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different mechanisms typically cause one of two 
types of effect. First, they can cause the neurone 
to generate an abnormally high number and 
frequency of nerve impulses (action potentials), 
which causes the muscle to contract far more than 
usual. This leads to spasms, cramps or paralysis 
from unrelenting contraction. Second, they can 
stop the transmission of action potentials across 
the junction and the victim becomes paralysed, 
simply because the muscle never gets stimulated 
to contract. Paralysis contributes to the impressive 
killing power of neurotoxins — you rely on a 
muscular diaphragm to breathe, so when that gets 
paralysed and stops working, so do you.

The sodium channel
One way that neurotoxins can ruin your day is 
by blocking the Na+ channels on the neurone. In 
doing this, the toxins stop the action potential from 
passing down the neurone and essentially cut it off 
at the source. With no action potential, there is no 
muscle contraction.

Alternatively, some neurotoxins in animal 
venoms boost the action of Na+ channels, for 
instance by holding the channels open to let more 

A
n incredible diversity of animals inject venom into other animals, 
usually to help them incapacitate prey or repel predators. 
Venoms have many different effects on their victims including 
paralysis, prevention of breathing, and pain. These are all 

functions of a group of molecules called neurotoxins, which interfere with 
the function of nerves. Despite causing harm, venom neurotoxins can lead 
to new medical drugs.

Why have venoms evolved in so many animals?
Animal venoms are versatile tools that help catch prey, defend against predators, 
or (in the case of mammal venoms) fight off competitors of their own species. 
Because many good ways to incapacitate prey are also effective in making 
predators think twice, venoms are often good at both roles simultaneously. 
For instance, snake venoms primarily subdue and sometimes kill prey — an 
important helping hand when the snake lacks its own hands to help — but the 
devastating consequences of venomous snakebites demonstrate their dual role 
as a defensive aid. Venom has evolved at least once in most major branches of 
the animal kingdom, including mammals. The abundance of venoms across the 
tree of life shows their importance in many biological and ecological settings.

Neurotoxins break the nervous system
Many venomous animals have neurotoxins that disrupt signalling across the 
neuromuscular junction. Each of the key components of the neuromuscular 
junction (see Box 1) provides a target for animal venoms to attack. These 

Venom 
neurotoxins

Kevin Arbuckle  
and Mike Speed

Evolutionary biologists Kevin Arbuckle and Mike Speed 
explain how neurotoxins work, and how researchers might 
exploit them to treat a variety of medical conditions

Ion channels  Pore-shaped proteins that control the 
movement of ions across the cell surface membrane.

Venom  A mixture of harmful chemicals (toxins) 
produced by an organism and transferred into a victim 
through a wound (e.g. a bite from a snake fang).

Ion channels

Terms explained Terms explained

AQA Nervous coordination; Skeletal muscles
Edexcel A Muscle contraction; Nerve impulse; Synapse 
Edexcel B Nervous transmission
OCR A Neural communication; Muscle contraction
OCR B Muscle contraction; The nervous system
WJEC Eduqas The nervous system; Human musculoskeletal anatomy

Exam links 

Spitting cobra

8256_BSR_32_4_CC_Print.indd   2 25/02/2020   10:52



3www.hoddereducation.co.uk/biologicalsciencesreview

sodium ions through than normal. The same effect 
can happen for two subtly different reasons. Either 
the Na+ channels can be opened more easily (by Na+ 
channel activator toxins) or they can open normally 
but then be jammed open so they cannot close again 
(via Na+ channel prolonger toxins). Almost all of 
these types of neurotoxins are found in the venoms 
of invertebrates, including spiders, scorpions and 
cone snails. However, it was recently discovered 
that one unusual toxin (called calliotoxin) from 
the venom of the blue coral snake also acts as a Na+ 
channel prolonger, a toxin type only previously 
known from invertebrates.

More rarely, venom neurotoxins that attack Na+ 
channels do their damage on the muscle side of 
the neuromuscular junction. This does the same 
job in the end, but here the muscle is receiving the 
impulse to contract, it just lacks the mechanism to 
let it do so.

Potassium and calcium channels
Other venom neurotoxins interfere with different 
ion channels (e.g. K+ and Ca2+ channels). Venoms 
from the honeybee to the notorious black mamba 
snake block K+ channels, which stops the neurone 
from returning to its resting potential. This leads to 
continuous contraction of the muscle. In contrast, 
animals including other insects, spiders, snails, 
lizards and snakes have venom neurotoxins that 
block Ca2+ channels, preventing the release of 
acetylcholine and so preventing transmission across 
the junction. This again leads to paralysis.

Box 1 Neurones tell muscles when to contract

To understand how neurotoxins from animal venoms 
interfere with the normal function of neurones, we 
first have to understand how neurones work. Venom 
neurotoxins usually work in a region called the 
neuromuscular junction (see Figure 1.1). The neuromuscular 
junction is a type of synapse that enables transmission of 
action potentials across the gap (cleft) between nerve cells 
and muscle cells. Once they reach the muscle cell, these 
action potentials trigger muscle contraction. 

Action potentials involve the movement of sodium (Na+), 
potassium (K+) and calcium (Ca2+) ions across the cell 
surface membrane. These ions move through ion channels 
in the cell surface membrane, which regulates the flow 
of particular ions. The main function of Na+ and K+ ion 
channels is the generation of action potentials. When an 
action potential reaches the synapse, it causes Ca2+ ions 
to enter the neurone. These ions trigger release of the 
neurotransmitter acetylcholine into the synaptic cleft. 

Acetylcholine binds to receptors on the surface of the 
muscle cell, leading to generation of new action potentials 
that in turn lead to muscle contraction. The acetylcholine 
is then broken down by the enzyme acetylcholinesterase, 
which is present in the synaptic cleft. Transmission is 
terminated and the muscle relaxes.

Acetylcholine

Calcium channel

Acetylcholine
receptor

Sodium channel

Potassium channel
Neuromuscular

junction

Na+
K+

Ca+

Na+

Na+

Axon

Muscle

Figure 1.1 The structure of a neuromuscular junction. The neurone uses 
ion (Na+, K+ and Ca2+) channels to control the release of acetylcholine into 
the gap (synapse) between the neurone and the muscle. The surface of the 
muscle contains receptors that bind the acetylcholine molecules and trigger 
contraction

This monocled cobra has a venom containing neurotoxins 
that bind to the acetylcholine receptors on muscle cells
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Examples of venomous animals. From left to right in each row: (row 1) flat rock scorpion, Komodo 
dragon, beadlet anemone, adder, cuttlefish, stony coral; (row 2) wasp, squid, nursery web spider, leaf-
cutter ant, huntsman spider, tick, assassin bug

Neurotransmitters
Some of the most dangerous venomous snakes, including a group called elapids, 
which includes cobras and sea snakes, exert their lethal breath-stopping effects 
after acetylcholine has been released by the neurone. This neurotransmitter has 
to be picked up by receptors on the muscle on the other side of the synapse, but 
venom toxins from these snakes block the acetylcholine receptors.

A broad picture is emerging here. If something is important to the 
physiological function of an animal, venomous animals have probably found 
at least one way to break it. This is because the evolution of venom toxins is 
underscored by the fundamental principle that animals regulate their bodies 
precisely and so, by interfering with that regulation in precise ways, you can 
do a lot of damage.

Antivenom: a lifesaving treatment with a distribution 
problem
What happens when a person falls foul of a venomous animal? Although 
symptomatic care, such as strong painkillers, can help, there is only one specific 
kind of treatment for venomous bites: antivenom. Different antivenoms are 
produced against venoms from different animals, but the basic procedure to 

make them has remained more or less the same for 
over 100 years.

Because most venom toxins are proteins or 
peptides, they can cause an immune response in 
the victim. So, to obtain an antivenom, a large 
animal, usually a horse, is injected with the relevant 
venom, starting with a tiny dose and increasing 
the dose over time as immunity develops. Blood is 
then taken from the horse and the antibodies that 
provide the immunity are extracted from the blood. 
These antibodies form the basis of antivenoms. 
When these are given to an envenomated person, 
the antibodies bind to the venom toxins and hence 
prevent them from harming the victim.

Recently, biologists have started to recognise 
that animal neurotoxins show strong convergent 
evolution (the independent evolution of similar 
phenotypes, in this case similar toxin molecules, 
in different species). This means that developing 
antivenom against a few common and convergent 
toxins might provide an economical, broader 
coverage, more effective antivenom.

These future antivenom developments are 
likely to be an important part of treatment, 
as f ix ing the current supply problems of 
distributing antivenom to the people who need 
it and making it affordable are both crucial. Most 
dangerous snakebites happen in rural tropical 
and subtropical areas to poor people who cannot 
afford good medical treatment, for instance in 
farming communities in South Asia and Africa. 

Wilcox, C. (2016) Venomous: How Earth’s Deadliest Creatures Mastered 
Biochemistry, Scientific American.

Jenner, R. and Undheim, E. (2017) Venom: the Secrets of Nature’s Deadliest Weapon, 
Natural History Museum.

Bancroft, D., Venoms and the nervous system, Big Picture: 
https://tinyurl.com/yb472fqe

Brodie, E. D. III (2009) ‘Toxins and venoms’, Current Biology, Vol. 19, No. 20, R931–
R935: https://tinyurl.com/qotxq2b

Further reading 

8256_BSR_32_4_CC_Print.indd   4 25/02/2020   10:52



5www.hoddereducation.co.uk/biologicalsciencesreview

So to deal with this ‘disease of poverty’, advances 
that focus on the availability of antivenom are of 
major importance.

Harnessing the power of venom for 
medicine
Venom is not the only thing that interferes with 
the physiological regulation of our bodies. The 
majority of medical conditions can be considered to 
do the same — illness and disease can generally be 
considered as the effects of something that prevents 
aspects of normal physiological regulation. Think 
about ischaemic strokes, which are caused by 
blood clots forming and lodging in the brain, or 
diabetes in which the concentration of glucose 
in the blood easily becomes dangerously high. 
Both blood clotting and glucose concentrations are 
usually regulated tightly by the body’s physiological 
systems, and serious problems arise when these fail.

Most of our physiological values are regulated 
around one point (or within a narrow range) and 
values that are too high or too low are harmful to 
biological functioning. A familiar example is body 
temperature. We regulate our body temperature 

within about 1°C (around 36.5–37.5°C) and medical problems arise when we 
get just 2°C above or below this value (just 5°C in either direction is likely to 
be fatal).

Modern medicine is largely based around drugs that either up-regulate 
or down-regulate physiological systems depending on what has gone wrong. 
If your blood is clotting too fast, you need an anticoagulant drug to reduce 
clotting, but a different drug might increase clotting and kill you. But if your 
blood is not clotting properly, you might need the second drug and the first 
might cause you to bleed to death.

Medical drugs are designed to do essentially the same thing as venom 
toxins, but with different results. Both might cause a rise in blood pressure, 
but a medical drug can be used to correct an abnormally low blood pressure 
(restoring physiological balance) while a venom toxin causes an abnormally 
high blood pressure (disrupting physiological balance and helping to catch 
prey). However, unlike the much more recent efforts of human pharmacists, 

The venom of this Malaysian blue coral snake contains 
neurotoxins that force Na+ channels in neurones to 
remain open. This causes the neurone to keep sending 
impulses that cause the muscle to contract, which leads 
to paralysis. This mechanism is common in invertebrate 
neurotoxins but rare in vertebrates and might be unique 
to this snake
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Genetic code or genome?
In exams, students often write about ‘the genetic code of 

an organism’. When they do this, they are using the term 
‘genetic code’ incorrectly.

Usually when students write about an organism’s 
‘genetic code’, they are referring to all the genetic 
information in a cell of that organism. The correct term 
for this is the genome. In a prokaryotic cell, the genome 
consists of the nucleotide base sequence of its single 
circular DNA molecule (referred to as a ‘nucleoid’ in 
some biology specifications) and of any plasmids in its 
cytoplasm. In a eukaryotic cell, the genome consists of the 
DNA base sequences of its chromosomes, its mitochondria 
and, if present, its chloroplasts.

The genetic code is the relationship between the base 
sequence of three nucleotides and the amino acid that it 
encodes. This relationship is universal, meaning it is the 
same in every living organism (although there are some 
exceptions).

Figure 1 shows the genetic code using mRNA codons. 
Note that some amino acids are encoded by more than 
one codon, i.e. the genetic code is degenerate, and 
some codons are ‘reading instructions’. Also, note that 
no examination board expects you to remember the 
information in Figure 1 but could expect you to use it if 
given as stimulus material in a question.

In your exams, ensure you use the terms genetic code 
and genome correctly. Martin Rowland
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Figure 1 The genetic code, represented as the amino acid encoded by 
each mRNA codon. The 5’ end of a polynucleotide is the end with a free 
phosphate group

Dr Kevin Arbuckle is an evolutionary biologist at Swansea University. He is 
interested in understanding how venom evolves and how it affects animal 
behaviour, colouration and ecology. 
Professor Mike Speed is head of the School of Life Sciences at the University 
of Liverpool. He is an evolutionary biologist with interests in the evolution of 
defences and evolutionary convergence.

• Many animal species produce injectable chemical weapons called venom to catch 
prey or deter predators.
• Venoms are mixtures of harmful molecules called toxins, many of which 
(neurotoxins) attack the nervous system.
• Neurotoxins interfere with nerve transmission.
• Antivenom treatment for bite victims is based on antibodies extracted from large 
animals that have been injected with venom.
• Because venom toxins affect physiology in specific ways, they have great potential 
to be used as medical drugs.

Key points 

the toxins of venomous animals have been evolving 
under natural selection for many millions of years. 
So neurotoxins found in venomous animals today 
are often much more effective and more specific 
than our drugs.

