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Ecology and conservation
ESSENTIAL IDEAS
n
n
n
n

Community structure is an emergent property of an ecosystem.
Changes in community structure affect and are affected by organisms.
Human activities impact on ecosystem function.
Entire communities need to be conserved in order to preserve biodiversity.

Additional Higher Level (AHL)
Dynamic biological processes impact population density and population growth.
n Soil cycles are subject to disruption.
n

Introduction
Ecology is the study of the interaction between organisms and their environment. The word
‘ecology’ is derived from the Greek word ‘oikos’ meaning ‘home’. When ‘-ology’ is attached at the
end of a word it indicates ‘study of’, so ecology simply means ‘the study of home’ (that is to say,
the study of our home – planet Earth).
For most of the history of Earth, the planet has been subject to natural forces which have
influenced and shaped the life that inhabits it. Since the advent of modern humans, one
species – Homo sapiens – has been the dominant influence on Earth’s ecosystems. Early
humans lived within natural Earth systems, as hunter–gatherers, and had little impact on
their environment. Populations were low in numbers and people lived off the land, rather than
manipulating it towards their own ends. As humanity spread from Africa, becoming farmers
and clearing land to grow crops, the impact of Homo sapiens on the planet became more severe.
The development of settled agriculture represents one of the most significant changes in human
history, enabling human populations to start growing. This period, known as the Neolithic (‘new
stone age’) revolution, began in the ‘fertile crescent’ in the Middle East about 10 000 years ago,
and changed forever the way that humanity interacts with the environment.
In recent times, humanity’s tremendous growth in population, from mere millions in the
Neolithic period to over 7 billion today, and its tremendous thirst for resources and land, has put
even more pressure on the Earth’s natural systems. Conservation works to protect and preserve
the Earth’s ecosystems, so that future generations can live in a world that has the same biological
richness as we enjoy today. Central to conservation is the concept of sustainability; that is to
say using the resources of the Earth in a way that does not adversely affect future generations.
Sustainable development is defined as ‘development that meets the needs of the present, without
compromising the ability of future generations to meet their own needs’ – this is something that
conservation aims to achieve, as well as preserving life that currently exists on Earth.

■■ Terminology
The framework for ecology was covered in Chapter 4. This option takes the subject further
and explores it in more depth. Like all science, the terms used to frame and discuss ecology are
precise, with specific meanings. Several of these words were introduced in Chapter 4, although it
is worth reviewing these, and other essential terms, here.
The smallest biological unit that an ecologist (a scientist who studies ecology) tends to study
is the species (although increasingly work on DNA – the genetic basis of life – is being deployed
to examine the differences between species and populations). A species is a group of organisms
that can potentially interbreed to produce fertile offspring. There are many problems with this
biological definition of species (such as that it cannot be applied to fossil species, or to ones
that have become extinct as they cannot interbreed) and it is likely that, in the future, a new
definition will be developed (probably one that has DNA and the application of genetics at its
heart).
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A population is defined as a group of individuals of the same species and a community
as all the populations of different species living together and interacting with each other.
Communities form the biotic (or living) part of an ecosystem and the abiotic components (such
as rocks, water, light and air) make up the non-living part, with an ecosystem being formed
by the interaction between communities and their abiotic environment. Environment can
be defined as the external surroundings that act on an organism, population or community,
influencing survival and development. Life can, therefore, be seen as being organized within a
hierarchy, from species being composed of many individuals that form populations, populations
which interact with other species’ populations to form communities, and communities which
interact with the abiotic environment to form ecosystems. Where a species lives is called its
habitat, and a complete description of a species’ ecology (where, when and how it lives) is called
its niche.

14.1 Species and communities – community structure is an
emergent property of an ecosystem

■■ Limiting factors
Limiting factors are the components of an ecosystem, either biotic or biotic, that limit the
distribution or numbers of a population. Biotic limiting factors include interactions between
organisms, such as competition or predation, and abiotic limiting factors include physical
components of the environment, such as temperature, salinity, pH, oxygen, carbon dioxide,
light, hydrostatic pressure, water current, wind velocity, substratum type, rainfall amount and
humidity.
Animals and plants are affected by similar limiting factors (usually biotic ones such as
competition) and also ones they do not have in common (usually abiotic ones). Limiting factors
in plants include light, water, nutrients, carbon dioxide and temperature. In animals, limiting
factors include food, space, mates and water.
The term limiting factor was first used by Justus von Liebig (1803–1873), an agricultural
chemist, who observed that crop growth was limited by certain minerals. Liebig noted that if
mineral levels were below a particular value, then growth, productivity and reproduction were
affected. He also recorded that there may be too much of a factor – for example, there is an
upper limit to how much of a particular mineral a plant can tolerate. ‘Limiting factor’ does not,
therefore, only mean a factor that limits growth, development, reproduction or activity or a
population by its deficiency, but also its excess.
The concept of tolerance suggests that there are levels of environmental factors beyond
which a population cannot survive. It also suggests that there is an optimum range of these
environmental factors within which species can exist and thrive.
Nature of Science

Using models as representations of the real world

■■ Zones of stress and limits to tolerance
The law of tolerance was developed by American zoologist Victor Ernest Shelford in 1911.
The law states that an organism or population has certain minimum, maximum and optimum
environmental factors that determine success. These critical minimal and critical maximum
limits are a species’ or population’s limits of tolerance. The range of tolerance is the range
between critical minimal and critical maximum limits of environmental factors affecting
an organism. The distribution of a species can be plotted on a graph, which represents the
frequency at which individuals of the species are found under a range of environmental
factors. Such graphs show zones of stress and limits of tolerance – they are models that
attempt to reflect the real world, although, without complete data for a given species, such
models remain generalized representations of reality. They are usually shown as bell-shaped
curves (even though, in reality, the distribution of many species may be skewed towards one
preferred area of tolerance).
The optimum zone of tolerance – the central portion of the curve – has conditions that
favour maximum fitness (that is reproductive success, in terms of numbers of offspring that
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also have reproductive success), growth, abundance and survival. At either side of the optimal
zone are the zones of stress, where fewer individuals occur and survival is lower. Organisms
are unable to reproduce in zones of stress. Beyond the critical minimum and critical maximum
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intolerance. Tolerance limits exist for all important environmental factors. For some species,
one factor may be most important in regulating a species’ distribution and abundance, but, in
general, many factors interact to affect species distribution.

Thermal limits of the Pompeii worm
The Pompeii worm (Alvinella pompejana) lives in one of the hottest environments on Earth
– deep sea hydrothermal vents. They colonize black smoker walls (vent chimneys expelling
super-heated, metal-laden fluids). They are believed to be one of the most heat-tolerant animals
on Earth. These polychaete worms can reach up to 13 cm in length and are pale grey, with red
tentacle-like gills on their heads. They live in tubes that they make to protect their bodies from
excessive heat. Because they live at such depth (2500 m) and pressure (25 MPa), live animals
have been difficult to study and, so, their heat tolerance limits have remained contentious.
A recent study removed worms from deep sea vents and used a special pressure chamber (isobaric
sampling device) to transport worms to surface aquaria that were also kept under high pressure.
The animals were subjected to three different thermal regimes: a constant mild 20°C exposure,
and two heat exposures (42°C and 55°C) followed by a 3-hour recovery period at 20°C. The
heat-exposures lasted about 2 hours. Cells were removed from animals following heat treatment
to establish the amount of cell death. The survival of all animals was established by observing
movements, just before sampling their body fluid for cells. As well as the observation of vital life
signs and cell survivorship, mRNA was extracted from the gills and tested for gene transcripts
of the hsp70 stress gene; hsp70 proteins are known to be activated in response to environmental
stresses, such as temperature. Results of the experiment are shown in Figure 14.2.
Look at the data carefully. What do the results tell you about the optimal range, lower limit
of tolerance and upper limit of tolerance of the Pompeii worm? How does the genetic analysis of
mRNA support the overall conclusions of the experiment?
In the 55°C experiment, the worms initially showed normal behaviour, whereby they
ventilated their tube by moving up and down. After 10 minutes, the worms left their tubes
and crawled on the surface of the colony. A. pompejana is usually extremely inactive and rarely
leaves its tube, so this unnatural behaviour showed that the worms were being disturbed.
At the end of the experiment at 55°C, all worms were dead and all showed very serious damage
of their tissues and cells. The worms at 55°C also showed high mortality of circulating cells.
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■■ Figure 14.2 Survival of Pompeii worms (coelomocytes) under different temperatures (A). Percent death of cells that circulate
within the body fluid of Pompeii worms (B). Activation of hsp70 gene compared to normal untreated animals (C).

The mRNA extracted from the tissues of these animals contained a significantly higher quantity
of transcripts for the hsp70 gene compared to normal (not heat-treated) animals. The activation
of the hsp70 gene confirms that thermal exposure up to 55°C is harmful for A. pompejana.
In contrast, the 42°C experiment displayed the highest survival rates at both organism and
cellular levels, with no observable structural damage in the tissues. The animals did trigger a
mild heat stress response, but with a level of hsp70 gene expression significantly lower than for
the 55°C specimens.
Interestingly, in the 20°C experiment, cell mortalities were significantly higher in
animals compared to the ones kept at 42°C. Survival of individuals was also lower in the
20°C experiment compared to the 42°C one. In addition, the stress gene expression showed
values significantly higher in animals subjected to the 20°C compared to the 42°C treatment.
Specimen survival, cell mortality and stress gene expression data, therefore, show that A.
pompejana endured more damages from the 20°C exposure compared to the 42°C experiment.
These findings confirm that A. pompejana is a thermophilic species (extremophile
organisms thrive at relatively high temperatures of between 45 and 122°C). The results of
this study provide the first direct experimental evidence that A. pompejana cannot withstand
prolonged exposure to temperatures in the 50–55°C range, and that its thermal optimum lies
below 55°C, and above 20°C.

