"on 
the red cells become distorted. 

Tn many African countries, sufferers have a reduced 
chance of reaching reproductive age and having a family. 
There is thus a selection pressure which tends to remove 
the homozygous recessives from the population. In such a 
case, you might expect the harmful HbS gene to be selected 
out of the population altogether. However, the hetero­
zygotes (Hb'1Hb5) have virtually no symptoms of anaemia 
but do have the advantage that they are more resistant to 
malaria than the homozygotes HbAHb•. 

The selection pressure of malaria, therefore, favours the 
heterozygotes over the homozygotes and the potentially 
harmful Hb9 gene is kept in the population (Fig. 7). 

When Africans migrate to countries where malaria does 
not occur, the selective advantage of the HbS gene is lost 
and the frequency ofthegene in the population d iminishes. 
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reduced survival; 
selected against 
by malaria 

Hb.Hb' X Hb.Hb' 

Hb•Hb5 

positive selection 
due to malaria 
resistance 

Fig. 7 Selection in s ickle-cell disease 

Artificial selection 
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Human communities practise a form of selection when 
they breed plants and animals for specific characte.-istics. 
The many varieties of dog that you see today have been 
produced by selecting individuals with short legs, curly 
hair, long ears, etc. One of the puppies in a litter might 
vary from the others by having longer ears. This 
individual, when mature, is a llowed to breed. From the 
offspring, another long-eared variant is selected for th e 
next breeding stock, and so on, until the desil·ed or 
'fashionable' ear length is established in a true-breeding 
population. 

Fig. 8 Selective breeding in tomatoes. Different breeding 
programmes have selected diJTe•·ent genes for fruit size, colour 
and shape. Simi lar processes have given rise to mosl of our 
cultivated plants and domesticated animals. 

More important are the breeding programmes to 
improve agricu ltura l livestock or crop pla nts. Animal­
breeders will select cows for their high milk yield, s heep for 
their wool quality, pigs for their long backs (more bacon 
rashers). Plant-breeders will select varieties for their high 
yield and •·esistance to fungus diseases (Fig. 8). (Seep. 233.) 

QUESTIONS 
6 What features of a bird's appearance and behaviour do you 
think might help it compete for a mate? 
7 What selection pressures do you think might be operating on 
the plants in a lawn? · 
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CHECK LIST 
• Variations within a species may be inherited or acquired. 
• Inherited variations arise from different combinations of genes or from mutations. 
• At meiosis the maternal and paternal chromosomes are randomly distributed between the gametes. 
• Because the gametes do not carry identical sets of genes, new combinations of genes may arise at 

fertilization. 
• Discontinuous variation results, usually, from the effects of a single gene pair, and produces distinct and 

consistent differences between individuals. 
• Discontinuous variations cannot be changed by the environment. 
• Continuous variations are usually controlled by a number of genes affecting the same characteristic. 
• Continuous variation can be influenced by the environment. 
• Members of a species compete with each other for food and mates. 
• Some members of a species may have variations which enable them to compete more effectively. 
• These variants will live longer and leave more offspring. 
• If the beneficial variations are inherited, the offspring will also survive longer. 
• The new varieties may gradually replace the older varieties. 
• Natural selection involves the elimination of the less well-adapted varieties by the pressure of the 

environment. 
• Artificial selection is used to improve commercially useful plants and animals. 

Examination Questions 
Section 4: Genetics and Heredity 

Do not write on this page. Where necessary copy drawings, 
tables or sentences. 

1 Hereditary material is transferred from 'mother' to 'daughter' 
cells chiefly in the form of 

A cytoplasm D nucleolus 
B chromosomes E nuclear membrane 
C plastids (Cl) 

2 If the body cells of a fish contain 24 chromosomes, the sperm of 
this fish will contain 

A 24 chromosomes 
B 48 chromosomes 

C 12 chromosomes 
D 6 chromosomes (N) 

3 If B represents the dominant eye colour brown and b represents 
the recessive eye colour blue, the genotypes of the brown-eyed 
parents who produced a blue-eyed child would be 

A BB and bb C bb and bb 
B BB and Bb D Bb and Bb (N) 

4 In rats, if black is dominant to white and 100 pairs of hybrid 
black rats are mated, the F1 generation will be 

A all black D 1 black : 1 white 
B all white E 3 black : 1 white 
C all grey (Cl) 

5 Identical twins are formed when 
A one egg is fertilized by two sperms 
B two eggs are fertilized at the same time 
Can unfertilized egg divides into two 
D a zygote separates into two (N) 

6 Diagram A shows the nucleus of an animal cell at the start of 
reduction division (meiosis). 

(a) Name an organ where meiosis takes place. 
(b) Name the structures shown inside the nucleus. 
(c) Complete diagram B to show a nucleus produced after the 

reduction division. (W) 

7 68% of humans can roll their tongues (into aU-shape) and 32% 
cannot. This characteristic is controlled by a single pair of alleles 
represented by T and t. 

(a) Using these symbols indicate the possible genotypes in a 
human population. 

(b) If Tis the dominant allele which of the genotypes would be 
tongue rollers? 

(c) Two parents who are tongue rollers produce some children 
who cannot roll their tongues. Write down the genetic diagram 
for this inheritance based on the following pattern. 

Parents (P) ........................................ x ....................................... . 
Gametes ........................................................................................ . 
First filial generation (Fl) 

genotypes .................................................................................. . 
phenotypes.~ .............................................................................. .. 

(C/EA) 



SECTION 5 
ORGANISMS AND 

THEIR ENVIRONMENT 



26 The Interdependence of 
Living Organisms 

FOOD CHAINS AND FOOD WEBS 
Pyramids of numbers, recycling. 

THE CARBON CYCLE AND NITROGEN CYCLE 

THE WATER CYCLE 

'Interdependence' means the way in which living organ­
isms depend on each other in order to remain alive, grow 
and reproduce. For example, bees depend for their food on 
pollen and nectar from flowers. Flowers depend on bees 
for pollination (p. 83). Bees and flowers are, therefore, 
interdependent. 

FOOD CHAINS AND FOOD 
WEBS 

One important way in which organisms depend on each 
other is for their food. Many animals, such as rabbits, feed 
on plants. Such anima lS are called herbivores. Animals 
called carnivores eat other animals. A predator is a 
carnivore which kills and eats other animals. A fox is 
a predator which preys on rabbits. Scavengers are 
carnivores which eat the dead remains of animals killed 
by predators. These are not hard and fast definitions. 
Predators will sometimes scavenge for their food and 
scavengers may occasionally kill living animals. 

F ood cha ins 
Basically, all animals depend on plants for their food. 
Foxes may eat rabbits, but rabbits feed on grass. A bawk 
eats a lizard, tho lizard has just eaten a grasshopper but the 
grasshopper was feeding on a grass blade. '!'his relation­
ship is called a food chain (Fig. 1). 

The organisms at the beginning of a food chain are 
usually very numerous while the animals at the end of the 
chain are of\en large and few in number. The food 
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MANURING AND CROP ROTAT10N 

TYPES OF NUTRITION 

Autotrophs, heterotrophs, parasites. symbionls. 

ENERGY FLOW IN AN [COSYSTEM 

Fig. 1 A food choin . The blue tit eats the c.nterpillnr but moy 
fall prey lo the kestrel. 



pyramids in Fig. 2 show this relationship. There will be 
mi ll ions of microscopic, single-celled green plants in a 
pond (Fig. 3a). These will be eaten by the larger but less 
numerous water-fleas and other crustacea (Fig. 3b}, which 
in turn will become the food of small fish, like minnow and 
stickleback. The hundreds of small fish may be able to 
provide enough food for only four or five large carnivores, 
like pike or perch. 

The organisms at the base of the food pyramids in Fig. 2 
are plants. Plants produce food from caa7bon dioxide, water 
and salts (see 'Photosynthesis', p. 44), and are, therefore, 
called producers. The animals which eat the plants are 
called primary consumet·s, e.g. beetles. Animals which 
prey on the plant-eaters are called secondary con­
sumers, e.g. shrews, and these may be eaten by ter tia ry 
consumers, e.g. weasels or kestrels (Fig. 4). 

The position of an organism in a food pya·amid is 
sometimes called its trophic level. 

Pyramids of numbers and 
biomass 
The width of the bands in Fig. 2 is meant to represent 
the relative number of organisms at each trophlc 
level. So, the diagrams are sometimes called pyra­
mids of numbers. 

However, you can probably think of situations 

(a) Lund 

Fig. 2 Examples of food pyramids 

(a) PhyLOplnnkto n ( x 100). Thcso microscopic plnnts form Lho basis of n 
food py ramid in the wuter. 
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where a pyramid of numbers would not show the same 
effect. For example, a single sycamore tree may 
provide food for thousands of greenfly. One oak tt·ee 
may feed hundreds of caterpillm·s. In these cases the 
pyramid of numbers is upside-down. 

The way round this problem is to consider not the 
single tree, but the mass of the leaves that it produces 
in the growing season, and the mass of the insects 
which can live on them. Biomass is the term used 
when the mass of living organisms is being con­
sidered, and pyramids of biomass can be constructed 
as in Fig. 18, p. 252. 

An alternative is to calculate the energy available 
in a year's supply ofleaves and compare this with the 
energy needed to maintain the population of insects 
whlch feed on the leaves. This would produce a 
pyra mid of energy, with the producers at the 
bottom having the greatest amount of energy. Each 
successive trophic level would show a reduced 
amount of energy. 

Later in the chapter, the recycling of matter is 
discussed. The elements whlch make up Jiving 
organisms are recycled, i.e. they are used over and 
over again. This is not the case with energy which 
flows £rom producers to consumers and is eventually 
lost to the atmosphere as heat. (See 'Energy Flow', 
p. 251.) 

(b) Zooplankton ( x 20). These crust.nccn will cat microscopic plan ts. 

Fig. 3 Plankton. The microscopic organisms which live in the surface waters of the sea or fresh water are called, collectively, 
tllankton. The single-celled plants (seep. 327) are the phytoplankton. 1'hey arc surrounded by water, snits and dissolved cnrbon 
dioxide. Their chloroplasts absorb sunlight and use its energy for making food by photosynthesis. The phytoplankton is eaten by 
small animals in the zooplankton, mainly crustacea (sec p. 336). Small fish will eat the crustacea. 
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F ig. 4 The Kest rel; a secondary or tertiary consumer 

beetle 

Fig. 5 A food web 

Food webs 
Food chains ore not really as straightforward as described 
above, because most animals eat mo•·e than one type of 
food. A fox, fo•· example, does not feed entil·ely on rabbits 
but takes beotlos, rats and vo les in its diet,. To show these 
relationships more accurately, a food we b can be drawn 
up (Fig. 5 and fo'ig. 1, p. 265). 

The food webs for land, sea and fresh water, or for ponds. 
rivers and streams will aiJ be different. Food webs will also 
change with the seasons when the food supply changes. 

If some event interferes with a food web, all the 
organisms in it are affected in some way. For example, if 
the rabbits in Fig. 5 were to die out, the foxes, owls and 
stoats would eat mot·e beetles and mts. Something like this 
happened in 1954 when the disease myxomatosis wiped out 
nearly all tho rabbits in England. Foxes ate more voles, 
beetles and even blackberries, and attacks on lambs and 
chickens increased. Even the vegetation was affected 
because the t.·cc seedlings which the rabbits used to nibble 
off were allowed to grow. As a result, woody scrub­
land started to develop on what had been grassy downs. 
Figure 6 shows a similar effect. 

vegeration 
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(a) 

Fig. 6 Effect of grazing. (a) Sheep have eaten any seedlings which grew under the trees. (b) 'Pen years later, the fence has kept 
the shee1> off and the tree seedlings have g~·own. 

Dependence on sunlight 
If you take the idea of food chains one step further you will 
see that all living organisms depend on sunlight and 
photosynthesis (p. 44). Green plants make their food by 
photosynthesis, which needs sunlight. Since all animals 
depend, in the end, on plants for their food, they there· 
fore depend indirectly on sunlight. A few examples of ou•· 
own dependence on photosynthesis are gi.ven below. 

bread 

t 
flour 

1 . 
wheat gratns 

i 
wheat grows by 
photosynthesis 

cheese 

1 
m•lk 

1' 
cow 

1' 
grass 

i 
grass grows by 
photosynthesis 

honey 

i 
bees 

i 
nectar 

't 
flowers 

flowerit plants 
grow by 

photosynthesis 

Nearly all the energy released on the Earth can be 
traced back to sunlight. Coal comes from tree· like plants, 
buried mill ions of years ago. These plants absorbed 
sunlight fo•· theil' photosynthesis when they were alive. 
Petroleum was formed, also mill ions of years ago, from 
the partly decayed bodies of microscopic plants which 
lived in the sea. These, too, had absorbed sunlight for 
photosynthesis. 

Today it is possible to use mirrors and solar panels to 
collect energy from the sun directly, but the best way, so 
far, of trapping and storing energy from sunlight is to grow 
plants and make use of their products, such as starch, 
sugar, oil, alcohol and wood, for food or as energy sources 
for other purposes. For example, sugar from sugar·cane 
can be fermented (p. 24) to alcohol and used as motor fuel 
instead of petrol. 

Recycling 
There are a numbc•· of organisms which have not been 
fitted into the food webs or food chains described so far. 
Among these at·e the saprophytes. Saprophytes do not 
obtain their food by photosynthesis, nor do they ki 11 and 
eat living animals o•· plants. Instead they feed on dead and 
decaying matter such as dead leaves in the soil or rotting 
tree· trunks (see Fig. 7). 'fhe most numerous examples are 

Fig. 7 Saprophytes. These toadstools are getting their food 
from the rotting tree stump. 
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the fungi, such as mushrooms, toadstools or moulds (see 
Fig. 4, p. 257), and the bacteria, particularly those which 
live in the soil. They produce extra-cellular enzymes (p. 19) 
which digest the decaying matter and then they absorb the 
soluble products back into their cells. In so doing, they 
remove the dead remains of plants and animals which 
would otherwise collect on the Earth's surface. They also 
break these remains down into substances which can be 
used by other organisms. Some bacteria, for example, 
break down the protein of dead plants and animals and 
release nitrates which are taken up by plant roots and 
there built into new amino acids and proteins (p. 14). This 
use and re-u~e of materials in the living world is called 
recycling. 

Figure 8 shows the general idea of recycling. The green 
plants are the producers, and the animals which eat the 
plants and each other are the consumers. The bacteria and 

suJnlighcr(\ co~~~a~ERs ~~<!' 
~,. ... 

. 
' 

die ~ 
PRODUCERS I ~..... ·c•-·· ~· ··~~ DECOMPOSERS 

green plants bacteria and fungi 

SOIL 
minerals and humus 

Fig. 8 Recycling in an ecosystem 

fungi, especially those in the soil, are called the decom­
posers because they break down the dead remains and 
release the chemicals for the plants to use again. Two 
examples of recycling, one for carbon and one for nitrogen, 
are described below. 

QUESTIONS 
1 Try to construct a simple food web using the following: 
sparrow, fox, wheat seeds, cat, kestrel, mouse. 
2 Describe briefly all the possible ways in which the following 
might depend on each other: grass, earthworm, blackbird, oak 
tree, soil. 
3 Explain how the following foodstuffs are produced as a result 
of photosynthesis: wine, butter, eggs, beans. 
4 An electric motor, a car engine and a race-horse can all 
produce energy. Show how this energy could come, originally, 

· ·. from sunlight. What forms of energy on the Earth are not derived 
from sunlight? 
5 How do you think evidence is obtained in order to place 
animals such as a fox and a pigeon in a food web? 

THE CARBON CYCLE 

Carbon is an element which occurs in all the compounds 
which make up living organisms. Plants get their carbon 

from carbon dioxide in the atmosphere and animals get 
their carbon from plants. The carbon cycle, therefore, is 
mainly concerned with what happens to carbon dioxide 
(Fig. 9). 

ATMOSPHERIC 
CARBON DIOXIDE 

decay 
~M&& &'fr6W???@A 

respiration <at MW¥¥fr¥d8M&M 

GREEN PLANTS 
bulrd c~ · into Ol'llnlc 

compounds by phacoaynchoala 

r---A-N_I_M-Al-S--. .~ J 
0 

• 

-" ,.;, _,... / g 
Into animal tlnue .!; 

:~ 
~ 
~ .. 

PREHISTORIC PLANTS 
rorm dcposlu Of coal 

· potroloum and· nlt~,iral '" 

Fig. 9 The carbon cycle 

Removal of carbon dioxide from the 
atmosphere 
Green plants remove ·carbon dioxide from the atmosphere 
as a result of their photosynthesis. The carbon of the 
carbon dioxide is built first into a carbohydrate such as 
sugar. Some of this is changed into starch or the cellulose 
of cell walls, and the proteins, pigments and other 
compounds of a plant. When the plants are eaten by 
animals, the organic plant material is digested, absorbed 
and built into the compounds making up the animals' 
tissues. Thus the carbon atoms from the plant become part 
of the animal. 

Addition of carbon dioxide to the 
atmosphere 
Respiration Plants and animals obtain energy by 
oxidizing carbohydrates in their cells to carbon dioxide 
and water (p. 24). The carbon dioxide and water are 
excreted and so the carbon dioxide returns once again to 
the atmosphere. 
Decay The organic matter of dead animals and plants is 
used by saprophytes, especially bacteria and fungi, as a 
source of energy. These micro-organisms decompose the 
plant and animal remains and turn the carbon compounds 
into carbon dioxide. 
Combustion (burning) When carbon-containing fuels 
such as wood, coal, petroleum and natural gas are burned, the 
carbon is oxidized to carbon dioxide (C + 0 2----? C02). The 
hydrocarbon fuels, such as coal and petroleum, come from 
ancient plants which have only partly decomposed over 
the millions of years since they were buried. 



So, an atom of carbon wbich today is in a molecule of 
carbon dioxide in the air may tomorrow be in a molecule of 
cellulose in the cell wall of a blade of grass. When the grass 
is eaten by a cow, the carbon atom may become part of a 
glucose molecule in the cow's bloodstream. When the 
glucose molecule is used for respiration, the carbon atom 
will be breathed out into the air once again as carbon 
dioxide. 

The same kind of cycling applies to nearly all the 
elements of the Earth. No new matter is created, but it is 
repeatedly rearranged. A great proportion of the atoms of 
which you are composed will, at one time, have been part 
of other organisms. 

QUESTIONS 
6 (o) Why do living organisms need a supply of carbon? 

(b) Give three examples of carbon-containing compounds 
which occur in living organisms (soo pp. 14-16). 
(c) Where do (i) animals, (ii) plants get their carbon from? 

7 Write three chemical equations (a) t.0 illustrate that rcspira· 
tion produces carbon dioxide (sec p. 24), (b) to show that burning 
produces carbon dioxide, (c) to show that photosynthesis uses up 
carbon dioxide (see p. 14). 

· 8 Outline the events that might happen to 11 carbon lttom in n 
molecule of carbon dioxide which enter~'(! tho stoma in the leaf of 
a potato plant, and became port of a starch molecule in n potato 
tuber which was then eo ten by o nlll.ll. Finally tho carbon atom is 
breathed out again in a molecule of carbon dioxide. 
9 Large areas of tropica l forest, particularly in South America, 
are being cutdown to make way for roads, cities and agriculture. 
What effect might this have on tho carbon dioxide level in the 
Earth's atmosphere? 
10 Con•truct a diagram, on the linoo ofth<' carbon cycl0 (Fig 9) 
to show the cycling process for hydrogen (starting from the water 
used in photosynthesis). 
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THE NITROGEN CYCLE 

When a plant or animal dies, its tissues decompose, mainly 
as a result of the action of saprophytic bacterin. One of the 
important products of this decay is a m monia (NH3 , a 
compound of nitrogen), which is washed into the soil. 

The excretory products of animals contain nitrogenous 
waste-products such as ammonia, urea and uric acid 
(p. 159). The organic matter in their droppings is also 
decomposed by soil bacteria. 

Processes which add nitrates to soil 
Nitrifying bacteria These are bacteria living in the soil 
which use the ammonia from excretory products and 
decaying organisms as a sout·ce of energy (as we use 
glucose in respiration). In the process of getting energy 
from ammonia, the bacteria produce nitmtes. 

The 'nitrite' bacteria oxidize am monium com· 
pounds to nit rites (NH.-___,.. N02 - ). 

' Nitra te' bacteria oxidize n itrites to nitrates 
(NO.--;;.N03- ) . 

Although plan t roots can take up ammonia in the form 
of its compounds, they take up nitrates more readily, so the 
nitrifying bacteria increase the fet·tility of the soil by 
making nitYates available to the plants. 
Nitrogen-fixing bacteria This is a special group of 
nitrifying bacteria which can absorb nitrogen as a gas 
from the air spaces in the soil (p. 255), and build it into 

NlT~OCEN IN THE SOIL 

ltn~t __..... 1tnm0nluM cOtnpounds -.nltrUH __...,.. nitrates 

~L---------------~·~T~M-·~~·~·~~·~~~~~~~ .. ~~~----_J 
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. 

NITROGEN IN PLANTS 
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Fig. 10 The nitrogen cycle 
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compounds of ammonia. Nitrogen gas cannot itself be used 
by plants. When it has been made into a compound of 
ammonia, however, it can easily be changed to nitrates by 
other nitrifying bacteria. The process of building the gas, 
nitrogen, into compounds of ammonia is called nitrogen 
fixation. Some of the nitrogen-fixing bacteria live freely in 
the soiL Others live in the roots of leguminous pla n ts 
{peas, beans, clover), where they cause swellings called 
root nodules {Fig. 15). These leguminous plants are able 
to thrive in soils where 1\itrates are scarce, because the 
nitrogen-fixing bacteria in their nodules make compounds 
of nitrogen available for them {see p. 251). Leguminous 
plants are also included in crop rotations (see p. 249) to 
increase the nitrate content of the soi L 

Blue-green algae Another important group of 
. nitrogen-fixing organisms are the blue-green a lgae. 
These organisms need sunlight for photosynthesis 
and nitrogen-fixation. Consequently they are effec­
tive nitrogen-fixers mainly in the sea and fresh water, 
and in the soil surface when it does not have a dense 
cover of vegetation. 

Lightning The high temperature of lightning discharge 
causes some of the n itrogen and oxygen in the air to 
combine and form oxides of nitrogen. These dissolve in the 
rain and are washed into the soil as weak acids, where they 
form nitrates. Although several mill ion tonnes of nitrate 
may reach the Earth's surface in this way each year, this 
forms only a small fraction of the total nitrogen being 
recycled. 
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precipitation 

irrigation 

Fig. 11 The water cycle 

Processes which remove nitrates 
from the soil 
Uptake by plants Plant roots absorb nitrates from the 
soil and combine them with carbohydrates to make 
proteins (p. 52). 
Leaching Nitrates are very soluble (i.e. dissolve easi ly 
in water), and as rain-water passes through the soil it 
dissolves the n itrates and carries them away in the run-off 
or to deeper layers of the soil. This is called leach ing. 
Denitr ifying bacteria These are bacteria which obtain 
their energy by breaking down nitrates to nitrogen gas 
which then escapes from the soi l into the atmosphere. 

These processes are summed up in Fig. 10. 

THE WATER CYCLE 

All the elements which make up living organisms are 
recycled, notjustcarbon and nitrogen. It would be possible 
to trace ou t cycles fat· hydrogen, oxygen, phosphorus, 
sulphur, iron, etc. The 'water cycle', however, is somewhat 
different beca use only a tiny proportion of the water which 
is recycled passes through living organisms. 

Animals lose water by evaporation (p. 168), defecation 
(p. 131), ttrination {p. 162) and exhalation {p. 154). They 
gain wate1· from their food and drink. Plants take up water 
from the soi I (p. 75) and lose it by transpira tion (p. 71). 
Millions of tonnes of water is tt·anspired, but only a tiny 
fraction of it has taken part in the reactionsoft·espiratiori 
(p. 24) or photosynthesis (p. 44). 

The great proportion of water is recycled without the 
intervention of animals O l' plants. Tbe sun shining and the 

transp•ration 

evaporation 



wind blowing over the oceans evaporate water f1·om th eir 
vast, exposed surfaces. The water vapour produced in th is 
way enters the atmosphere and eventually forms c louds. 
The clouds release their water in the form of rain or snow 
(precipitation). The rain collects in streams, rivers and 
lakes and ultimately finds its way back to the oceans. The 
human population diverts some of this water for drinking, 
washing, cooking, irrigation, hydro-electric schemes and 
other industrial purposes, before allowing it to return to 
the sea (Fig. 11). 

QUESTIONS 
11 On a lawn growing on nitrate-deficient soil , the patches of 
clover often stand out as dark green and healthy against a 
background of pale green grass. Suggest a reason for this 
contrast. (See also p. 54.) 
12 Very briefly explain the difference between nitrifying, 
nitrogen-fixing and denitrifying bacteria. 

MANURING AND CROP 
ROTATION 

Manur ing 
In a natural community of plants and animals, the 
processes which remove nitrates from and add nitrates to 
the soil are in balance. In agricultme, most of the crop is 
usually removed so that there is litt le or no organic matter 
left on the soil for the nitrifying bacteria to act on. In a 
farm with animals, the animal manure, mixed with straw, 
is ploughed back into the soil or spread on the pasture. The 
manure thus replaces the nitrates and other minerals 
removed by the crop. It also gives the soi l a good structm e 
and improves its water-holding properties (p. 255). 

When animal manure is not available in large enough 
quantities, artificial fertilizers are used. These are mineral 
salts made on an industrial scale. Examples are ammonium 
sulphate (for nitrogen and sulphur), ammonium nitrate 
(for nitrogen) and compound NPK fertilizer for nitrogen, 
phosphorus and potassium (seep. 53). These are spread on 
the soil in carefully calculated amounts to provide the 

Fig. 12 Experimental plots of wheat. The rectangular plots 
have been treated with different fertilizers. 
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minerals, particularlynitrogen, phosphorus and potassium 
that the plants need. Figures 12 and 13show how these arti· 
ficial fertilizers increase the yield of crops from agricultural 
land, but they do little to maintain a good soil structure 
because they contain no humus (see pp. 255 and 269). 
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Fig. 13 Average yearly wheat yields from 1852 to 1925. 
Broadbalk field, Rothamstcd Expe•·imental Station. 

Crop rot ation 
Different crops mal<e differing demands on the soil; 
potatoes and tomatoes use much potassium, for example. 
By changing the crop grown from year to year, no single 
group of minerals is continuously removed from the soil. 
Leguminous crops such as clover and beans may help to 
replace the nitrogen content of the soil because their root 
nodules contain nitrogen-fixing bacteria. 'rbe nitrates are 
released into the soil when the plant dies and decays. 

The use of artificia l fertilizers has made crop rotation, at 
leastfor the reasons above, largely unnecessary. However, 
turning arable land over to grass for a year or two does 
improve the crumb structure of the soil (p. 256), its 
drainage and other properties. Rotation also reduces the 
chances of infectious diseases that can enter the crop 
through the soil. For example, repeated crops of potatoes 
in the same field will increase the population of the fungus 
causing the disease 'potato blight'. If potatoes are not 
planted for a few years, the crop will suffer less from this 
disease when potatoes are grown again. 

QUESTIONS 
13 To judge from Fig. 18, which mineral element seems to have 
the most pronounced effect on the yield of wheat? Explain your 
answer. 
14 Draw up two columns headed A nnd B. In A list the processes 
which add nitrates to the soil and in B list those which remove 
nitrates from the soil. How might the activities of man alter the 
normal balance between these two processe.s? 
15 Suggest (a) some advantages, (b) some disadvantages of 
(i) organic manures (e.g. compost or farmyard manure) and 
(ii) chemical fertilizers. 



250 Organisms and their Environment 

TYPES OF NUTRITION AND 
LIFE-STYLES 

A great many different terms are used to describe the 
ways in which living organisms get their food and 
how they depend on each other. The following 
account describes a few of them. 

Autotrophic 
Autotrophic organisms (autotrophs) are those 
which can build up all the organic substances they 
need from simple inorganic chemicals. All plants, 
some bacteria and other single-celled organisms are 
autott·ophs. Plants need only carbon dioxide, water 
and salts to make all their essential substances (see 
Chapter 5, p. 44.) In any ecosystem (p. 281), it is the 
autotrophs which are the producers. 

Heterotroph ic 
Heterotrophic nutrition refers to organisms 
(heterotrophs) which must use ready-made, com· 
plex organic compounds as a som·ce of food. These 
organic compounds will have been made by the 
autotrophs. The heterotrophs digest the organic 
compounds and absorb the products into their bodies. 
In an ecosystem, the beterotropbs are the consumers 
or the decomposers. 

Heterotrophs may be herbivores, carnivores, 
omnivores, saprophytes or parasites. 
Herbivores are animals which feed exclusively on 
plants. 
Carnivores are animals which eat other animals. 
Omnivores are animals, like ourselves, which 
include plants and animals in their diet. 
Saprophytes are mainly fungi and bacteria. They 
feed by secreting enzymes into the dead and decay· 
ing remains of animals and plants and absorbing 
the soluble products back into their bodies (see 
pp. 321-2). 
Pru.-as ites A parasite is an organism which derives 
its food from another organism, called the host, 
while the host is still alive. Ectoparasites live, for 
most of their life cycle, on the surface of their host; 
endoparasites live inside the host. 

A flea is an ectoparasite which lives in the fur or 
feathers of mammals or birds and sucks blood from 
the skin. An aphid (greenfly) is a parasite on plants 
and sucks food from the veins in theu·leaves or stems. 
A tapeworm is an endoparasite living in the intestine 
of a vertebrate host and absorbing the host's digested 
food. In some cases the host may be weakened by the 
presence of the parasite, or its metabolism may be 
upset by the parasite's excretory products. In many 
cases, however, the host appears to suffer no serious 
disadvantage. Often, this will depend on bow many 
parasites the host is carrying. 

Many bacteria and fungi (Fig. 14) are parasitic and 
may cause diseases in their hosts. Bacteria oft~n live 
on or in their hosts without apparently causing any 
harm. In this case they might be called com mensals 
rather than pansites (see below). Sometimes the host 
is thought to benefit from the activities of the 
bacteria which may then be called symbionts. 

Fig. 14 A porasitic fungus on an elm tree 

Symbiosis and commensalism 
Symbios is The term 'symbiosis' sometimes refers 
to two unrelated organisms living more or less 
permanently together, irrespective of whether one of 
them is a parasite. More commonly, however, it 
implies that both organisms derive some benefit from 
the association. 

l!'or example, in the stomachs of cattle and sheep 
there live large numbers of bacteria. They cause no 
symptoms of illness and they are thought to be of 
value to the animal because they help to digest the 
cellulose in its.food (seep. 129). The cow benefits from 
the relationship because it is better able to digest 
grass. The bacteria are thought to benefit by having 
an abundant supply of food, though they are 
themselves digested when the grass moves along the 
cow's digestive tract. 



Fig. 15 Root nodules on pea plant. The nodules contain 
bacteria which fix nitrogen. 

The nitrogen-fixing bacteria in root nodules (Fig. 
15) provide a further example of symbiosis. The plant 
benefits from the extra nitrates that the bacteria 
provide, while the bacteria are protected in the 
plant's cells and can also use tbe sugars made by the 
plant's photosynthesis. 

Sometimes the terms m utualism and com men­
salism axe used to describe a permanent relationship 
between two unrelated species. 
Mutualism The term 'mutualism' means the same 
as symbiosis, in the sense that it is used in this 
chapter, i.e. both partners are presumed to derive 
some benefit from the association. 
Commensalism This is an association between 
two species in which one of the partners is thought to 
benefit and the other is not ha1'med. It most often 
refers to an association in which one of the organisms 
feeds on the surplus or discarded food of the other. 
Many of the bacteria living in our intestine 
may be commensals, feeding on the undigested or 
unabsorbed food in the ilewn or colon (p. 131) and 
doing us no harm. There is evidence, however, that 
some of the bacteria produce a substa.nce called 
vitamin K, which we need. On the other hand there 
is little or no evidence that we actually absorb the 
vitamin from this source. 

Harmless commensal bacteria living on our skin 
may become harmful parasites if the skin is damaged. 
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It is often difficu lt to produce good evidence that 
one or both organisms are gettin g some benefit or 
suffering damage from these relationships. Conse· 
quently, it is not always easy to make a distinction 
between parasitism, commensalism and symbiosis. 
The argument is about words rather than biology.lt 
is far more important to try and find out what the 
t·elationship between organisms 1·ea!ly is rather than 
to argue about what word to apply to the relation· 
sh ip. 

QUESTIONS 
16 What tyve of nutrition is likely to be characteristic of(a) an 
apt>le tree. (b) a mushroom, (c) a human, (d) a goat? 
17 Diffc•·cnt types of bacteria exhibit almost every kind of 
nutrition. Which kind do they not exhibit (seep. 310)? 
18 Nitri fying bacteria and green plants both use carbon dioxide 
to make carbohydrates. How do they differ from each other in the 
way they do it? 
19 Some species of wood·C>lting tet·mites have large pOpulations 
of protozoa in their intestines. If the insect is kept at 36 •c it is 
unharmed but the protozoa are killed. How could you use th is 
knowledge to try and find out if the protozoa were symbionts, 
commensals or parasites? What contro1s would you carry out? 

ENERGY FLOW IN AN 
ECOSYSTEM 

An ecosyst em is a community of living organisms 
and the habitat in which they live (p. 281). A pond is 
an ecosystem consisting of plan ts, animals, water, 
dissolved air, minerals and mud. The input of energy 
f.t·om the sun and a supply of water from rain is all that 
the pond community needs to maintain its existence. 
A forest is an ecosystem, so is an ocean. The whole of 
the Earth's surface may be considered as one vast 
ecosystem. 

With the exception of atomic energy and tidal 
power, all the energy released on Earth is derived 
from sunlight. The energy released by animals comes, 
ultimately, from plants that they or their prey eat and 
the plants depend on sunlight for making their food 
(p. 245). The energy in organic fuels a lso comes 
ultimately from sunlight trapped by plants. Coal is 
formed from fossilized forests a nd pet roleum comes 
from the cells of ancient marine plan ts. 
Use of sunligh t To try and estimate just bow much 
life the Earth can support it is necessary to examine 
how efficiently the sun's energy is used. The amount 
of energy from the sun reaching the Ear th 's surface in 
1 year ranges from 2million to8million kilojoules per 
1m2 (2-8 x 109 J m-2 y-•) depending on the latitude. 
When this energy fa ll s on to grasslan d, about 20 per 
cent is reflected by the vegetation, 39 per cent is used 
in evaporating water from the leaves (transpiration), 
40 per cent warms up the plan ts, th e soil and th e 
a ir, leaving only about 1 per cent to be used in 
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39% evaporates water 
from plant 

20% 
reflected 
from plant 

Fig. 16 Absorption of sun's energy by plants 

photosynthesis for making new organic matter in the 
leaves of the plants (Fig. 16). 

This figure of 1 per cent will vary with the type of 
vegetation being considered and with climatic 
factors such as availability of water and the soil 
temperature. Sugar·cane grown in ideal conditions 
can convert 3 per cent of the sun's energy into 
photosynthetic products; sugar·beet at the height of 
its growth has nearly a 9 per cent efficiency. Tropical 
forests and swamps are far more productive than 
grassland but it is difficult, and probably undesirable, 
to harvest and utilize their products (p. 269). 

In order to allow crop plants to approach their 
maximum efficiency they must be provided with 
sufficient water and mineral salts. This can be 
achieved by irrigation and the application of 
fertilizer. 
Energy tra.nsfer between organisms Having 
considered the energy conversion from sunlight to 
plant products the next step is to study the efficiency 
of transmission of energy from plant products to 
primary consumers. On land, primary consumers eat 
only a small proportion of the available vegetation. 
In a deciduous forest only about 2 per cent is eaten; 
in grazing land, 40 per cent of the grass may be 
eaten by cows. In open water, however, where the 
producers are microscopic plants (phytoplankton) 
and are swallowed whole by the primary consumers 
in the zooplankton, 90 per cent or more may be 
eaten. In the land communities, the parts of the 
vegetation not eaten by the primary consumers 
will eventually die and be used as a source of energy 
by the decomposers. 

A cow is a primary consumer; over 60 per cent of 
the grass it eats passes through its alimentary canal 
(p. 125) without being digested. Another 30 per cent 
is used in the cow's respiration to provide energy 
for its movement and other life processes. Less than 
10 per cent of the plant material is converted into new 

animal tissue to contribute to growth (Fig. 17). This 
figure will vary with the diet and the age of the 
animal. In a fully grown animal all the digested food 
will be used for energy and replacement and none will 
contribute to growth. Economically it is desirable to 
harvest the primary consumers before .their rate of 
growth starts to fall off. 

30% lost as energy 

60%not 
digested 

Fig. 17 Energy transfer from plants to animals 

The transfer of energy from primary to secondary 
consumers is probably more efficient since a greater 
proportion of the animal food is digested and 
absorbed than is th'e case with plant material. The 
transfer of energy at each stage in a food chain 
may be represented by classifying the organisms in 
a community as producers, or primary, secondary 
or tertiary consumers, and showing their t·elati ve 
masses in a pyramid such as the one shown in Fig. 2 
but on a more accurate scale. In Fig. 18 tbe width of 
the horizontal bands is proportional to the masses 
(dry weight) of the ot·ganisms in a shallow pond. 

17.7 producers 

Fig. 18 Biomass (dry weight) of living 01·ganisms in 
a shallow pond (in grams per square metre). 
(ACtor R H. Whittaker, Communitie8 and Ecosyst<Jms, Macmillan, 
N.Y. © 1975) 

Energy transfer in agriculture Tn human com· 
munities, the use of plant products to feed anintals 
which provide meat, eggs and dairy products is 
wasteful, because only 10 per cent of the plant 
material is converted to animal products. It is more 
economical to eat bread made from the wheat than to 
feed the wheat to hens and then eat the eggs and 
chicken meat. This is because eating the wheat as 
bt·ead avoids using any part of its energy to keep the 
chickens alive and active. Energy losses can be 
reduced by keeping hens indoors in small cages 



where they lose l ittle heat to the atmosphe1·e and 
cannot use much energy in movement. The same 
principles can be applied in 'intensive' methods of 
rearing calves. However, many people feel that these 
methods are less than humane, and the saving of 
energy is far less than if the plant products were 
eaten directly by man. . 

Consideration of the energy Row in a modern 
agricultural system reveals other sources of inef. 
ficiency. To produce 1 tonne of nitrogenous fertilizer 
takes energy equivalent to burning 5 tonnes of coal. 
Calculations show that if the energy needed to 
produce the fertilizer is added to the energy used to 
produce a tractor and to power it, the energy derived 
from the food so produced is less than that expended 
in producing it. 

CHECK LIST 
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QUESTIONS 
20 It can be claimed that t he sun's energy is used indirectly to 
produce a muscle contraction in your arm. Trace the steps in the 
transfer of energy which would justify this claim. 
21 A group of explorers is stranded on a barren island where 
there is no soil and no vegetation. From their stores they have 
salvaged some Jiving hens and some wheat. To make these 
resources last as long as possible should they 

(a) eat the wheat and when it is finished, kill and eat the hens, 
or 

(b) feed the wheat to the hens, collect and eat the eggs laid and 
when the wheat is gone, kill nnd eat the hens, or 

(c) kill and eat the hens fi rst and when they are finished, eat the 
wheat? Justify your answer. 
22 Discuss the advantages and disadvantages of human attempts 
to exploit a food cha in nearer to its source, e.g. the plankton in 
Fig. 3. 

• All animals depend, ultimately, on plants for their source of food. 
• Since plants need sunlight to make their food, a ll organisms depend, ultima tely, on sunlight for their 

energy. 
• Plants are the producers in a food web; animals may be primary, secondary or tertiary consumers. 
• The materials which make up living organisms are constantly recycled . 
• Plants take up carbon dioxide during photosynthesis; all living organisms give out carbon dioxide during 

respiration; th e burning of carbon-contain ing fuels produces carbon dioxide. 
• The uptake of carbon dioxide by plants balances the production of carbon dioxide ft·om respirat ion and 

combustion. 
• Soil nitrates are derived nat urally from the excretory products of animals and the dead remains of living 

organisms. 
• Nitrifying bacteria turn t hese products into nitrates which are taken up by plants. 
• Nitrogen-fixing bacteria can make nitrogenous compounds from gaseous nitrogen. 
• Autotrophs ar e organisms (e.g. plants ) which build up t heir food from s imple substances. 
• Heterotrophs are organisms (e.g. animals) which have to take in food de1·ived from other organisms. 
• Parasites derive t heir food from anothe r living organism while living on it or in it. 
• Symbiosis and commensalism are terms used to describe a close permanent association between two 

unrelated organisms from which one, at least, derives some benefit and the other is unharmed. 
• An ecosystem is a self-contained community of organisms . 

. • Only about 1 per cent of the sun's energy which reaches the Earth is trapped by p lants during 
photosynthesis. 

• At each step in a food chain , only a small p roportion of the food is used for growth. The rest is used for 
energy to keep the organism alive. 



27 The Soil 

SOIL FORMATION 

SOIL COMPONENTS 
Mineral particles, organic matter, a ir and water, salts, 
micro-organisms. 

SOIL FERTILITY 
Composit ion, crumb s tructure, acidity. 

Soil is a layer of material covering parts of the land. 
Topsoil is the crumbly, dark matel"ial which gardeners dig 
and farmers plough. It contains a good dea l of organic 
matter and many living organisms (Fig. 1). Subsoil is the 
lighter-coloured material between the topsoi l and the 
underlying stratum. The subsoil can usually be penetrated 
by plant roots but it contains little organic matter. 

The depth, colour a nd composition of soil vary greatly 
according to the c limate, the geology and the vegetation of 
the region. All soils consist primarily of minera l pat·ticles, 
e.g. sand, silt or clay particles. These particles are formed 
from rocks by the various processes of erosion such as 
wind, rain, h eat and cold which cause the rocks to crumble 
into smaller and smaller fragments. The fragments may be 
washed off hillsides by rain and accumulate in valleys. 

F ig. 1 A soil profile. Thin, chalky soil. The soil layer varies 
from a few centimetres to 80 or 40 em. ln this case thcr·c is a 
25 em layer of soil over limestone rock. 
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LIFE IN THE SOIL 
Micro-organisms, invertebrates, plant roots, 
mycoiThiza. 

PRACTICAL WORK 

Presence of par ticles, permeability to and relcnlion of 
wnl er, pH, so i I animals, a ir-, water and bum us content, 
capi llary attraction, micro-organisms. 

They may have been carried by glaciers millions of years 
ago or they may simply build up on top of the rocks from 
which they are being formed. 

Accumulations of particles are colonized by pla nts and 
micro-organisms whic11 help to hold the particles together. 
'rhe dead remains of these organisms are added to the 
mineral particles to form the material we call soi I. 

Soils wi ll differ from each other in the proportion of 
sand, silt and clay particles, the a mount of organic matter, 
the soluble sal ts present and the organisms living on or in 
the soi l. 

The soil forms an ecosystem (p. 281) in which a large 
number of 01·ganisms live (seep. 257). In addition, soi l is an 
essential medium for most land plants. P lant roots anchor 
the plant in the soil and help to ho ld the plant upright (Fig. 
8). It is from t he soil tha t land plants obtain the water and 
mineral sa lts they need for photosynthesis and production 
of food (Chapter 5). 

soil---:' 
crumbs 

Fig. 2 Soil structure 



SOIL COMPONENTS 

Sand, silt and clay 

Sand particles are formed from quartz (silicon oxide or 
silica). If the particles are from 0.02 to 2.0 mm across, they 
are described as 'sand particles'. Particles between 0.002 
and 0.02 mm are called silt. 

The silicon oxide of sand and sil t is inert; that is, it 
cannot be decomposed or contribute to the supply of 
minerals needed fot· the nutrition of plants. The sand 
pat·ticles do, however, form the 'skeleton' of the soil. Their 
irregular shapes (Fig. 2) leave spaces between them, to be 
occupied by air and water, and their surfaces become 
coated with clay particles, bacteria, humus and salts. 

Fig. 3 Deep agricultural top soil. The soil is deeper than in 
Fig. 1 and the plant roots can be seen. 

Clay particles are less than 0.002 rom across. Apart from 
their much smaller size, they also differ from sand particles 
in being made up of silicon oxide and aluminium oxide 
forming microscopic hexagonal plates. The clay particles 
also carry negative charges on their surface. These 
charges hold positively charged metallic ions such as 
potassium, calcium and magnesium. Clay is, therefore, a 
valuable source of these ions which are needed by plants 
(p. 52). 

The countless billions of tiny, flat, clay particles present 
an enormous surface area. (1 g of clay coutd have a surface 
area oflO m2.) This helps to retain water, he ld by capillary 
attraction between the partic.les, but it a lso makes the 

The Soil 255 

particles stick together. Consequently a clay soil is sticky 
when wet and may form hard clods when dry. 

Organic matter 
The organic matter in a soi l is derived from the dead and 
decaying remains of plants, animals and micro-organisms. 
Sap1·ophytic bacteria and fungi in the soil digest wood, 
dead leaves and animal remains. This results in t he 
production of humus. Humus is a s tructureless, black, 
jelly-like material which forms a coating round the sand 
particles and helps to 'glue' sand and clay particles 
together to form soil crumbs. 

Vegetable compost, leaf-mould and animal manure 
mixed with straw m·e a lso sometimes described as 'humus' 
but they are really just coarse organic matter which 
provides the source of the humus. 

The organic matter, with its spongy open texture, helps 
to hold water in the soil. It also makes the soil textut·e 
'lighter' and easier to dig or plough. 

As the organic matter breaks down, it releases some of 
the salts (as ions) which plants need for their growth. 
Organic matter, therefore, improves the fertility of the 
soil. 

Crumb structure 
In a mature, relatively undistut·bed soil, the sand and clay 
particles become cemented together to form aggregat-es 
which eventually make soil crumbs up to 3 mm across. 
How the crumbs form is not fully understood but the 
humus and jelly-like hydroxides of iron and aluminium 
seem to form the 'glue'. The presence of organic matter is 
essential and the activities of bacteria, fungi and plant 
roots seem to play an important part. 

The crumbs hold the clay and silt particles together and 
prevent them from being washed away and from blocking 
the drainage pores. Between the soil crumbs, air and water 
can penetrate, giving a well-drained and well-aerated soil. 
The crumbs themselves are porous and hold water. 

Pore spaces 
The irregular sand grains and crumbs do not pack tightly 
togethet·. The spaces between them are called pore 
spaces. The pore spaces may occupy (rom 40 to 70 per cent 
of the soil volume. In a wa terlogged soil, the pore spaces 
may be filled with water but, normally, air fills most of the 
space and water is confined to a thin film round the 
particles, being held there by capillary attraction. The air 
provides the oxygen for the 1·espiration of soil organisms 
and plant roots. The water and its dissolved salts are taken 
up by plant roots. 

Water 
Rain-water fa lling on the soi l, dt·ains through under the 
influence of gravity, carryingsolublesaltswith it. The rate 
a t which water passes through the soil will depend on the 
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size and number of pore spaces, the crumb structure and 
the proportion of clay. In addition to being retained on the 
sand particles by capillary attraction, water may also be 
held to the clay particles by their surface charges. 

Capillary attraction may help to distribute water from 
waterlogged regions to dryer regions. Apart from this, 
there is not much evidence of water movement by 
capillarity in the soil. 

Mineral salts 
Salts of potassium, iron, magnesium, phosphates, sul­
phates and nitrates are present in solution in the soil 
water. They come from rock particles and from the action 
of bacteria on the organic matter in the soil (see 'The 
nitrogen cycle', p. 247). These salts are taken up as ions by 
the roots of plants and used to build up the substances 
needed for their cells (seep. 52). Negative ions, such as 
sulphate (804), nitrate (NOa) and phosphate (P04) are 
likely to be in solution in the soil water and, therefore, 
easily washed out by rain. Positive metallic ions, such as 
calcium, magnesium and iron may be held close to the clay 
particles by the negative charges on these particles. 

Micro-organisms 
The bacteria and fungi in the soil play a vital part in 
converting organic matter to humus, making mineral salts 
available to plants and cementing soil particles together 
to form crumbs. They are given further consideration on 
pages 257-8. 

QUESTIONS 
1 What is the difference between a soil 'particle' and a soil 
'crumb'? 
2 Make a list of all the things you would expect to find if you 
carefully analysed a sample of soil. 
S What forces tend (a) to remove water from the soil, (b) to retain 
water in the soil? 
4 What are the main differences (a) in structure, (b) in properties 
between sand and clay particles? 

SOIL FERTILITY 

In natural conditions, soil fertility is maintained by the 
activities of the organisms living on it or in it. For example, 
plant roots maintain the soil's crumb structure, the 
burrows of earthworms improve its drainage, and 
nitrogen-fixing bacteria keep up the supply of nitrates. 
Although plants remove mineral salts, these are replaced 
by the death and decomposition of plant and animal bodies. 

The practice of agriculture interrupts natural cycles by 
removing the crops at harvest but not returning the dead 
remains of either the plants or the animals which eat them. 
If this practice is continued for more than a year or two the 
soil loses much of its fertility. 

In agricultural terms, a naturally fertile soil is one 
which produces a large yield of crop plants with a 

minimum expenditure of energy and cash. This means that 
the soil, initially, has ideal proportions of sand and clay 
particles (i.e. 15-20 per cent clay), adequate humus and 
mineral salts, a stable crumb structure, is well drained and 
aerated and is not too acid or alkaline. 

Proportion of clay and sand 
There is not much a farmer can do to alter the proportions 
of clay and sand in the soil but some of their effects can be 
changed. 

Adding organic manure to a heavy clay soil will improve 
the crumb structure and increase the pare spaces, making 
the soil better aerated and also easier to plough or dig. 
Organic manure on a light, sandy soil will help it to retain 
water and reduce the washing out (leaching) of soluble 
salts by the rain. 

Humus and mineral salts 
Addition of farmyard manure or other organic matter 
provides both humus and mineral salts. The humus helps 
to maintain crumb structure and the salts provide the ions 
needed by the crop plants. 

For large arable farms, however, there is insufficient 
animal manure, and artificial fertilizers have to be used 
(p. 53). Commercial fertilizers can greatly increase yields 
but they do nothing to maintain a stable crumb structure. 
After many years of intensive arable farming using 
artificial fertilizer, some soils become dry and powdery and 
are liable to be blown away in strong winds (Fig. 16, p. 271). 

Crop rotation (p. 249) helps to maintain both the crumb 
structure and the supply of nitrate. 

Crumb structure, aeration and 
drainage 
A good crumb structure helps to keep the soil well drained 
and aerated. Grass roots seem to have a positive effect on 
crumb structure, so a rotation which includes grass will 
help to maintain fertility. Repeated application of arti­
ficial fertilizers and compaction of soil with heavy 
machinery tends to destroy the crumb structure and so 
reduce the pore spaces and the drainage. 

Earthworm burrows assist drainage. If pesticides are 
used which affect the earthworm population, drainage 
may be impaired. 

Ploughing increases aeration but does not help to 
conserve soil structure. Direct drilling is a technique in 
which weeds are killed off with herbicides and the crop 
seeds planted in unploughed soil. This helps to maintain 
the structure of some types of soil. 

If the subsoil is prone to waterlogging, pipes made from 
clay or plastic can be laid in the soil to carry off the excess 
water. 

Acid and alkaline soils 
It is not always clear what makes a soil acid or alkaline. 
Soil in a chalky or limestone district will probably be 



slightly alkaline because of the particles of calcium 
carbonate in the soil. A light sandy soi l may be slightly 
acid because the rain washes away soluble compounds that 
would otherwise neutralize the acids. Most British soi ls 
are slightly acid, with pH values of 6.4 6.9. A chalky soil 
could have a pH as high as 8 and the soil of heaths and 
moorland can be as low as 4.5. 

Acid soils are usually infertile because the acidity 
makes the mineral salts very soluble and they are easily 
washed away by rain. Alkaline soils are usually quite 
fertile, with plenty of mineral salts, but in some cases, the 
alkalinity may be so high that the salts arc insoluble and 
cannot be taken up by the plants. Soi l acidity is usually 
reduced by adding calcium carbonate or calcium 
hydroxide, both described as 'lime'. 

QUESTIONS 
5 Make a list of all the effects that add ition of orgonic manure 
can have on the fertility of a soi l. 
6 List the ways in which n soil's crumb struc~ure might be 
(a) destroyed, (b) maintained. 
7 Study the information on pages 53 and 2~9. Then name two 
artificial fertilizers and suy (a) what mincrol clements they 
supply und (b) why plants need these olomonts. 
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Fig. 4 Some o£ t he intcrnctions in the soil 
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LIFE IN THE SOIL 

Except to the keen gardener, soi l may look dull and 
lifeless, but in fact it contains millions of organisms 
moving, growing, reproducing and competing with each 
other for food (Fig. 5) At the bottom of the food pyramid 
(p. 243) are the micro-organisms. Other abundant soil 
organisms are nematodes, arthropods and earthworms. 

Soil micr o-organism s 
Soil micro-organisms (Fig. 5) are the bacteria (p. 310), 
blue-green algae {p. 300), actinomycetes, fungi (p. 321) 
and protozoa (p. 327). The bacteria, actinomycetes and 
protozoa inhabit the water film adhering to the soi l 
particles. The blue-green algae, being photosynthetic, will 
be in the top few mill imetres of the soil where they can 
receive light. The fungul hyphae will spread throughout 
the soi l penetrating between the particles. 

The blue-green a lgae and some bacteria have pigments 
similar to chlorophy ll and can use sunlight to build their 
food substances by photosynthesis. However, most bac· 
teria, actinomycetes and fungi are saprophytes (p. 322). 
They secrete digestive enzymes into the organic matter of 
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Fig. 5 Some soil micro-organisms 

the soi l and absorb the soluble products back into their 
cells or hyphae. 

There is considerable competition between these orga:t· 
isms for the limited organic matter. One aspect of this 
competition is the production by some actinomycetes and 
fungi of chemicals which inhibit the growth of competing 
bacteria. It is these chemicals which can be extracted and 
purified to make the antibiotic drugs used to t reat 
bacterial diseases in humans. The antibiotic s tre pto­
m ycin comes from the actinomycete Streptomyces; 
penicillin is produced by the fungus Penicillium. 

1'he protozoa are single-celled organisms. These include 
Amoeba, ciliates such as Paramecium and ftagellates like 
Euglena (p. 327). Many protozoa feed by ingesting bactei.a 
though some of the Ragella tes have chloroplasts and can 
photosynthesize. 

Soil micro-or ganisms and plant 
roots 
The r hizosphere It has been found that soil micro· 
organisms, particularly bacteria and fungi, are far 
more numerous in the vicinity of plant roots than in 
the rest of the soil. This area round the root is called 
the rhizosphere. There is evidence, at least from 
laboratory experiments, that substances such as 
sugars, amino acids and vi tamins escape ft·om plant 
roots. These substances could promote the growth of 
the micro-organism population. In addition, there is 
the dead material left behind by growing roots, e.g. 
the defunct root hairs and the cells rubbed off from 
the root cap (p. 65). This dead material may form a 
source of food for the bacteria and fungi. Numerous 
micro-organisms gmw on the root surface as well as 
in the rhizosphere. 

In some cases, t·oots may exude chemicals which 
inhibit the growth of specific bacteria or fungi. 

Mycorr hiza Most plant roots are very closely 
associated with fungal hyphae (p. 321). This associa­
tion may be pat·asitic or symbiotic (p. 250). The 
symbiotic fungi form a mycorrhiza (Fig. 5). This is a 
dense network of fungal hyphae round the lateral 
roots, usually in certain trees. Some of the hyphae 
penetrate into the root cortex, others spread out into 
the soil. It seems that the fungal hyphae digest 
organic matter in the soil and that some of the 
digestion products, e.g. n itrates, pass along the 
hyphae and into the plant. The mycorrhiza may 
completely replace the root hair system. 

The fungus is thought to benefit by receiving a 
supply of carbon-con taining substances from the 
tJ.·ee, e.g. cat·bohydrates or simpler compounds. 
Experiments with radioactive carbon (p. 31) have 
shown that such substances do pass from the tree to 
the fungus. 

Some of the toadstools you see growing in woods 
are the fruiting bodies (p. 322) of the mycorrhizal 
fungi associated with the tree roots. 

Nematodes 
These worm-like creatures occur in vast numbers in 
the soil. They are from 0.5 to 1.5 mm long and live in the 
pore spaces, feeding on bacteria, actinomycetes, a lgae, 
protozoa and other nematodes. Some nematodes are 
ectoparasites (p. 250), piercing the roots of plants and 
absorbing the cell contents. Others are endoparas ites of 
plant roots and cause serious damage to crops, e.g. the 
potato root 'eelworm'. 

Arthropods 
These include insect larvae, springtails, centipedes, 
millipedes and mites (Fig. 6). It is not possible to generalize 
about the life-sty les and feed ing habits of so large and 
diverse a group but, between them, they feed on living and 
dead plant material, faeces, fungi, nematodes, small worms 
and each other. Some of the insect larvae, such as the 
'wireworms', 'leather-jackets' and 'cutworms' can become 
serious agricul tural pests by eating the roots of crop 
plants. 

Eart hworms 
About ten differentspeciesofearthworm commonly live in 
agricultural and garden soils. They make bunows in the 
soil (Fig. 7) partly by pushing between the pm·ticles and 
partly by swallowing the soil. The organic matter in the 
soi l is digested and the remaining soil is passed out. Some 
species pass out this soil at the surface forming 'worm· 
casts'. One common species pulls leaves into its burrow 
and ingests them a little at a time. 

It is generally believed that earthworms improve soil 
fertility, though it would be difficult to demonstrate that 
they actually improved Cl'OP yields. 