The study of venom neurotoxins may lead to future treatments for a range of 
medical problems related to the nervous system, including pain, epilepsy and 
cerebral palsy. In fact, a snake venom neurotoxin called α-cobratoxin, which 
binds to acetylcholine receptors, has been patented for use to treat pain and 
multiple sclerosis. All the more reason to value venomous animals.

Exam-style questions
1 ‘One way that neurotoxins can ruin your day is by 
blocking the Na+ channels on the neurone.’ Outline 
the effect that blocking its Na+ channels has on the 
activity of a neurone. [2 marks]
2 Many venom toxins from snakes block the 
acetylcholine receptors on muscle cells. How would 
this prevent muscle contraction? [3 marks]
3 An antibody from a horse can be used as an 
antivenom.
(a) Name this type of immunity. [1 mark]
(b) Explain why the conferred immunity is  
short-lived. [4 marks]

6 Biological Sciences Review  April 2020
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 outside the box

shimmer, reflecting light in a way that depends on the viewing angle, 
much like the wings of dragonflies (see Box 1) or the underside of a CD.

So how does B. pavonina get its beautiful colour? And how can we 
explain its iridescence — a phenomenon unachievable through simple 
pigmentation? The answer to this is not in a new and previously 

On a trip to the Malaysian rainforest in 1975, American 
botanist David Lee noted some remarkable plants in 

the tropical understory. Among them was Begonia pavonina, 
nicknamed the peacock begonia owing to its compelling 
bright blue leaves. The leaves are iridescent, meaning they 

How iridescent blue 
plants may have hacked 
photosynthesis
For most plants, light is crucial for survival. Without light, they cannot photosynthesise. 
PhD student Helena Raymond-Hayling tells the story of the peacock begonia and how its 
iridescent blue leaves proved to be a stunning side-effect of modified chloroplasts

Begonia pavonina growing 
in its native Malaysia

7www.hoddereducation.co.uk/biologicalsciencesreview
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undiscovered blue pigment colour, but in an entirely different method of 
colouration — structural colour.

Plants come in every colour, except blue
The evolution of colour in plants has enabled them to thrive in a huge 
range of different environments. Brightly coloured berries catch the eye 
of birds. Their droppings ensure successful seed dispersal. The colours of 
flowers attracts pollinators, which are essential to the plants’ survival. 
The white petals of edelweiss flowers reflect the sun’s harmful ultraviolet 
rays, a particularly large threat in their alpine habitat. But how do plants 
make colour?

Plants synthesise organic molecules that act as pigments. Vivid reds 
and oranges are achieved with xanthophylls and carotenoids, purples 
with anthocyanins and green with chlorophylls. But what about blue? 
Why do we so rarely see blue plants? Even the bluest fruits and berries 

are frequently closer to dark purple and are created from 
modified red-purple pigments. The repertoire of organic 
chemicals that plants synthesise rarely lend themselves to 
blue colours.

While blue is uncommon in flowers and fruit, it is even 
less common in leaves and stems, which are generally green. 
The universality of green leaves is linked to their primary 
function as the site of photosynthesis. The green pigment 
molecules found in the top layer of cells — the mesophyll 
layer (see Figure 1) — play a crucial role in this process.

Why are leaves green?
The white light that we see from the sun is just a small 
slice of the full electromagnetic spectrum that it radiates. 
Visible light is sandwiched between the short wavelengths 
of potentially harmful ultraviolet radiation and the longer 
wavelengths of the heating radiation called infrared. We 
perceive the combination of wavelengths in visible light 
as different colours. We perceive the shortest wavelengths, 
around 450 nm, as blue and the longest, around 650 nm, 
as red.

Photosynthesis happens in chloroplasts (see Figure 2). 
Chloroplasts are organelles containing a watery stroma, 
in which are suspended the grana — small bundles of 
membrane-bound sacs called thylakoids. The light 
harvesting complexes found in the thylakoids contain 
organic pigments, including chlorophyll and carotenoids, 
that give leaves their colours.

Pigment molecules produce colour by a subtractive 
process, in which only the wavelengths of the visible light 
spectrum that are reflected are seen, and the remainder 
transmitted or absorbed are not seen. Which wavelengths 
are absorbed can be found in a pattern specific to the 
particular pigment molecule, known as an absorption 
spectrum (see Figure 3). Chlorophyll pigments behave in 
such a way that green light is not absorbed but reflected. 
This is why plant leaves appear green. 

Structural colour: colour without pigment
Structural colour does not arise from pigments, but from 
tiny structures that manipulate incoming light. Think about 
the back of a CD. It looks as if the underside is actually 
painted or printed with the colours of the rainbow. This 
appearance is the result of tiny grooves in the CD surface. 
The depth and width of the grooves is comparable to the 
wavelength of visible light, so incident light is split into its 
separate colours. This structure seen in the CD is called a 
diffraction grating and is just one style of structure that can 
generate colour.

But how does structural colour benefit plants? And by 
what mechanism is it achieved? This question is confounded 
by the fact that the colouration is in the leaves and not 

Figure 1 Diagram of a section through an iridescent leaf

Outer membrane

Upper epidermis

Iridoplasts

Mesophyll

Chloroplasts

Figure 2 Diagram of a chloroplast

Outer membrane

Inner membrane

Thylakoid

Stroma

Granum

Box 1 Structural colour in animals

Structural colour occurs commonly in animals, especially insects. Peacock tail 
feathers are iridescent, as are the wings of the beautiful morpho butterfly. 
Dragonfly wings, magpie feathers, some stag beetles and the rainbow boa all 
display beautiful iridescent colouration arising from tiny structures built out 
of tissues. Iridescence in animals is usually an adaptation that attracts mates, 
allows evasion from predators (by confusing them with light trickery) or allows 
signalling to other members of the species.

‘Photonic multilayer structure of Begonia chloroplasts 
enhances photosynthetic efficiency’, Nature Plants: 
https://doi.org/10.1038/nplants.2016.162

Further reading 
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the flowers, the parts of plants most attractive to insects 
and pollinators. The key to this problem lies in the main 
function of leaves themselves — photosynthesis.

Iridoplasts: photonics for plants
Peacock begonia leaves have some unique anatomical 
features that explain the blue leaf iridescence. Nestled at 
the base of the epidermal cells, above the mesophyll layer, 
lie organelles that look similar to chloroplasts. These are 
called iridoplasts.

Iridoplasts are flattened, elongated and smaller than 
chloroplasts and the grana are not randomly distributed 
within the organelle, but extend over the entire length and 
form neat parallel layers within the stroma. These layers 
form a structure known as a multilayer reflector. Such 
structures create colour by strongly reflecting a narrow 
band of wavelengths — unlike a mirror, which reflects 
all wavelengths. Multilayer ref lectors can also create 
iridescence, which is unachievable by pigments alone. The 
exact colour and nature of iridescence seen is related directly 
to the thicknesses of the layered material, and nothing to do 
with pigment molecules.

High-resolution electron microscopy shows the 
composite layers of iridoplasts to be perfectly spaced for 
absorbing green and reflecting blue wavelengths, thus 
explaining their striking iridescence. But earlier we noted 
that blue light is most useful for plants in photosynthesis 
according to the chlorophyll absorption spectrum (see 
Figure 3). It might therefore seem puzzling that the peacock 
begonia leaves reflect blue light, as this would reduce their 
ability to photosynthesise. The answer to this relates to the 
environment in which B. pavonina lives.

Living in the shade

As a shade-dwelling plant, the peacock begonia does not get first pick 
of the spectrum of light from the sun. The sun shines on the trees at 
the top of the canopy. Their leaves absorb the blue and red light, and 
allow the green light down to the forest floor. The spread of wavelengths 
available to B. pavonina is therefore severely depleted in the red and 
blue wavelengths, whereas green light is abundant. The structure of the 
iridoplasts focuses the available green light perfectly onto the thylakoids, 
allowing them to maximise the energy available to their light-harvesting 
complexes for photosynthesis. B. pavonina has ‘traded-in’ quality of light 
for quantity of light. For this reason, peacock begonias do not grow well 
in full daylight — they are adapted to a light spectrum depleted of red 
and blue wavelengths.

This ability to guide light using parallel layers of thylakoids in the 
iridoplast is familiar to engineers who work on photonics — the process of 

Light micrograph of leaves of B. pavonina × B. grandis 
illuminated from above. B. pavonina is difficult to grow 
outside its native climate, so for research purposes it is bred 
with B. grandis, a more hardy member of its genus. The 
iridoplasts appear bright blue; the green hexagonal shapes 
faintly visible are the boundaries of individual cells

Figure 3 Chlorophyll a absorption spectrum of visible light
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Helena Raymond-Hayling is a PhD student at The University 
of Manchester. 

manufacturing nanoscale structures that manipulate light for all kinds of 
purposes. Photonics are found in anti-reflective coatings, medical sensors 
and in optical communications devices. The iridoplast is the first known 
photonic device to be found in a plant. The discovery changed the way 
we think about photosynthesis. It is not simply a biochemical process but 
one of photonic engineering.

Plant breeding
Iridoplasts are not unique to Begonia pavonina. Researchers at the 
University of Bristol are discovering ever more species of plants and algae 
that show the same adaptation. Many other iridoplast-carrying species 
are neither blue nor iridescent, suggesting that iridoplasts could be hiding 

in plain sight in less conspicuous looking species all over 
the plant kingdom.

Perhaps in the future we will be able to breed other plants 
to have photonically active iridoplasts or similar structures, 
promoting more efficient photosynthesis to increase crop yield 
indoors or in non-sunny environments. This new research, 
sparked by a quirky blue begonia, has yielded discoveries 
that could prove invaluable as the industries of food and 
agriculture become increasingly strained in years to come.

Examples of structural colour in the wings of a blue morpho butterfly (left) and of a dragonfly (right)
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species, and may even drive those indigenous species to extinction. In recent 
years many agencies have developed plans to rid countries of some of the 
more problematic introduced invasive species. For invasive plants this is rarely 
controversial and concerted efforts are in place to eliminate rhododendron 
(originally from Asia and North America), Japanese knotweed (from east Asia) 
and other invasive plants from the UK.

Red squirrels are thought to have arrived in the UK around 10 000 years 
ago, by crossing the land bridge that is now the English Channel at the end 
of the last ice age. In the mid-nineteenth century red squirrels were thriving 
across the length and breadth of the UK. In 1876, competition arrived 
in the form of the first grey squirrels, which were released in England at 
Henbury Park in Cheshire. It soon became apparent that grey squirrels were 
very successful in their new environment. As a consequence, they had a 
catastrophic effect on the red squirrels. Now, 150 years or so later, for every 
red squirrel in England’s green and pleasant land, there are approximately 
70 grey squirrels.

Grey squirrels are native to the eastern and midwestern USA, as well as the 
southern districts of the eastern provinces of Canada, in an area lacking red 
squirrels. Molecular evidence — a comparative analysis of DNA sequences 

T
he second half of the nineteenth century 
was a period of great discovery. If you 
were rich, or could find a sponsor, you 
could travel around the world acquiring 

interesting ‘exotic’ non-native species. While some 
new non-native species have a benign effect on their 
new environment, others outcompete the native 

Where are  
all the red 
squirrels?

Kevin O’Dell
As recently as 150 years ago, only red squirrels lived in the UK. So, where 
did grey squirrels come from, what has happened to the reds, and should 
we be doing anything about this? Geneticist Kevin O’Dell investigates

AQA Populations in ecosystems
Edexcel A Numbers and distribution of organisms in 
a habitat are controlled by biotic and abiotic factors
Edexcel B The effects of biotic and abiotic factors on 
population size
OCR A Interactions between populations
OCR B The impact of population increase
WJEC Eduqas The regulation of populations by 
density dependent and density independent factors

Exam links 

Red squirrel in Scotland
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from the two squirrel species — suggests that they diverged around 8 million 
years ago.

Since grey squirrels were introduced to the UK, the UK red squirrel 
population has plummeted from an estimated 3.5 million in 1876 to around 
140 000 today. The surviving UK red squirrels are not randomly distributed 
across their previous range. The red squirrel population of England may 
now be as low as 15 000, with the last remaining strongholds being found 
in Northumberland, the Lake District and Brownsea Island in Dorset (see 
Figure 1). Larger, but still declining, populations of UK red squirrels survive in 
Scotland, and to a lesser extent in Wales and Northern Ireland (see Figure 2).

How and why do greys outcompete reds?
Like many conservation issues, nothing is quite as simple as it may at first 
appear. There is no single reason why grey squirrels have so successfully 
outcompeted UK red squirrels for the last 150 years or so. Conservation 

researchers in the UK have identified five key 
contributors to red squirrel decline, all except one 
of which is strongly linked to the introduction of 
grey squirrels.

1 Size matters
Grey squirrels are bigger and more aggressive than 
red squirrels. However, there is little or no evidence 
that the two species fight. So, while grey squirrels 
don’t kill red squirrels it is thought that the more 
aggressive greys are more successful when the two 
species compete for limited food resources (that 
greys can actively defend and protect from the 
smaller, weaker reds).

2 Feeding strategy
A favourite food source for both grey squirrels and 
red squirrels is acorns. Both species prefer green, 
immature acorns, so if both species arrive on the 
scene at the same time, the more aggressive grey 
squirrels may devastate the acorn crop before the 
red squirrels get a chance to eat. Red squirrels 
favour the green acorns because they find it difficult 
to digest the polyphenols in brown (mature) acorns.

In 1993, researchers fed six captive grey squirrels 
and six captive red squirrels a mixed diet of mature 
acorns, peanuts, carrots, apples, hazelnuts and 

Coniferous woodland  A woodland that predominantly or exclusively comprises 
conifer trees.

Fecundity  The ability to produce increased numbers of offspring.

Indigenous species  A species that has been living in an environment for a long time, 
or at least before people arrived in that environment.

Invasive species  Species of plants and animals that have been introduced to new 
environments by people, outcompeting indigenous species.

Targeted cull  The deliberate killing of a specific species.