Limits of tolerance of crop plants to salinity
Plants that can grow in soil or water of high salinity (high NaCl levels) are called halophytes.
These plants come into contact with saline water through their roots or by salt spray, such
as occurs in saline semi-deserts, mangrove swamps, marshes and seashores. Plants that are
not salt tolerant are called glycophytes; these are damaged fairly easily by high salinity. High
concentrations of salts in the soil make it harder for roots to extract water, due to osmotic
effects, and high concentrations of salts can be toxic within the plant. Relatively few plant
species are halophytes – perhaps only 2% of all plant species. Most plant species are glycophytes.
Data was compiled for a variety of different plant species, including both wild and crop species.
Salt tolerance was calculated by comparing shoot dry matter of plants exposed to NaCl for at least
three weeks to the growth of plants grown in the absence of NaCl. Species studied were as follows.
n Cereal crop plants: rice (Oryza sativa), durum wheat (Triticum turgidum ssp. durum) and
barley (Hordeum vulgare).
n Wild-growing plants: tall wheatgrass (Thinopyrum ponticum) which is used as a forage and for
hay in many places; arabidopsis (Arabidopsis thaliana), a small wild-growing cress plant, which
was the first plant to have its genome sequenced, making it a popular tool for understanding
the molecular biology of many plant traits; alfalfa (Medicago sativa), a plant in the pea family
that is cultivated to feed livestock; and saltbush (Atriplex amnicola), a plant that is endemic to
Western Australia and is native to the floodplains of the Murchison and Gascoyne Rivers.
Look carefully at Figure 14.3, which shows the response of a range of plant species to salt levels.
What do these data tell us about the limit of tolerance of different plant species to salt?
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These results show that plants vary greatly in their tolerance of salinity, as reflected by their
different amounts of growth. Of the cereals, rice is the most sensitive and barley the most
tolerant. Tall wheatgrass (Thinopyrum ponticum) is a halophytic relative of wheat and is one
of the most tolerant of the species; its growth proceeds at concentrations of salt as high as in
seawater. The variation in salinity tolerance in the other species is even greater than in the
cereals. Alfalfa is very tolerant and halophytes, such as saltbush, continue to grow successfully at
salinities greater than that of seawater.
More than 800 million hectares of land throughout the world are affected by salt, which
accounts for more than 6% of the Earth’s total land area. Natural accumulation of salt may
occur through sea winds, encroachment of seawater and weathering of bedrock. However,
a significant proportion of recently cultivated agricultural land has become saline due to
land clearing or irrigation, both of which cause the water table to rise, concentrating salt
in the root zone. Forty five million hectares (20%) of the current 230 million hectares of
irrigated land are affected by salt. Irrigated land has twice the productivity of land supported
by rainfall and produces one-third of the world’s food. Understanding the response of wild
and crop plants to salinity offers the prospect of reducing the impact of salinity stress on
plants, improving the performance of species that are important in agriculture. For example,
crossing tall wheatgrass with its domesticated relative, wheat, can give wheat traits such
as stress tolerance to saline conditions. Using our knowledge of the genome of Arabidopsis
(a salt-sensitive species) to compare it with more salt-tolerance species, such as its close relative
Thellungiella halophila (saltwater cress), could give a more detailed understanding of the
molecular basis of saline tolerance.

Correlating the distribution of animal species with an abiotic variable
We have already seen how organisms maximize their fitness over an optimal environmental
range. The breadth of optimal environmental conditions varies depending on the adaptations of
the organism in question. Critical limits define species distributions and community structure, as
well as how communities respond to environmental changes.
Rocky shores are ideal environments to investigate optimum zones of tolerance and
critical limits because abiotic factors vary dramatically across a small spatial scale between
the high and low tide lines. Transects can be used to study the distribution of animals and
plants along environmental gradients. Quadrats (pages 187–188) are used to sample plants,
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algae and other immobile organisms along a transect. There are different types of transect,
used depending on need:
n A line transect is made by placing a tape measure in the direction of the gradient.
For example, on a beach this would be at 90° to the sea. All organisms touching the tape are
recorded. Many line transects need to be taken to obtain valid quantitative data.
n Larger samples can be taken by using a belt transect; this is a band of chosen width, usually
between 0.5 m and 1 m, placed along the gradient.
n If the whole transect is sampled, this is called a continuous transect. If samples are taken at
points of equal distance along the gradient, it is called an interrupted transect.
n Horizontal distances are used if there is no visible vertical change in an interrupted transect,
such as along a shingle ridge succession. If there is a climb or descent in an interrupted
transect, then vertical distances are normally used, such as on a rocky shore (Figure 14.4).

■■ Figure 14.4 A cross staff being used to relocate quadrats at regular height intervals along a rocky
shore. This allows zonation on the shore to be studied. A cross staff is used to move a set distance (0.6 m)
vertically up the transect. The staff is set vertically and a point measured horizontally from an eye-sight
0.6 m from the base of the staff, and biotic and abiotic factors are measured at each height interval.

Figure 14.5 shows the results of a belt transect study of a seashore community. The data is plotted
as kite diagrams, where the relative width of each ‘kite’ represents the abundance of an organism
at any one point along a transect.
Most parts of the seashore are periodically submerged below seawater, and changes in the
tides affect the highest point up the rocky shore that is submerged at any one point in a month.
Tides are controlled by the attraction, that is to say the gravitational pull, of the Moon and Sun.
The shore is an area of great diversity and almost all species are of marine origin. The higher
an organism occurs on the shore, the longer their daily exposure to the air and the less frequent
their submersion under water.
Look at the data in Figure 14.5. Which abiotic factor do you think could be correlated with the
distribution of animal and plants along the transect?
Exposure brings the threat of desiccation and wider extremes of temperature than those
experienced during submersion. Exposure is an abiotic factor that influences distribution of
organisms on the seashore.
1

From the data in Figure 14.5, suggest one plant and one animal species that appear to be well adapted to
the degree of exposure experienced at:
a a high-water location on the shore
b a low-water location on the shore.
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TOK Link
Random samples are used in ecological studies if large geographical areas are involved or only limited time is
available. Random sampling is used if the same habitat is found throughout the area; stratified random
sampling is used in two areas of different habitat quality. When sampling along an environmental gradient,
the positions of transects are located at random, but sampling along the transect is done in a systematic
(non-random) way to ensure that the whole gradient is sampled (systematic sampling); to do this sample
points are taken at fixed distances along the transect (for example, every 5 m).
If the sampling method causes some members of the population to be less likely to be included than others,
due to a systematic error, then a sampling bias results. To what extent is random sampling a useful tool for
scientists, despite the potential for sampling bias?

■■ The concept of ‘niche’
Communities are made up of many interacting species. Each species plays a unique role within
a community, because of the unique combination of its spatial habitat and interactions with
other species. A complete description of a species’ place within a community is known as its
‘niche’. An organism’s niche depends both on where it lives (its habitat) and on what it does.
For example, the niche of a lion includes all the information that defines this species: its habitat,
courtship displays, grooming, alertness to prey, when it is active, interactions with other species,
and so on. No two species have the same niche, because the niche completely defines a species.
The principle of distinct niches can be illustrated by two common and rather similar
seabirds, the cormorant and the shag (Figure 14.6). These birds live and feed along the coastline,
and they rear their young on similar cliffs and rock systems. We can say that, apparently, they
share the same habitat. However, their diet and behaviour differ. The cormorant feeds close to
the shore on seabed fish, such as flatfish. The shag builds its nest on much narrower cliff ledges.
It also feeds further out to sea, capturing fish and eels from the upper layers of the waters. Since
these birds feed differently and have different behaviour patterns, although they occur in close
proximity, they avoid competition. They have different niches.
■■ Figure 14.6
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Fundamental and realized niche
Ecology has, for a long time, accepted that the distribution of any species in both space and
time (that is to say, both where and when it is active) defines its ecological niche. Early work
by ecologists Joseph Grinnell and Charles Elton saw the niche as simply the ‘job’ carried out
by a particular species in the environment. This concept of niche allows for ‘vacant’ or empty
niches: roles in an ecosystem that are not yet, but could be, filled. In the 1950s, Anglo-American
zoologist G. Evelyn Hutchinson put a different slant on the concept of niche by including
within the model the interactions between organism and environment; interactions on which
the very existence of the niche depends. In the Hutchinson concept of niche, where ‘niche’
is a property of an organism, there can be no such thing as an ‘empty niche’, because the very
definition of niche is species-centred, defined by the interaction of the species and its abiotic
and biotic environment (see Figure 14.7). Hutchinson’s concept can be more easily modelled
mathematically than the Grinnell–Elton one, and is perhaps the more rigorous of the two
approaches (although both are still used today).

biotic factors

factors
affecting
dispersal

REALIZED
NICHE

abiotic niche
(= fundamental
niche)

■■ Figure 14.7 Hutchinson’s concept of fundamental and realized niche. Factors affecting dispersal
include presence/absence of physical barriers; biotic factors can include any interactions with other
species, e.g. competitors, predators; the abiotic niche is equivalent to the fundamental niche, that is
to say the theoretical distribution of a species along all physical environmental gradients. The realized
niche is formed by the interaction between the abiotic niche and interaction with other species (biotic
factors), and dispersal potential.

Hutchinson realized that there was a difference between the area that a species could, in theory,
occupy and one that it actually occupied. The abiotic environment forms physical constraints
for the species and the distribution of a species is affected by its range of tolerance to a variety
of different environmental factors (as discussed earlier in the chapter on pages 2–3). In reality,
however, factors affecting how a species disperses itself, and interacts with other species, restrict
the actual niche. Species in nature live within communities and participate in complex food
webs based on feeding and other interactions, and so it is not enough to define a species’ niche
simply by its range of tolerance to different abiotic variables. Abiotic factors, such as climate, are
dominant across all geographical scales, whereas biotic factors, such as competition, predation
and mutualism, tend to be dominant at smaller scales.
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From these ideas the concepts of ‘fundamental’ and ‘realized’ niche were developed, as
shown in Table 14.1.
■■ Table 14.1
Comparing the
fundamental and
realized niche

Fundamental niche
The set of physical conditions and resources
that enable a species to maintain self-sustaining
populations; this corresponds to the theoretical
distribution of a species.
Defines the physical conditions under which a
species might live, in the absence of interactions
with other species.
May not be fully occupied, due to the presence of
competing species, the absence of required positive
species interactions, or dispersal limitations.

Realized niche
The set of physical conditions, resources and biotic
interactions that correspond with the conditions
which a species needs to maintain self-sustaining
populations; this corresponds to the actual observed
distribution of a species.
Interactions such as competition, predation, disease
and parasitism may restrict the environments in
which a species may live; these more restricted
conditions are the realized niche.
Is defined by the presence of competing species, the
absence of required positive species interactions, or
dispersal limitations.

In summary, the fundamental niche is the potential location of a species along an environmental
gradient, and the realized niche is its actual location along gradients, determined by interactions
between abiotic and biotic factors. The fundamental niche can, therefore, be simply defined as
where an organism could live, and the realized niche as where an organism does live.