As soil passes through the earthworm's intestine, the 
material is finely ground and made more alkaline. 



Fig. 6 Some soil arthropods 
beetle 
larva 

Secretions from the intestine help to bind the organic and 
mineral particles together. The raised pH favours the 
g.-owth of soil bacteria; the grinding of coarse humus and 
the mixing and binding with minera l pm·ticles should 
contribute to a good crumb structure. 

'rhe spec ies which cast at the surface have been 
estimated to add a layer of about 5 mm fine topsoil to the 
soi l surface each year. Most species help to mix the soi l 
layers, taking organic matter to the deeper layers and 
bringing mineral particles, with associated ions, to the 
surface layers. Earthworm burrows also improve the 
drainage and aeration of the soil. 

Fig. 7 Ear thworms in their burrows 
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some different types of mites 

QUESTIONS 
8 Make throe lists of tho living organisms that you might expect 
to find in a snmplc of topsoi l, under the headings. ' Usefu l', 
1Harmful' and 'Harmless'. 
9 What is the m:lin source of food fot· soil organisms? 
10 Make a list of the activities of (a) soil bacteria, (b) soil fungi 
which might have an effect on tho gt·owth of plants. 
11 List the ways in which theactivitiesofearthwormsmight help 
to increase the fe•·tility of the soi l. 
12 Try to draw up a food chain ot· food web (seep. 242) using only 
soil organisms. 
13 What might be the disadvantage of adding an insecticide to 
the soi l to combat insect pests such as wireworms?. 
14 Suggest some reasons why it is likely to be difficult to study 
the life-style and feeding habits of organisms in the soil. 

PRACTICAL WORK 

lt is important to remember that as soon as you take up a 
trowel full of soil and put it in a container , you have 
disorganized its natural structure. Earthworm bun-ows 
will collapse, soi I crumbs will fall apart, plant root systems 
will be disrupted, extra air may enter or some may be 
expe lled. This means that the results of experiments 
designed to measure soi I properties may have I ittle bearing 
on what actua lly happens in an intact, undistm·bed soil. 

Nevertheless, it is possible to dea·ive some information 
from soil samples, particularly if comparisons are made 
between contrasting soi I types. 

• 

• 
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1. Observation of mineral partic les in soil 

Sieve some dry soil to remove stones and particles larger 
than about 3 mm. Crush the soil lightly to break up the 
crumbs and place 50 grams of it in a small, flat.sided bottle. 
Fill the bottle with water almost to the top and screw the 
cap on. Shake the bottle for at least 30 seconds to disperse 
the soil through the water. Then allow the bottle to stand 
fo•·l0-15 minutes so that the soil settles down (Fig. 8). The 
large particles will fall most rapidly and fo•·m the bottom 
layer. Smaller particles will remain suspended in the 
water. 'l'hc la•·ger particles of organic matte•· wi ll float to 
the top. As the soil particles settle they may form layers. 
The layers may not be very distinct, but use your 
judgement to mark the boundaries between them with 
a marker pen and measure the depth of each layer. 
The composition of different soil samples can then be 
compared. 

clov susponsion ---1--,,..--­
ln wator 

Fig. 8 Mineral particles in t he soil 

2. Weight of water in t he soil 
Place a sample of soil in a weighed evaporating biiSin 
and then weigh it again. Heat the basin in an oven at 
100 •c for 2days to drive off the soil water. Weigh the 
basin and soil again. Strictly speaking you should 
heat and reweigh the soil and basin until two 
weighing& give the same result, showing that all the 
soil water hilS been evaporated. However, this is time­
consuming and tedious and may be omitted, at the 
cost of some accuracy. 

The difference between the second and final 
weighing& will give the weight of water that was 
present at first. Temperatures higher than 100 •c 
must not be used because they will cause tho organic 
matter to burn away and so give an extra loss of 
weight. Here is a sample calculation: 

weight of basin 
weight of basin + moist soil 

:. weight of moist soil 
final weight of basin + dry soi I 

:. loss in weight 
percon tage water in moist soil 

200 g 
260 g 

250- 200= 50 g 
240 g 

250- 240=10 g 

10 X 100 ZQO/ 
50 - IO 

3. Weight of organic matter in soil 

Use dry soil from the previous experiment. Place it in 
a metal tray and heat strongly over a Bunsen flame to 
bum off all the organic matter. Continue heating 
until smoke stops coming off and the charred organic 
matter has disappeared. This will leave only the grey 
or reddish minera l particles. When cool, weigh the 
soil again. The loss in weight is due to the organic 
matter being burnt to carbon dioxide and water. 
Sample calculation: 

weight of dry soil 
weight of 'burnt' soil 

:. weight of humus 
percentage humus in dry soil 

40 g 
38g 

40- 38= 2g 
2x 100 •

01 4Q= 0 1o 

Since the residue of 'burnt' soil consists of the 
inorganic particles (sand and clay), it follows that, in 
this experiment, 95 per cent of the dry weight of tho 
soil consists of sand and clay. 

4. Volume of ah· in the soil 

Pour wate•· fa·om a measuring cylinder into a meta l 
can to find tho volume of the can. Pour two cans full 
of water into a large, straight-sided jar (e.g. a 200 g 
or 8 oz coffee jar), and mark the water level with a 
marker pen on the outside of the jar. 

Pour enough water from the jar back in the can to 
just fill it and mark the new water level in the jar. The 
two marks on the jar now represent the volume of one 
and two cans. The jar should be left with water up to 
the l-ean mark (Fig. 9). 

Empty the can and press it, open end down, into 
some undisturbed soil which is soft enough to admit 
it. Stamp the cnn down until its base is just level with 
the soi l surface. Then dig the can out 9a1·efully. Cut 
away any surplus soil from the mouth of the can. 

Now use a sticlt or a spoon to dig the soil out and let 
it fall into the jar of water. Since the volume of soil in 
the can is the same as the volume of water you 
removed from the jar, you might expect the wa ter 
level to go up to the 2-can mark. However, there was 
air in the soil and this will have escaped when you 
dislodged the soil into the jar. The new water level 
will, therefore, be below the 2-can mark. 

Fill the measuring cylinder to the top with water 
and pour some of the water into the jar until the level 
reaches the 2-can mark. Note the reading in the 
measuring cylinder so that you can calculate the 
volume of watoa· you have added. This is the same as 
the volume of a ir which escaped from the soil. Sample 
calculation: 

volume of the metal can 
volume of water added to jar 

:. volume of air in 200 cm3 soil 
percentage air in soil 

200 em" 
28cm3 

28cm3 

28x 100 
200 14% 
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Fig. 9 Measuring t he volume of air in soil 

5. A comparison of the wa te r -holding 
proper ties of soils 

Two equal-sized plastic cups have their bases 
perforated and lined with glass fibre. Partly pack one 
cup with dry sand. Pack the other to the same depth 
with dry soil, rich in organic matter. Support the 
cups, in turn, over a beaker and pour a known volume 
of water through the soil from a measuring cylinder 

pour 1 00 em~ water 
into tho plastic cup 

The Soil 261 

(Fig. 10). When all the water has drained thYough, 
return it to the measuring cylinder to see how much 
has been retained by the soil. Repeat the experiment 
with the other sample, using the same volume of 
water as before. 

It is expected that the soi l rich in organic matter 
will hold a greater proportion of water than the sand, 
thus showing one of the advantages of organic matter 
in the soi I. · 

6. The permeability (porosity) of soil 

The permeability of a soi l means how eas ily water will pass 
through it. Plug the stems of two glass funnels with glass 
wool and ha lf-fill one wi th sandy soi l and the other with an 
equal volume of clay soi l. Cover both lots of soil with water 
and keep the levels the same by topping up during the 
experiment. Thus, there will be no difference in the water 
pressure in the two funnels (Fig. 11). Collect the water that 
runs through in a given time in a measuxing cylinder.1'he 
sandy soi I will probably be more permeable to water than 
the clay soi l and will allow faT more water to run th rough 
in a fixed time. 

Fig.U Comparing the permeability of soils to water. (Only 
one of the two funnels is shown.) 

\ ·.- J . .., 
sand or soil-----'~r.,:.... -'. _t' ____ _,1(1JJ .. .;-I" 
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Fig. 10 Water retention in soil 

allow the water 
to drain through 
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. 

• 



• 

262 Organisms and their Environment 

7. Capillary attraction in soil 

Pack two glass tubes 1 em or more wide and about 50 
em long with dry sand. Fill one tube \vitll fine sand 
and the other with coarse sand. Plug the ends with 
glass wool and clamp the tubes upright in a beaker of 
water (Fig. 12). The water will travel up through the 
sand by capillary attraction, and its level can be seen 
by the darker colour of the sand. Meas ure and 
compart) the levels after one day. The results will 
show that water t1·avels further in the fine sand. The 
smallet· the particles in a soil, the greater is the 
capillary attraction. 

! .. 
c = : 
<=.l =l : 

coarse sand---- - · 

.J-- -- fine sand 

water level-- -1+-+-lf.;l• 

glass wool 

Fig. 12 Capillary attraction in sand 

8. The presence of micro-organisms in 
the soil 

Two Petri dishes of sterile, vegetable agat· are 
prepared as described on page 263. In one of them 
sprinkle some particles of soil (Fig. 13) and in the 
other scatter some particles of sand that have been 
steri lized by beating. This dish is the. control (p. 30). 
If bacteria or fungi are pt·esent in the soil, they will 
appear as colonies on the surface of the agar in a few 
days. 'l'he absence of any colonies f1·om the control 
will prove that the micro·organisms were in the soil 
and did not come from the air, from the dis h, from the 
agar or from the instruments used to scatter the 
particles. 

lift the lid as 
little as possible 

//~~ ~ ~\, 
~L -~; . ~"~~ 

_,..-- -~nickalittlesoil \' 
......--- over the agar 

Fig. 13 Culturing micro-orgnnisms from soil 

' i 

9. Extraction of some of the lat·ger soil 
animals 

An appm·atus such as the one in Fig. 14 is set up wi th a soil 
sample. '!'he heat from the lamp gradua lly dries ou t the soil 
from the top and so drives some of the insects, nematodes 
and mites down into the Petri dish where they a re trapped 
in a preserv ing fluid . After a few days, the 'catch' is 
examined under the low power of the microscope (Fig. 6). 

ventila11ion holes 

tin can--+-

plastic 
flowef 

connec1ion 

soil sample 

Fig. 14 Extraction of small animals from the soil 

10. Measuring the pH of the soil 

Place about 10 mm soi l in the bottom of a test·tube. Add 
a bout 10 1 barium sulphate powder.'l'hi s is a neutral sa lt 
which will recipitate the clay in the soil so that, la ter on, 
the colou f the solution can be seen. Add 10 em" distilled 

2 em'' soi l indicator to the test-tube. Close the 
mout)i Ehc tube with a bung and shake the tube 
vigorous lo mix the contents . 

Let the tube stand for a minute and a clear coloured 
solution s hould appear at the top as the soil particles settle 
down. The colour is pt·oduced by the soi l's acidity or 
a lkalinity acting on the indicator dye. 

Hold the tube against the colour chart. (This may be on 
the label of the indicator bottle 0 1· on a separate card.) Try 
to matc h the colour of the liquid in the tube to one of the 
colours on the chart. 1'his colour will correspond to a 
parti cular pH or pH range (Fig. 15). 
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Fig. 15 Testing the pH of n soil. Compare the colours 
in the test-tubes with the colours on the chart. 

11. Cult u r ing soil p1·otozoa 

Cut up some hay with scissors and boil it in a beaker 
with some rain-water for about 5 minutes. Filter the 
liquid when it is cool enough and leave it in an open 
jar. Bacterial spores from the hay will germinate and 
create a population of bacteria. Add some soil to this 
liquid11ndleave it for a few days. The protozoa in the 
soil will feed on the bacteria and their numbers will 
increase. If you take small samples of water from the 
surface of the liquid. and study it under the 
microscope, you will probably find a large number of 
ciliates and some rotifers (which are not protozoa). 

CHECK LIST 
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Note Fuller detai ls for these and other experiments can 
be found in Experimcnta./ Worh in Biology, Combined 
Edition (seep. 364). 

QUESTIONS 
15 Because you omitted the heating and reweigh ing in Experi­
ment 2, would you expect your figure for the percentage of soil 
water t.o be t.oo large or too smal l? Expl~in. 
16 Why is it necessru·y to start with dry soi l in order t.o measure 
t.he weight of organic matter in the soil {Experiment 3)? 
17 Suggest some causes of inaccuracy in the results of 
Experiment 4 . 
18 Suggest some reasons why you would expect the permeability 
of an intact soil to differ from the pe•·mcability of the soil as 
measured in Experiment 6. 
19 Would you expect a soil which is very permeable to water 
(Experiment 6) to a lso retain a lot of water (Experiment 5)? 
Explailt your answer. 

P r eparation of cult ure plates for soil 
m icro-organisms 
This should be done by the teacher or technician. 

The Petri dishes are sterilized by super-heated steam in 
an autoc lave or pressure cooker for 15 minutes at a 
pressure of 1 kg per cm2 . This kills any bacteria that are 
already on the glassware. The culture medium is made by 
adding 2 g agar (p. 319) and 25 cm3 vegetable juice (e.g. 
tomato juice) to 100 em' hot distilled water. This mixture 
is stirred unti l a ll the substances are dissolved, and then 
ster ilized in a n autoclave. When it is fairly cool but sti ll 
liquid, the agar is poured into the Petri dishes which are 
covered at once. The agar sets to a jelly when cool. After 
the soil particles have been added to the dishes, the lids 
should be sealed on with adhesive tape and not opened 
again. When the experiment is finished, the dishes must be 
sterilized before opening them up and disposing of the 
cultures. 

• Soil is a mixture of sand, s ilt and clay particles with humus. 
• Soil has a 'structure'; the particles form 'crumbs ' and there are pore spaces between the particles and 

crumbs. 
• The larger pore spaces contain ail·, the smaller pore spaces contain water. 
• Mineral salts are present, in solu tion , in soil water. 
• Bacteria, fungi, protozoa a nd other micro-organisms live in t he soil and affect its s tructm·e and fertili ty. 
• There is also a population of arth ropods and nematodes in the soi l. Some of them are agricultural pes ts . 
• A fertile soil contains adequate humus and mineral salts. It is well drained and aerated, has a stable 

crumb structure and is not too acid or alkaline. 
• Organic matter in the soil im proves its structure, helps to retain water and is a souxcd-':>f mineral ions. 
• Plant roots penetrate the soil and extract water and minet·al salts . 
• Soil water is held round the particles by capillary attraction, a force which also res ists the uptake of water 

by roots . 
• There is often an intimate relationship between plant roots and soil fungi which benefits t he plant and the 

fungus. 
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FOOD WEBS 
Hunting, agriculture, pesticides, eutrophication. 

FORESTS 

Erosion, flooding, greenhouse effect. 

SOIL 
Erosion, pesticides. 

A few thousand years ago, most of the humans on the Earth 
probably obtained their food by gathering leaves, fruits or 
roots and by hunting animals. The population was 
probably limited by the amount of food that could be 
collected in this way. 

Human faeces, urine and dead bodies were left on or in 
the soil and so played a part in the nitrogen cycle (p. 247). 
Life may have been short, and many babies may have died 
from starvation or illness, but humans fitted into the food 
web and nitrogen cycle like any other animal. · 

Once agriculture had been developed, it was possible to 
support much larger populations and the balance between 
humans and their environment was upset. 

An increasing population has three main effects on the 
environment. 
1. In tensification of agricultut·e Forests and wood· 
land are cut down and the soil is ploughed up in order to 
grow more food. This destroys important wildlife habitats 
and may even affect the carbon dioxide levels in the 
atmosphere. 

Tropical rainforest is being cut down at the rate of 43 000 
square miles per year. Since 1950, between 30 and 50 per 
cent of British deciduous woodlands have been felled to 
make way for farmland or conifer plantations. 

The application of chemical fertilizers can cause 
deterioration of the soil structure and, in some cases, 
results in pollution of rivers and streams. Appl ication of 
pesticides often kills beneficial creatures as well as pests. 
2. Urbanization The development of towns and cities 
makes less and less land available for wildlife. In addition, 
the crowding of growing populations into towns leads to 
problems of waste·disposal. The sewage and domestic 
waste from a town of several thousand people can cause 
disease and pollution in the absence of effective means of 
disposal. 
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WATER 

Sewage, pollution, radioactive waste . 

AIR 

Sulphur dioxide, oxides of nitrogen, lead, smog, 
carbon monoxide, chlorofluorocarbons. 

When fuels are burned for heating and transport, they 
produce gases which pollute the atmosphere. 
3. I ndustl'ia lizat ion In some cases, an increasing 
population is accompanied by an increase in manufactur· 
ing industries which produce gases and other products 
which damage the environment. 

The effects of the human population on the environment 
are complicated and difficult to study. They are even more 
difficult to forecast. In their ignorance, humans have 
destroyed many plants a nd animals and great areas of 
natural vegetation. Unless we control our consumption of 
the Earth's resources, limit our own numbers and treat our 
environment with more care and understanding, we could 
make the Earth's surface impossible to live on and so cause 
ow· own extinction. 

The account which follows, mentions just some of the 
ways in which our activities damage the environment. 

THE HUMAN IMPACT ON 
FOOD WEBS 

The hunting of animals 
One obvious way to upset a food web is to remove some of 
the animals or plants which form part of it. If the tawny 
owls were removed from the food web in Figure 1, we would 
expect the numbers of shrews to increase because fewer 
wet·e being eaten by the owls. The numbers of woodlice and 
earthworms might then go down because there were more 
shrews to eat them. The effect of the rabbit disease, rnyxo· 
matosis, on a food web, has been described on page 244. 



StOat 

moth pupae 
and larvae 

<--le_a_ve_s_. r_o_ot_s._b_a_rk_. _et_c_. ---'1 I leaf litter 

Fig. 1 The food web of an oak tree (only a small sample of 
animals is shown). 

(From P. W. Freeland, School Science Reuiew, 1973.) 

In 1910, in the Grand Canyon National Game Reserve 
(USA), an attempt was made to protect the deer population 
by shooting the animals which ate them. These were 
cougars, wolves, bobcats and coyotes. After fourteen 
years, the deer population had increased from about 4000 
to 100 000, and the environment could not support them. 
The grass was ·overgrazed, the trees and young shrubs were 
destroyed by browsing and the deer were dying from 
starvation in large numbers. Ignorant human interference 
with the food web had not only destroyed hundreds of 
cougars, wolves and coyotes but threatened to lead to the 
destruction of the environment and the deer which lived 
there (Fig. 2). 

100 000 

50000 

first fawns starved 

damage to 
trees seen 

t---- 60% of herd 
starved in 
lwowinters 

1905 1910 1915 1920 1925 1930 1935 1940 

Fig. 2 The result of human interference with a food web: 
changes in deer population after predators were killed. 

(From J . Barker, In the Balance, Evans, 1975.) 

It is, of course, easy to be 'wise after the event', but it is 
not always obvious what should be done to conserve a 
population or its habitat. At·guments are currently taking 
place about the elephant population in some of Africa's 
game parks. Some people think the elephants are too 
numerous and could destroy their own habitat. Others 
disagree and feel that the population is self-regulating. 
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Many animal populations are threatened because 
humans kill them for food, profit or 'sport'. Over-fishing 
has reduced some fish stocks to the point where they 
cannot reproduce fast enough to keep up theit· numbers. 

Animals like the leopard and tiger have been reduced to 
dangerous ly low levels by hunting, in order to se.ll their 
skins (Fig. 3). The blue whale's numbers have been reduced 
from about 2 000 000 to 6000 as a result of intensive 
hunting. 

Fig. 3 One of the threats to wild animals. So long as 
people are willing to buy these products, other people will be 
prepared to kill the endange•·ed species. 

Agriculture 
Monoculture The whole point of crop farming is to 
remove a mixed population of trees, shrubs, wild Rowers 
and grasses and replace it with a dense population of only 
one species such as wheat or beans (Figs 4 and 5). This is 
called a monoculture. 

Figure 1 is a simplified diagram of a food web which can 
be supported by a single oak tree. Similar food webs could 
be constructed for grasses, wild flowers and shrubs. 
Clearly, a field of wheat could not support such a mixed 
population of creatures. Indeed, every attempt is made to 
destroy any organisms such as rabbits, insects or pigeons, 
which try to feed on the crop plant. 

So, the balanced life of a natural plant and animal 

Fig. 4 Natural vegetation. Uncultivated land cru·ries a wicle 
variety of plant species. 
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Fig. 5 A monoculturc. Only wheat is allowed to grow. All 
comJlCting pla nts arc destroyed. 

community is displaced from farm land and left to survive 
only in small areas of woodland, heath or hedgerow. We 
have to decide on a balance between tho amount of land to 
be used for agriculture, roads or building a nd the amount 
of land left alone in o1·dcr to keep a rich va1·iety of wildlife 
on the Earth's sUJ·face. 

Pesticides This is a general name for any chemicals 
which destroy agricultural pests. For a monoculttll'e to 
be maintained, plont.s which compete with the crop plant 
for root space, soi l minerals and sunlight are killed 
by chemicals called herbicides (Figs 6 and 7). The crop 

Fig. 6 Weed control by herbicide spraying. A young wheat 
crop is sprayed with herbicide to suppress weeds. 

Fig. 7 Effect of a herbicide spray. The oren in the 
foregrou nd has been treated wiLh a herbicide which has 
prevented the growth of the yellow·Oowored chnrlock. 

Fig. 8 Control of fungu s disease. The tree ben ring the 
apples on the right hns been sprayed with a fungicide. The 
apples on the unsprayed tree have developed npplo scab. 

plant.s are protected against fungus diseases by spraying 
them with chemicals called fungicides (Fig. 8). To destroy 
insects which eat and damage the plant.s, the crops are 
sprayed with insecticides. 

Pesticide hills 
insecticide insects 
fungicide paras itic fungi 
herbicide 'weed' plant.s 

The trouble with nearly all th ese pesticides is that they 
kill the harmless o1· beneficia l organisms as well as the 
harmfu l ones. 

In about 1960, a group of chemicals, including one call ed 
die ldrin, were used as insecticides to kill wireworms nnd 
other insect pest.s in the soi l. Dieldrin was also used as a 
seed dressing. If seeds were dipped in the chemical beforo 
planting, it prevented cer tain insects from attacking the 
seedl ings. This was thought to be better than spraying the 
soil with dieldrin which would have killed a ll the insects in 



the soil. Unfortunately pigeons, rooks, pheasants and 
partridges dug up and ale so much of the seed that the 
dieldrin poisoned them. Thousands of these birds were 
poisoned and, because they were part of 11 food web, birds 
of prey and foxes, which fed on them, were also lUlled. 

The concentration of insecticide often increases as it 
passes along a food chain (Fig. 9). Clear Lake in California 
was sprayed with DDT to kill gnat larvae. The insecticide 
made only a weak solution of0.015 parts per million (ppm) 
in the lake water. '!'he microscopic plants and animals 
which fed in the lake water bui lt up concentrations of 
about 5 ppm in their bodies. The small fish which fed on the 
microscopic animals had 10 ppm. The small fish were eaten 
by larger fish, which in turn were eaten by birds called 
grebes. The grebes were found to have 1600 ppm of DDT in 
their body fat and this high concentl·ation killed large 
numbers of them. 

These new insecticides had been thorough ly tested in 
the laboratory to show that they were harmless to humans 
and other animals when used in low concentrations. It bad 
not bee11 foreseen that the insecticides would become more 
and more concentrated as they passed a long the food 
chain. 

Insecticides like this are called persistent because they 
last a long time without breaking down. This makes them 
good insecticides but they also persist for a long time in the 
soil, in rivers, lakes and the bodies of animals, including 
humans. This is a serious disadvantage. 

Eutrophication 
On page 52 it was explained that plants need a s upply of 
nitrates for making theit· proteins, and a source of 
phosphates for many chemical reactions in their cells. The 
rate at which plants grow is often limited by how much 
ni trate and phosphate they can obtain. In recen t years, the 
amount of nitrate and phosphate in our rivers and lakes 
has been greatly increased. Thls leads to an accelerated 
process of e u trophication. 

Tho insec1icide makes only 
a weak solution in the 
water, but the microscopic 
plants take up the DDT 
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Eutrophication is the enrichment of natural waters with 
nutrients which allow the water to support an increasing 
amount of plant life. This pt·ocess takes place naturally in 
many lakes but usually very slowly. Human activities have 
greatly speeded up the eu~rophication of rivers and lakes 
and the following processes a re the main causes. 

Discharge of treated sewage In a sewage treatment 
plant, human waste is broken down by bacteria (p. 277) and 
made ha rmless, but the breakdown products include 
phosphates and nitrates. When the water from the sewage 
treatment is discharged into rivet'S it con tains large 
quantities of phosphate and nitrate which allows the 
microscopic plant·life to g1·ow very rapidly (Fig. 10). 

Fig. 10 Growth of algae in a canal. Abundant nitmte and 
phosphate from t1·eated sewage and from farmland make this 
growth )>ossible. 

Each large fish eats 
several small fish 

~~ "''\ . .. ) 
)·~.'[:..:'jf/ 
f.-~~-~r 

, : ·.,-
The grebe eats 
several large fish 

Fig. 9 Pesticides may become more concentrated as they 
move along a food chain . The intensity of colou.r represents 
the concentration ofDD1'. 
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1 excess nitrate ... 

2 ... and phosphate 

4 but there are not enough mrC<oscopie 
animals to eat the surplus plants 

Use of detergen ts Some detergents contain a lot of 
phosphate. '!'his is not removed by sewage treatment and is 
discharged into r ivers. 'l'he large amount of phosph ate 
encourages growth of microscopic plants (algae). 

Agr ic ultu ral fertilizers When chemical ferti lizers are 
used (seep. 53), some of the nitrates are washed out of the 
soil by rain and find their way into streams and rivers 
where they allow the overgrowth of the microscopic algae. 
In some cases, the level of nitrates getting into drinking­
water, reaches dangerous levels, particularly for babies 
and young children. 

' Factory fa r ming' Chickens, calves and pigs are often 
reared in large sheds instead of in open fields. '!'heir urine 
and faeces are washed out of the sheds with water. If this 
mixture gets into streams and rivet'S it supplies an excess 
of nitl·ates a nd phosphates for the microscopic algae. 

1'he microscopic algae a re at the bottom of a food chain . 
The extra nitrates and phosphates ft·om the processes 
listed above enable them to increase so rapidly that they 
cannot be kept in check by the microscopic animals which 
normally eat them. So they die and fall to the bottom of 
the river or Jake. Here, their bodies are broken down 
by bacteria. '!'he bacteria need oxygen to carry out 
tbjs breakdown and the oxygen is taken from tho water 
(Fig. 11). So much oxygen is taken that the water be­
comes deoxygenated and can no longer supporL animal 
life. Fish and other organisms die from suffocation 
(Fig. 12). 

The degree of pollu tion of river water is often measured 
by its Bioc hemical Oxygen Demund (BOD). 'l'his is the 
amount of oxygen used up by a sample of water inn fixed 
period of t ime. '!'he higher the BOD. the more polluted the 
water is likely to be. 

It is possible to reduce eutrophicution by using 
1. detergents with less phosphates; 
2. agricultural fertilizers that do not dissolve so easi ly; 
3. animal wastes on the land instead of letting them reach 
rivers. 

<!== oxygon 

5 so tho microscop;c plants die 
and ato brokon down by bacteria 
which use up oxygen 

Fig. ll Effects or eutrophlcation 

QUESTIONS 

oxygen 

l What might be the effect of the removal of earthworms from the 
food web in Fig. I em p. 265? 
2 Give five cxorn1>lcs of a monoculture. 
3 What might be the effect on the food web of Fig. 1 of spraying 
the tree with nn insecticide? 
4 Atone time, elm trtoes were sprayed with DDT to kill the bcctlcs 
which carried OuLch elm diseuse. In the autumn, the sprayed 
leaves fell to the ground und were eaten by earthworms. From the 
food web in Fig. I, suggest what effects this might hnvc hod on 
other organisms. 
5 Explain briefty why too much nitrate could lead to too little 
oxygen in river water. 

Fig. 12 Fish killed by pollution. The water may look clenr 
but is so short of oxygen thnt the fish have died from 
suffocation. 



Fig. 13 Cutting a road through a tropical rain forest. The 
t·oad not on ly destroys the natura l vegetation, it also opens ut> 
the forest to further exploitation. 

HUMANS AND FORESTS 

Forests have a profound effect on climate, water supply 
and soil maintenance. They have been described as 
environmental buffers. For example, they intercept heavy 
rainfall and release the water steadily and slowly to the 
soil beneath and to the streams and r ivers that start in or 
flow through them. 'fhe tree roots hold the soil in place. 

At present, we are destroying forests, particularly 
tropical forests, at a prodigious rate (a) for theit· timber, (b) 
to make way for agri cu ltm·e, roads (Fig. 13) and settle­
ments, and (c) for firewood. At the current rate of 
destruction, it is estimated that all tropical rainforests will 
have disappeared in the next 85 years. 

Removal afforests allows soil erosion, si lting upoflakes 
and rivers, devastating floods and the loss for ever of 
thousands of species of an imals and plants. 

Trees can grow on hillsides even when the soil layer is 
qu ite thin. When the trees are cut down and the soil is 
ploughed, there is less protection from the wind and t·ain . 
Heavy rainfall washes the soil off the hi llsides into the 
rivers. The hillsides are left bat·e and useless and the rivet·s 
become choked up with mud and silt which can cause 
floods (Figs 14 and 15a). For example, Argentina spends 
10 million dollars a year on dredging silt from the River 
Plate estuary to keep the port of Buenos Aires open to 
shipping.lt has been fotmd that SO percentofthissediment 
comes from a deforested and overgrazed region 1800 km 
upstTeam which represents only 4 per cent of the river's 
total catchment area. Similar sedimentation has halved 
the lives of reservoirs, hydro-electric schemes and irriga­
tion programmes. The disastrous floods in India and 
Bangladesh in recent years can be attributed largely to 
deforestation. 

The soil of tropical forests is usually very poor in 
nutrients. Most of the organic matter is in the leafy canopy 
of the tree tops. For a year or two after felling and burning, 
the forest soil yields good crops but the nutrients are soon 
depleted and the soi I eroded. The agricultural benefit from 
cutting down forests is very short-lived, and the forest does 
not recover even if the impoverished land is abandoned. 
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The 'greenhouse effect' of carbon dioxide In the 
last 100 years, the atmospheric carbon dioxide 
concentration has risen from about 0.027 per cent to 
over 0.033 per cent as a result of the increased 
combustion of coal and petroleum, in our industries 
and motor vehicles. 

Carbon dioxide is removed from the atmosphere by 
being dissolved in the sea and being taken up by 
photosynthesis. Destruction oflarge areas of tropical 
forest could significantly reduce the proportion of 
carbon dioxide removed by photosynthesis. 

An increasing concentration of atmospheric car· 
bon dio>.'ide may have the effectof'trapping' the sun's 
radiant energy in a similar way to a greenhouse. This 
could t·esult in a warming of the Earth's atmosphere, 
the melting ofthepolar ice-caps and arise in sea level. 
There could also be cl imatic changes which would 
affect the important food-growing areas of the world. 

So far, there is no convincing evidence that the 
global temperature is rising but the case against 
continued deforestation is persuasive even if the 
'greenhouse effect' is discounted. 

Fig. 14 Soil erosion. Removnl of forest trees from steeply 
sloping ground has allowed the ra in to wash away the topsoiL 

AGRICULTURE AND THE SOIL 

Soil erosion 
Bad methods of agriculture lead to soil erosion. This means 
that the soi I is blown away by the wind, or washed away by 
rainwater. Erosion may occur for a number of reasons. 





Fig. 16 Topsoil blowing in the wind. A dry sandy soil can 
easily be eroded by the wind. 

Over-grazing If too many animals are kept on a pasture, 
they eat the grass down almost to the roots, and their 
hooves trample the surface soil into a hard layer. As a 
result, the rainwater wil .l not penetrate the soil and so it 
runs off the surface, carrying the soil with it. 

Use of pesticides 
The effect of insecticides on food webs was described on 
page 266. When insecticides get into the soil, they kill the 
insect pests but they also kill other organisms. The effects 
of this on the soil's fertility are not vet'Y cleat·. An 
insecticide called aldrin was found to reduce the number 
of species of soil animals in a pasture to ha lf the original 
number. Ploughing up a pasture also reduces the number 
of species to the same extent, so the harm done by the 
insecticide is not obvious. 
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Fig. 17 The effect of insect icide on some soil organisms 
(From Clive A. Edwards, Soil Pollutants and Soil Animals,© 1069 

ScientH'ic American Inc.) 
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QUESTIONS 
6 Read pp. 256 and 270 and say why the continuous use of 
chemical fertilizers may destroy the soil's crumb structure. 
7 In what ways might trees protect the soil on a hillside from 
being washed away by the rain? 
8 If a farmer ploughs a steeply sloping field, in what direction 
should the furrows run to help cut down soil erosion? 
9 The graph in Fig. 1.7 shows the change in the numbers of mites 
and springtai ls (sec Fig. 4 on p. 259) in the soil aftet· treating it 
with an insecticide. Mites cat springtails. Suggest an explana· 
tion for the changes in numbers over the 16·month period. 

WATER PO LLUTION 

Human activity sometimes pollutes streams, rivers (Fig. 
18), lakes and even coastal waters. This affects the living 
organisms in the water and sometimes poisons humans or 
infects them with disease. 

Fig. 18 River pollution. The river is badly polluted by the 
efAuent from a paper mill. 

Sewage Diseases like typhoid and cholera are caused by 
certain bacteria when they get into the human intestine. 
The faeces passed by people s uffering from these diseases 
will contain the harmful bacteria. If the bacteria get into 
drinking·water they may spread the disease to hundreds of 
other people. For this reason, among others, untreated 
sewage must not be emptied into rivers. It is tl'eated at the 
sewage works so that all the solids are removed and the 
water discharged into rivers is free from harmful bacteria 
and poisonous chemicals (but see 'Eutrophication' on p. 267). 

Eutrophication When nitrates and phosphates from 
farmland and sewage escape into water they cause 
excessive growth of microscopic green plants. This may 
result in a serious oxygen shortage in the water as 
explained on page 268 . 

Chemical pollutio n Many industrial processes produce 
poisonous waste products. Electroplating, for example, 
produces waste containing copper and cyanide. If these 
chemicals are released into rivers they poison the animals 
and plants and could poison humans who drink the water. 
It is estimated that the River Trent receives 850 tonnes of 
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zinc, 4000 tonnes of nickel and 300 tonnes of copper each 
year from industrial processes (see Fig. 4, p. 277). 

In 1971, 45 people in Minamata Bay in Japan died and 
120 were seriously ill as a result of mercury poisoning. Tt 
was found that a factory had been discharging a compound 
of mercury into the bay as part of its waste. Although the 
mercury concentration in the sea was very low, its 
concentration was increased as it passed through the food 
chain (see p. 267). By the time it reached the people of 
Minamata Bay, in the fish and other sea food which formed 
a large par t of their diet, it was concentrated enough to 
cause brain damage, deformity and death. 

High levels of mercury have also been detected in the 
Baltic Sea and in the Great Lakes of North America. 

Oi l pollution of the sea is becoming a familiar event. In 
1967, a tanker called the Torrey Canyon ran on to the wcks 
near Land's End and 100 000 tonnes of crude oil spilled into 
the sea. Thousands of sea birds were killed by the oil (Fig. 
19), and the detergents, which wete used to try and disperse 
the oi l, killed many more birds and sea creatures living on 
the coast. Since 1967, there have been even greater 
spi llages of crude oi l from tankers and off-shot·e oil wells. 

Fig. 19 Oil pollut ion. Oiled sea birds like this Guillemot 
cannot Ry to reach their feeding grounds. They also poison 
themselves by trying to clean the oil from their feathem. 

Radioactive waste 
Radioactive products, unless veq carefully conh·ol­
led, could pollute land, sea, air and inland watet·s. Tn 
1988, an accidental discharge of radioactive waste 
from the nuclear processing plant at Sellafield, 
polluted the beaches and the sea in the area. 

Nuclear (atomic) power stations and other indus· 
tries use or process radioactive materials. The 
radiation from these materials can cause cancers 
s uch as leukaemia. The radioactivity cannot be 
destroyed by burning or any other means of disposal 
and many of the compounds remain radioactive for 
thousands of years. The compounds have to be stored 
or transpor ted in containers which do not allow the 
radiation to penetrate. 

The wastes can be disposed of at sea or by burying 
on land or on the sea bed but, at present, there is 
considerable opposition to both these methods. 

QUESTIONS 
10 What are the possible dange1'S of dumping and burying 
poisonous chemicals on the land? 
11 Before most water leaves the waterworl<s, it is exposed for 
some time to the poisonous gas, chlorine. Wl1at do you think is 
the point of this? 

AIR POLLUTION 

Some factories and all motor vehicles release poisonous 
substances into the air. Factories produce smoke and 
sulph ur dioxide; cars produce lead compounds, carbon 
monoxide and the OJtides of nitrogen which lead to smog 
(Fig. 20). 

Fig. 20 Photochemical 'smog' over Paris 

S moke This consists mainly of t iny particles of carbon 
and tar which come fi:om burning coal either in power 
stations or in the home. The tarry drops conta in chemicals 
which may cause cancer. When the carbon pru·ticles settle, 
they blacken buildings a nd damage the leaves of trees. 
Smoke in the atmosphere cuts down the amount of 
sunlight reaching the ground. For example, since the 
Clean Air Act of 1956, London has received 70 per cent 
more sunshine in December. 

Smoke also caused the dense 'pea-soup' fogsofindustrial 
districts_ When the watet· droplets in these fogs wet·e 
inhaled, they cont1·ibuted to illness and death from 
bronchitis. The Clean Air Acts of 1956 and 1968 have 
effectively stopped these lethal fogs in Britain, but they 
have not stopped atmospheric pollution by sulph ur dioxide 
and nitrogen oxides. 

Sulphur dioxide and ox ides of nitrogen Coal and oil 
contain sulphur. When these fuels are burned, they release 
sulphu1· dioxide (S02 ) into the air. Although the tall 
chimneys of factories (Fig. 21) send smoke and sulphur 
dioxide bigh into the air, the sulphur diox ide dissolves in 
rainwater and forms an acid. When this acid falls on 
buildings, it slowly dissolves the limestone and mortar. 
Wh en it falls on plants, it reduces thei~· growth and 
clan1ages their leaves. 

This form of pollution has been going on for many years 
and is getting worse. Jn North America, Scandinavia and 



Scotland, fo'rcsts are being destroyed (Fig. 22) and fish are 
dying in lakes, at least partly as a result of'acid rain'. 

Oxides of nitrogen from power stations and vehicle 
exhausts also contribute to atmospheric pollution and 
acid rain. The nitrogen oxides dissolve in raindrops and 
form nitric acid. 

Oxides of nitrogen a lso take part in t·eactions with other 
atmospheric pollutants and produce ozone. It may be the 
ozone and the nitrogen oxides which are largely respons· 
ible for the damage observed in forests. 

There is still some argument about the causes of 
acidification of lakes and damage to forests but there is a 
mass of circumstantial evidence which points very clearly 
to the industrial areas of America, Britain and Central 
Europe as the principal sources oft he sulphur dioxide and 
nitrogen oxides which make acid rain. 

One effect of acid rain is that it dissolves out the 
aluminium salts in the soil. These salts eventually reach 
toxic levels in streams and lakes. 

Smog This is a thin fog which occurs in cities in 
certain climatic conditions (see Fig. 20). Smog is 
irritating to the eyes and lungs and also damages 
plants. lt is produced when sunlight and ozone (03) in 
the atmosphere, act on the oxides of nitrogen and 
unburnt hydrocarbons released from vehicle ex· 
hausts. This type of smog is called 'photochemical 
smog' to distinguish it from the smoke plus fog that 
used to afflict British cities. 

Carbon monoxide This gas is also a product of 
combustion in the engines of cars and trucks. When 
inhaled, carbon monoxide combines with haerno· 
globin in the blood to form a fairly stable compound, 
carboxyhaemoglobin. The formation of carboxy· 
haemoglobin reduces the oxygen-carrying capacity 
of the blood and this can be harmful, particularly 
in people with heart disease or anaemia. 

A smoker is likely to inhale far more carbon 
monoxide from cigarettes than from the atmosphere. 
Nevertheless, the carbon monoxide levels produced 
by heavy traffic in towns can be harmful. 

Chlorofluorocarbons These are gases which 
readily liquefy when compressed. This makes them 
useful as refrigerants, propellants in aerosol cans 
and in plastic foams. Chlorofluorocarbons are very 
stable and accumulate in the atmosphere, where they 
react with ozone (03) . 

Ozone is present throughout the atmosphere but 
reaches a peak at about 25 km, where it forms what is 
called the 'ozone layer'. This layer filters out much of 
the ultraviolet radiation in sunlight. 

The fear is that chlorofluorocarbons will deplete 
the ozone layer and allow more ultraviolet (U.V.) 
radiation to reach the Earth's surface. An increased 
level ofU.V. radiation could cause more skin cancer, 
affect crops, interfere with the oxygen cycle and even 
distort weather patterns. 

The reactions involved are very complex. There are 
also natural processes which destroy atmospheric 
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ozone and some which generate ozone. The balance 
between destruction and creation is not known. 

The use of chlorofluorocarbons in aerosol cans has 
decreased since 1974 but their use in other processes 
has increased and the rate of t·elease is still 
increasing by about 7.5 per cent each year. 

Fig. 21 Air pollution by industry. Tall chimneys keep 
pollution away rrom t he immediate sunoundings but the 
atmosphere is still polluted. 

Lead Compounds of lead are mixed with petrol to 
improve the performance of motor cm·s. The lead is 
expelled with the exhaust gases into· the air. In some at·eas 
of heavy traffic it may reach levels which are dangerous 
and may cause damage to the brain in children. 

Although there are other sout·ces of lead pollution, such 
as some canned food, or water from lead pipes, the main 
somce of lead entering the bocly is leaded petrol. 

Laws have been passed to reduce the level of lead in 
petrol and the results of such legislation in America are 
shown in l~igure 22. ln 1985 in Britain, the lead content. in 
petrol was reduced from 0.4 to 0.15 grams per litre by Jaw, 
but the best step would be to ~emove lead from petrol 
altogether. Claims that cars would not run so well on 
unleaded petrol, or that it would cause increased engine 
wear are not soundly based. It would be neither difficult 
nor expensive to provide alternatives to leaded petrol. 

The cost of cleaning up 
!l'lost of the forms of pollution described in this chapter 
could be prevented provided we were prepat·ed to pay the 
cost of the necessary measures. Removal of sulphm· 
dioxide from the waste gases of power stations might 
increase our electricity bills by 5 per cent. Lead-free petrol 
may cost a little more tha t\ leaded petrol. It is pt·obably 
essential to bear these extra costs if we are to preserve om· 
environment. Furthermore, when the costs of reducing 
pollution are compared with the costs of environmental 
damage and human ill-health, the difference may not be all 
that great. 
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Fig. 22 The effect of reducing lend in petrol. In 1975the 
u.s. government began to phase out the usc or lead in petrol. 
This was subsequently matched by a full in the levels or lead in 
peoples' blood. Thi s suggests (but docs not prove) a close 
connection between !cud in exhaust fumes and the lead in the 
body. (l<'irst published in New Scientist.) 

Correlation and causation 
Figure 22 shows what is called a correlation. As the 
percentage of lead in petrol fa lls, so does the lead 
level in people's blood. A corre lation between two 
things, however, cannot usually prove that one of the 
effects is caused by the other. 

CHECK LIST 

Nevertheless, a strong correlation often at·ouses 
suspicions of a 'cause-and-effect' relationship and 
leads to further investigation. A correlation between 
deaths from lung cancer and number of cigarettes 
s moked led to investigations which now point 
convincingly to cigarette smoking being a major 
cause of lung cancer (see pp. 155 a nd 157). 

In the s tudies on lead pollt•tion (i!"ig. 22), it would be 
necessary to make s ure, for example, that there had 
been no decrease in the use of other lead-containing 
substances over the same period which might have 
accounted for the decrease in blood levels oflead. An 
Italian study between 1977 and 1979 used special 
·isotopes of lead in petrol. No other substances 
contained those particu lar isotopes. A con e lation 
between the levels of the lead isotopes in petrol and 
in blood, is strong evidence for causation (sometimes 
described as a 'casual relationship'). 

QUESTIONS 
12 To what extent do tall chimneys on factories reduce 
atmospheric pollution? 
13 What arc thought to be the main causes of'acid rain'? 
14 If compounds of lead and mercury gel into the body, they arc 
excreted only ve•·y slowly. Why do you think this makes them 
dangerous poisons even when they a a·e in low concentrAtions in 
the Hir ot· the water? 
15 It costs money to prevent harmful chemicals escaping into the 
air from factories and cars. The efTccts of pollution also cost a 
gr·eat deal of money. List some or the ways in which the effects of 
pollution (a) afTect our health and (b) cost us money. 

• The plants and animals in a food web Ql•e so interdependent that even a s m a ll change in the number·s of 
one group has a far-reaching effect on all the others. 

• Hunting activities and farming upset the natural balance between other living organisms. 
• Pesticides kill insects, weeds and fungi that could des troy our crops. 
• Pesticides help to in crease agl'icultur·al p•·oduction but they kill other ot·ganisms as well as pes t s. 
• A pesticide or pollutant which starts off at a low, safe level can become dangerously concentrated as it 

passes along a food chain. 
• Eutrophication of lakes and rivers t·esu lts in the excessive growth of algae followed by an oxygen shortage 

when the algae die and decay. 
• Soil erosion r·esu lts ft·om removal of trees from sloping land, use of only c hemical fertilizers on p loughed 

land and putting too many animals on pasture land. 
• The conversion of tropical fot·est to agricultural land usually results in failut·e because forest soils are 

poor in nutt·i ents . 
• Removal of forests can lead to et·osion, s il ting-up of lakes and r ivers and to flo odittg. 
• We pollute our lalces and rivers with indus trial waste and sewage effluent. 
• We pollute the sea with crude oil and factory wastes. 
• We pollute the air with smoke, sulphm· dioxide and nitrogen oxides from factories, and lead and nitrogen 

oxides from motor vehicles. 
• The acid rain res u lting from air pollution leads to poisoning of lakes and possibly destru ction of trees. 



29 Conservation and the 
Reduction of Pollution 

CONTROL OF AIR POLLUTION 
SulphUI· dioxide, nitrogen oxides, lead. 

CONTROL OF WATER POLLUTION 
1973 Water Act, sewage disposal. 

REDUCTION OF POLLUTION 

Pollution can be reduced voluntarily or by passing 
laws (legislation) which restrict the emission of 
pollutants. Pressure of public opinion has sometimes 
been effective in persuading a factory voluntru·ily to 
cut down its emission of polluting gases or liquid 
effluent. However, to t·educe pollution, on a national 
scale, it is necessary to introduce legis lation, i.e. pass 
laws which set limits on the amount of pollutants that 
may be released into the environment. The laws 
include penalties that may be applied if these levels 
are exceeded. One example oflegislation is the Clean 
Air Act. 

Control of air pollution 
The Clerut Air Acts of 1956 and 1968 These Acts 
designated certain city areas as 'smokeless zones' . 
The use of coal for domestic heating was prohibited 
and factories were not allowed to emit black smoke. 
1'his was effective in abolishing dense fogs in cities 
hut did not stop the discharge of sulphur dioxide and 
nitrogen oxides in the country as a whole(Fig.l). The 
effect of legislation on lead pollution can be seen in 
Fig. 22 on p. 27 4. 

Em ission o f sulphur dioxide and nitt·ogen 
oxides The concern over the damaging effects of 
acid rain has led several countries to press for 
regulations to reduce emissions of these acid gases. 
In 1983, nine European countries proposed a 30 per 
cent reduction in sulphur dioxide emissions over 10 
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Fig. 1 Average smoke concentration near ground 
level in the United IHngdom 1958-72 

(From John Bnrkcr, Breathing Space, Evans 1975.) 

yeat·s, but this move was blocked by Britain and 
France. In 1984, the EEC proposed a reduction of 60 
per cent in stLlphur dioxide for large factories, and 
France announced an over-all reduction of 50 per 
cent in the next 10 years. Britain has agreed to reduce 
sulphur dioxide emissions from three power stations 
by 1997. 

Reduction of sulphu r dioxide This can be 
achieved by removing a proportion of the sulphm 
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Fig. 2 Improvement in t he quality of water in the 
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compounds fTom the coal before it is burned ami by 
removing sulphur dioxide from the flue gases befo1·e 
they are discharged into the ai:r. 

Although both processes add to the costs of, e.g. 
generating electricity, they can produce marketable 
by-products. 

A longer-term solution is to change the design of 
furnaces so that the fuel is burned at a lower 
temperature which produces less acid gas. 

Reduction of nitrogen oxides Oxides of nitrogen 
come, ahnost equally, from industry and from motor 
vehicles. Flue gases (rom industry can be treated to 
remove most of the nitrogen oxides. Vehicles can 
have catalytic converters fitted to their exhaust 
systems. These converters remove most of the oxides 
of nitrogen, cm·bon monoxide and unburned hydro­
cal·bons, but they could add £300 to the cost of a car 
and \viii only work iflead-free petrol is used. 

A longer-term solution is to t·edesign car engines to 
burn petrol at lower temperatures and so produce 
smaller amounts of nitrogen oxides. However, this 
will not reduce emissions of hydrocarbons. 

TheEEC wants all new cars over 31itres to be fitted 
with catalytic converters by 1988. By 1994 all cars 
should pt·oduce lower levels of polluting gases. These 
directives, however, are voluntary and it is not clear 
how far Britain will comply witb them. 

Lead in petrol The EEC would like to move rapidly 
towards lead-free petrol but tbe member countries 
cannot agree on the timing of the measures. Germany 
plans to inb·oduce lead-free peb·ol by 1986. Britain 
has.reduced the lead in petrol from 0.4 to 0.15 g/1 and 
bas agreed, in principle, to introdu~e lead-free petrol. 

Lead-free petrol bas been avai lable in the USA for 
some years. Lead· emissions have been reduced by 
55 per cent and the levels of lead in the blood have 
dropped by 36.7 per cent across the country (p. 274) . 

Control of water pollution 
The 1973 Water Act reorganized the control of water 
supplies and sewage treatment under ten 'vVater 
Authorities. Tt is an offence to discharge water that 
has been used for any industrial purpose into a sewer 
or directly into a dver without the consent of the 
appropriate water authority. 

In practice, this may reduce pollution but does not 
stop it. The industries concerned reach agreement 
\vith the water authority about the levels of pollution 
that are acceptable. 'rhese levels are usually too high 
and even if they are exceeded the fines imposed are 
very small. 

The 'rhames Watet· Authority has been successful 
in cleanjng up the Thames, to the extent that Atlantic 
salmon have returned to the river after an absence 
of 60 years (Figs 2 and 3). Howevet·, there are stilJ 
2800 km of other rivers classified as unfit for fish. 

Fig. 3 1'he 'thames Bubbler. Hcnvy ston~s sometimes 
wash extra sewage efRuent into the t·iver. The bubbler 
injects oxygen into the water to stop the oxyge11 level 
falling to a point where fish would suffocate. 

The Control or Pollution Act was approved by 
Parliament in 1974, but many of its provisions have 
not been fully implemented since then. Not until1987 
were pollution controls extended to tidal rivers, 
estuaries and the coast, although these were often 
very heavily polluted (Fig. 4). 



Fig. 4 River pollution. Untreated industria l effluent 
being dischaxged i11to a tributary of the Mersey. 

Sewage disposal Inland towns have to treat their 
sewage to make it hat·mless. Paper, plastic and other 
debris are removed by passing the raw sewage 
tluougb metal grids. As the flow slows down, gravel 
settles out a nd, later, the organic solids settle in 
sedimentation tanks and form sewage sludge. The 
remaining liquid is tt·eated in one of two ways, the 
biological filter or the activated sludge method. Only 
the former will be described. 

Tbe liquid sewage is sprayed over a circula r bed of 
porous bricks (Fig. 5). As it trickles over the bricks, 
the liquid becomes well aerated and this encourages 
t he growth of aerobic bacteria (p. 311) which feed 
on the dissolved organic matter in the liquid. 
The bacteria themselves are eaten by single·celled 
creatures which, in turn, are eaten by aquatic 
worms and insect larvae. Thus a food chain is set 

Fig. 5 Sewage treatment. Micro·organisms in the 
filter beds remove organic matter from the effluent. 
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up which temoves harmful bacteria and ni trogenous 
waste ft·om the liquid sewage. 

The dead remains of the organisms are washed out 
of the filter beds and a llowed to settle as s ludge. The 
remaining liquid., now free of bacteria and harmful 
substances, can be discharged into a r iver. Effective 
sewage treatment, by destroying intestinal bacteria, 
prevents the spread of infectious diseases such as 
typhoid and cholera . 

However, there ru·e often nitrates and phospha tes 
still present in the clear sewage effluent and these 
can cause problems of pollution (seep. 267). 

The sewage sludge can be dried a nd used as 
fertilizer provided it does not contain heavy metals 
(e.g. mercw·y and cadmium) from industrial pto­
cesses. In some cases, the sewage sludge is fed into a 
'digester' where anaerobic bacteria (p. 311) act on it 
and produce enough methane gas to drive all the 
machinery at the sewage works. 

It is important that sewage should not contain 
industrial chemicals which could kill the organisms 
in the filter beds. It is also desirable that any 
chemicals, e.g. detergents, should be biodegradable, 
i.e. capable of being digested by bactetia. If they are 
not biodegradable the chemicals will pass unchanged 
into the·river. 

Many coastal towns discharge untreated sewage 
into the sea where it is considered to become 
sufficiently diluted to be hru·mless. In practice, 
adverse winds and tides sometimes deposit most of it 
back on the shore and it may become a heal th hazru·d. 

QUESTIONS 
1 Why have the Clean Air Acts not prevented atmospheric 
pollution? 
2 How can (a) su lphur dioxide emissions, (b) nitrogen oxide 
emissions be reduced? 
3 Why arc estuaries mo•·e heavily polluted than r ive 1·s? 
4 In what ways docs sewage u·eatmen t (a.) reduce pollution, 
(b) cause pollution? 
5 In the long run, who pays the cost oft·educing pollution? 

CONSERVATION 

Conservation involves preserving habitats and 
protecting individual species of plants and animals. 

Conservation of habitats 
In 1949, the Nature Conservancy (now the Nature 
Conservancy Council), was established by the Na­
tional Parks and Countryside Act. The Council's 
job is to establish, manage and maintain nature 
reserves, protect threatened habitats and to conduct 
research into matters relevant to conservation. 

The NCC has established 195 Nature Reserves 
(Fig. 6) but, in addition, it has responsibility for 
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Fig. 6 A National Nature reserve at Scolt Head, 
Norfolk. The reserve attracts shore birds nnd provides a 
nesting site for large numbers of terns. 

Fig. 7 Site of Special Scien tific Tnto•·cst. 'l'his lnnd in 
Bcdfordshirc is privately owned but protected by a 
management agreement with the landowner. 

Fig. 8 Destruction of a hedgerow. Once nn area has 
been declared an SSSl, dama~~ Auch as this cnn be 
prevented. But there are still loopholes in tho law and 
some landowners have destroyed SSSI's. 

notifying planning authorities of S ites of Special 
Scientific l ntct·est (SSSfs). These are privately 
owned lands which include important habitats or 
rare species (Fig. 7). The NCC tries to establish 
management agreements with the owner so that the 
site is not destroyed by felling trees, ploughing land 
or draining marshes or fens (Fig. 8). There are now 
4150 SSSTs. 

The•·c m·e sovet·ul other, non-governmenta l ot·· 
ganizations which hnve set up reserves and which 
help to conse•·ve wildlife. '!'he Nature Conservation 
Trust Rcsm·ve has ubout 1400 reserves; the ltoyal 
Society for Protection of Birds (RSPB) has 93; the 
Woodland Trust has 102, and there are about 160 
other rese•·vcs managed by other organizations. 

The Nalional Parks Commission has set up 10 
National Parks, covering some 9 per cent of England 
and Wales, e.g. Dnrtmoor, Snowdonia and the Lake 
District. Although the land is privately owned, tho 
Park Authorities nrc responsible for protecting the 
la ndscape and wildlife, and for planning public 
recreation such as wa lking, climbing or gliding. 

Reclamation There are probably more than 10 000 
hectares of derelict land in B•·itain, resu lting Erom 
abandoned industrinl s ites, excavations and dumping 
of waste from the coal, limestone and steel indust•·ies. 
Government grants n1·e made available, in some 
cases, for reclamation of these derelict areas. Spoi l 
heaps are levelled and excavations are filled in. 
Topsoil and sewage sludge are added; grass and trees 
are planted. 

In this way, the land may become a public amenity 
or be restored to agriculture. 

The mat·gins of clay and gravel pits may be 
replanted and •·estored to attractive aquatic habitats 
or developed for recreations such as sailing. 

Despite •·cclnmntion schemes, it is estimated thnt 
the area of derel ict la nd is increasing at the •·ate of 
1400 hectares per yea•·· 

Renewable r esources and 
r ecycling 
Our supplies of coal, oil and metal ores are running 
out. These are non-renewable resources because we 
cannot produce these materials from other sub­
stances. As the supplies of non-renewable resources 
dwindle, we nrc compelled to use alternative or 
renewable sources of energy and to recycle ou•· 
metals. 

Alternative som·ces of e ne t·gy are, for example, 
atomic enm·gy, hydro·electric power, wind gene· 
rators and solm· panels (Pig. 9). 

For mos t of these, the•·e is an environmental prica 
to pay. Nuc lear power stations produce t·adionctivc 
waste; hydro-electric schemes involve flooding vnl­
leys, damming rivers or building tidal barrages. 