Coniferous woodland

Terms explained 

Figure 1 View of Sandbanks, part of Poole in Dorset, with Brownsea Island in Poole Harbour in the distance. Brownsea Island, which is 
just 200 hectares of woodland, heathland and salt marsh, is one of just two remaining refuges of wild red squirrels in southern England. 
The other is the Isle of Wight
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sunflower seeds. The grey squirrels readily ate all 
the foods, whereas the reds avoided the mature 
acorns. When the diet was restricted to mature 
acorns alone, the red squirrels suffered significant 
weight loss caused by intestinal inflammation, but 
all six grey squirrels increased their weight.

3 Breeding strategy
Healthy grey squirrels and red squirrels have similar 
breeding potential, with roughly the same litter 

sizes. However, grey squirrels often have two litters a year (in spring and 
summer) whereas red squirrels normally only have one litter in spring. 
Successful breeding is in part linked to the health, and particularly the weight, 
of female squirrels. So, where populations overlap, competition for food, 
especially green acorns, effectively restricts the diet of red squirrels, reducing 
their fecundity.

4 Disease
Grey squirrels often carry squirrelpox virus, but there is no evidence that 
this virus is in any way deleterious to their health. Researchers suspect that 
squirrelpox virus orginated in grey squirrel populations in the USA and was 
brought to the UK by infected grey squirrels. Around 80% of UK grey squirrels 
show evidence of having been infected with the squirrelpox virus. However, 
when it infects red squirrels, the virus causes swollen lesions to the face, ears, 
feet and flanks, and kills about 90% of infected red squirrels within a couple of 
weeks. How squirrelpox virus is transferred between the species is not known, 
but the evidence that it is passed from greys to reds is overwhelming.

5 People
The decline of almost every native wild species is influenced by people. In the 
UK, for example, a major factor in the decline of red squirrel populations is 
the continuing loss of native woodland. Around 4000 years ago, most of the 
UK was covered in mixed native woodland, but progressive deforestation has 
seen the area of the UK covered by native woodland decrease to around 20%, 
Deforestation affects both squirrel species and many other species too, so we 

Figure 2 Distribution of red and grey squirrels in 
Great Britain (a) in 1945 and (b) in 2010
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Kevin O’Dell is professor of behaviour genetics 
and dean of public engagement at the University 
of Glasgow. He is an editor for BIOLOGICAL SCIENCES 
REVIEW. He favours a cull of grey squirrels if that is 
the only way of ensuring that the UK’s population 
of red squirrels survives.

• Since the arrival of invasive grey squirrels in the UK 
150 years ago, the indigenous red squirrel population 
has suffered a catastrophic decline.
• Without human intervention, the UK red squirrel 
population will be effectively extinct by 2030.
• UK conservation groups are urgently developing 
strategies to enable the UK red squirrel population to 
survive.

Key points 

The Woodland Trust has a blog dedicated to red squirrel conservation: 
https://tinyurl.com/yfpq5tvz

The Wildlife Trust has a website dedicated to red squirrel survival: 
https://tinyurl.com/yg5qxak8

Further reading 

Exam-style questions
1 Tannins are found in unripe, green acorns. 
The tannin is lost as the acorns ripen. Unlike grey 
squirrels, red squirrels suffer tannin poisoning. 
Suggest why this has led to a loss of red squirrel 
populations in oak woodlands. [2 marks]
2 As long as grey squirrels are not present, red 
squirrels can live in a variety of habitats. Use Gause’s 
law to explain why red squirrels are largely confined 
to coniferous woodlands in the UK. [3 marks]
3 Give two reasons why the loss of red squirrel 
populations in the UK could be blamed on human 
activity. [2 marks]

cannot blame this aspect of red squirrel decline on the grey squirrels. Likewise, 
many squirrels are also killed in road traffic accidents.

Gause’s law
In 1932, at just 22-years-old, Russian biologist Georgy Gause published what 
is generally referred to as the competitive exclusion principle, or Gause’s law. 
This law states that two species with similar ecological niches cannot coexist 
in a stable equilibrium while ecological factors remain constant. In other 
words, two species with essentially the same requirements for food and space 
cannot co-exist. The outcome is inevitable, in that the fitter of the two species 
will always outcompete the relatively less fit species. As there is around a 75% 
niche overlap between red and grey squirrels, with the grey being the fitter 
of the species, Gause’s law suggests the extinction of red squirrels in the UK 
is inevitable. Conservationists predict that without human intervention red 
squirrels will be extinct in the UK by 2030.

What can we do?
Whatever aspect of biological research a scientist is working in, it is a good 
idea to take inspiration from evidence from the natural world. In this case, we 
might ask why red squirrels survive relatively successfully in some parts of the 
UK, yet have been completely eliminated from others? What is different about 
these regions? Research has revealed that most remaining UK red squirrel 
populations are restricted to coniferous woodlands. It follows that management 
of these habitats might be able to help red squirrels survive. To achieve this, 
woodland agencies could manage the woodland habitat in such a way that it 
is as attractive as possible for red squirrels, but as unattractive as possible for 
grey squirrels.

The key to red squirrel woodland success is having a healthy food supply 
available all year round. Red squirrels feed primarily on seeds and nuts, but in 
the absence of these they also eat fruit, plant shoots and fungi. It is therefore 
important to ensure that the woodland has conifers. But conifers don’t 
necessarily produce seeds every year, and only start producing seeds when they 
are around 20 years old. So woodlands need to be managed to ensure there 
is variety in the age of the trees present, as well as providing a variety of tree 
species, especially conifers, on which the red squirrels can feed. Red squirrels 
apparently prefer conifers with large seeds, such as larch and Norway spruce. 

Conifer seeds are unattractive to grey squirrels, which need a food source 
with a higher energy content. So destroying broad-leafed trees in the coniferous 
woodland disadvantages the grey squirrels. Similarly, it is better to have islands 
of coniferous woodland that can only support red squirrels, with some form 
of barrier between the woodland and any surrounding grey-squirrel-friendly 
areas. These barriers can include arable land or moorland that discourage grey 
squirrels from approaching or entering the red squirrel habitat.

Woodland management alone is unlikely to return the red squirrel to its 
former status, and UK conservationists are now having to ask some difficult 
questions. It is unlikely that a vaccine against squirrelpox virus will appear in 
the near future, so conservationists are looking at ways of actively controlling 
the grey squirrel population.

Research from other countries with experience of controlling invasive 
species (see BIOLOGICAL SCIENCES REVIEW, Vol. 32, No. 3, pages 7–11) suggests that 

targeting contraceptives at grey squirrels, or using 
humane capture of grey squirrels, is unrealistic. 
So the only option would appear to be a targeted 
cull of grey squirrels. But is that something that 
conservation biologists should do?

Things to discuss
 ■ Should we cull some, most or all grey squirrels 

living in the UK to ensure that the native red 
squirrels do not become extinct?

 ■ How do you think squirrelpox virus is transferred 
between the two squirrel species? How would you 
test your theory?

 ■ Populations that are exposed to, and infected 
by, a virus over many generations tend to become 
resistant or tolerant to that virus. But when the 
virus is introduced to a new population it can often 
have a devastating effect. Why do you think that is 
and can you think of any similar examples in fairly 
recent human history? 

Go online for the answers at  
www.hoddereducation.co.uk/ 
bioreviewextras

BiologicalSciencesReviewExtras
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energy than if it entered the water from a sitting start like a duck. You 
may have experienced this difference yourself when retrieving an object 
from the bottom of the swimming pool by diving from the side versus 
swimming to the bottom from the surface of the water.

Gannets dive from heights between 5 m and 45 m, reaching depths 
underwater of up to 10 m without needing to actively swim. They may 
then use their wings and webbed feet to reach greater depths. The 
initial plunge dive uses very little energy. It has the further advantage of 

The northern gannet (Morus bassanus) — one of three 
gannet species worldwide — can be seen all around 

the British coast. Gannets are Britain’s largest seabirds, 
with wingspans of up to 180 cm. Huge, crowded breeding 
colonies are located on coastal cliffs and offshore islands 
such as Bass Rock in Scotland, where numbers can reach 
150 000 during the nesting season (see Box 1). But what 
is really striking when you spot a group of gannets is their 
feeding behaviour, characterised by extreme, high speed 
dives to catch fish.

What’s on the menu?…and how to reach it
Gannets eat mainly fish, though they also take squid. They 
are plunge divers, so their choice of food consists of species 
that shoal fairly near the ocean surface, such as mackerel, 
herring, sardines and small cod. Plunge diving involves 
entering the water at speed from a height, relying on gravity 
to accelerate. The gannet folds it wings back, making a 
streamlined arrow shape of its body. This reduces friction as 
it moves through air and water. It enters the water at speeds 
up to 24 m s−1.

The momentum of the dive overcomes the bird’s natural 
buoyancy, allowing it to reach great depths using much less 

Gannets:  
taking the  
plunge
Gannets are beautiful, elegant birds, 
with streamlined bodies, black wing 
tips and stylish markings on their 
yellow-tinged heads. As plunge 
divers, they face challenges both in 
the air and underwater. Zoologist 
Catherine McCrohan explains

 spotlight

Gannet plunge diving

Alveoli  Tiny air sacs in mammalian lungs, which are the site of gas exchange.

Aqueous humour  Watery fluid in the eye, filling the space between the cornea 
and the lens.

Compression force  Force generated from compressing a structure or 
substance.

Hydrodynamic force  Force applied to an object by the water surrounding it.

Monogamous  Having only one sexual partner.

Refractive index (plural: indices)  A measure of the speed of light in a medium 
(e.g. air, water) compared to that in a vacuum.

Refractive power  A measure of the ability of an object (e.g. a lens) to refract 
(bend) light.

Alveoli

Terms explained 

8256_BSR_32_4_CC_Print.indd   15 25/02/2020   10:53



16 Biological Sciences Review  April 2020

surprising prey animals, making them easier to catch. A gannet may make 
up to 100 dives on a single foraging trip. Success rates of catching prey 
vary between 40% and 95% of dives.

The depth attained by a plunge dive increases with the height above 
the water from which it starts (see Figure 1). A greater height results in 
greater velocity, so it may be worth expending extra energy to ascend 
to a higher start point. However, this is not a linear relationship. From 
heights exceeding 40 m, there is little to be gained in terms of depth — 
the drag on the bird’s body underwater increases with the entry velocity. 
The gannet cannot reach a depth greater than about 10 m from a plunge 
dive alone, no matter how high its starting point. But they can swim and 
more than double their depth (to about 24 m). However, flapping the 
wings underwater is costly in energy and only worth doing if the prize — 
for example a large fish — makes it worthwhile. The gannet must make 
this choice once it is in the water.

Perils of the plunge
Despite its benefits, there are challenges associated with high-velocity 
plunge diving. A plunge dive can give you a headache. At worst, it can 
break your neck. Gannets have a relatively long, slender neck, which 
could be vulnerable to buckling as the bird impacts the water at speed. 
However, reported injuries from plunge diving are rare and are invariably 
associated with collisions between birds rather than the dive itself.

Using a plastic, 3D-printed, artificial gannet head and neck, scientists 
measured the compression force that is exerted on the neck as the gannet 
enters the water. As the head enters the water it slows down owing to 
increased hydrodynamic force (drag), while the body behind continues 
to move at the faster speed in the air. This difference in velocity between 
head and body exerts a compression force on the neck, which then eases 
as the body enters the water and decelerates.

Compression force increases with length of neck. Anatomical studies 
of the gannet’s neck show that its length is just below what would lead to 

buckling. Its neck length is perfectly adapted to avoid injury. 
Further protection is provided by a bundle of strong muscles 
in the neck that contracts during the dive, stabilising it and 
keeping it straight, thus helping to resist forces that might 
lead it to buckle. The combination of neck length and strong 
neck muscles makes it highly unlikely that a gannet will 
break its neck during a dive.

During the plunge, a spongy plate of bone at the base of 
the bill absorbs some of the force. The force of the plunge is 
further cushioned by a series of air sacs located under the 
skin on the front and sides of the body, which form part of 
the respiratory system. What we don’t know is whether the 

Find out where you can visit an RSPB gannet breeding colony: 
https://tinyurl.com/srd98gh

Gannet research blog from Bass Rock: https://tinyurl.com/toxwxo9

Watch this YouTube short film about gannets on Bass Rock: 
https://tinyurl.com/vxoqke3

Further reading 

Box 1 The life of gannets

Colonies of northern gannets are found on coasts and islands 
across the North Atlantic, from Canada to Iceland, Scandinavia 
and the UK. Around 60% of Europe’s gannets breed in Scotland. 
Individuals usually return to the same colony each year to 
mate and nest, and most birds are monogamous throughout 
their lives. The typical lifespan is around 20–30 years, though 
individuals have been recorded well into their 30s.

Gannets usually spend 4–5 months in spring and early 
summer in the breeding colony. Nests are closely packed, with 
the surrounding space fiercely defended. This leads to much 
bickering and aggression within the colony as birds cross 
each other’s territory to find a space for take-off for foraging 
trips. These trips, usually undertaken by groups, can cover 
many kilometres. Gannets nesting on Bass Rock in the Firth 
of Forth (see Figure 1.1) are known to forage about 300 km 
away at Dogger Bank in the North Sea. One gannet fitted 
with a data-logger to plot its movement clocked up a round 
trip of 430 km. 

Bonding between male and female during courtship, after 
mating and while the chick is being reared is maintained by an 
elaborate fencing display. The birds face each other, extending 
their heads and necks upwards, ‘fencing’ with their bills and 
calling. The noise of a colony can be deafening.

A gannet pair will rear just one chick each year. Once the 
chick has fledged, parenthood is over for the season and the 
family separates to migrate. The birds often migrate over long 
distances, sometimes as far as the Mediterranean and North 
Africa.