The changing niche
Different biotic and abiotic variables make up the different dimensions, or axes, of the niche.
Hutchinson referred to these different dimensions as ‘n-dimensional hyperspace’; fortunately, in
IB Biology you will not have to define a species’ niche beyond any two variables! According to
Hutchinson’s definition, the niche is intrinsic to the species, because it describes the resources
and conditions it needs. Therefore, the niche will change if the species changes. Realized niche is
defined through biotic and abiotic constraints on the species. If the constraints change, then so
will the niche.
In Chapter 5 we saw how the availability of suitable food significantly affects the survival and
reproduction of Galápagos finches, and that changes in beak length in ground finches of Daphne
Major have corresponded to changes in the environment (pages 222–223). Differences in beak size
have also been observed between two species of ground finch, Geospiza fortis (the medium ground
finch) and G. fuliginosa (the small ground finch). These species were observed to be physically
different when the birds live apart (allopatry) compared to when they live together (sympatry).
G. fortis is found on Daphne Major (as we have already seen in Chapter 5) and G. fuliginosa on
another small island, Los Hermanos, adjacent to the larger island of Isabela (Figure 14.8). The
two species are found together on Santa Cruz. Physical differences were recorded by measuring
beak length. The size of seeds that can be eaten by Galápagos finches can be estimated by simply
measuring the depths of their beaks; individuals with the deepest beaks fed on the hardest seeds,
while individuals with the smallest beaks fed on the softest seeds.
Changes in beak length are an example of character displacement, where changes in
niche occur as a result of interspecific competition. Competition between species reduces
the fitness of competing individuals and so individuals that compete less should have higher
fitness than individuals that compete more. Avoiding competition by developing longer (in
the case of G. fortis) or shorter (in the case of G. fuliginosa) beaks is, therefore, an advantage.
Competition is assumed to take place because of overlap between the niche of the two species
(so-called ‘niche overlap’), and the degree of competition is determined by the degree of
overlap. In this example from the Galápagos, where the two species are allopatric, they have
very similar beak sizes. Where they are sympatric, however, beak sizes of the two species do not
overlap. The allopatric G. fortis on Daphne Major have smaller beaks than those sympatric
with G. fuliginosa on Santa Cruz. The Los Hermanos G. fuliginosa have significantly larger
beaks than those sympatric with G. fortis on Santa Cruz. Because beak size relates to diet,
the sympatric populations have different feeding niches from those of the allopatric species.
If the selection pressures on a species change, then the niche can shift and adapt to the altered
condition. Because the niche changes, so too does the species.
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■■ Figure 14.8 Evidence for character displacement in beak size in populations of the Galápagos finches Geospiza fortis and
G. fuliginosa (data from Grant, 1986)

Investigating fundamental versus realized niche
American ecologist Joseph Connell examined two species of barnacle – a common animal on
rocky shores – to investigate the difference between fundamental and realized niche. His study
in Scotland, UK, used data from two experiments. Connell had observed that one of the species,
Semibalanus (Balanus) balanoides, was most abundant on the middle and lower intertidal area
and that the other species, Chthamalus stellatus, was most common on the upper intertidal area
of the shore. He knew that the free-swimming larvae of each species could settle anywhere
on the rocky shoreline and grow into adult barnacles. He asked the question ‘Why don’t
Semibalanus and Chthamalus grow together?’
How would you address this question? What experiments could you do to explain Connell’s
observations? Think about this now and write down your ideas.
In his first experiment, Connell removed Chthamalus from the upper area of shore.
He found that over time, no Semibalanus replaced it. His explanation was that Semibalanus could
not survive in an area that regularly dried out and experienced desiccation due to low tides.
He concluded that Semibalanus’ realized niche was the same as its fundamental niche.
In his second experiment (Figures 14.9 and 14.10A), Connell removed Semibalanus from the
upper and middle areas. He found that over time Chthamalus replaced it in the middle intertidal
zone, whereas there was little effect on the survival of Chthamalus in the upper intertidal zone
(Figure 14.9). His explanation was that Semibalanus was a more successful competitor in the
middle intertidal zone and usually excluded Chthamalus, but did not compete with Chthamalus
in the upper zone due to low population densities.
He concluded that the fundamental niche and realized niche for Chthamalus were not the
same, and that the species’ realized niche was smaller due to interspecific competition (that
is competition between the two species) leading to competitive exclusion (when one species
outcompetes and excludes another, when their niches overlap – this is discussed further later in
this section).
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n■ Figure 14.9
Data from Joseph
Connell’s experiment
showing the effect of
Semibalanus removal
from the upper shore
(left) and middle
shore (right)

In the middle intertidal zone,
a much higher number of
Chthamalus survived once
Semibalanus had been removed.

In the upper intertidal
zone, removing Semibalanus
had little effect on
survival of Chthamalus.
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Semibalanus sp.

low tide
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Semibalanus sp. (left hand
photo), easily crowded out
from more exposed
positions on the shore, and
Chthamalus sp. (right hand
photo), able to withstand
prolonged exposure and so
can survive higher on rocky
shorelines.
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n■ Figure 14.10
Connell’s
experiment. A The
results of his second
experiment, where
Semibalanus was
removed from the
upper and middle
shore. B A summary
of Connell’s results:
the fundamental
and realized niche
for both species of
barnacle.
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The fundamental and realized niches of bedstraw
One of the first experiments examining the theoretical distribution of species, as opposed to
their actual distribution, was carried out by A. G. Tansley, a British botanist and one of the
pioneers of ecology. He did his experiment at the Cambridge Botanical Garden and published
his results in 1917 (this must surely be one of the earliest ecological studies). The species he used
were in the genus Galium (bedstraw) – a matt-forming herb, found on grassland, moors, heaths
and woods. Tansley had noted that, in the wild, the two species, Galium saxatile and G. sylvestre,
did not grow together. G. saxatile was found on acidic peat soils and G. sylvestre on limestone
soils. Tansley took seeds of both species and planted them separately in boxes containing both
types of soil. Figure 14.11 shows the results of his experiment. Both Galium species grew healthy
populations on both soil types when grown by themselves. In experiments where he grew both
plants together, one species outcompeted the other, as they did in the wild.
25

G. saxatile
G. sylvestre

20
germination (%)

■■ Figure 14.11
Percentage seed
germination by heath
bedstraw (Galium
saxatile) and white
bedstraw (G. sylvestre)
in basic calcareous
soils and acidic
peat soil (data from
Tansley, 1917)

15

10

5

0

basic

acidic
soils

Look carefully at Tansley’s results. What do they tell you about the fundamental and realized niches of
both species?
These results demonstrate that the fundamental niche of both species of Galium included a
wider variety of soil types than they inhabit in the wild. Interspecific competition restricts the
realized niche of each species, so that they are limited to a narrower range of soil types. Tansley
was one of the first ecologists to use experiments to demonstrate the influence of interspecific
competition on the niches of species.

■■ Competitive exclusion

proportion of individuals

■■ Figure 14.12
The niches of species
A and species B, based
on body size, overlap
with each other to
a greater extent
than with species C.
Strong interspecific
competition will exist
between species A
and B but not with
species C.

When resources are limiting, populations are bound to compete in order to survive. Competition
can be either within a species (intraspecific competition) or between different species
(interspecific competition). Interspecific competition exists when the niches of different species
overlap (Figure 14.12). No two species can occupy the same niche, so the degree to which niches
overlap determines the degree of interspecific competition.
species B

species A

species C

body size
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If two species share the same resource at the same place and the same time, then the dominant
species will outcompete the other. The inferior competitor will either die out or move away
to avoid the competition. We have already explored this concept – competitive exclusion – in
the examples of barnacle zonation on rocky shore and bedstraw distribution in the meadows of
Europe.
The competitive exclusion principle was first suggested by a Russian biologist, G. F. Gause,
in 1934, based on his experiments of culturing different species of Paramecium in the laboratory
(Figure 14.13).
■■ Figure 14.13
Population growth
curves for two species
of Paramecium. If
two species with very
similar resource needs
(that is, similar niches)
are grown separately,
both can survive and
flourish (top graph).
If the two species
are grown in a mixed
culture, the superior
competitor – in this
case P. aurelia – will
eliminate the other.

food vacuoles of
bacteria formed here

waste disposed of

gullet (’cytopharynx’)

a feeding current is generated
by cilia in the oral groove
products of digestion
absorbed into cytoplasm
An experiment carried
out by G. F. Gause in
1934 using species of
Paramecium, a large
protozoan common
in fresh water. It feeds
on plankton, the food
source used in these
experiments.
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Competitive exclusion could be the pressure that causes closely related species, living together in
the same habitat, to have evolved clearly defined but separate niches. This would occur over an
extended period of time. For example, the competitive exclusion principle would account for the
difference in niches between the cormorant and the shag that we noted earlier in this section.

■■ Interactions within communities
We have already seen that, when resources are limiting in the environment, organisms must
compete for them. For example, plants may compete for space, light and mineral ions. Animals may
compete for food, shelter and a mate. Intraspecific competition occurs when individuals compete
for a mate, for example. Interspecific competition may be so intense as to cause the exclusion of one
species by another. Examples of interspecific competition are species of Paramecium competing for
plankton, and species of barnacle competing for space on the rocky shore.
Can you think of other forms of interactions that occur between species?
Interactions between species in a community can be classified according to their effect:
n Parasitism is a relationship where one organism – the parasite – benefits at the expense of
another – the host – from which it derives its food.
n Mutualism is an interaction in which both species derive benefit. This is a specific type of
symbiotic relationship. An example of a symbiotic relationship (coral reef) is examined in
the next section (pages 16–17).
n Predation is when one animal (or sometimes a plant) eats another animal.
n Herbivory is when an organism feeds on a plant.
Examples of each type of interaction are given in Figure 14.14.
■■ Figure 14.14
Interactions
between species.
Top left: herbivory –
caterpillars of the
monarch butterfly
feeding on milkweed
leaves. Top right:
predation – African
lion at the moment
of capture of prey
(kudu – a savannah
herbivore). Bottom
left: parasitism – sheep
tick (an ectoparasite)
attached to the
skin of a cat where
it has fed on a
blood meal. Bottom
right: mutualism –
mushroom of fly agaric
fungus takes sugars
and amino acids from
a tree’s roots in return
for essential ions, via
its hyphae attached
below ground.
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Consider your own local environment. Think of local examples to illustrate the range of ways in which
species can interact within a community.
For example, if you live in Malaysia, an example of a parasite would be the Rafflesia
plant. Rafflesia have the largest flowers in the world, but no leaves; without leaves, they
cannot photosynthesize, so they grow close by Southeast Asian vines (Tetrastigma spp.) from
which they draw the sugars they need for growth. An example of mutualism would be coral
reef (see below). The clouded leopard is a local predator, which hunts small mammals.
The Asian elephant feeds on vegetation within the rainforest, and provides an example
of herbivory.

