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50 WJeC Biology

Content Guidance

Transport of oxygen 
Oxygen is transported around the body in red blood cells. Red blood cells have many 
adaptations to increase the efficiency of this transport. They have a large surface area-
to-volume ratio because:
■ they are very small (about 8 µm in diameter)
■ they lack a nucleus, giving them a biconcave disc shape

The lack of a nucleus and other organelles means that more haemoglobin (Hb) can 
be contained within the cytoplasm of the cell. Haemoglobin is a globular protein that 
has a quaternary structure (Figure 46). It is made up of four polypeptide chains — 
each contains a haem group. The haem group contains iron ions (Fe2+), which form a 
loose association with O2 molecules. As there are four haem groups, each molecule of 
haemoglobin can transport four molecules of oxygen.

Haem groups
β1-chain α2-chain

α1-chain
β2-chain

Figure 46 The quaternary structure of 
haemoglobin

When haemoglobin combines with O2 it is called oxyhaemoglobin — this reaction is 
reversible:

 Hb  +  4O2  L  HbO8

Haemoglobin   Oxyhaemoglobin

Haemoglobin should be thought of as an ‘O2 taxi’. It picks up, that is, loads oxygen 
in the lungs and drops off, that is, unloads O2 at the tissues where it is needed for 
respiration.

The oxygen–haemoglobin dissociation curve
The oxygen–haemoglobin dissociation curve (Figure 47) shows the relationship 
between the partial pressure of oxygen (pO2) and the percentage saturation of 
haemoglobin with O2.
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Figure 47 Oxygen dissociation curve of human haemoglobin

The shape of the curve is significant.
■ The curve is S-shaped, which indicates that haemoglobin is effi cient at loading O2 and 

can become fully saturated at a lower pO2 than if the relationship was a linear one.
■ Haemoglobin has a high affi nity for O2 at a relatively high pO2 and will therefore 

load O2 to form oxyhaemoglobin. This occurs in the capillaries of the lungs.
■ Haemoglobin has a low affi nity for O2 at a low pO2 and will therefore unload 

oxygen. This occurs in the capillaries of the tissues.
■ The steep part of the curve means that for a small decrease in the pO2 there 

will be a large decrease in the percentage saturation of haemoglobin with O2. 
This means that more O2 will be unloaded to the tissues to be used in aerobic 
respiration.

From Figure 47 you can see that for a drop in pO2 of 2.5 kPa (tissues at rest to tissues 
exercising) the percentage saturation of haemoglobin falls by about 40%, that is, 40% 
more oxygen is unloaded to the tissues for respiration.

Fetal haemoglobin and other respiratory pigments
Figure 48 shows that the oxygen dissociation curve for fetal haemoglobin is situated to 
the left of that for ‘normal’ adult haemoglobin.
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Figure 48 The oxygen dissociation curves of fetal and 
adult haemoglobin

exam tip
Many students 
tend to focus on 
haemoglobin’s ability 
to load O2. However, 
it is the unloading of 
O2 by haemoglobin 
that is crucial — O2 is 
unloaded to the tissues 
so that they can carry 
out aerobic respiration.
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Content Guidance

Fetal haemoglobin has a higher affinity for oxygen — at any given pO2 the percentage 
saturation of haemoglobin is higher. The significance of this is that the maternal 
haemoglobin will unload approximately 70% of its O2 to the tissues of the placenta; 
the fetal haemoglobin will then load O2 from the placenta to become approximately 
80% saturated.

Organisms that live in low O2 environments, for example, llamas (at high altitude) and 
lugworms (in burrows in sand), also have pigments with a higher affinity for O2 — 
that is, with a dissociation curve that is to the left of adult human haemoglobin. The 
advantage of this is that these pigments can load more O2 and their haemoglobin can 
become fully saturated at a lower pO2.

Knowledge check 30
Figure 49 shows the dissociation curve for myoglobin, the respiratory 
pigment found in muscle fi bres. Use the diagram to explain the 
function of myoglobin.

Figure 49 
The dissociation 
curve for 
myoglobin
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The Bohr effect 
During exercise the muscles are working harder, so they need more ATP. Therefore 
the rate of respiration increases. This also produces more CO2, which lowers the pH 
of the blood. This causes the dissociation curve to shift to the right — the Bohr effect 
(Figure 50).

Figure 50 The Bohr effect Partial pressure of oxygen/kPa
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Adaptations for transport

The haemoglobin now has a lower affinity for O2 — at any given pO2 the percentage 
saturation of haemoglobin is lower. The advantage is that haemoglobin unloads more 
O2 to the muscles tissues for an increased rate of respiration.