Damage to the environment can be reduced, bul 
not avoided, by cutting down on our demands for 



Fig. 9 Wind gener a tors in California, USA. On 
otherwise unproductive land, these generators can make 
a small but significant contribution to the electricity 
supply. 

energy. Using surplus heat from power stations for 
domestic heating; improved insulation in buildings; 
more efficient combustion of our remaining fuels; 
these are just some of the ways of conserving energy. 

Renewa ble sources of energy are, for example, 
wood, alcohol and vegetable oil. These are all the 
products of photosynthesis. Sugar produced by 
sugar·cane, ca n be fermented by yeasts to produce 
a lcohol. This forms an acceptnhle fuel for driving 
vehicles and produces fewer pollutants than petrol. 
Sunflower oil has been t ried as an alternative to 
diesel oil, but this bas r un into technical problems. In 
fact, there are technica l and economic problems to be 
overcome with any renewable source of energy. Land 
which is used for producing sugar·cane for a lcohol 
cannot be used for producing food and there is 
already enormous pressure on land resources. 

Re cycling By reus ing scrap metals, glass from 
bottles and jars, and wastepaper, we help to conserve 
raw materia ls and timber . In some cases there may 
also be savings in energy costs. Recycling metals and 
glass also reduces some of the pollution due to 
dumping of these wastes. 

Straw·burning at harvest time can cause pollution 
with smoke and has often damaged hedges. Ways are 
being sought to recycle the straw either by ploughing 
it back, treating it to make it suitable for animal 
fodder or even compressing it to make fuel. 

Recovery of metals such as mercury and cadmium 
from industrial effluents, r educes th e po llution of 
rivers and oceans and also helps conserve supplies of 
these non·renewable materials. 

Domestic waste can be mechanically sorted into 
metals, organic waste, fabrics, paper and plastic. T he 
metals and paper are recycled, the organic waste can 
be fermented to produce methane which dr ives the 
plant, and even the plastic can be processed into fuel 
pellets. · 
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QUESTIONS 
6 Explain why •·cnewnble energy sour·ccs de1>end on photO· 
synthesis. 
7 \Vhy should recycl ing wastepaper help to conserve ou1· 
deciduous woodland'? 
8 In what ways docs recycling of metals help to conserve t.hc 
en'l ironrnent? 
9 Explain why some of the alternative and l"enewnble en~. 6Y 
resources arc less likely to cause pollution than coni and oil. 
10 What sch£!rncs exist in your loca lity for (a) recycling waste 
materials. (b) conse•·vation of habitats. (c) reclamation of waste 
lar.d? 

Conservation of species 
The wor ld is losing one species every day and, within 
20 years, at least 25 per cent of all fol'ms of wildlife 
could be extinct. Thet·e are laws in Britain which 
protect wi ldlife. For example, it is an offence to 
capture o•· kill almost all species of wild birds or to 
take eggs from th eir nests; wi ld flowers in their 
natural habitat may not be uprooted; badgers, otters 
and bats a re three of the protected species of mammal 
(Fig. 10). 

Fig. IO Badger. One of a number· of species protected 
by law. 

Animals and plants cannot be conserved unless 
their habitats are protected. Thus, the organizations 
mentioned above are concerned with habitats as wel l 
as wi th endangered species. In addit ion, other 
organizations are par ticularly concerned with en· 
dangered species. Three examples are given below. 

CITE S (Convention on International Trade in 
Endangered Species) gives protection to about 1500 
an imals a nd thousa11ds of plants, by persuading 
governments to restrict or ban trade in endangered 
species or their products, e.g. snake skins or rhino 
hom s. There are about 70 countr·ies who are party to 
the Convention. 

The Wor ld Wildlife Fund (WWF) operates on a 
globa l scale and is represented in 25 countries. The 
WWF raises money for conservation projects in all 



280 Organis ms a nd t heir Environmen t 

parts of the world, with par ticular emphasis on 
endangered species and habitats (Fig. 11). 

'!'be WWF calls on advice from the Intemational 
Union for the Conservation of Nature (IUCN), a 
representative group of experts from governments 
and conservation agencies in over 100 countries. 

The Int ernational Whaling Commission (fWC) 
was set up to try and avoid the extinction of whales 
as a result of uncontrolled whaling, and has 40 
members. 

The IWC allocates quotas of whales that member 
countries may catch but, having no powers to enforce 
its decisions, cannot prevent countries from exceed­
ing their quotas. For example, a ban on catching 
sperm whales in 1982 was ignored by Japan. In 1985, 
the IWC declared a moratorium (i.e. a complete ban) 
on all whaling. The position is to be reviewed in 1990. 
lt is not yet certain whether countries such as Japan, 
Iceland, Norway and South Korea will comply with 
the moratorium. 

Conservation of genes 
On p. 234 it was explained that crossing a wild grass 
with a strain of wheat, produced an improved variety. 
This is only one example of many successful attempts 
to try to improve yield, drought resistance and 
disease resistance in food plants. Some 25 000 plant 
species are threatened with extinction at the 
moment. This could result in a devastating loss 
of hereditary material (genes, see p. 224) and a 
reduction of about 10 per cent in the genes available 
for crop improvement. 'Gene banks' have been set up 

CHECK LIST 

Fig. 11 Trying to stop the t rade in endangered 
species. A representative of the World Wildljf~ Fund 
checks an illegal cargo impounded at an Indian customs 
post. 

to preserve a wide range of plants but these banks are 
vu lnerable to accidents, disease and human error. 
The only secure way of preserving the full range of 
genes is to keep the plan ts growing in .their natural 
environments . 

QUESTIONS 
II (a) What are the differences between the Nat me Conservancy 
Council and the National Parks Commission? 

(b) ln what ways do both organi1.ations contribute to 
conservation? 
12 What is the difference between an SSSI and a nature reserve? 
13 Discuss whether habitat conservation would automatically 
result in species conservation. 

• Sulphur dioxide emissions can be t·educed by rem oving s ulphur compounds from coa l. 
• Sulphm· dioxide a nd nitroge n oxides can be removed fr om flue gases. 
• Nitrogen dioxide, carbon monoxide a nd hydrocarbons can be removed by fitting ca talytic converters to 

vehicle exhausts. 
• Re m ova l of le ad fro m petrolt·educes lead pollution of t he air. 
• The EEC is pressing for r egulations to reduce discharge of a ll these pol1utan ts. 
• W at e r pollut ion of rivers is t•egu late d by Regional Water Au thoritie s . 
• Estua ries and tida l rive rs are not inc luded in these regulations . 
• I t is u rgently necessa ry to stop the destruction of wildlife a nd thei r h a bitats . 
• Th e Nature Conservancy Council h a s respons ibility for t his in Brita in. 
• Man y voluntary organizations h e lp to conserve wildlife a nd h a bitats. 
• Alternative sout·ce s of e nergy mus t be used as coal and oil s toc ks run out. 
• No form of e nergy production can entit·ely avoid caus ing some environmenta l damage or proble ms of 

waste dis posal. 
• Recycling of waste he lps reduce pollution and conset·ve our n a tura l reserves. 



30 Ecology 

DEFINITIONS 
Environment, habitat, community, ecosystem, 
competition, population, niche. 

ECOLOGY OF FRESH WATER 

Physical aspects, plant and animal communities, 
adaptations, succession and colonization. 

Ecology is the study of living organisms in •·e lation to 
their natural environment, as distinct f•·om in the 
laboratory. This does not mean that laboratory work is 
ruled out, but its object is a lways to explain how the 
organism survives, how it rch\tcs to other organisms and 
why it is successful in its particular environment. 

The following are some of the terms used in any 
discussion of ecology. 

Environment 
This means everything in the surroundings of an organism 
that could possibly influence it. The environment of a 
tadpole consists of water. The temperature of the water 
will influence the tadpole's rate of growth and activity. 
The watery environment contains plants and animals on 
which the tadpole will feed, but it also contains fish and 
insects which may eat the tadpole. The water contains 
dissolved oxygen which the tadpole breathes by means of 
its gills. The water, the oxygen, the food and the predators 
are all part of the tadpole's environment. 

Habitat 
A habitat is where an organism lives, i.e. where it obtains 
its food and shelter, and where it reproduces. Tho habitat 
of a limpet is a rocky shore. 'fbe environmellt includes air, 
sea water and sunlight but the hobitat is the shore. The 
habitat of the tapeworm is the intestine of o mammal. Its 
environment, however, is the warm digested food and 
digestive juices of its host. 'fho habitat of an aphid may be 
a bean plant, but its environment will include sun , wind, 
rain, ladybirds, ants and bacterin. 

Population 
ln biology, this term always refers to o single species. A 
biologist might refer to the population of sparrows in a 
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FIELD TECHNIQUES 
Measuring physical factors, sampling techniques. 

farmyard or the population of carp in o lake. In each case 
this would mean the total numbers of sparrows or the total 
numbers of carp in the stated orca. 

Community 
A community is mode up of all the plants and animals 
living in a habitat. In the soil (p. 254) there is a community 
of organisms which includes earthwomls, springtails and 
other insects, mites, fungi and bacteria. In a lake, the 
animal community will include, fish , insects, crustacea, 
molluscs and protozoa. 

The plant community will consist of rooted plants with 
submerged leaves, rooted plants with floating leaves, reed· 
like plants growing at the lake margin. plants floating 
freely on the surface, filamentous algae like Spirogyra 
(p. 329) and single-celled plants (p. 243) in the surface 
waters. 

Ecosystem 
The community of organisms in a habitat, plus the non· 
living part of the environment (air, water, soil, light, etc.) 
make up an ecosystem. A lake is an ecosystem which 
consists of the plant and animal communities mentioned 
above, and the water, minerals, dissolved oxygen, soil and 
sunlight on which they depend. An ecosystem is self· 
supporting (Fig. J). 

individuals } 
ofthcsamc • 
species 

J'OPUI~\'I'ION ) 
POJlUlntions • 
or other 
species 

nOn·livinu ) 
pnrt of 
cnviro~rucnL • I~COSYS'I'EM 

COMMUNI'I'Y 

Tn a woodland ecosystem, the plants absorb light and 
rainwater for photosynthesis, the animols feed on the 
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:Fig. t The 'Ecosphere'. 'l'he 5-inch globe contains sea-water, 
bactc•·ia, algae and a few Pacific shrimps. Given a source of 
light it is a sclf-suppo1'ting system and survives for several 
ycms (at least). 'l'hc shrimps live for up to 5 years bul do not 
reproduce. 

plants and on each other. The dead remains of animals and 
plan ts, acted upon by fungi and bacteria, return nutrients 
to the soil. 

Lakes and ponds are clear examples of ecosystems. 
Sunlight, water and minerals a llow the plants to grow and 
suppm·t animal life. The recycling of materials from the 
dead organisms maintains the supply of nutrients. 

All ecosystems will contain producers, consumers and 
decomposers as described on p. 243. 

It is quite t·easonable to regard a single oak tree as an 
ecosystem. The tree grows as a result of photosynthesis. 
Lichens may grow on its branches; ivy may grow up its 
trunk, squinels will eat its acorns, and aphids and 
caterpillars feed on its leaves. Birds eat the caterpillars 
and may nest in the branches. The tree, the community of 
plants and animals which live on it, and the air , water and 
Slmlight which nom·ish it, a ll form an ecosystem. 

On the other hand, the whole of that part of the Earth's 
surface which contains Jiving organisms (called the 
biosphere), may be regarded as one vast ecosystem. 

Competition 
Living organisms compete with each other for resources 
such as food, light, rooting space and breeding partners. As 
explained on p. 238, all organisms produce more offspring 
than can possibly smvive, so competition is unavoidable. 
lntra-specific competition takes place between mem­
be•·s of the same species for territory, food, nesting sites or 
mates (Fig. 2). 

Inter-specific competition occurs between different 
species. On page 293 there is a description of how 
competition between two species of Paramecium leads to a 
decline in the population of one of them. 

Niche 
A niche is the position which a particular species 
occupies in an ecosystem. This 'position' may refer to 
its habitat, its place in the food web, or both. A 
caterpillar and an aphid may both live in the same 
habitat, e.g. on a cabbage leaf, but they occupy 
different ecological niches because the caterpillar 
bites off pieces of leaf, whereas the aphid sucks sap 
from the veins. 

An organism may be very closely adapted to its 
niche and would have difficulty in occupying a 
different one. A rabbit's teeth and digestive system 
ru·e adapted to eating short vegetation such as grass 
and clover. Its behaviour is adapted to 1·unning 
for cover and burrowing. A rabbit could not survive 
in an exclusively woodland habitat or change to a 
carnivorous d iet. 

A badger, on the other hand, is not closely adapted 
to an ecological niche. It will eat a wide variety of 
food, including small mammals, insects, earthworms, 
acorns and grass, and it ra11ges over many different 
habitats. 

So, a population of carp forms part of the animal 
cormnunity living in a habitat called a lake. The com­
muni ties in this habitat, together with their watery 
environment, make up a self-supporting ecosystem. 

A carp is a secondary consumer, occupying an ecologica l 
niche at the top of a food chain, where i t is in competition 
with other species of fish for food and with other carp for 
food and mates. 

Fig. 2 Intra-specific competition in red deer. The 'pushing 
contest' will determine who has access to the fema les. 



QUESTIONS 
1 What communities might be present in an area of woodland? 
2 (a) What is the habitat of an earthworm? 

(b) What makes up the environment of the earthworm? 
3 Describe the ecological niche occupied by the grey squirrel (see 
Fig. 1 on p. 26~). 
4 Name some of the producers, consumers and decomposers that 
might be present in a grassland ecosystem. 

THE ECOLOGY OF FRESH 
WATER 

Ponds, lakes and rivers form clearly defined examples of 
ecosystems. Some of the properties of a pond can be 
reproduced by setting up a balanced aquarium in the 
laboratory. 

Physical aspects of a freshwater 
environment 
Density Water is far more dense than air. It offers 
resistance to moving animals but it also physically 
supports the animals and plants. Plants and animals living 
in rivers and streams must be able to withstand or avoid 
the force of the flowing water. 

Surface tension The surface of water behaves as if it 
had a thin elastic skin on it. There is, in fact, no skin; the 
effect is due to the attraction of water molecules at the 
surface, downwards into the bulk of the liquid. Never­
theless, the surface 'film' is used by animals above and 
below the surface. 

Pond skaters (Fig. 12) can walk over the surface film 
without getting wet; pond snails and flatworms crawl 
along under the surface film; insects such as water 
boatmen (Fig. 16) and mosquito larvae (Fig. 14) can hang 
from it while they take in air at the surface. 

Temperature Water can absorb a good deal of heat from 
the sun without its temperature rising much. Similarly, 
when water loses heat, its temperature does not fall much. 
A very small or shallow pond might heat up during the day 
and cool down at night but in most freshwater habitats, the 
temperature remains fairly constant (Fig. 3). 

When the temperature of water rises, it can hold less 
dissolved oxygen. Thus, a rise in temperature, well below 
the lethal level, might impair the breathing of some 
aquatic animals. 

Water also has an unusual property. Like most liquids, 
water contracts when it cools, but at temperatures below 
4 cc, it expands, becomes less dense and rises. So, ice will 
form only at the surface of a pond. Water at lower levels 
will not cool below 4 °C. 

Light Except for places where trees and shrubs grow on 
the banks, the surface water will receive a high light 
intensity. The small particles suspended in the water 
absorb the light so that at a depth of a metre or two, there 
may not be enough light to allow plants to photosynthesize 
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(From Ewer and Hall, 
Ecological Biology, 

Longman, 1978) 
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Fig. 3 Daily temperature change in air and water in a 
small tropical lake 

and grow. The changes in light intensity and other 
conditions are shown in Fig. 4. 

Oxygen Although water is H20, the oxygen in its 
molecule is not available for respiration. The oxygen that 
plants and animals use for respiration is dissolved in the 
water. It comes from the plants' photosynthesis during the 
day and also diffuses continuously through the water 
surface from the air. 

There is much less oxygen in water than there is in air. 
At 0 oc, 100 cm3 water can hold only about 1 cm3 dissolved 
oxygen. (100 cm3 air contains about 20 cm3 oxygen.) This 
means that a stationary animal or plant in still water 
quickly uses all the oxygen from the water immediately 
around it. Anything, such as eutrophication (p. 267) which 
reduces this small oxygen concentration in fresh water 
puts the animals at risk of suffocation. Any event which 
breaks up the surface of the water, e.g. waterfalls or 
breaking waves, helps to introduce more oxygen from 
the air. 

Minerals The water flowing in a river or into a lake 
brings a supply of minerals. Water draining from heavily 
fertilized farmland may even bring too many minerals (see 

temperature carbon 
light oxygen dioxide 

organic 
matter 

depth 
I 

I 
I 

Fig. 4 How conditions change with depth. The width of 
each column is proportional to the factors named. 

(From Bennet and Humphries, Introduction to Field Biology, Arnold, 
1974) 
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p. 268). In enclosed lakes and ponds, the supply of minerals 
will be maintained by normal recycling processes (p. 245). 

Substrate This is the mud or silt on the bottom. It allows 
plants to root and animals to burrow in it. If it contains a 
lot of decaying organic matter, it may be very short of 
oxygen. This is because the bacteria which break down the 
organic matter use up oxygen in their respiration. Streams 
which flow into a lake may bring down deposits of silt 
which collect on the bottom and gradually fill the lake. 

QUESTIONS 
5 What processes might (a) increase, (b) decrease the amount of 
oxygen dissolved in water? 
6 What factors are likely to limit the growth of plants in a lake? 
7 What properties of water make it a good environment for living 
organisms? 

The plant community 
The surface waters of ponds, lakes and rivers contain 
the microscopic algae which form the phytoplankton 
(p. 243}. There will be diatoms and blue-green algae, and in 
small ponds there may be filamentous algae like Spirogyra 
(p. 329}. The high light intensity of these surface waters 
allows rapid photosynthesis. 

Floating freely on the surface of still waters in lakes and 
ponds are plants such as duckweed (Lemna). Since these 
plants receive direct sunlight and can reproduce rapidly 
by vegetative propagation (p. 100) they may spread to 
cover a large surface of the water and restrict the light 
reaching the submerged plants. The roots and lower parts 
of the leaves contain air spaces which enable the plants to 
float, and the waxy cuticle on the leaves repels water if the 
leaves are temporarily submerged by waves. 

Submerged plants Plants such as Canadian pondweed 
(Elodea canadensis) (Fig. 5) are rooted in the substrate and 
can only grow where the water is shallow enough or clear 
enough to allow plenty of light to penetrate. The many 
leaves of E. canadensis and the thin, branching leaves of 
hornwort ( Ceratophyllum, Fig. 6) and the river crowfoot 
(Ranunculus fluitans) present a large surface area to the 
water. This probably helps to speed up gaseous exchange 
between the plant and the water. In Ceratophyllum, the 
cuticle is very thin and the epidermal cells, unlike most 
land plants, contain chloroplasts. 

Inside the leaves and stems there are air spaces which 
keep the plant shoots or leaves floating as near to the 
surface as possible. 

The thin leaves of plants such as river crowfoot also offer 
very little resistance to water flow. They stream out with 
the current and are not likely to be pulled off (Fig. 7). 

Because water is so much denser than air, it buoys up 
and supports the plants submerged in it. Consequently the 
plants do not need as much strengthening tissue in their 
stems and leaves as do land plants. For this reason aquatic 
plants removed from their environment are limp and 
floppy. 

Fig. 5 Elodea canadensis; Fig. 6 Ceratophyllum; 
Canadian pondweed hornwort 

Fig. 7 Ranunculus fluitans; river crowfoot. The thin 
flexible leaves stream out in the water current. 

Plants with leaves floating at the surface The leaves 
of plants such as the water-lily (Nymphaea) receive direct 
sunlight. Their stomata are on the upper surface and so 
exchange gases directly with the atmosphere rather than 
with the water. The upper surface of the leaf has a waxy 
cuticle which allows wave splashes and rainwater to run 
off. 

There is very little oxygen in the mud at the bottom of 
lakes and rivers and it is not always clear how plant roots 
can respire in these conditions. In some cases, such as in 
the water-lily, there are air spaces running from leaves to 
roots, which would allow diffusion of oxygen (Fig. 8). 

The flowers of these plants and of those in the next group 
are brought above the surface and pollinated probably by 
insects or the wind. 

Growing on the underwater parts of all these plants 
there is a community, called the periphyton, of small 
organisms such as single-celled creatures, filamentous 
algae (p. 329) and blue-green algae. These are grazed by 
fish, tadpoles, pond snails and insect larvae. 

Submerged and aerial leaves In plants such as water 
crowfoot (Ranunculus aquatilis) (Fig. 9) and arrow head 
(Sagittaria sagittifolia)· the submerged leaves show the 



Fig. 8 Nymphaea (water lily) leaf stalk , transverse 
section ( x 12). The large air spaces may allow diffusion of 
cnrbon dioxide and oxygen be~ween the leaves and roots. 

adaptations described for an aquatic environment, while 
the aerial leaves are characteristic of land plants. 

Pla n ts growing at t he edge If the banks are shelving, 
there is usually a gradual change-over ft·om water plants to 
land plants (Fig. 11). 

Fig. 9 Ranunculus aquatilis; water crowfoot. Notice the 
difference between the aerial and submerged leaves. 

L emna minor 
(duckweed) 
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'l'he roots and lower stems of pi ants such as the reed mace 
(Typha lati{olia) orreed (Phragmil.es communis) are totally 
submerged in shallow water. The abundant air spaces in 
the lower stem permit oxygen to diffuse into the roots. The 
types of plants represented in the change from aquatic to 
terrestrial vegetation probably reflect the extent to which 
they can tolerate baving their roots submerged and 
deprived of oxygen. 

Succession and colonization 
S uccession The stems and submerged leaves of 
aquatic plants interfere with the free A ow of water 
and cause it to deposit part of the sediment it is 
carrying. This gradually makes the water shallower 
and so favours the growth of plants which thrive 
better in these new conditions. The wholly sub· 
merged plants are gradually replaced by partly 
submerged plants and then by the waterside plants. 
So the natural tendency for any lake, or area of 
slowly moving water, is to fill with sediment and 
change over to a land ecosystem. The process by 
which one community is gradually replaced by 
another is called succession (Fig. 11 and p. 241). 

The progression from a shallow lake to a terrestrial 
ecosystem will depend on the depth of water, rate of 
flow, pH and other conditions. In non-acid con­
ditions, witb a slow water flow, the shallow edges of 
the lake are colonized by reedmace and reeds, 
forming a reed-swa mp. As the water becomes 
sha llower, the reeds and reedmace colonize areas 
nearer the centre of the lake and the drier margins 
are taken over by sedges (e.g. Carex panicnlata), and 
flowering plants such as the hairy willow herb 
(Epilobiwn hirsutum) and purple loosestrife (Ly­
thrum salicaria), forming a narrow mar sh zone. 

Typha larilolia 
(reedmace) 

Filpcndu/a 
ulmaria 
(meadow­
sweel) 

£pi!obium hirsutum 
(hairy willow herb) 

Alopecurus 
genicultJtus 
(marsh 
foxtail 
grass) 

Nuphar /urea 
(yellow water 
lily) Myriophyllum spp 

(waler milfoil) 

Fig. 10 Transition £rom water to la nd. This is just one example; there are many other sequences and combinations of plants. 



286 Organisms and their Environment 

Fig. 11 Zonation of vegetation at a lake side. The 
succession does not correspond exactly to Fig. 10 but the 
transition from submerged plants (Nuphar) to swamp carr 
(Rhamnus) can be seen. 

Seedlings of trees such as the sallow (Salix cinerea), 
alder (Alnus glutinosa) and buckthorn (Rhamnus 
catharticus) become established, making a swampy 
scrub called a swamp-carr. The trees which colonize 
a swamp-carr at·e those which can grow in a 
waterlogged or nearly waterlogged soil. 

Eventually, as the soil level continues to rise, oak 
(Quercus robur) and birch (Betula pubescens) may 
take over to produce a woodland carr. 

The final, stable stage of a plant succession is 
called the c limax vege tation for that region. 
Grassland left to itself (i.e. not cut or gra1.ed) 
gradually becomes colonized by sc.rub, mainly haw­
thorn bushes, and progresses to woodland. Beech 
woods are the climax on clay soil and birch-pine 
woods on dry sandy soils. 

Progression towards a climax vegetation can be 
deflected by human activities such as gmzing sheep 
on grassy downs (Fig. 6, p. 245) or coppicing a wood 
(i.e. cutting down chestnut and hazel trees to the 
stumps every 10 yem-s or so). 

Colonization If an area of soil is dug over and left 
bare, it will soon be colonized by plants and animals. 
Some organisms wiJJ already be present, e.g. bacteria, 
fungi, mites, springtails, earthworms and the seeds of 
flowering plants. Other seeds will arrive as a result 
of dispersal (p. 89), particularly wind-borne seeds of 
plants such as groundsel, dandelion and thistle. 

In favourable conclitions of warmth and moisture, 
the seeds will germinate and the ground will become 
colonized, first by annual plants which grow quickly 
and produce seeds in a single season. Later, the 
perennials such as couch grass, nettles, willow herb 
and brambles take over. These plants ha~e perennat­
ing and storage organs (p. 100), so that they gradually 
spread over the ground, filling the spaces previously 
occupied by the annuals. 

Seeds of trees will arrive at the same time but grow 
more slowly. The wind-dispersed ash and sycamore 
may be the first to arrive. The tree seedlings grow 
taller than the herbaceous vegetation, the stems and 
branches per&ist throughout the winter, and the roots 
penetrate deep into the soil Thus, the tree seedlings 
compete successfully for light, water m1d minerals, 
and eventually dominate the area, giving rise to a 
climax vegetation as described above. 

The animal community 
There are a great many different species of animals living 
in freshwater habitats and it is possible to mention only a 
few representative examples here. 

S urface film Pond skaters (Fig. 12a) are insects which 
move about on the surface film of static or sluggish water. 
The water-repelling bristles on the tips of their legs 
prevent them breaking through the surface film and so the 
pond skater can glide over the water surface by brisk 
movements of the middle pair oflegs. Most species feed on 
the dead bodies of insects ftoating on the surface, by 
sucking the fluids from their bodies through the piercing 
mouth pa1·ts. 1'iny springtails (Fig. 12b) also live on the 
surface film. They are simple, wingless insects and are 
thought to feed on microscopic plants in the surface fi lm. 

A 
'f@' 

(b) Springtnil (x 10) 

Fig. 12 Animals of the surface film 

Pla nkton In the top few centimett·es of water, there is 
usually a dense population of zooplankton (p. 243). This 
includes protozoans such as Paramecium (p. 327) and small 
crustaceans such as water fleas and Cyclops (Figs 13a and 
b). Paramecium feeds on the microscopic plants and 
bacteria in the phytoplankton. The water fleas have a 
filter-feed ing mechanism. They draw a current of water 
between the two ha lves of their body covering and filter 
out the edible plankton. 

antenna used 

eye 

(a) Water Rea ( x 15) 

F ig. 13 Plankton 
(b) Cyclops ( x 20) 

Surface feeders Mosquito larvae hang from the surface 
fi lm and filter out plankton by the flicking movements of 
their 'mouth brushes' (Fig. 14a). Some species of flatworm 
may be found gliding along under the surface film by means 
of their ci lia. They are probably feeding on insects and 
crustacea in the surface film. Flatworms and pond snails 
are also to be found on the underside of floating leaves. The 



snails feed by rasping off the algae covering the leaf, with 
their 'tongues'. The phantom midge larva ( Chaoborus, 
Fig. 14b) floats at the surface where it captures its prey. 

breathing tube 
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(b) Phantom midge larva ( x 6) 
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Fig. 14 Surface feeders 

Bottom-living animals Dragonflies and mayflies have 
larvae (Fig. 15a) which live in fresh water. When the larvae 
reach full size, they emerge from the water and change into 
the adult form. There are many different types of mayfly 
and their larvae may be adapted to burrowing in mud, 
clinging to stones in fast streams, or swimming about 
fairly freely in sluggish waters. Caddis fly larvae (Fig. 15b) 
also live in the bottom waters of well-aerated streams and 
lakes. They make themselves a tubular casing of pebbles, 
sand or vegetation and some species spin a silk net for 
catching their food. Also living on the substrate or in the 
vegetation is the water louse, Asellus (Fig. 15c). This 
appears to be a scavenger in its feeding. Another 
crustacean, the freshwater shrimp, Gammarus (Fig. 15d) 
prefers well-oxygenated water. 

I 

(a) Mayfly 
larva ( x 3) 

tube made from 
plant debris 

(c) Water louse ( x 3) 

(d) Fresh-water 
shrimp (x3) 

antenna 

jointed 
leg 

Fig. 15 Bottom-living animals 
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Freshwater mussels (Anodonta cygnea) and pea shells 
(Pisidium amnicum) are molluscs (p. 334) which live in the 
mud at the bottom of lakes and rivers. Inside their two 
shells are net-like gills, covered with cilia. The beating of 
the cilia draws water into the shells and the gills filter out 
small organisms from the water. These organisms are then 
trapped in sticky mucus and swallowed by the clam. 

Free-swimming animals Water beetles (Fig. 16a) and 
water boatmen move about freely in ponds and lakes 
though they do cling to water weed to stop themselves 
floating to the surface when they stop swimming. There are 
many different species of water beetle which may be either 
carnivorous or plant eaters. There are two common 
families of water boatmen, Notonecta (Fig. 16b), which 
swims on its back, and Corixa (Fig. 16c), which swims the 
right way up. They have short, tubular mouth parts which 
they use to suck up particles of plant and animal debris. 

Fish such as the minnow, stickleback and roach may be 
found swimming in any part of ponds, lakes and rivers 
through they have preferred areas for obtaining their food. 

film of air 
held by 
bristles 

(b) Water boatman ( x 2) 
(Notonecta) 

long legs with 
fringe of 
bristles 

(a) Water beetle ( x 1) for 
swimming 

(c) Water boatman ( x 2) 

Fig.16 Free-swimming animals (Corixa) 

Adaptations of aquatic animals 
Adaptations for movement Rapid movement through 
a dense medium like water requires a streamlined shape. 
This is seen in most fish and in some mayfly larvae. The 
latter fold their legs and gills fiat against their bodies and 
swim with rapid wriggling movements. 

Water beetles and water boatmen have legs which are 
adapted for propulsion through water. The last pair oflegs 
is particularly long, slightly flattened and fringed with 
bristles. The long legs enable the insect to 'row' through 
the water, the bristles offering maximum resistance during 
the driving stroke and very little in the recovery stroke. 

Some of the aquatic animals have adaptations to make 
them buoyant. Thus they do not sink to the bottom when 
they stop swimming. Fish have a swim bladder (p. 340}; the 
transparent phantom midge larvae (Chaoborus, Fig. 14b) 
which floats, almost invisible, near the surface has two 
pairs of air sacs. The abundant bristles on the antennae of 
the water flea offer a lot of water resistance and so help it 
to swim, but they also slow down its rate of sinking. 
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In swiftly moving streams and rivers, some animals may 
have adapta tions which prevent them beings wept away in 
the current. Gammaru.s and some mayfly larvae are 
flat tened and so offer little resistance to the water flow. 
Leeches (Fig. 17) have suckers which attach firm ly to their 
host animal but also prevent them being carr ied off in 
water currents. 

posterior 
sucker 

Fig. 17 Leech ( x 1) 

Adaptations for breathing There are two options open 
to freshwater animals; either tbey extract the dissolved air 
from the water or they go to the surface and breathe 
air directly from the atmosphere. Those which use the 
dissolved oxygen usually have some form of gi lls which 
present a large surface to the water. They a lso have some 
method of changing the water in contact with the gills. The 
breathing method of fish is described on p. 340. The gills of 
the mayfly hn·vae (Fig. 15a) have air tubes t·unning into 
them. A rhythmic flicking movement of the gills keeps 
fresh supplies of wa ter moving past them.1'he caddis larva 
has gi lis and forces a stream of water over them by 
undulations of the body inside the tube. 

Tubifex worms (Fig. 18a) li ve in the mud at the bottom of 
ponds where the oxygen concentration is usually low. 
They bui lei tubes in the mud and their bodies project from 
them and wave about, so renewing the supply of water in 
contact with them. The lower the oxygen concentration, 
the more of their body protrudes from the tube. Their blood 
contains haemoglobin which helps to absorb what little 
oxygen there is. Some species of the midge Chironomus 
have larvae (Fig. 18b) which, unlike most insects, have 
haemoglobin in their blood. These, too, live in tubes in 
poorly oxygenated mud. 

(a) 'l'ubi{ex worms ( x 2) 

Fig. 18 Animals of the mud 

(b) Chirvt•onws 
larva ( x3) 

Mosquito larvae (Fig. 14a} and pupae ha ng by a tube 
('siphon') from the surface film (p. 283}. This s iph on a llows 
a gaseous exchange to take place between the air in the 
breathing system and the atmosphere. Water beetles carry 
a store of air under their wing cases and rise to the sul'face 

from time to time to replenish the supply. Water boatmen 
carry a film of air trapped in bristles covedng the surface 
of their bodies. Pond snails have a simple ' lung' under their 
shells (Fig. 4, p. 835). They fi ll the lung with air at the wat.er 
surface at intervals. 

Interrelationships 
Ponds and lakes may be self-sufficient ecosystems with no 
new materia l being brought into them. The oxygen 
produced by the photosynthesis of green plants in daylight 
replaces the oxygen used up by the plants and animals. The 
carbon dioxide produced by plan t and animal respiration 
is used by plants dm·ing their daytime photosynthesis. 

The dead remains of plants and animals fa ll to the 
bottom of the la ke or river and decay as a resultofbacter ial 
action; the nitrates and phosphates so released into the 
water are used by the plants for their growth (p. 52). 

The plants and animals of fresh water form a complex 
food web (p. 244}. For exa mple, protozoa eat single·celled 
plants; water fleas eat protozoa; fish and Hydra (p. 350) eat 
water fleas; big fish eat the smaller fish, and herons may 
eat some of tbe big fish (Fig. 19). 

,.--- _,._.., 
' ' 

"' ~a; .. e 
E::> ·- "' ~ c 
"-o 

" 

~ 

" 8. 
E 

~ 
0 

F ig. I 9 Part of a fresh-water food web. Many other 
orga nisms could be added. Sticklebacks are themselves en ten 
by perch and pike. 'fhe animals a lso contribu te to t he organic 
debris. 

Although suggestions have been made in the text about 
the food of the pond animals, there is a g•·eatdeal still to be 
found out about what they eat. In many cases, it depends 
on the species. One species of water beetle may eat plants 
while another s pecies may be carnivorous. It is not a lways 



easy to find out exactly what some of the small animals are 
eating. It is not clear, for example, whether pond snails eat 
the leaves of water plants or just scrape off the algae which 
are growing on the leaves. Some authors claim that water 
boatmen are carnivorous and pursue their prey but others 
say they only suck up plant and animal debris. Only by 
careful observation and by examining the gut contents is 
it possible to decide what is the main food source of an 
animal. 

QUESTIONS 
8 Give one example of an animal and one of a plant which is 
adapted in a way that prevents it being swept away in a flow of 
water. Say what the adaptive feature is. 
9 In what two ways do aquatic animals obtain their oxygen? Give 
an example of each. 
10 Give three examples of animals which exploit the surface 
tension of water and say how they use it. 
11 What disadvantages might there be for plants and animals 
living at the bottom of a pond? 

FIELD TECHNIQUES 

In order to make a study of a pond or stream ecosystem, you 
will need to measure the physical factors which could 
influence it and to find out the variety and numbers of 
species that live there. 

Physical factors 
The factors most likely to affect a freshwater ecosystem 
are light, temperature, pH, flow rate, dissolved minerals 
and oxygen. Measurement of the last two requires either 
special equipment or rather elaborate methods. 

Temperature The simplest way to find the temperature 
is to place a mercury thermometer in the water and wait for 
the reading to become steady. However, the temperature in 
the surface layers is likely to be higher than that at the 
bottom. In this case, the thermometer bulb can be coated 
with warm wax and lowered to the bottom for about 10 
minutes. It can then be pulled up and the temperature read. 
The layer of wax slows down the exchange of heat so that 
the bottom temperature can be read before the mercury 
starts to rise again. 

Light To compare the depths to which light penetrates, 
a white disc (Fig. 20) is lowered into the water until it just 
disappears from view. By noting the length of string let 
out, the depth of water which is needed to obscure the disc 
can be measured. The clearer the water, the greater the 
depth to which the disc can be lowered before it disappears. 

This method does not give a value for the light intensity 
but is useful for comparing the light penetration at 
different times of the year or in different situations. 

pH Some pond or stream water is placed in a test-tube 
and a few drops of Universal Indicator added. The colour 
is then compared with the colour chart on the label of the 
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bottle or with a special colour chart supplied with the 
indicator (Fig. 15, p. 263). 

Flow rate This can be estimated by timing a floating 
object over a measured distance. To avoid distortions 
caused by the wind, it is best to use a partly submerged 
object such as a plastic bottle, two thirds filled with water. 

You will need to bear in mind that the flow rate near the 
bank is likely to be slower than in the middle. There will 
also be variations in rate where the stream narrows or 
becomes deeper. 

white disc 
(e.g. plastic 
plate) 

> knots at 
10 em 
intervals 

Fig. 20 Absorption of light by water 

Sampling techniques 
The object of these techniques is to find out what plants 
and animals are present in the ecosystem and, if possible, 
their numbers. It is rarely possible to count all the 
organisms in a pond or stream and so a sample has to be 
taken and the total population calculated. The figures 
obtained are likely to be inaccurate but, provided the 
sampling methods are consistent, can be used to compare 
the populations at different sites or seasons. 

Sweep net A fixed number of sweeps is made with a 
strong net such as that in Fig. 21a, through an area of 
water. The net is then inverted into a tray of water and the 

(b) Sieve for 
bottom-living 
organisms 

Fig. 21 Nets for collecting fresh-water organisms 
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organisms can be identified and recorded or transferred to 
a carrying jar. The same number of sweeps should be made 
in a different area if a comparison is to be made. 

Plankton net This is similar to a sweep net but the very 
fine nylon mesh traps small crustacea and some algae and 
protista from the plankton. The net must be moved slowly 
through the surface wat.er at about 50 em per second, to 
allow the wat.er to pass through the fine mesh. Small 
organisms are collected in the specimen lube at the end 
(Fig. 21c). From the diomet.er of the net opening and the 
length and number of sweeps, the volume of water sampled 
can be calculated. 

For example, if the diameter of the net is 15 em and two 
sweeps of 1 metre long ore mode, the volume of wal.er 
passing through the net will be 

>tX c:)•x2x l00cm3 ~35343cm'l 
or approximate ly 35 dm3 • 

The organisms in the tube may be too numerous to 
count, so smaller samples may have to be taken. It would 
be sensible to take several samples, e.g. 5 samples ofl cm3 . 

This will reduce the sampling error. Suppose you counted 
1, 6, 3, 5, 5 water (lens in the s uccessive samples, the 
average count is 4 wntcr fleas per em". If the tube from the 
plankton net holds 50 em" water, there is a population of 
4 x50~200 water fleas in the tube. 

This number was collected ft·om 35 dm3 of water, so tbe 
population density of wnter fleas in that purt of the pond is 

200 
35 ... 5.7 pordm3 • 

This figure, on its own, does not have much meaning but 
it can be used to compare variations in population density 
at different depths, in different habitats or at different 
times of the year. 

An alt.ernative method, is to collect a known volume of 
water in a large container, pour it through the plankton 
net and count the organisms in the tube. 

Search technique Organisms living under stones or 
crawling in the vegetation are unlikely to be captured in a 
sweep net. The stones hove to be picked up to identify and 
count e.g. caddis fly larvae or stone fly larvae. Water-lily 
leaves are turned over to observe and count pond snails or 
flatworms crawling on the under-surface. In all cases, any 
stones, twigs or leaves must be restored to their original 
position. 

If different habitats arc to be compared, it is necessary 
to search over a fixed time, e.g. 10 minutes, so that com· 
pariscns of numbe•·s are valid. Alternatively, the same 
numberofstonesor leaves can be examined in each survey. 

Sampling the mud A kitchen strainer, tied to a stick 
(Fig. 2lb), can be used to scoop up a mud sample. The mud 
is washed th•·ough the wire mesh, leaving organisms such 
as Tr.bifex and ChirO!IOmtts to be identified and counted. 
The volume of the strainer can be found by lining it with 
a plastic bag and pouring in water from a measuring 
cyl indor. 

Sampling the 11lant community A sam!l)e of the 
submerged plants can be obtained by means of a grapnel 
(Fig. 22). This is thrown into the pond or stream and pulled 

back on a line. The bent wires will pick up samples of the 
submerged plants. 

This method will not give accu1·ate information about 
the population density but some idea of •·elative abun· 
dance can be obtained. 

Fig. 22 A grapnel. When pulled t.hrough the wntcr, the hooks 
collect pieces of plant. 

The species and relative numbers of plan Is at the edge of 
the water can often be found simply by careful observation 
and recording. If an objective method is needed, a line 
transect can be used. 

A length of plastic clothes-line has ink mnt'ks at 5 or 
10 em intervals, or a piece of rope Ol' string is knotted at 
similat· points. The line is laid across the zone to be studied, 
e.g. from shallow water, up the bank to a mend ow (Fig. 23). 
Any plant whose position COlTesponds to ono orthe marks, 
is identified and recorded. The depth of wate•· o•· height 
above the water s hould be measured and •·eco•·rlecl for each 

record lhe plant 
a1 each matte 

Fig. 23 A line transect 

Height above or below water level (em) 
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Fig. 24 Result of a series or line transects ot the edge or a 
pond 



plant. Any plant which occurs between two marks is 
ignored. 

It is desirable to take several transects fairly close 
together in order to get a representative picture of the 
vegetation. The positions should be selected systematic­
ally, e.g. at 1 metre intervals. They should not be chosen 
deliberately to include particularly interesting (or empty) 
parts of the bank. 

The results can be recorded as a chart, similar to Fig. 24. 

CHECK LIST 
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QUESTIONS 
12 What are the possible sources of error in estimating 
population densities from sweep net samples? 
13 In the calculation of numbers of water fleas, given on p. 290, 
how would the results have been affected if you had taken only 
the first sample of 1 cm3 from the tube? 
14 If a plant community is sampled by only a single line transect, 
in what ways might this give an inaccurate picture of the 
vegetation? 

• A habitat is where an organism lives, feeds and breeds. 
• A community is all the organisms living in a habitat. 
• An ecosystem is a self-supporting community of organisms plus the physical features of their 

environment. 
• A population is the number of a given species in a defined habitat. 
• There is competition within and between species for food, light, space and mates. 
o A niche is the position occupied by a particular species in an ecosystem. 
• A freshwater environment is affected by light, temperature, oxygen, pH and minerals. 
• A plant community in fresh water consists of floating plants, submerged plants, rooted plants with 

floating leaves and rooted plants with leaves and flowers above water. 
• The numerous, thin or finely divided leaves of submerged plants help speed up gaseous exchange. 
o Most ecosystems, if left alone, gradually change to a climax vegetation of woodland. 
• Freshwater animals may live on or just under the surface film, in the mud at the bottom, on the leaves of 

aquatic plants, on or under stones or swimming freely in the water. 
• The activities of decomposers (mainly bacteria) in the mud, may lower the oxygen concentration. 
• Aquatic animals obtain oxygen either from the air at the surface or from dissolved oxygen in the water. 
• Many aquatic animals have adaptations which make them buoyant or enable them to move effectively in 

water. 
• It is fairly easy to compare temperature, light penetration, and pH in different aquatic environments. 
• Populations of animals and plants may be estimated by sampling techniques. It is important to ensure 

that sufficient samples are taken and that the samples are not biased. 
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POPULATION GROWTH AND FLUCTUATION 

Population dynamics, pest control. 

POPULATIO N CHANGES 

On p. 281 it was explained that a biological population is 
defined as the total munber of individuals of any one 
species in a particular habitat. Such a population will not 
necessru·ily be evenly spread throughout the habitat, nor 
will its numbers remain steady. The population wi ll also be 
made up of a wide variety of individuals: adults (male ancl 
female), juveniles, larvae, eggs or seeds, for example. In 
studying populations, these variables often have to be 
simplified. 

Population growth 
In the simplest case, where a single species is a llowed 
to grow in laboratory conditions, the population 
develops more m·less as shown in Fig. 1. 
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F ig . 1 T he s igmoid cur ve (Paramecium caudatum). 
This is the characteristic growth pattern of a population 
when food is abundant at first and there are no other 
factors limiting growth and •·eproduction. 

(Frolll 'Lewis and Taylor, Introduction to Experimental Ecology, 
Academic Press, 1966.) 
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HUMAN POPULATION 

Birth and death rates, world population, population 
patterns. 

The population might be of yeast cells (J>. 324) 
growing in a sugar solution, flour beetles in 
wholemeal flour or weevi Is in a grain store. The 
experiment illustrated by Fig. 1 uses a single-celled 
organism called Paramecium (see p. 327), which 
reproduces by dividing into two (binary fission). The 
sigmoid (S-shaped) form of the brrapb can be 
explained as follows: 
A The population increase is exponential or loga­
rithmic, i.e. it does not increase 2-4-6-8, etc. but 
2-4--8-16-32, etc. One Paramecium divides into two, 
the two offspring each divide, producing 4, the 4 
divide to give 8 cells, and so on. In other wm·ds, the 
population doubles at each generation. In 10 genera­
tions it would reach 1024. When a population of 4 
organisms doubles, it is not likely to strain the 
resources of the habitat, but when a population of 
1024 doubles, there is likely to be considerable 
competition for food and space. 
B The population continues to grow but at a steady 
rate. This may be because the food resources are 
limiting the rate of growth and reproduction: or the 
effect of crowding may itself reduce the reproduction 
rate. Also, some of the mature organisms may be 
dying. 
C At this point the population ceases to grow. The 
reproduct ion rate equals the mortality t·ate (death 
rate). The number of offspring produced wi ll still be 
greater than the number of adults which die, but 
fewer of these offspring will live long enough to 
reproduce themselves. 

After this stage, the population may start to 
decline. This can happen because the food supply is 
insufficient, waste products contaminate the habitat 
or disease spreads through the dense population. 

QUESTIONS 
1 In Fig. l, how many days docs it take for the mortality rate to 
equal the replacement rate? 
2 From the g1·aph in Fig. l, what is the approximate increase 
in t he population of Paramecium (a) between day 0 and day 2. 
(b) between day 2 a nd day 1, and (c) between day 8 aod day 1 0? 



3 In section 8 of the g•·aph in Fig. 1, what is the approximate 
reproduction rate of Paramecium (i.e. the number of new 
individuals per day)? 
4 In 1.937, 2 male and 6 female pheasants were introduced to an 
island off the N. W. coast of America. There were no other 
pheasants and no natural predators. The population for the next 
6 years increased as follows: 

1937 - 24 1940 - 563 
1938 - 65 1941 - 1122 
1939 - 253 1942- 1611 

Plot a graph of these figures and say whether it corresponds t.o 
any part of the sigmoid curve. 

Population fluctuations 
The sigmoid curve is a very simplified model of 
population growth. Few organisms occupy a habitat 
on their own, and the conditions in a natural habitat 
will be changing all the time. The steady state of the 
population in part C of the sigmoid curve is rarely 
reached in nature. In fact, the population is unlikely 
to reach its maximum theoretical level because of the 
many factors limiting its growth. 

If, in the labo1·atory, two species of Paramecium (P. 
aurelia and P. caudatum) are placed in an aquarium 
tank, the population growth of P. aurelia follows the 
sigmoid curve but the population of P. caudatum 
soon declines to zero because P. aurelia takes up food 
more rapidly than P. caudatum (Fig. 2). 

This example of competition for food is only one of 
many factors in a natlli'al envu·onment which will 
limit a population or cause it to change. 
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2 4 6 8 10 12 14 16 18 
Days 

Fig. 2 T he effect of competition. Parameci1tm aurelia 
and P. cauda tum eat the same food but P. aurelia can 
capture and ingest it faster than P. caudatum. 

(From Lewis and Taylor, introduction lo Experimental Ecology, 
Aeodemie Press, 1966.) 

Plant populations will be affected by abiotic (non· 
biological) factors such as rainfall, temperature and 
light intensity. The population of small annual plants 
may be greatly teduced by a period of drought; a 
severe winter can affect the numbers of more hardy 
perennial plants. Biotic (biological) factors affecting 
plants include their leaves being eaten by browsing 
and grazing animals or by caterpillars and other 
insects, and the spread of fungus diseases. 

Animal populations, too, will be limited by abiotic 
factors such as seasonal changes (Fig. 3). A cold 
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Fig. 3 Seasonal changes in the population of great tits in a wood. Since each pair rears about 10 young, there is a surge 
in numbers each summer but the avCJ·age number of adults increases steadily from about 10 to 30 breeding pairs. The winter 
of 1.947 was severe. 

(From David Lack, Natural Regulation of Animal Numbers, Oxford,1954.) 
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winter can severely reduce the populations of small 
birds. However, animal populations are a lso greatly 
affected by biotic factors such as the availability of 
food, competition for nest sites (Fig. 4), predation (i.e 
being eaten by other animals), parasitism and 
diseases. 

Fig. 4 Colony of nesting gnnnots. Availability of 
suitable nost sitos is one ol' tho factors which limits the 
populntion. 

Figure 5 shows the effect of predation in a 
laboratory experiment using P. aureli4 and yeast 
(Paramecium eats yeast cells). It can be seen that as 
the popu lation of P. aurelia increases, the yeast 
population declines. When the population of P. 
aurelia is low, the yeast population recovers. 
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(From Lewis nnd Tnylor, l11troduclion to Experimental Ecology, 
Academic Press, 1966.) 

In this simple experimental s ituation, it is reason· 
able to deduce that when the population of P. aurelia 
is high, yeast cells a r·e eaten faster· than they can 
reproduce. When the yeast population falls, there is 
insufficient food to maintain the reproduction rate of 
P. aurelia. 

In a natural environment, it is rarely possible to 
say whether the fluctuations observed in a populo· 
tion are mainly due to one particular factor because 
there are so many factors at work. In some cases. 
however, key factors can be identified as mainly 
responsible for limiting the population. 

QUESTIONS 
5 In Fig. 2, which partoftho curve IIPI>roxinuucly rcpr·escnts the 
exponential growth of the P. aurelia popu l n~ion? Give thennswer 
in days. 
6 What forms of competition might limit the population of 
sticklebacks in a pond? 
7 From Fig. 3 it seems that about 175 new individuals wcr·etrdd<)(l 
to the population of gro~t t its each sununor· but, by next spring, 
the numbers were back l.o about 50. Whut might hnvc happened 
to the other 125 birds'/ 
8 Pr·om Fig. 5 say (a) appr·oximatcly how long it takes for the 
PMamecium population to recover from its low levels,(/>) whnl is 
the approximate time lng between the max imum POI>Uiation of 
yeast and the maximu m population of Paramecium? Suggest 
reasons for this lag. 
9 Suggest (a) some abiotic fnctors, (b) some biotic fnctor·s lhol 
might prevent. an incrcnsc in the populntion of sparrows in a 
far·myard. 

Population dynamics 
Tbe study of population changes and their causes is 
called population dynamics. ll is an impor·tant study 
for trying to understand interrelationships between 
living creatures and it has numerous applications . 
For example, trying to decide tho maximum number 
of berrings that can be taken from the North Sea 
without persistently reducing the population. 
Ideally, one needs to catch fish that have just passed 
their maximum growth rate, and avoid taking fish 
that still have a growth potential. It is also important 
not to remove fish at a rate which exceeds the 
maximum reproduction rate . 

The same principles apply to whaling and simihtr 
activi t ies which exploit natural populntions . 

Population dynamics a lso he lps in decidin g how to 
control populations of plants and an ima ls which ore 
regarded a s pests. I!' or example, population dynamics 
can he lp to discover· the dens ity of a phids which 
makes it necessar·y to spr·ay an ontir·o crop of wheat. 
Another example is the cont r·ol of r·ats or mice. 'rher·e 
is lit tle point in setting t raps when tho repr·ocluction 
rate of these rodents greatly exceeds the rate of 
successful tra pping. A better strategy is to cut down 
thei r reproduction rate by denying them access to 
food and breed ing sites. 



Pest control 
Cultivation Ploughing the soil, planting crop 
plants at a high density and keeping down weeds is a 
widespread method of controlling plant populations. 
Biological control In some situations, predators 
or parasites have been used to control populations 
of pest species. A moth, Cactoblastis, was used to 
control the spread of the prickly pear cactus in 
Austra lia. The moth's caterpi llars ate the leaves of 
the prickly pear and reduced the population to 
manageable proportions. 

A small wasp is sold to market gardeners to use 
aga inst the greenhouse whitefly. The wasp lays its 
eggs in theimmatul'e whiteflies. When the eggs hatch 
they feed on the internal organs of the larvae and 
eventua lly kill them. 

The myxomatosis virus was used to control the 
rabbit population in Australia and Britain (see 
p. 244). 
Pesticides The main method of controll ing pest 
populations is by chemicals called pesticides. These 
are usually very effective but they are often not 
selective. Thus they may kill a wide variety of insects 
and other organisms, including beneficial species, as 
well as the pests (seep. 266). Many of the pesticides 
at·e pote ntially very poisonous to humans. 

QUESTIONS 
10 SuggcsL why shooting is unlikely to be an effective way of 
controlling a population of wood pigeons. 
I I In the summer, when trees are in full leaf, it is impossible to 
count the number of great tits in a wood. ln the study illustrated 
in l~ig. 3. the great tits used nesting boxes for breeding. How 
would this hell> to estimate the summer population? 

HUMAN POPULATION 

Birth and death rates 
The birth rate is the number of live births per 1000 people 
in the population per year. For example, if there were 500 
live births in a population of25 000, the birth rate would be 
500 + 25 = 20. 
The death rate is the number of deaths pe•·lOOO people per 
year. For example, if300 people died, out of a populat ion of 
25000, the death rate would be 300+ 25 = 12. 

Obviously, if the birth rate is higher than the death rate, 
the population will grow. If the rates are the same, you 
might expect the population to be stable, but this would be 
tn1e only if all the children s urvived to reproductive age. 

Population growth 
As a very simple model, imagine 5 couples. aged 20-30; 
each couple has 4 children. When these chi ldt·en grow up, 
they, too, pair off and have 4 chi ldren per pa ir. The 
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following table shows how the population of this li ttle 
communi ty would grow in 60 years, 

Table 1 Population gt·owth 

Year Number of Cenerat.ion Age Total 
i uti ivi<ltw ls populatioH 

1 10 (5 pairs) pnrcnts 20-30 30 20 children 0- lO 

20 10 parents 40-50 
20 chi l<lren 20 30 70 40 grand· 0- 10 

children 

40 10 pnrcnts 60-70 
20 children ,,o-50 
40 grand· 20-30 150 chil<lren 
80 gr·eat grand· Q-10 

children 

60 lO parents dead 
20 children 60-70 
40 grand· 4Q-50 

children 
80 great grand· 20-30 300 

chilclren 
160 great, great o-10 

s•·and· 
children 

In the next 3 generations, the number of deaths will 
increase fTom 10 to 20, 40 and 80 but the number of births 
will increase from 160 to 320, 6·10 and 1280. This is the 
exponential growth described on p. 292 and must eventu­
ally be limited by the availability of foocl. 

If you try drawing up a simi lar table. assuming that each 
couple has only 2 children, you will see that the population 
stops increasing after the third generation because the 
birth rate and death rate are the same. 

If the population growth is plotted on a gr·aph, it would 
appear· as in I~ig. 6. 

Total population 
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41h 

Fig. 6 POJ>ulation growth; 2 or 4 children per family 
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Of course, these two models are greatly simplified. 
Children may die before reaching reproductive age; 
couples may be infertile or have more or less chi ldren than 
in the models. 

To keep the population stable, the t·eplacement rate 
needs to average out at just over 2 children per fami ly. 

Population patterns 
Fig. 7a shows the population of England in 1841, 
divided into 5-year groups. The tapering pattern 
indicates that the bulk of the population was below 
35 years old and a relatively small proportion of 
people survived into their seventies. About 130 years 
later (Fig. 7b), the pattern has changed. Improved 
standards of nutrition and health care have resulted 
in many more people surviving beyond the ages of 
30-70. 

The tapering pattern of Fig. 7a is still charac­
teristic of some Thit·d World countries where the 
infant mortality is fairly high and the average length 
of life is low. Half the population of Nigeria, for 
example, is below the age of 14. 

In the industrialized countries, the birth rate is 
diminishing and the average length of life is 
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increasing. You can probably see that this could lead 
eventually to a pyramid with a relatively narrow base 
and a bulge in the middle. 

This pattern raises the problem of how a decreasing 
population of young people can support and care for 
an increasing population of the elderly. 

World population 
This topic was introduced on p. 180. 'l'he world population 
is estimated to be 4.7 billion, and 10 years ago it was 
increasing at the rate of 2 peo· cent per year. This may not 
sound very much, but it means that the population doubles 
every 35 years. This doubles the demand for food, space and 
other resources. 

Recently, the rate of growtb has slowed to 1.7 per cent 
and the population is expected to stabilize at about 
10 billion by the end of the next century, i.e. the year 2100 
(Fig. 8, and Fig. 20 on p. 180). 

However, the growth rate is not the same in all parts of 
the world. Kenya's population, for example, is g1·owing at 
the rate of 3.9 per cent, while western Europe's grows by 
only 0.1 per cent. 