n■ The symbiotic relationship between zooxanthellae and

reef-building coral reef species
Reef-building corals have a symbiotic relationship with a microscopic unicellular algae called
zooxanthellae. ‘Symbiosis’ means a long-term biological interaction between different species.
The interaction in coral reefs is mutually beneficial; both organisms gain from the relationship.
The animal that makes the coral reef is a cnidarian – a group that also includes sea anemones
and jellyfishes. Corals are colonial organisms made up of individual polyps, each 1–3 mm in
diameter, with stinging tentacles arranged around a central mouth. The polyps are connected to
one another via a thin layer of tissue, which enables nutrients to be shared between organisms.
The polyps secrete a protective skeleton of calcium carbonate, which forms the foundation of the
coral reef ecosystem. The algae lives within the cells of the coral’s endodermis (the innermost
lining of the animal).
mouth
anatomy of a coral polyp

tentacles with nematocysts
(stinging cells)

gastrovascular cavity
(digestive sac)

zooxanthellae

living tissue
linking polyps

skeleton
nematocyst
limestone calice

n■ Figure 14.15 The zooxanthellae living within the polyp animal photosynthesize to produce food for themselves and the
coral polyp, and in return are protected

The coral provides the algae with a protected environment and the carbon dioxide needed for
photosynthesis (a metabolic waste product of the coral). In return, the algae produce oxygen,
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produced by photosynthesis). As much as 90% of the organic material manufactured by the algae
through photosynthesis is transferred to the host coral tissue.
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■■ Figure 14.16
The symbiotic
relationship
between coral and
zooxanthellae
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The zooxanthellae give coral its colour. Several million zooxanthellae live and produce pigments
in just a few square centimetres of coral. The pigments are visible through the clear body of the
polyp. Zooxanthellae have a range of different photosynthetic pigments, which range in colour
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Because the zooxanthellae need light to photosynthesize, coral can only grow at relatively
shallow depth. Most reef-building corals occur in less than 25 m of seawater. As well as light
level, the temperature of the water is a limiting factor that affects algal survivorship. Corals
live at the uppermost boundary of their temperature tolerance and even a 1°C increase in sea
surface temperature can stress zooxanthellae, causing the algae to leave the coral. A large-scale
loss of zooxanthellae makes coral appear white because coral tissue itself is mostly transparent
and their calcium carbonate skeletons are white. When this ‘bleaching’ occurs, the corals begin
to starve as they do not have algae to produce glucose; most corals struggle to survive without
their zooxanthellae. If conditions return to normal relatively quickly, corals can regain their
zooxanthellae and survive.
As well as temperature effects, increasing carbon dioxide concentration in seawater lowers
the pH, making it more acidic – a process referred to as ocean acidification. Increased carbon
dioxide in the atmosphere though accelerated burning of fossil fuels leads to more dissolved
carbon dioxide in the oceans. Because the coral reefs are made of calcium carbonate and
are, therefore, alkaline, a decrease in pH can lead to reduced calcification rates of corals and
destruction of existing coral reefs. Sea level rises caused by global warming can also lead to coral
reef reduction, as greater depth means that less light reaches the coral, leading to lower rates of
photosynthesis in the zooxanthellae.

■■ Keystone species
In architecture, a keystone is a central stone at the apex of an arch. The keystone supports the
whole structure and, without it, the arch would collapse (see Figure 14.17).
The concept of a ‘keystone’ has been applied to ecology. In communities, certain species
are vital for the continuing function of the ecosystem and, without them, a fundamental
shift in the community takes place; it effectively ‘collapses’ (such organisms are, therefore,
‘keystones’ for the ecosystem). Just as the keystone is not under the greatest pressure in the
arch (this is focused on stones lower down), a keystone species may be only a relatively small
part of the ecosystem in terms of biomass or productivity, but still plays a fundamental role in
the community. An example of a keystone species is the agouti of tropical South and Central
America (see Figure 14.18), which feeds on the nuts of the Brazil nut tree. The Brazil nut
tree (Bertholletia excelsa) is a hardwood species that is found from eastern Peru and northern
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■■ Figure 14.17
An arch from the
Temple of Hadrian,
Ephesus, Turkey. The
keystone (the central
stone) supports the
arch – without it the
arch would collapse

Bolivia across the Brazilian Amazon, and some specimens are among the oldest and tallest
(they grow up to 50 m) trees in the Amazon. The agouti is a large forest rodent, and the only
animal with teeth strong enough to open the Brazil nut tree’s tough seed pods, so as to access
the nuts inside.
The agouti does not immediately eat all of the nuts within the seed pod, but buries many of
them around the forest floor for times when the Brazil nuts are less abundant. Inevitably, the
agouti does not remember to dig up and feed on all of these buried seeds, and the remaining
ones are able to germinate and grow into adult plants. Without the agouti, the Brazil nut would
not be able to distribute its seeds and the species would eventually die out. Without the Brazil
nut tree, other animals and plants that depend on it would be affected, such as harpy eagles that
use them for nesting sites. Brazil nuts are one of the most valuable non-timber products found in
the Amazon: they are used as a protein-rich food source, and their extracted oils are a popular
ingredient in many cosmetic products. The sale of Brazil nuts provides an important source of
income for many local communities. Interestingly, the Brazil nut tree depends on one other
keystone species for its survival – large-bodied Euglossine orchid bees. Without these bees, Brazil
nut reproduction would not be possible. The relationship with the Euglossine bee is discussed in
detail in Chapter 9 (page 405).
■■ Figure 14.18
An agouti –
a keystone species

14.2 Communities and ecosystems – changes in community
structure affect and are affected by organisms

■■ Trophic levels in a community
The level at which an organism feeds in a food chain is called its trophic level (page 195).
The first level of a food chain is the producers (green plants), because this is where energy enters
the ecosystem as sunlight energy and is converted to chemical energy in glucose. Herbivores
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constitute level 2, because here energy has been transferred twice. The third trophic level, where
the energy has been transferred three times, may consist of omnivores or carnivores.
The different trophic levels in a community are:
n trophic level 1: producers
n trophic level 2: primary consumers
n trophic level 3: secondary consumers
n trophic level 4: tertiary consumers.
Food chains do not tend to consist of more than 4 or 5 levels, for reasons examined in
Chapter 4 (pages 197–199). Energy is lost between each trophic level, ultimately as heat energy
from respiration.

■■ Food webs
All ecosystems contain multiple food chains. A food web shows all the possible food chains in
a community. Most species occupy different trophic levels in multiple food chains, as we will see
below. Figure 14.19 shows the food web of a rocky shore community: by necessity, all food webs
are simplified models of real ecosystems, as it is very difficult (if not impossible) to include all
species and interactions.

common blenny
(Blennius pholis)
(×2)

seabirds

blenny

sea-slugs

crab

anemones
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algae
e.g. Calothrix
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■■ Figure 14.19 Simplified food web for a community of a rocky shore

A species can occupy different trophic levels
The trophic level is defined by the method of obtaining food. In a trophic level, all organisms
are the same number of energy transfers away from the original source of energy (the Sun
and photosynthesis). For studies of whole communities, it is necessary to designate a trophic
level to each organism being studied. This is clearly a straightforward task in the case of the
producers (they are always level 1), as shown in Figure 14.19 where all the organisms at the
bottom of the figure are producers, but above this level problems may arise. Many organisms
can occupy different trophic levels, depending on the item of diet under consideration.
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2

Analyse the
number of trophic
levels occupied by
seabirds in the food
web in Figure 14.19.

In Figure 14.19 the blenny (a small marine fish of inshore waters) can occupy several different
trophic levels, depending on its diet:
n a primary consumer when it is eating Fucus (brown seaweed)
n a secondary consumer when it is eating winkles
n a tertiary consumer when it is eating crabs.
In terrestrial food webs, too, it is common to find the top carnivores feeding at trophic levels
between 2 and 5, at any one time. Most species, in fact, occupy different trophic levels in
multiple food chains.

■■ Energy flow through ecosystems
A very small amount of the energy available to producers ends up in food chains. Much
of the light energy is reflected, transmitted through leaves, or is the wrong wavelength for
photosynthesis. Of the energy that is stored in producers (around 1% of that available from
the Sun) a decreasing amount is available as it passes through the food chain. As discussed
in Chapter 4 (page 197), the transfer of energy in food chains is inefficient. The first law of
thermodynamics states that energy cannot be created or destroyed; that is to say, the total
amount of energy in a system does not change, although this energy is gradually dissipated
from usable energy (such as ATP) to less useful (simpler) forms (such as heat) as work is done
(the second law of thermodynamics). The transfer of energy can be summarized as follows:
n Energy enters as sunlight energy and is converted to new biomass and heat.
n The energy entering the system equals the energy leaving it (first law).
n Energy is inefficiently moved through food chains in the process of respiration and
production of heat energy (second law).
n Initial absorption and transfer of energy by producers is also inefficient due to reflection,
transmission, light of the wrong wavelength and inefficient transfer of energy in
photosynthesis (second law).
n Light energy starts the food chain but is then transferred from producer to consumers as
chemical energy.
n As a result of the inefficient transfer of energy (second law), food chains tend to be short.
The amount of glucose produced by the plant in a specific area in a specific period of time
is known as gross primary production (or GPP). This equates to the rate of photosynthesis.
Much of this energy is used in respiration and ultimately lost as heat from the producers. The
remaining energy is stored in new biomass: this is known as net primary production (or NPP).
n Gross primary productivity (GPP) is the total gain in energy or biomass per unit area per unit
time fixed by photosynthesis in green plants.
n Net primary productivity (NPP) is the gain by producers in energy or biomass per unit area
per unit time remaining after allowing for respiratory losses (R). This is potentially available
to consumers in an ecosystem.
NPP can be calculated as follows:
NPP = GPP – R
where R = respiratory loss.
NPP is the rate at which plants accumulate new biomass. It represents the actual store
of energy contained in potential food for consumers. NPP is easier to calculate than GPP as
biomass is simpler to measure than the amount of energy fixed into glucose.
Producers are eaten by primary consumers, or herbivores. Only a relatively small proportion
of this energy is passed on to the next trophic level (see Figure 14.20). Around 90% of energy is
lost between trophic levels due to:
n biomass not being ingested (eaten)
n food not being digested (and then absorbed into consumers for assimilation)
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■■ Figure 14.20
Loss of energy
between trophic
levels

eaten

primary consumer
(caterpillar)

secondary consumer
(shrew)

respiration (30)
Imagine 100 units of energy
being eaten. Only 10 units
get to be tissues; the rest is
lost in respiration and as
waste products.

tissue (10)

eaten
(100)

gas, faeces
and waste (60)

n

excretion

n Biology
loss asforheat
from
respiration
14_20
the IB
Diploma
Second edition
Barking
Dog Art
n loss
as inedible

parts, such as bones, teeth and fur.

