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 6 Plant nutrition

 ● Photosynthesis
Key defi nition
Photosynthesis is the process by which plants manufacture 

carbohydrates from raw materials using energy from light.

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’ that drives essential living processes 
and brings about chemical changes (see ‘Diet’ in 
Chapter 7 and ‘Aerobic respiration’ in Chapter 12). 
Animals take in food, digest it and use the digested 
products to build their tissues or to produce energy.

Plants also need energy and raw materials but, apart 
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.

Jean-Baptiste van Helmont was a Dutch scientist 
working in the 17th century. At that time very little 
was known about the process of photosynthesis. He 
carried out an experiment using a willow shoot. He 
planted the shoot in a container with 90.8 kg of dry 
soil and placed a metal grill over the soil to prevent 
any accidental gain or loss of mass. He left the shoot 
for 5 years in an open yard, providing it with only 
rainwater and distilled water for growth. After 5 years 
he reweighed the tree and the soil (see Figure 6.1) 
and came to the conclusion that the increase in mass 
of the tree (74.7 kg) was due entirely to the water it 
had received. However, he was unaware that plants 
also take in mineral salts and carbon dioxide, or that 
they use light as a source of energy.

2.3 kg

willow

willow

77.0 kg

dry soil

90.8 kg

dry soil

90.8 kg

5 years

water only

Figure 6.1 Van Helmont’s experiment 

A hypothesis to explain the source of food in a 
plant is that it makes it from air, water and soil salts. 
Carbohydrates (Chapter 4) contain the elements carbon, 
hydrogen and oxygen, as in glucose (C6H12O6). The 
carbon and oxygen could be supplied by carbon dioxide 
(CO2) from the air, and the hydrogen could come from 
the water (H2O) in the soil. The nitrogen and sulfur 
needed for making proteins (Chapter 4) could come 
from nitrates and sulfates in the soil.

This building-up of complex food molecules from 
simpler substances is called 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 
fi rst stages in the synthesis comes from sunlight. The 
process is, therefore, called photosynthesis (‘photo’ 
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means ‘light’). There is evidence to suggest that the 
green substance, chlorophyll, in the chloroplasts of 
plant cells, plays a part in photosynthesis. Chlorophyll 
absorbs sunlight and makes the energy from sunlight 
available for chemical reactions. Thus, in effect, the 
function of chlorophyll is to convert light energy to 
chemical energy.

A chemical equation for photosynthesis would be

carbon  
dioxide + water 

light energy
chlorophyll

 glucose + oxygen

In order to keep the equation simple, glucose is 
shown as the food compound produced. In reality, 
the glucose is rapidly converted to sucrose for 
transport around the plant, then stored as starch or 
converted into other molecules.

Practical work

Experiments to investigate 
photosynthesis
The design of biological experiments is discussed in Chapter 12 
‘Aerobic respiration’, and this should be revised before studying 
the next section. 

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

6CO2 + 6H2O 
sunlight
chlorophyll

 C6H12O6 + 6O2

 uptake  uptake production release 
 of carbon  of water of sugar of 
 dioxide  (or starch) oxygen

If photosynthesis is occurring 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 chlorophyll, sunlight or 
carbon dioxide, in turn. If the photosynthesis hypothesis is sound, 
then the lack of any one of these three conditions should stop 
photosynthesis, and so stop the production of starch. But, if 
starch production continues, 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 variable 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 that stopped the production of starch. 
To make sure that the experimental design has not altered more 
than one variable, 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 (see ‘Aerobic respiration’ in Chapter 12).

Destarching 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 in the open, the experiment is  
set up on the day before the test. During the night, most of  
the starch will be removed from 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/brown) 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. However, a 
living leaf is impermeable to iodine and the chlorophyll in the  
leaf masks any colour change. So, the leaf has to be treated  
as follows:

BURNER
EXTINGUISHED

boiling water

boiling
alcohol

Figure 6.2 Experiment to remove chlorophyll from a leaf

■ Heat some water to boiling point in a beaker and then turn 
off the Bunsen flame.

■ Use forceps to dip a leaf in the hot water for about 
30 seconds. This kills the cytoplasm, denatures the enzymes 
and makes the leaf more permeable to iodine solution.

■ Note: make sure the Bunsen flame is extinguished before 
starting the next part of the procedure, as ethanol is 
flammable.
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■ Push the leaf to the bottom of a test-tube and cover it with 
ethanol (alcohol). Place the tube in the hot water (Figure 6.2). 
The alcohol will boil and dissolve out most of the chlorophyll. 
This makes colour changes with iodine easier to see. 

■ Pour the green alcohol into a spare beaker, remove the leaf 
and dip it once more into the hot water to soften it.

■ Spread the decolourised leaf flat on a white tile and drop iodine 
solution on to it. The parts containing starch will turn blue; 
parts without starch will stain brown or yellow with iodine.

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 in 
patches, is used. A leaf of this kind is shown in Figure 6.3(a). The 
white part of the leaf serves as the experiment, 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. Remove a leaf from the plant; draw 
it carefully to show where the chlorophyll is (i.e. the green parts) 
and test it for starch as described above.

Result 
Only the parts that were previously green turn blue with iodine. 
The parts that were white stain brown (Figure 6.3(b)).

(b) after testing for starch(a) variegated leaf

Figure 6.3 Experiment to show that chlorophyll is necessary

Interpretation
Since starch is present only in the parts that originally contained 
chlorophyll, it seems reasonable to suppose that chlorophyll is 
needed for photosynthesis.

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

2 Is light necessary for photosynthesis?

■ Cut a simple shape from a piece of aluminium foil to make  
a stencil and attach it to a destarched leaf (Figure 6.4(a)). 