S C O T L A N D

E N G L A N D

N

Edinburgh
North

Berwick

Bass Rock

50 km0

Figure 1.1 Location of Bass Rock in the Firth of Forth, 
Scotland

Figure 1 Relationship between initial height of a plunge dive and the 
depth that is reached
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Gannet colony on Bass Rock

Gannet pair fencing 
The positioning of a gannet’s 
eyes allows binocular vision
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gannet actively controls the amount of air in these sacs in order to adjust 
its buoyancy underwater — more research is needed. 

Seeing the prize
Before initiating a dive, gannets detect their prey under the surface of 
the water. During a plunge dive, there is no time to change direction, so 
accurate location of prey from the air is vital. Gannets can do this from 
heights well above 5 m, suggesting excellent vision in air. Their forward-
facing eyes enable good depth perception using binocular vision.

Once in the water, gannets often pursue prey by active and directional 
swimming — in fact, much of their prey is caught in this way. Maintaining 
good vision in both air and water is challenging. In air, the cornea of the 
eye provides the interface between the air and the aqueous humour (= 
watery fluid) behind it. Because these have different refractive indices, 
the cornea carries out much of the refraction (bending) of light entering 
the eye, in order to form a focused image on the retina. The remaining 
refractive power is provided by the lens. The refractive indices of water 
and aqueous humour are similar. This means that, underwater, the cornea 
does not refract the light and the lens has to do all the refraction to focus 
the image.

The lenses of fish — and of penguins, dolphins and seals — are 
spherical, providing additional refractive power. The lenses in the eyes 
of gannets are more like those of terrestrial birds but accommodate to 
underwater operation in less than 100 ms of entering the water (see 
Figure 2). This change from aerial to aquatic vision is controlled by the 

ciliary muscles. It overcomes the loss in refractive power of 
the cornea and involves an extremely rapid change in the 
shape of the lens to make it more spherical.

Walking and flying
Further anatomical and physiological adaptations help 
gannets cope with the challenges presented by moving on 
land and in the air. When it comes to walking, gannets are 
not particularly agile and they move slowly. This can cause 
trouble if they stumble into a neighbouring bird’s territory 

Figure 2 The structure of a gannet eye. The lens becomes 
spherical within one-tenth of a second
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Gannet spotting prey in 
preparation for a plunge dive 
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in the colony. They must also walk to find a suitable place 
from which to launch into flight, usually from a cliff.

Once airborne, gannets can maintain continuous flight 
for hundreds of kilometres, aided by adaptations possessed 
by most birds — light bones, aerodynamic body and wing 
shape, powerful flight muscles and a high metabolic rate. 
High metabolic rate and maximising oxygen supply to the 
muscles is maintained by gannets, like all birds, having a 
highly efficient respiratory system that differs from that of 
other vertebrates.

In birds, airflow through the lungs is continuous and 
unidirectional. In contrast, airflow through mammalian 
lungs is bidirectional — the supply of fresh, oxygenated air 
to the alveoli is interrupted every time the animal exhales. 
Bird lungs do not expand and contract. They are supplied 
with air from air sacs located in the body, which act as 
bellows to ensure continuous airflow through a series of 
tiny tubes that comprise the lungs. These tubes have a rich 
supply of blood capillaries and provide a huge surface area 
for gas exchange. Figure 3 shows the path taken by air as 
a bird breathes in and out. It takes two full inhalation/
exhalation cycles for air to pass right through the whole 
system. The continuous one-way flow of air ensures that 
uptake of oxygen is maximised.

Gannets exploit a distinctive ecological niche — their 
anatomy and physiology are well adapted for plunge diving 
and long-distance flight. Next time you spot a group of these 
distinctive birds flying along the coast or circling around 

an area of ocean, keep looking. You may soon spot the tell-tale splash 
as one enters the water, though you may not be quick enough to see its 
sudden descent.

Catherine McCrohan is a professor in the School of Biological Sciences at 
The University of Manchester, where she is also academic director of the 
University College for Interdisciplinary Learning. She is one of the editors 
of BIOLOGICAL SCIENCES REVIEW.

Figure 3 Air flow through a bird’s lungs during inhalation and exhalation. 
For clarity, only two air sacs are shown
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Soldier saviours?
How black flies could combat climate change

The end of food waste?
Hermetia illucens — the black soldier fly — might seem an 
unlikely ally in the fight against climate change. But each 
16-millimetre-long female insect can lay more than 600 eggs, 
from which hatch larvae with truly exceptional potential. The 
larvae can increase their biomass 10 000-fold in just 14 days 
— the equivalent of a human baby growing to the size of a 
humpback whale. All they need is a suitable food source, and 
almost anything will do. In a pilot programme at Louisiana 
State University a small colony of soldier flies consumes the 
food waste produced in a student dining hall. The entomologist 
overseeing the project hopes to expand the programme to 
eliminate all campus food waste by the end of the year. In 
China, giant facilities at one factory process at least 50 tonnes 
of food waste a day with the help of black soldier flies.

Black soldier fly

Black soldier fly larvae 
on food waste
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Soldier saviours?
How black flies could combat climate change

Yields and land use
More than 25% of the world’s marine harvest is currently used as 
food for farmed animals, but an estimated 90% of fisheries are fully 
exploited or over-fished. Almost a third of the world’s cropland is 
used to produce animal feed. In 2013, the UN reported that insect 
farming would have to play a key role — both as animal feed and 
to feed people — if the world is going to be fed sustainably in 
coming decades. Soldier fly colonies can be stacked vertically, five 
to ten high, and the larvae can also be harvested dozens of times 
per year. As Table 1 shows, this means that the output of protein 
from soldier fly production facilities vastly outstrips that from 
conventional animal feedstuffs.

Table 1 Yields of protein produced from land used to raise 
feed for animal sources

Source Yield protein/kg ha−1 y−1

Black soldier fly 153 086

Broiler chicken 1924

Soy 1075

Pig 409

Corn 170

Cattle 48

Food and compost
Carbon dioxide emitted by rotting food waste has been estimated 
to contribute 7% of the world’s greenhouse gas emissions. When 
the larvae capture this carbon, they not only generate biomass 
that can be used as food, but also produce odourless mineral-rich 
excreta that provides excellent compost for plants. Soldier fly larval 
biomass has already been approved for feeding to fish and poultry 
and several producers are now seeking approval to include it in 
pet and even human food. More than 2 billion people worldwide 
already include insects in their diets, but you may not relish the 
thought of crunching into the nutty-flavoured dried larvae. In that 
case, recent advances in three-dimensional food printing might 
be just the job for you, as the larvae can be ground up to form a 
nutritious powder that can be incorporated into foodstuffs from 
pizzas to pancakes.

Binge eaters
The release of a speeded-up video of soldier fly larvae demolishing a 
pizza in about 2 hours prompted researchers to find out how they can be 
so efficient. They provided larvae with a piece of an orange and quickly 
observed the formation of a living fountain (see Figure 1). The incoming 
larvae at the bottom push the larvae in front, which have paused eating, 
upwards and out of the way. The motion spins the food as the larvae 
jostle one another. This happens because each larva only eats for about 
5 minutes, then rests for another 5 minutes, before starting again.

Figure 1

Professor Liz Sheffield, University of Liverpool
You can download a pdf of this spread to print as a poster at 
www.hoddereducation.co.uk/bioreviewextras

BiologicalSciencesReviewExtras

The future: a 3D printed ‘insects’ meal:  
https://tinyurl.com/rvc7hf9

Milius, S., ‘How black soldier fly larvae can demolish a pizza so  
fast’, ScienceNews, 5 February 2019:  
https://tinyurl.com/ycmpaq6s

You might not want to eat bugs. But would you eat meat that ate 
bugs? New York Times, 21 September 2019:  
https://tinyurl.com/y5vfl4oy

Will black soldier fly maggots save humanity?  
https://tinyurl.com/vztqlz7

Further reading 

Coloured scanning electron 
micrograph of black soldier 
fly larva ×30

Breeding insects for 
human consumption
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molecules. This is essential for plant development, 
such as the patterning of cell types in the root and 
the formation of f lowers. Plasmodesmata also 
facilitate long-distance transport of molecules in the 
phloem (see Box 1). 

What fits through?
Transport through plasmodesmata has been 
demonstrated. Fluorescent dyes of around the same 
molecular mass as glucose can be microinjected 
into a single cell. These dyes can be tracked under a 
fluorescence microscope and are seen to spread from 
cell to cell. Plasmodesmata display directionality of 
movement, so some molecules will only flow in one 
direction between cells.

This can be seen in snapdragon plants 
(Antirrhinum majus — see Figure 3) where the 
flowers of a plant without the protein DEFICIENS 
do not form petals or stamens. When DEFICIENS 
is expressed in vegetative tissue, the plants have 
flowers with petals but no stamens. Conversely, 
when expressed in reproductive tissue, plants 
have stamens and petals. This demonstrates that 

R
esources and signalling molecules have to be transported around 
multicellular organisms to allow them to function. Plant cells are 
surrounded by cellulose walls, which would limit this transport 
were it not for membrane-lined tunnels that traverse them. These 

connections of the cytoplasm of adjacent cells are called plasmodesmata (from 
the Greek words for something moulded or fitted, and bond or bridge), singular 
plasmodesma (see Figure 1).

Each plasmodesma has a strand of endoplasmic reticulum through the 
middle, termed the desmotubule. Plasmodesmata are only about 100 nm 
long (750 times narrower than a hair’s breadth), and often cluster into groups 
in the cell surface membrane termed pit fields (see Figure 2). The small gap 
between the desmotubule and the cell surface membrane allows the movement 
of cytoplasm between cells, and so short-distance transport of signalling 

Plant cell 
connections
Matthew Johnston

Plasmodesmata are nanoscopic channels that connect plant 
cells to each other. Plasmodesmata open and close in response 
to environmental factors, controlling what moves through them. 
Plant researcher Matthew Johnston explains how this plays 
an important part in plant defence against pathogens

AQA Structure of eukaryotic cells; Mass transport in plants
Edexcel A Ultrastructure of plant cells; Translocation of organic solutes
Edexcel B Ultrastructure of eukaryotic cells; Movement of sugars through phloem 
OCR A Ultrastructure of eukaryotic cells; The mechanism of translocation; Plant 
chemical defences
OCR B Ultrastructure of plant cells; The mechanism of translocation
WJEC Eduqas Detailed structure of phloem; Translocation of organic materials 

Exam links 

Figure 1 The structure of a plasmodesma. Plasmodesmata are nanoscopic tunnels, about 100 nm long, that connect adjacent plant cells. 
This allows the flow of molecules between plant cells

× 100 × 2000
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Cell 2
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Box 1 Plasmodesmata and phloem

Phloem is a conduit for the movement of sucrose from 
photosynthetic parts to the rest of the plant. Unlike, xylem, 
which is dead tissue at maturity, phloem is alive and 
maintains cellular integrity.

The phloem is made up of two cell types: sieve elements 
and companion cells (see Figure 1.1). Sieve elements are 
highly modified with no nucleus or ribosomes, and so 
require companion cells to survive as they produce all the 
proteins the sieve elements require.

Perforations at the ends of sieve elements — the sieve 
plates — allow sucrose to flow through the plant. These 
holes are derived from plasmodesmata but have been 
modified to be at least ten times wider. The original 
plasmodesmata accumulate callose, much like in defence, 
which maintains the cell wall integrity as the size of the 
pore expands.

In addition to allowing transport of sucrose through the 
phloem, sieve element to sieve element, plasmodesmata 
are also the route through which the sieve elements are 
loaded with sucrose from companion cells. Companion 
cells are actively loaded with sucrose, meaning that 
energy (ATP) is used to concentrate sucrose against a 
concentration gradient. Sucrose then moves from the 
relatively high concentration in the companion cells into the 
sieve elements by simple diffusion through the connecting 
plasmodesmata.

Figure 2 Coloured transmission electron micrograph of a pit field — a cluster of plasmodesmata (coloured pink) between two plant cells 
×400 000

Companion cell cytoplasm
contains a nucleus,
mitochondria, endoplasmic
reticulum, Golgi apparatus

Plasmodesmata – cytoplasmic
connections with sieve tube
cell cytoplasm

Sieve tube element with
end walls perforated as
a sieve plate

Active transport
of sucrose

Passive
diffusion
of sucrose

Lining layer of cytoplasm
with small mitochondria and 
some endoplasmic reticulum, 
but without nucleus, ribosomes 
or Golgi apparatus

Cell 1 cytoplasm

Cell surface membrane

Cell wall

Cell 2 cytoplasm

Pit field

Plasmodesma

Figure 1.1 Phloem tissue ×400 000

8256_BSR_32_4_CC_Print.indd   23 25/02/2020   10:53



24 Biological Sciences Review  April 2020

DEFICIENS moves from the centre of a flower outward, from reproductive 
tissue to the petals, but not vice versa.

A significant amount of research has been put into determining the 
maximum size of molecule that can fit though a plasmodesma, called the 
size exclusion limit. Because injected dyes linked to large molecules did 
not move from cell to cell, it had been thought that proteins were also too 
large to pass through plasmodesmata. It is now thought that microinjecting 
dyes damages plant cells, causing a reduction in the size exclusion limit, as 
proteins have been shown to move (see Box 2). This opened up a remarkable 
possibility: do plant cells respond to stimuli to alter movement of molecules 
through plasmodesmata?

Plasmodesmata in defence
Scientists have conducted experiments to test whether plant cells can alter 
their size exclusion limit dynamically in response to environmental changes. 

Figure 3 Snapdragon flowers, Antirrhinum majus

Petal

Style

Ovule

Ovary

Sepal

Filament

Stigma

Anther

Figure 4 Fluorescent micrograph of a plant 
cell stained with aniline blue and illuminated by 
ultraviolet light. This shows pit fields (clusters of 
plasmodesmata – see Figure 2) where there is a high 
accumulation of callose

GFP  Green fluorescent protein. A protein derived 
from jellyfish widely used in cell biology. When blue 
light is shone on this protein, it emits green light, 
allowing specific proteins to be tracked in a cell.