Transport of carbon dioxide
Carbon dioxide is transported in the blood in three different ways. About 5% dissolves 
directly into the plasma, and a small percentage combines with amino groups in 
haemoglobin to form carbaminohaemoglobin. The majority of CO2 is transported as 
hydrogencarbonate ions (HCO3

−) in the plasma. 

Figure 51 A red blood cell 
showing the biochemical 
pathway involved in 
transporting CO2

Tissue Plasma Red blood cell
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H+

H2CO3

CO2 + H2O

Carbonic
anhydrase

CO2

CO2 diffuses into the red blood cell and combines with H2O to form carbonic acid 
(H2CO3). This reaction is catalysed by the enzyme carbonic anhydrase (Figure 51). 
The carbonic acid then dissociates into protons (H+) and hydrogencarbonate ions 
(HCO3

−). The H+ will lower the pH of the cell and so it needs to be buffered — this 
is done by haemoglobin. The oxyhaemoglobin dissociates, unloading oxygen, which 
diffuses out of the red blood cell and into the tissues. HCO3

− that has accumulated in 
the red blood cell diffuses out into the plasma.

Electroneutrality is maintained by the inward diffusion of chloride ions from the 
plasma. This is known as the chloride shift.

In the capillaries of the lungs all of these reactions occur in reverse.

Practical work
During this topic you will have made a dissection of a heart, which will have 
helped you to better understand how heart structure relates to the pumping 
of blood during the cardiac cycle. You will have also examined microscope 
slides of erythrocytes and transverse sections through an artery and a vein. In 
the exam you may be given photomicrographs or drawings of these sections. 
It is important that you can identify the various tissues and link them to their 
functions. 

exam tip
Many students state 
that the Bohr effect 
will cause oxygen to 
be unloaded faster. 
This is incorrect; the 
advantage of the Bohr 
effect is that it unloads 
more oxygen. 

Knowledge check 31
Use Figure 51 to 
state the function of 
the hydrogen ions 
produced in the red 
blood cell and explain 
the importance of this 
for body tissues.
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74 WJeC Biology

Questions & Answers

Question 2 Adaptations for gas exchange
(a) Figure 3 shows an amoeba (Amoeba proteus) and an earthworm (Lumbricus 

terrestris). Amoebas vary in size from 250 µm to 750 µm, while Lumbricus 
terrestris varies in size from 110 mm to 200 mm long and from 7 mm to 10 mm 
in diameter. Amoebas and earthworms both carry out gas exchange across 
their body surface.

Blood vessels
Body surface

A
B

Capillaries 
in the body wall 

Figure 3

(i) Describe the four properties that are common to the gas exchange 
surfaces of both amoebas and earthworms. (2 marks)

(ii) The magnification of the photomicrograph used to produce the diagram 
of the amoeba was ×140. Calculate the actual size, in micrometres (µm), 
of the amoeba from point A to point B, and give your answer to three 
significant figures. (2 marks)

(b) Table 2 shows the relationship between the diffusion distance and the 
approximate time required for the diffusion of oxygen. Use the information to 
explain why the earthworm requires a transport system but the amoeba doesn’t. (5 marks)
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diffusion distance/mm Approximate time required for 
the diffusion of O2/seconds

0.001 2.38 × 10-4

0.01 2.38 × 10-2

0.1 2.38
1 2.38 × 102

10 2.38 × 104

table 2

(c) Figure 4 represents the pattern of spiracles of an insect (legs and wings 
removed). each spiracle has a valve, which can be closed or opened to 
control the flow of air into the body. The graphs show the opening and 
closing of the spiracles in the insect at rest and also how regular muscular 
movements expand and compress the abdomen.

Head

Thorax

Thorax spiracles

Open

Open

Expanded

Time
Compressed

Abdomen spiracles

Abdomen shape

Spiracle

Abdomen

Figure 4

(i) State what is meant by the term ventilation. (1 mark)

(ii) Use the information provided to explain how the insect ventilates its 
tracheal system. (5 marks)

(iii) The graphs show that there are long periods when the spiracles are 
closed. explain why this is important for the insect’s survival. (1 mark)

total 16 marks

e All three assessment objectives are tested in this question. Parts (a)(i) and 
(c)(i) simply require demonstration of knowledge and understanding, whereas 
parts (b) and (c) require you to apply your knowledge and understanding of gas 
exchange. The question also presents data in different formats; your ability to 
analyse this information and to reach conclusions tests AO3. Part (a)(ii) assesses 
your mathematical skills — the ability to calculate actual size and magnification 
from photomicrographs can be assessed in both Unit 1 and Unit 2.
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Questions & Answers

Student A
(a)	 (i) They are both permeable to gases and have a large surface area and a 

short diffusion pathway a. 