■ After 4 to 6 hours of daylight, remove the leaf and test  
it for starch.

Result
Only the areas which had received light go blue with iodine 
(Figure 6.4(b)).

(b) after testing for starch

leaf still
attached
to tree

aluminium
foil stencil

(a)

Figure 6.4 Experiment to show that light is necessary

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

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

3 Is carbon dioxide needed for photosynthesis?

■ Water two destarched potted plants and enclose their shoots 
in polythene bags. 

■ In one pot place a dish of soda-lime to absorb the carbon 
dioxide from the air (the experiment). In the other place a dish 
of sodium hydrogencarbonate solution to produce carbon 
dioxide (the control), as shown in Figure 6.5. 

■ Place both plants in the light for several hours and then test a 
leaf from each for starch.

either soda-lime
or sodium
hydrogencarbonate
solution

plastic bag

Figure 6.5 Experiment to show that carbon dioxide is necessary
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Result
The leaf that had no carbon dioxide does not turn blue.  
The one from the polythene bag containing carbon dioxide  
does turn blue.

Interpretation
The fact that starch was made in the leaves that had carbon 
dioxide, but not in the leaves that had no carbon dioxide, 
suggests that this gas must be necessary for photosynthesis. 
The control rules out the possibility that high humidity or high 
temperature in the plastic bag prevents normal photosynthesis.

4 Is oxygen produced during photosynthesis?

■ Place a short-stemmed funnel over some Canadian pondweed 
in a beaker of water. 

■ Fill a test-tube with water and place it upside-down over 
the funnel stem (Figure 6.6). (The funnel is raised above the 
bottom of the beaker to allow the water to circulate.) 

■ Place the apparatus in sunlight. Bubbles of gas should appear 
from the cut stems and collect in the test-tube. 

■ Set up a control in a similar way but place it in a dark 
cupboard. 

■ When sufficient gas has collected from the plant in the light, 
remove the test-tube and insert a glowing splint.

Result
The glowing splint bursts into flames.

gas collecting

sunlight

Canadian
pondweed

support to keep
funnel off bottom

Figure 6.6 Experiment to show that oxygen is produced

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. 
The oxygen is given off only in the light.

Note 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.

Controls
When setting up an experiment and a control, which of the two 
procedures constitutes the ‘control’ depends on the way the 
prediction is worded. For example, if the prediction is that ‘in the 
absence of light, the pondweed will not produce oxygen’, then 
the ‘control’ is the plant in the light. If the prediction is that ‘the 
pondweed in the light will produce oxygen’, then the ‘control’ is 
the plant in darkness. As far as the results and interpretation are 
concerned, it does not matter which is the ‘control’ and which is 
the ‘experiment’.

The results of the four experiments support the hypothesis of 
photosynthesis as stated at the beginning of this chapter 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 ‘light-
independent’ reaction).

5 What is the effect of changing light intensity on 
the rate of photosynthesis? (Method 1)
In this investigation, the rate of production of bubbles by a pond 
plant is used to calculate the rate of photosynthesis.

■ Prepare a beaker of water or a boiling tube, into which a 
spatula end of sodium hydrogencarbonate has been stirred 
(this dissolves rapidly and saturates the water with carbon 
dioxide, so CO2 is not a limiting factor).

■ Collect a fresh piece of Canadian pondweed and cut one end 
of the stem, using a scalpel blade. 

■ Attach a piece of modelling clay or paperclip to the stem and 
put it into the beaker (or boiling tube). 

■ Set up a light source 10 cm away from the beaker and switch 
on the lamp (Figure 6.7). Bubbles should start appearing from 
the cut end of the plant stem. Count the number of bubbles 
over a fixed time e.g. 1 minute and record the result. Repeat 
the count. 

bubbles appear from
the cut end of the stem

paper clip holds
pondweed
upside down

Figure 6.7 Experiment to investigate light intensity and oxygen production 
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■ Now move the light source so that it is 20 cm from the beaker. 
Switch on the lamp and leave it for a few minutes, to allow 
the plant to adjust to the new light intensity. Count the 
bubbles as before and record the results.

■ Repeat the procedure so that the numbers of bubbles for at 
least fi ve different distances have been recorded. Also, try 
switching off the bench lamp and observe any change in the 
production of bubbles.

■ There is a relationship between the distance of the lamp from 
the plant and the light intensity received by the plant. Light 

intensity = 1
2D
 where D = distance.

■ Convert the distances to light intensity, then plot a graph 
of light intensity/arbitrary units (x-axis) against rate of 
photosynthesis/bubbles per minute (y-axis).

Note: in this investigation another variable, which could affect 
the rate of photosynthesis, is the heat given off from the bulb. To 
improve the method, another beaker of water could be placed 
between the bulb and the plant to act as a heat fi lter while 
allowing the plant to receive the light.
■ If the bubbles appear too rapidly 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 (Figure 6.8).

pull the paper
along steadily

after 15 seconds
count the dots

tap rhythmically
in time with the
bubbles appearing

Figure 6.8 Estimating the rate of bubble production

Result 
The rate of bubbling should decrease as the lamp is moved 
further away from the plant. When the light is switched off, the 
bubbling should stop.

Interpretation
Assuming that the bubbles contain oxygen produced by 
photosynthesis, as the light intensity is increased the rate of 
photosynthesis (as indicated by the rate of oxygen bubble 
production) increases. This is because the plant uses the light 
energy to photosynthesise and oxygen is produced as a waste 
product. The oxygen escapes from the plant through the cut 
stem. 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.