Overexpression  Where an organism is genetically 
manipulated to produce more protein than it normally 
would.

Pathogen  A broad term for any agent that can cause 
disease.

Size exclusion limit  The maximum size of molecule 
that can move through a plasmodesma.

Terms explained Terms explained

Box 2 Visualising transport through plasmodesmata

The fluorescent microscope images in Figure 2.1 show leaf cells of Arabidopsis 
thaliana. The plants have been bombarded with gold particles coated with DNA 
coding for a fluorescent protein. In each case, a single cell has been transformed and 
is expressing GFP. GFP detected in cells outside the central, brightest cell must be 
from cell-to-cell movement. The plasmodesmata are more blocked in the cells of leaf 
B than those in leaf A because leaf B has launched a defence response. Transport of 
GFP through leaf B is thus reduced.

  

Figure 2.1 (a) Leaf A, plasmodesmata open; (b) leaf B, plasmodesmata closed

(a) (b)

They have used molecules that are associated with 
defence responses (pathogen-associated molecular 
patterns — PAMPs, see Box 3). In one such 
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experiment, chitin — a major component of fungal 
cell walls (a fungal PAMP) — was injected into 
leaves, where single cells produced the fluorescent 
marker GFP. Reduced spread of GFP from cell to cell 
showed that the leaf had closed its plasmodesmata 
in response to the PAMP.

The plasmodesmal receptor for chitin has been 
discovered and plants that have had this receptor 
genetically removed (knock-out mutants) are 
available. A normal, wild-type plant was compared 
with the receptor knock-out to see whether a fungal 

pathogen was better able to infect the wild-type or the knock-out mutant. The 
fungus grew more successfully on the mutant plant, allowing the conclusion 
that the receptor is involved in plant defence against pathogens. More generally 
this demonstrates that plasmodesmal closure is an important part of the first 
tier of the plant defence response — PAMP-triggered immunity, PTI — as 
outlined in Box 3).

What blocks plasmodesmata?
Callose is a polymer of β-glucose (as is cellulose). This impermeable 
polysaccharide is rapidly deposited at plasmodesmata in response to infection 
or damage to plants. Callose can be visualised at pit fields using a dye called 
aniline blue (see Figure 4).

This raises the question, could plasmodesmata be blocked to a greater extent 
than would naturally occur, and so make plants more resistant to pathogens. 
There are several ways of doing this, but one method is to overexpress proteins 
that trigger callose deposition. These proteins are called plasmodesmata-
localised proteins (PDLPs) and transgenic plants have been created with novel 
DNA that causes them to make more PDLPs than wild-type plants.

Using aniline blue, it can be seen that callose concentrations are higher 
in the transgenic plants. These plants are more resistant than wild-type 
plants to both viruses and bacteria. However, the transgenic plants also had 
developmental defects and were dwarfed. (This underlines the importance 
of cell-to-cell communication in normal growth processes.) Consequently, if 
this technique were to be used in crops, the crops may be more resistant to 
pathogens, but they would probably have a reduced yield.

This highlights the necessity for a more detailed understanding of 
plasmodesmata to allow more sophisticated engineering of plasmodesmal 
blockage in defence. One possibility for the future would be to overexpress the 
PDLP protein only transiently, when the first line of plant defence is triggered, 
so as to defend the plant only when required and avoid any developmental 
side effects.

Things to discuss
 ■ How else could resistance–yield trade-off be overcome?
 ■ What benefits could the plant gain by the blocking of plasmodesmata?

• Plasmodesmata are connections between plant cells which allow the movement of 
molecules between adjacent cells.
• Plasmodesmata are dynamic and can be blocked in response to pathogen attack 
by the deposition of callose.
• Blockage of plasmodesmata is an important part of plant defence, increasing 
resistance to pathogens.

Key points 

Plant transformation using particle bombardment: https://tinyurl.com/yemokee9

Faulkner, C. (2018), ’Plasmodesmata and the symplast’, Current Biology, Vol. 28, 
No. 24, R1374–R1378.

‘Faces of plant cell biology: Dr Christine Faulkner’: 
www.plantcellbiology.com/2014/03/dr-christine-faulkner

Further reading Box 3 Plant defence

Plants come under attack from pathogens every day, 
leading to 10–40% yield losses in staple crops. Unlike 
animals, plants do not have a circulating immune 
system with white blood cells. Instead, defence 
responses occur at the point of invasion. The most 
widely accepted model was coined the ‘zigzag model’, 
which is a two-tier defence mechanism. The plant cell 
first identifies pathogens by conserved molecules, 
PAMPs, which activate the first tier of defence — 
PAMP-triggered immunity. Some pathogens are 
specialised and secrete proteins (termed effectors) 
into the plant cell, overcoming and suppressing 
the first level of defence and starting a successful 
infection. Some plants, in turn, have specialised 
receptors that detect the secreted effectors, triggering 
the second tier of defence — effector-triggered 
immunity, protecting the plant again. This back-and-
forth can continue multiple times, leading to more 
effectors preventing effector-triggered immunity, and 
more receptors detecting these effectors.

A plant cell detects PAMPs, conserved molecules 
from a pathogen, and activates the defence response, 
PAMP-triggered immunity (PTI, see (1) in Figure 3.1). 
Some pathogens have proteins (effectors), which 
they secrete to stop PTI (2). These make the plant 
susceptible again. However, the plant can respond in 
kind and detect the effectors, triggering plant defence 
again, effector-triggered immunity (ETI (3)).

D
ef

en
ce

Infection

Plant cell

Receptor PAMP

Pathogen

PTI prevented

Receptor

Receptor

Effector

Effector

ETI
Effector

perceived

1 2 3

PTI
PAMP

perceived

Su
sc

ep
ti

b
le

D
ef

en
d

ed

Figure 3.1 Plant defence
Matthew Johnston is a PhD student in Dr Christine Faulkner’s laboratory 
at the John Innes Centre, Norwich. He specialises in signalling events at 
plasmodesmata, especially in a defence context.
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 prospects

chance to carry out tricky health checks on the animals. 
Likewise, when animals get sick, the aquarist needs to 
be able to follow the advice given by vets. This may be 
something as simple as giving medicated food, but it 
might mean giving a wriggling fish an injection.

Working hands-on with the animals is a large part of the 
job, but aquarists don’t just work directly with the animals. 
They often look after the systems behind the scenes too. 
Behind every underwater tunnel and enclosure is a range of 
equipment that keeps the system working. The water needs 
to move continuously around the tank and run through 
equipment designed to make sure it stays clean and free 
from pathogens. A large part of an aquarist’s job involves 
carrying out regular maintenance on all the equipment 
hidden behind the scenes. The water quality of the systems 
also needs to be checked regularly to make sure it is right for 
the inhabitants, which involves a bit of chemistry.

While this may seem like a lot of responsibility, one of 
the reasons that being an aquarist is so rewarding is that it 
has many different aspects. There are frequent highlights in 

Aquaria allow people to connect with hidden underwater worlds 
and their inhabitants. Imagine walking through a huge underwater 

tunnel in a public aquarium. You look up and see a shark and shoals of 
fish swimming overhead. Have you ever wondered what goes into looking 
after a shark? Who looks after all these aquatic animals? That’s the job of 
an aquarist. Aquarists are keepers of aquatic animals, from invertebrates 
to sea lions and sharks. Aquarists often work in public aquariums but may 
work in other facilities too. Wherever aquatic life needs looking after, you 
will find an aquarist working behind the scenes.

A varied job
Working with animals plays a main role in an aquarist’s daily work. 
There are many different aspects involved in looking after aquatic 
animals. For example, animals need to eat, so an aquarist must 
understand the nutritional needs of the animals in their care and help 
to develop the animals’ diets. Many animals need enrichment in their 
life — something that stimulates them. This stimulation might be a 
mental challenge, or it might be a new sensory experience such as a 
new smell or thing to touch. For animals such as otters and sea lions, 
enrichment through training programmes also gives the aquarist a 

Being an aquarist

Aquarist Emma Samson explains how she helps people learn about aquatic animals and wonderful 
environments, and discusses the current conservation challenges facing the inhabitants in the wild
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this career path. It may be when your endangered animals 
in a breeding programme reproduce successfully for the first 
time, or when an animal that was sick makes a full recovery, 
or the look on a child’s face when they see a shark close-up 
for the first time.

Unsurprisingly, there are many challenging aspects 
too. The days are often long and physically demanding, 
and aquarists usually end up wet and smelling like fish. 
Not to mention the fact that animals sometimes need care 
around the clock, which may mean staying late to work 
into the night to look after a poorly animal, or working on 
Christmas Day.

Aquaria and conservation
One of the most important roles of aquariums today is to 
contribute to conservation. Conservation can be split into 
two main sections, ex-situ and in-situ conservation. In-situ 
conservation takes place in the wild, in an animal’s natural 
environment. For example, working to preserve a section of 
rainforest where an animal lives would be classed as in-situ 
conservation. Ex-situ conservation takes place outside of 
the animal’s natural environment — for example, in a zoo 
or aquarium.

Conservation through education
Aquarists in public aquaria may be involved in regular talks 
and events. These are usually centred around particularly 
exciting animals — shark feeds are always a big hit. These 
events provide members of the public with a way to connect 
with the animals, as they might see animal behaviours that 
they wouldn’t normally see. It also provides the aquarist 
with an opportunity to raise specific conservation concerns 
about the animal and its natural habitat. For example, 
an aquarist giving a talk about otters might discuss the 

individual personalities of the otters, some fun facts, but also touch on 
the major threats that the species faces in the wild.

Such events also provide an opportunity to raise awareness of the 
particular conservation charities that the aquarium may support. These 
encounters can ignite a spark that gets people actively engaged in 
conservation.

A more subtle aspect of an aquarist’s role is the involvement in 
enclosure design and maintenance. A cleverly designed enclosure can 
closely replicate an animal’s natural habitat. Given that some animals 
have specific environments (niches) that they inhabit, this can be a 
fantastic way to teach people about the natural world. For example, 
the blind cave fish, Astyanax mexicanus, lives in cave systems in Mexico. 
Existing in darkness, these fish have lost their eyes through evolution. 

Conservation through captive breeding
One of the more practical ways that aquarists may be involved in 
conservation is through captive breeding programmes, which can support 
struggling wild populations. For example, one of the largest threats facing 
aquatic life today is climate change. Even the smallest changes in average 
temperatures can have a huge impact on aquatic life.

Higher temperatures are one of the main causes of mass bleaching 
incidents in coral reefs. Coral bleaching takes place when corals expel the 
algae that live within their tissues, making the coral appear white. Algae 
living in the coral polyps form an important endosymbiotic relationship 
(a relationship between a host and an internal associate organism, both 
of which derive benefits from the relationship), providing the coral with 
sucrose and carbon dioxide. Without the algae to provide nutrients, corals 
start to starve and then die.

Project Coral, led by the Horniman Aquarium and its international 
partners, looks at coral reproduction in captive corals. The information 
they have gained from researching coral reproduction can be used to help 
restore coral reefs around the world, particularly where areas of the reef 
have been bleached. This is a great example of in-situ conservation being 
implemented for ex-situ conservation.

27www.hoddereducation.co.uk/biologicalsciencesreview

The author viewing an axolotl, a type of salamander. 
Axolotls are critically endangered in the wild but large 
numbers are bred in captivity as model organisms
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Another factor that can have a huge impact on wild 
populations of aquatic animals is harvesting for the pet 
trade. Many aquatic species are taken from the wild to 
support the pet trade, which not only damages their 
numbers in the wild, but can also damage the natural 
habitats that they are found in.

The popularity of the movie Finding Nemo had a 
big impact on the wild populations of both clownfish 
(Nemo) and regal tangs (Dory), with many fish being 
taken from the wild. Breeding fish in captivity can be 
very difficult. Some species have complex life cycles and 
specific needs throughout their growth. Only recently 
have regal tangs bred successfully in captivity, meaning 
that fish purchased before then have all been taken from 
their natural habitat. Learning how to breed and rear 
animals in captivity can help to alleviate pressure on 
wild populations, particularly pressures from areas such 
as the pet trade, which is where the skills and expertise 
of an aquarist are paramount.

Conservation through research
Another way that aquarists are involved in conservation is 
through research. Aquarists may be employed by institutions 
such as universities to assist in research projects. Aquarists 
will likely be involved in various aspects of the projects, 
such as setting up equipment, looking after the animals, and 
troubleshooting areas of the project with their expertise.

Aquarists employed in public aquariums may 
also contribute to research, particularly relating to the 

Bleached coral in the Great Barrier Reef, 
Australia. In-situ conservation may help to 
restore damaged coral reefs such as this one

Aquarists in scuba diving 
kit cleaning an aquarium
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conservation of the species they work with. For example, 
looking at improving the diets of captive animals, often in 
combination with expertise from vets, contributes to the 
understanding of how to best look after species in captivity. 
This knowledge can then be extended to rehabilitating 
injured animals for reintroduction and captive breeding 
programmes.

One such case involves Asian short-clawed otters (Aonyx 
cinereus), which are prone to develop uroliths — urinary 
tract stones. These can build up and cause discomfort, 
pain, infection and even lead to obstructing the flow of 
urine, which can be fatal. A great deal of research has been 
carried out over the years, looking at what causes these 
stones to develop and how best to prevent them. From this 
research, diets for otters in captivity have been developed 
and improved, increasing both the lifespan and quality of 
life of captive otters.

How do I become an aquarist?
To become an aquarist, you will likely go to university or college to 
achieve an undergraduate degree or qualification in a course that will give 
you a solid understanding of animals and aquatic biology. Courses such as 
zoology and marine biology provide a good understanding of the science 
you need to succeed in the field. Another qualification is the diploma in 
management of zoo and aquarium animals (DMZAA), which is taught at 
college. Having an interest in scuba diving is also a plus in the industry, 
as large display tanks require scuba divers to clean them.