The effects of high growth rates are complicated by 
climate, resources, economics and politics, but it does seem 

8 6 4 

1970 

2 0 2 

Percentage of population 

(b) 

4 6 8 

Fig. 7 Age pyramids for England in 1841 and 1970. The tapering pattern of (a) is characteristic of a population with a 
high birth rate and a low average life expectation. The almost rectangular pattern of (b) is characteristic of an industrial 
society with a steady birth rate and a life expectancy of about 70. 

(From David Ray, Human Populations, Penguin Education, 1972.) 



Fig. 8 Human population. It may theoretically be possible 
to feed 10 billion people but is this the population density at 
which you would choose to live? 
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rational to try to limit the rate of population increase so 
that, eventually, everyone can enjoy an adequate standard 
of living. This could be achieved, at least in theory, by 
widespread use of one or other of the family·planning 
methods outlined on pp. 179-80. 

QUESTIONS 
12 Tfthere are 12 000 live births in a population of 400 000 in one 
year, what is the birth rate? 
13 lf you have not a lready done so, draw up a table s imilar to 
•rable 1 but with each coupl e having only 2 children. 
14 Try to explai n why, on average, couples need to havejustover 
2 ch ildren if the population is to remain stable. 
15 Study Fig. 7b and then comment on (a) the relative number 
of boy and girl babies, (b) the relat ive number of men and women 
of reproductive age (20-40), and (c) the relative numbers of the 
over·70s. 

• A popula tion is t he total number of individuals of a s pecies in a habitat. 
• The g rowth of plant populations is limited by competition for, e.g. lig ht, water, m inerals , root ing space 

a nd the abundance of herbivores. 
• The growth of animal populations is limited by competition for food, water, breeding space and the 

abundance of predators . 
• Abiotic (non-living) factors affecting population size include temperatut·e, rainfall and soil conditions. 
• Biotic (biological) factors affecting pop ulation size include predation, disease, and competition within and 

between s pecies for food, etc. 
• In the fishing industry, a detailed study of popula tions is desirable in order to achieve economic ret urns 

without depleting the breeding stock. 
• In agriculture, we manipulate populations by cultivation and pest control. 
• The world population is growing at the rate of1.7 per cent each year. At this rate, the population more 

than doubles every 50 years. 
• In theory, it may be poss ible to feed this increas ing population but at prese nt, we seem unable to 

distribute the food effectively. 
• In western Europe, an average replacement t·ate of 2.1 children per family would maintain a stable 

population. 



298 Examination Questions 

Examination Questions 
Section 5: Organisms and their Environment 

Do not write on this page. Where necessary copy drawings, 
tables or sentences. 

1 In the food chain Oak leaf --+ Aphid --+ Ladybird the 
ladybird is feeding as a 

A decomposer C primary consumer 
B secondary consumer D secondary carnivore (N) 

2 All the energy for living organisms comes initially from 
A heat C the soil E the sun 
B food D mineral salts (Cl) 

3 Each of the following will add to the nitrogenous content of the 
soil except 

A thunderstorms D adding bone meal 
B ploughing-in wheat stubble E watering 
C adding sodium nitrite (Cl) 

4 The concentration of nitrogenous matter in a soil will be 
greatest after growing a crop of 

A beans 
Bwheat 
C sugar beet 

D potatoes 
E barley 

5 The diagram below shows part of the nitrogen cycle. 

/Plant protein~ 

Nitrates B Ammonia 

~Nitrogen~ 

(Cl) 

Which of the stages, A to D, involves nitrogen fixation? (N) 

6 The smallest type of mineral particle found in soil is 
A clay D sand 
B silt E marl 
C grit (Cl) 

7 An acid soil can be made less acid by adding 
A peat D organic manure 
B dried blood E lime 
C ammonium sulphate (Cl) 

8 Each of the following may help prevent soil erosion except 
A grass plants Dditches 
B constant use E organic fertilizers 
C wind breaks (Cl) 

9 Use the information in the diagram to answer the questions 
below. 

Slug Golden eagle 

t t 
Vole .,..'411--Grass ----~•~ Rabbit 

~ 
Weasel 

If the number of rabbits increases, name the animals which might 
(i) increase, (ii) decrease. (W) 

carbon 
dioxide in 

air 

A 

carbon 
compounds 

in plants 

carbon 
compounds in 
decomposers 

carbon 
compounds 
in animals 

10 The diagram shows the carbon cycle in nature. 
(a) Name the process shown by the three arrows marked A. 
(b) N arne the process shown by the arrow marked B. 
(c) Name the process shown by the three arrows marked C. (S) 

11 A Saprophytism C Parasitism 
B Competition D Predation 

From the above list of biological terms choose the one which 
describes ... 

(i) yeast growing on bruised, windfall apples 
(ii) birds ef!ting worms 
(iii) a fungus growing in the leaves of a living potato plant 
(iv) decay of dead leaves in the soil (N) 

12 (a) Explain how light energy is trapped as chemical energy by 
producers. 

(b) Explain how chemical energy is transferred 
(i) from producers to consumers 
(ii) from consumers to decomposers 
(c) Explain how energy is lost at each trophic level in an 

ecosystem. (L) 

13 From the list of terms below choose one which best fits each 
description in the table. Write your answers in the spaces 
provided. 

Consumer 
Habitat 
Population 

Competition 
Biomass 
Nutrient cycle 

Description 

A group of individuals of the same species 

Community 
Producer 
Decomposer 

Term 

An organism which breaks down leaf litter 

Interacting populations within the same habitat 

An organism which changes light energy into 
stored chemical energy 

(L) 

14 Which one of the graphs below shows what has happened to 
the human population of the world over the last 500 years? (N) 

Years----+ 
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KINGDOMS 

Monera, Protista, Fungi, Plants, Animals. 

SUBDIVISIONS 

Phylum, class. genus, species. 

BINOMIAL NOMENCLATURE 

You do not need to be a biologist to realize that there are 
millions of different organisms living on the Earth, but it 
takes a biologist to sort them out into some kind of 
meaningful order, i.e. to classify them. 

There are many possible ways of classifying organisms. 
You could group all aquatic organisms together or put all 
black and white creatures into the same group. However, 
these do not make very meaningful groups; a seaweed and 
a porpoise are both aquatic organisms; a magpie and a 
zebra are both black and white but neither of these pairs 
has much in common apart from being living organisms 
and the latter two being animals. 

A biologist looks for important featm·es which are 
s hared by as large a group as possible. In some cases it is 
easy. Birds all have wings, beaks and feathers; there is 
rarely a ny doubt about whether a creature is a bird or not. 
Tn other cases it is not so easy. For example, some s ingle· 
celled organisms are not obviously either plants or 
animals. As a result, biologists change their ideas from 
time to time about how living things should be grouped. 
New groupings are suggested and old ones abandoned. 

Kingdoms 
The la1·gestg~·oup of organisms recognized by biologists is the 
kingdom. But how many kingdoms should there be? Most 
biologists used to favour the adoption of two kingdoms, 
namely Plants and Animals. This, however, caused prob· 
I ems in trying to classify fungi , bacteria and single-celled 
organisms which do not fit obviously into either kingdom. A 
scheme now favoured by many, but by no means all, biologists 
is the Whittaker 5·kingdom scheme compris ing the Monera, 
Protista, Fungi, Plants and Animals. 

Kingdom Monera These are the bacteria (p. 310) and 
the blue·green algae. They consist of single cells but differ 
from other singJe.celled organisms because their ch.l'omo· 
somes are not organized into a nucleus. 

Kingdom Protista These are s ingle·celled (unicellular) 
organisms which have their chromosomes enclosed in a 
nuclear membrane to form a nucleus. 
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ANIMAL CLASSIFICATION 

PLANT CLASSIFICATION 

INCREASE IN COMPLEXITY 

KEYS FOR IDENTIFICATION 

Some of them, e.g. Euglena (p. 327), possess chloroplasts 
and make their food by photosynthesis. 'l'hese protista are 
often referred to as unicellular 'plants' or protoph yta. 

Organisms s uch as Amoeba and Paramecium (p. 327), 
take in and digest solid food and thus resemble animals in 
their feeding. They may be called unicellular ' animals' or 
protozoa. 

Kingdom Fungi Most fungi are made up of thnrad.lil<e 
hyphae (p. 321), rather than cells, and there a •·e many 
nuclei distributed th1·oughout the cytoplasm in their 
hyphae. 

Kingdom Plants These are made up of many cells - they 
are multicellular. Plant cells have a n outside wall made of 
cellu lose. Many of the cells in plant leaves and stems 
contain chloroplasts with photosynthetic pigments, e.g. 
chlorophyll. Plants make their food by photosynthesis. 

Kingdom Animals Animals are muJticellulm· organ· 
isms whose cells have no cell walls or chloroplasts. 1\•fost 
animals ingest solid food and digest it internally. 

It is still not easy to fit all organisms i1tto this scheme. For 
example, many protista with chlorophyll (the protophyta) 
show importantresemblances to some members of the Algae, 
but the Algae are classified into the plant kingdom. Th~ 
viruses are not included in the scheme because, in many 
respects, viruses are not independent living organ isms. 

This kind of problem will always occur when we try 
to devise rigid classificatory schemes with distinct 
boundaries between groups. The process of evolution 
would hardly be expected to result in a tidy scheme of 
classification for biologists to use. 

QUESTIONS 
1 Which kingdoms contain organisms with (a) many cells, 
(b) nuclei in their cells, (c)cell walls, (d) hyphae, (e) chloroplasts? 
2 State the ma in differences between animals and plants? 
3 Lf it was decided to use a 2·kingdom classification (plnnts and 
animals), in which kingdoms would you place the bacteria, 
protista and fungi? Suggest reasons for your decision. 



Subdivisions of the kingdoms 
Phylum A kingdom can be divided into smaller 
groups called phyla (singular, phylum). For example, 
the animal kingdom is divided into about 23 different 
phyla; the actual number depends on whose scheme 
of classification you adopt. Members of a phylum 
have some major features in common. 

Two familiar phyla are the annelids (segmented 
worms such as earthworms and lugworms), and the 
arthropods (animals with a hard external skeleton, 
e.g. crustaceans, insects, spiders and millipedes). 

Class The phylum can be further divided into 
classes. The vertebrate phylum includes all the 
animals with vertebral columns, and is divided into 
5 classes: fishes, amphibia, reptiles, birds and 
mammals. 

Order Within each class there are groups called 
orders. Some of the orders in the Class mammals are 
the rodents (e.g. rats and mice), the carnivores (e.g. 
lions, wolves), insectivores (e.g. shrews, moles, 
hedgehogs) and the primates (lemurs, monkeys, apes 

· and humans). 

Genus When organisms within an order share 
many features in common they are classified into a 
genus. For example, in the carnivore order the genus 
Mustelus includes stoats, weasels and polecats. 

Species The smallest natural group of organisms is 
the species. Robins, blackbirds and sparrows are 
three different species of bird. Apart from small 
variations, members of a species are almost identical 
in their anatomy, physiology and behaviour. 

Members of a species also often resemble each 
other very closely in appearance, though there are 
some notable exceptions where humans have taken a 
hand in the breeding programmes. All dogs belong to 
the same species but there are wide variations in the 
appearance of different breeds. 

One of the main features which determines 
whether organisms belong to the same species is 
whether they can successfully breed together. A 
spaniel and a labrador retriever may look very 
different but they have no problems in breeding 
together to produce a litter of 'mongrel' puppies. 

Binomial nomenclature 
Species must be named in such a way that the name 
is recognized all over the world. 

The 'cuckoo flower' and the 'lady's smock' are two 
common names for the same wild plant. If you are not 
aware that these are alternative names this could 
lead to confusion. If the botanical name, Cardamine 
pratensis, is used, however, t~ere is no chance of 
error. The Latin form of the name allows it to be used 
in all the countries of the world irrespective of 
language barriers. 
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Binomial means two names; the first name gives 
the genus and the second gives the species. For 
example, the stoat and weasel are both in the genus 
Mustela but they are different species; the stoat is 
Mustela erminea and the weasel is Mustela nivalis. 

The name of the genus (generic name) is always 
given a capital letter and the name of the species 
(specific name) always starts with a small letter. 

Frequently, the specific name is descriptive, 
e.g. hirsutum=hairy, aquatilis=living in water, bul­
bosus=having a bulb. 

Classification of plants 
The classification of plants follows the same lines as 
those given above for animals. However, botanical 
classification us.es the term division instead of 
phylum. 

An outline classification of plants and animals is 
given below and illustrated in Figs 1-4. 

Note that subdivisions of phyla are given only for 
groups whose names are likely to be familiar. 

ANIMAL KINGDOM 

PHYLUM (only 8 out of 23listed here) 
Coelenterates (sea anemones, jellyfish) 
Flatworms 
Nematode worms 
Annelids (segmented worms} 
Arthropods 

CLASS 
Crustacea2 (crabs, shrimps, water fleas) 
Insects 
Arachnids (spiders and mites) 
Myriapods (centipedes and millipedes) 

Molluscs (snails, slugs, mussels, octopuses) 
Echinoderms (starfish, sea urchins) 

Vertebrates3 

CLASS 
Fishes4 

Amphibia (frogs, toads, newts) 
Reptiles (lizards, snakes, turtles) 
Birds 
Mammals 

ORDER (only 4 out of about 26 are listed) 
lnsecti vores 
Carnivores 
Rodents 
Primates 

1 All the organisms which do not have a vertebral column are often 
referred to as invertebrates. Invertebrates are not a natural group, but 
the term is convenient to use. 
2 Crustacea may be classified as a sub-phylum. 
3 Vertebrates are, in fact, a sub-phylum of the chordate phylum. 
4 Fishes, strictly speaking, comprise three c!asses. 

J 
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COELE.NTERATES 

ANNELIDS 

Leech ( x 1) 

ARTHROPODS 
INSECTS 

Ladybird 
(•2) 

Liver fluke 
(~1.4) 

Water snail 
(• 1) 

Butterfly ( x 0.5) 

/.~ \\ c"'!~~~f> E"g::; v 
4!il':J 0 ' -~ 

Barnacle -6:J,> ( • 2) Dragonfly 
( • 0.3) 

Fig. 1 The animal kin d . g om; 5 mvertebrate phyla 

FLATWORMS 

MOLLUSCS 

Land snail ( x 0.8) 

ARACHNIDS MYRIAPODS 

+~ 
Millipede ( •0.8) Mite (•8) 

Spider 
(X 1 .5) 

~- I ;~: I /0' .•. ,"' 



FISH 

. . 
~·~.<4tA'4t•e .:'i!h (·~ - . • # .... ~~. c 4 • _ .. ' III( #J••.-* • "•II••••l t£): ~ ;.. 
~ -uu ~· • • ., .... --- • ----- ••• .., ,_ - ---=:-F"' - • ;. < 

•: Dogfish (,;0.13) 

REPTILES 

Fig. 2 The animo I kingdom; the vertebrate cl asses 

MAMMALS 

Dog 
( •0.03) 
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AMPHIBIA 

). '. Tood(•O<) 

Tadpoles (•0.8) 

I 

1 ( ·' Robin 

~~~(•0.25) 

BIRDS 

Kestrel 
( • 0.06) 

Kingfisher 
( x0.2) 
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Malo fern 
( X 0,1) 

ALGAE 

Sea lettuce 
(><0.1 ) 

FERNS 

Bladder wrack 
(" 0.3) 

Po lypody ( x0.3) 

Fig. 3 The plant kingdom; plants thut do not bear seeds 

Pollia ( x 2 J 

Funatia ( x 1) 

BRYOPHYTES 

(a) I.IVERWORTS 

(b) MOSSES 

Hypnum ( x 1 .5) 

Polytrichum ( • 0.76) 



CONIFERS 

Cedar 
( xo.0035) 

Pine 
(x0.004) 

Fig. 4 The plan t kingdom; seed-bem·ing plants 

Poppy 
( X 0.4) 
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FLOWERING PLANTS 

(a) MONOCO'I'Y l~IWONS 

Iris ( x 0.3) 

Cocksfoot 
( x0.4) 

Daffodil 
(X 0.3) 

(b) DICOTYLEDONS 

(ii) $ l'IRUfiS 

Broom ( xQ.03) 

(ii i) Hl:RBS 

Forget-me-not ( x0.5) 
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PLANT KINGDOM 

DIVISION 

Red a lgae } 
Brown algae 
Green algae 

seaweeds and filamentous' 
forms; mostly aquatic 

B•·yophytes (no specialized conducting tissue) 
CI.ASS 
Liverworts 
Mosses 

Vascular plants (well-developed xylem and phloem) 
CI.ASS 
1-'erns 

{ 
Gymnosperms (conifers, seeds not enclosed in fruits) 

• Angiosperms (flowering plants, seeds enclosed in 
fruits) 

SUD·CLASS 
Monocotyledons• (grasses, lilies) 
Dicotyledons (trees, shrubs, herbaceous plants) 

I•'A~flLY 

e.g. Ranunculaceae (one of about 70 fmnilies) 
(;"NUS 
e.g. Ranuncu/us 

sP~:ca~s 

e.g. Ranuncu/us bulbosus (bulbous 
buttercup) 

In &Orne elauificatory schemes, someofl.he Algnc nre classified into n 
ttub.lcinsdom and .omo into divi~ion&. 
' Tho gymnosperms and angiospenns are sometime. enlled collectively 
'the ...ro-beoring plant.'. 
1 The monocotyledons (monoeoiS for short), are Howe ring plnnt. which 
have only one cotyledon in theirsceds(p. 92). Most, but not all. monocol8 
allo hnve long, narrow leaves (e.g. g<M$4l8, dalfodila, bluebells) witb 
pnrnllel leaf veins (Fig. 5). 

The Dicotyledons (dicot. for short), bavetwo cotyledons inthcirseeds 
(p. 92). Their lcnves oro usunlly broad ond the lcnfvcin• form 11 bnmching 
ncLwork. 

parallel 
veins 

main 
vein 

1:1 (I>) A dicoL lonf 

... h. (a) MonocoL leaves 

Fig. 5 Leaf types in flowering plants 

QUESTIONS 
~ Put the following terms in order, starting with those con lain· 
ing the largest groups of organisms: phylum. species. kingdom. 
genus, order, class. 
5 Try to classify tho following otoganisms: beetle. sptu·row, 
weasel, gorilla, pine tree, buttercup. moss. E.g. ButtNny: 
Kingdom, anima l; Phylum. nrthropod; Class, insect. 

ln some cases you ca n get only as far as the class; in other• 
you may be able to get to ordc1·. genus or species. 
6 The white dcadncttlc is l.amium albwn; the rNI dcndn0ltlc is 
Lamiwnpurpurcum. Wou ld you expect these two plants to CI'OSS· 
pollinate successfully? 

Increase in complexity 
It is hoped that an effective scheme of classification 
will do more than just sort organisms into tidy 
categories. Ttshould also help to throw some light on 
evolutionary relationships. 

For example, the close similarities between stoatS, 
weasels and polecats not only determines that they 
should be placed in the same genus, but suggests that 
they have evolved, not too long ago (geologically 
speaking) from a common ancestot·. Similarly. tho 
fact that their tooth andjuwsare very similar to thoso 
of cats, dogs, otters, etc. places them in the ca t·nivoro 
order and also implies 11 common ancestry, a bit 
further back in geological time, with other members 
of the order. 

It is also assumed that, in the course of evolution, 
many (but not nil) organisms became more complex. 
The first forms oflife were probably single cells. These 
evolvoo intoaimplo, multic.,llularorganisms but with 
little differenco between the individual cells in their 
bodies. In the next stages of evolution, the cells 
became specialitcd to cm·ry out particular functions. 

Fig. 7 Volvox. This is a simple, many-celled alga, in the 
form of a ball of cells. The earliest multicellular creatures 
might have been something like this. 

For example, the protista might represent some of 
the early, singlc·collcd forms of life. Organisms 
similar to the pt·otophyta might have given rise to the 
plants; protozoa-like unicells could have started tho 
animal line (Fig. 6). 

1'he evolu tion of multicellular forms can be 
illustrated by a simple green a lga which consists of n 
ball of coils. All the cells ure the same as each other, 
but the alga moves around and reproduces rather like 
a multi-cellular organism (Fig. 7). 



Birds 

Amphibia 

VERTEBRATES 

Multicellular 659. 
animals ~ 

Reptiles 

/ 

Flatworms ._ 
Coelenterates 

t? 

~I, 
Protista 

Monocots 

~rr 
Fungi 

&=R\ Multicellular 
~plants 
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Gymnosperms 

Mosses 

~ 
Liverworts 

4 
Algae 

Fig. 6 Classification and evolution. The kingdoms, phyla, sub-phyla nod some classes can be arranged to shown possible 
evolutionary sequence. 
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The liverworts are fairly uncomplicated green 
plants but some of their cells are specialized to absorb 
water, and others become specialized to form 
reproductive structures. 

The mosses have stems and leaves (Fig. 9 on p. 331), 
but there is no specialized conducting tissue as seen 
in the ferns and the seed-bearing plants. 

The seed-bearing plants are very much more 
complex than the ferns in their structure and method 
of reproduction. Ferns, mosses and liverworts re­
produce by means of single-celled spores, whereas the 
seed-bearing plants have cones or elaborate flower 
structures and produce multicellular seeds. 

A similar increase in complexity can be seen in the 
animal kingdom. The protozoa (p. 327) are single­
celled organisms; all the living processes are carried 
out in one cell. The coelenterates are multicellular 
with some cells specialized for digestion, conduction 
of nerve impulses or contraction. In the flatworms, 
the body plan is still simple but there is a recogniz­
able nervous system. The annelids (p. 333) have a 
circulatory system and a well-organized nervous 
system. 

The vertebrates (p. 340) have a skeleton, a central 
nervous system with a brain, a blood circulatory 
system and highly developed sense organs. 

It must be remembered that the increase in 
complexity shown by our classification systems, may 
well illustrate a similar series of changes during 
evolution but is not sound evidence that this is how 
evolution actually occurred. The present-day forms 
of algae and mosses are not the same organisms that 
gave rise to the higher plants some 400 million years 
ago. Algae and mosses are also likely to have changed 
during 400 million years of evolution. 

QUESTION 

7 Figure 9b on p. 331 shows a section through a moss leaf. 
Figure 2 on p. 59 shows a section through the leaf of a flowering 
plant. In what ways is the leaf of the flowering plant more 
complex than that of the moss? 

Keys for identification 
Once you know the main characteristics of a group, it is 
possible to draw up a systematic plan for identifying an 
unfamiliar organism. One such plan is shown below. 

Is it unicellular? 

Has it a nuclear 
membrane? 

tves 
PROTISTA 

No 

_ ___;_;N=0---'~..,_ MONERA 

An alternative form of key is the dichotomous key. 
Dichotomous means two branches, so you are confronted 
with two possibilities at each stage. 

Fig. 8 is an example of a dichotomous key that could be 
used to place an unknown vertebrate in the correct class. 
Item 1 gives you a choice between 2 alternatives. If the 
animal is 'cold-blooded' you move to item 2 and make a 
further choice. If it is a 'warm-blooded' animal you move to 
item 4 for your next choice 

DICHOTOMOUS KEY FOR VERTEBRATE CLASSES 

1 { :cold-blooded' .~ ........................................................ 2 
Warm-blooded ....................................................... 4 

2 { Has fins but no limbs .............................................. FISH 

Has 4 limbs .............................................................. 3 

3 { Has no scales on body ............................................. AMPHI'BIAN 
Has scales ................................................................ REPTILE 

4 { Has feathers ............................................................. BIRD 
Has fur ............................................................. : ....... MAMMAL 

Fig. 8 

The same technique may be used for assigning an 
organism to its order, genus or species. However, the 
important features may not always be easy to see and you 
have to make use of less fundamental characteristics. 

Fig. 9 is a key for assigning pond organisms to their 

KEY FOR SOME FRESHWATER INVERTEBRATES 

{ 

Body flattened; not more than about 
1 2 em long; gliding movement ...................... FLATWORM 

Body not flattened ....................................... 2 

{ 

Body with a shell ......................................... MOLLUSC 

2 (e.g. snail) 
Body with no shell ....................................... 3 

3 
{Body narrow, cylindrical and segmented .. 4 

Body not narrow and cylindrical ............... 5 

{ 

Obvious head; appendages or mouth 
parts on front segments ............................... lnsect larva 

4 (e.g. Chironomus) 

~~~~V~~~~ ~~~~:.~.~.~.~~.~-~~~~~~.~~ ........... ANNELID 
(e.g. Tubifex) 

{ 

Head appendages used for locomotion ....... Water fleas or 
5 Cyclops 

Other appendages used for locomotion ...... 6 

{ 

Three pairs of legs ....................................... INSECT (e.g. 
6 water boatman) 

More than three pairs oflegs ...................... CRUSTACEAN 

Fig. 9 

Does it have 
hyphae or cells? 

t Cells 

Do the cells have cell 
walls and chloroplasts? 

t Yes 

PLANTS 

(e.g. Gammarus) 

__ H--..:...yp'-h_a_e ____ FUNGI 

No ANIMALS 
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QUESTION correct phylum or sub-phylum. It is not based on the 
fundamental characteristics of the phylum, e.g. 'not more 
than 2 em long' is not a feature of flatworms, but it is a 
useful guide to those flatworms that live in ponds. A key 
such as this is sometimes called an artificial key. 

8 Figure 1 on p. 327 shows some protista. Using only the features 
shown in the drawingst construct a dichotomous key that could 
be used to identify these organisms. 

CHECK LIST 

• There is no universally accepted system of classification. 
• One system groups all living organisms into 5 kingdoms: Monera, Protista, Fungi, Plants and Animals. 
G Kingdoms are subdivided into phyla, which are themselves divided into classes. 
• The smallest natural group is the species. 
• Members of a species are alike in all important respects and can interbreed. 
o When a group of species are very similar to each other, they are classed as a genus. 
e Each species is given a 2-part (binomial) name. The first part names the genus and the second part names 

the species. 
o The binomial system of naming organisms is used throughout the world. 
e A classification system can be used to show an evolutionary sequence. 
e The sequence of kingdoms and the order of phyla and classes usually show an increase in the complexity 

of organisms. 
• A dichotomous key is a way of identifying organisms by posing alternative questions or choosing between 

alternative statements. 
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BAOERIA 
Structure and physiology. 

VIRUSES 
Structure und multiplication. 

USEFUL BAOERIA 
In natural cycles, in biotechnology. 

BACTERIA 

Bacterial structure 
Bacteria (singular= bacterium) are very small organisms 
consisting of single cells rarely more than 0.01 mm in 
length.They can be seen only with the higher powers of the 
microscope. 

Their cell walls are made, not of cellulose, but of a 
complex mixture of proteins, sugars and lipids. Some 
bacteria have a slime capsule outside their cell wa ll. 
lns ido the cell wall is the cytoplasm which may conta in 
gmnulcs of glycogen. lipid and other food rcse•·ves (Figs I 
and 2). 
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Fig. I Generalized diagram of a bacterium 
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DISEASES 

Methods of transmission, virus diseases, bacterial 
diseases. sexually transmitted diseases. 

COI':TROL OF DISEASES 

Water and sewage, food· handling. resistance and 
immunity. 

PRAOICAL WORK 

Cultut-ing bacteria, c•ffoct of antibiotics. 

Fig. 2 Bacterin as seen by the scanning electron 
microscope ( x ll 000). 

Each bacterin! cell conta ins a single chromosome, 
consisting of a ci rculur strand of DNA (p. 22•1). 'l'hc 
chromosome is not enclosed in a nuclear membrane but. is 
coiled up to occupy part of the cell (Fig. 3). 

Individual bacteria may be spherical, rod-shaped or 
spiral and some have Il l aments, called flage lla , projecting 
from them. The flagella con flick, and so move the bacterin I 
cell about. 



Fig. 3 Longitudinal section through a bacterium 
( x•l5000). The light areas are the coiled DNA sto·ands. '!'here 
nrc three of them because the bacterium is about to divide 
cwicc (sec Fig. 4). 

Bacterial physiology 
Nutrition There are a few species of bacteria which 
contain a photosynthetic pigment like chlorophyll, and 
can build up their food by photosynthesis. Most bacteria, 
however, live in or on their food. They po·oduce and release 
enzymes which digest the food outside the cell . 'rite liquid 
pi'Oducts of digestion are then a bsoo·bed back into the 
bacl:erial cel l. 

Respiration The bacteria which need oxygen for their 
respiration are called aerobic bacteria. Those which do 
not need oxygen for respiration are called anaerobic 
bactcl'ia. The bacteria used in the fi lter beds of sewage 
plants (p. 277} are aerobic, but those used to digest sewage 
sludge m1d produce methane, are a naerobic. 

Reproduction Bacteria reproduce by cell division or 
1\ssion. Any bacterial cell can divide into two and each 
daughter cell becomes an independent bacter ium (Fig. 4) . 
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(a) Bacterial cell (b) Chromosome replicates 

(c) Cell divides (r() Each cell divides again 

Fig. 4 Bactel'ium reproducing. 'l'his is asexual reproduction 
by cell division. 

ln some cases, this cell division can take place every 20 
minutes so that, in a very s hort time, a large colony of 
bacteria can be produced. This is one reason why a small 
number of bacteria can serious ly contaminate our food 
products. 

This kind of reproduction, without the formation of 
gametes, is called asexualreproduetion (p. 350). 

Effect of heat Bacteria, like any other living organisms, 
are killed by h igh temperatu res. The process of cooking 
destroys any bacteria in food, provided high enough 
temperatures are used. If do·inking·water is boiled, any 
bacteria present are killed. 

However, some bacteo·ia can produce spores which are 
resistant to heat. When the cooked food or boiled water 
cools down, the spores germinate to produce new colonies 
of bacteria, particularly if the food is left in a warm place 
for many hours. For this r·eason, cooked food should be 
eaten at once or immedia te ly refrigeo·ated. (Refrigeration 
slows down bacteo·ial growth and reproduction.) After 
refrigeration, food s hould not mere ly be warmed up but 
either eaten cold or heated to a temperature high enough 
to kill any bacteria that have grown, i.e. to l00 °C or more 
(p. 121). 

VIRUSES 

Most viruses are very much smaller than bacteria and can 
be seen only with the electron microscope at magnifica­
tions of about x 30 000. Figure 5 shows virus particles 
inside a bacterial cell. 

Virus structure 
'l'he1·e are many d ifferent types of virus and they vary in 
their shape and structure. All viruses, however, have a 
central core of RNA or DNA (p. 17)surrol.lnded by a protein 
coat. Viruses have no nuc leus, cytoplasm, cell organelles, 
or cell membrane, though some forms have a membrane 
outside their protein coats. 

Virus parti cles, therefore, are not cells. They do not feed, 
respire, excrete or grow and it is debatable whether they 
can be classed as liv ing organisms. Viruses do reproduce, 
but only inside the cells of living organisms, using 
materia ls provided by the host cell. 
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Fig. 5 Viruses nttncking a bacterium ( x 60000). The 
viruses have invaded the bacterial ccll ·and can be seen as black 
blobs. The viruses reproduce inside the cell. The cel l at the top 
has burst open and the viruses arc escaping. 

Figure 6 shows a generalized virus particle. The 
nucleic acid core is a coiled single strand of RNA. 
The coat is made up ofregularly packed protein units 
called capsomeres each containing many protein 
molecules. The protein coat is called a capsid. 
Outside the capsid, in the influenza and some other 
viruses, is an envelope which is probably derived 
from the cell membrane of the host cell. 

0.1Jlffi 

Fig. 6 Structure of a vir us 

capsomeres 

RNA 
strand 

protein coat 
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Figure 7 is an electromnic1·ograph of the tobacco 
mosaic virus (TMV) which invades the cells of a wide 
variety of plants, including tomatoes. Figure 8 is 
a schematic drawing of part of a TMV particle, 
showing the regularly arranged capsomeres sur· 
rounding the coi led RNA core. 

Multiplication of viruses 
Viruses can survive outside the host cell, but in order · 
to reproduce they must penetrate into a living cell. 
How they do this, in many cases, is not known for 
certain. In most instances, the virus particle first 
sticks to the cell membrane. It may then 'inject' its 
DNA or RNA into the cell's cytoplasm or the whole 
virus may be taken in by a kind of endocytosis (p. 34). 

Once inside the host cell, the virus is 'uncoated', 
i.e. its capsid is dispersed, exposing its DNA or RNA. 
'fhe DNA or RNA then takes over the host cell's 
physiology. It arrests the normal syntheses in the cell 

Fig. 7 Tobacco mosaic virus ( x 86000). '!'he virus 
causes disease in the plants of tobacco and tomato. 

Fig. 8 Structure of the tobacco mosaic virus 



(a) The virus sticks 
to the membrane of 
n suitable host cell 

(b) The virus enters the cell, the 
protein coat breaks down and 
releases the DNA or RNA 

(c) Tho viral DNA or RNA 
replicates and directs the host cell 
to make new protein coats 

Fig. 9 Reproduction of a virus 

(G) 'I'he new viruses 
escape from the 
hostcoll 

and makes the cell produce new viral DNA or RNA 
and new capsomeres. The nucleic acid and the 
capsomeres are assembled in the cell to make new 
virus particles which escape from the cell (Fig. 9). 

The cell may be destroyed in this process or the 
viruses may escape, wrapping themselves in pieces of 
the host's cell membrane as they do so. These 
activities give rise to the signs and symptoms of 
disease. 

QUESTIONS 
1 Which ofthe following structures are present in both bacterial 
cells and plant cells: cytoplasm, cellulose, DNA, cell wall, 
nucleus, chromosome, vacuole, glycogen? 
2 If 5 bacteria landed in some food and reproduced at the 
maximum possible rate, what would be the population ofbacteria 
after 4 hours? 
3 (a) Why is a virus particle not considered to be a cell? 

(b) Why are viruses not easy to classify as living organisms? 
4 Why do you think that commercial growers of tomatoes forbid 
smoki ng in their greenhouses? 
5 How docs the reproduction of a virus differ from that of a 
bacterium? 

USEFUL BACTERIA 

Natural cycles 
When people talk about bacteria, they are usually 
thinking about those which cause disease or spoil our food. 
In [act, only a tiny minority of bacteria are harmful. Most 
of them are harmless or extremely useful. 
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Bacteria which feed saprophytically (p. 250), bring about 
decay. They secrete enzymes into dead organic matter and 
liquefy it. This may be a nuisance if the organic matter is 
our food but, in most cases, it consists of the excreta and 
dead bodies of organisms. If it were not for the activities of 
the decay bacteria (and fungi), we should be buried in ever· 
increasing layers of dead vegetation and animal bodies. 

The decay bacteria also release essential elements from 
the dead remains. For example, proteins are broken down 
to ammonia and the ammonia is turned into nitrates by 
nitrifying bacteria (p. 247). '!'he nitrates are taken up from 
the soil by plants, which use them to build up their 
proteins. In a similar way, sulphur, phosphorus, iron, 
magnesium and all the elements essentia l to living 
organisms are recycled in the course of bacterial decom· 
position. 

Biotechnology 
Biotechnology can be de.fined as the application 
of biological organisms, systems or processes to 
manufacturing and service industries. 

Although biotechnology is ' hot news', we have 
been making use of it for hundreds of years. Wine· 
making, beer-brewing, the baking of bread and the 
production of cheese all depend on fermentation 
processes brought about by yeasts, other fungi and 
bacteria , or enzymes from these o1·ganisms. 

Antibiotics, such as penicillin, are produced by 
mould· fungi or bacteria. The production ofindustrial 
chemicals such as citric acid or lactic acid needs 
bacteria or fungi to bring about essential ·chemical 
changes. 

Sewage disposal (p. 277) depends on bacteria in the 
filter beds to form the basis of the food chain which 
purifies the effluent. 

Biotechnology is not concerned solely with the use 
of micro·organisms. Cell cultures and enzymes also 
feature in modern developments. In this chapter, 
however, there is space to consider only one or two 
instances of the use of bacteria. 

The role of bacteria in 
biotechnology 
Biological conversions Glucor1bac~ria is used to 
convert ethanol to ethanoic acid (e.g. vinegar). 
Species of Streptococcus and Lactobacillus convert 
milk to yoghurt; other members of tbe same genera 
are used in cheese·making. 

An increasingly important conversion process 
exploits bacteria in extracting metals from low-grade 
ores. Spoil heaps of residues from, for example, 
copper-mines are sprayed with acidified water. This 
promotes the growth of a species of Thiobacillus, 
which can use the sulphur in the ore and produce 
sulphuric acid. The acid dissolves out the copper as 
copper sulphate, which can be collected from the 
bottom of the spoil heap and the copper reclaimed. 

Similar bacteriological processes may be used to 
convert toxic wastes to less harmful compounds. 
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An increasing number of biotechnological 
processes are using enzymes extracted from micro· 
organisms instead of the micro-organisms them· 
selves. '!'his often increases the efficiency of the 
process. Microbial enzymes are used in some washing 
powders to digest away stains caused by organic 
materials. 
Single-cell prot ein (SCP ) The principle is that 
bacter ia are grown in a 'feedstock', which may be a 
pet•·oleum product, a n agriculttm:d product or waste 
material from agricu ltut•e or the food industry, e.g. 
whey from cheese-making. 

Tn the right conditions of temperature, oeration, 
etc., the bacteria grow very ropid ly and can be 
separated from the feedstock, dried and used as food 
for animals or, possibly, humans. 

TCI manufactures a single·cell protein called 
'Pruteen' (Fig. 10). '!'he feedstock is methanol 
produced from the methane in naturol gas, and the 
bacterium used is Methylophilus metliylotroplws. The 
bacteria are allowed to grow in a dilute solution of 
methanol with air, ammonia and essentia l clements 
added. In the fermentation tanks, the bacteria l cells 
multiply and are then separated ft·om the liquid 
medium by centrifugation and drying. 'f'ho pt·oduct is 
a creamy white powder with no smell and lillie taste. 
It can be added, in powder form, to animal feedstuffs 
ot· made into pellets for cattle. 

Fig. 10 ICI's ' Pru teen' factory. The tall building in 
the centre houses the fennentation tanks; on tho len are 
the storage containers; in between is the drying unit. 

Since the single cells consist mainly of protoplasm, 
the product is very r ich in protein. Whether the 
project will be a financial success is not curtain. 
Production of dr ugs Bacterin in tho Streptomyces 
genus a re used to produce an tibiotics such as 
streptomycin and tetracycline. A Pseudomonas 
bacterium is used in the preparation of vitamin B12• 

Some of the most promising developments in 
biotechnology are coming from the genetic engineer· 
ing(p. 225)ofbacteria.lt has proved I>Ossible to insert 

pieces of human DNA, carrying specific genes, into 
bacterial cells. For example, the gene which controls 
production of humon insulin has been inserted into 
bacterial colts. 1'he genetically engineered bacterin 
produce insulin when they are cultured and the 
insulin can be separated and purified from the culture 
medium. '!'his process produces insulin in a purer 
form than that oxtructed from animal pancrons 
tissue. It mny nlso boa cheaper process in due course. 

QUESTIONS 
6 In whnt wnys nro cleeoy boct.cria (a) useful, (b) hnnnful? 
7 Why, do you think, is it usually only the hard parts ofnnimnls 
(bones, teeth, shell•) which nrc preserved as fossils? 
8 Suggest. why it iR lhntJ)Upcr and wood will rot, but glass nnd 
many plas tic mntcrinls will not. 
9 In producing singlc·cell protein why is it essential to ensure 
that the feedstock and industrial plant do not contain nn) 
bacterin other thnn the one it is intended to culture? 

DISEASES CAUSED BY BACTERIA 
AND VIRUSES 

All the bacterin described above are saprophytic (p. 250). 
They obtain their food from dead or non-living organic 
material. The bacteria which cause disease are pnrasit.cs 
(p. 250). '!'hey live in the cells of plants or animals and feed 
on the cytoplasm. Pnmsiticorganisms which cause disease 
are called pathogens. '!'he organism in which they live 
and rep•·oduce is en lied the host. All viruses are pathogens 
but only a smnllpt•opot'lion of bacteria are pathogenic. 

Viruses and pnthogcnic bacteria may cause discnscs 
because of tho dnmogo they do to the host's cells, bUL mos~ 
bacteria a lso produce poisonous waste products ca lled 
toxins. '!'he toxin produced by the Clostridium bnctcl'in 
(which cause tetanus) is so poisonous that as little ns 
0.00023 g is fatnl. Viruses do not produce toxins but they do 
destroy the cells in which they reproduce. 

Methods of disease transmission 
Droplet infection When we cough, sneeze or mct·cly 
talk, weproducen fine spray ofdropletsofsaliva.lfwe nre 
carrying an infection, these drops may contain virus 
particles ot· bacteria. The dt·oplets may remain suspended 
in the a it· for Jon!{ periods or they may evaporate lenvin~t 
the infectious psu·ticles floating in the air or fa ll ing Lo tho 
ground in dust. 

If a healthy po•·son inhales the infected d roplets, he o•· 
she may catch Uto diseuse. Diseases which a•·e spt·eacl hy 
droplets arc often those affecting the respiratory pnssngcs 
(nose, thront., bronchi und lungs). Examples lll'C influenza 
and colds (viruses), and tuberculosis (bacteria). 

Food and drin k The discasesspread by food or drink nrc 
those which nffcct the alimentary canal, e.g. cholera. 



typhoid and salmonella food poisoning (bacteria), and 
poliomyelitis (virus). 

'l'he faeces of an infected person will contain the harmful 
m icro·organisms. These may be transferred to food o1· 
utensils by houseflies which walk on the faeces (Fig. 11). 
The micro·organisms may contaminate the fingers of 
the infected person if he or she is not scrupulous about 
scrubbing the hands after using the toilet. If this person 
handles food that is to be eaten by others, the disease· 
causing organisms can be spread. 

;· 
faeces carry 
miCfO· 
organisms 

feel leave 
trail of bacteria 

fly cleans ils body 
while feeding, shedding 
bac1eria on food 

saliva and 
regurgitated 
lood deposi•ed 
by proboscis 

Fig. 11 T•·ansmission of bacteria by houseflies 
(After Brian Jones, Humtw and Social Biology) 

In countries which do not have the advantage of 
efficient sewage disposal or piped water, intestinal 
diseases can be spread in drink ing.water if infected faeces 
reach streams, rivers or lakes. This can cause widespread 
outbreaks of typhoid and cholera. 
Contagion Contagious diseases are spread by physical 
contact. Tinea, a fungus infection (e.g. athlete's foot. 
ringworm) can be spread by contact with an infected area 
of skin or, more likely, by infected clothing or towels. 

Some of the most serious contagious diseases are those 
spread by sexual contact; the sexually transmitted 
diseases (S'l'Os). Examples are syphi li s and gonorrhoea 
(bacterial) and genital herpes (viral). These are described 
in more detail below. 

Some virus diseases 
The common cold This is caused by a rhinovirus. 
It is spread by droplet infection and contact. The 
symptoms of the disease develop within 12-78 hours 
after infection and are very familiar: dry throat, 
watering of the eyes, a copious secretion of watet·y 
mucus from the nose, swollen (congested) nasal 
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membranes making it difficult to breathe through the 
nose. 

These symptoms last for a few days but the damage 
done by the virus to the nose and throat membranes 
often allows Streptococcus bacteria to invade. This 
secondary bacterial infection may give rise to a sore 
throat, a cough and catanh. 

Although the body develops immunity to the 'cold' 
virus, there are least 80 different strains of rhino· 
virus, as well as other species of virus which cause 
colds. lmmuruty to one of these strains does not 
extend to the others, and so colds can follow in swift 
success ion. 

There is no cure for a cold. Antibiotics are 
ineffective against rhinoviruses, but they may be 
prescribed to combat a secondary, bacterial infection 
if it is acute or persistent. 

Influenza ('flu) is caused by a virus which exists in 
3 strains, A, Band C. The virus attacks the lining of 
the throat and respirato1·y passages giving rise to 
inflammation of the trachea, bronchi and bron­
chioles. The patient will have a raised temperature, 
headache, dry cough and a mild sore throat and will 
feel generally 'rotten'. The symptoms subside in 2-4 
days hut the damage to the respiratot·y linings may 
allow Streptococci to invade, causing a secondary 
bacteria l infection. 

There are no specific drugs, but aspirin helps to 
lower the temperature, and antibiotics may be used 
against any secondary infection. 

A bout of infection confers immunity for several 
years but the 'A' strain of the virus undergoes 
mutations (p. 226) very readily and immunity to one 
form is not effective against other mutants. 

There are sometimes severe epidemics of influenza. 
If it is known which mutant is responsible, it is 
possible to prepare a vaccine which gives protection 
for a few months to people most at risk and to doctors 
and nurses dealing with the epidemic. 

Herpes One variety of the herpes virus causes the 
'cold sore'. The virus remains in the skin in 'dormant' 
condition, but may be activated by sunlight or by 
catching a cold. It produces small blisters which 
eventually break and form a dry scab under which the 
skin heals spontaneously, usually in a few days. 

One strain of the herpes virus causes genital 
h erpes. The blisters and 'sores', in this case, appear 
on the penis or scrotum in men and on the labia l lips 
of the vulva in women. Genital herpes is spread 
mainly by sexual contact. 

The sOL·es usually heal in a week or two and there 
are drugs which alleviate the symptoms. The drugs, 
however, do not destroy the viruses, which remain 
dormant in the tissues and cause further outbreaks 
from time to time. 

If a woman catches genital herpes in the late stages 
of pregnancy, the infection can harm the foetus, 
sometimes fatally. 

Another form ofherpes virus causes chicken· pox in 
the young, and shingles in older people. 
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AIDS The initials stand for Acquired Immune 
Deficiency Syndrome. (A 'syndrome' is a pattern of 
symptoms associated with a particular disease.) The 
virus which causes AIDS has only recently been 
identified. It attacks certain kinds of lymphocyte (p. 
138), and thus weakens the body's immune responses. 

As a result, the patient succumbs to illnesses, such 
as pneumonia and rare forms of blood disease to 
which he or she would normally be resistant. 

The virus can enter the body only directly through 
the bloodstream, i.e. the skin must be broken. The 
people most at risk are practising homosexuals, and 
drug addicts who use contaminated needles, but it 
can be transmitted during heterosexual intercourse 
with an infected person. 

The disease has only appeared recently in the 
industrialized countries and there are not yet any 
effective drugs or vaccines against it, though 
intensive work is taking place on both fronts. 

Some bacterial diseases 
Tuberculos is (TB) The bacterium Mycobacterium 
tuberculosis causes this disease. It usually enters the 
body through the nose or mouth and affects the lungs. 
The bacteria damage the lung tissue and give rise to 
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a raised temperature, loss of weight and a persistent 
cough. 

The disease is associated with poverty and has 
declined greatly in the more wealthy nations. In the 
Third World, however, there are probably 15 million 
people with the disease and about3 million deaths per 
year. 

The disease can be prevented largely by inocula­
tion with BCG vaccine. This consists of a harmless 
form of the bacteria, which promote the formation 
of antibodies. Young people, who are the most 
susceptible to the disease, usually receive the 
vaccine when they are about 12 years old. Immunity 
lasts for 3-7 years. 

The antibiotic streptomycin and the drug Isoniazid 
are among several effective treatments for 'rB. 
Salmonella food poisoning One of the com­
monest forms of food poisoning is caused by the 
bacterium Salmonella typhimurium. This bacterium 
lives in the intestines of cattle, pigs, chickens and 
ducks. Humans may develop food poisoning if they 
drink milk or eat meat or eggs which are contami· 
nated with Salmonella bacteria from the alimentary 
canal of an infected animal (Fig. 12). 

The symptoms are diarrhoea and vomiting, which 
occur ft·om 12 to 24 hours after eating the contami· 
nated food. Although these symptoms are un· 
p leasant, the disease is not serious except in the case 
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Fig. 12 Transmission o£ Salmonella food poisoning (Alter Brian Jones, Huma" and Social Bi<Jiogy) 



of the elderly or the very young and does not need 
treatment with drugs. 

The Salmonella bacteria are killed when meat is 
cooked or milk is pasteurized (heated for 30 minutes 
at 62°C). Infection is most likely if untreated milk is 
drunk, meat is not properly cooked, or cooked meat 
is contaminated with bacteria transfe.rred from 
raw meat. 

It follows that to avoid the disease all milk should 
be pasteurized, meat should be thoroughly cooked 
and shop·assistants, and cooks, etc. should not 
handle cooked food at the same time as they hand! e 
raw meat unless they wash their hands thoroughly 
between the two activities. 

In the pas t few years there has been an increase in 
the outbreaks of salmonella food poisoning in which 
the bacteria are resistant to antibiotics. Some 
scien tists suspect that the practice of feeding 
antibiotics to farm animals to increase their growth 
rate, also causes populations of drug-resistant 
Salmonellae to develop (see p. 226). 

The sexually transmitted diseases 
1'hese are diseases caught, almost exclusively, by having 
sexual intercourse with an infected person.lt follows that 
the diseases can be avoided by not having sexual contact 
with infected people. The symptoms are often not obvious, 
but the people most likely to carry the disease are 
prosti tutes and individuals who have sexual relationships 
with ma ny other people. 

Gonorrhoea is caused by a bacterium called Neisseria 
gonorrhoea. The first symptoms in men are pain and a 
discharge of pus from the urethra. Tn women, there may be 
similar symptoms or no symptoms a t all . 

In men, the disease leads to a blockage of the urethra a nd 
to steri lity. In a woman, the disease can be passed to her 
child during birth. The bacteria in the vag ina invade the 
infant's eyes and cause blindness. 

The disease can be cured with penici II in but some strains 
of Neisseria have become resistant to this antibiotic. There 
is no immunity to gonorrhoea; having had the disease once 
does not prevent you catching it again. 

Syphilis This is caused by a spirochaete bacterium 
called Treporu~ma pallidum. In the first stage of the 
disease, a lump or uJcer appears on the penis or the 
vulva one week to three months after being infected. 
The ulcer usually heals without any treatment after 
about 6 weeks. By this time the spirochaetes have 
entered the body and may affect any tissue or organ. 
There may be a skin rash, a high temperature and 
swollen lymph nodes, but the symptoms are variable 
and the infected person may appear to be in good 
health for many years. However, if the disease is not 
treated in the early stages, the spirochaetes will 
eventually cause inflammation almost anywhere in 
the body and do permanent damage to the blood 

Bacteria and Viruses 317 

vessels, heart or brain, leading to paralysis and 
insanity. 

In a pregnant woman, the spirochaetes can get 
across the placenta and infect the foetus. 

Penicillin will cu1·e syphilis but unless it is used in 
the early stages of the disease, the spirochaetes may 
do permanent damage. 
Herpes Genital herpes is a virus disease and has 
been described above. 
AIDS is also a virus disease and was discussed on p. 316. 

If a person suspects that he or she has caught a 
sexually transmitted disease, treatment must be 
sought at once. Information about treatment can be 
obtained by phoning one of the numbers listed under 
'Venereal disease' in the telephone directory; t.reat­
ment is always confidential. The patients must, 
however, ensure that anyone with whom they have 
had sexual contact also gets treatment. There is no 
point in one partner being cured if the other is still 
infected. 

CONTROL O F DISEASES 

Clean water and efficient sewage 
disposal 
The water that comes to our homes has been passed 
through filters which remove any bacteria. Chlorine 
has been added to destroy bacteria that might have 
escaped the filters. This treatment prevents the 
distribution of disease organisms in water. 

Water from lakes, streams or rivers should be 
regarded with suspicion unless you are quite sure 
that the source is not contaminated. If in doubt, 
always boil water before drinking. This will kill any 
pathogenic bacteria present. 
Sewage After sewage has been treated (p. 277), the 
effluent from the sewage works should be free from 
any intestinal bacteria and is safe to discharge into 
rivers. 

In estuaries, however, untreated sewage, contain­
ing pathogenic micro·organisms, may be discharged 
and so estuaries could become a source of infection. 

Hygienic food-handling 
Intestinal diseases can be passed on from the hands of 
a person carrying the disease. People employed in the 
food industry may be medically examined to ensure 
that they are not carriers of intestinal disease. Apart 
from that, great care must be taken by feed-handlers, 
whether in the home, in shops (Fig. 1.3) or in factories, 
to ensure that their hands and equipment do not 
become contaminated with bacteria that are present 
in faeces. 

Food must be prepared, stored and displayed in 
such a way that flies cannot walk on it, or infected 
droplets fall on it (Fig. 14). 
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Fig. 13 Hygienic handling of food. A shop assistant 
avoids hand ling food with her fingers. 

Fig. 14 Protection of food on display. 'l'he glass 
barrier stops customers from touching the food and helps 
stop bacteria from falling on the food. 

Nat ura l resistance 
Barriers to e n t ry The skin forms the first line of 
defence against the invasion of the blood and body 
cavities by micro-organisms. This is achieved partly 
by the physical barrier of the dead, cornified, outer 
layer of the skin and partly by production of 
chemicals which destroy bacteria. The eyes, for 
example, are protected by an enzyme in normal tears. 
The lining of the alimentary canal and respiratory 
passages also resist the entry of bacteria. 

The mucus in the respiratory passages traps dust 
and bacteria which are then carried away by the 
action of the cilia (p. 9). 

Defences in the blood The white cells, called 
phagocytes, engulf and digest bacteria. Other white 
cells, lymp hocytes, produce antibodies which make 
the bacteria harmless, or easier for the phagocytes 
to ingest (see p. 146). Lymphocytes also produce 
anti-toxins which neutralize the poisonous toxins 
released by some bacteria. 

Once having recovered from a disease, we are 
better able to combat a subsequent attack because 
the antibodies are present in the blood or can be made 
rapid ly by the lymphocytes. We are then said to be 

immune to the disease. Not all diseases produce 
immunity. There seems to be no immunity to syphilis 
or gonorrhoea and immunity to some other diseases 
lasts only a short time. 

Art ificial immunity If you are inoculated with 
dead or harmless fo1·ms of micro-organisms or their 
products, your lymphocytes will make the appro­
priate anti bodies. If the real micro-organisms get into 
your body later on, the antibodies will be ready and 
waiting to destroy them. This process was discussed 
more fully on p. 147. 

Drug therapy The ideal drug for curing disease 
would be a chemical that destroyed the pathogen with­
out harming the tissues ofthe host. In practice, modern 
antibiotics such as penicillin come pretty close to this 
ideal, for bacterial infections. Antibiotics seem to 
interfere with chemical processes in the bacterial cell 
wall and so cause it to break down. Since these 
processes do not occur in animal cells, the host tissues 
are unaffected. Nevertheless, many antibiotics cause 
some side-effects such as allergic reactions. 

Not all bacteria are susceptible to antibiotics and 
most bacteria have a nasty habit of mutating to forms 
which are resistant to these drugs. 

There are no very effective drugs against viruses. 
This is because the virus is so intimately involved in 
its host cell's physiology that any chemical which 
harms the virus, also harms the cell. In most cases 
virus diseases have to take their course. 

Inter feron When a virus invades an animal cell, 
the cell produces proteins called interferons. Inter­
ferons combat the viruses in several ways, though 
these have not been fully worked out. They probably 
block the action of viral DNA or RNA and, in some 
cases prevent the entry of the virus particles into 
healthy cells. A great deal of time and money is 
currently being spent in trying to manufacttu'e 
interferon cheaply enough (by biotechnology) to try 
it out as a defence against virus diseases and some 
forms of cancer. 

QUESTIO NS 
10 Why should people who sell, handle and cook food be 
particularly careful about their personal hygiene? 
11 Coughing or sneezing without covering the mouth and nose 
with a handkerchief is thought to be inconsiderate behaviour. 
Why is this? 
12 lnhaling cigarette smoke can stop the action of the cilia in lhc 
tmchea and bronchi for about 20 minutes. Why should this 
increase a smoker's chances of catching a respimtory infection? 
13 People living in closed, isolated communities, e.g. an Arctic 
expedition, often get a cold or two at 6rst and then have seve•·nl 
months free from colds. Howcve1·, when the supply ship a.-rives, 
the colds start again. 'fry to explain this phenomenon. 
14 After a disaster, such as an earthquake, the survivors are 
urged to boil all drinking-water. Why do you think this is so? 
15 Antibiotics arc ineffective against virus diseases. Why. then, 
are antibiotics sometimes given to people suffering from a virus 
infection such as influenza? 



PRACTICAL W O RK 

Bacteria culture 
In order to identify and investigate bacteria, it is 
necessary to culture them. This is done by mixing 
fruit juice, meat extract or other nutrients with agar 
jelly' to form a medium in which the bacteria can 
grQW and reproduce. The bacteria multiply and form 
visible colonies (Fig. 15) whose colour and chemical 
reactions make them identifiable. By including or 
excluding certain substances from the cu lture 
medium, the essential conditions for the growth and 
reproduction of a particular bacterial species can be 
found. Also the effects of drugs, antibiotics and 
disinfectants can be investigated. 

Fig. 15 Micro-organisms fro m t he uir. 1'be nutrient 
agar was exposed to the air for a few minutes. 
Subsequently, these bacterial (and one fungus) colonies 
grew. 

Bacteria are everywhere, in the air, on surfaces, on 
clothing and the skin. If you want to culture one 
particular species of bacteria, it is important to 
ensure that all other species are excluded. This 
means using aseptic t ech niques. The glassware and 
the culture media must be s terilized, and precautions 
must be taken to avoid allowing bacteria from the 
air or from the experimenter to contaminate the 
experiments . 

The glassware and media are steri lized by heating 
them to temperatures which destroy a lI bacteria and 
their spores. Contamination is avoided by banc!Jing 
the apparatus in a way which r educes the chances of 
unwanted bacteria entering the experiments. 

1 Agar jelly, derived from seaweed, is used because bacteria cannot. 
grow on it unless nut;rients are added, and it is nolliqucfled by 
bnct.erinl enzymes. 
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Culturing bacteria 
The glassware must be sterilized by super-heated 
steam in an autoclave or pressut·e cooker for 15 
minutes at 1 kg/em~ so that the unwanted bacteria on 
the glasswru·e are destroyed. 