6 What is the effect of changing light intensity on 
the rate of photosynthesis? (Method 2)
This alternative investigation uses leaf discs from land plants 
(Figure 6.9).

lm 08

lm 06

Figure 6.9 Using leaf discs to investigate the effect of light intensity 
on photosynthesis 

■ Use a cork borer or paper hole punch to cut out discs from 
a fresh, healthy leaf such as spinach, avoiding any veins 
(Figure 6.9(a)). The leaves contain air spaces. These cause the 
leaf discs to fl oat when they are placed in water. 

■ At the start of the experiment, the air needs to be removed 
from the discs. To do this place about 10 discs into a large 
(10 cm3) syringe and tap it so the discs fall to the bottom 
(opposite the plunger end). 

■ Place one fi nger over the hole at the end of the syringe barrel. 
Fill the barrel with water, then replace the plunger. 

■ Turn the syringe so the needle end is facing up and release 
your fi nger. 

■ Gently push the plunger into the barrel of the syringe to force 
out any air from above the water (Figure 6.9(b)). 

■ Now replace your fi nger over the syringe hole and withdraw 
the plunger to create a vacuum. 

■ Keep the plunger withdrawn for about 10 seconds. This sucks 
out all the air from the leaf discs. They should then sink to the 
bottom (Figure 6.9(c)). Release the plunger. 

■ Repeat the procedure if the discs do not all sink.
■ Remove the discs from the syringe and place them in a beaker, 

containing water, with a spatula of sodium hydrogencarbonate 
dissolved in it (Figure 6.9(d)). 

■ Start a stopwatch and record the time taken for each of the 
discs to fl oat to the surface. Ignore those that did not sink. 
Calculate an average time for the discs to fl oat.

■ Repeat the method, varying the light intensity the discs are 
exposed to in the beaker (see Experiment 5 for varying the 
light intensity produced by a bench lamp).

Result 
The greater the light intensity, the quicker the leaf discs fl oat to 
the surface.

Interpretation
As the leaf discs photosynthesise they produce oxygen, which is 
released into the air spaces in the disc. The oxygen makes the 

(a)

(c)

(b)

(d)
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discs more buoyant, so as the oxygen accumulates, they fl oat to 
the surface of the water. As light intensity increases, the rate of 
photosynthesis increases.

7 What is the effect of changing carbon dioxide 
 concentration on the rate of photosynthesis?
Sodium hydrogencarbonate releases carbon dioxide when 
dissolved in water. Use the apparatus shown in Figure 6.10. 

lamp

syringe

gas given off

pondweed, e.g. Elodea

capillary tube

meniscus

ruler

Figure 6.10 Apparatus for investigating the effect of changing carbon 
dioxide concentration on the rate of photosynthesis 

■ To set this up, remove the plunger from the 20 cm3 syringe and 
place two or three pieces of pondweed, with freshly cut stems 
facing upwards, into the syringe barrel. Hold a fi nger over the 
end of the capillary tube and fi ll the syringe with distilled water. 

■ Replace the plunger, turn the apparatus upside down and 
push the plunger to the 20 cm3 mark, making sure that no air 
is trapped. 

■ Arrange the apparatus as shown in Figure 6.10 and move 
the syringe barrel until the meniscus is near the top of the 
graduations on the ruler. The bulb should be a fi xed distance 
from the syringe, e.g. 10 cm. 

■ Switch on the lamp and measure the distance the meniscus 
moves over 3 minutes. Repeat this several times, then calculate 
an average. 

■ Repeat the procedure using the following concentrations of 
sodium hydrogencarbonate solution: 0.010, 0.0125, 0.0250, 
0.0500 and 0.1000 mol dm−3. 

■ Plot a graph of the concentration of sodium 
hydrogencarbonate solution (x-axis) against the mean distance 
travelled by the meniscus (y-axis).

Result
The higher the concentration of sodium hydrogencarbonate 
solution, the greater the distance moved by the meniscus.

Interpretation
As the concentration of available carbon dioxide is increased, 
the distance travelled by the meniscus also increases. The 
movement of the meniscus is caused by oxygen production by 
the pondweed due to photosynthesis. So an increase in carbon 
dioxide increases the rate of photosynthesis.

8 What is the effect of changing temperature on the 
rate of photosynthesis?
Use the methods described in Experiments 5 or 6, but vary the 
temperature of the water instead of the light intensity.

Questions

1 Which of the following are needed for starch production in 
a leaf?

 carbon dioxide, oxygen, nitrates, water, chlorophyll, soil, 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 Experiment 3 (concerning the need for carbon dioxide), 
what were the functions of:
a the soda-lime
b the sodium hydrogencarbonate
c the polythene bag?

5 a  Why do you think pondweed, rather than a land plant, 
is used for Experiment 4 (concerning production of 
oxygen)?

b In what way might this choice make the results less 
useful?

6 A green plant makes sugar from carbon dioxide and water. 
Why is it not suitable to carry out an experiment to see if 
depriving a plant of water stops photosynthesis?

7 Does the method of destarching a plant take for granted the 
results of Experiment 2? Explain your answer.

You need to be able to state the balanced chemical 
equation for photosynthesis.

6CO2 + 6H2O light energy
chlorophyll

 C6H12O6 + 6O2

The process of photosynthesis
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 (Figure 6.11) and is summarised in 
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Figure 6.12. In land plants water is absorbed 
from the soil by the roots and carried in the 
water vessels of the veins, up the stem to the 
leaf. Carbon dioxide is absorbed from the air 
through the stomata (pores in the leaf, see ‘Leaf 
structure’ later in this chapter). In the leaf cells, 
the carbon dioxide and water are combined to 
make sugar. The energy for this reaction comes 
from sunlight that 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 (Figure 6.12(d)) are small, green 
structures present in the cytoplasm of the leaf cells. 
Chlorophyll is the substance that 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’ 
or ‘light-dependent’ reaction). The oxygen escapes 
from the leaf and the hydrogen molecules are 
added to carbon dioxide molecules to form sugar 
(the ‘dark’ or ‘light-independent’ reaction). In 
this way the light energy has been transferred into 
the chemical energy of carbohydrates as they are 
synthesised. 