Hands-on experience is, perhaps, the most important foothold in this 
career. Many public aquariums will readily take on volunteers to help 
with various bits of work, which is an excellent means of gaining practical 
experience. Internships and seasonal positions are great for gaining extra 
experience in the industry, and a way of seeing if this is the right career 
path for you.

I studied zoology with industrial experience at The University of 
Manchester, with a year in the Cooke Lab – Fish Ecology and Conservation 
Physiology Laboratory in Canada. I then completed a Masters degree in 
research in applied marine and fisheries ecology at the University of 
Aberdeen before working at Lakes Aquarium as an aquarist, and then a 
senior aquarist, where I was responsible for the care of numerous animals 
before moving to my current position.

Topics for discussion
 ■ In what ways do aquariums contribute to conservation?
 ■ Examine the differences between in-situ and ex-situ conservation.

Emma Samson is senior aquarium technician for the Lyell Centre at Heriot-
Watt University, where she manages the running of the aquarium.

BIAZA, the British and Irish Association of Zoos and Aquariums: 
https://biaza.org.uk

EAZA, the European Association of Zoos and Aquaria: 
www.eaza.net

Association of Zoos and Aquariums: www.aza.org

Journal of Zoo and Aquarium Research: www.jzar.org

SeaLifeBase has information and pictures for 75 800 species: 
www.sealifebase.se/search.php

Further reading 

Wild populations of blue regal tangs 
and the striped clownfish suffered after 
the Finding Nemo film was released
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of evolutionary success. The most populous 
vertebrates with the largest distribution on Earth 
today are small.

Evolutionary success can be defined in many 
ways. Three examples include wide distribution, 
persistence of species over long timescales, and 
resilience in changing environments. Mammals are 
one of the most successful animal groups. Many 
of today’s small mammals belong to the order 
Rodentia (rodents including rats, squirrels and 
porcupines). However, for the first two-thirds of 

A
mass extinction happened about 252 million years ago. Up to 
95% of life on Earth was wiped out. Reptiles emerged to fill the 
ecological niches that had until then been occupied by large-bodied 
animals. The ancestors of mammals that became most successful 

exploited a niche that was previously unfilled — being small, nocturnal, and 
increasingly endothermic.

Mammals remained relatively small for around 150 million years, the largest 
reaching the size of a badger. They had fur, and resembled rodents, but looks 
can be deceiving. Their anatomy was different from rodents (a group that did 
not emerge until after the extinction of the dinosaurs, around 66 million years 
ago — see Box 1).

Evolutionary success
There is a misunderstanding that mammals were held back in their evolution 
by the presence of the dinosaurs. But being physically big is not a measure 

First mammals

Elsa Panciroli

Being small was one of the key advantages for the ancestors of 
mammals. Palaeontologist Elsa Panciroli explains how being 
small contributes to larger brain proportion, keen senses and 
the ongoing evolutionary success of small mammals

AQA Surface area to volume ratio; Evolution may lead to speciation 
Edexcel A Surface area to volume ratio; Adaptation and evolution
Edexcel B Classification; Natural selection; Surface area to volume ratio
OCR A Surface area to volume ratio; Classification and evolution 
OCR B Significance of surface area to volume ratio; Evolution and classification
WJEC Eduqas Body size and metabolic rate; All organisms are related through their 
evolutionary history

Exam links 

Crepuscular  Active at dawn and dusk.

Ecological niche  The role of a species in its 
environment.

Ectotherm  An animal that regulates body 
temperature using its environment.

Endotherm  An animal capable of generating its own 
internal heat to maintain body temperature.

Nocturnal  Active at night.

Surface-area-to-volume ratio  The surface area per 
unit volume of an object.

Crepuscular

Terms explained Terms explained

A bicoloured shrew — an extant nocturnal mammal with conspicuous whiskers

Being small, the secret 
to success
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their evolutionary story, mammals were represented 
by many lineages of small animals that flourished 
alongside the dinosaurs.

Pros and cons of being small
Being small makes it easier to hide from predators, 
which saves energy that would otherwise be spent 
fleeing. Many small mammals today are nocturnal 
or crepuscular. Being small makes it possible to 
forage for food below the leaf litter, snow, or 
underground, offering protection from hunters. 
Many are also omnivorous, feeding on seeds, fruit, 
insects, plant roots, flowers and fungi that meet 
their energy needs.

But being small does have some disadvantages. 
Small mammals have trouble maintaining their 
body temperature, due to their higher surface-
area-to-volume ratio. They lose body heat quickly. 
They often ‘live fast and die young’, but produce 
frequent, large litters of offspring. This fast turnover 
of generations makes it possible for evolution to 
act quickly on small mammals, and changes in 
the genetic composition of their populations can 
happen fast.

Looking at the earliest mammal ancestors 
in the Triassic — mammaliaforms such as 
Morganucodon — palaeontologists now better 
understand their origins (see Box 2). Many of the 
traits that account for the success of mammals 
are closely linked to a reduction in body size 
during the Triassic. The specialisations that came 
with this reduction contributed to the long-term 
success of mammals. 

Box 1 Rise of the rodents

People often describe the ancestors of mammals as ‘mouse-like’, 
but rodents (the group to which mice belong) only evolved around 
60 million years ago, whereas mammaliaforms have their origins 
at least 220 million years ago. Although the first mammals looked 
superficially rodent-like, they were physically distinct, and not closely 
related. However, two groups of ancient mammals and close relatives 
developed adaptations that are similar to rodents: the tritylodontids 
and the multituberculates. Both groups had enlarged incisor teeth at 
the front of the mouth with a gap behind them called a diastema, and 
rows of grinding molar teeth at the back of the mouth.

The tritylodontids, multituberculates and rodents appear to have 
‘replaced’ one another in succession: first the tritylodontids (see 
Box 2) lived from the late Triassic to the early Cretaceous, then 
multituberculates from the early Jurassic until the Eocene, and finally 
rodents appeared in the Palaeocene. Despite not being directly related 
to one another, the teeth of each group evolved along similar lines. 
This is an excellent example from the fossil record of convergent 
evolution, the process whereby organisms that are not closely related 
evolve similar traits independently, as a result of adapting to similar 
environments or ecological niches.

(a) (b)

7.6 cm

(c)

Figure 1.1 Three skulls: (a) a tritylodontid, (b) a multituberculate and (c) a rodent

Box 2 Cladistics 

When talking animal evolution, palaeontologists refer to clades — groups of organisms 
that include all the evolutionary descendants of a common ancestor. In the evolution 
of mammals, we refer to Mammalia, Mammaliaformes, and Mammaliamorpha. Each 
one of these clades incorporates all the organisms that share an ancestor. Mammals 
today are all part of the clade Mammalia. Mammaliaformes includes Morganucodon 
(see Figure 2) (from the late Triassic) and all of its descendants, including Mammalia. 
Mammaliamorphs comprise a clade that includes the common ancestor of 
Mammaliaformes, and close mammal-cousins called tritylodontids. Each clade is nested 
in the next, like a Russian doll, and is united by a suite of shared skeletal characteristics 
that define it. Working out common ancestry by examining the shape of teeth and 
skeletons is a key goal of vertebrate palaeontology.
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Figure 2.1 Cladogram showing evolution of mammaliamorphs, 
mammaliaforms and mammals over time
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Figure 1 Left, turbinals in the skull of a brown bear (right)

The nocturnal bottleneck
There is evidence that mammals went through a ‘nocturnal bottleneck’, when 
the shared ancestor of all living mammals was probably active only at night. 
Clues to this are found in the photoreceptors in the eyes of modern mammals. 
There are two main types of photoreceptor, called rods and cones. Cones are not 
very sensitive to light, but provide high resolution, which is good for daytime 
vision. Rods are more sensitive to light, but this sensitivity comes at the expense 
of resolution. This is better for night-time vision. Most modern mammals have 
a lot of rods in their eyes, and only a few cones. This gives them good low-light 
vision but results in colour-blindness (which means they cannot distinguish 
red–yellow–green parts of the light spectrum). Primates are some of the only 
mammals that have re-acquired good colour perception.

The greater proportion of rods over cones in modern retinas means we can 
say with confidence that living mammals share a nocturnal common ancestor. 
This gives us a minimum of around 220 million years ago for when the last 
common ancestor of all modern mammal lineages was alive. The shape of 
the eye orbit of modern mammals is linked to day/night activity, and using 
this we can assume that the predecessors of mammals included daytime and 
nocturnal animals. Nocturnal activity probably emerged several times in 
different groups. Although we cannot be certain how far back the nocturnal 
lifestyle goes in mammal ancestry, we can say for certain that by the late 
Triassic, mammaliaforms were exploiting the night. Even today, the majority 
of mammals are crepuscular or nocturnal.

Enhanced senses
Well-developed sense of smell, whiskers and good hearing are all traits 
advantageous to mammals. Over time, the brains of mammaliaforms grew 
larger compared with their body size, although they were still smaller than 
those of modern mammals. Some of this brain size increase was linked to their 
changing senses, as areas of the brain that process the senses became larger and 
so coped with increased information.

Smell
Most modern mammals have an accomplished sense of smell and use it for 
communication (such as scent marking), or to hunt for food. Mammal noses 
have thin, curled bones called turbinals inside them (see Figure 1). The turbinals 

increase the surface area inside the nose, resulting 
in an increase in the density of smell sensors.

Turbinals are fragile so they are not well-
preserved in the fossil record. This makes it difficult 
to identify their origins and track their evolution. 
However, we know that simple ridges existed in the 
noses of some mammal predecessors, suggesting 
that their common ancestors possessed rudimentary 
turbinals before the Triassic. As smell became 
more important to nocturnal mammaliaforms, 
the region of the brain that processes smell — the 
olfactory bulb — enlarged. This enlargement can 
be seen in late Triassic mammaliaforms, indicating 
that smell was already an important sense by this 
time in mammal evolution.

Touch
The origin of mammalian whiskers is also hard to 
pinpoint in the fossil record, as they do not fossilise. 
However, whiskers are connected to nerve fibres, 
which send impulses from the snout to the brain. 
These nerves snake along pathways on the surface 
of the skull bones, and pass through small holes 
in these bones, called foramina. Palaeontologists 
have traced the appearance and evolution of these 
foramina in the ancestors of mammals. By the 
Triassic in animals such as Morganucodon, the 
pattern of these foramina is similar to that found 
in modern mammals with whiskers, indicating 
that mammaliaforms had whiskers by this time 
(see Figure 2).

Hearing
The evolution of the middle ear in mammals is an 
especially important area of study for mammal 
palaeontologists. Modern mammals have a wide 
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Figure 2 ‘Morgie’, the reconstruction of the extinct mammaliaform Morganucodon

• Mammal ancestors were small, nocturnal, and increasingly endothermic.
• These features gave them clear competitive advantages over reptiles. 
• Whiskers, large brain, heightened smell and hearing allowed mammals to exploit 
new ecological niches.
• Endotherms can sustain aerobic activity better than ectotherms.

Key points 

Dr Elsa Panciroli is a Scottish palaeontologist at the University of Oxford. Her 
research focuses on the origins and evolution of mammals, and she works on 
fossils from Jurassic rocks on the Isle of Skye.

range of hearing across high and low frequencies. 
Extra-sensitive hearing is vital for avoiding 
predators, and compensates for poor resolution low-
light vision. Some small mammals, including bats, 
use their hearing for hunting, via echolocation.

During the Triassic, Jurassic and Cretaceous, 
the bones in mammaliaform jaws began to shift 
position. Some of them reduced in size and 
eventually detached from the jaw altogether, 
becoming incorporated into the middle ear. 
Recent research has suggested that the small size 
of the mammaliaform jaw and skull led to the 
rearrangement of muscles in the skull, freeing up 
the bones of the jaw and making the evolutionary 
transformation of the jaw–ear bones possible. 
Alongside other changes in internal ear structure, 
this rearrangement resulted in an increase in the 
frequency range and sensitivity to sound in the 
mammal lineage.

It’s getting hot in here
Mammals are endothermic — they maintain high 
body temperatures metabolically rather than 

through basking and cooling as in ectotherms such as lizards. Birds and 
mammals have faster metabolic rates than other vertebrate animal groups. 
Endothermy allows mammals to carry out a much wider range of more 
sustained aerobic activity, which ectotherms typically cannot sustain. 

There is disagreement about the origin of endothermy, but the upright 
posture of mammal ancestors during the Permian period suggests they were 
becoming capable of faster, more sustained movement, and their metabolism 
and body temperature may have increased to fuel this. The presence of 
turbinals also supports this, as the increased surface area they provide 
helps active animals recover heat and moisture during intense activity. The 
evolution of fur as an insulating body covering would have allowed mammal 
ancestors to maintain higher body temperatures. Being endothermic would 
have meant that mammaliaforms could regulate their body temperature when 
it was cold at night, an important prerequisite for being nocturnal. 

Final word
For the earliest mammals — our own distant ancestors and cousins — being 
small provided not only a survival advantage, but a blueprint for success 
that has seen them through multiple extinction events over the last 200 
million years. The characteristics that were present in mammaliaforms 
— nocturnality, whiskers, a large brain, heightened smell and hearing — 
emerged hand-in-hand as a suite of adaptations that made it possible to 
exploit new ecological niches. They have outlasted the non-bird dinosaurs, 
and it is possible that the smallest mammals on Earth may outlive us all.

Kemp, T. S. (2005) The Origin and Evolution of 
Mammals, Oxford Biology. 

Merritt, J. F. (2010) The Biology of Small Mammals, 
John Hopkins University Press.