1.5 g agar is stirred into 100 cm3 of hot distilled 
water and 1 g beef extract, 0 .2 g yeast extract, 1 g 
peptone and 0.5 g sodium chloride added. The mixture 
is stet·ilized in an autoclave and poured into steri le 
petri dishes which are covered at once and allowed to 
cool. 

P recau t ions Culture methods can give rise to very 
dense colonies of potentially harmful bacteria. All 
bacteria should be treated as if they were harmful. 
When the petri dishes have been inoculated with the 
bacterial samples,the lids should be sealed in place 
with adhesive tape and not removed until the plates 
have been steri lized again at the end of the 
experiment. Any colonies which apperu· must be 
examined with the lids sti ll on the dishes. 

Inoculating t he pla t es If a little cooked potato or 
other vegetable matter is a llowed to rot for a few days 
in water, bacteria will arrive and grow in the liquid. 
A drop of this liquid is picked up in a sterile wire loop2 

and streaked lightly across the snrface of tbe agar 
jelly, lifting the lid of the dish just far enough to 
aclmit the wire loop, but not enough to let bacteria 
from the air fall on to the agar (Fig. 16). The lid is then 
sealed on the dish with adhesive tape, and the dish is 
kept, upside down," in a n incubator or similar warm 
place for about 2 days. A 'control' dish is left 
unopened. 

; 

Fig. 16 Lift the lid as little as possible 

Bacterial colonies should grow on the streaked 
dish, following the path taken by the loop (Fig. 17). 
There should be no growth of bacteria in the control 
dish, showing that the bacteria in the experiment 
came from the inoculated liquid and not from the 
glassware or the medium. 

All the dishes, still sealed, a re then sterilized once 
more in the autoclave before they are washed up. 

The effect of antibiot ics 
The culture medium is made as before. When it is cool 
but before it sets, a few drops of a pure bacteria 

2 The wire loop is sterilized by heating it to redness in a bunsen 
flame. 
• If water condenses in the petri dish, it will fall on the lid nnd not 
spre.ad ovc.r the surface of the agar. 
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Fig. 17 A 'streak plate'. Notice how the bacterial 
colonies have grown where the plate was streaked. 

culture• are added and thoroughly mixed in with the 
medium. The medium is then poured into sterile petri 
dishes as before and allowed to set. 

Using sterile forceps, some discs containing anti­
biotics are placed on the surface of the agar and the 
lids sealed on. The dishes are then incubated at about 
35 •c for 24 hours. 

The bacteria, which are dispersed in the agar, will 
grow and make the medium look cloudy, but in 
• e.g. Escherichia coli or Stapli.yloccccus a/bus from a roput.able 
supplier. 

CHECK LIST 

Fig. 18 Testing antibiotics. Antibiotics have diffused 
out from the discs and suppressed the growth of bacteria. 

regions surrounding some of tbe antibiotic discs, 
bacterial growth will have been suppressed and the 
agar will look clear (Fig. 18). 

1f the bacteria are able to grow right up to the edge 
of a disc, it means that the antibiotic in that disc is 
unable to suppress the growth of the species of 
bacteria used in the trial. 

QUESTION 

16 Suggest reasons for the variation in extent of the clear areas 
•·ound the discs in Fig. 18. 

• Bacteria are single cells; they have a cell wall, cytoplasm and a single chromosome. 
• Bacteria produce en~ymes which digest the sun·ounding medium. 
• Bacteria reproduce by cell division. 
• Bacteria are killed by heat but their spores survive. 
• Viruses are smaller than bacteria and cannot, strictly, be ciassed as living organisms. 
• Each virus particle consists of a DNA or RNA core enclosed in a protein coat. 
• Viruses can reproduce only inside a living cell. 
• Viruses take over the host cell's physiology and make it pt·oduce new vir us particles. 
• Most bacteria are saprophytes and bl"ing about decay. 
• Bacterial decay releases essential substances for recycling. 
• Biotechnology exploits bacteria and other micro-organism s by making them produce materials useful 

to us. 
• Viruses and bacteria can cause disease. 
• They are spread by droplet infection, 0 1· in food and drink or by contact. 
• Influenza, colds, herpes and AIDS are virus diseases. 
• Tuberculosis, salmonella food poisoning, gonorrhoea and syphilis are bacterial diseases. 
• Sexually transmitted diseases include syphilis, gonorrhoea, herpes and AIDS . 
• You can become immune to many diseases by developing antibodies either after an infection or as a r-esult 

of inoculation with a vaccine. 
• Antibiotics are effective against many bacterial diseases but there are few drugs effective against virus 

diseases. 
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BIOLOGY OF FUNGI 
Structure and nutrition. 

EXAMPLES OF FUNGI 
Mucor, rust fungus, mushroom, yeast, brewing and 
baking. 

THE BIOLOGY OF FUNGI 

The kingdom of the fungi includes fairly familiar 
organisms such as mushrooms, toadstools, pufiballs, and 
the bracket fungi that grow on tree-trunks. There are a lso 
the less obvious, but very important, mould-fungi which 
grow on stale bread, cheese, fruit or other food. Many of 
the mould-fungi live in the soil or in dead wood. The yeasts 
are single-celled fungi similar to the moulds in some 
respects. 

Some fungal species are parasites and live in other 
organisms, particularly plants, where they cause diseases 
which can affect crop plants. 

Structure 
Many fungi are not made up of cells but of microscopic 
threads called hyphae. The branching hypbae spread 
through the material on which the fungus is growing, and 
absorb food from it. The network of hyphae that grow over 
or through the food material is called the mycelium 
(Fig. 1). 

Fig. l The branching hyphae form a mycelium 
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ECONOMIC IMPORTANCE OF FUNGI 

PRACTICAL WORK 

Growing mould-fungi, starch digestion, yeast in bread 
dough. 

Mushrooms and toadstools a re the reproductive struc­
tures, 'fruiting bodies', of a n extens ive mycelium that 
spreads through the soi I or the dead wood on which the 
fungus is growing. 

The hyphae are like microscopic tubes lined with 
cytoplasm. In the centre of the older hyphae there is a 
~acuo~e, and the cytoplasm contains organelles and 
mclus1ons (p. 6). The inclusions may be lipid droplets or 
granules of glycogen but, unlike plants, there are no 
chloroplasts or starch grains (Fig. 2). 

vacuole glycogen granule 

nucleus 

. ;· .. ~ 
•/' , . 7 ' ,-:···· 

.7 f'#' cyloplasm 

;./ ., __ 

·/~r ....... ~ 

·:r~~··r;~ 
digest.:\ enzymos 
food 

Fig. 2 Structure of a fungal hypha 

The hypha! wall may contain cellulose or chitin o•· both 
according to the species. Chitin is similar to cellulose but 
the chitin molecule contains nitrogen atoms. 

ln some species of fungi, there are incomplete cross­
walls divi~ng the hyphae into cell-like regions, but the 
cytoplasm 1s free to flow through large pores in these walls. 
In the species wltich do have cross-walls (septa), there may 
be one, two or more nuclei in each compartment. In the 
species without septa, the nuclei are distributed through· 
out the cytoplasm. 
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Nutrition 
Saprophytic fungi Mosl fungi are saprophytes (p. 250), 
living on dead organic matter (Fig. 3). 

The hyphae secrete enzymes into the organic material 
and digest it to liquid products. The digested products are 
then absorbed back into the hyphae and used for energy or 
for the production of new protoplasm or hypha I walls. 

Fig. 3 Toadstools growing on a tree stump. The toadstools 
arc the reproductive structur·es which produce spores. The 
feeding hyphae are inside the tree stump, digesling the wood. 

Fig. 4 Mould fungus growing on an over-ripe orange 

The type of enzymes produced by the hyphae wi ll depend 
on the species of fungus and the material it is growing on. 
Those species which produce a cellulase, i.e. an enzyme 
which digests cellu lose, are important in helping to break 
down plant remains (Fig. 4}. Saprophytic fungi and 
bacteria are the 'decomposers' in most food webs (p. 244). 
and are large ly responsible for the recycling of essential 
nutrients in any ecosystem (p. 281 ). 

Parasitic fung i The hyphae of parasitic fungi penetrate 
the tissues oftbei1· host plant and digest the cells and their 
contents. If the mycel ium spreads extensively through the 
host, it usually causes the death of the plant. The bracket 
fungus s hown in Fig. 5 is the fruiting body of a mycelium 
that is spreading through the tree and will eventually 
kill it. 

Fig. 5 A parasit ic fungus. The 'brackets' arc the 
reproductive str·uctul'OS. The mycelium in the trunk will 
eventually kill the tree. 

Fungus diseases such as blight, mildews or l'uSts (Fig. 6) 
are responsible for causing considerable losses to arab le 
farmers, and there is a constant search for new varieties of 
crop plants which are r·esistant to fungus disease, and for 
new chemicals (fungicides} to kill parasitic fungi without 
harming the host. 

A few parasitic fungi cause diseases in animals, 
including humans. One group of these flmgi cause tinea or 
ringworm. The fungus grows in the epidermis of the skin 
and causes irritation and inflammation. One form of tinea 
is athlete's foot, i1t which the skin between the toes 
becomes infected. 

Tinea is very easily spread by contact with infected 
towels or clothing, but can usually be cured quickly with 
a fungicida l ointment. 

Reproduct ion 
Fungi reproduce by re leasing microscopic, single-celled 
s pores. You can see a cloud of these spores if you squeeze 
a mature puffba ll (Pig. 7}. 

The spores are budded off from the tips of special hyphae. 
Each spo,·e contains a little cytoplasm and one or more 
nuclei, depend ing on the species. The spores are dispersed 
in air currents or by other methods. When a spore lands on 
suitable organic matter m· on a new host, it germinates to 
produce a mycelium. 



Fig. 6 'Rust' disease in wheat. The hyphae are in the leaf 
tissue digesting the cells. The brown spots are caused by spore· 
bearing hyphae breaking out of the leaf. 

Fig. 7 l>uff-ball dispersing spores . When ll rain ch-op hits 
~he ripe puf1:ball, a cloud of spores is ejected. 

The spores are produced from a single mycelium without 
the involvement of gametes or any sexual process, and so 
this is an example of asexual reproduction (p. 350). 

Most fungi, however , do have a sexual process in their 
life cycle and this may precede the production of asexual 
spores. 

QUESTIONS 
I When something goes mouldy what is actually happening to il"? 
2 Suggest why bread, wood and leather may go mouldy, while 
glass and J>lastic do not. 
3 Suggest why toadstools may be found growing in very dark 
areas of woodland where green plants cannot flourish. 
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SOME EXAMPLES OF FUNGI 

Mucor 
J\1ucor is a common mould-fungus that grows on sta le. 
damp food such as bread or cooked apple. The mycelium 
grows over and in to the food, digesting and abso rbing 
nutrients. Vertical hyphae grow up from the mycelium. 
giving it a 'fluffy' appearance. The tips of the vertical 
hyphae expand and produce s porang ia (Figs 8 and 9). 
Each sporangium contains hundreds of spores, which arc 
released when the sporangi urn wall b1·eaks down. 

spores 

Fig. 8 Spore production in Mucor 

Fig. 9 A mould fungus ( x 100). The white th reads are the 
hyphae; the black knobs m·c the sporangia. 



324 Diversity of Organisms 

(o) (b) 

Fig. 10 Development of a mushroom 

Mushrooms 
The mycelium of a mushroom is a diffuse, branching 
network of hyphae which may spread over a radius of 
many feet in thesitrface layers of the soi l. At the time 
of repmduction, usually in the a utumn, some of the 
hyphae form a dense mass which emerges from the 
soi l as a compact 'fruiting body'. The growth and 
structure of this fruiting body is shown in Fig. 1.0. 

The gi IJs are formed on the underside of the cap and 
they consist of special hyphae which bud off spores at 
their tips. The spores are flicked into the spaces 
between the giiJs and at·e carried away in air currents 
(see Experiment 6). 

Yeast 
The yeast.'! are a rather unusual family of fungi. Only a few 
of the several species can form true hyphae. The majority 
of them consist of separate, spher ical cells, which can be 
seen only under the microscope. They live in situations 
where sugar is likely to be available, e.g. in the nectar of 
flowers or on the surface of fruits. 

The thin celJ wall encloses the cytoplasm, which 
contains a nucleus a nd a vacuole. In the cytoplasm are 
granules of glycogen and other food reserves (Fig. lla and 
Fig. 11, p. 6). 

'rhe cells reproduce by budding. An outgrowth from 
the cell appears, enlarges and is finally cut off as an 
independent cell. When budding occut·s rapid ly , the 
individuals do not separate at once and, as a r esult, small 
groups of attached cells may sometimes be seen (Fig. llb). 

Fe r mentation Yeasts are of economic importance in 
promoting alcoholic fermentation. Yeast cells contain 
many enzymes, some of which can break down sugar into 
carbon dioxide and alcohol. This chemical change 

gill 

(c) 

provides energy for the yeast cells to use in their vita l 
processes . 

C0 H 120 6 .... 2C02 +2C2 H50H + 118 kJ 
alcohol 

Alcoholic fermentation is a form of anaerobic respim· 
tion (p. 24) but, i f the yeast is supplied with carbohydrates 
other than sugar, the yeast needs oxygen to convert these 
substances to sugar fi t·st. 

In brewing, barley is a llowed to germinate. During 
germination, the bal'ley grains convert their starch 
reserves into maltose (p. 16). The germinating barley is 
then ki lied by heat and the sugars are dissolved out with 
water. Yeast is added to this solution and ferments it to 
carbon dioxide and a lcohol. 

In making beer, hops are added to give the brew a bitter 
Aavour and the liquid is sealed in to casks or bottles so that 
the carbon dioxide is under pressure. When the pt·essure is 
released, the dissolved cat·bon dioxide escapes from the 
liquid giving it a 'fizz'. 

In making spirits such as whisky, the fermentation is 
a llowed to go on longer and the alcohol is dis ti ll ed oiT. 
Wine is made by extracting the juice from fruit, usually 
grapes, and a llowing the yeasts, which live on the surface 
of the fruit, to ferment the sugar to alcohol. 

Tftoo much oxygen is admitted or fungi and bacteria at·e 
a llowed to enter, the alcohol may be oxidized to ethanoic 
(acetic) acid, i.e. vinegar. 

(a) Single cell 

Fig. l1 Yeast 

(II) Y cast cells budding 



Baking In baking, flour, salt, fat and water are mixed to 
produce 'dough'. Enzymes in the liour start to convert the 
flour·starch to s ugar. When yeast is added, it ferments the 
sugar and produces carbon diox ide. The bubbles of cai'IJon 
dioxide make the dough 'rise'. The bubbles a lso expand 
when the dough is baked and so give the bread a 'light' 
texture. 

Yeast as food Yeasts may become important as a source 
of single·cell protein (p. 314) for humans and their farm 
animals. Given only suga1· and inorganic salts, these 
micro·organisms will grow and t·eproduce very rapid ly, 
converting the sugar and salts into protein. 

An eminent biologist once said that, 'In 24 hours , hal f a 
tonne of bullock will make a pound of protein; half a tonne 
of yeast will make 50 tonnes and needs only a few square 
metres to do it on.' 

Yeasts conta in most of the essential amino acids and 
vitamins needed by humans and. at present, the yeasts 
produced on a commercial scale are used to supplement 
diets which are inadequate in these respects. Yeast is a lso 
used to remedy vitamin B deficiency diseases. 

ECONOMIC IMPORTANCE OF 
FUNGI 

Harmful fungi 
These are the fungi which cause diseases in our crop plants 
and ourselves, and which cause food s poilage or rotting of 
timber and leathet·. 

Beneficial fungi 
The saprophytes These fungi play a part in recycling 
essentia l nutrients (p. 245). 

Biotechnology This exploits fungi which bring about 
chemical changes, e.g. in the manufacture of citric acid. 
Biotechnology includes the production of single-cell 
protein and the long-standing industries of brewing and 
baking (p. 313). 

Antibiotics Many of the fungi which live in the soi l 
compc~e with bacteria and each other for supplies of 
organic material to use as food. One form of competition 
involves the production of chemicals which inhibit the 
growth of competitors. We have learned to extract those 
chemicals, now called antibiotics, and to use them in 
combating some of the bacteria which cause human 
diseases. 

Pm·e cultures of the fungi a t·e grown on nutrient 
solutions on a large scale and the antibiotics are extracted 
and purified from the growth medium. A well-known 
example is the production of penicillin from the mould 
Penicillium. 

There are also soil bacteria which produce similar 
antibiotics, e.g. Streptomyces from which we obtain 
stret>tomycin. Some antibiotics are now made synthetic­
ally rather than from culturing micro·organisms. 
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Fig. 12 Differen t species of mould fung us growing on 
vegetable agn r 

Q UESTION 

4 Fungi do more good than harm. Put some t>oints for and against 
this statement. 

PRACTICAL WORK 

1. Gt·owing mould-fungi 
Moisten a piece of stale bread, place it in a petri d ish base 
a nd leave it exposed to the a ir. After a day, moisten it again 
if it bas dried out, and then cover it with a beaker or small 
jar. In the humid atmosphere inside the jar, colonies 
of mould-fung i should grow on the bread within a few 
days. 

If the moulds Mucor or Rhizopus gr·ow, the sporangia 
wi ll appear as black dots on the ends of the vertical hyphae 
(Fig. 9 on p. 323). 

Theexperimentcan be duplicated by using different food 
material , e.g. pieces of banana or cooked apple. 

2. Cultu r ing fungi 
Mould·fungi or even small toadstools can be cultured on 
dishes of agar as descri bed for bacteria on p. 319. Follow 
the same techniques as described for bacteria, but use 
vegetable agar in place of nutrient agar. The vegetable 
agar is made simply by dissolving 2 g agar and 25 cm3 

tomato juice in 100 cm3 water. The vegetable agar and 
5 petri dishes are sterilized in an autoclave. The cool. but 
still liqu id agat' is poured into the sterile dishes and 
a llowed to set. 

The d ishes are then exposed to the air or inoculated with 
fungus spot·es or hyphae using a ster ile wi re loop as s hown 
in Fig. 16 on p. 319. The fungi may be selected from one of 
the colonies that grew in Expet·iment 1. 

The dishes are incubated for 24 hours at about 35 ' Cor· 
left at room temperature for 2 or 3 days (Fig. 12). 

3. St arch digestion by a m ould-fungu s 
Prepare starch agar by dissolving 0.3 g starch powder 
and 1 g agar in 100 cm3 water. If the experiment can be 
examined 1 or 2 days after setting up, there is no need to 
sterilize the agar or the glassware. 

Pour the agar, when cool, into pett·i dishes, replace the 
lids and allow the medium to set. 
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Inoculate the agar with fungal spores or hyphae, by 
making one or two strokes across it with a sterile wire loop 
that has been dipped into a mature fungal colony, as 
described for Experiment 2. Replace the lid and leave the 
dish for 1 or 2 days. 

Mter this time, the fungus should be seen growing along 
the lines of the streaks. 

Remove the lid, pour iodine solution into the dish to 
cover the agar and leave for a minute or two. Finally wash 
away the iodine with water. 

Iodine solution will turn starch-agar blue. So, any areas 
which remain clear have no starch in them and it is 
reasonable to assume that the fungus has secreted an 
enzyme into the agar and digested the starch. 

A control should be set up at the same time as the 
experiment, by streaking a starch-agar plate with a wire 
loop that has been heated to redness in a bunsen flame. 
This plate should also be tested with iodine solution. 

4. Anaerobic respiration in yeast 
An experiment to investigate anaerobic respiration In 
yeast has been described on p. 29. 

5. The function of yeast in bread dough* 
One day before the experiment make a yeast­
suspension 'starter' by mixing a level teaspoonful of 
dried yeast with half a teaspoonful of sugar and 
20 cm3 water, in a small flask or bottle. Plug the 
mouth of the flask with cotton wool and leave it in a 
warm place for 24 hours. 

Mix the.following in measures of level teaspoons: 
plain white flour, 2; sugar, ~; yeast suspension, t; 
*After P. W. Freeland, School Science Review, No. 194. 

CHECK LIST 

water, 2. This should make a sticky dcugh. 
Withdraw the plunger of a 1 cm3 syringe to the 0.5 

mark and then draw up about 0.3 cm3 dough into the 
syringe. Note the level of the dough and plug the 
nozzle of the syringe with a piece of sharpened 
matchstick. Place the syringe in a water bath kept 
at about 35 oc and note the level of the dough at 
5-minute intervals. 

A control should be set up using the same mixture 
but made with yeast suspension that has been boiled 
for a minute to kill the yeast cells. 

The results should indicate what part is played by 
yeast in making bread. The experiment also demon­
strates anaerobic respiration, since there is little or 
no air present in the bread dough. 

The rate of anaerobic respiration at different 
temperatures may be compared if similar syringes are 
placed in water baths at 15, 25 and 45 oc. The rate at 
which the dough rises is a measure of the rate of 
carbon dioxide production. 

6. A spore map from a mushroom 
Remove the stalk from a mature mushroom (one with 
dark brown gills). Place the cap on a piece of paper, 
so that the gills are touching the paper. One day later, 
carefully lift the cap off the paper. A pattern of dark 
lines will show where the spores have been ejected 
from the gill surface. 

QUESTION 

5 Explain the purpose of the controls in Experiments 3 and 4. 

• Fungi are formed from thread-like hyphae rather than cells. 
• The branching hyphae produce a network called a mycelium. 
• The hyphae have walls, cytoplasm, nuclei, vacuoles, organelles and inclusions. 
• Fungi secrete enzymes into their food and absorb the digested products. 
• Saprophytic fungi digest dead organic matter. 
• Parasitic fungi digest living tissues. 
• The saprophytic bacteria are important as decomposers; they release essential nutrients from dead 

organic matter. 
• Parasitic fungi cause plant diseases some of which affect our crops. 
• Fungi reproduce asexually by releasing spores which can grow into new mycelia. 
• Mushrooms and toadstools are the reproductive bodies of a hidden mycelium. 
• Attempts are made to control parasitic fungi by using fungicides and by breeding resistant strains of crop 

plants. 
• Yeasts are single-celled fungi, which are important in brewing, baking and other forms of biotechnology. 
• Yeasts respire anaerobically, causing a fermentation process which produces C02 and alcohol. 
• Fungi and bacteria produce chemicals called antibiotics, which can be used to suppress the growth of 

disease bacteria in humans. 



35 Protista and· some Lower 
Plants 

PROTISTA 
Paramecium, organization within a single cell, useful 
and harmful protistans, surface atea and volume. 

PROTISTA 

Most living things have bodies made up of thousands of 
cells but there are also large numbe•·s of tiny creatures 
which consist of only a single cell. These are the protista. 
Most of them are microscopic but a few can be seen as 
specks with the naked eye. 

Nearly a ll protista live in water; in the sea, rivers and 
lakes, in puddles and in thebodyfluidsofanimals. Protista 
differ from bacteria because they have a definite nucleus in 
their cells and because they feed in a variety of different 
ways. Some take in solid food and some photosynthesize. 

Protista may also be referred to as 'unicellular organ­
isms' or 'unicells'. Those protista which take in solid 
or liquid food from their surroundings may be called 
protozoa (animal-like unicells); those which possess 
chlorophyll may be called unicellular plants, unicellular 
a lgae or protophyta. 

nucleus 

chloroplast 

Amoeba ( • 75) 
Chlamydomonas ( x 750) 

Vorticella ( x 1 00) EugleM ( x 250) 
Patamccium ( )( 1 50) 

Fig. I Protista. Chlamydomonas and Eu.glena have 
chloroplasts and can photosynthesize. The others arc protozoa 
and ingest solid food. 
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ALGAE 
P lankton, Spirogyra., seaweeds. 

MOSSES AND FERNS 

Amoeba (Fi.g. 1} is a protozoan which moves by a A owing 
movement of•ts cytoplasm. It feeds by picki~YI1ilcterin 
and other microscopic organisms as it goes. Vorticella has 
a contractile stalk and feeds by creating a current of water 
with its cilia (p. 9}. The current brings particles of 
food to the cell. Euglena and Chlamydomonas have 
chloroplasts in their cells and feed, like plants, by 
photosynthesis. 

Many of the protista can move about by means of 
structures such as cilia or flagella. Cit ia are like 
microscopic hairs which can Aick to and fro. P •·otista 
which have Aagella are called flagellates; those which 
move by means of cilia are called ciliates. 

Paramecium 
Paramecium is a fairly typical ciliate. l t is abundant in 
fresh water where it feeds on bacteria and other 
microscopic organisms. 

Figure 2 s hows its structure in mot·e detail. The ci lia 
covering its body are arranged in rows, and they beat in a 
regular rhythm, driving the Paramecium through the 

region of ingestion nucleus con1ractile vact.~ole 

oral gtOove 

Fig. 2 Pal'atneciunl. A ci liate protozoan. 
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water. The ciliary beat can be reversed, so the Paramecium 
can go backwards. 

In one region of its body, a special band of cilia creates 
a current of water which wafts small particles into the oral 
groove. At the end of the oral groove, the particles are 
taken into the cytoplasm in small vacuoles (endocytosis, 
p. 34). The cytoplasm secretes enzymes into the vacuole 
and these enzymes digest the food. The soluble products 
are then absorbed back into the cytoplasm, and the 
undigested remains are expelled at a point on the cell 
surface not far from the oral groove (exocytosis, p. 34). 

In addition to the food vacuoles, there are two larger 
vacuoles which can be seen to expand and contract 
a lternately. These are the contractile vacuoles which 
are responsible for expelling excess water. Paramecium's 
cytoplasm bas a lower osmotic potential {p. 37) than the 
surrounding water, so water enters the cell by osmosis. 
This water collects in the contractile vacuoles and is 
expelled when they contract. The contracti le vacuoles 
thus have an osmo·regulatory function (seep. 162). 

Paramecium reproduces by binary fission. This is 
an asexual process in which, first the nucleus divides, 
and then the cytoplasm, to prod\•ce two independent 
Paramecia (Fig. 3). There is also a sexual process in the 
life cycle of Paramecium. 

Fig. 3 Paramecium dividing (binary fission) ( x 350). The 
nucleus has already divided and now the cytoplasm is pinching 
off in the middle to produce two organisms. 

Life processes in the protista 
The animals and plants studied so far in this book, have 
been multicellular, i.e. their bodies are made up of 
thousands of millions of cells. Some of these cells are 
specialized to carry out particula•· functions, and the 
specialized cells are grouped into organs and systems 
(p. 10). 

A protistan, however, can can·y out all the vita l 
processes within a single cell. If there is any specialization, 
it is specialization of a region of cytoplasm. For example, 
the oral g~oove in Paramecium is specialized to take in 
food; the cilia are specialized filaments of cytoplasm which 
can flick to and fro. 

Digestion Tn most multicellular animals, digestion is 
carried out by an alimentary canal with specialized 
regions and glands.In Paramecium, almost any part of the 
cytoplasm can form a food vacuole. There are no glands; 
enzymes are produced by the cytoplasm which sunounds 
the food vacuole. 

Osmo-regulation In higher animals this involves the 
complex structure of the kidneys and is effected, in 
Paramecium, by the specialized regions of cytoplasm 
which form the contractile vacuoles. 

Gaseous exchange In the vertebrates, there are elabor· 
ate structures, such as lungs or gills, for gaseous exchange, 
and a blood circulation to carry oxygen and dissolved food 
to a ll parts of the body. 

In a protistan, the surface area of its single-celled body 
is very large in comparison with its volume (see below). 
This allows absorption of oxygen from the surrounding 
water to take place rapidly by diffusion. No special 
absorptive surfaces are needed. 

Transport Similarly, the distance across a protistan is 
so small, that diffusion is rapid enough to distribute 
oxygen from the water, and food from the food vacuoles, to 
a ll parts of the cytoplasm. There is no need for a specialized 
transport system. 

Nitrogenous excretory products and carbon dioxide 
diffuse rapidly out of the cytoplasm and into the water. 
There is no specialized excretory system. 

The same principles apply to those protistans that have 
chloroplasts, and produce food by photosynthesis. Carbon 
dioxide diffuses into the cell quickly, and oxygen diffuses 
out. Food made in the chloroplasts diffuses to all parts of 
the cytoplasm. 

Protista and humans 
The protista form the basis ofmostfood webs in the sea and 
fresh water. Their activities are exploited in the filtration 
of drinking·water and the purification of sewage. The 
ciliates, in particular, digest the bacteria present in 
untreated water and sewage effluent. The protists are 
themselves eaten by small multicellular organisms such 
as worms and insect larvae. 

Some protists are human parasites. An Amoeba·like 
species causes amoebic dysentery; a flagellate called 
Trypa11osoma causes sleeping sickness; another Amoeba­
like protist, called Plasmodium, invades the red blood cells 
and causes malaria. 

The malaria l parasite digests the •·ed cell's cytoplasm 
and also reproduces inside it. The newly formed parasites 
break out of the cell and invade other red cells (Fig. 4). This 
gives rise to a malarial fever and causes anaemia. The 
parasites are carried from person to person by blood· 
sucking mosquitoes. 



Plasmodium 
enters new 
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and multiplies•n V 
·~ the rod blood coils glows 

!~';'~:-. 

cytoplas~l. ~ nucleus 
divrdos ~~~ divides 

Fig. 4 Plasmodium, the malarial parasite 

Surface area and volume 
Imagine an unlikely animal which c~>nsists of a 2 c~ 
cube of cytoplasm (Fig. 5a). Tho ant mal's volume ts 
2x2x2=8cm3.ltssurfacearen is6x4 cm 2 = 24 em•. 
Suppose that 1 cm3 of cytoplasm needs 6 cm3 oxygen 
per hour. The cubic animal will need 5 x 8 'cm3 oxygen 
hourly and it will absorb the gas through its surface. 

Now the animal divides; by binary fission (Fig. 6b). 
The volume of each'offspring is half that of its parent, 
namely, 4 cm3 , but its surface area is,lG em•, i.e. m~re 
than half. Each offspring will need half the oxygen tts 
parent needed, i.e. 5 x 4 cm3 oxygen per hour, but will 
have 16 cm2 surface, instead of 12 cm2 to absorb it. 

This crude example illustrates the fact that., as you 
move down the scale of size, the ratio, surface area/ 
volume, becomes greater as the size diminis~es; a!'d 
the relatively increased surface area makes tt e~st er 
to exchange gases with the environment. 

Fig. 5 Surface area and volurnc. When A divides into 
B and C two new surfaces aro formed. 
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QUESTIONS 
1 In what ways are feeding nnd digestion in Paramecium simi lor 
to the same processes in humans? 
2 lfo single cell from your body was placed in pond water it could 
not survive for Jon g. Paramecium is n single cell and can survive 
in pond water. What can Paramecium do that your body cell 
cannot do? 

ALGAE 

The algae are plants which range from very simple 
filaments, consisting of a single row of identical cells, to 
large seaweeds. The protistans with chloroplasts (the 
protophyta) may also, with good reason, be classified as 
algae. 

Most members of the a lgae have cellulose cell walls and 
chloroplasts. The chloroplasts contain chlorophyll, but 
other pigments may be present in brown and red algae. 

The algae, for the most part, grow in water and have 
little need of specialized supporting or water·conducting 
tissue. Compared with vascular plants, therefore, their 
cells and tissues are relatively unspecialized. The aquatic 
algae cannot survive prolonged desiccation when out of 
water. 

Plankton 
In open water, it is the singJe.celled algae which form the 
basis of the food web. These algae, particularly the forms 
called diatoms, are abundant in the surface waters of 
ponds, lakes and the sea. Usually they are invisible to the 
naked eye, but occasionally, in a pond or neglected 
swimming·pool, the unicellular plants a re so numerous 
that the water looks green. 

The protophyta make their food by photosynthesis and 
reproduce rapidly. These microscopic plants are eaten by 
small animals, particularly crustaceans such as water 
fleas and Cyclops (p. 286) and their marine counterparts. 

The protophyta and the small animals which eat them 
are called, collectively the plankton. The. microscopic 
plants are the phytoplankton; the small ammals are the 
zooplankt on (Figs3a and bon p. 243). Larger, shrimp-like 
crustacea and small fish feed on the plankton and are 
themselves eaten by larger anjmals. 

The plankton, in effect, is the 'pasture of the sea' and 
other open waters. 

Spirogyra 
Spirogyra is a filamentous alga. It consists of hair·like 
green threads. When the threads are s tudied under the 
microscope, they are seen to consist of single cells joined 
end to end (Fig. 6). All the cells are the same; there is no 
specia lization and any one cell is capable of surviving on 
its own. 

Each cell bas a ce ll u lose cell wall, a lining of cytoplasm 
and a central vacuole. There is a ribbon-l ike chloroplast 
which runs through the cytoplasm in a helix. The nuc leus 
is in the cen tre of the cell , supported by strands of 
cytoplasm (Fig. 7). 
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Fig. 6 Spirogyra, part of a fiJament 

vacuole cytoplasm chloroplast cell wall 

cytoplasmic strand nucleus 

Fig. 7 Spirogyra. one cell from a filament 

Each Spirogyra cell can photosynthesize. '!'he cells 
absorb water, carbon dioxide and sa lts from their 
sur·r·oundings and build up thei r food with the aid of 
sunlight (p. 44). The chloroplast absorbs the sun I ight and 
makes its energy avai lable for chemical processes within 
the cel l. 

The colonies of Spirogyra filaments are often seen as a 
c loudy green mass in shallow water. When photosynthesis 
is rapid, the oxygen given off as a waste product often 
makes the Spirogym colonies float to the surface as a kind 
of green scum. 

There are many different kinds oflllamentous a lgae. The 
different species can usually be identified by the shape of 
the chloroplast when seen under the microscope. 

Seaweeds 
Seaweeds are larger and more complex algae than 
Spirogyra (Fig. 3, p. 304), with many more cells in their 
bodies. The cells are arranged to form a flat, ribbon-like 
thallus wh ich, at one end, is attached firmly to a r·ock 

Fig. 8 Two types of seaweed 

'holdtast· sticks 
to rocks 

thallus 

growing point 

(Fig. 8). At the other end are actively dividing cells which 
cause the thallus to grow in length. 

There is not much obvious specia lization in the cell s. 
The outer cells of the thallus contain chloroplasts and 
make food by photosynthesis. The cells in the region of the 
midrib m·e often elongated and may have a conducting 
function. There are generally no roots, leaves or stem 
and no conducting tissues like the xylem and phloem of 
the flowering plants. There is no supporting tissue in the 
thallus of seaweeds, so at low tide they collapse over the 
rocks on which they are growing. At high tide they are 
buoyed up and supported by the sunounding water. 

QUESTIONS 
3 Compare n cell of Spirogyra with the palisade cell shown in 
l?ig. 7 on p. 4. List the structures that are present in both cells. In 
what ways is the Spirogyro. cell different from the palisade cell? 
4 What do the unicellulru· algae in the phytoplankton need in 
ordct·to produce foocl? Where do t hey get these things from? 
5 Look at the picture of Laminaria in Fig. 3 on p. 30•1. W,hat. 
specializa tion docs there appear to be in the body ofthisseaweed• 

MOSSES AND FERNS 

'l'hese are non-flowering plants with stems and 
leaves. They do not produce seeds but reproduce by 
means of unicellular spores. 

Mosses 
The mosses are simple, but successfttl land plants. 
Each p lant is quite small, on average about 1- 5 em 
long, but they usually grow in dense tttfts which 
probably helps to support them and to conserve 
moisture. 

Each plant has a slender stem with numerous small 
leaves arising from it (Fig. 9). Sometimes the stem is 
horizontal and has many branches. Most moss leaves 
are only one cell thick, so there is no specialization of 
cells like there is in the leaves of flowering plants. In 
the stem, the innet·mostcells conduct water and food, 
but apart from being longer than other cells, they are 
not particularly specialized in their structure. The 
outer cells have thick walls and probably give the 
stem strength. 

There are no proper roots, though structures called 
rbizoids, rather like multicellular root hairs, gt·ow 
into the soil from the base of the stem. 

Mosses reproduce sexually but do not form seeds. 
When the male and female gametes fuse at the tip of 
a moss plant, they produce a spor·e caJ>strl e on the end 
of a long stalk (Fig. 10). The spore capsule opens to 
release single-celled spores which are scattered and 
grow into new moss plants. 

Four different species of moss are illustl'8ted in 
Fig. 3 on p. 304. 
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(c) Section through •• 
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Fig. 9 Structure of a moss 
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Fig. 10 Moss plants growing in a wood. Some of the 
plants have produced spore capsules. 
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Ferns 
Ferns are land plants, usually much larger than 
mosses, with more highly developed structures. Their 
stems, leaves and roots are very similar to those of the 
flowering plants. 

The stem is usually entirely below ground and 
takes the form of a r h izo me (p. 100). In bracken, the 
rhizome grows horizontally below ground, sending 
up leaves at intervals (Fig. 11). Tbe roots which grow 
from the rhizome are called adventitious roots. This 
is the name given to any roots which grow directly 
from the stem rather than from other roots. 

new leaf 

point 

roots 

last year's 
leaf stalk 

Fig. 11 Bracken rhizome. The stem is horizontal and 
below the ground. 

The stem and leaves have sieve·tubes and water· 
conducting cells similar to those in the xylem and 
phloem of a flowering plant (p. 62). For this reason, 
the ferns and seed·heal'ing plants are sometimes 
referred to as vascular plants, because they all have 
vascular bundles or vascular tissue. Ferns also have 
multicellular roots with vascular tissue. 

The leaves of ferns vary from one species to another 
(Fig. 12 and Fig. 3 on p. 304), but they are all much 

'Male' fern Polypody 

Fig. 12 Three species of fern 

sori 
(groups of 
sporangia) 

Hart's tongue 
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larger than those of mosses and are several cells 
thick. Most of them have an upper and lower 
epidermis, a layer of palisade cells and a spongy 
mesophyll similar to the leaves of a flowering plant 
(Fig. 13). 

sporangium 

Fig. 18 Section through a fern leaf with s porangia 

Ferns produce gametes but no seeds. The zygote 
gives rise to the fern plant, which tben produces 
single-celled spores from numerous sporangia (spore 
capsules) on its leaves. The sporangia are formed on 
the lower side of the leaf but their position depends 
on the species of fern. The sporangia are usually 
arranged in compact groups called sori (singular= 
sorus) (Fig. 14). 

CHECK LIST 

Fig. 14 Polypody fern. Each brown patch on the 
underside of the lear is made up of many sporangia. 

When the sporangia break down, the spores are 
scattered and grow to form an inconspicuous, leaf­
like structure only a few millimetres act·oss. This 
leaf-like structure produces the gametes which fuse 
and grow into a fern. 

QUESTIONS 
6 lf a heath fire destroys all the above·ground vegetation, the 
bracken will still grow well next season. Suggest why this should 
be so. 
7 Which groups of plants are sometimes called vascu lar plonr.s 
and why are they so called? 

• Protistans are organisms whose bodies consist of one cell only. 
• Some protistans take in solid food par ticles and are called protozoa. 
• Some protistans have chloroplasts and feed by photosynthesis; they are called protophyta. 
• Regions of cytoplasm in a protistan may be specialized to carry out particular functions. 
• Cilia and flagella are filaments of cytoplasm specialized for locomotion. 
• Contractile vacuoles are specialized areas of cytoplasm which a t·e osmo-regulatory. 
• Protista reproduce by binary fission; t h e cell divides into two. 
• Unicells have a large surface area in relation to their volume and so diffusion is rapid enoug h to meet 

their needs for gaseous exchange. 
• Some protista are paras ites and cause disease in humans, e.g. malaria. 
• The a lgae are simple plants with little specialization of tissues. 
• Algae are nearly all aquatic and may be s ingle cells, multicellular filaments or seaweeds. 
• Plankton is the name given to microscopic plants and animals living in the s urface waters of the sea, 

lakes and ponds. 
• The phytoplankton cons ists ofuniceliular a lgae and is the basis offood webs in the sea and other open 

waters. 
• Spirogyra is a filamentous alga made up of chains of identical cells. 
• Seaweeds are multicellular algae but without much speciallzation in their bodies. 
• A moss plant has a stem and s imple leaves but no proper roots. 
• Ferns have roots, leaves and stems, with well-developed vascular tissue. 
• Mosses and ferns reproduce by means of unicellular spores. 



36 Some Invertebrates 

ANNELIDS 

Earth worms. 

MOLLUSCS 

Snails. 

The term 'inver tebrate' refers to an animal which does not 
have a vertebral colum.n. Fish, amphibia, reptiles, birds 
and mammals all have vertebral columns and are called 
'vertebrates'; all other animals are invertebrates. It is not 
really a sound idea to classify organisms on the basis of 
characteristics they do not possess, but it is very 
convenient to use the term 'invertebrates' when referring 
to this large group of animals. 

All animals can be classified into phyla (p. 301). There 
are about 20 invertebrate phyla. Some of these will be 
fairly familiar, e.g. the coele nterates, which include sea 
anemones, corals and jellyfish. Other phyla include 
animals which are less familiar because of their rarity, 
limited distribution or small size. 

Representatives of three familiar phyla are described 
below. 

ANNELIDS 

Annelids are worms (see Fig. 1 on p. 302). Most of 
them have elongated, cylindrical bodies which are 
divided into segments. All the segments have 
identical sets of organs, though those at the front end 
may have specialized structures. Some organs, e.g. 
the alimentary canal, the nerve cord and the main 
blood vessels run the whole length of the body . 

.Earthworms are annelids, but there are many more 
annelid species living in fresh water and the 
sea. Lugworms, bristle-worms and ragworms, for 
example, are annelids which burrow in the sand on 
the sea shore. Tubi{ex (Fig. !Sa, p. 288) is a freshwater 
annelid living in the mud at the bottom of ponds. 

Earthworms 
There are about 15 common species of earthworm in 
Britain. Figure 1 shows the external features of the 
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ARTHROPODS 

Crustacea, insects, metamorphosis, arachnids and 
myriapods. 

species, Lumbricus terrestris . .Each segment has two 
pairs of fine bristles, called ch aetae. The chaetae 
can be retracted into the body, or protruded to help 
the earthworm get a grip on the walls of its burrow 
(Fig. 7, p. 259). 

The mouth, at the front end, takes in soil, dead 
leaves and other organic matter. The organic 
material is digested and the remainjng soil is expelled 

anus 

clitellum 

Fig. 1 Lumbricus terrestris, an earthworm 
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from the anus. In some species, the expelled soil forms 
the fammar worm casts on lawns. 

The clitellum, or 'saddle', is a glandular region 
between segments 32 and 36. It plays a part in the 
reproduction of the earthworm and makes a cylin· 
drical egg-case (cocoon) into which the eggs are laid. 

A pair of openings is visible on segment 15. These 
are the male openings from which sperms are 
released during mating. The female openings on 
segment 14 are less obvious. (Earthworms are 
bisexual, i.e. each worm has male and female 
reproductive organs.) 

'rhe egg-case made by the clitellum is moved 
forwards by muscular contractions of the body and, 
as it passes segment 14, the eggs are laid into it. 

The earthworm takes in oxygen and eliminates 
carbon dioxide through its skin. The skin is thin and 
supplied with many blood capillaries. Both these 
features make the gaseous exchange rapid enough to 
meet the needs of the earthworm. Glands in the skin 
produce mucus which keeps the skin moist. The moist 
skin may help the worm to absorb oxygen from the 
air but also makes it vulnerable to desiccation 
(drying up). 

MOLLUSCS 

Molluscs include snaiis, whelks, s lugs, mussels, oysters 
1.t11u (pe rlll.tps surprisingly) squids and octopuses (see Fig. 1 
on p. 302). 

Many of the molluscs have a shell. ln snails, the shell is 
usually a coiled, tubular structure. In mussels and clams 
(the bivalves), the shell consists of two halves which can 
be partia11y open or tightly closed. In squids the shell 
is a plate-like structure enclosed in the body. In other 
molluscs, the shell is reduced or a bsent, e.g. slugs, 
octopuses. 

All molluscs have a muscular foot. In the snails and 
slugs it forms a Battened structure which protrudes ft·om 
the shell during locomotion. In bivalves, the foot can 
protrude from between the halves of the shell and burrow 
in the sand (e.g. cockles). In the squids and octopuses, the 
foot has become the array of tentac les. 

Snails 
The common ga1·den snail is Helix aspersa, but you are 
probably familiar with the pink, brown, yellow or banded 
snails that occur in hedgerows. These are different species 
and varieties of the genus Cepea .. If you have made a study 
of fresh water, you will have seen the pond snail, Limnea, 
and the ram's horn snail, Planorbis, \vith its shell in the 
form of a flat spira l. 

Helix aspersa is illustrated in Fig. 2. As the snail grows, 
it adds new material to the opening of the shell, so the shell 
increases in size to accommodate the snail. Contraction of 
a muscle in the snai l's body, pulls the whole body inside the 
shell, where it is protected, to some extent, from predators. 
The snail's skin is permanently moist and retraction into 
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pulmonary 
cavity 
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foot 

Fig. 2 Helix aspersa, the• ~:~~:~~Y~ snail 
(From Dinna Kershaw, Animal D University Tutorial Pre.~, 1983) 

the shell does protect the snail from desiccation in dry 
weather. 

A rippling muscular movement along the base of the foot 
moves the snail along. Glands in the foot secrete a layer of 
sticky mucus. This forms a track over which the snail 
moves. 

At the head end are two pairs of tentacles. The first, 
shorter pair are chemo-receptors, i.e. they are sensitive 
to chemicals, and function as organs of taste or smell. The 
second, longer pair of tentacles have a light-sensitive 
region ('eyes') at their tips. These 'eyes' cannot form a 
detailed image but can detect the presence and direction of 
light. 

An opening just below the upper lip of the shell , leads 
into a pulmonary cavity. This cavity is lined with a thin 
membrane, well supplied with blood vessels which can 
exchange oxygen and carbon dioxide with the air. 'l'he 
pulmonary cavity, therefore, functions like a simple lung. 

Snails can protrude a firm, tongue-like structure, called 
a radula , from their mouths. The radula is covered with 
microscopic teeth, which give it a surface like sandpaper. 
Using the radu la, the snail rasps at vegetation and 
swallows the particles it scrapes off. 

Pond snails (Figs 3 and 4) are s imilar in structure to the 
land snails but they have only one pair of tentacles, which 

Fig. 3 The pond snail, Limnea. The snail is moving over tho 
glass wall of the aquarium by means of its foot. 



Fig. 4 The pond snail, Plallo>·bis. In this young specimen, 
the pulmonary cavi ty can be seen under the shell. 

ru·e probably the chemo-receptors. The 'eyes' are found at 
the base of the tentacles. The rasping radula scrapes aJgae 
from the leaves and stems of water plants. The snails in an 
aquarium keep the glass walls free from algae, and you can 
sec the radula at work as the snail crawls up the glass. 

Although pond snai ls are aquatic, many species breathe 
air. If you have an aquarium, you will see the snails at the 
surface, exchanging the a i1· in their pulmon ary cavities 
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through an ape1·ture which opens at the water surface. 
Because these snails breathe air, they are a ble to survive 
in stagnant water where the level of dissolved oxygen is 
too low for many organisms. 

QUESTIONS 
1 What position do (a) earthworms, (b) snails occupy in their 
respective food webs? 
2 An carthwot·m can withdraw into its burrow; a snail can 
retract into its shell. What is the likely benefit of th is behaviour 
to these two organisms? 

ARTHROPODS 

The arthropod phyhun includes the crustacea, insects, 
centipedes a nd spiders (Fig. 5, and Fig. 1 on p. 302). The 
name arthropod means jointed limbs and this is a feature 
common to them a ll. They also have a hard, firm external 
s keleton, called a cuticle, which encloses their bodies. 
Their bodies are segmented and, between the segments, 
there a re flex ible joints which permit movement. In most 
ar thropods, the segments are grouped together to form 
distinct regions, e.g. the head, thorax and a bdomen. 

chelicetae first 
body 

antenna head 

(c) Cent ipede 
( x 2) 

Fig. 5 External features of arthropods (other than insects} 
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Ecdysis 'l'he cuticle is formed from a substance which 
will not stretch. Although new cells and tissues may be 
formed inside -the exoskeleton, increase in size can take 
place only by splitting open the cuticle and wriggling out 
of it . 'l'he new cuticle is soft, and the arthropod expands its 
body, usually by swallowing air or water, before the cuticle 
hardens (Fig. 6). 

'!'his moulting of the cuticle ft·om time to time is called 
ecdysis. 

Fig. 6 The final ecdysis of a locust. The old cuticle (above) 
is left attached to the branch. The newly emerged locust will 
expand its wings by blood pt•essure, the wings will then harden. 

Crustacea 
Marine crustacea are crabs, prawns, lobsters, shrimps and 
barnacles. Freshwater crustacea are water fleas, Cyclops, 
the freshwater shrimp (Gammarus) and the water louse 
(Asellus). Woodlice are land·dwelling crustacea. Some 
of these crustacea are illustrated on pages 286, 287 
and 302. 

Like other arthropods, crustacea have an exoskeleton 
and jointed legs. Tbey also have two pairs of antennae 
which are sensitive to touch and to chemicals, and 
they have compound eyes (Fig. 7, and Fig. 12 on p. 6). 

Fig. 7 Compound eyes of' a horsefly ( x 20) 

Compound eyes are made up of tens or hundreds of 
separate lenses with light-sensitive cells beneath. They are 
able to form a crude image and are very sensitive to 
movement. 

Typically, crustacea have a pail' of jointed limbs on each 
segment of the body, but those on the head segments are 
modified to form antennae Ot' specialized mouth parts fot· 
feeding. 

Insects 
The insects form a very large class of arthropods. Bees, 
butterflies, mosquitoes, housefl ies, earwigs, greenfly and 
beetles are just a few of the sub·groups (ordct·s) in thi s 
c lass. 

Insects have segmented bodies with a firm exoskeleton, 
th1·ee pairs of jointed legs, compound eyes and, ty l>ically, 
two pairs of wings. The segments are grouped into distinct 
head, thorax and abdomen regions (Fig. 8). 

Insects differ from crustacea in having wings, 011ly one 
pair of antennae and only three pairs of legs. There are no 
limbs on the abdomina l segments. 

')'he insects have very successfully colonized the land. 
One reason for their success is the relative imi>Ot·mcability 
of their cuticles which prevent desiccation even in very 
hot, dry c limates. 

Insects such as dt·agonflies, butterflies, bees and beetles 
have two pairs of wings on their thoracic segments. In the 
beetles, the first pair of wings is modified, forming hard 
wing·cases (Fig. 9). Flies and mosquitoes have only one 
pait· of wings, and some insects have no wings at a ll , ei ther 
because they are 'primitive', e.g. springtai ls (Fig. 6, p. 259), 
Ot' because the wings have been lost in the COtll'SC of 
evolution, e.g. fleas. 

The appendages on the head segments form antennae 
and mouth parts. The mouth parts vary widely according 
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Fig. 9 Larva of the great diving-beetle (Dytiscus). Notice 
the 3 pairs of legs on the thorax and the circle of6 s imple eyes 
on the s ide of the head. Tho jaws have impaled a tadpole. 

to the feeding habits of the species. Beetles have jaws 
which bite off pieces of vegetation; mosquitoes have sharp, 
needle·like stylets which can pierce the skin and suck 
blood; bees and butterflies have tubular mouth parts which 
suck up nectar. The water·beetle larva in Fig. 9 has sharp 
jaws which impale the prey and inject digestive enzymes. 

1 pair 
amennae 

rfl:t-abdomon 
(segmen<ed) 

Fig. 8 External features of an insect (fruit fly) 
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F ig . 10 The great diving-beetle (Dytiscus) adult. The body 
form is quite different from the lm·va, thct·e are compound 
eyes on the head, and wings covcr·cd by wing cases. Notice the 
third pair of legs modified for swi mming. 

Growth and metamorphosis As in all arthropods, 
insects have to undergo ecdysis in order to increase in size, 
but only the larval forms do this. 

Insects lay eggs which hatch to larvae. These larvae 
often bear little resemblance to the adult form. (Compare 
the water·beetle larva and adult water beetle in Figs 9 
and 10). 

Figur·es 12 and 13 show the changes which take place in 
the life cycle of the large white butterfly. The eggs hatch 
into larvae, called caterpillars (Fig. ll), which feed on 
vegetation, e.g. cabbage leaves. They grow rapidly, 
shedding their cuticle four times. When the caterpillar is 
fully grown, its last ecdysis reveals a change. The active 
larva has become a pupa, which does not move or feed. 
Inside the pupa, the larval tissues are digested and 
replaced by adult organs. When the pupa splits open, it is 
a butterfly which emerges (Fig. 14). The butterfly does not 
grow or shed its cuticle. 

The change from larva to adult is called metamor­
phosis. In insects such as but terflies, with a pupal stage 
and a drastic change at the final ecdysis, the process is 
called complete metamorphosis. In certain other 
insects, the larval form that hatches from the egg beat·s 
some resemblance to the adu lt and becomes more like it at 
each ecdysis. The metamorphosis, in this case, is described 
as 'incomplete'. Incomplete metamorphos is is seen in 
grasshoppers, locusts, cockl'oaches. dragonflies and 
mayflies. 

In both types of metamorphosis, the larval forms often 
live in an environment qu ite di fferent from that of the 
adult and have different methods of feeding, moving and, 
in some cases, breathing. 

Caterpi llars live on vegetation and use their jaws to bite 
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Fig. 11 Caterpillars Onrge white butterfly) hatching. The 
caterpillars will cat their egg shells later on. 

thoracic segments 

spiracle 
(breathing pore) 

true legs 

(") Cuterpillur 

pro legs 

(b) 'rho last ecdysis. The cuticle splits above the thorax 
and is 'shrugged' off by rhythmic: contractions. 

antenna wing abdomen 

position of legs 

clasper 

Fig. 12 Large white butterfly, stages in metamorphosis 

Fig. 13 Large white butterfly, adult 

hind · 
wing 

Fig. 14 Metamorphosis of the small torto iseshell 
butterfly. The pupa's cuticle splits and the adult butterfly 
emerges. 

off pieces of leaf. They move by means of three pairs of 
'true·legs' and five pairs of 'pro·legs'. Buttet·Aies feed on 
nectru· with their specialized, tubulat• mouth parts. They 
have no pro·legs and their principal method of locomotion 
is by Ayi ng. 

Some larval forms of insects are aquatic and their 
methods of breathing differ from those of the adu lt. MHyAy 
larvae (Fig. l5a, p. 287) live in fresh watet· and obtain 
dissolved oxygen by means of gills on the abdomen. After 
metamorphosis, the gills are lost a nd the adult mayAy 
breathes air. 



ARACHNIDS 

Arachnids are spiders, mites, scorpions and harvest­
men. 

A spider's body is not obviously segmented but is 
divided into two regions, a cephalothorax and an 
abdomen (Fig. 4b). The cephalothorax carries four 
pairs of walking legs and two pairs of appendages for 
feeding. There are no antennae and, although there 
are eight eyes, they are not compound eyes like those 
of insects but they can detect movement (Fig. 15). 

The first pair of appendages on the cephalothorax 
are the chelicerae. These carry poison fangs which 
seize the prey and inject poison, followed by digestive 
enzymes. 

There are over 70 000 species of spiders and many of 
them produce silk threads which they use to make 
webs and trap prey. 

-t.J..;.. · ··( •"';"'~:''~');,;~,­
.. ~ .: .. ~~;r-fi"; 

: .. ··'· ; ~ · . ...... •j,.J • . , . .# .. . ~ .. .. 

Fig. 15 Jumping spider. Notice the array of 4 simple 
eyes. 

CHECK LIST 
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MYRIAPODS 

Centipedes and millipedes are myriapods (Figs 4c 
and d). They each have a head and a segmented body. 
Centipedes have 18 body segments and millipedes 
may have up to 100, depending on the species. There 
is no obvious thorax and each abdominal segment 
bears a pair of walking legs (two pairs in millipedes). 
Myriapods have one pair of antennae and two 
clusters of simple eyes on the head. 

Centipedes are carnivores. The first pair of legs is 
modified to form poison claws which impale and kill 
the prey. Millipedes are herbivores, feeding mainly 
on decaying organic matter. Both types of myriapod 
may be found in leaflitte•· and loose soil. 

QUESTIONS 
3 Figures 12- 18 on pages 286-8 show some freshwater 
invertebrates. 'l'ry to t~ssign these organisms t.o their correct 
phyla. 
4 Cockles, shrim)>S, mussels, whelks. prawns and crabs are often 
referred t.o as shellfish. Say (a) why they are not fish and (b) which 
ones do not have shells. 
5 If you wtH·e shown an unfumlliar anima) which was segmented 
and had legs. what featlll·cs would you look for to help decide 
whether it was a crustacean, an insect or a myriapod? 
6 Draw up a dichotomous key (J>. 308} that would enable a 
biologist to decide whether an organism was an insect, a 
myriapod. a spidCl· o•· a crustacean. 
7 What is the dirfcrcncc between ecdysis and metamorphosis'? 

• Invertebrates are animals which do not have a vertebral column. 
• Annelids are segment ed worms; earthworms are a nnelids. 
• Molluscs are snails, bivalves and octopuses. 
• All molluscs have a 'foot' which is used for locomotion or feeding. Many molluscs have a shell. 
• Snails have a creeping foot, a coiled s hell, a pulmonat·y cavity for bt·cathing, a rasping 'tongue' and one or 

two pairs of tentacles. 
• Arthropods have segmented bodies with jointed legs or appendages; they all have an exoskeleton called a 

cuticle. 
• The cuticle is inextensible and has to be shed (ecdysis) befot·e the artht·opod can increase in size. 
• Crustacea are arthropods with jointed legs on most segments, compound eyes and two pairs of antennae. 