Figure 6.11 All the reactions involved in producing food take place in 
the leaves. Notice how little the leaves overlap

There are four types of chlorophyll that may be 
present in various proportions in different species. 
There are also 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 that occur in certain 
seaweeds.

The plant’s use of photosynthetic 
products
The glucose molecules produced by photosynthesis 
are quickly built up into starch molecules and added to 
the growing starch granules in the chloroplast. If the 
glucose concentration was allowed to increase in the 
mesophyll cells of the leaf, it could disturb the osmotic 
balance between the cells (see ‘Osmosis’ in Chapter 3). 
Starch is a relatively insoluble compound and so does 
not alter the osmotic potential of the cell contents.

The starch, however, is steadily broken down 
to sucrose (Chapter 4) and this soluble sugar is 
transported out of the cell into the food-carrying 
cells (see Chapter 8) of the leaf veins. These veins 
will distribute the sucrose to all parts of the plant 
that do not photosynthesise, e.g. the growing buds, 
the ripening fruits, the roots and the underground 
storage organs.

The cells in these regions will use the sucrose in a 
variety of ways (Figure 6.13).

Respiration
The sugar can be used to provide energy. It is 
oxidised by respiration (Chapter 12) to carbon 
dioxide and water, and the energy released is used to 
drive other chemical reactions such as the building-
up of proteins described below.

Storage
Sugar that is not needed for respiration is turned into 
starch and stored. Some plants store it as starch grains 
in the cells of their stems or roots. Other plants, 
such as the potato or parsnip, have special storage 
organs (tubers) for holding the reserves of starch 
(see ‘Asexual reproduction’ in Chapter 16). Sugar 
may be stored in the fruits of some plants; grapes, for 
example, contain a large amount of glucose.

Synthesis of other substances
As well as sugars for energy and starch for storage, the 
plant needs cellulose for its cell walls, lipids for its cell 
membranes, proteins for its cytoplasm and pigments 
for its flower petals, etc. All these substances are built 
up (synthesised) from the sugar molecules and other 
molecules produced in photosynthesis.
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Figure 6.12 Photosynthesis in a leaf

By joining hundreds of glucose molecules 
together, the long-chain molecules of cellulose 
(Chapter 4, Figure 4.4) are built up and added to 
the cell walls.

Amino acids (see Chapter 4) are made by 
combining nitrogen with sugar molecules or 
smaller carbohydrate molecules. These amino acids 
are then joined together to make the proteins that 
form the enzymes and the cytoplasm of the cell. 
The nitrogen for this synthesis comes from  
nitrates which are absorbed from the soil by  
the roots.

Some proteins also need sulfur molecules and 
these are absorbed from the soil in the form of 
sulfates (SO4). Phosphorus is needed for DNA 
(Chapter 4) and for reactions involving energy 
release. It is taken up as phosphates (PO4).

The chlorophyll molecule needs magnesium (Mg). 
This metallic element is also obtained from salts in 
the soil.

Many other elements, e.g. iron, manganese, 
boron, are also needed in very small quantities for 
healthy growth. These are often referred to as  
trace elements.
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Figure 6.13 Green plants can make all the materials they need from 
carbon dioxide, water and salts.

The metallic and non-metallic elements are all taken 
up in the form of their ions by the plant roots.

All these chemical processes, such as the uptake 
of salts and the building-up of proteins, need energy 
from respiration to make them happen.

Gaseous exchange in plants
Air contains the gases nitrogen, oxygen, carbon 
dioxide and water vapour. Plants and animals take in 
or give out these last three gases and this process is 
called gaseous exchange.

You can see from the equation for photosynthesis 
that one of its products is oxygen. Therefore, 
in daylight, when photosynthesis is going on in 
green plants, they will be taking in carbon dioxide 
and giving out oxygen. This exchange of gases 
is the opposite of that resulting from respiration 
(Chapter 12) but it must not be thought that green 
plants do not respire. The energy they need for all 
their living processes – apart from photosynthesis 
– comes from respiration, and this is going on all 
the time, using up oxygen and producing carbon 
dioxide.

During the daylight hours, plants are 
photosynthesising as well as respiring, so that all the 
carbon dioxide produced by respiration is used up 

by photosynthesis. At the same time, all the oxygen 
needed by respiration is provided by photosynthesis. 
Only when the rate of photosynthesis is faster than 
the rate of respiration will carbon dioxide be taken in 
and the excess oxygen given out (Figure 6.14).

respiration O2 respiration respiration

CO2photo-
synthesis

CO2

O2
DARKNESS DIM LIGHT BRIGHT LIGHT

O2

photo-
synthesis

CO2

CO2

rates of respiration and
photosynthesis equal; no
exchange of gases with air

photosynthesis
faster than
respiration

no photosynthesis

Figure 6.14 Respiration and photosynthesis

Compensation point 
As the light intensity increases during the morning 
and fades during the evening, there will be a time 
when the rate of photosynthesis exactly matches the 
rate of respiration. 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 respiration.

Practical work

How will the gas exchange of a 
plant be affected by being kept in 
the dark and in the light?
This investigation makes use of hydrogencarbonate indicator, 
which is a test for the presence of carbon dioxide. A build-up 
of carbon dioxide turns it from pink/red to yellow. A decrease 
in carbon dioxide levels causes the indicator to turn purple.

■ Wash three boiling tubes first with tap water, then with 
distilled water and finally with hydrogencarbonate indicator 
(the indicator will change colour if the boiling tube is not 
clean). 