The percentage of ingested energy converted to biomass is dependent on the respiration rate.
Animals with greater respiration rates will, on average, pass on less energy than ones with a lower
metabolic rate, although much also depends on the diet of the animal (herbivores are less efficient at
digesting plant material, with more faecal matter produced, than carnivores are at digesting meat).
Ectothermic animals, such as snakes and reptiles, lose less heat from respiration than endothermic
animals, such as mammals, that can maintain their body temperatures at constant levels.

Conversion ratio in sustainable food production practices
Most meat consumed in the human diet comes from farmed animals. These animals need to be fed,
and the efficiency of food eaten compared to food produced (that is meat) can be calculated using
feed conversion ratios. This ratio is the amount of dietary input needed to produce a certain quantity
of biomass in livestock or fish. It is, therefore, a measure of an animal’s efficiency in converting feed
mass into new protein biomass. Quantities are generally measured in kilograms. So, for example, a
feed conversion ratio of 1.5 means that 1.5 kg of feed are required to produce 1 kg of body mass.
Published values for feed efficiency ratios vary because of differences in variables between
studies, such as the food used and feeding methods, for example. Values from one study are
recorded in the table below.
■■ Table 14.2
Feed conversion
ratios for a range
of different meat
products

Animal
Salmon
Chicken
Duck
Turkey
Pork
Sheep
Cow (beef)

Estimate of feed conversion ratio
1.20
1.69
2.41
2.46
2.99
10.4
10.4

What implications do these ratios have for sustainable food production? Think about this now before
you read further, and formulate your own ideas.
A lower ratio means that there have been lower feed inputs per kilogram of meat produced.
Lower grain inputs mean that there has been a lower energy input in food production. Lower
amounts of feed also mean that less land is required to grow crops to produce the feed. Of course,
not eating meat at all would be the most efficient form of feed conversion, as more of the energy
from the crops would go into us (the consumer) rather than being lost in the farmed animals.
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Nature of Science

Using models as representations of the real world

■■ Pyramids of energy
Pyramids are graphical models. They show quantitative differences between the trophic levels
in an ecosystem. Pyramids of energy model the energy flow through ecosystems. Pyramids of
energy represent the flow of energy through trophic levels (Figure 14.21, where I–IV indicate
different trophic levels); because energy is lost at each trophic level and is gradually diminishing
throughout the food chain, these diagrams are always pyramid shaped (unlike pyramids of
numbers, which plot the number of organisms at each trophic level, and pyramids of biomass,
which plot the total biomass at each trophic level – see below).
■■ Figure 14.21
A pyramid of energy.
I–IV indicate the
different trophic
levels: I = producer,
II = primary consumer,
III = secondary
consumer, IV = tertiary
consumer

IV
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I

Pyramids of energy represent the productivity of each trophic level, that is to say how much new
biomass is being made (and energy therefore stored) in a particular period of time in a specific
area, and
sofor
arethemeasured
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be summarized as follows:
n Pyramids of numbers and biomass show the storage in the food chain at a given point in
time (they are a ‘snap-shot’ of the ecosystem), whereas pyramids of energy show the rate at
which those stores are being generated.
n Pyramids of energy take into account seasonal fluctuations, as data is recorded over a period
of time, rather than at one point in time. Pyramids of numbers and biomass can, therefore,
be inverted (whereby the producer trophic level is narrower than the primary consumer
trophic level), if the amount and/or biomass of the producers is lower than that of the next
trophic level at the time when the samples were recorded. For example, grass in a field
may have a lower biomass than the herbivores that feed on it because the herbivores have
been eating the grass over time. This results in an inverted pyramid of biomass; over time,
as the grass grows and gets longer, the productivity of the grass will be higher than the
productivity of the herbivores that feed on it. Because productivity, recorded over a period
of time, is always higher in producers than subsequent trophic levels, pyramids of energy are
never inverted.

■■ Pyramids of energy from different ecosystems
As we have already seen in Chapter 4 (page 199), pyramids of energy are created by plotting
each trophic level with equal thickness on the vertical scale, with the horizontal scale indicating
the size of each bar. The vertical axis is in the centre of the horizontal one, with data distributed
equally to each side of the y-axis, creating a pyramid.
Biology for the IB Diploma, Second edition © C. J. Clegg 2014 Published by Hodder Education

14.2 Communities and ecosystems  23
Pyramids of energy can be drawn for different ecosystems (see Figure 14.22). NPP values,
measured in kJ, are used to construct the producer bar, and other trophic levels can be
constructed by using the ‘10% rule’ of energy conversion (that is, usually around 10% of
energy is passed on from one trophic level to the next).
■■ Figure 14.22
Pyramids of energy for
different ecosystems

scale = 2,000 kJ m–2 yr–1

tundra

temperate forest

temperate grassland

tropical rainforest

NPP values vary greatly for different ecosystems. NPP is affected by factors that influence the
rate of photosynthesis, namely the amount of insolation (sunlight), the amount of rainfall
(precipitation) and the temperature. The roles of precipitation and temperature are explored
further in the next section (page 24). Warmer temperatures speed up enzyme reactions that drive
photosynthesis, although temperatures that are too hot can lead to denaturation. Rainforests have
the highest NPP because they are found between the Tropics of Cancer and Capricorn (23.5° N
and S of equator) where rainfall is high (over 2500 mm yr−1), insolation is constant throughout the
year, and temperatures are warm. The high NPP means that rainforest has a complex structure
with a number of layers from ground level to canopy, with emergent trees up to 50 m and lower
layers of shrubs and vines. Because so much energy is stored at the producer level, rainforests can
support a number of trophic levels, as even at the tertiary (and even the quaternary) consumer
level there is sufficient energy to support a wide diversity of animals (Figure 14.22).
Temperate ecosystems vary from deciduous and evergreen forests to grasslands. Rainfall,
temperature and sunlight are seasonal, which reduces overall NPP compared to tropical
rainforests. Lower levels of NPP mean less stored chemical energy at the producer level and,
therefore, less biomass at each trophic level, leading potentially to shorter food chains. Rainfall
is sufficient in temperate forest areas to establish forest (500–1500 mm yr−1) rather than
grassland. Temperate forest contains seasonal (deciduous) trees, evergreen (coniferous trees)
or both; evergreen trees have thicker leaves or needles to protect against the cold, whereas
deciduous trees lose their leaves in winter. Temperate forest has a less complex structure than
rainforest, often dominated by one species; there is some layering of forest, although the tallest
trees grow no more than around 30 m. A lower and less dense canopy than rainforest means
more light reaches forest floor, resulting in the growth of rich shrub layer (e.g. brambles, grasses,
bracken and ferns). The greater complexity of temperate forest, compared to temperate grassland,
can support greater species richness and diversity than grasslands.
In colder ecosystems found in the northern hemisphere, such as tundra, there are slower
nutrient cycles, a lack of soil fauna, and acidic leaf litter. Tree and shrub growth can be stunted.
Evergreen species maximize productivity by allowing photosynthesis to take place as soon as
spring sunlight becomes available. The low productivity of tundra means that large areas are
needed to support grazing animals such as reindeer, and these animals need to migrate large
distances to support their herds. In highly stressful environments, with very low temperature or
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rainfall, only mosses and lichens may be able to survive. Lower productivity in such ecosystems
and harsher conditions means that food chains tend to be shorter (Figure 14.22), with limited
energy available in biomass to support much more than the primary consumer trophic level.

■■ The role of climate on determining ecosystem type
We have already seen how insolation, temperature and precipitation affect the type of
ecosystem that develops in a given area. Each element of the climate plays a role in structuring
communities within the abiotic environment they inhabit:
n Temperature affects the rate of enzyme reactions in the cells of all organisms, affecting the
rate of primary productivity through photosynthesis and decomposition. Temperature also
affects the rate of transpiration.
n Precipitation affects the rate of photosynthesis and primary productivity.
n Insolation also affects the rate of photosynthesis and primary productivity.
Other elements of the climate that can affect ecosystems are air pressure, humidity, cloudiness
and winds.
The type of stable ecosystem that will emerge in an area is predictable based on climate.
Information about the relative contributions of two climatic factors, precipitation and temperature,
can be used to predict the type of stable ecosystem that can be expected in a given area. These two
variables can be plotted on a graph and the different ecosystems plotted within it (see below).

Predicting ecosystem distribution using a climograph
A climograph is a graphical model that shows the relationship between temperature, precipitation
and ecosystem type. It was first developed by the plant ecologist R. H. Whittaker. It shows the
likely stable ecosystems that are found under specific climatic conditions. Vegetation underpins
communities found in all different geographical areas, and so factors that affect plant growth
strongly influence the distribution of different ecosystems. Temperature and rainfall are two of
the main limiting factors that affect plant growth, as we have seen above, and so these abiotic
factors can be used to model and predict the geographical distribution of different ecosystems
around the planet. Figure 14.23 shows a climograph that illustrates the distribution of major
terrestrial ecosystems with respect to mean annual precipitation and temperature.
■■ Figure 14.23
Whittaker’s climograph
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3

Explain which
factor is most
important in
determining
whether an area
will be a broadleaf
forest or a
coniferous forest.

4

Explain which
factor is most
important in
determining
whether an area
will be a grassland
or a forest.

The climograph suggests that each ecosystem has a distinct ‘edge’ – this may, in fact, not be
the case, with steady gradation from one ecosystem to another, rather than distinct boundaries.
Tropical ecosystems, for example, graduate from highly productive rainforest to low-productive
desert.
There are various different forms of this graph: sometimes the axes are reversed, or the
temperature is plotted from lowest to highest. In some regions, distribution is determined by soils
rather than climate: in savannah areas, for example, grasslands are found on sandy soil (which
is well drained) and forests are found on clay soils (where water is retained). The dashed line in
Figure 14.23 delineates ecosystems where factors other than rainfall and temperature strongly
influence ecosystem structure, such as soil type, the occurrence of fire, animal grazing and
seasonal drought.

■■ Gersmehl diagrams: showing nutrient stores and transfers

in ecosystems
As we have already seen, both biotic and abiotic components shape communities and
ecosystems. Organisms – the biotic component – are made from organs, tissues and ultimately
from cells. Organic molecules, such as proteins, lipids and carbohydrates, are used in the
construction of cells, and are themselves made of atoms. The atomic elements that molecules
are made from cycle within ecosystems, entering the biotic system and leaving it to return to the
abiotic environment. Energy, in contrast, does not cycle but enters the ecosystem as light energy
and leaves as heat. Figure 14.24 shows the differences between the movement of matter and
energy into, out from and within ecosystems.