Panciroli, E. (2016) ‘Fossil focus: the first 
mammals’, Palaeontology Online, available at: 
https://tinyurl.com/yjjeecta

Panciroli, E. (2016) ‘Did milk and fur evolve before the 
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 upgrade

and you will waste time. If you choose the reasoning given 
in the mark scheme, you should be reassured that your 
question analysis skills are developing well. You should also 
gain confidence in the wording of your specification, which 
limits the details of the processes involved in respiration 
that you are expected to recall.

Using past questions to develop your AO2 and 
AO3 skills
Clearly a biologist should have sound recall and 
understanding of biological concepts, processes and 
techniques, that is, AO1 skills. But, as Figure 1 reminds 
you, most of the marks in your examination reward you for 
demonstrating other skills:

 ■ applying your knowledge and understanding (AO2)
 ■ analysing, interpreting and evaluating evidence, ideas and 

information (AO3)
To allow students to demonstrate these skills, examiners 

provide questions with contexts that they can be fairly 
confident no student has seen before.  Like you, they have 
access to the published textbooks, student guides and 
revision guides that cover your biology specification. It is, 
therefore, highly unlikely that they would use any material 
from those publications as a context to test your skills of 
data interpretation.

Therein lies a problem for many students. The 
examination papers contain information they have not 
‘been taught’. And many express their feelings about this 
on student chat rooms immediately after leaving the exam. 
Using past questions that test AO2 and AO3 skills will 
help to develop your AO2 and AO3 skills. Importantly, it 
will lead you to expect new material in your examination 

The summer examinations will soon be underway. Thousands of 
students will sit their AS, A-level or Scottish Higher examinations in 

biology. Hopefully, you are preparing for those examinations now. Many 
students will do this by revising their notes, textbooks or revision guides. 
As a starting point, this is fine. You need to be familiar with the subject 
content of your biology specification. You will use this knowledge and 
understanding in questions that test assessment objective 1 (AO1).

Using past questions to develop your AO1 skills
Box 1 presents two questions that are similar to some questions you might 
find in past papers. Both test AO1 skills.

Question 1 asks for a straightforward description of a cellular process. 
Using it to prepare for your own examinations, first analyse the question. 
Although it is tempting to jump straight to ‘secretion’, the preamble 
contains clues that are designed to help you construct your answer 
so that you gain marks without wasting time. It refers to mammalian 
cells, so you don’t need to include prokaryotic cells in your answer. It 
relates to glycoproteins, so you need to explain how a protein becomes 
a glycoprotein. It tells you not to write about protein synthesis, so don’t 
waste time doing that.

The question carries a 5-mark tariff, so you need to think of at least 
five steps in your answer. Before you look at the mark scheme, list what 
you would include in your answer. Hopefully, when you compare your 
list with the mark scheme, you will find that you have recalled the subject 
content correctly and communicated it appropriately. If so, you will be 
reassured that your knowledge is sound.

Note, however, the marking guidance given in square brackets in the 
mark scheme. All boards use biological terminology recommended by 
the Royal Society of Biology. Although this recommends the term ‘Golgi 
apparatus’, many authors continue to use the older term of ‘Golgi body’. 
The guidance shows the markers that ‘Golgi body’ is an acceptable term 
and should be credited. In contrast, the marking guidance shows that 
marks will not be awarded if the abbreviation ‘RER’ is used without 
any reference to rough endoplasmic reticulum. You might think this is 
harsh but you would be well advised to develop the habit of only using 
abbreviations given in the biology specification you are studying, that 
you spell out in full on first usage, or that are used in the question itself.

Question 2 reminds you of something you should already know. It then 
asks for an explanation. Begin by analysing the question. What would 
you include in your answer for 5 marks? The question is not asking for 
an account of respiration. If you describe all the reactions involved in 
respiration — glycolysis, the link reaction, the Krebs cycle, the cytochrome 
system and oxidative phosphorylation — you will not answer the question 

Using past questions    and mark schemes
Many students use past questions and mark 
schemes to help prepare for examinations. Former 
A-level biology senior examiner Martin Rowland 
discusses how students could gain the benefits of 
this approach and, crucially, avoid the pitfalls
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papers and reassure you that examiners are not trying to 
‘catch you out’.

Box 2 contains a question designed to test AO2 and 
AO3 skills. I should warn you that this uses data from an 
experiment done some time ago, some aspects of which 
were a bit gruesome. Hopefully, you will understand why 
when you get to answering the last part of the question.

Let’s look at the construction of this question. I’m sure 
that neither you nor your teachers will have seen this 
experiment, so the preamble puts the question into a 
context. Anticipating that you will probably not remember 
all the information you need throughout the question, it 
is broken into bite-size chunks, each placed immediately 
before the part of the question where you need it. For 
example, the information that, like sucrose, trehalose is 
not a reducing sugar is provided in question (c), rather 
than at the beginning. Important bits of information are 
repeated, for example that trehalose is found in insects. 
This should help you to interpret, analyse or evaluate 
each part of the question. Hopefully, understanding these 
aspects of question construction will reduce your surprise, 
or anxiety, when you see complex questions like this in 
your exam.

You will find model answers to Question 3 in the online 
materials accompanying this issue of BIOLOGICAL SCIENCES 
REVIEW (see www.hoddereducation.co.uk/bioreviewextras).

Where using past questions and mark 
schemes can cause problems
Biology specifications are periodically redesigned. 
For example, if you are studying A-level biology, your 
specification was introduced in 2015 and replaced the 
specification introduced in 2008. Although the redesigns 
involve evolution, rather than revolution, changes are made 
to subject content and to the methods of assessment.

Using past questions    and mark schemes
Box 1 Questions testing assessment objective 1 (AO1)

Question 1 Many mammalian cells secrete glycoproteins. Describe how a 
glycoprotein is secreted by a mammalian cell.
   Begin your answer with a newly synthesised protein. Do not include details of 
protein synthesis in your answer. (5 marks)

Draft mark scheme
• Protein moved into (lumen of) rough endoplasmic reticulum (1) [Do not 
credit unqualified RER]
• Protein is folded/sugar added within rough endoplasmic reticulum (1)
• Then transported (by vesicles) to Golgi apparatus (1) [Credit Golgi body]
• Modified/packaged within Golgi apparatus (1)
• Transported to surface membrane in vesicles that bud off Golgi apparatus (1)
• Vesicle fuses with cell surface membrane releasing protein (1)

Figure 1.1 Coloured transmission electron micrograph of Golgi 
apparatus ×33 000

Question 2 A eukaryotic cell produces more molecules of ATP from a single 
glucose molecule during aerobic respiration than during anaerobic respiration.  
Explain why. (5 marks)

Draft mark scheme
• Anaerobic respiration involves only glycolysis, but aerobic respiration also 
involves the Krebs cycle and electron transport system/cytochrome system (1)
• Anaerobic respiration produces ATP only by substrate-level  
phosphorylation (1)
• Aerobic respiration produces more ATP because Krebs cycle also produces 
ATP by substrate level phosphorylation (1)
• And the Krebs cycle produces reduced NAD/FAD (1)
• Which feeds electrons into electron transport system/cytochrome system (1)
• That produces even more ATP by oxidative phosphorylation/by  
chemiosmosis (1)

Figure 1 The approximate distribution of marks awarded for 
each assessment objective in your biology examination

AO3
AO1

AO2
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Box 2 A question testing assessment objectives 2 and 3 (AO2 and AO3)

Question 3 Figure 2.1 shows an adult Andean toad, Bufo spinulosus. The 
adult lives on land and is a carnivore, mainly eating insects. Its larvae live 
in water and are omnivores, but feed mainly on aquatic plants.
   A group of scientists investigated whether the activity of the toads’ 
intestinal enzymes was able to change depending on the nature of their 
food. 
   In one of their experiments, they measured the activity of two 
disaccharidases in the guts of adult toads. One of these enzymes was 
sucrase, which hydrolyses sucrose, a disaccharide common in plants. The 
other enzyme was trehalase, which hydrolyses trehalose, a disaccharide 
common in insects.
   Figure 2.2 shows the structure of trehalose.
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Figure 2.2 A molecule of trehalose

(a) Other than being a disaccharide, give one way in which the structure 
of a trehalose molecule is similar to that of sucrose and one way in 
which it differs from that of sucrose. (2 marks)

The scientists captured adult toads from a site 2300 metres above sea 
level in the Andes mountain range and brought them into the laboratory. 
They divided them into two groups.
• Six toads were fed insect larvae for 21 days. Insect larvae contain 
high concentrations of trehalose.
• Five toads were fed quince jam for 21 days. Quince jam contains a 
high concentration of sucrose.
If necessary, the scientists force-fed toads the experimental diets.
   After 21 days, the scientists killed each toad, removed its small 
intestine, washed it in ice-cold 1% sodium chloride solution and then 
homogenised it to obtain the sucrase and trehalase enzymes.

(b) Explain why the scientists: 
(i) washed the small intestines in ice-cold 1% sodium chloride 
solution. (2 marks)
(ii) homogenised the small intestines to obtain enzymes rather than 
using the sodium chloride solution with which they had washed the 
intestines. (1 mark)

Figure 2.1 An adult Bufo spinulosus, the toad described in 
question 3, in leaf litter

The scientists measured the activity of each enzyme by incubating a 
fixed volume of filtered gut homogenate with the same volume of each 
sugar. They stopped each reaction after 10 minutes and measured the 
absorbance of each solution.

(c) Sucrose and trehalose are both non-reducing sugars. Suggest 
how the scientists could produce a calibration curve to convert their 
measurements of absorbance to a measurement of enzyme activity. 
(3 marks)

The table below shows some of the scientists’ results.

Enzyme

Enzyme activity/arbitrary units  (± 1 SD)

P valueInsect larvae Quince jam

Sucrase 0.001 (± 0.015) 0.006 (± 0.008) 0.633

Trehalase 0.040 (± 0.040) 0.024 (± 0.014) 0.636

(d) The scientists concluded that the different diets had no effect on the 
activity of the two enzymes. Use the results in the table to explain this 
conclusion. (2 marks)
(e) Using all the information, evaluate the experimental method used by 
these scientists. (4 marks)

Dr Martin Rowland taught and examined A-level 
biology for many years. He is the author of a number of 
biology textbooks, which you can find by visiting www.
hoddereducation.co.uk.

Questions from the older specifications are readily available and might 
test subject content that is no longer relevant to your course. Similarly, the 
mark schemes that accompany older questions might use methodology 
that is no longer used by your examination board. Each time new 
specifications are developed, they are published alongside specimen 
assessment materials. These are question papers and mark schemes that 
help teachers prepare their students for the new examinations. Since 
these specimen materials are never used in national examinations, 
their mark schemes are not subjected to the normal review during the 
standardisation of marking. This process happens after students have 
finished the examinations and involves amending mark schemes in the 
light of students’ responses.

All of this means that questions and mark schemes 
used to examine the current specifications are more 
reliable than those from previous specifications, your 
examination board’s specimen assessment materials and, 
indeed, the questions in Box 1 and Box 2. Be careful 
in the choice of questions you use when preparing for 
your examinations.

Go online for the answers at  
www.hoddereducation.co.uk/ bioreviewextras

BiologicalSciencesReviewExtras
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might pull muscles from getting into awkward positions trying to 
access the soup.

This is where ergonomics comes in. Rather than trying to fit the 
people to the task of eating the soup, how about we make the task of 
eating the soup a much more enjoyable, safer and efficient experience 
for our hungry family? Let’s give each of them a bowl. Eating soup is 
now a much more ergonomic process.

Why do we bother?
Continuing with the soup analogy, everyone is much happier with 
bowls. They all have the right amount of soup for their needs and there 
is no pressure on them to eat more or less than they want, or to eat at a 
speed with which they are uncomfortable. Eating soup is now a much 

Ergonomics is the science behind the interaction 
between people and their working environment. It 

can be applied to almost every aspect of our lives. For 
instance, let’s think about the way that we eat. Whether 
we eat with our hands or use some form of utensil, we 
almost always eat it out of something. Let’s think about 
the act of eating soup. It wouldn’t be practical, efficient 
or safe to dip your face directly into the soup pan. There 
would be a significant chance of burns from the hot pan 
and scalds from the soup inside. The possible spread 
of pathogens would increase as the soup cooled. For a 
family, portion control would be difficult, with only one 
person being able to eat at a time, and family members 

Ergonomics

Health, safety and environment manager Jenny Morgenstern explains that ergonomics 
is all about assessing and adjusting a task so that it best fits the person carrying 
it out, to reduce the risk of harm occurring on a physical or mental level

 what is…?
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less stressful task and instead promotes a feeling of satisfaction. Equally, 
everyone is much better off physically because they aren’t scalding 
themselves, pulling muscles, sharing pathogens that may make them sick 
in a few hours or days, and no-one is missing out, so everyone has a full 
stomach and their nutritional needs are being met.

Obviously, this only works if everyone understands how to use their 
bowl. They need to know that the soup is hot, so they must let it cool 
a little before eating, and at least one member of the family needs to 

know how to portion the soup according to the needs of 
each family member served. This example is just to show 
that you can come up with a solution for making a task 
safer and more efficient. However, without information 
and instruction, it can be worthless or, at worst, introduce 
danger.

Let’s take aseptic technique as an example. In a laboratory 
setting, aseptic technique is essential in tissue culture 
procedures. It is difficult to manage all the ergonomic 
risks in this environment, but there are things that can 
be done. Scientists can reduce poor posture by using an 
ergonomically designed electronic pipette instead of a 
Pipetboy (see Figure 1). In this instance, it is key that the 
scientist needing to dispense liquids behind a transparent 
barrier chooses the right tool for the right task. Without 
information and instruction, the scientist will not know 
to choose the electronic multichannel pipette rather than 
the Pipetboy, increasing the chances of them sustaining 
strained muscles. Equally, if they do choose the electronic 
multichannel pipette but they have not been trained how to 
use it aseptically, they risk introducing unwanted microbial 
contaminants.