■ Then fill the three boiling tubes to about two thirds full with 
hydrogencarbonate indicator solution. 

■ Add equal-sized pieces of Canadian pondweed to tubes 1 
and 2 and seal all the tubes with stoppers. 

■ Expose tubes 1 and 3 to light using a bench lamp and place 
tube 2 in a black box, or a dark cupboard, or wrap it in 
aluminium foil (Figure 6.15). After 24 hours note the colour 
of the hydrogencarbonate indicator in each tube.
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Figure 6.15 Experiment to compare gas exchange in plants kept in the 
dark and in the light 

Result
The indicator in tube 3 (the control) which was originally  
pink/red should not change colour; that in tube 2 (plant in the 
dark) should turn yellow; and in tube 1 (plant in the light) the 
indicator should be purple.

Interpretation
Hydrogencarbonate indicator is a mixture of dilute sodium 
hydrogencarbonate solution with the dyes cresol red and thymol 
blue. It is a pH indicator in equilibrium with the carbon dioxide, 
i.e. its original colour represents the acidity produced by the 
carbon dioxide in the air. An increase in carbon dioxide makes it 
more acidic and it changes colour from orange/red to yellow. A 
decrease in carbon dioxide makes it less acid and causes a colour 
change to purple.

The results, therefore, provide evidence that in the light 
(tube 1) aquatic plants use up more carbon dioxide in 
photosynthesis than they produce in respiration. In darkness 
(tube 2) the plant produces carbon dioxide (from respiration). 
Tube 3 is the control, showing that it is the presence of the 
plant that causes a change in the solution in the boiling tube.

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

Effects of external factors on rate 
of photosynthesis
The rate of the light reaction will depend on the 
light intensity. The brighter the light, the faster 
will water molecules be split in the chloroplasts. 
The ‘dark’ reaction will be affected by temperature. 
A rise in temperature will increase the rate at which 

carbon dioxide is combined with hydrogen to make 
carbohydrate.

 Limiting factors

Key definition
A limiting factor is something present in the environment in 

such short supply that it restricts life processes.

If you look at Figure 6.16(a), 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 the rate of 
increase could be because all available chloroplasts 
are fully occupied in light absorption. So, no matter 
how much the light intensity 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.

Figure 6.16(b) shows that, if the temperature of a 
plant is raised, then the effect of increased illumination 
is not limited so much. Thus, in Figure 6.16(a), 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 temperature rise may cause 
photosynthesis to speed up, but only to the point 
where the light intensity limits further increase. In such 
conditions, the external factor that restricts the effect of 
the others is called the limiting factor.

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

The main effect of extra carbon dioxide 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 (Figure 6.17).
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Greenhouses also maintain a higher temperature 
and so reduce the effect of low temperature as a 
limiting factor, and they clearly optimise the light 
reaching the plants.

Parts of the world such as tropical countries often 
benefit from optimum temperatures and rainfall for 
crop production. However, greenhouses are still 
often used because they allow the growers to control 
how much water and nutrients the plants receive and 
they can also reduce crop damage by insect pests and 
disease. Sometimes rainfall is too great to benefit the 
plants. In an experiment in the Seychelles in the wet 
season of 1997, tomato crops in an open field yielded 
2.9 kg m−2. In a greenhouse, they yielded 6.5 kg m−2.
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Figure 6.16 Limiting factors in photosynthesis

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

Figure 6.17 Carrot plants grown in increasing concentrations of 
carbon dioxide from left to right

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

The role of the stomata
The stomata (Figure 6.20) in a leaf may affect the 
rate of photosynthesis according to whether they 
are open or closed. When photosynthesis 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 diffuse into the leaf. When the light intensity 
falls, photosynthesis will slow down and the build-
up of carbon dioxide 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 as 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. Their closure at night, when intake 
of carbon dioxide is not necessary, reduces the loss 
of water vapour from the leaf (see ‘Transpiration’ in 
Chapter 8).
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 ● Leaf structure
The relationship between a leaf and the rest of the 
plant is described in Chapter 8. 

A typical leaf of a broad-leaved plant is shown in 
Figure 6.18(a). (Figure 6.18(b) shows a transverse 
section through the leaf.) It is attached to the stem 
by a leaf stalk, which continues into the leaf as a 
midrib. Branching from the midrib is a network of 

veins that deliver water and salts to the leaf cells and 
carry away the food made by them.

As well as carrying food and water, the network of 
veins forms a kind of skeleton that supports the softer 
tissues of the leaf blade.

The leaf blade (or lamina) is broad. A vertical 
section through a small part of a leaf blade is shown 
in Figure 6.18(c) and Figure 6.19 is a photograph of 
a leaf section under the microscope.

(b) transverse section(a) whole leafwhole leaf

(c) (c) (c) arrangement of cells in a leafarrangement of cells in a leafarrangement of cells in a leaf xylem vesselxylem vesselxylem vessel cuticlecuticle
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Figure 6.18 Leaf structure
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Figure 6.19 Transverse section through a leaf (×30)

Epidermis
The epidermis is a single layer of cells on the upper 
and lower surfaces of the leaf. There is a thin waxy 
layer called the cuticle over the epidermis.

Stomata
In the leaf epidermis there are structures called 
stomata (singular = stoma). A stoma consists of a 
pair of guard cells (Figure 6.20) surrounding an 
opening or stomatal pore. In most dicotyledons 
(i.e. the broad-leaved plants; see ‘Features of 
organisms’ in Chapter 1), the stomata occur only in 
the lower epidermis. In monocotyledons (i.e. narrow-
leaved plants such as grasses) the stomata are equally 
distributed on both sides of the leaf. 