Examples are crabs, sh1·imps and water fleas. 
• Insects a re arthropods with t hree pairs of legs, one or two pairs of wings, one pair of antennae, compound 

eyes and bodies divided into head, thorax and a bdomen. 
• Insect eggs hatch into larvae which may be diffe••ent from the adult in appea•·ance and mode of life. 
• The change from the larval to the adult insect is called metamorphos is. 
• The larvae may move, feed and breathe in ways quite diffet·ent from the adult. 
• Arachnids a re spiders, mites and scorpions; they have four pairs of legs, no antennae and bodies in two 

sections (cephalothorax and a bdome n). 
• The myriapods are millipedes and centipedes, with segmented bodies and legs on each segment. 
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FISH 
Characteristics, breathing, reproduction. 

AMPHIBIA 
Characteristics, frog reproduction. 

REPTILES 

Characteristics, reproduction. 

Vertebrates are animals which have a vertebral column. 
The vertebral column is sometimes called the spinal 
column or just spine and consists of a chain of cylindrical 
bones (vertebrae) joined end to end (Fig. 1 on p. 182). 

Each vertebra carries an arch of bone on its dorsal 
(upper) surface. This arch protects the spinal cord (p. 210), 
which runs most of the length of the vertebral column. The 
front end of the spinal cord is expanded to form a brain 
which is enclosed and protected by the skull. 

The skull carries a pair of jaws which, in most 
vertebrates, have rows of teeth. 

The five classes of vertebrates are fish, amphibia, 
reptiles, birds and mammals. 

FISH 

Fish are 'cold-blooded' (poikilothermic) vertebrates. Many 
of them have streamlined bodies, which make it possible to 
move rapidly in water. 

Figure 1 shows the external features of the three-spined 
stickleback, which inhabits fresh water; Fig. 2 on page 303 
illustrates four other species. 

pectoral fin anus ventral fin 

Fig. 1 External features of the 3-spined stickleback 
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BIRDS 
Characteristics, reproduction. 

MAMMALS 

Characteristics, reproduction. 

The bodies of fish are covered with overlapping scales 
(not particularly obvious in the stickleback), which 
themselves are covered by a thin layer of skin. 

The fins are either median, e.g. dorsal and ventral, or 
paired, e.g. pectoral and pelvic. In the stickleback, the 
pelvic fins have become spines. The fins are formed from 
skin supported by bony fin rays. Three of the fin rays of the 
stickleback's dorsal fin are modified to form spines. These 
can be raised during threat displays and may also 
discourage some predators from swallowing the stickle­
back. 

The tail fin is important in propelling the fish through 
the water. The median fins help to reduce rolling and assist 
in turning movements. The paired fins help to steer the fish 
up or down. 

Some fish have in their bodies a structure called a swim­
bladder. This is an air-filled sac in the upper part of the 
body cavity. It makes the fish buoyant so that it can remain 
at any level in the water without having to keep swimming. 

The lateral line is a sensory organ. It consists of a fine 
tube with sensory nerve endings and runs just beneath the 
skin. It is sensitive to movements and vibrations in the 
water. 

The operculum is a bony plate which covers and 
protects the gills and also acts as a valve in the breathing 
movements. It allows water to escape after it has passed 
over the gills, but prevents it from entering when the next 
lot of water is sucked in through the mouth. 

The fish absorbs dissolved oxygen from the water by 
means of the gills. There are usually four gills on each side, 
under the operculum. Each gill consists of a curved bony 
bar with branched filaments radiating from it (Fig. 2). The 
gill filaments have a rich blood supply which brings 
carbon dioxide from the tissues and takes oxygen back to 
them. 

A current of water is maintained over the gills by 
rhythmic movements of the floor of the mouth. Water is 
sucked in through the mouth and forced out through the 
operculum on each side (Fig. 3). 



gill fi laments 

Fig. 2 Gills; the operculum has been cut away. 

valve in mouth 
preventing E!)Cit 
of water 

gill bar 
gill filaments 

Fig. 3 Diagram to show breathh>g current 

gullet 

Reproduction Fish reproduce sexually but fertilization 
takes place externally, i .e. the female lays eggs and the 
male sheds sperms on them after they are laid. 

There is often a 'courtship' which brings the pair 
together and ensures that sperms are shed at the right time 
and place. Sometimes a simple nest is made in which the 
eggs are laid and where they hatch eventually. 

The male three.spined stickleback digs a hollow at the 
bottom of the pond and covers it with a dome of vegetation 
(Fig. 4). He then induces a fema le to lay eggs in the nest, 
after which he enters the nest and fertilizes the eggs with 
his sperms.The female leaves the nest area but the male 
remains, chasing off intruders who come near the nest and 
fanning currents of water through the nest with his 
pectoral fins. This improves the supply of oxygen to the 
eggs. 

Vertebrates 341 

Fig. 4 Male stickleback at the nest. The male develops blue 
eyes and a red belly in the breeding season. This may attract 
females and warn off •·ivai ma les. 'fhe female is in the nest, 
laying eggs. 

In the trout, the female uses her ta il to scrape a hollow 
in the gravel at the bottom of a stream. After a courtship 
pattern with the male, she lays eggs in the hollow and he 
sheds sperm on them. The female covers the fertiliz<ed eggs 
with gravel and they hatch in about four months. 

There is no parental care as there is in the stickleback 
but the young fish remain attached to their large yolk sacs 
(Fig. 5) which provide their food for another two or three 
weeks. After this they start to feed themselves. 

Fig. 5 Newly hatched trout ( x 4). The )'oung trout arc still 
attached to their yolk sacs. They will absorb food from the yolk 
[or several weeks. 
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Both the stickleback and the trout are carnivores and, 
therefore, secondary consumers in their food webs, eating 
insect larvae and small crustaceans. 

QUESTIONS 
1 A mammal's lungs and a fish's gills both hove large absorbing 
surfaces. How is this achieved in each case? 
2 In what way does tho construction of oven n crude nest improve 
the chances of the eggs being fertilized? 

AMPHIBIA 

Amphibia are 'cold·blooded' vertebrates with four limbs 
and no scales. The class includes frogs, toads and newts. 
The name, amphibian, means double ljfe and refers to the 
fact that the organism spends part of its life in water and 
part on the land. In fact, most frogs, toads and newts spend 
much of their time on the land, albeit in moist situations, 
and return to ponds, etc. only to lay eggs. 

Figure 6 shows the external features of the common frog: 
Fig. 2 on p. 303 shows the toad and the newt. 

Tho toad's skin is drier than that of the frog and i t has 
glands which can exude an unpleasant..tosting chemical 
which discourages predators. Newts diCfer from frogs and 
toads in having a tai l. All three groups a re carnivorous. 

wide webboo hind loot 

Fig. 6 External features of the frog 

Amphibians have four limbs. In frogs and toads, the hind 
feet have a web of skin between the toes. This offers a large 
surface area to thrust against tbe water whon the animal 
is swimming. Newts swim by a wriggling, fish-like 
movement of their bodies and make less use of Lheir limbs 
for swimming. 

Amphibia have moist skins with a good supply of capil­
laries which can exchange oxygen and carbon dioxide with 
the air or water. They also have lungs which can be 
inflated by a kind of swallowing action. They do not have 
a djaphragm or ribs. 

Reproduction The moist skin of the amphibian restricts 
it to humid situations were it can avoid desiccation. The 
same restriction applies to the eggs which do not have a 
shell, and quickly dry out if they are not surrounded with 
water. Consequently, all amphibia have to return to water 
to breed. 

Frogs migrate to ponds where the males and females pair 
up. The male climbs on the female's back and grips firmly 
with h is front legs (Fig. 7). When the female lays eggs, the 
ma le simultaneously releases sperms over them. Fertil izn· 
tion, therefore, is external even though the frogs ore in 
close con tact fot· the event. 

Fig. 7 Frogs pairing. The male's thumbs develop special. 
non-slip skin pads which help to maintain his grip on the 
remale. 

Frog and toad eggs hatch to tadpoles which spend the 
first 12 weeks or so of their lives in water. They swim by 
wriggling movements of their tails and they feed at first on 
algae; later on they eat animal matter such as small 
crustacea or dead fish. 

During this time the tadpoles breathe water, exchanging 
gases by means of gi lis. As they mature, the tadpoles lose 
their gi lls and develop lungs. They a lso lose their tails anrl 
develop legs, after which they are ready to emerge on to the 
land as miniature frogs or toads. 

In the early stages, tadpoles are primary consumers and 
scavengers in the pond. They nibble at algae growing on 
the surface of water weeds but will also eat the remains of 
dead animals on the bottom of the pond. Later, when they 
change to a carnivorous diet, they become secondary 
consumers. Adult frogs and toads eat insects, slugs and 
worms which they capture by extruding a sticky tongue. 
They are, therefore, secondary or tertiary consumers in 
their land-based food webs. 

QUESTIONS 
3 By what means might a frog breathe (a) when it is on land and 
(b) when swimming under water? 
4 Why are frogs res~ricted to damp habitats and why must they 
return to water in ordor to breed? 
5 How docs the pairing behnviourorfrogsand toads improve the 
chances orrertitization? 



REPTILES 

The reptiles include lizards, snakes, turtles, tortoises and 
crocodiles. In Britain we have only three species of lizard 
and three species of snake (Fig. 8, and Fig. 2 on p. 303). 

Fig. 8 Grass snake. Notice the scales on the head and body. 
The flicking tongue picks up chemicals in the air and corries 
them to a sense organ in the roof of the mouth which 'tastes' 
them. 

Reptiles are land-living vertebrates. Their skins are dry 
and the outer layer of epidermis forms a pattern of scales. 
This dry, scaly skin resists water loss. Also the eggs of most 
species have a tough, parchment-like shell. Reptiles, 
therefore, are not restricted to damp habitats, nor do they 
need water in which to breed. 

The reptiles are cold-blooded but they can regulate their 
temperature to some extent. They do this by basking in the 
sun until their bodies warm up. This enables them to move 
about rapidly in pursuit of insects and other prey. 

Reproduction Fertilization of the eggs takes place 
internally. There is a behaviour pattern which leads to 
copulation during which the male introduces sperms into 
the fema le's reproductive tracts. 

In the common lizard, the adder and the s low worm, the 
eggs are retained in the body of the female where they 
develop to tiny Hzards or snakes. These are then born, fully 
formed with perhaps just a thin egg membrane s urround­
ing them. This method of giving birth to young rather than 
laying eggs, is called viviparity. 

The grass snake and the sand lizard lay eggs which take 
several weeks to hatch. The sand lizard buries its eggs, and 
the grass snake lays hers in a heap of rotting vegetation, 
but there is no parental care. 

QUESTION 
G Suggest what might be the advantages of (a) internal 
fertilization and (b) viviparity. 
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BIRDS 

Birds are warm-blooded (homoiothermic) vertebrates: that 
is, they keep their body temperature more or less constant 
and, for the most part, above that of their surroundings. 

The external features of a chaffinch are illustrated in 
Fig. 9, and four other species are shown in Fig. 2 on p. 303. 

upper and 
lower 
mandibles 
(beak) 

contour 
feathers 

Fig. 9 External features of a chaffinch 

The vertebral column in the neck is flexible but the rest 
of the vertebrae are fused to form a rigid structure. This is 
probably an adaptation to flight, as the powerful wing 
muscles need a rigid air-frame to work against. 

The epidermis over most of the body, produces a 
covering offeathers but, on the legs and toes, the epidermis 
forms scales. The feathers are of several kinds. The fluffy 
down feathers form an insulating layer close to the skin; 
the contour feathet·s cover the body and give the bird its 
shape and coloration; the large quill feathers on the wing 
are essential for flight. 

Birds have four limbs, but the forelimbs are modified to 
form wings. The feet have four toes with claws which help 
the bird to perch, scratch for seeds or capture prey, 
according to the species. 

The upper and lower jaws are extended to form a beak 
which is used for feeding in various ways. 

Reproduction Birds lay eggs with hard shells. Fertiliza­
tion is internal. The male mates with the female and passes 
sperms into her oviducts to fertilize the eggs before the 
shell is formed. The female lays the eggs in a nest and then 
incubates them, i.e. keeps them at body temperature by 
sitting on them. 

There is always some form of parental care. Birds which 
nest on the ground keep the young together. The chicks 
respond to warning cries by crouching motionless, and 
they imitate the paren ts' feeding behaviour. Birds which 
nest above ground have chicks which are naked, blind and 
helpless at first. The parents have to bring food to the nest 
(Fig. 10) and brood the chicks, i.e. keep them warm, until 
they are old enough to fly. 

QUESTIONS 
7 What do you think are the possible advantages of nest­
building? 
8 Suggest some of the different ways that birds use their beaks. 
Consider, for example, eagles, ducks, thrushes and sparrows. 

./ 
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Fig. 10 Parental care in birds. The song thrush has brought 
a beakful of worms to feed the chicks in the nest. The bright 
colour on the inside of their beaks stimulates the J>m·ents to put 
food into them. 

MAMMALS 

Mammals are warm-blooded vertebrates with four limbs. 
They differ from birds in having hair rather than feathet·s. 

Fig. 11 Mnmmnlian features. The furry coat, the extemal 
car pinnae and the facial whiskers (vibrissae) are visible 
mammalian features in this gerbil. 

Unlike the other vertebrates tbey have a diaphragm which 
plays a part in breathing (p. 152). They a lso have mammary 
glands and suckle their young on milk. 

Figure 2 on p. 303 shows a sample of mammals and 
Figs 11 and 12 illustrate some of the mammalian features. 

Humans are mammals and most of the physiology 
described in Section 3 applies to all mammals. 

Reproduction Mammals give birth to fully (ormed 
young instead of laying egs. The eggs are fertilized 
internally (seep. 173) and undergo a period of development 
in the uterus . 

The young may be blind and helpless at first, e.g. dogs 
and cats (l?igs 11 and 12), or they may be able to stand up 
and move about soon after birth, e.g. sheep and cows. In 
either case, the youngster's first food is the milk which it 
sucks from the mother's teats (Fig. 12). The milk is made in 
the mammary glands and contains all the nutriments that 
the offspring need for the first few weeks or months, 
depending on the species. 

Fig. 12 Suckling. All mammals suckle milk from their 
mother's mammary glands. The kittens will be suckled for 
about 8 weeks. In the wild st.ate, the mother would then start to 
bring mice, etc. for them. 

As the youngsters get older, they s tart to feed on the 
same food as the parents. In the case of carnivores, the 
parents bring the food to the young until they are able to 
fend for themselves. 

QUESTIONS 
9 Which vertebrate classes (a) are wm·m-blooded, (b) have four 
legs, (c) lay eggs, (d) have internal fertilization and (e) have some 
degree of parental care? 
10 Draw up a key (seep. 308) which a biologist could use to place 
an an imal in its correct phylum. 
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CHECK LIST 
• Vertebrates have a vertebral (spinal) column, formed from a series of vertebrae. 
• They also have a spinal cord and brain. The spinal cord is enclosed in the vertebral column; the brain is 

enclosed in the skull. 
• Most vertebrates have teeth and jaws. 
• Fish, amphibia, reptiles, birds and mammals are vertebrates. 
• Fish are cold-blooded, aquatic vertebrates with scales and fins; they breathe by means of gills; their eggs 

are fertilized externally. 
• Amphibia are frogs, toads and newts. 
• Amphibia are cold-blooded vertebrates with four limbs. Amphibia can breathe through their moist skins 

or with lungs, and can live on land or in water. 
• In amphibia, fertilization is external and takes place in water. The early stages of development are 

entirely aquatic. 
• The moist skin of amphibia restricts them to damp habitats. 
• Reptiles are lizards, snakes, turtles and crocodiles. 
• Reptiles are cold-blooded vertebrates with four limbs and dry, scaly skins which resist desiccation. 
• Fertilization in reptiles is internal and they lay eggs with soft shells. 
• Snakes and lizards are not restricted to damp habitats; they lay their eggs on land, but some are 

viviparous. 
• Birds are warm-blooded vertebrates with four limbs; the forelimbs are wings and the jaws are extended to 

form a beak. 
• The bird's epidermis produces feathers, and scales over the legs and feet. 
• Birds make nests and lay eggs which are fertilized internally. 
• There is a period of incubation followed by parental care when the young hatch. Some species bring food 

for their young. 
• Mammals are warm-blooded vertebrates with four limbs: their bodies are covered with hair. 
• In mammals, fertilization is internal and they give birth to fully formed young and suckle them on milk 

produced by the mammary glands. 
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RESPIRATION 

Anaerobic and aerobic. 

FEEDING 

BREATHING 
Animals and plants, transport systems. 

EXCRETION 
Animals and plants, nitrogenous and other excretory 
products. 

SEXUAL REPRODUCTION 
Internal and external fertilization, parental care, new 
gene combinations. 

The last six chapters have concentrated on the diversity of 
living organisms. This chapter is concerned with the 
characteristics shared by all organisms. All living 
organisms, whether they are bacteria, fungi, plants or 
animals: 

RESPIRE REPRODUCE 
FEED 
BREATHE 

EXCRETE 

RESPIRATION 

GROW 
MOVE 
RESPOND TO STIMULI 

All organisms need a supply of energy. This energy is used 
sometimes for obvious activities such as muscle contrac­
tion and movement. In most cases, however, the energy is 
used to drive chemical reactions in the cells, e.g. building 
up proteins from amino acids (p. 14), or generating nerve 
impulses. 

In all cases, the energy is derived from the process of 
respiration. In this process, carbohydrates or fats are 
broken down to carbon dioxide. In the course of the 
breakdown, energy is released and transferred to other 
chemical substances such as ATP (p. 25). ATP can store the 
energy and make it available for a wide variety of 
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ASEXUAL REPRODUCTION 

Clones. 

GROWTH 

Measurement, growth curves. 

MOVEMENT 

SENSITIVITY 

Receptors and effectors, tropisms, survival value. 

PRACTICAL WORK 

Choice chamber. 

reactions in the cell. 
Plants can use energy from sunlight but only to build up 

their food by photosynthesis. All other processes in their 
cells are driven by energy from respiration. 

Anaerobic and aerobic respiration 
In the process of anaerobic respiration, energy is released 
from food substances by breaking them down to simpler 
compounds, in the absence of oxygen (p. 24). 

In aerobic respiration, the simpler, intermediate com­
pounds are oxidized completely to carbon dioxide and 
water with the aid of oxygen. Aerobic respiration releases 
more energy than anaerobic respiration. 

Some bacteria can respire only anaerobically; oxygen is 
harmful to them. Some bacteria must have a supply of 
oxygen in order to respire aerobically and others can use 
either aerobic or anaerobic respiration according to the 
circumstances. 

In vertebrates, the first stages of respiration are usually 
aerobic. Carbohydrates are broken down to carbon dioxide 
and intermediate substances, e.g. lactic acid, without the 
involvement of oxygen. The final stages of respiration are 
aerobic, and the lactic acid is oxidized completely to 
carbon dioxide and water with the aid of oxygen. 



RESPIRATION 
Releases energy from food; carbon dioxide is produced 

ANAEROBIC AEROBIC 
Does not need oxygen Needs oxygen 
Incomplete breakdown of food Complete breakdown of food 

to carbon dioxide and water 
Not so much energy as from More energy than anaerobic 
aerobic 

QUESTIONS 
1 Which of the following are needed for aerobic respiration: food, 
proteins, oxygen, carbon dioxide, energy, carbohydrates, sun­
light, enzymes? 
2 List the stages involved in the transfer of energy from sunlight 
to a protein molecule in a cow. 
3 Alcohol is produced industrially by the anaerobic respiration 
of yeast. In what way would aerobic respiration ruin this 
industrial process? 

FEEDING 

The energy released during respiration comes from food. 
All living organisms, therefore, must feed. 

Plants can make their food from carbon dioxide, water 
and mineral salts by the process of photosynthesis, (p. 44). 
Blue-green algae and some bacteria can photosynthesize 
but all other creatures must obtain their food directly or 
indirectly from plants or animals. 

The food must be digested before it can be absorbed and 
used in the cells. Saprophytes digest their food externally 
and absorb the digested products (p. 250). Holozoic 
organisms take in solid food and digest and absorb it 
internally, e.g. Paramecium (p. 327) or humans (p. 125). 

Parasites which live in their host are called endo­
parasites. They may digest the host's tissues, e.g. 
parasitic fungi (p. 322), and the malarial parasite (p. 328), 
or they may absorb digested food from the host's blood or 
digestive system, e.g. a tapeworm in a rabbit's intestine. 

Parasites which live outside their host are called 
ectoparasites. They pierce the host's skin or epidermis in 
order to suck up the body fluids. Aphids (greenflies) push 
their sharp, tubular mouth parts through the epidermis of 
a leaf and suck food from the phloem. Mosquitoes pierce 
the skin of vertebrates and suck blood from the capillaries. 

No matter how the food is obtained, it will be used either 
for energy (respiration) or for making new cytoplasm or 
other cell products (growth, replacement or repair). Food 
which is not used at once may be stored. Plants store food 
mostly as starch, sucrose or oil, either in their fruits or in 
special storage organs (p. 102). Animals store excess food 
as glycogen or fat. Glycogen may be stored in the liver or 
the muscles. Fat is stored either in special fat bodies or fat 
depots, or under the skin. 

QUESTIONS 
4 Make a list of the different ways in which food may be used by 
a living organism. 
a Revise pages 242-5 and then list the different ways in which 
organisms obtain their food. 
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BREATHING 

Aerobic respiration needs a supply of oxygen, and both 
types of respiration produce carbon dioxide. The process 
by which organisms take in oxygen and get rid of carbon 
dioxide is called gaseous exchange. At some stage in the 
process of gaseous exchange, oxygen diffuses into the 
organism from the environment and carbon dioxide 
diffuses out. 

It was explained on p. 329 that very small organisms 
have a large surface area compared with their volume. In 
bacteria, protista and small multicellular organisms, 
therefore, diffusion of gases through their surface is rapid 
enough to meet their needs. 

Animals 
The surface area of larger animals is relatively small and 
their skins or cuticles are not very permeable to gases. In 
these animals there are special 'respiratory' organs, e.g. 
lungs or gills, which carry out gaseous exchange. 

Although these respiratory organs occupy a fairly small 
space, they have a very large absorptive surface. This is 
achieved in the lungs by thousands of microscopic pockets, 
called alveoli (p. 152). In the gills it is the hundreds of 
branched gill filaments (p. 340) which produce the large 
absorbing surface. 

Two other features of respiratory surfaces are their thin 
lining and their rich supply of blood capillaries. The thin 
epithelium offers little resistance to diffusion of gases and 
the blood supply maintains a steep diffusion gradient 
(p. 34). The blood does this by (a) removing oxygen as fast 
as it enters the absorbing surface and (b) replacing the 
carbon dioxide as fast as it diffuses out. 

Most respiratory organs have a means of exchanging the 
water or air in contact with the absorbing surface. This 
ventilation, as it is called, also helps to establish a steep 
diffusion gradient. The water or air in contact with the 
respiratory surface is exchanged before it can become 
saturated with carbon dioxide or depleted of oxygen. 

In mammals, the processes of jnhal ing and exhaling 
(p. 152) ventilate the lungs. In fish, a current of water is 
forced past the gills by movements of the mouth and 
operculum (p. 340). 

Transport systems In a protistan such as Paramecium 
or Amoeba, no part of the cytoplasm is more than a fraction 
of a millimetre away from the absorbing surface (Fig. 1). 
Over such short distances, diffusion is rapid enough to 
carry oxygen from any part of the surface to any part of the 
cytoplasm which needs it. 

In larger animals, oxygen can be absorbed only by the 
respiratory organ and this may be a long distance from the 
parts of the body which need the oxygen. In these animals, 
a circulatory system has evolved. The blood circulatory 
system (p. 137) carries oxygen rapidly from the lungs or 
gills to all parts of the body. 

The same circulatory system, of course, carries dis­
solved food and excretory products to or from the special­
ized organs to other parts of the body which are some 
distance away. 
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Fig. 1 Diffusion in protista. The distances are so small that 
diffusion is rapid enough to meet the organism's needs. 

Plants 
Plants, for the most part, are static and their energy 
demands are less than those of animals. There are no 
special respiratory organs but the leaves may be regarded 
as adapted for gaseous exchange as well as for absorbing 
sunlight. There are numerous stomata (p. 60) and the 
extensive intercellular spaces in the mesophyll present a 
large absorbing surface. 

Diffusion is rapid enough to meet the plant's demand 
for carbon dioxide during daylight hours, when it is photo­
synthesizing. Diffusion also supplies enough oxygen 
for respiration when photosynthesis slows down or stops 
(seep. 61). 

In young stems, gaseous exchange takes place through 
stomata. In older stems this function is taken over by 
lenticels. 

QUESTIONS 
6 What gaseous exchange will be taking place in (a) a plant in 
sunlight, (b) a plant in darkness, (c) an animal and (d) an 
anaerobic bacterium? 
7 What are the main features of a respiratory organ which 
contribute to its efficiency? 
8 Criticize the use of the term respiratory in the context 
'respiratory organ'. 

EXCRETION 

The term, metabolism, refers to all the chemical reactions 
which take place in cells and which keep an organism 
alive. These reactions produce waste products which, 
though harmless in low concentrations, could poison the 
cells if allowed to accumulate. 

Excretion is the process by which living organisms get 
rid of the waste products of metabolism (p. 159) and any 
excess water and salts taken in with the diet. 

Animals 
Nitrogenous excretion The nitrogen produced from 
the breakdown of proteins and amino acids appear first as 
ammonia, Ni-Ia. Ammonia is a toxic substance but can be 
excreted as a very dilute solution by organisms, such as 

freshwater fish, which can afford to lose a great deal of 
water without becoming dehydrated. In mammals, the 
ammonia is converted to urea, which is less toxic, before 
excretion. In birds, the ammonia is changed to uric acid 
which is not very soluble in water and can be excreted with 
very little loss of water. 

Ammonia, urea and uric acid are called nitrogenous 
excretory products because of the nitrogen they contain. 

Other excretory products The waste products of 
respiration are carbon dioxide and water. Carbon dioxide 
is excreted by the lungs, gills or other respiratory organs. 
The water enters the circulatory system and is eventually 
excreted by the kidneys. Water which is produced from 
respiration is sometimes called metabolic water, though 
once it has been produced, it is indistinguishable from 
water from any other source, e.g. drinking or osmo· 
regulation. 

The process of excretion also gets rid of substances 
which are harmful or which are taken in excess with the 
food, e.g. excess salts and water. 

Expulsion of excess water is osmo-regulation rather 
than excretion, except in so far as some of the water is 
metabolic water derived from respiration. 

In the protista, e.g. Paramecium (p. 327), the contractile 
vacuole is osmo-regulatory rather than excretory. Excre­
tory products diffuse out from the large surface as 
effectively as oxygen diffuses in. 

Egestion The expulsion of faeces is not usually con­
sidered to be excretion because faeces consist mainly of 
undigested food, dead bacteria and water which have not 
been involved in cellular metabolism. However, in the 
vertebrates at least, the faeces usually contain bile 
pigments which are derived from the breakdown of 
haemoglobin in the red cells of the blood. 

Plants 
When a plant is photosynthesizing, it will be producing 
oxygen, which escapes into the intercellular spaces of the 
leaf and out of the stomata. Oxygen, therefore, is an 
excretory_ product. The plant also produces carbon dioxide 
as a waste product of respiration. In daylight, however, 
photosynthesis uses up this carbon dioxide as fast as it is 
produced, so it is not excreted. Only when the rate of 
respiration exceeds the rate of photosynthesis does carbon 
dioxide diffuse out of the leaf (p. 49). · 

There are no excretory organs; diffusion is fast enough 
to remove oxygen and carbon dioxide as fast as they 
accumulate. 

There is no nitrogenous excretion. A plant uses 
nitrogenous compounds, e.g. nitrates, in building up 
amino acids and proteins from carbohydrates (p. 52). 

QUESTIONS 
9 (a) Name 2 nitrogenous excretory products and 2 non­
nitrogenous excretory products. 

(b) Why do plants not excrete nitrogenous products? 
10 Revise page 133 and then say what part the liver plays in 
nitrogenous excretion. 



REPRODUCTION 

Most organisms die because they are eaten by another 
creature or they succumb to disease or they just die of old 
age. 

In an annual plant, for example, a seed germinates, the 
plant grows and produces flowers and seeds. The parent 
then becomes senescent (old) and dies. Only the seeds 
persist to start a new generation. There are many 
variations on this theme in all living organisms but, for the 
most part, reproduction is the way in which the species is 
perpetuated, even though the individuals must eventually 
die. 

Sexual reproduction 
Gametes Sexual reproduction involves the production 
of gametes which fuse to form a zygote. The zygote then 
develops into a new organism (p. 170). 

Gametes are single cells produced in the reproductive 
organs of the higher, multicellular organisms. In some 
protistans, the whole cell may become a gamete and fuse 
with another cell. In Spirogyra (p. 329) any one of the cells 
may act as a gamete. 

In the animal kingdom, the male gametes are sperms and 
the female gametes are ova (p. 170). In seed-bearing plants, 
the male gamete is a cell in the pollen grain and the female 
gamete is a cell in the ovule (p. 86). 

Male gametes are generally very small, consisting of a 
nucleus and very little cytoplasm. The female gametes are 
larger, with a nucleus and more abundant cytoplasm and, 
in some cases, a large amount of stored food in the form of 
yolk, e.g. bird's eggs or trout eggs (p. 341). 

Female gametes are not mobile. They may be placed in a 
nest (trout, stickleback), or retained in the body of the 
female (birds, mammals) or in the female part of the 
organism (plants), before they are fertilized. 

Male gametes are usually motile, e.g. sperms have tails 
which propel them towards the ova. Pollen grains are not 
self-propelled but they are carried long distances by 
insects or the wind. When they reach the female organ they 
grow pollen tubes and the male gamete travels down the 
pollen tube to reach the egg cell. 

Both male and female gametes are produced by a form of 
cell division known as meiosis (p. 223). In this process, 
each gamete receives only half the chromosome comple­
ment of the adult cell. The gamete is said to be haploid or 
monoploid. Human cells contain 46 chromosomes (2n), but 
the gametes contain only 23 (n). The 2n, or diploid number 
of chromosomes, is restored at fertilization. 

Fertilization Fertilization occurs when the male and 
female gametes meet and their nuclei fuse to form a zygote 
(p. 170). In animals, fertilization may be external or 
internal. 

External fertilization must take place in water. The 
female releases the ova and the male sheds sperms on them 
after they have left the female's body. Often, one of the pair 
makes a nest of some kind, which keeps the ova in one 
place. A pattern of courtship behaviour ensures that the 
male releases sperms at the right time and place. Nest 
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building and courtship, therefore, improve the chances of 
the ova being fertilized. 

External fertilization occurs in fish, amphibia and many 
.aquatic invertebrates (see Chapter 37). 

Internal fertilization occurs when the female retains 
the ova in her body and the male, in a process of 
copulation, introduces sperms into her oviducts. The 
sperms swim to the ova and fertilize them inside the 
female's body. The eggs may then be laid (e.g. birds and 
some reptiles), or retained in the female's body until the 
young are more or less fully formed (e.g. mammals and 
some reptiles). 

Placing the sperms in the body of the female increases 
the chances of successful fertilization. In general, animals 
which exhibit internal fertilization lay a small number of 
eggs or have a small number of offspring. Animals which 
fertilize their ova externally, usually lay a large number of 
eggs. This may compensate for those which remain 
unfertilized or are eaten by predators. 

Plants In the majority of flowering plants, individual 
flowers have male and female organs. The egg cell is 
retained in the ovule, inside the ovary. The pollen cell 
reaches the egg cell with the aid of insects or wind, and the 
growth of the pollen tube. The fertilized ovule is retained 
in the plant as it develops to a seed. 

Development In all living organisms, the zygote is a 
single cell. Its nucleus contains chromosomes from both 
parents. 

The zygote undergoes cell division and the cells become 
tissues and organs. The changes which turn a new cell into 
a skin cell, a mesophyll cell, a nerve cell, etc. are called 
differentiation, i.e. the cells become specialized and 
different from each other. 

Once cell division begins, the zygote is called an 
embryo. In the flowering plants, the embryo is released as 
a seed and development ceases until the seed germinates. 

In the animals, the embryo continues to develop in the 
egg or the uterus until it is fully formed. 

If the zygote is retained in the mother's body, her blood 
circulation supplies the embryo (via the placenta) with all 
the food it needs for its growth and development (p. 175). 

If the zygote is in an egg outside the body of the female, 
the egg often contains a food store in the form of yolk. The 
embryo uses this food store to form its tissues and supply 
its energy. 

The embryo in the seed of a flowering plant draws on the 
food reserves in its cotyledons (or endosperm) during the 
early stages of germination (p. 94). 

Parental care and dispersal In many cases, once the 
ova have been fertilized and the eggs laid, the embryos and 
young organisms are left to fend for themselves. Usually, 
in such cases, a large number of eggs are produced, and this 
compensates for the heavy losses due to predation. 

Some of the vertebrates exhibit parental care. The 
young may be protected in a nest, fed and kept warm. 
Parental care increases the chances of survival for the 
young animals. In those species where parental care is 
practised, the numbers of offspring are usually fairly 
low. 

Even where there is parental care, the young usually 
disperse once they can obtain their own food, though there 
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are many variations, e.g. herds of deer, lion families 
hunting together, wolf packs, etc. Dispersal of individuals 
or groups probably helps to reduce the competition 
between members of the same family for food, space and 
mates. 

Dispersal of fruits and seeds has been discussed on 
page 89. 

New gene combinations One of the effects of sexual 
reproduction is to produce new variat ions in the offspr ing. 

The process of meios is (p. 223) which precedes gamete 
formation, sha•·es out the parental chromosomes between 
the gametes. However, the clll'omosomes are not shared 
out in the same way as they are in mitosis (Fig. 2). In a 
human ce ll there a1·e 46 chromosomes, 23 from the mother 
and 23 from the father. When these chromosomes are 
shared between two gametes, one gamete may receive e.g. 
10 maternal and 13 paternal chromosomes, or 17 maternal 
a nd 6 paternal chromosomes. There are 223 possible 
combinations. 

- =maternal 
chromosome 

---=paternal 
chromosome 

sperm mother 
cell 

meiosis 

Fig. 2 New gene combinations. Some of the different 
chromosome combinations in gametes. How many other 
combinations are )Jossible? 

When the sperm and ovum fuse, there is the possibility 
of many new combinations of maternal and patemal 
characteristics. Moreover, in animals and in many plants, 
the male and female gametes come from different 
individua ls with different characteristics. This increases, 
even further , the chances of new combinations of 
characteristics (p. 235) and, therefore, new variations in 
the offspring. These are some of the variations on which 
natural selection may act (p. 237). 

Asexual reproduction 
Asexual means without sex and this metbod of reproduc· 
tion does not involve gametes. 

'!'he s implest form of asexual reproduction is the cell 
division (binary fission) of bacteria and protista (pp. 311 
and 328). A single individual may reproduce many 
offsp1·ing without involving a second indiv idual or any 
fusion of nuclei. 

Some of the simpler invertebrates, e.g. some coelente­
rates (p. 302), can reproduce asexually. 

Hydra is a small, freshwater coelenterate. lt lives in 
ponds a nd feeds on sma ll crustacea which it traps with its 
tentacles. Tt does have a sexua l method of reproduction but 
a lso reproduces asexually by tbe process of budding 
depicted in Fig. 3. The hydra-like organisms which make 
up coral reefs, reproduce by a form of budding and produce 
the vast colonies you will have seen in televis ion nature 
programmes. 

tentacles 

?B. go col=c 
(a) 

(b) 

(c) 

·~ 
_r_ 

~ 
3i_ 

(d) (c) 

Fig . 3 Ascxualt·crn·oduction in Hydra 
(a) A group of cel ls on the column divides rapid ly and produces 
a bulge. 
(b) The bulge develops tent.aclcs. 
(c) The daughter Hydra pu lls itself off the parent 
(d) and becomes an independent animal. 
(e) Hydra with bud ( x JO). 

Fungi, mosses and ferns reproduce asexua lly by spores 
(p. 323). Although spores are mos tly s ingle cells, they can 
grow into a new individual without fusing \vith another 
spore. 

Many flowering pla nts are experts at asexua l reproduc­
tion. Bulbs, corms, runners and rhizomes (p. 100) produce 
buds which grow into independent plan ts. 

Most of the organisms which can reproduce asexually 
a lso have a sexual method. Daffodils, bluebells nnd 
strawberries, for example, produce flowers a nd seeds by 
sexual reproduction. 

Clones Asexual •·eproduction is brought about by cell 
div ision. This may be the division of a single cell, as in 
bacteria, or the division of many cells as in bulbs. In either 
case, the cell division is mitotic (p. 220), and the 'daughter ' 
cells receive identical sets of chromosomes a nd genes. 

All the offspring from asexual reproduction, therefore, 
are genetically identica l and form what a re known as 
clones. Each colony of bacteria on the culture plate in 



Fig. 15 on p. 319 is a clone derived from a single parent. 
Each clump of daffodils in Fig. 6 on p. 102 is a clone derived 
originally from one bulb. 

Asexual reproduction, therefore, does not produce any 
varieties on which natural selection can act. However, it 
can be exploited when we want to perpetuate the desirable 
characteristics of a crop plant (p. 103). 

You may come across the term clone in connection with 
genetic engineering (p. 225). After a biologist succeeds in 
introducing a gene for, say, insulin into the chromosome of 
a bacterium, the bacterium is cloned. This means that it is 
allowed to reproduce asexually in a culture medium and 
all the offspring will carry the gene for making insulin. 

REPRODUCTION 
Perpetuation of the species 

SEXUAL ASEXUAL 
Two parents needed Only one parent 
Gametes produced No gametes 
New variations in the Offspring all identical 
offspring 

QUESTIONS 
11 Which of the following do not play a part in asexual 
reproduction: mitosis, gametes, meiosis, cell division, chromo­
somes, zygote? 
12 Revise pages 100-104 and then say how we exploit the process 
of asexual reproduction in plants. 
13 A fish may lay hundreds of eggs; a bird may lay only five or six. 
Despite this difference in the number of eggs the numbers ofbirds 
and fish do not change much. Suggest reasons for this. 

GROWTH 

In its simplest terms growth is an increase in size, or an 
increase in mass, or both. Growth takes place by cell 
division followed by cell enlargement. In a growing 
embryo, there will also be cell differentiation as cells 
become specialized to form tissues and organs. 

In the early stages of growth, all the cells are able to 
divide. In the later stages, the dividing cells are restricted 
to certain regions, e.g. root tips (p. 65), buds (p. 67), 
Malpighian layer of the skin (p. 167). Specialized cells lose 
their ability to divide. 

Growth does not take place uniformly in all parts of an 
organism. In young humans, the head grows relatively 
little compared with the limbs (Fig. 4). 

Measurement of growth To investigate growth, it is 
possible to measure increase in length, mass, volume or 
area. The apparent pattern of growth revealed by these 
measurements will differ according to which method is 
used. For example, when a zygote undergoes cell division 
it does not increase in size or mass; a relatively large single 
cell simply divides to form a number of smaller cells 
(Fig. 5). 

If growth is defined as increase in the total amount of 
protoplasm, then the only reliable indicator of growth is 

Characteristics of Living Organisms 351 

Fig. 4 Human growth. All the figures are drawn to the same 
height to show how body proportions change with age. 

(After C. M. Jackson) 

the increase of dry mass (p. 26). An increase ofliving mass 
may be the result of a temporary intake of water by 
osmosis, which is not necessarily a feature of growth. 

However, measuring dry mass involves killing the 
organism and heating it in an oven at 110 cc until it loses 
no more weight. This is often neither desirable nor 
feasible, so one of the other measurements has to be used, 
but with regard to its possible limitations. 

Growth curves Any of the measurements listed above 
can be plotted against time to produce a graph called a 
growth curve. The idealized growth curve is the sigmoid 
curve (p. 292) seen in Fig. 6. Growth is slow at first (cell 
division without cell enlargement), then becomes rapid 
and finally slows down and stops when the organism 
reaches full size. 

Very few organisms conform exactly to the sigmoid 
pattern in their growth, and the growth curve will vary 
according to which part of the organism is measured and 
what kind of measurement is made. 

(a) Fertilized 
ovum (one cell) 

(d) 8 cells 

(b) Cell divides 
into two 

(e) 32 or 
more cells 

(c) 4-cell 
stage 

(f) Many 
cells 

Fig. 5 Cell division in a frog's egg. There is no increase in 
size at first. 
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15 The following figur<>s show the growth of an insect ovc•· 200 
days. 
(a) Plot a graph of the figures with t he days on the ho rizo ntal a~is. 
(b) Say whether you think the graph is sigmoid. 
(c) Why is it so different from t he graph in f.'ig. 8 which a lso 

Mass represents insecl f,.'l'owth? 

Time 

Fig. 6 S igmoid growth curve 

Figure 7 s hows a fa irly typical huma n growth ctll've 
based on increase in mass (not dry mass of course). Tt has 
an approximate ly sigmoid s ha pe but shows two growth 
spurts; one in the first year or two and another at 
adolescence. 

Mass 
kg 

60 

50 

40 

30 

20 

10 

growth of 
foetus 2 4 

adolescent 
wowlh spurt 

6 8 I 0 12 14 16 18 20 22 

Age in years 

Fig. 7 Human growth curve 

Many fish and some invertebrates never stop growing, 
although their growth rate does slow down. 

The growtb cu1·ve for a n insect, which can increase its 
size only at ecdysis (p. 336), would look something like that 
in Fig. 8. However, this pattel'l\ of discontinuous growth 
relates only to increase in length. The growth rate as 
measured by the increase in mass, would approximate to 
the s igmoid cw·ve. 

QUESTIONS 
14 Which of the following would not be included in the term 
growth: extension of root cells by osmosis (p. 65). production of 
branches on a tree, Paramecium's contrnctilc vacuole enlargi ng 
(p. 328), binary 6ssion in bacterin (p. 311), met.amorphosis of an 
insect (p. 337)? Explain yolll· answc•·s. 

Mass in mg 

Time in days 

MOVEMENT 

Most a nima ls can be seen to move about or· to move parts 
of their bodies. Even a static creature, such as a mussel, 
can be seen to open its s he ll when it is submerged in water; 
many a nima ls which lead a sedentary life have actively 
swimming larvae. 

Movement in plants is less obvious and may be a bsent 
a ltogether. Leaves and flower petals may make quite 
obvious movements (p. 105) and the growth movements of 
seedlings may be included under this heading. In some 
of the lower pla nts, the ma le gametes are moti le. 

SENSITIVITY 

Sensitivity (sometimes called in-itability) is the ability of 
living organisms to •·espo•ul to stimuli. A stimulus is a 
change in the ex terna l or internal env ironment of 811 
organism. 

Body 
leng1h 

em 

80 

70 

60 

50 

40 

30 

20 

10 

1sl 

Periods be1ween ecdyses 

2nd 

10 

' ' 3rd : 4th ! 
• ' 

20 

5th 

30 
Days 

6 th 

40 

F ig . 8 Discontinuous growth in the locust. The 
discont inuity appli es only to inc•·eosc in body s ize ond is a 
result of ecdysis. Moss inc•·coses continuously. 



An external stimulus might be a touch, a change oflight 
intensity or temperature, a sound or a movement. An 
internal stimulus might be food arriving in the stomach, a 
rise in blood pressure or a fall in body temperature. 

An organism has the means of detecting these stimuli 
and responding to them in appropriate ways. In animals, 
stimuli are detected by structw·es called receptors. 
Receptors may be distributed over the surface of an animal 
(e.g. touch-sensitive bristles on an insect, pressure 
receptors in the human skin), or they may be concentrat!)a 
into specialized sensory organs such as the antennae, the 
eyes or the ears (p. 196). 

The organs which make a response to the stimuli are 
called effectors. An effector could be a muscle which 
contracts or a gland which produces a secretion. 

The growing roots and shoots of plants respond to the 
stimuli of one-sided light and gravity. These responses 
are called t ropisms (p. 106). There are no s pecialized 
receptors or effectors but the ability to detect and respond 
to the stimuli may be restricted to certain regions of the 
root and shoot. 

In some pla nts, the petals and leaves respond to light or 
touch (p. 105) and this is particularly obvious in some 
insectivorous plants such as the Venus fly-trap. 

S urvival value of behaviour Appropriate responses to 
stimuli are essential to the survival of an organism. 

A unicellular alga that moved away from the light would 
be unable to photosynthesize: a male frog which failed to 
release sperms when his partne•· laid her eggs would not 
father any offspring. 

The chicks of a ground-nesting bi•·d such as a pheasant, 
respond to their mother's warning cries by 'freezing', i.e. 
crouching and remaining motionless. They are thus less 
likely to be seen by a predator. A chick which does not 
respond in this way is likely to be caught and eaten and, 
therefore, will not leave any offspring. The chick's 
inappropriate behaviour has been 'weeded out' by natural 
selection. 

QUESTIONS 
16 A fly lands on your hand; you attemptto swat it but the fly get.q 
away. What are the possible stimuli to which the fly responded? 
17 Which of your sense organs respond to the stimuli of(a) light, 
(b) temperature, (c) chemicals? 
18 What effectors are involved when you unexpectedly touch a 
rose thorn, cry out and remove your hand? 
19 In what way do shoots show a directional response to n 
stimulus other than light? 
20 What direct ional responses do wasps appear to mnke (a) when 
they pester you at a picnic, (b) when they try to escape from a 
room? 

PRACTICAL WORK 

A choice chamber 
Figure 9 shows a choice chamber made from a plastic petri 
dish. The air on the left side will be moist (humid) because 
of the water in the lower compartment. On the right, the 
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air will be drier because the silica gel absorbs water 
vapour. 

Some woodlice are kept in a dry container for 3 how·s 
before the experiment, and ten of them are placed in the top 
chamber and the lid replaced. The woodlice move about at 
random but on the dry side they will move t·apidly and on 
the moist side they wi ll move more slowly and eventually 
stop. 

It looks as if they have moved directionally towards the 
humid side but this is not the ca se. Their final positions 
res uJt f•·om the fact that the stimulus of dry air makes them 
move rapidly in a ny direction. When, by chance, a 
movement happens to bring them into the hwnid air, they 
stop moving. 

If you try th is experiment, you must take certain 
precautions if your results are to be reliable. 
1. You must make s ure that there is no stimulus other than 
hwnidity to which the woodlice could be responding. Tf 
light was coming from the right side, it could be c laimed 
that the woodlice were moving away from the ligh t rather 
than responding to the humidity. 

You would have to place the petri dish so that light came 
from above and not from one side. Alternatively you could 
repeat the experiment seve•·al times with light coming 
from each side in tu rn to show it made no di fference to the 
results; or you could cover the choice chamber with a box 
to exch1de all light, and lift the box at one-minute intervals 
to record the position of the woodlice. 
2. You must use at least 10 woodlice. If you used only 5 and 
ended up with 2on the dry side and 3 on the humid side, this 
isjustas likely to have happened by chance. For the results 
to be significant, the woodlice must end up with at least 9 
on the humid side and one or none on the dry side. Even 8:2 
would not be accepted as very much better than chance. 

You must do the experiment several times. The more 
often you repeat the experiment, and the more often you 
get a 9:1 or 10:0 distri bution of woodlice, the more 
confident you can be that the animals are responding to 
humidity. 

QUESTIONS 
21 How would you modify the choice chamber experiment to see 
if woodlice made a non·directional response to light intensity? 
22 Whal would be a good control experiment(p. 30) for the choice 
chamber, to show that il was humidity ru1d not some other 
stimulus that affected the wood lice? What results would you 
expect in the control experiment.'! 

top 
chamber 

water 

nylon gauze 

moist side 

silica gel 

Fig. 9 A 'choice chamber' (only one half shown) 
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CHECK LIST 

• All living organisms do the following things. 
• Respire: they break down food to obtain energy. Most organisms need oxygen for this. 
• Feed: food is needed for energy and for making new cells. Plants make their food but animals, fungi and 

most bacteria must obtain it from other living organisms. 
• Breathe: nearly all organisms take in oxygen from their surroundings and give out carbon dioxide as a 

result of respiration. 
• Excrete: respiration and other chemical processes in cells, produce waste products which have to be 

expelled. 
• Reproduce: all organisms eventually die. Species persist only as a result of reproduction. Reproduction 

may be sexual or asexual. 
• Grow: the cells of an organism increase in number and size. The cells also become specialized and the 

organism increases in complexity. 
• Move: most organisms move, or make movements at some stage in their lives. 
• Respond to stimuli: living organisms exhibit sensitivity and respond to changes in their external and 

internal environment. 

Examination Questions 
Section 6: Diversity of Organisms 

Do not write on these pages. Where necessary copy draw­
ings, tables or sentences. 

1 Most animals differ from most plants in that they 
A maintain a fairly constant shape throughout life 
B release energy by respiration 
C lack cellulose 
D cannot manufacture vitamins 
E obtain some of their energy from proteins (Cl) 

2 Each of the following is a mammal except a 
A lizard C kangaroo E dolphin 
B bat D whale (Cl) 

3 Of the following the only group which is seed-bearing is the 
A pine trees C algae E ferns 
B mosses D liverworts (Cl) 

4 The characteristics: internal skeleton of bone, dry waterproof 
skin, body covered with scales, apply only to 

A birds C amphibians E insects 
B reptiles D fish (Cl) 

5 Each of the following is a characteristic of a flowering plant 
except that it 

A branches freely 
B continues to extend throughout its life 
C absorbs mineral salts in dilute solution 
D absorbs complex organic substances which it breaks down 
E requires nitrates to synthesize protein (Cl) 

6 Which of the following organisms depends on anaerobic 
respiration? 

A a fit man jogging (running slowly) 
B yeast in a wine-making vessel 
C a green plant in darkness 
D a fish in a river (N) 

7 Which one of the following does not give rise to variation? 
A cross pollination C meiosis 
B germination D mutation (N) 

8 A population of individuals all of whom have descended from 
a single individual, by asexual reproduction only, is called a 

A pure line D race 
B species E class 
C clone (Cl) 

9 (a) Name two major groups of vertebrates which maintain a 
constant body temperature. 

(b) Describe one way in which you could distinguish between 
(i) a bird and a reptile, (ii) a reptile and an amphibian, (iii) an 
amphibian and a fish. (N) 

10 Select from the list below, two characters of 
(a) all living organisms, (b) plants only, (c) mammals only. 

excretion, hair, diaphragm, reproduction, irritability, cellulose, 
growth, nutrition, respiration, nerves, photosynthesis (W) 

11 N arne three groups of plants which do not produce flowers. 
(W) 



12 Vertebrates are animals with backbones. 
Name the group of vertebrates which 

(a) feed their young on milk, 
(b) have bodies covered with scales and lay eggs which have no 

shells, 
(c) have bodies covered with scales and lay eggs with shells. 

(N) 

13 Name four living organisms you have studied apart from Man 
and the French bean. 

(a) (i) Which two do you think are the most biologically 
different from one another? 

(ii) What do you think is the greatest biological difference 
between them? 

(b) (i) Which two do you think are the most biologically similar 
to one another? 

(ii) Describe one way in which these two organisms are 
different from one another. (S) 

14 A bacterium reproduces by simple division into two. This 
process, given ideal conditions, can result in billions of bacteria 
from one bacterium in 24 hours. 

(a) With reference to this information, explain why 
(i) Fresh milk, left in a warm place, is likely to become sour 

within a few hours. 
(ii) The symptoms of a disease appear suddenly after the 

incubation period. 
(b) (i) Name one human disease caused by bacteria. 
(ii) State two ways in which the human body provides ideal 

conditions for the growth of bacteria which cause this disease. 
(iii) State two ways in which the human blood is able to prevent 

a continued high reproduction rate of these bacteria. 
(c) When an agar plate is exposed to the air and incubated for 

24 hours, colonies of bacteria become visible to the naked eye. 
(i) At what temperature should the plate be incubated? 
(ii) Explain how the colonies of bacteria come to be visible on 

the plate. 
(iii) Describe a control experiment that would be used to 

confirm that the bacteria had come from the air and not from the 
agar. (C/EA) 

15 A pupil made some nutrient agar jelly which she poured into 
three Petri dishes. After placing the lids on the dishes, they were 
sterilized and left to cool. The Petri dishes were treated as shown. 
All three dishes were then incubated for three days. 

Petri dish 1 

lr-1 ------)1 
agar~' ~ 

Left closed 

Petri dish 3 

mouldy cheese 

Petri dish/ 

~···I 
Open to the air 
for 30 seconds 

c--~ sterilized 
needle 

Opened slightly and a small piece of 
mouldy cheese placed on the agar 

(i) State the expected difference between the contents of dishes 
1 and 2. 

(ii) Explain this difference. 
(iii) Suggest what might be different about the appearance of 

the contents in 2 and 3. (W) 
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16 Many people now use biological washing powder rather than 
ordinary washing powder. 

(a) Name the substance obtained from living creatures which 
is contained in biological washing powder but not in ordinary 
washing powder. 

(b) Name one kind of stain which is best removed by using 
biological washing powder. 

(c) Describe the best way of using biological washing powders 
to remove stains. (N) 

17 The drawings below show six invertebrate animals. 

Drawing I 
Drawing2 

Drawing 3 Drawing4 

Drawing 5 Drawing6 

Use the key below to identify each of the animals and write the 
letter (A, B, C, D, E or F) of each animal in the table. 

1 More than 4 pairs of legs 
4 pairs of legs or less .. 

2 More than 15 body segments .. 
Less than 15 body segments .. 

S Two pairs of legs on each body segment .. 
One pair of legs on each body segment 

4 No legs can be seen .. 
Legs can be seen 

5 4 pairs of legs 
3 pairs of legs 

Drawing Animal letter 
(A, B, C, D, E or F) 

1 

2 

3 

4 

5 

6 

.. Go to 2 

.. Go to 4 

.. Go to 3 
Animal A 
Animal B 
Animal C 
Animal D 
.. Go to 5 
Animal E 
Animal F 

(N) 

j 

/ 



Further Examination 
Questions 
Do not write on the following pages. Where necessary copy 
drawings, tables or sentences. 

Section 1: Some Principles of Biology 
1 In an investigation, a cloudy white jelly was prepared by 
mixing powdered milk-protein and molten agar jelly. This 
mixture was poured into a Petri dish and allowed to cool and set. 
Small cavities were made in the jelly and various liquids were 
placed in them as shown in Diagram A. After 24 hours at room 
temperature, the results were as shown in Diagram B. 

Diagram A clear areas DiagramB 

A: Gastric juice 

cloudy white 
jelly 

B: Biological detergent C: Water D: Detergent 

(a) (i) What type of enzyme is found in both gastric juice (A) and 
biological detergent (B)? 

(ii) What is the action of this type of enzyme? 
(b) Why does no clear area appear around detergent (D)? 
(c) Explain why it is usual to soak washing for a few hours in 

biological detergent before placing it in a washing machine 
whereas this produces less improvement when it is done with 
detergent (D). (N) 

2 Lettuces may be grown in 'tunnels' covered with clear 
polythene and in air to which extra carbon dioxide has been 
added. 

(a) Give two reasons why the use of clear polythene tunnels 
may result in better growth of lettuces. Explain your reasons. 

(b) Explain why, when extra carbon dioxide is added to the air, 
lettuces grow better. 

(c) Suggest two reasons why it could be a disadvantage to grow 
lettuces in polythene tunnels. (L) 

Section 2: Flowering plants 
3 (a) For each of the following methods of reproduction name one 
flowering plant which reproduces by the stated method. 

(i) Asexual (vegetative) reproduction. 
(ii) Cross-pollination by wind. 
(iii) Cross-pollination by insects. 
(b) A species of flowering plant shows three types of 

reproduction. 
A Sexual, as a result of cross-pollination by wind-blown pollen. 
B Sexual, as a result of self-pollination. 
C Asexual, by creeping stems ending in small plants that can 

ultimately separate from the parent plant. 
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(i) What type of cell division produces the new plant type C? 
(ii) State two advantages and one disadvantage of reproduc· 

tion type C. 
(iii) State two advantages of type A reproduction compared 

with type B. (C/EA) 

4 Two batches of vegetable seeds were stored in two separate 
rooms A and B. The temperature in each room was kept constant 
at l0°C. 

The humidity in room A was kept at 25% whereas the humidity 
in room B was kept at 75%. 

At the time intervals given in the table below, 200 seeds from 
each batch were removed from the rooms and placed in 
conditions ideal for germination. The percentage of seeds which 
germinated was recorded. The results are summarized in the 
table. 

Years of Percentage germination Percentage germination 
storage of seeds stored in room A of seeds stored in room B 

0.5 56.0 52.0 

1 52.0 45.0 

2 49.0 34.0 

3 47.0 23.0 

4 46.0 15.0 

5 45.5 9.0 

(a) Suggest why seeds survived better in room A than in 
room B. 

(b) What advice would you give to a seed merchant about 
storing and packaging the seeds? (N) 

5 The diagram below shows the external appearance of a mung­
bean seed. 

scar 1 
4mm 

j 

(a) From what part of the flower has the seed developed? 
(b) You are asked to find the best temperature for sprouting 

(germinating) mung-bean seeds. You are given 100 seeds, 10 test­
tubes, cotton wool, 10 thermometers, a clock and a supply of 
water. 

(i) In the space below draw and label one of the test tubes you 
would set up for the experiment. 

(ii) Explain how you would carry out this experiment. 
(iii) Describe one difficulty you might have in carrying out this 

experiment. (1) 



Section 3: Human Physiology 
6 A pupil was asked to compare the energy values of sugar and 
butter. He set up the apparatus shown in the diagram below. 

some 
sugar 

water 

Suggest three improvements he could make to his apparatus so 
that he could compare the energy values correctly. (N) 

7 The table shows blood flow in cm3 (ml) per minute to various 
body parts during a period of rest and one of strenuous exercise. 