Figure 1 Scientists dispensing liquids inside a laminar flow hood. The 
laminar flow hood drives filtered air in front of the cabinet (arrows) thus 
maintaining an aseptic environment within. Electronic multichannel pipette 
(left) and Pipetboy (right) 

Aseptic technique  Practices and procedures followed to 
prevent contamination from microbial contaminants. This can 
encompass working with cell lines in a tissue culture laboratory, 
the practices in an operating theatre and the techniques used 
to prepare food.

Carpal tunnel syndrome  Compression of the median nerve as 
it passes through the carpal tunnel region in the wrist, resulting 
in pain, numbness and tingling in the thumb, index finger and 
the thumb side of the ring finger.

Cell culture  Cell growth in an artificial environment.

De Quervain’s tenosynovitis  Inflammation of tendons and 
tendon sheath on the side of the wrist, at the base of the 
thumb, resulting in pain at the outside of the wrist.

Epicondylitis  Inflammation of the elbow including the bone, 
nerves , muscles, tendons and ligaments, resulting in pain, 
weakness and stiffness in the forearm and elbow. Commonly 
referred to as tennis elbow or golfer’s elbow.

Health and Safety Executive  A UK government agency 
responsible for the encouragement, regulation and enforcement 
of workplace health, safety and welfare, and for research into 
occupational risks.

Health and Safety Laboratory  A UK government funded, 
world-leading provider of health and safety solutions to 
industry and government.

Musculoskeletal disorder  Injuries or pain in the human 
musculoskeletal system, including the joints, ligaments, 
muscles, nerves, tendons and structures that support the limbs, 
neck and the back.

Psychosocial  The interrelation of social factors and individual 
thought and behaviour. So, how people interact with each 
other and behave in relation to how they are feeling — for 
example, how stress changes a person’s behaviour towards 
other people and the situation they are in.

Aseptic technique

Terms explained 
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Figure 3 The Venn diagram of ergonomics. Elements overlap, making each 
element important
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Can we improve further?
Returning to the soup analogy, improvements to the process 
can continue by adding in a utensil such as a spoon. Then 
we could look at the shape of the bowl and the spoon, 
addressing any special needs our soup-eaters may have. 
Over time, this refines the soup-eating process, until we 
end up with the best possible fit between the soup-eater, 
the task of eating soup and the equipment we are using to 
carry out the task. The ergonomics of any process should be 
revisited regularly and potentially rethought. Eating soup is 
unlikely to evolve dramatically, but technology across many 
industries is changing all the time. Something as simple 
as changing media in cell culture flasks manually can be 
engineered by introducing an automated pump system (see 
Figure 2), eliminating the musculoskeletal risk completely 
and freeing up the scientist to carry out other tasks.

Key components of a successful ergonomic 
assessment
We split the science of ergonomics into three main groups 
(see Figure 3):

 ■ equipment design (including tools).
 ■ task design
 ■ human nature (i.e. people, including psychosocial 

elements/special requirements)
What happens if we pay more attention to one element 

than the rest? Let’s consider task design. With our soup-
eating task, we could increase efficiency by dehydrating the 
soup in bulk, fashioning it into pills and instructing our 
family to take the correct number of soup pills to meet their 
body’s requirements. This would be a quick and efficient 
way of eating soup, providing our family with the perfect 
nutritional intake and dramatically saving on time. The 
risk of being scalded or becoming ill from contact with 
pathogens would be eliminated — what a fantastic idea! 
Who needs traditional soup when pills will suffice? On 
paper this might seem a good option, but what about the 
psychological effects of swapping a bowl of soup for pills?

Eating stimulates the pleasure centres in our brain, and 
so does that wonderful feeling of being full. Our soup pills 
may provide our body with what it needs nutritionally, but 
they won’t trigger those feelings of satisfaction or enjoyment 
that different tastes and food volume give us. The thought of 

Figure 2 A ‘one shot pump system’ with flask stand

having to go through the process of making our soup and then preparing 
our soup pills, only to derive no pleasure at all from consuming them, 
might depress us. The likelihood is that we will either not bother at all 
and become malnourished, or we will revert to eating soup as soup is 
meant to be eaten. This illustrates that compromises have to be made and 
that a truly ergonomic fit might not be the best way of completing a task.

Physical and mental health are intrinsically linked
The physical and psychological elements of a task can be equally 
damaging and sometimes can result in exactly the same problem. For 
instance, musculoskeletal disorders (MSDs), such as De Quervain’s 
tenosynovitis, epicondylitis and carpal tunnel syndrome, can be caused 
by a combination of repetition, force and bad posture. Looking at this 
ergonomically would include the combination of a task that has been 
poorly designed and equipment that doesn’t fit well with the task. For 
example, sitting at a desk that is too low and working at a laptop with 
your head and neck bent for several hours.

Research shows a direct link between mental and emotional stress 
and the development of MSDs. Even if the task is redesigned and the 
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Jenny Morgenstern is a health, safety and environment 
manager working with Kymab, an antibody discovery 
group that provides novel solutions in drug and vaccine 
development.

Figure 4 (a) Awkward hand and wrist posture resulting from holding a cell culture plate. (b) Neutral hand and wrist posture achieved with a 
3D-printed bespoke cell culture plate holder

(a) (b)

worker takes regular breaks and has better equipment (e.g. a separate 
mouse, ergonomic keyboard and screen), if they are tasked with over-
ambitious goals and targets, the worker may well still develop neck and 
shoulder pain, as a direct result of the stress they are under. Mental stress 
and fatigue can directly cause a physical injury. Our mental health and 
wellbeing are equally important in maintaining our musculoskeletal 
health, as is our physical health.

Tools used in ergonomics
As a health, safety and environment manager in a biopharmaceutical 
company, my job is to keep everyone on site healthy and happy, 
while not getting in the way of the great science taking place every 
day. To achieve this, I need to understand the processes that are 
being undertaken and the scientific principles behind them. I do this 
by drawing on my earlier career as a research scientist specialising 
in molecular biology, cognitive disorder and neurodegeneration. I 
also have to get my engineering head on, in order to come up with 
bespoke solutions.

To identify the parts of the process we need to focus on improving, 
I use a range of assessment tools designed and published by the Health 

and Safety Laboratory, in conjunction with the Health and 
Safety Executive:

 ■ Assessment of Repetitive Tasks
 ■ Manual Handling Assessment Charts
 ■ Risk Assessment of Pushing and Pulling

I film people doing a task that has either resulted in an 
MSD or has the potential to do so. By answering questions 
about posture, repetition and force and using the film 
footage, I can hone in on problem areas and come up with 
a solution to make the task overall a better fit.

Ergonomics in action
I worked with several cell biologists who were developing 
wrist and hand pain during their cell culturing procedures. 
They were holding culture plates at an awkward angle with 
a wide fingered grip (see Figure 4a). A simple fix used a 3D 
printer to create an angled plate holder, removing the need 
to hold the plate (see Figure 4b).

Who can be an ergonomist?
Anyone with the right training can be an ergonomist. A 
good grounding in the subject that you are trying to improve 
helps but, as I alluded to at the beginning of this article, you 
can apply ergonomics to almost any situation, from eating 
soup to culturing cells in a laboratory. It is the versatility 
of the subject that makes it such an interesting science to 
work in.

Kringelbach, M. L. (2015) The pleasure of food: underlying mechanisms of 
eating and other pleasures: https://tinyurl.com/tlpsl4m

Hauke, A., Flintrop, J., Brun, E. and Rugulies, R. (2011) The impact of work-
related psychosocial stressors on the onset of musculoskeletal disorders in 
specific body regions: a review and meta-analysis of 54 longitudinal studies: 
https://tinyurl.com/v8nmpbu

MSD Toolkit: www.hse.gov.uk/msd/toolkit.htm

Human factors and ergonomics: www.hse.gov.uk/humanfactors

Further reading 

8256_BSR_32_4_CC_Print.indd   40 25/02/2020   10:54



41

columns32Volumeindex

Bioethics
Genome editing: promises and  

problems ........................................... No. 1 p. 10
Practical ethics and prenatal screening . No. 2 p. 7

Centre pages
Cultivating clones ................................. No. 1 p. 20
Bird adaptations for running ................. No. 2 p. 20
Water wise: life in dry environments ..... No. 3 p. 20
Soldier saviours? ................................... No. 4 p. 20

Evaluating experiments
The Miller–Urey experiment .................. No. 1 p. 34
Evolution in action: investigating the  

evidence ............................................ No. 3 p. 35

Interface
Modelling wildlife corridors: a tool for  

creating habitat in fragmented  
landscapes ......................................... No. 1 p. 22

Outside the box
The future of food? Growing plants  

without soil ....................................... No. 2 p. 26
How iridescent blue plants may have  

hacked photosynthesis....................... No. 4 p. 7

Prospects
Winning friends, influencing politicians:  

how can biologists influence those  
in power?........................................... No. 2 p.39

Conserving the coast: working for a  
conservation charity ........................... No. 3 p. 12

Being an aquarist .................................. No. 4 p. 26

Spotlight
Saving the red ape ............................... No. 1 p. 6
Coelacanth: how a lucky catch rewrote  

biology .............................................. No. 2 p. 30
Ticks and Lyme disease: why is the  

disease on the increase? .................... No. 3 p. 16
Gannets: taking the plunge .................. No. 4 p. 15

Upgrade
Will examiners penalise my poor  

English? ................................................No. 1 p. 27
Success with succession ........................ No. 2 p. 11
Levels of response questions ................ No. 3 p. 32
Using past questions and mark  

schemes ............................................ No. 4 p. 34

Vital statistics
Correlation: when two variables are  

interdependent .................................. No. 3 p. 27

What is…?
Ergonomics .......................................... No. 4 p. 37

Images of biology
Evolution in your garden....................... No. 1 p. 42
Microgreens on Mars? .......................... No. 2 p. 42
Tetrachromat chat ................................ No. 3 p. 42
Cat in a candelabra tree ....................... No. 4 p. 42

articles
The microbes thriving in our bowels ....................... 2
Hidaya Aliouche
Fighting flu ........................................................... 14
Saira Hussain
‘Controlled variable’ and ‘control group’............... 19
Martin Rowland
Uncoupling mitochondria turns up the heat ......... 30
Katrine Wallis
The placenta ......................................................... 38
Kirsty McIntyre

Number 1  
Sept 2019

Biological clocks in plants: environmental responses 
regulating gene expression ..................................... 2
Isabelle Carré and Amy Newman
Kakapo conservation: protecting New Zealand’s 
indigenous biodiversity ........................................... 7
Kevin O’Dell
Inflammation in Alzheimer’s disease: friend  
or foe? .................................................................. 22
Tessa Swanton
Does meiosis always produce gametes? ............... 31
Martin Rowland
Advances in microscopy: improving our knowledge of 
cell biology ........................................................... 38
Martin Jones

Number 3  
Feb 2020

Number 4  
Apr 2020

Venom neurotoxins ................................................ 2
Kevin Arbuckle and Mike Speed
Genetic code or genome? ...................................... 6
Martin Rowland
Where are all the red squirrels? .............................11
Kevin O’Dell
Plant cell connections ........................................... 22
Matthew Johnston
First mammals: being small, the secret to success 30
Elsa Panciroli

Number 2  
Nov 2019

Allergy explosion: why our immune systems react to 
harmless substances ............................................... 2
Ciara Gartshore
Speciation and the Tube mosquito ....................... 14
Robert Spooner
Collagen and scurvy: understanding the  
connection ........................................................... 15
Eliana Lingard
Tau protein: microtubule supporter or dementia 
driver? .................................................................. 22
James Quinn
Our immune system: how it is controlled by  
stem cells .............................................................. 34
Rachel Oldershaw

8256_BSR_32_4_CC_Print.indd   41 25/02/2020   10:54



 images of biology Advanced biology

Why were the first 
mammals small?
Evolution and  
competitive  
advantage

Combating and 
exploiting venom
How neurotoxins work

Connections 
between plant cells
What do they do?

Using past exam 
questions in revision
Pitfalls to avoid

eMagazine  
available 

April 2020     Volume 32     Number 4

Mag_Issue_4_Apr2020_CV.indd   1 21/02/2020   14:18

Cat in a 
candelabra tree
This image was taken in Queen Elizabeth National Park (QENP), 

Uganda, during a University of Liverpool tropical ecology field 
course. QENP is the second largest national park in Uganda and has 
been labelled a biosphere reserve by UNESCO (the United Nations 
Educational, Scientific and Cultural Organisation). This means that 
the park promotes the co-existence of humans and wildlife through 
sustainable approaches.

The park is home to a huge range of wildlife, including 
approximately 95 mammal, 640 bird and 9 primate species. QENP 
attracts visitors from all over the world and a portion of the revenue 
generated by tourism goes to provide local communities with social 
services and clean water.

Megan Parker is currently in her fourth undergraduate year of 
study for her Masters of biological sciences, at the University of 
Liverpool.

Why would elephants eat toxic bushveld candelabra euphorbia? 
Jeffery, R., 5 Nov 2019: https://tinyurl.com/u47ezuf 

Further reading 

While visiting QENP, we studied the wildlife of the savannah 
and found out how tourism contributes to habitat and wildlife 
conservation. We were lucky to catch a brief glimpse of a leopard 
hiding in a candelabra tree. Both species play important roles in the 
savannah ecosystem.

Leopards, along with other predators, including lions, help to 
control the abundance of other species. This helps to prevent over-
grazing by herbivores. The candelabra tree is a branched cactus 
which can grow to over 12 metres tall. First introduced to the area 
as an ornamental plant, it has since been found to benefit native 
species. The trees trap rain, enabling other plants to grow around 
them. According to a local ranger, African elephants eat them 
particularly when infected with worms, and leopards conserve 
energy when they hide in them while hunting.

Get more from this issue of Biological Sciences Review, with free online resources.  
See page 1 and www.hoddereducation.co.uk/bioreviewextras
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