■■ Figure 14.24
Comparing energy
and matter
movement in
ecosystems

simplified energy and matter flow

matter cycles (mostly)
energy passes through and drives the system
obeying 1st and 2nd laws of thermodynamics

We examined the role of climate on ecosystem structure and development on the previous page.
Here we will focus on nutrient movement through ecosystems. Nutrients are required in all
ecosystems for plant growth, and are recycled between soil, leaf litter and biomass. Plants
take in nutrients which they build into new organic matter. Nutrients are taken up when
animals eat plants, and are returned to the soil when animals die and the body is broken
down by decomposers. Elements can be absorbed by plants as gases (such as carbon dioxide for
photosynthesis) or soluble ions (such as nitrate, containing nitrogen needed for amino acids).
Because the major macromolecules in the body (protein, lipids and carbohydrates) are made of
carbon, oxygen and hydrogen (page 68), with proteins requiring the addition of nitrogen, these
elements are needed in large quantities (and so are called macronutrients). Other elements are
needed in smaller quantities, such as magnesium for chlorophyll and phosphorus for DNA and
cell membranes, and are called micronutrients.
Nutrients can be kept in stores within ecosystems (in biomass, soil or leaf litter), moving
between different storages as transfers. For example, leaf-fall from trees decomposes and returns
nutrients to the soil. Nutrients enter the cycle as inputs and leave as outputs:
n inputs = nutrients such as carbon and nitrogen dissolved in precipitation and minerals from
weathered parent rock, for example
n outputs = loss of nutrients from the soil, such as by leaching and by surface run-off
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n

transfers = for example, leaf fall from the biomass to the litter; decomposition of litter
transferring nutrients to the soil; uptake of nutrients from the soil by trees and other plants.

Movement of nutrients can be shown in diagrammatic form; the commonly accepted way of
demonstrating nutrient cycles was first developed in 1976 by P. F. Gersmehl, and so is known as
the Gersmehl diagram (see Figure 14.25). Storages, transfers, inputs and outputs are drawn in
proportion (that is, to scale). The size of the nutrient stores (biomass, litter and soil – see
Figure 14.25) is proportional to the quantity of the nutrients stored, and the thickness of the
transfer arrows is proportional to the amount of nutrients transferred. This quantitative way of
showing information about the ecosystem gives extra information and adds value to the diagram.
Nutrient cycles vary greatly between different ecosystems. Factors that affect the store of
nutrients and their transfer include:
n the amount of rainfall
n rates of decomposition of litter
n temperature
n type of vegetation, size of plants and number of layers in the ecosystem
n length of growing season
n the amount of weathering of rock
n the amount of overland flow and soil erosion.
The efficiency of nutrient cycles varies between ecosystems. Figure 14.26 demonstrates the
nutrient flows for three different ecosystems (taiga, tropical rainforest and desert) showing the
interrelationships between nutrient stores and flows.
■■ Figure 14.25
A model of the
nutrient cycles in
ecosystems; circles
represent nutrient
stores and arrows
nutrient transfers
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tissues die

litter

release as
litter decomposes
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input weathered
from rock
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taiga (northern coniferous forest) environment

■■ Figure 14.26A Taiga (northern
coniferous forest) – litter is the main store,
with little transfer between stores

selva (equatorial rainforest) environment

■■ Figure 14.26B Tropical rainforest –
biomass is the main store, with rapid
transfers between stores and the
environment

■■ Figure 14.26C Desert – soil is the
main store, with little movement
between stores
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Table 14.3 compares the three ecosystems in terms of stores, transfers, inputs and outputs.
■■ Table 14.3 Comparing the inputs, outputs, transfers and stores of three different ecosystems

Input dissolved in rainfall

Input from weathered
rock
Biomass

Soil

Litter
Release as litter
decomposes
Fallout as tissues die
Uptake by plants
Loss through leaching
Loss in run-off

Taiga
Little precipitation; falls as snow
for periods of the year and so
remains on surface of ground
Slow weathering due to cold
conditions and lack of rainfall
Relatively low: conifers only
form one level, there is little
undergrowth and few species
Small store due to soils being
formed from glacial deposits that
are low in nutrients
Large store because cold limits
the rate of decomposition
Slow, due to cold conditions;
conifer needles have a thick
cuticle and are slow to decay
Continual supply of litter
Trees take up nutrients

Tropical rainforest
High precipitation all year round

Desert
Very little rainfall – what does
occur is very sporadic

Rapid weathering due to
humidity, temperature and high
levels of precipitation
Tall, dense vegetation with rapid
growth, several layers and many
species
Small store due to leaching and
soil infertility

Negligible chemical weathering
due to lack of rain
Low biomass due to harsh
conditions; only desert-adapted
(xerophytic) plants can survive
The biggest store as low
productivity leads to nutrients
remaining in soil
Some litter formed from the
plants present
Very little due to very hot
conditions in the day and cold at
night
Continual supply of litter
Few plants and so low uptake of
nutrients
Not enough rainfall for leaching
to occur
Little run-off as precipitation is
very low

Small store because of high
decomposition rate
Rapid decay due to warm
temperatures and high humidity
(ideal conditions for bacteria)
Continual supply of litter
Vast amounts of plant roots take
up large quantities of nutrients
Rapid due to high levels of
precipitation
Large because of high precipitation
– soil cannot absorb it all

Some limited leaching due to
precipitation
Can be high after snowmelt and
with ground still frozen

Figure 14.27 compares a range of different ecosystems using the same axes as the climograph on
page 24 above.
■■ Figure 14.27
Nutrient cycling
models for
ecosystems across
the world (after
Gersmehl, 1976)

tundra

low

B
L
S

taiga

B

L
S

temperature

B
L
S

chaparral

B

steppe

B

B

L

L
S

maritime
forest

S

deciduous
forest

L

S

tropical
rainforest
desert B
savanna L

L

high
low

B

B

S
S
precipitation

L
S

high

Biology for the IB Diploma, Second edition © C. J. Clegg 2014 Published by Hodder Education

14.2 Communities and ecosystems  28
Gersmehl diagrams provide a useful tool for summarizing differences between ecosystems and
a simple model that links nutrient cycles to differences in climate (such as temperature and
rainfall) as exemplified by Whittaker’s climograph (Figure 14.23). Because both figures use the
same axes, when used together, they give a good overview of how climate influences nutrients
stores and transfers, as well as ecosystem type. Like all models, however, they are a simplification
of reality, and as such have both strengths and limitations.
■■ Table 14.4
The strengths and
limitations of models

Strengths
•	They simplify complex systems and allow
predictions to be made.
•	Inputs can be changed to see their effects
and outputs, without having to wait for real
events.
•	Results can be shown to other scientists
and to the public.
•	Models are easier to understand than
detailed information about the whole
system.

Limitations
•	They might not be accurate and can be too simple.
•	They rely on the level of expertise of the people
making them.
•	Different people can interpret them in different ways.
• They may be used politically.
•	They depend on the quality of the data that goes into
the inputs.
•	Different models can show different outputs even if
they are given the same data.

TOK Link
Do the entities in scientists’ models, for example trophic levels or Gersmehl diagrams, actually exist, or are
they primarily useful inventions for predicting and explaining the natural world?

■■ Succession
All ecosystems develop over time from the point of colonization of a pristine area to the
maturation of a stable final community. Succession is the term that applies to the orderly process
of change over time in a community. Changes in the community of organisms frequently cause
changes in the physical environment, allowing another community to become established and
replacing the former through competition. Often, but not inevitably, the later communities in
such a sequence, or sere, are more complex than those that appear earlier. The first communities
are called pioneer communities and the final stage of the succession the climax community.
Examples of succession, from pioneer community to climax community, are:
Succession in freshwater:
aquatic plants (e.g. water lilies) → reeds → low woodland species (e.g. willow)
Succession in an abandoned quarry:
mosses and lichens → grasses and herbs → shrubs (e.g. birch) → woodland
Both energy and matter change through a succession.
Productivity changes through a succession in the following way:
n In pioneer communities, gross productivity is low due to the initial conditions and the
low density of producers. The proportion of energy lost through community respiration is
also relatively low. Net primary productivity (NPP) is therefore high: the system grows and
biomass accumulates.
n Gross productivity increases due to the increase in biomass of the community. Sunlight is
available for all plants as there is little shading.
n In later stages there is an increased consumer community, with increased levels of
respiration, leading to a reduction in NPP. The rate of accumulation of biomass begins to
slow.
n In climax communities gross productivity may be high, but this is balanced by community
respiration. The production:respiration (P:R) ratio is a measure of productivity relative to
respiration of the community. Net productivity approaches 0 and the P:R ratio approaches 1,
and the ecosystem has reached a relatively stable stage.
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Nutrient availability changes from poor initial stores through to gradual accumulation of
nutrients as biomass develops and soil fertility increases.

Primary succession
The formation of an ecosystem in an environment devoid of vegetation and lacking soil, for
example bare rock, is called primary succession:
n Pioneer species arrive (for example, lichens, mosses and bacteria).
n As pioneers die, soil is created.
n New species of plants arrive that need soil to survive – these displace pioneer species.
n Growth of plants causes changes in the environment (factors such as light, wind, moisture).
n Growth of roots enables soil to be retained; nutrients and water in the soil increase.
n Nitrogen-fixing plants arrive, adding nitrates to soil (see pages 65–66 later in the chapter).
n Soil depth increases further, allowing shrubs and other taller plants to arrive.
n Animal species arrive as species of plant they rely on become established.
n A climax community is established.
A xerosere = succession under dry, exposed conditions where water
supply is an abiotic factor limiting growth of plants, at least initially.
initial conditions

new land
e.g. deposited in
river delta, by a
glacier retreating, by
wind-blown sand or
by cooled volcanic
lava

pioneer plants

surface algae,
lichens, moss

sequences of plant communities of plants of increasing size

small-rooted plants
able to withstand
drought (xeromorphic
features)

algae, cyanobacteria
and simple rooted plants
colonize, speeding the
breakdown of rock

small shrubs
e.g. blackberry,
hawthorn

first trees
e.g. birch

diverted climax
caused by
browsing animals
e.g. rabbits, deer, sheep

soil formation
sequence
on rock
mineral fragments
and plant debris
collect in cracks,
forming first soil

herbaceous (non-woody)
plants
e.g. grasses,
annual ‘weed’ plants

climax community

rock eroded at
cracks and fault
lines by extreme
of temperature

woodland trees
e.g. oak, ash

grassland

lichens survive
exposure

This succession sequence is not a rigid ecological process, but an example of what may happen. It is influenced by factors such: as:
a how quickly humus builds up and soil forms
b rainfall or drought, and the natural drainage that occurs
c invasions of the habitat by animals and seeds of plants.