(ii) 224 µm b 

(b) The table shows that as the diffusion distance increases the time taken for 
diffusion of oxygen increases proportionally. Amoeba vary in size from  
250–750 µm whereas earthworms vary from 110–220 mm in length. 
Therefore the Amoeba has a very large surface area to volume ratio in 
comparison to the earthworm c. The earthworm has blood vessels close 
to the surface of the skin to provide a short diffusion pathway d. The 
earthworm is also larger and therefore has a greater requirement for 
oxygen than the amoeba.

(c)	 (i) Ventilation is the movement of the respiratory medium over the 
respiratory surface e. 

(ii) The thoracic spiracles open before abdomen spiracles. Prior to the 
abdomen spiracles opening the abdomen expands. This causes the 
volume to increase and pressure inside the insect to decrease f. When 
the spiracles open air moves into the branched tracheal system g.

(iii) When the spiracles are open the insect has increased water loss h.

e 4/16 marks awarded a The student has correctly stated three properties 
and not four, so gains 1 mark. b The answer is incorrect and because the student 
has failed to show how they arrived at the answer, they lose both marks. c The 
student has made reference to the data relevant to the question, unfortunately 
they have then made reference to surface area to volume ratio and not length 
of the diffusion pathway. However they have made a correct reference to this 
in relation to the earthworm d, and gain 1 mark. e Correct. In (c)(ii) the student 
has attempted to interpret the data and has given a correct statement about 
the relationship between volume and pressure f but then only gives a vague 
explanation for the movement of air into the insect g. h The student has recalled 
the correct biology but hasn’t actually answered the question. 

Student B
(a)	 (i) Both amoeba and earthworm have a gas exchange surface with a large 

surface area, short diffusion pathway. Both are also permeable to 
gases and moist a. 

(ii) A-B = 64 mm  therefore 64 mm/140 = 0.457 mm = 457 µm b 

(b) The amoeba does not need a transport system as its maximum size is 
750 µm meaning it would take between 2.38 and 238 seconds for molecules 
of oxygen to diffuse from the environment to the centre of the amoeba 
(maximum radius 375 µm) c. Diffusion alone is sufficient to meet its demand 
for oxygen d. The earthworm however has a maximum radius of 5 mm, 
therefore it would take between 234 seconds (4 minutes) and 397 minutes
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 for oxygen to diffuse into the centre of the earthworm, therefore diffusion 
alone will not meet its demand for oxygen e. The earthworm’s blood 
vessels are close to its body surface so provides a short diffusion pathway 
for oxygen to diffuse quickly into the blood f. The oxygenated blood can then 
be transported around the body at a faster rate than diffusion g.

(c)	 (i) Ventilation is the movement of the respiratory medium over the 
respiratory surface h.

(ii) Firstly the abdomen expands; this will increase its volume and 
decrease the pressure inside the abdomen i. The thoracic spiracles 
then open and air will enter the tracheal system down a pressure 
gradient j. The abdomen then compresses, which reduces the volume 
and increases the pressure inside the abdomen k. The thoracic 
spiracles close and the abdominal spiracles open l. This shows a 
one-way flow of air through the tracheal system; it enters through the 
thoracic spiracles and exits through the abdominal spiracles m.

(iii) This reduces water loss and helps to prevent the earthworm drying out n.

e 15/16 marks awarded a The student has correctly stated four properties and 
gains both marks. b The answer is incorrect, but the working is correct so they 
gain 1 mark. c and d The student has used the data correctly to explain why the 
amoeba doesn’t need a transport system; e, f and g and has used both the data 
and the diagram of the earthworm to give a complete answer to the question. h 
Correct. i to m The student has given a well-structured answer clearly linking the 
data provided to their knowledge of ventilation. n Correct. 

e diffusion is only efficient over very short distances, and it is this concept 
that is being assessed in this question. the ability to apply your knowledge to 
help interpret data is an important skill in science. Student A demonstrates a 
basic understanding of gas exchange and the marks awarded are for recall, but 
not for application. they gain 4 marks (grade u). in contrast, student B gains 15 
marks (grade A) for clearly demonstrating the ability to apply their knowledge 
in an unfamiliar context. 

Question 3 Adaptations for transport in plants
(a) A student carried out an investigation on the stomatal density in the leaves 

of an english oak tree. She used nail varnish to prepare an impression of 
the lower epidermis of the leaf. She observed the impression under the 
microscope and counted 42 stomata. She then measured the diameter of the 
field of view as 435 µm.

(i) Calculate the mean stomatal density per mm2 and give your answer to 
three significant figures. (π = 3.14) (3 marks)

(ii) explain how the practical could be modified to ensure that the student’s 
results were more reliable. (1 mark)
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