Figure 6.20 Stomata in the lower epidermis of a leaf (×350)

Mesophyll
The tissue between the upper and lower 
epidermis is called mesophyll (Figure 6.18(c)). 
It consists of two zones: the upper palisade 
mesophyll and the lower spongy mesophyll 
(Figure 6.23). The palisade cells are usually long 
and contain many chloroplasts. Chloroplasts 
are green organelles, due to the presence of the 
pigment chlorophyll, found in the cytoplasm 
of the photosynthesising cells. The spongy 
mesophyll cells vary in shape and fit loosely 
together, leaving many air spaces between them. 
They also contain chloroplasts. 

Veins (vascular bundles)
The main vein of the leaf is called the midrib. Other 
veins branch off from this and form a network 
throughout the leaf. Vascular bundles consist of two 
different types of tissues, called xylem and phloem. 
The xylem vessels are long thin tubes with no cell 
contents when mature. They have thickened cell 
walls, impregnated with a material called lignin, 
which can form distinct patterns in the vessel walls, 
e.g. spirals (see Chapter 8). Xylem carries water and 
salts to cells in the leaf. The phloem is in the form 
of sieve tubes. The ends of each elongated cell are 
perforated to form sieve plates and the cells retain 
their contents. Phloem transports food substances 
such as sugars away from the leaf to other parts of 
the plant.
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Table 6.1 Summary of parts of a leaf

Part of leaf Details
cuticle Made of wax, waterproofi ng the leaf. It is secreted by cells of the upper epidermis.
upper 
epidermis

These cells are thin and transparent to allow light to pass through. No chloroplasts are present. They act as a barrier to disease 
organisms. 

palisade 
mesophyll

The main region for photosynthesis. Cells are columnar (quite long) and packed with chloroplasts to trap light energy. They receive 
carbon dioxide by diffusion from air spaces in the spongy mesophyll.

spongy 
mesophyll

These cells are more spherical and loosely packed. They contain chloroplasts, but not as many as in palisade cells. Air spaces between 
cells allow gaseous exchange – carbon dioxide to the cells, oxygen from the cells during photosynthesis.

vascular 
bundle

This is a leaf vein, made up of xylem and phloem. Xylem vessels bring water and minerals to the leaf. Phloem vessels transport sugars 
and amino acids away (this is called translocation).

lower 
epidermis

This acts as a protective layer. Stomata are present to regulate the loss of water vapour (this is called transpiration). It is the site of 
gaseous exchange into and out of the leaf.

stomata Each stoma is surrounded by a pair of guard cells. These can control whether the stoma is open or closed. Water vapour passes out 
during transpiration. Carbon dioxide diffuses in and oxygen diffuses out during photosynthesis. 

Functions of parts of the leaf

 Epidermis
The epidermis helps to keep the leaf’s shape. 
The closely fi tting cells (Figure 6.18(c)) reduce 
evaporation from the leaf and prevent bacteria and 
fungi from getting in. The cuticle is a waxy layer 
lying over the epidermis, which helps to reduce 
water loss. It is produced by the epidermal cells. 

 Stomata
Changes in the turgor (see ‘Osmosis’ in Chapter 3) 
and shape of the guard cells can open or close the 
stomatal pore. In very general terms, stomata are 
open during the hours of daylight but closed during 
the evening and most of the night (Figure 6.21). 
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 during daylight), they 
allow carbon dioxide to diffuse into the leaf where it 
is used for photosynthesis.

If the stomata close, the carbon dioxide 
supply to the leaf cells is virtually 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.

It seems, therefore, that stomata allow carbon 
dioxide into the leaf when photosynthesis is taking 
place and prevent excessive loss of water vapour (see 
‘Transpiration’ in Chapter 8) when photosynthesis 
stops, but the story is likely to be more complicated 
than this.

nucleus

stomatal
pore

chloroplast

guard
cell

epidermal
cell

(b) closed

(a) open

Figure 6.21 Stoma

The detailed mechanism by which stomata open 
and close is not fully understood, but it is known 
that in the light, the potassium concentration in 
the guard cell vacuoles increases. This lowers the 
water potential (see ‘Osmosis’ in Chapter 3) of the 
cell sap and water enters the guard cells by osmosis 
from their neighbouring epidermal cells. This 
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infl ow of water raises the turgor pressure inside the 
guard cells.

The cell wall next to the stomatal pore is thicker 
than elsewhere in the cell and is less able to stretch 
(Figure 6.22). So, although the increased turgor 
tends to expand the whole guard cell, the thick inner 
wall cannot expand. This causes the guard cells to 
curve in such a way that the stomatal pore between 
them is opened.

cytoplasm

epidermal cell

thickened
cell wall

chloroplast
stomatal
pore

vacuole

guard cell

Figure 6.22 Structure of guard cells

When potassium ions leave the guard cell, the 
water 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 or out of the guard 
cells is still under active investigation.

You will notice from Figures 6.21 and 6.22 
that the guard cells are the only epidermal cells 
containing chloroplasts. 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 turgor. In fact, little or no photosynthesis 
takes place in these chloroplasts and their function 
has not been explained, 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.

 Mesophyll
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 earlier in this chapter.

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 (Chapter 3) from the outside 
air, through the stomata (Figure 6.23). This 
diffusion continues through the air spaces, up to 
the cells which are using carbon dioxide. These 
cells are 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.

 Vascular bundles
The water needed for making sugar by 
photosynthesis is brought to the mesophyll cells by 
the veins. The mesophyll cells take in the water by 
osmosis (Chapter 3) 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. The branching 
network of leaf veins means that no cell is very far 
from a water supply.

The sugars made in the mesophyll cells are passed 
to the phloem cells (Chapter 8) of the veins, and 
these 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 in 
the next paragraph.