■■ Figure 14.28 A primary succession on dry land – a xerosere

Analysis of data showing primary succession
5

Figure 14.29 overleaf is a study of the vegetation of a system of developing sand dunes. Note how both
the species diversity and physical parameters change as the dunes age. Calculate the diversity indices of
the fore dune and semi-fixed dune (using a spreadsheet). Comment on the results.

6

State which species are pioneers and which form the climax community.
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Sand deposited by the sea and blown by the wind, builds
into small heaps around pioneer xerophytic plants, such
as marram and couch grass, at coasts where the
prevailing wind is on-shore. The tufts of leaves growing
through the sand accelerate deposition, and gradually
drifting sands gather a dense cover of vegetation. Fixed
sand dunes are formed.
point frame quadrat in use

The frame is randomly placed a large number of times,
the 10 pins lowered in turn onto vegetation and the
species (or bare ground) recorded.

■■ Figure 14.29 Sand
dune community
development – a
student field study
exercise

Behind the fore dune the fixed dunes can be seen.

Study of a sand dune succession from embryo state to fixed dune
Site 1
Site 2
Site 3
Stage in succession
Embryo dune
Fore dune
Semi-fixed dune
Number of pins dropped 220
220
220
sea couch grass
169
9
0
marram grass
1
123
19
fescue grass
0
0
126
spear-leaved orache
4
0
0
prickly saltwort
2
0
0
bindweed
1
44
0
bird’s foot trefoil
0
0
0
biting stonecrop
0
0
0
buttercup
0
0
0
cat’s ear
0
0
5
clover
0
0
0
common stork’s bill
0
0
0
daisy
0
0
2
dandelion (common)
0
0
5
eyebright
0
0
0
hawkbit
0
0
20
ladies bedstraw
0
0
86
medick
0
0
0
mouse-ear chickweed
0
0
0
ragwort
0
0
8
restharrow
0
0
25
ribwort plantain
0
0
0
sand sedge
0
0
32
stagshorn plantain
0
0
0
tufted moss
0
0
0
yellow clover
0
0
0
Yorkshire fog
0
0
2
wild thyme
0
0
0
Total live hits
177
176
330
Bare ground hits
48
68
6
% bare ground
27
38
3
soil moisture (%)
5.0
8.5
16.0
1.6
0.9
0.6
soil density (g cm –3)
soil pH
8.0
7.5
7.0
10.0
9.3
2.4
wind speed (m s –1)
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Site 4
Fixed dune
220
0
0
182
0
0
0
6
1
1
2
68
11
8
1
4
1
35
62
2
1
15
37
17
36
119
5
0
82
706
0
0
14.3
0.5
7.0
1.3
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Secondary succession
A secondary succession occurs in an environment after an ecosystem has been disrupted or
destroyed due to a disturbance that reduces the population of the original inhabitants. Soil
already exists in this type of succession.
■■ Figure 14.30
An example of a
secondary succession –
recolonization of
woodland after fire

7

Describe the ways
in which secondary
succession on
burnt forest land
differs from primary
succession on a
barren, rocky shore.

Logging and succession in tropical rainforests
Tropical rainforests cover only 5.9% of the Earth’s land surface but may contain up to 50% of all species.
They are found in South America, Africa and Southeast Asia. The climate is warm and stable, with
temperatures varying from 20°C at night to 35°C at midday; rainfall is high, with up to 2500 mm per year
(see also page 23 earlier in this chapter ). The constant warm temperatures, high insolation and high
rainfall lead to high levels of photosynthesis and high productivity (page 23 earlier in this chapter). High
productivity leads to high biomass, which in turn leads to ecosystem complexity, abundant resources
(such as food) and niche diversity. Abundant niches lead to high species richness and high biodiversity.
Tropical rainforests are vulnerable to disturbance, with an average of 1.5 hectares (equivalent
to a football pitch) lost every 4 seconds. Because they have high biodiversity, many species
are affected when they are disturbed. Deforestation and forest degradation are being caused
principally by demands for timber, for land for cattle to provide beef and for plantation crops
such as soya and biofuels (such as oil palm in Southeast Asia). Tropical rainforests are found on
nutrient-poor soils that are thin and easily eroded once forest is cleared.

■■ Figure 14.31
Logging activities
in Sabah, Malaysian
Borneo
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Rainforests illustrate how disturbance influences the structure and rate of change within
ecosystems. The time taken for rainforest to regenerate depends on the level of disturbance:
n Small-scale disturbance, for example from shifting cultivation, can recover in around
50 years.
n Large areas of cleared land will take longer to grow back (around 4000 years), if at all.
n Areas subject to selective logging methods will regenerate more quickly than areas logged
using conventional methods.
Following logging operations, the canopy of the rainforest is opened up, letting more light reach
the forest floor. Fast growing species, such as Macaranga, benefit from this and rapidly fill in
the gaps left by the hardwood species that have been removed. Secondary succession therefore
occurs, although if high densities of timber have been removed then the forest is unlikely to be
return to its original structure because the fast-growing species begin to dominate and block
light from other slower growing species. Logging operations where lower densities of timber
are removed better maintain the structural integrity of the forest. Lower intensity, or reducedimpact, logging activities are more likely to allow secondary succession to return the forest to
nearer its original state of equilibrium than more damaging methods.

The effect of deforestation on nutrient cycling
When humans log forests they interfere with nutrient cycling. This is especially true in
tropical rainforests, where soils have low fertility and nutrients cycle between the leaf litter
and tree biomass. Warm temperature, high humidity and rainfall provide ideal conditions for
decomposition – this rapidly leads to the breakdown of the rich leaf litter throughout the year.
Once the trees have been removed, the canopy no longer intercepts rainfall, and the soil and
leaf litter is washed away (and with it much of the available nutrients).
In South east Asia, large areas have been cleared to grow oil palm (Elaeis guineensis). In
Malaysia, for example, 13% of land area is now covered by oil-palm plantation, compared with
1% in 1974. Oil palm is used in food production, domestic products and to provide biofuel. The
global production of oil palm exceeds 35 million tonnes per year. Once the original forest has
been removed, natural nutrient recycling is also lost. As the soils, as we have seen, are generally
nutrient poor, oil-palm trees require fertilizer to be applied to produce yields that return a
reasonable profit. Fertilizers can have various negative environmental impacts, as we will see
later in this chapter (page 72). Fertilizer application in oil-palm plantations has also been linked
to increases in ground-level ozone, which can have detrimental effects on humans and wildlife
alike, and reduce plant productivity.

Studying the effects of an environmental disturbance on an ecosystem
In your local area there will be locations where you can investigate the effect that human
disturbance has had on natural ecosystems. These may be areas of forest that have been
harvested for timber, grassland habitats that are regularly trampled by walkers, ecosystems where
fire has damaged natural habitats, and so on. There are a variety of methods you can use to
study derived ecosystems:
n carry out capture–mark–release–recapture methods on invertebrate species in disturbed and
undisturbed sites (pages 59–61 later in this chapter)
n measure species diversity using the Simpson’s reciprocal index (page 43 later in this chapter)
n use indicator species (pages 44–48 later in this chapter)
n measure variables such as leaf area index, above ground biomass, average width of tree stems
at breast height (DBH), degree of canopy openness, volume of leaf litter, water cycle variables
including run-off and infiltration rates, light levels, temperature and wind speed
n measure soil erosion – in areas with high precipitation this can be simply calculated by
measuring the depth of soil remaining under free-standing rocks and stones, where soil
around these solid objects has been eroded away
n measure soil variables such as soil structure, nutrient content, pH, compaction levels and soil
moisture.
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You will need to compare measurements taken from the disturbed area to those from
undisturbed areas, so that you can work out the magnitude and effect of the disturbance.

■■ Closed ecosystems
There are three different types of system – open, closed and isolated. Differences depend on how
matter and energy move into and out of the system:
n Open systems exchange both matter and energy with their surroundings (a natural
ecosystem).
n Closed systems exchange only energy but not matter with their surroundings (for example
the Earth).
n Isolated systems do not exchange either matter or energy with their surroundings
(the Universe).
8

Consider why
isolated systems are
considered to be
largely theoretical
constructs.

A

matter out

energy in
open system
matter in

surroundings

B

energy out

closed system
energy out

C

isolated system
surroundings

energy in
no matter transfer

surroundings

■■ Figure 14.32 The exchange of matter and energy across the boundaries of different systems. Open
systems (A) exchange both energy and matter; closed systems (B) exchange only energy; and isolated
systems (C) exchange neither.

In closed ecosystems energy but not matter is exchanged with the surroundings. Such ecosystems
include the mesocosm discussed in Chapter 4 (pages 191–192). In nature, ecosystems are open
systems, because both energy and matter are exchanged with their surroundings.

14.3 Impacts of humans on ecosystems – human

activities impact on ecosystem function

■■ The spread of alien species
Until the advent of humanity, species tended to remain in the area in which they originated,
dispersing through natural processes. When humans began their widespread colonization of
the planet, and started trade with one another between continents, many species were removed
from their native habitat and transported vast distances into new environments. In all counties
around the world, flora and fauna include many species that are non-native to that region.
Some species are deliberately introduced, for example in the UK the rabbit has been introduced
from Normandy and the buddleia from China. Others get into the country by accident, as
unwanted colonizers. Species that are introduced into an area by human activity are called
alien species (as opposed to endemic species that originate there). Once in the country,
introduced alien species can escape into local ecosystems, increase rapidly in number, and have
such a large impact that they lead to the decline of native species – in these cases they are
known as invasive species.
The success of the grey squirrel at the expense of the red squirrel (Figure 14.33) is a very
good example of an alien species becoming an invasive one. The latter is now restricted to just
a few locations in the UK, having once been widespread over much of the country. The grey
squirrel has spread rapidly, chiefly by being able to consume a wide range of locally growing nuts
(including the very common woodland oak tree’s acorn – this contains polyphenolic substances
that the new arrival can digest, but which the red squirrel cannot). Although they have similar
niches, with its wider diet, the grey has outbred the red and multiplied much faster. This
enlarged population has successfully competed for hazel nuts and pine cones too (the limited diet
of the red squirrel). The grey squirrel is an example of an alien species that has a similar niche to
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an endemic species – because niche of the grey and red squirrel overlap, competitive exclusion
can take place (page 13 earlier this chapter) with the result that the less-effective competitor
declines in number, or is wiped out.
Another consequence of the introduction of an alien species may be that both the
introduced species and the native species end up occupying smaller realized niches, as a result
of interspecific competition. If the alien species lacks natural predators, it may be able to
outcompete the native species and become invasive. Understanding the fundamental niche of
invasive species can help predict their dispersal patterns and invasion success, and provide the
basis for better-informed conservation and management policies.
■■ Figure 14.33
Red and grey squirrels