Body part At rest During strenuous exercise 

Heart muscle 250 750 
Skeletal muscle 1,200 12,500 
Gut 1,400 600 
Skin 500 1,900 

Explain, giving reasons, how the blood flow varied in each of the 
parts following exertion: (a) heart muscle, (b) skeletal muscle, 
(c) gut, (d) skin. (W) 

8 The diagram shows the human female reproductive system. 
(a) Name the parts 1, 2, 3, 4 and 5. 
(b) Give the number in _the diagram where each of the 

following takes place. 
(i) Fertilization (=fusion of egg and sperm) 
(ii) Insemination (=deposit of semen in female) 
(iii) Ovulation (=release of egg) 
(iv) Implantation (=embedding of fertilized egg) (S) 

9 (a) When a mammal is a developing embryo, name the 
(i) liquid which cushions the embryo from blows, 
(ii) part which will be severed after birth, 

2 

3 

4 

5 

(iii) part which is normally the first to appear outside the 
mother at birth. 

(b) Name two soluble nutrients (foods) supplied to the embryo 
by the placenta. 

(c) Name two waste materials which pass from the embryo to 
the mother. 
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(d) State precisely what provides the pressure for the passage 
of these waste materials into the umbilical cord. 

(e) State what happens to the placenta .after the mammal is 
born. 

(/) State one effect of each of the following on the developing 
embryo: (i) rubella, (ii) smoking. (W) 

10 Write a brief account of each of the following terms in 
relation to human reproduction: (a) ovulation; (b) fertilization; 
(c) secondary sexual characters; (d) placenta. (W) 

11 The diagram below shows a vertical section of human skin. 

A ······· ·············· 

8 ······· ....... ·········· 

blood 
capillaries 
sebaceous 
gland 

c ...................... . 

sweat gland 

(a) Name the parts A, Band Con the lines provided. 
(b) After running a race, your skin is wet and your face is hot. 
(i) Why is your skin wet and how does this help to cool your 

body? 
(ii) Why is your face hot and how does this help to cool your 

body? 
(c) How do you think the sebaceous glands help to keep hair 

and skin healthy? (L) 

12 EITHERA 
Explain how the skin helps to return body temperature to normal 
after vigorous exercise. 
'ORB 
Explain how urea passes from the liver where it is made to the 
bladder. (L) 

13 The diagram below shows a section through the ball and 
socket joint in the human hip. 

(a) Name the structure X. 
(b)The ligament is playing a part in holding the bones together. 

As well as being strong, suggest another important property of 
the ligament. 

(c) What is the function of the synovial fluid in the joint? (N) 

i 
I 
I 

synovial fluid 
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Section 4: Genetics and Heredity 

14 Diagram A shows the chromosomes of a cell from a woman. 

HJIJXK~X~I KXrKKHxxxwnnu 
~~ Ill' ~X K-It~ ltXIr)( .U. A~iagram A 

Diagram B shows the chromosomes of a cell from a woman who 
is suffering from a genetic disorder. 

RKJIJNN MXM~ XK)(X\CMXKKKKKXKkK 

~~ "~a\ XX )(KX)( rrxx te 11u.,. 
DiagramB 

(a) (i) How many chromosomes has the cell from the woman in 
diagram A? 

(ii) What difference is there between the chromosomes of this 
woman and those of the woman with the genetic disorder? 

(b) (i) In which part of the cell are the chromosomes found? 
(ii) What could damage the chromosomes of a human egg so 

that a baby developed a genetic disorder? 
(c) Study of the chromosomes can be used to make sure whether 

a person is really male or female, for example, in an athlete's sex 
test. How would the chromosomes of a man differ from those of a 
woman? (N) 

15 rrhe seeds of a self-fertilized green plant were collected and 
used in two experiments. 

Experiment 1. 100 seeds were germinated in light 
Experiment 2. 100 seeds were germinated in complete 

darkness 
The results obtained were as follows: 

Germinated seedlings 

with green leaves with yellow leaves 

Experiment 1 74 26 

Experiment 2 0 100 

(a) In Experiment 1 what is the approximate ratio of plants with 
green leaves to plants with yellow leaves? 

(b) Indicate below by means of a genetic diagram a possible 
explanation for the ratio of plants in Experiment 1. Define the 
symbols you use. 

Symbols ........................................................................................ . 
Parents (P) phenotype ............................... x ............................. .. 

genotype ............................... x ............................. .. 
Gametes .................. .................. .................. . ............... .. 

First filial generation (Fl) 
genotypes ................. ................. ................. .. ............. .. 
phenotypes ................. ................. ................. .. ............. .. 

(c) Why would you expect the yellow-leaved plants from 
Experiment 1 not to grow beyond the seedling stage? 

(d) State the reason why all the seedlings of Experiment 2 were 
yellow in colour. (C/EA) 

16 Warfarin is a poison used against rats. In some parts ofWales 
rats have evolved a resistance to it. These rats are pure bred and 
have two recessive genes. 

(a) If N represents the normal gene and n represents the 
resistant gene, state the genotype of the resistant rats. 

(b) (i) Show, by using the box below, a cross between two rats, 
hybrid (heterozygous) for the resistant gene. 

-----
gametes 

(ii) How many rats would you expect to be resistant in a litter 
~ffi? ~) 

17 DNA is a molecule containing a number of alleles arranged 
lengthwise. 

(a) Where would you find DNA inside a cell? 
(b) Why is DNA such an important substance? 
(c) (i) What is an allele? (ii) Give one example of an allele found 

in humans. (S) 

Section 5: Organisms and their Environ­
ment 

18 The table below gives the total dry mass of plant material 
produced per year in different types of habitat in Britain. In each 
case, it is assumed that none of the plants has been consumed by 
animals. 

Habitat Dry mass of plant material 
(grams per square metre per year) 

Grassland 600 
Cereal crops 2200 
Deciduous forest 1200 
Coniferous forest 2800 
Freshwater pond 600 
Salt marsh 3000 

(a) Represent this information by means of a suitable chart. 
(b (i) Which one of the habitats given in the table would support 

the largest population of animals? 
(ii) Explain why you chose this habitat. 
(c) Each autumn, the trees in the deciduous forest shed their 

leaves. Explain how the elements contained in the carbohydrate 
cellulose in the leaves are made available for the growth of trees 
in subsequent years. (N) 

19 An expert on soil science, investigating the uptake of mineral 
salts by plants, 'watered' an experimental plot of grass with a 
dilute solution of ammonium sulphate. He watered a similar size 
plot with tap water only. A month later the experimental plot had 
grown grass that was greener and taller than the other plot. He 
deduced that the differences were due to the ammonium sulphate 
supplied. 

(a) What name is given to the plot supplied only with tap water?r(''' ~~ 
(b) Name two substances that the grass can manufacture using. \, 

the ammonium ions (NH4 +) as a source of nitrogen .. ~, { 'f\(J . c,.. c ,' 0~ 
(c) Height is only a very approximate indicator ofplan{~o~tB:'· .··~ 

What measurements could you make in the above experiment 
that would be a much better indication of growth? "'i ., '· :(c;,jEA) 

\/ , ' 



20 Some students looked at an area in North Norway. The main 
plants were Willow bushes. They found that Capsids (insects) fed 
on the leaves. There were Owls seen feeding on small birds called 
Pipits and also on Lemmings. The Lemmings fed on the Willow 
trees and the Pipits were seen eating Capsids. Reindeer also fed 
on the Willow bushes. 

Draw a food web for this area in North Norway. (N) 

21 A farmer noticed that a field of potato plants contained many 
with yellow leaves. A soil consultant, after carrying out tests, 
advised that the abnormal colour was due to a mineral deficiency 
in the soil. 

(a) Name two mineral ions (or elements) which, when 
unavailable for growth, would result in yellow-leaved plants. 

(b) Name the type ofinorganic fertilizer (not a trade name) that 
the farmer could use to correct each deficiency. 

(c) Name two organic substances that the farmer could use to 
correct these deficiencies. 

(d) Describe briefly an experiment by which you could confirm 
that the abnormal colour was the result of these mineral 
deficiencies. (C/EA) 

22 EITHER A 
(a) Describe one method you could use to investigate the 

distribution of a named animal in a pond. 
(b) Explain the influence that plants and animals (excluding 

humans) living in the area surrounding the pond might have on 
the pond ecosystem. 

(c) Explain how nitrogen fertilizers from surrounding farmland 
can pollute the pond ecosystem. 

ORB 
(a) Describe how energy enters, passes through and is lost from 

a pond ecosystem. 
(b) Why are pond ecosystems being lost? What measures can be 

taken to conserve them? (L) 

23 What type of habitat did you study? 
(a) Name an organism you studied in this habitat. 
(i) What apparatus did you use to study where this organism 

lives? 
(ii) How should you use this apparatus? 
(iii) What should you record? 
(b) Name an environmental factor that you measured in this 

habitat. 
(i) What apparatus did you use to measure this environmental 

factor? 
(ii) How should you use this apparatus? 
(iii) What should you record? (S) 

24 Describe how man has polluted the environment. (Do not use 
smoke as an example.) (N) 

Section 6: Diversity of Organisms 

25 Figs. 1 and 2 represent the increases in mass and height of 
boys and girls over a period of eighteen years. 

(a) Which line (solid or dotted) in each figure represents girls? 
Give reasons for your answer. 

(b) State three changes that take place in the male body 
between the ages of 13 and 18 years. 

(c) State three changes that take. place in the female body 
between the ages of 11 and 17. (C/EA) 
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Fig. 1 A comparison of mass in boys and girls 
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E 
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2 6 10 14 18 
Age/years 

Fig. 2 A comparison of height increases in boys and girls 

26 The following results were obtained during an experiment 
to determine how blowfly maggots react to light. Ten choice 
chambers were set up and 20 different maggots were used in each 
case. Each batch of maggots was placed in a choice chamber and 
the results observed after 10 minutes. 

Trial Number of maggots on Number of maggots on 
number LIGHT SIDE of choice DARK SIDE of choice 

chamber after 10 mins. chamber after 10 mins. 

1 8 12 
2 7 13 
3 11 9 
4 4 16 
5 3 17 
6 2 18 
7 9 11 
8 6 14 
9 1 19 

10 9 11 

Totals 

(a) Complete the table by writing the totals in the spaces in the 
table. 

(b) (i) How many blowfly maggots were used in these trials? 
(ii) What general conclusion can be made from these results? 
(c) How do these results show that it is necessary to carry out 

a large number of trials? 
(d) Draw a fully-labelled diagram to show a suitable choice 

chamber and how it could be used in this investigation. (C/EA) 

,· , .. 
/ 



Appendix 1: First Aid and 
Emergency Treatment 

OBJECTIVES 

1'he object of First Aid is to save life and prevent an 
injured .person's condition getting any worse while 
waiting for expert medical help. 

Attempts by an unskilled person to treat an injury 
may do more harm than good. On the other hand a 
very simple, common-sense act may save a person's 
life. For example, trying to move an injured person or 
clumsy attempts to put a splint on a broken limb may 
cause additional damage. In contrast, simply turning 
an unconscious person on his side may save his life by 
keeping his mouth and wind-pipe clear so that he is 
not suffocated by his own relaxed tongue or choked 
by his own saliva or vomit. 

PRIORITIES 

Non-medical priorities 
[f you are the first or only person at the scene of an 
accident you will need to make quick decisions about 
what to do first. Your first action may have nothing 
to do with 'First Aid'. If there has been a motoring 
accident, the most important action may be to try and 
stop oncoming traffic so that the accident is not 
wo•-sened by further collisions. If other people are 
present, your fi1·stactmigbt be to send someone to get 
help while you attend to the injured people. If you are 
the only able-bodied person present, you should not 
go in search of assistance until you have attended to 
the injured people. 

Medical priorities 
T.f there ru·e several injured people, you must decide 
who to treat fit·st. Somebody who is standing, or 
sitting up and crying out with pain or fright, is 
cet·tainly conscious and breathing and unlf~ely to be 
in immediate danger unless he or she is bleeding 
profusely. A person who is lying still and si lent is 
probably unconscious and may not be breathing. You 
can check whether a person is unconscious simply by 
speaking to him or her. If there is no response or 
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movement, the person is probably unconscious. This 
pet-son must be exrunined first and your priorities a1·e: 
(a) Restore breathing. 
(b) Stop any bleeding. 
(c) Reduce the effects of shock. 
(d) Do not leave an unconscious person lying on his 

back. 

(a) Res t ore breathing. If a person is not breathing, 
the heart may still be beating but the blood it is 
pumping to the brain will be deoxygenated (p. 138). If 
the brain cells are deprived of oxygen for more than 
four minutes they die. Since brain cells cannot be 
replaced, this will result in permanent brain damage 
even if the person recovers. It is important to restore 
breathing at once by the method of mouth-to-mouth 
resuscitation as described on the next page. 

(b) Stop any bleeding. If the i.njm·ed person is 
breathing, your next task is to look for any signs of 
bleeding. Small cuts and scratches are not likely to 
need urgent tt·eatment but if an artery or vein is cut, 
the casualty may lose blood rapidly and be in serious 
danger after only a few minutes. You may have to try 
and stop serious bleeding whi le still trying to •·estore 
the casualty's breatlling. Resuscitation may take an 
hour or more, during which time the casualty could 
bleed to death if serious bleeding, is not stopped. 

(c) Reduce the effects of shock. 'Shock', in the 
medical sense, does not mean a fright but the drastic 
fall in blood pressme which often follows injury. This 
fa ll in blood pressure may cause death even if the 
injuries themselves are not fatal. The first-aider 
cannot treat an injured person for shock but he can 
do much to prevent it getting worse. 

(d) Do not leave an lmconscious pe rson lying on 
his or her back. When you have t·estored the 
person's breathing, stopped serious bleeding and 
taken precautions against shock, it is then reason­
able to go for help, provided you do not leave 
unconscious persons lying on their backs. In this 
position, the relaxed tongue, saliva, vomit or blood 
may block the wincl-pipe and suffocate them. Tum the 
person very carefully on his side as shown in Fig. 1, 
pulling. the jaw forward and tilting the head back so 
that the airway is clear and fluids can escape from the 
mouth. Apart from this, you should not move injured 
persons more than necessary. 



Fig. 1 Recovery position 

FIRST AID TECHNIQUES 

Resuscitation 
Your exhaled breath contains about 16 per cent 
oxygen which is quite enough to oxygenate the 
casualty's blood. Turn the person carefu)]y on to his 
back, tilt the head back as far as possible and pull the 
jaw forward, operung the mouth (Fig. 2). This will 
open the wind·pipe. Open your mouth wide and place 
it over that of the casualty; close his nostrils by 
pinching his nose with your fingers. Breathe a ir 
gently into the casualty's lungs till you see his chest 
rise. If there is no chest movement, examine the 
mouth and pharynx and remove any material that 
might be blocking the air passage. Then tilt the 
casualty's head back again as far as possible, pull his 
jaw well forward and try again. Inflate his lungs 
about ten times per minute unW he starts to breathe 
or until a doctor tells you to stop. When breathing is 
restored, turn the patient on his side as described in 
(d), p. 360. 

(a) The rclnxed tongue 
hlocks thCJ>harynx 
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Arr est of bleeding 
Severe bleeding, with the blood flowing out rapidly, 
must be stopped at once by pressing with the fingers 
directly on the wound or pressing the edges of the 
wound together for at least ten minutes. There will be 
no time to search for sterile dressings or bandages. 
Lay the casualty down and if the wound is in a limb, 
raise it, provided it is not fractured. When the 
bleeding has slowed down press a pad of material over 
the wound and tie it firmly in place. If blood oozes 
through, apply more material on top of the original 
pad. 

It may sometimes be impossible to get the edges of 
the wound together because so much tissue has-been . 
removed by the injury. In this case, if bleeding is 
severe, a dressing must be placed in the wound to plug 
it. 'rhe 'd1·ess ing' may have to be a vest ora shirt if you 
are not carrying a First Aid kit. It is more important 
to stop the bleeding than to worry about infection. 
Rapid loss of blood may lead to death in as little time 
as 20 minutes or so and the casualty may not reach 
hospital a live. If the blood loss is stopped and the 
casualty gets to hospital, the medical staff will be in 
a position to treat any infection introduced by the 
dressing. 

Reducing the effects of shock 
Shock is a drop in blood pressure which may resu lt 
from heart failure, loss of blood or poisoning. Blood 
may be lost from an external wound, or bleeding may 
be taking place internally and so not be noticed. At 
the site of a severe burn, there is a rapid seepage of 
blood plasma which can cause a fall in blood volume. 

If the blood presstll'e falls, the brain does not work 
so well and does not send out the right impulses to the 
heart and circulatory system. As a result, the blood 

(c) Tilt head back, pinch nostrils, J>UII jaw. 
rorwards 

(b) Tilting the hend 
bnck creates an airway 

Fig. 2 Mouth-to-mouth resuscitation 

(d) Senllips round casualty's mouth and breathe air 
into his lungs 
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pressure falls even more and, unless the first-aider 
acts promptly, the victim may die. 

The symptoms of shock are a rapid, weak pulse, 
cold, clammy skin and shallow, rapid breathing. You 
should assume that the patient is shocked in all cases 
of electric shock, drowning, burns and serious injury. 

Keep the casualty lying down, with legs raised, if 
possible, to maintain the blood pressure in the brain. 
Do not give anything to drink and do not try to warm 
the casualty but do loosen any tight clothing round 
the neck, chest and waist. Do not move the casualty 
more than is absolutely necessary for his or her 
safety. 

The treatment for shock is to restore the blood 
volume by transfusing blood (p. 147) or plasma, so 
the casualty must be sent to hospital as soon as 
possible. 

Electric shock 
A severe electric shock will cause loss of conscious­
ness. On no account should you touch or even go 
close to an unconscious pet-son who is lil<ely to be still 
in contact with an electrical supply, because the 
electricity passing through his body may reach you 
too. The current must first be switched off by you or 
somebody who bas the necessary skill before touch­
ing the unconscious person. 

It is likely that the casualty will not be breathing 
and so resuscitation must be started at once, together 
with precautions against shock and possibly treat­
ment for burns. 

Burns and scalds 
A burn is caused by dry heat, e.g. a flame or hot object. 
A scald is caused by steam or boiling water. The 
treatment is the same for both except that, in the case 
of scalds, any wet clothing should be carefully 
removed, while burned clothing should be left in 
place. The treatment is to flood the burned or scalded 
area with clean, cold water for at least ten minutes or, 
in the case of hands and arms, immerse the limb in 
running cold water. 

Do not apply any ointments or lotions but lightly 
cover the injured a rea with clean, dry cloth to keep 
bacteria from falling on to the damaged tissue. 
Remember that shock is like ly to result from burns 
which affect a large area of skin. 

Fainting 
This is caused by a temporary fall in the blood supply 
to the brain, sometimes brought on by emotional 
shock or prolonged standing. Treat the casualty ns if 
he or she were suffering from shock, but if the 
unconsciousness was not the result of injury or 
poisoning, there is no need for the person to go to 
hospital. 

Drowning 
A person pulled unconscious from the water may not 
be breathing. In this case, mouth-to-mouth resuscita­
tion must be started at once, followed by efforts to 
reduce shock. Do not worry about water in the lungs. 
It is very difficult for water to get into the lungs and 
even if it does, the first-aider can do nothing about it. 
Bear in mind that the casualty is quite likely to he 
suffering from hypothermia (see below). 

Accidental poisoning 
If you have reason to suspect that a person, especially 
a child, bas swallowed a harmful substance, ask at 
once what it was or get hold of a sample so that n 
suitable antidote can be prepared at the hospital. If 
the casualty is conscious, he can be given water or 
milk to drink , to dilute the poison. Do not give 
solutions of salt or any other mixture intended to 
induce vomiting. If the casualty is conscious and the 
poison is not corrosive, i.e. has not caused burns to 
the mouth and throat, he may be persuaded to vomit 
by getting him to put a finger to tho back of the throat. 

Fractures or dislocations 
If a limb or joint is distorted, badly bruised or swollen 
and the casualty cannot move it, it is probably 
fractured or dis located and needs expert attention. 
The limb should not be moved unless the casualty has 
to be moved to safety, in which case, support the limb 
by tying it to the casualty's body, e.g. one leg to tho 
other, or the arm to the chest. 

Particles in the eye 
In the eye rea lly means 'on tho cornea or sclera'. The 
eyes will water and the person will blink. These two 
actions may wash the particle into one corner of the 
eye or on to the lower I id. If the object is on the lower 
lid, in the corner of the eye or free to move on the 
sclera (white of the eye) it can usually be brushed 
gently away with the corner of a clean handkerchief 
or piece of cotton wool soaked in water. If this does 
not work, the casualty should put his or her face in a 
bowl of clean water and open and close the eyelids. 
The object will usually Boat away. 

If the particle is on the cornea or if it appears to be 
embedded in the surface of the eye and does not move, 
or cannot be seen clearly, no attempt should be made 
to dislodge it. The casualty must be dissuaded from 
rubbing the eye. The eyelid should be kept closed and 
covered with a soft pad held lightly in p lace with a 
bandage, while the casualty is taken ton hospital or 
sut·gery. 

Hypothermia 
The causes of, nnd treatment for, this condition have 
been described on p. 169. 



Appendix 2: Reagents 

(Only teachers or technicians should 
prepare these.) 

Acetic orcein It is simplest to buy the 
concentrated solution (3.3% orcein in 
glacial acetic acid). Dilute 10 cm3 with 
12 cm3 water just before use. The diluted 
stain does not keep. 

Adenosine triphosphate Purchase 
2 cm3 ampoules from a supplier (Expen­
sive; over £20 for 5 ampoules. Store in a 
refrigerator.) 

Ammonia solution (2M) Dilute 11 cm3 

0.880 ammonia with 89 cm3 water. 

Benedict's solution Dissolve 170 g 
sodium citrate and 100 g sodium car­
bonate in 800 cm3 distilled water. Add a 
solution of copper sulphate made from 
17 g copper sulphate in 200 cm3 distilled 
water. 

Bicarbonate indicator (See Hydro­
gencarbonate indicator.) 

Biuret test 10% sodium hydroxide; 1% 
copper sulphate. 

Cobalt chloride paper Dissolve 1 g 
cobalt chloride in 20 cm3 distilled water. 
Soak filter paper in the solution and 
allow to dry. 

Ethanoic (acetic) acid (M/10) Place 
6 cm3 glacial ethanoic (acetic) acid in a 
graduated flask and make up the volume 
to 1 litre with distilled water. 

Formalin Dilute 1 part of 40% formal­
dehyde with 39 parts of water. 

Gelatin Make a 10% solution by dis­
solving the crystals in tap water and 
heating to boiling point. Keep the solu­
tion moving about or it will burn on the 
bottom. Stopper the solution while hot to 
reduce the chance of bacterial contam­
ination. 

Glucose phosphate Make a 5% solu­
tion in distilled water. (Glucose phos­
phate costs over £2 per gram. Make only 
enough to meet your needs.) 

Hydrochloric acid (M/10) Dilute 
10 cm3 cone. acid with 990 cm3 distilled 
water. 

Hydrogencarbonate indicator (bicar­
bonate indicator). Dissolve 0.2 g thymol 

blue and 0.1 g cresol red powders in 
20 cm3 ethanol. Dissolve 0.84 g 'Analar' 
sodium hydrogencarbonate (sodium bi­
carbonate) in 900 em 3 distilled water. Add 
the alcoholic solution to the hydrogen­
carbonate and make the volume up to 1 
litre with distilled water. Just before use, 
dilute the appropriate amount of this 
solution 10 times, i.e. add 9 times its own 
volume of distilled water. 

To bring the solution into equilibrium 
with atmospheric air, bubble air from 
outside the laboratory through the di­
luted indicator using a filter pump or 
aquarium pump. After 10 minutes, the 
dye should be red. 

Hydrogen peroxide Use a 20-volume 
solution, from suppliers or pharmacists. 

Hormone rooting powder From hard­
ware shops or ,garden centres. Powders 
suitable for woody or soft-stemmed varie­
ties are available. 

Iodine solution Grind 1 g iodine and 
1 g potassium iodide in a mortar with 
distilled water. Make up to 100 cm3 and 
dilute 5 cm3 of this solution with 100 cm3 

water for experiments. 

Lime water Shake distilled water with 
an excess of calcium hydroxide and allow 
the lime to settle. Decant off the clear 
liquid. Before use, test the liquid by 
bubbling exhaled air through it. 

Macerating fluid Mix 10% nitric acid 
and 10% chromic acid in equal volumes 
just before the fluid is needed. Incubate 
plant tissues at 35 ~c for 12-24 hours. 
Wash well with water before giving the 
tissues to students. (Purchase the 10% 
chromic acid. Make 10% nitric acid by 
adding 86 cm3 water to 14 cm 3 cone. nitric 
acid.) 

Manometer liquid (Experiment 3, p. 
28). Try water with a few drops of liquid 
deter&ent plus a cooking dye such as 
cochineal substitute. 

Methylene blue Dissolve 0.5 g methy­
lene blue in 30 cm3 ethanol and dilute 
with 100 cm3 distilled water. 

PIDCP (Phenol-indo-2,6-dichloro­
phenol). Make a 0.1 o/0 solution in 
distilled water. 

Pyrogallic acid Dissolve 10 g pyrogal­
lic acid in 100 cm3 2N sodium hydroxide 
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solution just before use. Alternatively, 
place 1 g pyrogallic acid in each flask and 
add 10 cm3 2N sodium hydroxide. 

Salt solution (Experiment 3, p. 86). 
Make a 10% solution of sodium chloride 
in tap water. 

Soda-lime Use the self-indicating form 
which changes colour when it loses its 
activity. 

Sodium carbonate (M/20) Dissolve 
5.3 g anhydrous sodium carbonate in 1 
litre distilled water. 

Sodium hydrogencarbonate Use a 
10<x> solution. 

Sugar solution (osmosis experi­
ments). Dissolve sucrose in its own 
weight of tap water. 

Starch agar Mix 1 part agar, 0.3 parts 
starch and 100 cm3 water. Mix thorough­
ly and heat gently till the mixture starts 
to boil. When the liquid cools to about 
45 cc, dispense it into Petri dishes. If the 
experiment is to be left for more than a 
day or two, it is advisable to sterilize the 
agar and glassware in an autoclave as 
described on p. 319. 

Starch solution (1 %) Shake 1 g starch 
powder with 100 g water and heat the 
mixture gently, with stirring, until the 
liquid just starts to boil. 

Taste, solutions for Sweet: 5% su­
crose. Sour: 0.5% citric acid. Salt: 2% 
sodium chloride. Bitter: 1 cm3 tincture of 
quinine in 100 cm3 water, or boil3 gdried 
hops in 200 cm3 water for 30 min. Strain 
the mixture and make up to 200 cm3 with 
water. 

Water cultures 2 g calcium nitrate, 
0.5 g each potassium nitrate, magnesium 
sulphate and potassium phosphate 
(KH2P04) in 2litres distilled water. Add 
a few drops of iron(II) chloride solution. 

No nitrate; use potassium and calcium 
chlorides instead of the nitrates. 

No calcium; use potassium nitrate 
instead of calcium nitrate. 

No phosphate; use potassium sulphate 
instead of the phosphate. 

Water Unless distilled water is speci­
fied in this list of reagents, tap water is 
adequate. 
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Appendix 3: Book List 

Section 1: Some Principles of 
Biology 
Living cells (British Museum/Cambridge 

University Press, 1981). A short, well 
illustrated account. 

Eukaryotic cell, M.R. Ingle (Blackwell, 
1985). For reference; a concise over­
view. 

Cell Biology, B. King (Allen and Unwin, 
1983). Advanced text; teachers' re­
ference. 

Section 2: Flowering Plants 
Organization in plants, W.M.M. Baron 

(Arnold, 1979). Plant physiology for • A' 
level; some suggested practical work. 

The physiology of flowering plants, H.E. 
Street and H. Opik (Arnold 1984). An 
up-to-date reference book on plant 
physiology. 

Anatomy and activities of plants, C.J. 
Clegg and G. Cox (Murray, 1978). A 
concise, well-illustrated account of 
plant anatomy. 

Plants in action, A. Hibbert and J. Brooks 
(BBC Publications, 1981). A general 
introduction to the life of plants; good 
for applied aspects. 

Green plants and their allies, T.J. King 
(Nelson, 1983). Up-to-date referenc~ 
source. 

Section 3: Human Physiology 
Success in Nutrition, Magnus Pyke (Mur­

ray, 1975). A useful reference for food 
and diet. 

E for additives, M. Hanssen (Thorsons, 
1984). A list of food additives, their 
purpose and possible effects. 

Human Biology (British Museum/ 
Cambridge University Press, 1981). 
Based on the exhibition; well illu­
strated simple account. 

Teaching about the senses, Centre for Life 
Studies (ILEA, 1984). A series of five 
booklets designed for teachers; full of 
useful ideas. 

Biology of the mammal, A.G. Clegg and 
P.C. Clegg (Heinemann, 1975). Clear, 
readable teachers' reference. 

Co-ordination, C. Morgan (Macdonald, 
1977). Useful for pupils' background 
reading. 

The life of mammals, J.Z. Young (Oxford, 
1975). Advanced reference book on 
mammalian physiology. 

Good mouthkeeping, J. Besford (Oxford, 
1984). A non-technical practical guide 
to oral hygiene. 

Section 4: Genetics and Heredity 
Origin of species (British Museum/ Cam­

bridge University Press, 1981). Based 
on the museum's exhibition but valu­
able in its own right. 

Discovering genetics, N. Cohen (Long­
man, 1982). Simple, well-illustrated 
account. 

Illustrated 'Origin of species', C. Darwin, 
edited by R.E. Leakey (Faber and 
Faber, 1979). Parts of Darwin's text 
selected and annotated by Richard 
Leakey. Many illustrations. 

Darwin for beginners, J. Miller (Writers 
and Readers Publishing Co-op, 1982). 
Cartoon approach to understanding 
Darwin's work. 

Evolution, R. Moore and Editors of Time· 
Life (Time-Life, 1962). Readable and 
well illustrated account of the classical 
story. 

Evolution, C. Patterson (Routledge and 
Kegan Paul, 1978). Advanced reference 
account. 

Looking at Genetics, N. Sully (Batsford, 
1985). A very simple introduction to a 
difficult topic. 

Section 5: Organisms and their 
Environment 
Introduction to field biology, D.P. Bennett 

and D.A. Humphries (Arnold, 1974). 
Teachers' reference to fieldwork. 

Introducing ecology: nature at work 
(British Museum/ Cambridge Univer­
sity Press, 1978). Well illustrated 
introduction. 

Ecology: principles and practice, W.H. 
Dowdeswell (Heinemann, 1984). For 
reference; a sound introduction to the 
subject. 

Wild flowers of Britain, R. Phillips (Ward 
Lock and Pan Books, 1977). For re­
ference; good colour photographs. 

Discovering ecology, T. Shreve(Longman, 
1982). Broad, simple account. 

Life in the soil, R.M. Jackson and F. Raw 
(Arnold, 1966). A brief account of soil 
organisms and methods of studying 
them. 

Natural communities, 0. Bishop(Murray, 
1973). Useful account of habitats with 
lists of organisms one would expect to 
find. 

Acid rain, Steve Elsworth (Pluto Press, 
1984). A campaigning book but soundly 
based. 
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How tp save the world, R. Allen (Kogan 
Page, 1980). A very readable account of 
world conservation strategy. 

Key to pond organisms, Nuffield Founda­
tion (Longman, 1974). Illustrated key 
to the common species. 

Section 6: Diversity of Organisms 
Adventures with small animals, 0. Bishop 

(Murray, 1982). Simple introduction 
with suggestions for investigations. 

Adventures with small plants, 0. Bishop 
(Murray, 1983). Simple introduction 
with suggestions for practical work. 

Adventures with micro-organisms, 0. 
Bishop (Murray, 1984). Good back­
ground reading for pupils~ some 
interesting practical exercises. 

Classification (British Museum, 1983). A 
beginnees guide to some of the main 
systems in use. 

Plant types: 1. Algae, fungi and lichens; 2. 
Mosses, ferns, conifers and flowering 
plants, R.N. Miller (Hutchinson, 1982/ 
85). Reference books for the plant 
kingdom. 

Behaviour, C. Morgan (Macdonald, 
1978). Background reading for pupils; 
well illustrated. 

Animal types 1, 2, M.A. Robinson and J. 
Wiggins (Hutchinson, 1970/71). Useful 
reference for basic details of the main 
forms of an animal life. 

Discovery of animal behaviour, J. Sparks 
(BBC Publications, 1983). Introduction 
to animal behaviour by a historical 
approach. 

Life of vertebrates, J.Z. Young (Oxford 
University Press, 1981). For reference; 
an advanced standard text. 

Biotechnology, J.E. Smith (Arnold, 1981). 
Brief survey of the scope of this subject. 

Microbiology: An HMI guide for schools, 
D.E.S. (H.M.S.O., 1985). Guidelines for 
handling micro-organisms; sugges­
tions for suitable experiments and 
organisms; safe procedures. 

Practical Work 
Experimental Work in Biology, D.G. 

Mackean (Murray, 1983). About 140 
tested experiments, with detailed in­
structions to the students. Expected 
results are not given but students are 
asked questions to test their under­
standing of the experimental design 
and their ability to make critical 
interpretations of the results. 
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Filmstrips and 35 mm slides . 
Audio-Visual Productions, Hocker 

Hill House, Chepstow, Gwent, NP6 
5ER 
Wide range of slide sets, e.g. Animal 
classification: protozoa to arthropoda 
The ear 
River and pond ecology 

BBC Publications, 35 Marylebone 
Street, London, WlX 4AA 
Filmstrips associated with radio vision 
programmes such as: 
Life of a stream 
Life in a wood 

Camera Talks Ltd, 197 Batley Road, 
Oxford, OX2 OHE 
Sets cover anatomy, microbiology etc., 
e.g. 
Safe handling of micro-organisms 
(tape/slide) 

Diana Wyllie Ltd, UnitS, PeveralDrive, 
Granby, Milton Keynes, Bucks. MKl 
lNL 
Sets on various aspects of pollution, 
e.g. 
Air you breathe 

Focal Point Audio Visual, 251 Copnor 
Road, Portsmouth, Hants. P03 5EE 
Wide range of materials especially in 
ecology, e.g. 
Balance and change in nature series 
World of a pond 

GBI Laboratories, Northgate, Ponte­
fract, N. Yorks. WF8 lHJ 
Slide material by Gene Cox covering a 
wide range, e.g. 
Sets on plant anatomy, 

animal histology 
insects 

Gerrard Biological Centre, Griffin and 
George, Worthing Road, East Preston, 
West Sussex, BN16 lAS 
Wide range, e.g. 
Anatomy in action series such as 
'Locomotion', 'Blood', Family doctor 
series, such as 'About your hearing', 
'About your food' (with tape commen­
tary). 

International Centre for Conserva­
tion Education, Greenfield House, 
Guiting Power, Cheltenham, Glos. 
GL545TZ 
A long list of slides, filmstrips and tape/ 
slide programmes at competitive 
prices, e.g. 
Acid rain 
Wildlife in danger 
Saving the plants that save us 

Philip Harris Biological Ltd, Old­
mixon, Weston-super-Mare, Avon, 
BS24 9BJ 
Wide range of slides and filmstrips, e.g. 
Mammalian histology series 
Plant structure series 
Titles on genetics, ecology, habitats. 

Slide Centre (Reckitt Educational 
Media) Ilton, Ilminster, Somerset, 
TA199HS 
Slide folios covering ecology and wild­
life e.g. 
Grassland and grass verges 
Oak 
Soil formation and soil erosion 

Charts, booklets, teaching packs 
Cancer Research Campaign, 2 Carlton 

House Terrace, London, SWI 5AR 
Charts on cell structure 

Gerrard Biological Centre (see above) 
Wide range of charts on botany, zo­
ology and human biology. 

Health Education Council, 78 New 
Oxford Street, London, WCIN IAH 
Leaflets, booklets, charts and resource 
lists on health education topics. 

Macmillan Education, Houndmills, 
Basingstoke, Rants. RG21 2XS 
Packs of charts on topics such as birds, 
insects, trees, pond life. 

Nature Conservancy Council, Inter­
pretive Branch, Attingham Park, 
Shrewsbury, SY 4 4TW 
Posters and attractively illustrated, 
inexpensive booklets on habitats and 
wildlife. 

Philip Harris Biological Ltd (see 
above) 
Wide range of charts on human anat­
omy, plants and animals, life histories, 
habitats. 

Pictorial Charts Educational Trust, 
27 Kirchen Road, London, W13 OUD 
Wide range of attractive, well­
produced material such as: 
Birds in the school grounds 
Food chain in a pond 
Life before birth 
Spiders, snails and woodlice 

Project Icarus Ltd, Raglan House, 4 
Clarence Parade, Southsea, Hants. 
P053NU 
Health education posters including 
drugs, smoking and sexually trans­
mitted diseases. 

TACADE (Teachers' Advisory Council 
on Alcohol and Drugs Education), 
Furness House, Third Floor, Trafford 
Road, Salford, M5 2XJ 
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Teaching packs on health education, 
alcohol, drugs and smoking. 

Thames Water, Marketing Services 
Department, Room 1503, Nugent 
House, Vastern Road, Reading, RGl 
8DB. 
Charts and pamphlets on topics such 
as: 
Sewage treatment 
Wildlife of the tidal Thames 
The water cycle 

Other sources of information 
ASH (Action on Smoking and Health), 

5-11 Mortimer Street, London, WIN 
7RH 
Information packs, fact sheets, posters. 

The Conservation Trust, George Pal­
mer Site, Northumberland· Avenue, 
Reading, RG2 7PW 
Study notes, cards, kits and packs on 
e.g. 
Alternative technology 
Conservation of resources 
Food and agriculture 
Third world 

Council for Environmental Educa­
tion, School of Education, University 
of Reading, London Road, Reading, 
RG15AQ 
Lists of resources on environmental 
topics such as 
Acid rain 
Lead pollution 
Pond and freshwater studies 

Friends of the Earth, 377 City Road, 
London, ECl V INA 
Newsletters, books, pamphlets on 
issues such as: 
Radioactive waste 
Acid rain 
Pesticides 
Rain forests 

General Dental Council, 37 Wimpole 
Street, London, WlM 8DQ 
A range of material concerned with 
dental health. 

Institute of Biology, 20 Queensberry 
Place, London, SW7 2DZ 
Advice on careers, courses, resources. 

MISAC (Microbiology in Schools Advis­
ory Committee), c/o Institute of 
Biology (see above) 
Arranges courses, speakers and advice 
on teaching microbiology. 

London Centre for Biotechnology, 
Room E255, South Bank Polytechnic, 
Borough Road, London, SEI OAA 
Posters, slides, teaching packs. 



./ 

Glossary 

(A) SCIENTIFIC TERMS 
Acid A sharp-tasting chemical, often a 
liquid. Some acids can dissolve metals 
and turn them into soluble salts. Nitric 
acid acts on copper and turns it into 
copper nitrate, which dissolves to form a 
blue-coloured solution. Acids of plants 
and animals (amino acids, fatty acids) are 
weaker and do not dissolve metals. 
Amino acids and fatty acids are organic 
acids. Hydrochloric, sulphuric and nitric 
acids are called mineral acids or in­
organic acids. 

Agar A clear jelly extracted from one 
kind of seaweed. On its own it will not 
support the growth of bacteria or fungi, 
but will do so if food substances (e.g. 
potato juice or Bovril) are dissolved in it. 
Agar with different kinds of food dis­
solved in it is used to grow different kinds 
of micro-organism. 

Alcohol Usually a liquid. There are 
many kinds of alcohol but the commonest 
is ethanol (or ethyl alcohol) which occurs 
in wines, spirits, beer, etc. It is produced 
by fermentation of sugar. Ethanol vapor­
izes quickly and easily catches fire. 

Alkali The opposite of an acid. An 
alkali can neutralize an acid and so 
remove its acid properties. Sodium hy­
droxide is an alkali. It neutralizes 
hydrochloric acid to form a salt, sodium 
chloride. r-----, 

NaiOH + HICl ~ NaCl + H20 
L _____ .J salt water 

Atom The smallest possible particle of 
an element. Even a microscopic piece of 
iron would be made up of millions of iron 
atoms. When we write formulae, the 
letters represent atoms. So H20 for water 
means an atom of oxygen joined to two 
atoms of hydrogen. 

Calorie Just as a centimetre is a unit of 
length, a calorie is a unit of heat or 
energy. It is the amount of heat that 
would raise the temperature of one gram 
of water one degree Celsius. The energy 
value of food is measured in kilocalories 
(kcal). 1000 calories = 1 kilocalorie. In 
scientific studies, calories have been 
replaced by joules. For the energy in food, 
however, calories are still used. (1 calorie 
= 4.2 joules.) 

Capillary attraction The tendency of 
water to fill small spaces is called 

capillary attraction. If a narrow bore 
tube is placed in water, the water will rise 
up it for several centimetres. In a similar 
way, water will creep into the spaces 
between the fibres in a piece of blotting 
paper or between the particles in soil. 

Carbon A black, solid non-metal which 
occurs as charcoal or soot, for example. 
Its atoms are able to combine together to 
make ring or chain molecules (see p. 15). 
These molecules make up most of the 
chemicals of living organisms (see 'Or­
ganic'). One of the simplest compounds of 
carbon is carbon dioxide (C02). 

Carbon dioxide A gas which forms 0.03 
per cent (by volume) of the air. It is 
produced when carbon-containing sub­
stances burn (C + 02 ~C02). It is also 
produced by the respiration of plants and 
animals. It is taken up by green plants to 
make food during photosynthesis. 

Catalyst A substance which makes a 
chemical reaction go faster but does not 
get used up in the reaction. Platinum is a 
catalyst which speeds up the rate at 
which nitrogen and hydrogen combine to 
form ammonia, but does not get used up. 
Enzymes are catalysts for chemical re­
actions inside living cells. 

Caustic A caustic substance can dam­
age the skin and clothing and therefore 
should be handled with great care. 

Compound Two or more elements 
joined together form a compound. Car­
bon dioxide, C02, is a compound of 
carbon and oxygen. Potassium nitrate, 
KNOa, is a compound of potassium, 
nitrogen and oxygen. 

Cubic centimetre (cm3 ) This is a unit 
of volume. A tea-cup holds about 200cm3 

liquid. One thousand cubic centimetres 
are called a cubic decimetre (dm3 ) but 
this volume is also called a litre. Some 
measuring instruments are marked in 
millilitres (ml). A millilitre is a 
thousandth of a litre and therefore the 
same volume as a cubic centimetre. So 
1 cm3 = 1 ml. 

Density This is the weight (mass) of a 
given volume of a substance. Usually it is 
the weight in grams of one cubic cen­
timetre of the substance, e.g. 1 cm3 lead 
weighs 11 grams, so its density is 11 grams 
per cm3

• 

The density of water at 4::-C is 1 g per 
cm3 • 
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Diffusion The random movement of 
molecules by which gases or dissolved 
substances move from a region of high 
concentration to a region of low con­
centration. 

Dissolve A substance which mixes 
with a liquid and seems to 'disappear' in 
the liquid is said to dissolve. Sugar 
dissolves in water to make a solution. 

Element An element is a substance 
which cannot be broken down into 
anything else. Sulphur is a non-metallic 
element. Iron is a metallic element. 
Oxygen and nitrogen are gaseous ele­
ments. Water (H20) is not an element 
because it can be broken down into 
hydrogen and oxygen. 

Energy This can be heat, movement, 
light, electricity, etc. Anything which 
can be harnessed to do some kind of work 
is energy. Food consists of substances 
containing chemical energy. When food 
is turned into carbon dioxide and 
water by respiration, energy is released 
to do work such as making muscles 
contract. 

Filtrate The clear solution which 
passes through a filter; e.g. if a mixture of 
copper sulphate solution and sand is 
filtered, the blue copper sulphate solu­
tion which passes through the filter paper 
is called the filtrate. 

Formula A way of showing the chemi­
cal composition of a substance. Letters 
are chosen to represent elements, and 
numbers show how many atoms of each 
element are present. The letter for carbon 
is C and for oxygen is 0. A molecule of 
carbon dioxide is one atom of carbon 
joined to two atoms of oxygen and the 
formula is C02. 1'here are more elements 
than letters in the alphabet, so some of 
the elements have two letters, e.g. Mg for 
magnesium. Other elements have letters 
standing for the latin name, e.g. sodi urn is 
Na ( = natrium). 

Gram (g) A unit of weight in the metric 
system. 

A penny weighs 3! grams. 
A pack of butter is 225 grams. 
1000 grams is a kilogram (kg). 
One thousandth of a gram is a milli­
gram (mg). 

Hydrogen Hydrogen is a gas which 
burns very readily. It is present in only 
tiny amounts in the air but forms part of 



many compounds such as water (H20), 
and organic compounds like carbo­
hydrates (e.g. C6 H 120a glucose) and fats. 

Inorganic Substances like iron, salt, 
oxygen and carbon dioxide are inorganic. 
They do not have to come from a living 
organism. Salt is in the sea, iron is part of 
a mineral in the ground, oxygen is in the 
air. Inorganic substances can be made by 
industrial processes or extracted from 
minerals. 

Insoluble An insoluble substance is 
one which will not dissolve. Sugar is 
soluble in water but insoluble in petrol. 

Lime water A weak solution of lime 
(calcium hydroxide) in water. When 
carbon dioxide bubbles through this 
solution, it reacts with the calcium 
hydroxide to form calcium carbonate 
(chalk) which is insoluble and forms a 
cloudy suspension. This makes lime 
water a good test for carbon dioxide. 

Ca(OH)2 + C02 ~ CaCOs + H20 

Manometer An instrument which 
measures pressure by the displacement of 
a liquid in a U-tube. 

Mass This is the amount of matter in an 
object. The more mass an object has, the 
more it weighs, so mass can be measured 
by weighing something. However, if the 
force of gravity becomes less, as on the 
Moon, the same object will weigh less 
even though the amount of matter in it 
(its mass) has not changed. So mass and 
weight are related, but are not the same. 

Molecule The smallest amount of a 
substance which you can have. For 
example, the water molecule is H 20, that 
is, two atoms of hydrogen joined to one 
atom of oxygen. A drop of water consists 
of countless millions of molecules of H20 
moving about in all directions and with a 
lot of space between them. 

Organic This usually refers to a sub­
stance produced by a living organism. 
Organic chemicals are things like carbo­
hydrates, protein and fat. They have very 
large molecules and are often insoluble in 
water. Inorganic chemicals are usually 
simple substances like sodium chloride 
(salt) or carbon dioxide (C02). 

H H H H 
I I I I ~o 

H-C-C-C-C-C~ 
I I I I ""-oH 
H H H H 

molecule of a fatty acid 
C4H9COOH (organic) 

molecule of carbon dioxide 
C02 (inorganic) 

Oxygen Oxygen is a gas which makes 
up about 20 per cent (by volume) of the 
air. It combines with other substances 
and oxidizes them, sometimes producing 
heat and light energy. In plants and 
animals it combines with food to release 
energy. 

Permeable Allows liquids or gases to 
pass through. A cotton shirt is permeable 
to rain but a PVC mackintosh is imperme­
able. Plant cell walls are permeable to 
water and dissolved substances. 

pH This is a measure of how acid or how 
alkaline a substance is. A pH of 7 is 
neutral. A pH in the range 8-11 is 
alkaline; pH's in the 6-2 range are acid; 
pH 6 is slightly acid; pH 2 is very acid. 

PIDCP The initials of an organic 
chemical called phospho-indo-dichloro­
phenol.lt changes from blue to colourless 
in the presence of certain chemicals, 
including Vitamin C. 

Pigment A chemical which has a 
colour. Haemoglobin in blood is a red 
pigment; chlorophyll in leaves is a green 
pigment. A black pigment called melanin 
may give a dark colour to human skin, 
hair and eyes. 

Pipette A glass tube designed to de­
liver controlled amounts of liquid. A bulb 
pipette has a plastic squeezer on one end 
so that it can deliver a drop at a time. A 
graduated pipette has marks on the side 
to show how much liquid has run out. 

Reaction (chemical) A change which 
takes place when certain chemicals meet 
or are acted on by heat or light. The 
change results in the production of new 
substances. When paper burns, a re­
action is taking place between the paper 
and the oxygen in the air. 

Salt A salt is a compound formed from 
an acid and a metal. Salts have double­
barrelled names like sodium chloride 
(NaCl) and potassium nitrate (KNOa). 
The first name is usually a metal and the 
second name is the acid. Potassium (K) is 
a metal, and the nitrate (N03) comes from 
nitric acid (HNOa). 

Sodium hydrogencarbonate At one 
time this was called sodium bicarbonate. 
It is a salt which is used to make carbon 
dioxide in experiments. Its formula is 
NaHCOa. 

Sodium hydroxide (NaOH) An alkali 
with caustic properties, i.e. its solution 
will dissolve flesh, wood and fabrics. 

Soluble A soluble substance is one 
which will dissolve in a liquid. Sugar is 
soluble in water. 
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Solution When something like sugar 
or salt dissolves in water it forms a 
solution. The molecules of the solid 
become evenly spread through the liquid. 

Volume The amount of space some­
thing takes up, or the amount of space 
inside it. A milk bottle has an internal 
volume of one pint. Your lungs have a 
volume of about 5 litres; they can hold up 
to5litresofair. Thiscubehasa volume of 
8 cubic centimetres (8 cm3). 

(B) BIOLOGICAL TERMS 
(References in brackets are to pages.) 

Abdomen (127, 335) The part of the 
body below the diaphragm which con­
tains stomach, kidneys, liver, etc.; in 
insects it refers to the third region of the 
body. 

Accommodation (198) Changing the 
shape (and focal length) of the eye lens to 
focus on near or distant objects. 

Active transport (35) The transport of 
a substance across a cell membrane with 
expenditure of energy, often against a 
concentration gradient. 

Adaptation (50) The development, 
during evolution of an organism, of 
structures or processes which make it 
more efficient in its environment. 

Alleles (229) Alternative forms of a 
gene, occupying the same place on a 
chromosome and affecting the same 
characteristics but in different ways. 

Anabolism (26) The building up of 
complex substances from simpler ones. 

Angiosperms (306) Flowering plants 
with seeds enclosed in an ovary. 

Aseptic technique (319) Method of 
handling materials or apparatus so that 
unwanted micro-organisms are excluded. 

Asexual reproduction (350) Re­
production without the involvement of 
gametes. 

Assimilation (131) Absorption of sub­
stances which are built into other 
compounds in the organism. 

Autotroph (250) An organism which 
can build up its organic materials from 
inorganic substances. 

Auxin (108) A chemical which affects 
the rate of growth in plants. 

/ 
/ 
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Basal metabolism (26) The mmnnum 
rate of chemical activity needed to keep an 
organism alive. 

Biodegradable (277) Able to be broken 
down to simple inorganic substances by the 
action ofbacteria and fungi. 

Biomass (243) The weight of all the 
organisms in a population, community or 
habitat. 

Biosphere (282) The part of the Earth 
which contains living organisms. 

Biotechnology (313) The use of living 
organisms or biological processes for indus­
trial, agricultural or medical processes. 

Biotic factors (393) The environmental 
effects of other living things on an organism. 

Cardiac To do with the heart. 

Catabolism (26) The breakdown of com­
plex substances to simpler substances in the 
cell, with a release of energy. 

Climax vegetation (286) The plant com­
munity which finally colonizes a particular 
habitat. 

Clone (103) A population of organisms 
derived by asexual reproduction from a 
single individual. 

Commensalism (250) Two unrelated or­
ganisms living in a close association which 
benefits one of them and does not harm the 
other. 

Control (30) An experiment which is set 
up to ensure that only the condition being 
investigated has affected the results. 

Co-ordination (205) The process which 
makes the different systems in an organism 
work effectively together. 

Cortex (160) An outer layer. 

Denature (15) Destroy the structure of a 
protein by means of heat or chemicals. 

Detoxication (133) The process by which 
the liver makes poisonous chemicals harm­
less. 

Dialysis (39) The separation of small 
molecules from large molecules in solution 
by a selectively permeable membrane. 

Differentiation (66) The process by 
which a cell becomes specialized during the 
course of development. 

Ecdysis (336) The periodic shedding of the 
cuticle during the growth of arthropods. 

Ecosystem (281) A community of inter­
dependent organisms and the environment 
in which they live. 

Emulsify (129) Break-up of oil or fat into 
tiny droplets which remain suspended in 
water as an emulsion. 

Eutrophic (267) An aquatic envirorunent 
well supplied With nutrients for plant 
growth. 

Fermentation (24) A form of anaerobic 
respiration in which carbohydrate is broken 
down to carbon dioxide and, in some cases, 
alcohol. 

Gastric (128) To do with the stomach. 

Gene (224) A sequence of chemicals in a 
chromosome which controls the develop­
ment of a particular characteristic in an 
organism. 

Genetic code (225) The sequence of bases 
in a molecule of DNA which specifies the 
order of amino acids in protein. 

Genetic engineering (225) Altering the 
genetic constitution of an organism by 
introducing new DNA into its chromo­
somes. 

Genotype (229) The combination of genes 
present in an organism. 

Genus (301) One of the categories in 
classification; a group of closely related 
species. 

Gestation (176) The period of growth 
and development of a foetus in the uterus 
of a mammal. 

Hepatic (131) To do with the liver. 

Heterotroph (250) An organism which 
feeds by taking in organic substances 
made by other organisms. 

Heterozygous (229) Carrying a pair of 
contrasted genes for any one heritable 
characteristic; will not breed true for this 
characteristic. 

Homeostasis (134) Keeping the com­
position of the body fluids the same. 

Homoiothermic (343) Animals whose 
body temperature is maintained at a 
constant level, usually above that of their 
surroundings. Sometimes called 'warm~ 
blooded'. 

Homologous chromosomes (222) A 
pair of corresponding chromosomes of 
the same shape and size; one from each 
parent. 

Homozygous (229) Possessing a pair of 
identical genes controlling the same 
characteristic; will breed true for this 
characteristic. 

Hypothesis (45) A provisional ex­
planation for an observation; it can be 
tested by experiments. 

Immunity (145) Ability of an organism 
to resist infection, usually because it 
carries antibodies in its blood. 

Implantation (174) The process in 
which an embryo becomes attached to the 
lining of the uterus. 

Incubate (343) Maintain at a raised 
temperature, e.g. birds' eggs or bacterifl 
cultures. 

Inflorescence (81) A group of flowers 
on the same stalk. 

Inhibit (208) Slow down a process, or 
prevent its happening. 

Inoculation (147) Deliberate infection 
with a mild form of disease to stimulate 
the formation of antibodies. (In the case 
of culture methods for bacteria or fungi, 
'inoculation' means introducing the or­
ganism to the culture medi urn.) 

Interferon (318) A group of proteins 
produced by animal cells as a result of 
infection by viruses. Interferons inhibit 
the multiplication of viruses. 

Laparoscopy (180) A method of exam­
ining the inside of the abdomen by 
inserting an optical instrument (an en­
doscope) through the abdominal wall. 

Limiting factor (50) A condition 
which limits the rate of a process, e.g. 
shortage of light for photosynthesis. 

Metabolism (26) All the chemical 
changes going on in the cells of an 
organism which keep it alive. 

Metamorphosis (337) The relatively 
sudden change by which the larval form 
of an insect or amphibian becomes an 
adult. 

Monoculture (265) Growing a single 
species of crop plant, usually in the same 
ground for successive years. 

Mutation (226) A spontaneous change 
in a gene or chromosome, which may 
affect the appearance or physiology of an 
organism. 

Parasite (250) An organism living in or 
on another organism (the host). 'l'he 
parasite derives its food from the host. 



Pathogen (314) A parasite which 
causes disease or harms its host in other 
ways. 

Phenotype (229) The observable 
characteristics of an organism which are 
genetically controlled. 

Photoperiodism (105) Response by 
plants to change in day length. Flowering 
is the most obvious response. 

Phylum (301) A major classificatory 
group. 

Plankton (243) The community of 
small plants and animals floating in the 
surface waters of an aquatic environ­
ment. 

Poikilothermic (340) Having a body 
temperature which fluctuates with that 
of the environment. Sometimes referred 
to (inaccurately) as 'cold-blooded'. 

Predator (242) An animal which kills 
and eats other animals. 

Proprioceptor (195) A sense organ 
which detects changes within the body. 

Protista (327) Single-celled organisms 
which have a proper nucleus. 

Protophyta (300) Those protista which 
have chlorophyll and make their food by 
photosynthesis. 

Protozoa (300) Those protista which 
take in solid food and digest it. 

Puberty (178) The period of growth 
during which humans become sexually 
mature. 

Receptor (193) A sense organ which 
detects a stimulus. 

Recessive (228) A gene which, in the 
presence of its contrasting allele, is not 
expressed in the phenotype. 

Recycling (245, 178) As a biological 
term this means the return of matter to 
the soil, air or water, and its re-use by 
other organisms. In daily life, it means 
the re-use of manufactured materials 
such as paper, glass and metals. 

Renal (160) To do with the kidneys. 

Replication (221) Production of a du­
plicate set of chromosomes prior to cell 
division. 

Scion (103) In a graft, this is the cutting 
or bud which is grafted on to the stock. 

Section (3) A thin slice of tissue which 
can be examined under the microscope. 

Sensitivity (352) The ability to detect 
and respond to a stimulus. 

Sphincter (186) A band of circular 
muscle which can contract to constrict or 
close a tubular organ. 

Spore (330) A cell or small group of 
cells which can grow into a new organ­
ism. 

Stimulus (105) An event in the sur­
roundings or in the internal anatomy of 
an organism, which provokes a response. 

Stoma (60) A structure, in the epider­
mis of a plant, which consists of a pore 
enclosed by two guard cells. It permits 
gaseous exchange with the atmosphere. 