Adaptation of leaves for 
photosynthesis
When biologists say that something is adapted, they 
mean that its structure is well suited to its function. 
The detailed structure of the leaf is described in the 
fi rst section of this chapter and although there are 
wide variations in leaf shape, the following general 
statements apply to a great many leaves, and are 
illustrated in Figures 6.18(b) and (c).

 Their broad, fl at shape offers a large surface area 
for absorption of sunlight and carbon dioxide.

 Most leaves are thin and the carbon dioxide only 
has to diffuse across short distances to reach the 
inner cells.
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Figure 6.23 Vertical section through a leaf blade (×300)

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

 There are many stomata (pores) in the lower 
surface of the leaf. These allow the exchange of 
carbon dioxide and oxygen with the air outside.

 There are more chloroplasts in the upper 
(palisade) cells than in the lower (spongy 
mesophyll) cells. The palisade cells, being on the 
upper surface, will receive most sunlight and this 

will reach the chloroplasts without being absorbed 
by too many cell walls.

 The branching network of veins provides a good 
water supply to the photosynthesising cells. No 
cell is very far from a water-conducting vessel in 
one of these veins.

Although photosynthesis takes place mainly in the 
leaves, any part of the plant that contains chlorophyll 
will photosynthesise. Many plants have green stems 
in which photosynthesis takes place.

 ● Mineral requirements
Plants need a source of nitrate ions (NO3−) for 
making amino acids (Chapter 4). Amino acids are 
important because they are joined together to make 
proteins, needed to form the enzymes and cytoplasm 

of the cell. Nitrates are absorbed from the soil by the 
roots. 

Magnesium ions (Mg2+) are needed to form 
chlorophyll, the photosynthetic pigment in chloroplasts. 
This metallic element is also obtained in salts from the soil 
(see the salts listed under ‘Water cultures’ on page 82).
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Sources of mineral elements and 
effects of their deficiency
The substances mentioned previously (nitrates, 
magnesium) are often referred to as ‘mineral salts’  
or ‘mineral elements’. If any mineral element is 
lacking, or deficient, in the soil then the plants may 
show visible deficiency symptoms.

Many slow-growing wild plants will show no 
deficiency symptoms even on poor soils. Fast-growing 
crop plants, on the other hand, will show distinct 
deficiency symptoms though these will vary according 
to the species of plant. If nitrate ions are in short 
supply, the plant will show stunted growth. The stem 
becomes weak. The lower leaves become yellow and 
die, while the upper leaves turn pale green. If the plant 
is deficient in magnesium, it will not be able to make 
magnesium. The leaves turn yellow from the bottom 
of the stem upwards (a process called chlorosis). 
Farmers and gardeners can recognise these symptoms 
and take steps to replace the missing minerals.

The mineral elements needed by plants are absorbed 
from the soil in the form of salts. For example, a 
plant’s needs for potassium (K) and nitrogen (N) 
might be met by absorbing the ions of the salt 
potassium nitrate (KNO3). Salts like this come 
originally from rocks, which have been broken down 
to form the soil. They are continually being taken up 
from the soil by plants or washed out of the soil by 
rain. They are replaced partly from the dead remains 
of plants and animals. When these organisms die and 
their bodies decay, the salts they contain are released 
back into the soil. This process is explained in some 
detail, for nitrates, in Chapter 19 ‘Nutrient cycles’.

In arable farming, the ground is ploughed and 
whatever is grown is removed. There are no dead 
plants left to decay and replace the mineral salts. 
The farmer must replace them by spreading animal 
manure, sewage sludge or artificial fertilisers in 
measured quantities over the land.

Three manufactured fertilisers in common 
use are ammonium nitrate, superphosphate and 
compound NPK.

 Ammonium nitrate (NH4NO3)
The formula shows that ammonium nitrate is 
a rich source of nitrogen but no other plant 

nutrients. It is sometimes mixed with calcium 
carbonate to form a compound fertiliser such as 
‘Nitro-chalk’.

 Superphosphates
These fertilisers are mixtures of minerals. They 
all contain calcium and phosphate and some have 
sulfate as well.

 Compound NPK fertiliser
‘N’ is the chemical symbol for nitrogen, ‘P’ for 
phosphorus and ‘K’ for potassium. NPK fertilisers 
are made by mixing ammonium sulfate, ammonium 
phosphate and potassium chloride in varying 
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.

 Water cultures
It is possible to demonstrate the importance of the 
various mineral elements by growing plants in water 
cultures. A full water culture is a solution containing 
the salts that provide all the necessary elements for 
healthy growth, such as

 potassium nitrate for potassium and nitrogen

 magnesium sulfate for magnesium and sulfur

 potassium phosphate for potassium and 
phosphorus

 calcium nitrate for calcium and nitrogen.

From these elements, plus the carbon dioxide, water 
and sunlight needed for photosynthesis, a green 
plant can make all the substances it needs for a 
healthy existence.

Some branches of horticulture, e.g. growing of 
glasshouse crops, make use of water cultures on a 
large scale. Sage plants may be grown with their 
roots in flat polythene tubes. The appropriate 
water culture solution is pumped along these tubes 
(Figure 6.24). This method has the advantage that 
the yield is increased and the need to sterilise the soil 
each year, to destroy pests, is eliminated. This kind 
of technique is sometimes described as hydroponics 
or soil-less culture.
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Figure 6.24 Soil-less culture. The sage plants are growing in a nutrient 
solution circulated through troughs of polythene.