Succession (285) Changes, primarily 
in vegetation, which take place from the 
time a habitat is first colonized to the 
establishment of climax vegetation. 

Symbiosis (250) A very close associa­
tion between two unrelated organisms. 
Each organism derives some benefit from 
the association. May also be used to 
describe any close association, whether 
beneficial or harmful. 

Toxin (121) A poisonous protein 
produced by pathogenic bacteria. 

Toxoid (147) A toxin which has been 
treated to make it harmless, but can still 
cause the body to make antibodies. 

Trophic level (243) An organism's posi­
tion in a food chain, e.g. primary or 
secondary consumer. 

Turgor (40) The pressure built up in a 
plant cell as a result of taking in water by 
osmosis. 

Vascular To do with vessels; blood 
vessels or xylem and phloem. 

Viviparous (343) Giving birth to fully 
formed young rather than laying eggs. 

(C) SOME DERIVATIONS 
A great many terms used in Biology are 
derived from Greek or Latin words. In 
some cases, knowing the general mean­
ing of a prefix or suffix helps to 
understand or recognize the term. Unless 
indicated as Latin (L), all the words 
below are Greek. 

autos = self, e.g. autotroph 
bios = life, e.g. biology, biomass 
bis (L) = twice, e.g. binary fission, 

bicuspid valve 
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chloros = pale green, e.g. chlorophyll 
chroma = colour, e.g. chromosome 

(takes up coloured stains) 
dia = across, e.g. diaphragm, dialysis 
dis = twice, e.g. dipeptide, diploid 
ektos = outside, e.g. ectoparasite 
epi = upon (above), e.g. epidermis, 

epicotyl 
exo = outside, e.g. exoskeleton, exo­

cytosis 
haima = blood, e.g. haemoglobin, hae­

mophilia 
heteros = other (i.e. different), e.g. 

heterozygous 
homos = same, e.g. homozygous, homo­

logous 
hypo = under, e.g. hypothermia, hypo­

cotyl 
inter (L) = between, e.g. inter-cellular, 

intercostal 
intra (I..) = within, e.g. intra-cellular, 

intra-uterine 
kytos = vessel (a cell), e.g. cytoplasm, 

leucocyte 
lipos = fat, e.g. lipid, lipase 
lysis = dissolution, e.g. lysozyme, dia­

lysis 
mesos = middle, e.g. mesophyll, mesen­

teric 
meta = after (change), e.g. metamor­

phosis 
mikros = little, e.g. microvilli, micro­

pyle 
morphe = form (shape), e.g. metamor­

phosis, morphology 
phagein = to eat, e.g. phagocyte, oeso­

phagus 
phyllon leaf, e.g. mesophyll, 

chlorophyll 
phyton = plant, e.g. phytoplankton, 

saprophyte 
polys = many, e.g. polypeptide, poly­

saccharide 
protos = first formed, e.g. protista, 

protoplasm 
rhiza = root, e.g. rhizoid, rhizosphere 
semi (L) = half, e.g. semi-lunar valve, 

semicircular canal 
sub (L) = under, e.g. subsoil, subclavian 
sym-, syn- = together, e.g. symbiosis, 

synapse 
treis = three, e.g. tripeptide, tricuspid 

valve 
trophe = food, e.g. autotroph, trophic 

level 
unus (L) = one, e.g. unicellular, uni­

sexual 
vas (L) = vessel, e.g. vascular bundle, 

vaso·dila tion 
zoion = animal, e.g. zooplankton, zo­

ology 
zygon = yolk, e.g. zygote, homozygous 
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anther 80, 81-6 
antibiotic 258, 314, 319-20, 325 
antibodies 145-147, 148, 318 

in milk 178 
antidiuretic hormone {ADH) 162, 

214 
antigens 147-8 
anti-toxin 318 
anus 127, 131 
anxiety 213, 215-16 
aorta 139, 141-2 
aphid 250 
appendix 127, 129 
apple 

flower and fruit 88-9 
pollination 87 

applied genetics 233--4 
aqueous humour 196 
arachnids 301-2, 339 
arm (skeleton) 182--4, 186, 188 
artefacts 7 
arterial system 142 
arteries 11, 140-42, 149 
arterioles 142-3 

in skin 166, 168 
arthropods 301-2, 335-8 

in soil 258-9 
artificial fertilizer 249, 256 
artificial immunity 147, 318 
'artificial kidney' 162-3 
artificial propagation 103--4 
artificial selection 239 
ascorbic acid 117 
Asellus (water louse) 287 
aseptic techniques 319 
asexual reproduction 100, 323 

350-51 
in bacteria 311 

aspirin 216 
assimilation 131 
association centre 209, 211 
atheroma 149-50 
athlete's foot 322 
ATP (adenosine triphosphate) 

25-6,30,35,187 
atrium (heart) 139-41 
autoclave 319 
autotroph 250 
autotrophic nutrition 250 

auxin 108-9 

'backbone' 182 
back-cross 231 
bacteria 226, 310, 311, 313-14, 315, 

316-19 
and eutrophication 268 
in soil 256-8 
and tooth decay 191 

bacteria culture 319-20 
bacterial diseases 316-18 
baking 325 
balance (sense of) 201, 211 
balanced diet 118-20 
ball and socket joint 184 
barbiturate 216 
barium sulphate 128 
bark 62 
barnacle 202 
basal metabolism 26, 119 
base (in DNA) 224-5 
bat 303 
BCG vaccine 147, 316 
beak 343 
beans (in diet) 115--16, 118 
bees {in pollination) 84 
beetle 337 
behaviour 353 
Benedict's solution 122-3, 363 
biceps 186-8, 208-9 
bicuspid valve 139--40 
bile 129, 133 
bile duct 127, 129 
bile pigments 129, 133, 159 
bile salts 116, 129, 131, 133 
bilirubin 133, 138, 159 
binary fission 328 
binocular vision 199 
binomial nomenclature 301 
biodegradable 277 
biological control 295 
biological oxygen demand (BOD) 

268 
biomass 243, 252 
biosphere 282 
biotechnology 313-14, 325 
biotic factors 393-4 
birds 301,303, 307,343 

and seed dispersal90 
birth 176-7 
birth control 179-80 
birth rate 295 
bisexual80 
bitter {taste) 194, 203-4 
Biuret test 122-3 
bivalve 334 
blackberry, flower and fruit 88 
bladder 160-61 
blanching 121 
blind spot 196-7 
blinking 207 
blood 137-50 

circulation 140, 142 
composition 137-8 
functions 145 

blood clot 146, 149 
blood donor 148 
blood groups 147-8, 230, 237 
blood pressure 142-3, 150 
blood sugar 132, 213-14 
blood transfusion 147 
blue-green algae 248,257-8 
BOD (biological oxygen demand) 

268 

370 

body temperature 167-9 
body weight 132 
bolus 127 
bone 185, 188 
bone marmw 138 
bottom-living animals 287 
Bowman's capsule 160-61 
bracken 304,331 

rhizome 101 
bracket fungus 322 
bracts 83, 90 
brain 11,202,206-8,216--12 

control of homeostasis 164 
bread 118 
breast bone (sternum) 183 
breast-feeding 178-80 
breathing 151-4, 157, 347 
breathing rate 154 
breech delivery 177 
brewing324 
broad bean 

germination 93, 95 
seed structure 93 

bronchi(bronchus)151-2, 156 
bronchioles 151-2, 155 
bronchitis 156 
brushing (teeth) 191-2 
bryophytes 304, 306 
buccal cavity 127 
bud 58, 66-7, 100-101 
budding 

Hydra350 
yeast 324 

bud graft 104 
bud scales 66-7 
bulbs 101-2 
burdock (seed dispersal) 90 
butterflies 302, 337-8 

in pollination 84-5 

caddis fly larva 287-8 
caecum 127, 129 
caesarian section 176 
caffeine 215 
calciferol 117 
calcium 54 

in diet 116-17 
calcium salts 

in bone 185, 188 
in teeth 190-91 

calculus 191 
Canadian pondweed (Elodea 

canadensis) 47, 284-5 
cancer (lung) 155, 157 
canine tooth 189-90 
capillaries 130-31, 141, 142-3, 

151-2, 154-5 
in kidney 160 
in skin 166-8 
in teeth 190 

capillary attraction (in soil) 256, 
262 

capillary bed 143 
capsid312 
capsomere 312 
capsule 90 
carbohydrates 1&--16, 114-15, 118 
carbon cycle 246 
carbon dioxide 

in carbon cycle 246-7 
diffusion from cells 34 
diffusion into leaf 61 
expelled by lungs 154 
'greenhouse effect' 269 



in photosynthesis 45-9, 51 
from respiration 24-7, 30-31 
transport in blood 145 
transport in plants 76 

carbon-14 31 
carbon monoxide 273 
carboxy-haemoglobin 273 
caries 191 
carnivore 242, 250, 301 
carotid artery 142 
carpels 80, 81, 88 
cartilage 182, 184, 185 
catabolism 26 
catalase 20 
catalyst 17 
catalytic converter 276 
caterpillar 337-8 
catkins 85 
cell2-10, 13 

animal 3-5, 8, 13 
differentiation 66 
diffusion in 33-4, 37 
osmosis in 36-8 
plant 4, 5, 8, 12 
physiology 14 
structure 2-7 
surface area 34 

cell body 206-8, 212 
cell division 7-8, 65-6, 170, 174, 

221-3, 311, 351 
cell extension 108 
cell membrane 3-4, 5, 34-5, 37-8, 

43 
cell sap 5, 38 
cell specialization 7, 9-10 
cellular respiration 24 
cellulase 322 
cellulose 4, 8, 16, 18, 114-15, 117 

digestion 129, 250 
cell wall 4-5, 8, 38 

of bacteria 310 
cement (of teeth) 190 
centipedes 258-9, 302, 335, 339 
central nervous system 206, 

210-11 
centrifuge 7 
cephalothorax 335, 339 
Ceratophyllum (hornwort) 284-5 
cereals 83 

in diet 115, 117 
seed germination 95 

cerebellum 210-11 
cerebral cortex 211-12 
cerebral hemispheres 210-11 
cerebro-spinal fluid 210 
cerebrum 210 
cervix 171, 173-4, 176, 179 
chaetae 333 
chaffinch 343 
Chaoborus (phantom midge larva) 

287 
characteristics of organisms 

346-53 
chelicerae 335, 339 
chemical senses 194 
chernoreceptors194-5,334-5 
chewing 127, 189 
chewing muscles 183 
Chironomus 288 
chitin 321 
Chlamydomonas 327 
chlorofluorocarbons 273 
chlorophyllS-6,44-5,47-8,52 
chloroplast 4--6, 9, 12, 47-8, 50, 

60-61,330 
chlorpromazine 216 
choice chamber 353 
cholera 315 
cholesterol 119-20, 149-50 
choroid 196 
chromatid 220-23 
chromosome 4, 220-23, 224-7, 229, 

232-3,310 

chrysanthemums 106 
cigarette smoking 

and bronchitis 156 
and heart disease 149, 156 
and lung cancer 155, 157 
and pregnancy 175 

cilia 9, 155-6, 172, 327 
ciliary body 196, 198 
ciliary muscle 196, 198 
ciliated cell 9, 151 
ciliates 327 
circular muscle 125-6, 128, 130, 

186 
circulation 140 
circulatory system 11, 140, 141-3, 

functions 145 
CITES (Convention on 

International Trade in 
Endangered Species) 279 

class 301, 306, 308 
classification 300-309 
clavicle 183 
clay particle 254-6, 260 
Clean Air Act 272, 275 
cleft graft 104 
climax vegetation 286 
clinostat 106-7 
clitellum 333-4 
clone 103, 350-51 
clotting (blood) 146 
coa1245-6 
coat colour (inheritance) 229-31 
cochlea 200-201 
co-dominance 232 
coelenterate 301-2, 307-8, 333 
colds 315 
cold-sensory endings 193 
'cold sore' 315 
coleoptile 95 

response to light 108, 110 
collar bone (clavicle) 182-3 
collecting duct (kidney) 160-1 
colon 127, 131 
colonization 285-6 
colour vision 197 
combustion 246 
commensalism 250-51 
common cold 315 
community 281-2 

of aquatic animals 286 
of aquatic plants 284-5 

compensation point 49 
competition 238, 282, 293 
complete metamorphosis 337 
composite flowers 82-3 
compound eye 335-8 
concentration gradient 34-5 
conditioned reflex 209-10 
conditioning 209-10 
condom 179 
cones (of eye) 197 
conifers 305-6 
conjunctiva 196 
conservation 277, 279 
constipation 117 
consumer 243, 246, 250, 252 
contagion 315 
continuous variation 237 
contraception 179-80 
contraceptive pill 180, 215 
contractile vacuole 327-8 
control (experimental) 27-8, 

30-31,45 
controlled diffusion 34-5 
controlled experiments 30-31, 98 
Convention on International 

Trade in Endangered Species 
(CITES) 279 

cooking 121, 311 
co-ordination 205-15 

in plants 109 
copulation 171-3 
coral302 

core temperature 169 
Corixa (water boatman) 287 
corms 101-2 
cornea 117, 196-8 
cornified layer 166-7 
coronary artery 139--40, 149 
coronary heart disease 119, 

149-50, 156 
coronary thrombosis 149 
corpus luteum 173, 178-9 
correlation 150, 157, 274 
cortex 

adrenal gland 213 
brain 210-12 
kidney 160-61 
root 64 
stem 62-4 

corticosteroids 213 
cotyledons 87, 92-6 
cover slip 12 
couch grass rhizome 101 
coughing 154, 207-8 
crab302 
crop rotation 249, 256 
cross breeding 233 
cross linkage 15 
cross pollination 83, 233 
crown (tooth) 189-90 
crumb (soil) 254-6 
crumb structure 255--6 
crustacea 301-2, 307, 335, 336 
crypt 129-31 
cultivation 295 
culture plates 263 
culturing bacteria 319--20 
culturing fungi 325 
cupula 201 
cusps 189 
cuticle 

insect 335-6 
plant 59-61, 73 

cuttings 103-4, 110 
Cyclops 286, 302 
cysteine 15, 115 
cytoplasm 3-5, 9 
cytosine 17, 224-5 

daffodil 
bulb 101-2 
flowerS! 

daisy 82-3 
'sleep movements' 105 

dandelion 82-3 
fruit dispersal 90 

Darwin 237-8 
day length (flowering) 105-6 
DDT 267 
deamination 132-3 
death rate 292, 295 
decay 

organic matter 246 
teeth 191 

decay bacteria 313 
decomposers 246, 250 
deer 265, 282 
defecation 131 
deforestation 270 
dehydrogenase 19 
delivery (birth) 177 
denaturing 15, 19, 37 
dendrite 206 
denitrifying bacteria 248 
dental caries (decay) 191 
dental floss 192 
dentine 190-91 
deoxygenated blood 138-9, 141, 

143, 145, 175 
deoxy-ribose 17, 224-5 
deoxy-ribose-nucleic acid (DNA) 

17,222,224-5 
dependence (on drugs) 216 
depressant 216 
dermis 165-7 

destarching 45 
detergent 268 
detoxication 133 
development 349 
diabetes 214 
diageotropism 107 
dialysis 39-- 40 

Index 371 

kidney machine 162-3 
dialysis tubing 135 
diaphragm 127, 152--3, 344 
diaphragm (contraceptive) 180 
diatoms 329 
dichotomous key 308 
dicotyledons 92, 305-7 
dieldrin 266-7 
diet 116-20 •. 
dietary fibre 117-18, 120 
differentiation 66, 349 
diffusion 33-4, 39, 347-8 

experiments 39 
of gases 39 '-
in liquids 39 
in lungs 154-5 
rates 34 
of water 36-7 

diffusion gradient 34, 155 
digestion 125-30 

in protista 328 
digestive enzymes 125-6, 128-9 

experiments 134-5 
dipeptide 15 
diploid number 222-3 
directional stimuli 105-6 
disaccharides 16 
disc (vertebral) 182 
disclosing tablets 192 
discontinuous growth 352 
discontinuous. variation 236-7 
disease 314-18 
disease resistance 233-4 
disease transmission 314-17 
dispersal of fruits and seeds 89-90 
distance judgement 199 
distant vision 198 
division of labour 10 
DNA (deoxy-ribose-nucleic acid) 

17,222,224-5,310-13 
dominant 228-9 
dormancy 99 
dorsal fin 340 
dorsal root 208-9 
dorsal root ganglion 209 
dough 326 
Down's syndrome 226 
dragonfly 302 
drinking water 317 
droplet infection 314 
drug resistance 226-7 
drugs (mood-influencing) 215-16 
drug therapy 318 
drying (food preservation) 121 
dry mass (weight) 26, 351 

seedlings 96-7 
duckweed (Lemna) 284-5 
ductless glands 212-13 
duodenum 127-30 
dura mater 210 
'dust bowls' 270 
Dytiscus 337 

ear 199-201 
ear bones 199 
ear drum 199, 200, 342 
earthworm 256-9, 302, 333-4 
ecdysis 336--8, 352 
echinoderms 301 
ecology 281-90 

freshwater 284-91 
ecosystem 251, 281-2 
ectoparasite 250, 258, 347 
effector 206, 208, 353 
effort 188 
egestion 125, 131, 348 

I 
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372 Index 

egg (ovum) 171-3 
egg cell (plants) 86-7 
egg white 15 

digestion 134-5 
ejaculation 172-3 
elbow joint 183-4, 186, 188 
electron microscope 3, 5-6 
Elodea canadensis (Canadian 

pondweed) 284-5 
embryo 170-71, 174-6,349 

plant 86-7,92-3, 96 
emphysema 156 
emulsification (offats) 129 
enamel (tooth) 190-92 
encapsulated nerve ending 193 
endocrine system 205, 212-15 
endocytosis 34-5 
endoparasite 250, 258, 347 
endoplasmic reticulum 5-6 
endosperm 87, 95 
energy 24-5, 26, 29-30 

flow 251-2 
from food 114, 118-19 
for photosynthesis 44,47 
sources 278-9 
store 26 
from sunlight 44, 47 
transfer 25, 252 

enterokinase 129 
environment 281-2 
enzymes 14-15, 17-22, 25, 94, 225, 

322 
digestive 125-6, 128-9, 134-5 
extra-cellular 19 
intra-cellular 19 

epicoty 1 93, 95-6 
epidermis 

leaf59-61 
human skin 165-7 
plant 12 
stem 62-3, 68 

epididymis 171-2 
epiglottis 127-8, 151 
epithelium 10, 13, 125-B, 128-31, 

151, 154-5 
erectile tissue 172-3 
erosion 269-71 
essential amino acids 115-16 
Euglena 327 
eustachian tube 127, 200 
eutrophication 267-8 
evaporation (from leaf) 71·-2, 78 
evergreen plants 73 
evolution 237-8, 30&-7 
excretion 159--62, 164, 348 

in plants 348 
excretory products 348 
exercise 25 

and breathing rate 154 
and heart disease 150 

exhaling 152-3 
exocytosis 34-5 
exoskeleton 336 
experiment design 45 
expiration 154 
'explosive' fruits 91 
extension (limb) 18&-7, 208 
external fertilization 341-2, 349 
external respiration 155 
extra-cellular enzymes 19 
eye 196-8, 203 
eye colour 228, 236 
eye-piece 2 

F 1 generation 230, 233 
F 2 generation 230, 232-3 
factor VIII 226 
'factory farming' 268 
faeces 117, 131 
fallopian tube 171 
family 306 
family planning 179-80 
famine 122 

fat cell132 
fat depot 132 
fatness 120 
fats 15 

in diet 114, 115, 118-19 
digestion 129 
and heart disease 149-50 
storage 132 
test for 123 
use in body 131 

fat-soluble vitamins 117 
fatty acid 15, 126, 129, 131 

saturated and unsaturated 119 
fear 213 
feathers 343 
feed-back 195, 214-15 
feeding 347 
femoral artery and vein 142 
femur 11, 182-4, 187, 208 
fermentation 24, 30, 324 
ferns304,306-8,331-2 
fertility 

human 179 
of soil 25&-7 

fertilization 349 
flowering plants 86-7 
human 170, 173-4, 179 

fertilizers 53, 249, 268 
fibre (in diet) 117-18, 120 
fibres (in plants) 63 
fibrin 146, 149 
fibrinogen 133, 139, 146, 149 
fibrous root system 66 
fibula 183 
field techniques 289-90 
filament 80, 81-4, 86 
filamentous algae 329-30 
filter bed 277 
finger bones 183 
fins 340 
fish 301, 303, 307, 340-41 

as food 118 
fission 311 
fixative 7 
fixed joint 184 
flaccid 38 
flagella 310, 327 
flagellates 327 
flatworm 301-2, 307 
flavour 195 
flea 250 
flexion (limb) 186 
flies (and disease) 315 
flight (birds) 343 
floods 269-70 
floret 82-3 
flowering (day length) 105-6 
flowering plants 305--7 
flowers 

pollination 83--6 
structure 80-81, 82-3, 88-9 

flow rate (stream) 289 
fluoridation 192 
fluoride 116 

and teeth 190-92 
focus 195, 197-8 
foetus 174, 176, 185 
foliar feeding 76 
folic acid 117 
follicle 172-3, 179 
follicle-stimulating hormone 

(FSH) 180, 214-15 
food 114-23 
food additives 121-2 
food chain 242-5, 267, 272, 277· 
food-handling 317-18 
food poisoning 31&-17 
food preservation 121 
food production 122 
food pyramid 243 
food storage 347 

in bulb 101-2 
in seed 94, 96 

food tests 122-3 
food transport (plants) 74 
food vacuole 327-8 
food web 244, 264-5, 267 

in freshwater 288 
foot 182, 187-8 
foot (mollusc) 334 
fore-brain 211 
foreskin 172 
forests 269-70 
fovea 196-7 
foxglove (pollination) 85 
fraternal twins 176 
free nerve endings 193 
free-swimming animals 287 
freeze-etched section 6 
freezing (food) 121 
French bean 

seed germination 94 
seed structure 92 

freshwater environment 283-90 
freshwater invertebrates 286-8, 

308 
freshwater shrimp (Gammarus) 

287-8 
frog 303, 342 
fructose 114 
fruit 80-81 

formation 86-9 
'fruiting bodies' 321-2, 324 
fruit and seed dispersal89-90 
FSH (follicle-stimulating 

hormone) 180, 214-15 
fulcrum 188 
fungi 300,307,321-6 

in soil 25&-8 
fungicide 266 
fungus diseases 322-3 

gall bladder 127, 129, 133 
gamete 86, 170, 349 

production 223-4 
Gammaru.~ (freshwater shrimp) 

287-8 
ganglion 208 
gaseous exchange 154, 334, 347 

in leaf 48-9, 76, 79 
in lung 154 
in protista 328 

gastric juice 128 
gastrin 129 
gene 222, 224-6, 228-9, 280 
gene bank 280 
gene combinations 350 
genetic code 225 
genetic engineering 225-6 
genetics 220-25, 228-37 
genital herpes 315 
genotype 229-30 
genus 301, 306 
geotropism 10&-10 
German measles 176 
germination 92-8 

conditions for 97-9 
gestation 176 
gill bar 341 
gill filaments 340-41 
gills 287-8, 340-41 
gingivitis 191-2 
girdles (skeletal) 182 
glands 10-11, 206 

digestive 125-6, 128-9 
endocrine 212-15 

globulin 139 
glomerulus 160--61 
glottis 127-8, 154 
glucagon 213 
glucose 15-16, 18, 20, 24-5, 114, 

126-7, 129, 131-3 
in blood 213-14 
reabsorption 160--61 
test for 122-3 

glucose phosphate 20-21 

glutamic acid 226 
glutamine 15, 115 
glycerol15, 126,129,131 
glyceryl tristearate 15 
glycine 14, 115, 225 
glycogen 5, 16, 114-15, 131-3 
gonorrhoea 317 
grafting 103-4 
granular layer (skin) 166-7 
grapnel290 
grass 305 

flower 83 
pollination 85 
seed germination 95 
vegetative reproduction 100 

grass snake 343 
gravity (plant response) 106-·7, 

109-10 
grazing 245 
'greenhouse effect' 269 
grey matter 208, 210 
growth 7-8, 114, 119, 214, 351-2 

of bud 67 
of insects 337 
ofroot65-6,68-9,97 
of stem 66, 69 

growth curve 351-2 
growth hormone 214 
growth movements 106 
growth substances 108-9 
guanine 224-5 
guard cell9-10, 59, 60--61 
gullet 11, 126-8 
gum 190-91 

disease 191-2 
gymnosperms 306-7 

habitat 281-2 
haemoglobin 34, 116, 133 137-8, 

154,226,239 
haemophilia 226 
hair 166-7 

erector muscle 16&-7 
follicle 16&-7 
plexus 193 

half-flower 81 
haploid number 223--4 
hart's-tongue fern 304, 331 
hawkweed 82 
hearing 199, 200, 211 
heart 11, 139-40, 141-2 
heart attack 149-50 
heart beat 140 
heart disease 149-50 

and smoking 156 
heat 

effect on bacteria 311 
lost from body 167-9 
produced by body 167-8, 187 
produced by liver 133 
produced by respiration 24, 29 
regulation 168-9 
transport 146 

heat-sensory endings 193 
hedgerows 278 
height 

genetics 237 
and weight 120 

Helix aspersa (snail) 334 
hepatic artery and vein 141 
hepatic-portal vein 131, 141·~2 
herbicide 266 
herbivore 242, 250 
herbs 305, 307 
heredity 220-25, 228-33, 235-7 
heritable variation 235, 238 
hermaphrodite 80 
herpes 315 
heterotrophic nutrition 250 
heterozygous 229 
hilum 92-3 
hind-brain 211 
hinge joint 182-4 



hip girdle 182-3 
hip joint 184 
'holdfast' 330 
homeostasis 134, 145, 163-4, 214 
homoiothermic 343 
homologous chromosomes 222-3 
homozygous 229 
'honey' guides 85 
honeysuckle (pollination) 85 
hooked fruits 90 
hormone rooting powder 110 
hormones 175,177-8,205,212-15 

excretion 159 
transport in blood 145 

'hormone' weed-killer 109 
hornwort (Ceratophyllum) 284-5 
horse chestnut (bud) 67 
host 250, 314 
houseflies (and disease) 315 
human population 295-7 
humerus 11, 182--4, 186, 188 
humidity 353 

in transpiration 73, 77 
humus 255-6 
hunting 264-5 
hybrid 233 
hybrid wheat 234 
Hydra 302, 350 
hydration 17 
hydrochloric acid in stomach 

128-9, 135 
hydrogencarbonate indicator 49, 

52,363 
hydrogen peroxide 20 
hydroponics 54 
hyphae 321--4 
hypocotyl93-4, 108 
hypothermia 169 
hypothesis 45 
hypothesis testing 31 

IAA (indole acetic acid) 108, 110 
identical twins 176 
identification key 308 
ileum 127, 130 
image 196-7 

formation 197 
immunity 145, 147, 318 
implantation 17 4 
incisors 189-90 
incomplete dominance 232 
incomplete metamorphosis 337 
incubation (birds) 343 
incus 199-200 
indole acetic acid (IAA) 108, 110 
induced abortion 177 
industrialization 264 
infection (defence) 146-7 
inflorescence 81-3 
influenza 315 
ingestion 125, 127 
inhaling 152-3 
inherited characteristics 235 
inhibition 208 
inner ear 200-201 
inoculation 147, 318 
insecticide 266-7, 271 
insectivore 301 
insect pollination 84-6 
insects 301-2, 307, 335, 336-8 
insulin 213-14, 225, 314 
intercellular space 71 
intercostal muscles 152-3 
interdependence 242 
interferon 318 
intermediate neurone 208 
internal environment 134, 145 
internal fertilization 343-4, 349 
internal respiration 24, 155 
International Whaling 

Commission (IWC) 280 
internode 58 
inter-specific competition 282 

intra-cellular enzymes 19 
intra-specific competition 282 
intra-uterine device 180 
invertebrates 333-9 
in-vitro fertilization 180 
involuntary muscle 185-6 
iodine 

in diet 116 
in starch test 122-3, 363 

ions 17 
iris (eye) 196, 198-9, 203 
iron 178 

in diet 116 
in haemoglobin 137-8 
storage 133 

irritability 352 
islets (pancreas) 213-14 
IUD (intra-uterine device) 180 
IWC (International Whaling 

Commission) 280 

jaw 183, 189-91 
jellyfish 302 
joints 184 
jugular vein 142 

keratomalacia 117 
key (identification) 308 
kidneys 159-62, 164 
kidney transplant 162-3 
kidney tubule 3, 10 
kilojoules 118-19 
kingdom 300--306 
knee cap 183 
knee jerk 207-8 

labour (childbirth) 176 
lacrimal duct 196 
lactation 119 
lacteal 130-31 
lactic acid 25 
ladybird 302 
lamina 59 
laparoscopy 180 
large intestine 131 
larva (insect) 337 
larynx 127-8 
lateral bud 58, 66, 100-102 
lateral line 340 
lateralroot58,62,66,94,96 
leaching 248 
lead-free petrol276 
lead pollution 273-4, 276 
leaf 58 

absorption of chemicals 76 
evaporation from 71-3, 78 
fall 73 
gaseous exchange 79 
photosynthesis 48 
structure 59-61 
transpiration 71-3, 78 

leaf blade 59 
leaf stalk 59, 62 
leech 288, 302 
leg (skeleton) 183-4, 187 
leguminosae 84 
leguminous plants 247-9 
Lemna (duckweed) 284-5 
lens (eye) 195-8 
lenticels 76 
leucine 15, 115-16 
lever effect (limb) 188 
LH (luteinizing hormone) 180, 214 
ligaments 184 
light 

effect on germination 99 
penetration in water 283, 289 
plant responses 106-8, 110 

light intensity 
and photosynthesis 50-52 
and transpiration 73, 77 
and vision 198-9 

lightning 248 

light-sensitive cells 197 
lignin 63 
limbs (skeleton) 183-4, 187-8 . 
lime 257 
lime water 27, 30, 363 
limiting factors 50-51 
Limnea (pond snail) 334 
line transect 290 
lipase 129 
lipids 15, 115 

digestion 129 
lipoproteins 15 
liver 127, 129, 131, 132-3, 134 

and excretion 159 
in homeostasis 164 

liver fluke 302 
liverworts 304, 306-8 
lizard 303, 343 
load 188 
lobster335 
locomotion 187 
locust 336 
long-day plants 105-6 
longitudinal muscle 125--6, 128, 

130 
longitudinal section 3-5, 62 
Lumbricus terrestris (earthworm) 

333 
lung cancer 155, 157 
lung capacity 154 
lungs 127, 141, 151-4, 342 

as excretory organs 159 
in homeostasis 164 

lupin 
flower structure 81-2 
fruit 87 
pollination 84 
seed dispersal 90-91 

luteinizing hormone (LH) 180, 214 
lymph 143 
lymphatic 143 
lymphatic duct 144 
lymphatic system 131, 144-5 
lymph nodes 144 
lymphocyte 137-8, 145, 147, 318 
lysine 115-16 
lysozyme 196 

magnesium 52, 54 
magnification 5 
maize (genetics) 232-3 
malaria 328 
malarial parasite 328 
'male' fern 304, 331 
malleus 199 
malpighian layer 165-7 
maltase 129 
Malthus 238 
maltose 16, 18, 126-7, 129 
mammals 301, 303, 307, 344 

and seed dispersal 90 
mammary glands 177, 344 
manometer 28 
manure 249, 256 
marrow (bone) 138 
marsh zone 285 
mating 171, 173 
mayfly larva 287-8 
meat (in diet) 114, 116, 118 
median fins 340 
medulla 

adrenal gland 213 
brain 210-11 
kidney 160-61 

meiosis 223--4, 235 
Meissner's corpuscle 166, 193 
membrane 

artificial 37, 39 
cell, 3, 4-5, ·37-8 
nuclear 5-6 
selectively permeable 36-7, 39 

menopause 178 
menstrual cycle 178-9, 214 

Index 373 

menstrual period 178-9 
menstruation 178-9 
mercury pollution 272 
mesenteric arterv 142 
mesophyll59, 61-
metabolic water 348 
metabolism 26, 119, 348 
metamorphosis 337-8 
micro-organisms 

(see also viruses, bacteria, 
protista and fungi) 
in soil262 

micropyle 87,92-3 
microscopes 2-5 
microvilli 34, 130 
mid-brain 210--11 
middle ear 199-200 
midrib 59 
milk 177-8, 344 

in diet 116-17, 119 
milk teeth 190-91 
millipedes 258--9, 302, 335 
Minamata bay 272 
mineral elements 

in plant nutrition 53-4 
mineral particles 

in soil 254-5, 260 
mineral salts 249 

in the diet 116 
in plant nutrition 53-5 
in soil256 

miscarriage 156, 175, 177 
mites 258-9, 302 
mitochondria 3, 5-6 
mitosis 220-21, 222--4 
models 43 
molars 189-90 
molluscs 301-2, 307, 334 
monera 300 
monocotyledons 92, 305-7 

seed germination 95 
monoculture 265--6 
monosaccharides 16 
mortality rate 292 
mosquito larva 286-8 
moss 304, 306--8, 330-31 

leaf12 
motor fibre 208-9 
motor impulse 206 
motor neurones 206, 208 
moulds 323, 325 
moulting (insect) 336 
mouth 127 
mouth parts (insects) 337 
movable joint 184 
movement 184, 186, 352 
Mucor323 
mucus 125, 129, 151, 155-6, 173, 

179 
mud (sampling) 290 
multicellular organisms 300, 307 
multi-polar neurone 206, 212 
muscle 10-11, 125, 139, 140, 142, 

185-8,206-8 
cells 10-11 
contraction 26, 30, 186--8 
fibre 185-6, 195 

mushroom 324,326 
mussel302, 334 
mutation 226-7, 235, 315 
mutualism 251 
mycelium 321--4 
mycorrhiza 257-8 
myriapods 339 
myxomatosis 244 

nasal cavity 127, 194 
nastic responses 105 
national park 278 
natural immunity 147 
natural selection 237-8 
Nature Conservancy Council277 
nature reserves 277 
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neck (skeleton) 183 
nectar 81, 84---6 
nectary 80-81, 84, 86 
negative feed-back 214 
Neisseria 317 
nematodes 301 

in soil258 
nephron 160-61 
nerve 11, 206-7 

cell 9, 10, 206 
endings 190-91, 193-4, 166 
fibre 9, 206-8, 212 
impulse 35, 202, 206, 207-8, 212 

nervous system 11,205,206-11 
nets (field-work) 289 
neurones 206 
newt 303, 342 
niche 282 
nitrates 52-4, 247-9, 267-8 
nitrifying bacteria 247-8, 314 
nitrogen 52-4, 247-9 · 
nitrogen cycle 247-8 
nitrogen fixation 248 
nitrogen-fixing bacteria 247-9, 251 
nitrogenous excretion 348 
nitrogenous waste 159 

transport in blood 145 
nitrogen oxide 272-3, 275-6 
node 58 
Notonecta (water boatman) 287 
NPK fertilizer 53, 249 
nuclear membrane 5-6 
nuclear pores 6 
nucleic acid 17, 312 
nucleolus 5-6, 17, 25 
nucleus 3-4, 5-9 
nutrition 250 
Nymphaea (water lily) 284-5 

objective lens 2 
octopus 302, 334 
oesophagus 127 
oestrogen 175, 178-9, 214-15 
oil pollution 272 
oils 15, 115 
oleic acid 15 
omnivores 250 
operculum 340-41 
optic lobe 211 
optic nerve 196--8 
optimum 19 
oral groove 327-8 . 
orchid (pollination) 85 
order 301 
organelle 3, 5-7 
organic matter 

in soil255-6, 260 
organism 11 
organs 10-11 
osmo-regulation 162, 328 
osmosis 36-42 

experiments 40-42 
in guard cell 60 

osmotic gradient 75 
osmotic potential37-8, 60 
ossicle 199-200 
osteomalacia 117 
outer ear 199-200 
oval window 199-200 
ovary 

human 171-3, 178,212-15 
plant 80,81-9 

over-cooling 168-9 
over-grazing 270-71 
over-heating 168 
overweight 120 
oviduct 1 '71-80 
ovulation 172, 17~, 214 
ovule 80, 81, 86-9 
ovum 170-74, 176,223 
oxidation 24 
oxygen 

diffusion into cells 34 

dissolved in water 268, 283 
in exhaled air 157 
in germination 97, 99 
from photosynthesis 45-9, 51-2 
in respiration 24-6, 28-9 
transport in blood 138, 145 
transport in plants 76 
uptake in lungs 154 

oxygenated blood 138-9, 141, 145, 
175 

oxygen debt 25 
oxy-haemoglobin 138, 145, 154 
ozone 273 

'pace-maker' 140 
Pacinian corpuscle 193-4 
pain 193, 202, 216 
paired fins 340 
.palate 127, 189 
palisade cell4, 48, 50, 59, 61 
palisade mesophyll59, 61 
palmitic acid 15 
pancreas 127, 129, 212-13 
pancreatic amylase 129 
pancreatic juice 129 
paracetamol 216 
'parachute' fruits and seeds 90 
Paramecium 327-8 

population 292-4 
parasite 250, 347 
parasitic fungi 322 
parasitic protozoa 328 
parathyroid 116 
parental care 343, 349 

in humans 177-8 
passive smoking 156 
pasteurization 121 
pathogen 314 
pectoral fin 340 
pectoral girdle 182 
pelvic fin 340 
pelvic girdle 176, 182-4, 187 
pelvis 

hip girdle 183, 187 
kidney 160-61 

penicillin 226, 258, 325 
Penicillium 258 
penis 171-3 
peppered moth 238 
'pepper-pot' dispersal 89-90 
pepsin 128-9, 134-5 
pepsinogen 129 
peptide 15, 127-9 
peptide bond 15 
peripheral nervous system 206 
period (menstrual) 178-9 
periodontal disease 191-2 
periodontitis 192 
periphyton 284, 288 
peristalsis 125-6, 128 
permanent teeth 190-91 
permeability (soil) 261 
persistent insecticide 267 
pest control 295 
pesticide 266, 271, 295 

systemic 76 
petals 80-89 
petroleum 245-6 
pH 

effect on enzymes 19, 22 
and freshwater 289 
of soil257, 262-3 

phagocyte 137-8, 147, 318 
phagocytosis 34--5 
phantom midge larva (Chaoborus) 

287 
pharynx 127 
phenotype 229-30 
phloem 62-4, 74-5 

cell9 
phosphate 25, 52-5, 224-5, 267-8 
phosphorus 52-3, 249 

in·diet 116 

photomicrographs 2 
photoperiodism 105-6 
photorespiration 51 
photosynthesis 6, 44-52, 61, 95, 

245-6,252 
experiments 45-7,49, 51-2 
rate of 50-52 

phototropism 106--8, 110 
phylloquinone 117 
phylum 301-2, 333 
phytoplankton 243, 284, 329 
pia mater 210 
pickling 121 
PIDCP (vitamin C test) 123, 363 
pill (contraceptive) 180, 215 
pinna (ear) 199, 344 
pith 62-4, 68 
pituitary gland 211-12, 214-15 
placenta 174-6 
planarian 302 
plankton 243, 286, 329 
plankton net 289-90 
Planorbis (pond snail) 334-5 
plant cells 4-5, 8, 12 

osmotic effects 38, 41 
plant community 284-5 
plant growth substances 108-9 
plant kingdom 300, 304-6 
plaque 191-2 
plasma 137, 139, 143, 145, 161 
plasma proteins 133, 139 
Plasmodium (Malarial parasite) 

328 
plasmolysis 41-2 
plastid 5 
platelets 137, 138, 146 
pleural fluid 152-3 
pleural membrane 152-3 
plumule 92-5 
poikilothermic 340 
pollen 80, 83-7 

grain 224 
sac 81,84-5 
tube 87,91 

pollination 83, 86 
of grasses 85 
by insects 84 
of lupin 84 
of wallflower 84 

pollution 
of air 272-3, 275-6 
control 275-U 
of water 268,271, 276-7 

polypeptide 15, 19 
polypody 304, 331-2 
poly-saccharide 16 
polyunsaturates 120 
pond animals 334-5 
pond ecology 284-90 
pond skater 286 
poppy, seed dispersal 89-90 
population 264-5, 281-2,292-7 

dynamics 294 
fluctuations 293-4 
growth 292-3, 291Hi 
patterns 296 
of world 122, 180 

pores 
nucleus 5-6 
skin 166-7 
stoma 9-10 

pore space 254-5 
posture 195, 201 
potassium 53-4, 60, 249 

in diet 116 
potassium nitrate 53--4 
potato 102, 249 
potato blight 249 
potometer 77 
predation 294 
predator 242 
pregnancy 17 4-6 

dietary needs 119 

premature birth 177 
premolars 189 
preservation (food) 121 
pressure-sensory endings 193 
primary consumer 243, 252 
primate 301 
producer 243, 246, 250, 252 
progesterone 175, 178-9, 214-15 
'pro-legs' 338 
proprioceptor 195 
prostate gland 171-2 
protease 19, 128-9 
protection (skeleton) 184 
proteinase 128 
proteins 14-15, 19, 225 

in diet 114-15, 118-19 
digestion 127-9 
test for 122-3 

protista 300, 307, 327-8, 348 
protophyta 300, 327 
protoplasm 4 
protozoa 300, 308, 327 

in soil263· 
'Pruteen' 314 
ptyalin 127 
puberty 178 
puff-ball 323 
pulmonary artery and vein 139, 

141-2,152,154 
pulmonary cavity (snail) 334-5 
pulmonary circulation 140-41 
pulp (tooth) 190 
pulse (arterial) 14l-2 
pupa 337-8 
pupil 196, 198-9 
pyloric sphincter 127-9 
pyramid 

biomass 243, 252 
energy 243 
numbers 243 
population 296 

pyrogallic acid 97 
pyruvic acid 25 

radiation 227 
radicle 92-4, 96 

growth 69, 97 
response to stimuli 106, 109-10 

radioactive waste 272 
radius 11, 183-4, 186 
radula 334-5 
ragworm 302 
ram's horn snail334 
Ranunculus aquatilis (water 

crowfoot) 284-5 
Ranunculus fluitans (river 

crowfoot) 284 
rate 

of diffusion 34 
of enzyme reactions 19 
of photosynthesis 50-52 
of respiration 29 

receptacle 81, 88-9 
receptor 193, 353 
recessive 228-9 
recessive back-cross 231 
reclamation 278 
rectum 127, 131 
recycling 245-9, '278-9 
red cells 116, 137-8, 146, 154, 239 
reed (Phragmites communis) 285 
reedmace (Typha latifolia) 285 
reed swamp 285 
refined sugar, and tooth decay 191 
reflex action 207-9 
reflex arc 207-9 
refraction 195-7 
refrigeration 121, 311 
rejection (transplants) 163 
relay neurone 208-·9 
renal artery and vein 141, 160-61 
renal tubules 160-61 
replication 221-2 



reproduction 342, 351 
bacteria 311 
bird 343 
fish 341 
flowering plants 8(}--89 
frog 342 
human 170-80 
mammal344 
reptile 342 
virus 313 

reproduction rate 292 
reproductive organs 214 

human 171-2 
plant 80-81 

reproductive system 
human 171-2 

reptile 301, 303, 307, 343 
resistance 

to disease 318 
to drugs 226-7 

respiration 6, 24-30, 48-9, 52, 246, 
346-7 

experiments 26-30 
rate 29 

respiratory surface 155, 347 
respiratory system 155 
respirometer 28--9 
retina 196--8 
retinoll17 
rhinovirus 315 
rhizoid 330-31 
rhizomes 100-102, 331 
rhizosphere 258 
rib cage 11 
riboflavin 117 
ribose 17, 25 
ribose-nucleic acid 6, 17 
ribosome 3, 5-6 
ribs 182-4 

in breathing 152-3 
rice (in diet) 115-17 
rickets 117 
river crowfoot (Ranunculus 

fluitans) 284 
RNA (ribose-nucleic acid) 6, 17, 

311--13 
rodent301 
rods (eye) 197 
root (plant) 58, 227 

function 75 
growth 65-6, 68-9 
responses 106-10 
structure 64-5 
uptake of water 75 

root (tooth) 189-91 
root cap 64-5, 75 
root hairs 64-6, 75, 94 
rooting 'hormone' 104 
root nodules 247-9, 251 
root pressure 74-5, 79 
root system 58, 66 
rootstock 100-101 
roughage 117 
rubella 176-7 
runner (stolon) 100-101 
'rust' disease 323 
rye grass 83 

Sabin (polio vaccine) 147 
'saddle' (earthworm) 334 
saliva 21--2, 127, 134-5 
salivary amylase 127, 134 
salivary gland 127 
Salk (polio vaccine) 147 
salmonella 315-17 
salt(taste)184,203-4 
salting (food) 121 
salts 17 

in the diet 116 
excretion 159-61 

~~oil53,256 
~ort in plants 74 

·-~.roots 76 
·~. 

sampling techniques 289 
sand particles 254-6, 260 
saprophyte 245, 250, 322 
saprophytic fungi 322 
saturated fatty acids 119 
scale leaf 101-2 
scales 343 
scanning electron microscope 6 
scapula (shoulder blade) 183 
scavenger 242 
scent (flowers) 85-6 
scion 103--4 
sclera 196, 198 
scrotum 171-2 
scurvy 117 
sea anemone 302 
seal303 
search techniques 290 
seaweeds 304, 330 
sebaceous gland 166-7 
secondary consumer 243-4, 252 
secondary sexual characteristics 

178 
secretin 129 
section 3-4, 7 

freeze etched 6 
sedative 216 
seeds 80-81 

dispersal 89-90 
dormant99 
formation 87-9 
germination 93-9 
structure 92-3, 95 

seed-bearing plants 305-6, 308 
seed coat 87,92 
seed dispersal 89-90 
segment333,335-6,338-9 
segmentation 333, 335-9 
selection 238-9 
selection pressure 238 
selectively permeable membrane 

36,37,39 
selective reabsorption 160, 162 
selective weed-killer 109 
self-pollination 83 
semen 172-3 
semicircular canal 200-201 
semi-lunar valve 139-40 
seminal vesicle 171-2 
'semi-permeable' membrane 36 
sensation 202, 207 
sense organs 193-4 
senses 193-204 
sensitivity 352 

plants 105 
skin 165 

sensory cell193--4, 201-2 
sensory fibre 208--9 
sensory impulse 202, 206 
sensory nerve endings 193--4, 200 
sensory neurones 206 
sepal80,81-4,88-9 
serum 147--8 
sewage 267, 271 

disposal 277, 317 
sludge 277 

sex chromosome 232-3 
sex determination 232-3 
sex hormones 178 
sexually transmitted diseases 317 
sexual reproduction 236, 349, 

350---51 
human 170---80 
plants 80-91 

sheath (contraceptive) 179 
shell (molluscs) 334 
shivering 168 
shoot 2, 58 

response to stimuli 106--8 
short-day plants 106 
shoulder blade 182-4, 186 
shoulder girdle 182 
shoulder joint 183-4 

shrubs 305, 307 
sickle-cell anaemia 226, 232, 239 
sickle-cell trait 232 
sieve plate 9, 63-4 
sieve tube 59, 62-3, 64 
sight 196-9, 211 
sigmoid curve 292-3, 352 
silicon oxide 255 
silt particle 254-6, 260 
single-cell protein 314, 325 
single factor inheritance 228-31 
Site of Special Scientific Interest 

(SSSI) 278 
skeletal muscle 185-6 
skeletal system 11 
skeleton 182-3 

functions 184 
skin 165-8 

excretory function 159 
skin senses 193, 203 
skullll, 182-4 
'sleep' movements (plants) 105 
slime capsule 310 
slow-worm 303 
sludge 277 
slug 302, 334 
small intestine 11, 127, 129, 130-31 
smell 

receptor 194 
sense 194-5, 211 

'smog' 272, 275 
smoking 

and bronchitis 156 
and heart attacks 149, 156 
and lung cancer 155, 157 
and pregnancy 175 

smooth muscle 185-6 
snail 302, 334 
snake 303, 343 
soda-lime 27-9, 46 
sodium (in diet) 116 
sodium hydrogencarbonate 129 
soft palate 127--8 
soil254--8,260-61 
soil erosion 269-71 
soil-less culture 54 
somatic cell221 
sori 331-2 
sound 199 
sour taste 194, 203-4 
specialization 

cells 7, 9-10 
protista 328 

species 301, 306 
specificity 

of antibodies 147 
of enzymes 19 
of sense organs 202 

spermatazoa 170 
sperm duct 171-2 
sperm production 172 
sperms 170-73, 223 
sphincter 186 

bladder 160-61 
pyloric 128-9 

spider 302, 335, 339 
spinal column 182 
spinal cord 11, 182, 184, 206, 

208-9,210-11 
spinal nerve 206, 208--9 
spinal reflex 208 
spine (spinal column) 182 
spiracle (insect) 338 
Spirogyra 329-30 
spirometer 154 
spleen 144--5 
spongy mesophyll 59, 61 
spontaneous abortion 177 
sporangia 

ferns 332 
Mucor323 

spore capsule 330-31 
spores 330, 332 

Index 375 

bacteria 311 
fungi 322-4, 326 

springtails 25&-9, 286 
squash preparation 227 
SSSI (Site of Special Scientific 

Interest) 278 
stamens 80, 81-6, 88-9 
stapes 199-200 
starch 16,20-22,102,114-15 

digestion 126, 129, 134-5 
digestion by fungi 325-6 
in seeds 94, 96 
test for 122-3 

starch phosphorylase 21 
stearic acid 15 
stem 3, 58 

growth 66, 69 
strength 64, 68 
structure 62-4 

stem tuber 102 
sterilization (bacterial) 319 
sternum 153, 183 
steroids 15 
stickleback 340--41 
stigma 80, 81-9 
stimulant 215 
stimulus 105-6, 193-4, 202, 352-3 
stock (grs,ft) 103-4 
stolon 100-101 
stoma (stomata) 9-10,48, 59, 

60-61,68,71-3,78-9,284 
stomach 127-9 
stomatal pore 60-61 
storage (of food) 131-2, 347 

in plants 52 
strawberry 

flowers and fruits 88-9 
runners 100-101 

Streptococcus 315 
Streptomyces 258 
streptomycin 258, 325 
stress 213 

and heart disease 150 
stretch receptor 195, 199, 208 
striated muscle 185 
structural proteins 14 
style (flower) 81-3,87-9 
subclavian artery and vein 142 
submerged plants 284-5 
subsoil254 
substrate 19, 284 
succession 285-6 
suckling 177--8, 344 
sucrase 19 
sucrose 16, 19, 74, 114, 119 

and tooth decay 191 
sugar 15-16, 114-15, 119 

test for 122-3 
and tooth decay 191 

sulphates 52-4 
sulphur 52-4 
sulphur dioxide 272-3, 275-6 
sunburn 165 
sunlight 245, 251-2 

in photosynthesis 45-8, 50 
effect on skin 165 

sun-tan 165 
superphosphate 53 
support (skeleton) 184 
surface area 34 

leaves 50 
lungs 155-6 
intestine 130 
respiratory organs 347 
root system 65 
soil particles 255 
and volume 329 

surface feeder 286 
surface film 283, 286 
surface tension 283 
surface waters (pond) 284 
survival value 238, 353 
suspensorylig81Dent196, 198 
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swallowing 127--8 toadstool245,322 unisexual 80, 83 seed dispersal90 
swamp carr 286 tobacco mosaic virus (TMV) 312 unsaturated fatty acids 119-20, washing powders 314 
sweat 168 tocopherol117 150 wasp 302 

duct166-7 toes 183 unstriated muscle 185 water 14 
gland 166-8 tolerance (drugs) 216 urbanization 264 in diet 117-18 

sweating 160, 168 tomato 239 urea 133, 145, 159--61, 348 and disease transmission 317 
sweep net 289 flower and fruit 88 ureter 160 as an environment 283 
sweet taste 194, 203-4 tongue 127, 194, 203-4 urethra 160-61, 171-2 excretion 159-62 
swim bladder 340 toothache 191 uric acid 159, 161, 348 in germination 94, 97--8 
sycamore (fruit) 90 topsoil254 urine 159, 161-2 in photosynthesis 44-5, 47--8, 50 
symbiont 250 touch uterus 171, 173-6, 178-9, 215 physical properties 282 
symbiosis 250-51, 258 sense 166 utriculus 200-201 from respiration 24 
sympathetic nervous system 213 sensitivity 203 in soil 254-7, 260-61 
synapse 207-9 . sensory endings 193 vaccination 147 in transpiration 71-3, 78 
synovial fluid 184 toxins 121, 147 vaccine 147 transport in plants 71-3, 75, 78 
synovial joint 184 toxoid 147 vacuole 4, 5-6, 8-9, 12,38 uptake by plants 77 
syphilis 317 trace elements 52 vagina 171, 173, 176 uptake by roots 75 
syrup (food preservation) 121 trachea 127, 151-3 valine 15, 115-16, 225-6 Water Act 276 
system 11 training 210 valves water balance 162 
systemic circulation 140-41 tranquillizer 216 heart 139-40 water beetle 287--8, 337 
systemic pesticide 76 transducer 193 lymphatics 144 water boatman'287-8 

transect 290 veins 143 water crowfoot 284-5 
tadpole 342 translocation 74 variables 98 water cultures 53-4 . 
tail fin 340 transmission of disease 314-17 variation 235-8 water cycle 248-9 
tapeworm 250, 302 transmitter substance 207 variegated leaf 45 water .flea 286 
tap root 58, 62, 66 transpiration 71-3, 78 vascular bundle 59, 62, 77 water lily 284-5 
target organs 145, 212 contro173 function 63-4 water louse (Asellus) 287 
tartar 191 functions 72 vascular plants 306, 331 water pollution 268, 271,276-7 
tartrazine 122 rate 73, 76-7 vasectomy 180 water sac 174, 176 
taste(sense)194,203-4 transpiration stream 71 vaso-constriction 168 water-soluble vitamins 117 
taste-buds 194 transport vaso-dilation 168 weaning 178 
tear glands 196 by circulatory system 145 vegetative propagation 100-102 weed-killer 109 
tears 196 food in plants 74-5 advantages 102 weight (human) 120 
teeth 116, 189--92 gases in plants 76 vein western diets 119 
temperature salts in plants 74 human 11, 141-2, 143 whales 280 

of body 167-9 water in plants 71-3, 77--8 leaf 59, 62, 64 wheat 249 
changes in water 283 transport systems 347-8 vena cava 139, 141-2 genetics 234 
and enzyme reactions 19, 21 transverse section 3--5, 62 venereal disease 317 seed germination 95 
and germination 98--9 trees 305, 307 venous system 142 white cells 9, 137-8, 146 
measurement in water 298 Treponema 317 ventilation 347 white matter 208, 210 
and photosynthesis 50-51 triceps 186-7, 208 lungs 152-3, 155 wilting 38, 72-3 
and transpiration 73 tricuspid valve 139-40 ventral fin 340 wind dispersal (seeds) 89-90 

temperature control16R--9 triglyceride 15 ventral root 208-9 windpipe 127, 151 
tendon 184, 186 tripeptide 15 ventricle wind pollination 85-6 
tentacle 334-5 tristearin 15 heart 139-41 winged fruits 90 
terminal bud 58,66-7, 101 trophic level 243 brain 211 wings (insect) 336-8 
tertiary consumer 243-4, 252 tropical forests 269 venules 142-3 'wisdom' tooth 189-90 
testa 87, 92-4 tropisms 105-10, 353 vertebra 182-4 withdrawal symptoms 216 
test cross 231 advantages 107 vertebral column 182-4, 187, 340, womb 171 
testis 171-2, 212, 214 mechanism 108 343 woodland carr 286 
testosterone 178, 214 trout341 vertebrates 301, 303, 307-8, 340-45 woodlouse 302 
'test-tube babies' 180 true-breeding 229 vessel59,62,63-4,68 world food 122 
thallus 330 'true-legs' 338 vibrissae 344 world population 180, 296 
thermal capacity 14 trypsin-129 villi (villus) 129-31 World Wildlife Fund 279--80 
thigh bone (femur) 182-3 trypsinogen 129 virus diseases 315--16 worm cast 334 
thorax tryptophan 116 viruses 311-16 worms333 

human 152-3 TSH (thyroid-stimulating vision 196-9 wrist bones 183 
insect 335--8 hormone) 214-15 'Visking' tubing 39 WWF (World Wildlife fund) 

thrombus 149 tuber 102 vitamins 17, 116-17 279--80 
· thymine 225 tuberculosis 316 absorption 131 

thymus 145 Tubifex 288 storage 133 X-chromosome 232-3 ,, thyroid gland 116, 212, 215 tubule (kidney) 3, 10 test for 123 X-rays 227 
thyroid-stimulating hormone turgid 38 vitreous humour 196 xylem 64, 73, 75, 78 

(TSH) 214-15 turgor 40, 42, 60 viviparity 343 
thyroxine 116, 212-15 turgor pressure 38 voluntary action 210 

Y -chromosome 232-3 tibia 11, 183, 187-8, 208 twins 176 voluntary muscle 185-6 
tiger moth 238 Typha latifolia (reedmace) 285 Vol[}ox306 yeast6,24,29-30,324-5,326 
tinea 315,322 typhoid 315 Vorticella 327 population 294 
tissue 10-11 vulva 171, 176 yolk sac 341 
tissue .culture 12 ulna 11, 183-4, 186 
tissue fluid 142--3, 145, 163-4 ultra-filtration 160-61 Wallace 237 zona pellucida 172-4 
tissue respiration 24, 155 ultra-violet light 165, 227, 273 wallflower zonation 286 
TMV (tobacco mosaic virus) 312 umbilical cord 174-6 flower structure 80--81 zooplankton 243, 329 
toad 303, 342 unicelJular organisms 300, 327 pollination 84 zygote 170-71, 349 
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