Practical work

The importance of different 
mineral elements
■ Place wheat seedlings in test-tubes containing water cultures 

as shown in Figure 6.25. 
■ Cover the tubes with aluminium foil to keep out light and so 

stop green algae from growing in the solution. 
■ Some of the solutions have one of the elements missing. For 

example, magnesium chloride is used instead of magnesium 
sulfate and so the solution will lack sulfur. In a similar way, 
solutions lacking nitrogen, potassium 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
The kind of result that might be expected from wheat seedlings 
is shown in Figure 6.26. Generally, the plants in a complete 
culture will be tall and sturdy, with large, dark green leaves. 
The plants lacking nitrogen will usually be stunted and  
have small, pale leaves. In the absence of magnesium, 
chlorophyll cannot be made, and these plants will be small 
with yellow leaves.

cotton
wool

wheat
seedling

culture
solution

aluminium
foil to exclude
light

Figure 6.25 Apparatus for a water culture to investigate plant mineral 
requirements

no
phosphates

distilled
water

normal culture
solution

no
nitrates

no
calcium

Figure 6.26 Result of water culture experiment

Interpretation
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 looking at the wheat seedlings, it is better if actual 
measurements are made.

9781444176469_IGCSE_Biology_6.indd   83 8/18/14   9:44 PM



 6 PLANT NUTRITION

84

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 diffi cult if root growth is profuse.

Alternatively, the dry weight of the shoots and roots can be 
measured. In this case, it is best to pool the results of several 
experiments. All the shoots from 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 solutions. 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-defi cient 
cultures.

Questions
Core
1 a  What substances must a plant take in, in order to carry 

on photosynthesis? 
b Where does it get each of these substances from?

2 Look at Figure 6.23(a). 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 answers.

3 a What provides a plant with energy for photosynthesis?
b What chemical process provides a plant with energy to 

carry on all other living activities?
4 Look at Figure 6.23. Why do you think that photosynthesis 

does not take place in the cells of the epidermis?
5 During bright sunlight, what gases are:

a passing out of the leaf through the stomata
b entering the leaf through the stomata?

Extended
6 a  What substances does a green plant need to take in, to 

make:
 i sugar
 ii proteins?

b What must be present in the cells to make reactions 
i and ii work?

7 A molecule of carbon dioxide enters a leaf cell at 4 p.m. 
and leaves the same cell at 6 p.m. What is likely to have 
happened to the carbon dioxide molecule during the 
2 hours it was in the leaf cell?

8 In a partially controlled environment such as a greenhouse:
a how could you alter the external factors to obtain 

maximum photosynthesis
b which of these alterations might not be cost effective?

9 Figure 6.27 is a graph showing the average daily change 
in the carbon dioxide concentration, 1 metre above an 
agricultural crop in July. From what you have learned about 
photosynthesis and respiration, try to explain the changes 
in the carbon dioxide concentration.
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Figure 6.27 Daily changes in concentration of carbon dioxide 
1 metre above a plant crop

10 What gases would you expect a leaf to be (i) taking in and 
(ii) giving out:
a in bright sunlight
b in darkness?

11 Measurements on a leaf show that it is giving out carbon 
dioxide and taking in oxygen. Does this prove that 
photosynthesis is not going on in the leaf? Explain your 
answer.

12 How could you adapt the experiment with 
hydrogencarbonate indicator on page 74 to fi nd the light 
intensity that corresponded to the compensation point? 

13 How would you expect the compensation points to differ 
between plants growing in a wood and those growing in a 
fi eld?

14 What are the functions of:
a the epidermis
b the mesophyll of a leaf?

15 In some plants, the stomata close for a period at 
about midday. Suggest some possible advantages and 
disadvantages of this to the plant.

16 What salts would you put in a water culture which is to 
contain no nitrogen?

17 How can a fl oating pond plant, such as duckweed, survive 
without having its roots in soil?

18 In the water culture experiment, why should a lack of 
nitrate cause reduced growth?
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Checklist 
After studying Chapter 6 you should know and understand the 
following:

 Photosynthesis is the way plants make their food.
 They combine carbon dioxide and water to make sugar.
 To do this, they need energy from sunlight, which is absorbed 

by chlorophyll.
 Chlorophyll converts light energy to chemical energy.
 The word equation to represent photosynthesis is

carbon dioxide + water light energy

chlorophyll
 glucose + oxygen

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

 From the sugar made by photosynthesis, a plant can make 
all the other substances it needs, provided it has a supply of 
mineral salts like nitrates.

 In daylight, respiration and photosynthesis will be taking 
place in a leaf; in darkness, only respiration will be taking 
place.

 In daylight, a plant will be taking in carbon dioxide and giving 
out oxygen.

 In darkness, a plant will be taking in oxygen and giving out 
carbon dioxide.

 Experiments to test photosynthesis are designed to exclude 
light, or carbon dioxide, or chlorophyll, to see if the plant can 
still produce starch.

 A starch test can be carried out to test if photosynthesis has 
occurred in a leaf.

 Leaves have a structure which adapts them for 
photosynthesis.

 Plants need a supply of nitrate ions to make protein and 
magnesium ions to make chlorophyll.

 The balanced chemical equation for photosynthesis is

6CO2  + 6H2O light energy

chlorophyll
 C6H12O6 + 6O2

 The rate of photosynthesis may be restricted by light 
intensity and temperature. These are ‘limiting factors’.

 Glasshouses can be used to create optimal conditions for 
photosynthesis.

 Nitrate ions are needed to make proteins; magnesium ions 
are needed to make chlorophyll.

19 Figure 6.28 shows the increased yield of winter wheat in 
response to adding more nitrogenous fertiliser.
a If the applied nitrogen is doubled from 50 to 100 kg 

per hectare, how much extra wheat does the farmer 
get?

b If the applied nitrogen is doubled from 100 to 200 kg 
per hectare, how much extra wheat is obtained?

c What sort of calculations will a farmer need to make 
before deciding to increase the applied nitrogen from 
150 to 200 kg per hectare?

applied nitrogen (top dressing)/kg per hectare
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