Alien species can also affect native communities in another way: if the alien species does not
have the usual limiting factors that control it in its home environment, such as predation,
disease and competitors, it will be able to reproduce rapidly and increase in number, putting
pressure on native species. The advance of Japanese knotweed in the UK is an example of the
spread of an invasive species devoid of the usual limiting factors that keep it under control in
its native Japan. Knotweed plants grow into dense, submerged thickets that overshadow and
crowd out native water plants and block waterways and public access to stream banks. In Japan,
the plant grows in a balanced relationship with other water plants and causes no significant
problems. The reason for the difference is that knotweed was introduced in Britain without its
natural populations of predators. The chemicals in its leaves and roots discourage predation
by leaf browsers or root parasites, whereas in Japan predators have evolved that can cope with
these defence mechanisms. Farmers, gardeners and local councils face a bill of at least £13.5 bn
($20.4 bn) by the end of the century through damage caused by this rampant invasive species.
Both competitive exclusion and the absence of predators can lead to reduction in the numbers
of endemic species when alien species become invasive. According to the UK’s Environment
Agency, alien species of plants and animals are costing the UK economy approximately £1.7 bn
every year. The ten ‘most wanted’ invasive species include the ‘killer’ shrimp, water primrose,
floating pennywort, North American signal crayfish, top mouth gudgeon, giant hogweed,
Japanese knotweed, Himalayan balsam, mink and Chinese mitten crab.
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Nature of Science

Assessing risks and benefits associated with scientific research

■■ Biocontrol
Invasive species can be controlled by introducing natural predators or other enemies of the
alien species into the environment where they are found. This method is called biological
control or biocontrol. The release of natural enemies should lead to the establishment of
permanent populations of the biocontrol agent, although further releases may be needed to
‘top up’ the predator numbers. Biocontrol is effective as it has a high degree of host-specificity,
that is to say, one predator targets one invasive species and the effects on non-target species are
minimized. Less effective biocontrol, which can have occasionally disastrous outcomes, occurs
when the biocontol agent is not specific to one prey (see the example of the cane toads in
Australia, page 36).
The use of biological control has associated risk and requires verification by tightly
controlled experiments before it is approved.
Biological control is implemented in the following way:
1 The alien species is identified as a target for biological control.
2 Natural predators or other enemies of the alien species are sought by surveying the natural
habitat of the alien. Enemies generally include insects, mites, nematodes and diseases.
3 The host-specificity of potential control organisms is examined to assess potential impact on
the alien species and non-target species, as well as possible environmental impacts.
4 Following approval from federal and state regulatory officials, biological control agents
are shipped to a domestic quarantine facility where they are examined to confirm species
identity and to determine whether they are free of parasites and diseases.
5 Biocontrol agents are tested in field plots. These trials determine whether the agents do, in
fact, reduce the density of the target species, and do not have adverse effects on non-target
species.
6 Following small-scale testing, appropriate natural enemies can be mass-reared to high
numbers and released at field sites established by local biologists.
7 Once released, each biological control agent is evaluated for establishment, spread, impact on
the target species and impact on non-target species.
8 Careful, long-term evaluation studies provide scientific data that is used to improve current
and future programmes. Additional releases may be made when and as needed.
invasive species
relative population levels

biocontrol agents
new equilibrium point

time

■■ Figure 14.34 Graph showing how biocontrol agents and invasive species reach a new equilibrium
following introduction. Invasive species numbers fluctuate around a new, much lower, equilibrium
point after control is implemented. Because the invasive species are never completely eradicated, a
small population of the biocontrol agent remains: if the numbers of invasive species increase for some
reason, the number of biocontrol agents will also increase.
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■■ Examples of biocontrol
The following case studies illustrate different aspects of biocontrol.

Case study 1: the introduction of cane toads in Australia
In the early 1930s, two species of beetle, French’s cane beetle and the Greyback cane beetle, were
prolific in North Queensland, feeding on and destroying valuable sugar cane crops. The Australian
Bureau of Sugar Experimental Stations sought a predator to eat and remove the cane beetles, and
in 1935 released 101 cane toads (Rhinella marina) at Gordonvale, Queensland. The native habitat
of the cane toad – sand dunes, coastal heath, mangroves and around rainforests – is found in in
Central and South America. After the initial release, the Commonwealth Department of Health
decided to ban future introductions until a study was conducted into the feeding habits of the
toad. Following this study, it was decided to lift the ban in 1936, and large-scale releases followed;
by March 1937, 62 000 toads had been released. In the Americas, the toads have natural predators
that restrict their population size, but in Australia these predators are absent and so the toads can
rapidly increase in number. Most cane toads are found in urban areas, and in areas with grassland
or woodland. They are a terrestrial animal that needs water for drinking and to lay eggs.
The cane toad secretes a toxic liquid from large swellings on each shoulder. The venom
contains 14 different chemicals causing excessive salivation, rapid heartbeat, convulsions and, in
severe cases, paralysis. This makes them a danger to native animals, pets and humans.
The toad proved to be ineffectual against the sugar cane beetle – in part because the beetles
live at the tops of sugar cane and cane toads are not good climbers. The toads did prove to be
effective at eating the native fauna of Australia. Cane toads mainly eat insects, but will also eat
any small creature that fits in their mouth. They are known to eat honey bees and to compete
for food with native animals. In addition, they may carry diseases that could be transmitted
to native frogs and fishes. Their effects have included the depletion of native species that die
from eating cane toads, such as freshwater crocodiles, tiger snakes, dingos and western quolls;
the poisoning of pets and humans; depletion of the native fauna preyed on by cane toads; and
reduced prey populations for native insectivores, such as skinks.
Cane toads have a rapid reproductive cycle. Females lay between 8000 and 35 000 eggs at a
time, and usually breed twice a year. Tadpoles develop into small toads within 6 months, and
then require between 6 and 18 months to reach sexual maturity. They live for around 5 years.
Adults are large, with average-sized adults being 10–15 cm long, with the biggest animals
reaching 23 cm or more.
■■ Figure 14.35
Cane toads mating

Since their introduction, the toads have spread to New South Wales, the Northern Territory
and Western Australia. They now number well into the millions, and their still expanding range
covers thousands of square miles. As well as moving overland, the toads have been known to
hitch rides on rafts of vegetation, using flooded river systems to spread across Western Australia.
Cane toads have proven difficult to eradicate, although scientists at the University of
Adelaide have investigated whether a sex pheromone in cane toads can be used to disrupt the
toad’s breeding cycle. Between 2000 and 2008 the CSIRO (Australia’s national science agency)
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launched a research programme with the aim of developing a solution for long-term biological
control of cane toads. The programme involved research into engineering a virus that would
infect young toads and stop them developing into adults, although this was ultimately not
pursued due to regulations on the use of genetically modified organisms in the environment.
The conclusion of the programme was that managing the local impacts of cane toads, rather
than attempting to eradicate the species, was a more effective long-term approach. Communities
are encouraged to remove the toad from local habitats, and exclusion zones have been set up
across Australia to ensure that the cane toad is restricted to its current distribution.

Case study 2: lionfish – an unwanted intruder in the Atlantic Ocean
and Caribbean
■■ Figure 14.36
A lionfish

Over the past decade the lionfish (Pterois volitans), a reef fish native to the Indo-Pacific, has
become increasingly abundant in the Atlantic and Caribbean, in oceans where it has not
historically been found. Current distribution includes the Atlantic coast of the USA, the
Caribbean coasts of Central and South America, the Gulf of Mexico, the Greater Antilles and
the Leeward Islands. Scientists believe that the fish escaped from aquaria in Florida into United
States coastal waters, and has since expanded in numbers due to a lack of competition and
predation, along with abundant food supplies.
Lionfish are venomous and aggressive marine fish. They belong to the family Scorpaenidae;
the genus to which they belong (Pterois) is characterized by red, white and black stripes (used
to put off predators by indicating toxicity, or by breaking up body form), and elaborate pectoral
and dorsal fins. All members of the Scorpaenidae have venom glands in dorsal, anal and pelvic
spines. The main function of these spines is to defend against competitors and predators.
Lionfish have been shown to overpopulate reef areas and force native species to move to areas
where conditions may be less favourable for them. They, therefore, pose a major potential threat
to reef ecological systems on the east coast of the USA and Caribbean.
Lionfish are a benthic species – feeding at the bottom layers of the reef, rather than in the
water columns above (where pelagic fish feed). They suck small fish, crabs and other food off the
surface of the reef, and can use their pectoral (side) fins to trap food. The largest lionfish can
grow to about 400 cm in length, but the average is closer to 30 cm.
Lionfish have become the second most abundant species of fish from the Bahamas to North
Carolina. In the Bahamas, they feed on more than 41 species of fish, including commercially
valuable species such as grouper and snapper, as well as on fish that keep the reefs clean of algae.
Pterois could have a significant impact on prey population numbers, thereby directly affecting
complex food web relationships and having knock-on effects for many food chains. Reef
deterioration and the collapse of food chains could, therefore, be direct results of the lionfish
invasion.
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Thorough and repeated removal of lionfish from invaded waters will be necessary to control
their numbers (which are currently growing exponentially). Conservation groups are organizing
hunting expeditions for Pterois, and other scientists are training reef sharks to hunt and
eliminate the lionfish.
Lionfish are used extensively in cooking – they are tasty and succulent with a similar texture
to grouper. Many recipes for lionfish exist, including fried lionfish, lionfish ceviche, lionfish
jerky and grilled lionfish. Human consumption of lionfish may prove to be one of the best ways
to reduce population numbers, with the aim of total eradication from the invaded waters.

Case study 3: the myxoma virus as a biocontrol agent for rabbits
The impact of an alien species, and the effectiveness of its biocontrol and eradication
programme, can be illustrated by the introduction of the European wild rabbit to Australia in
1859. This rapacious herbivore spread rapidly. There were no natural predators in Australia to
control their number (interspecific competition failed) and rabbits quickly overran large parts
of the continent. Grassland, available to herds of herbivores, principally cows and sheep, was
seriously damaged. In desperation, and as a biological control measure, a myxoma virus that had
been discovered in South American rabbits (a different species from the European rabbit) was
introduced in 1950.
Myxoma virus causes a parasitic disease of rabbits, myxomatosis, but on its original
continent, the effects were mild. The changing effects of this virus on rabbit mortality (1950–56)
are shown in Figure 14.37, as is the resulting change in virulence of the virus.
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■■ Figure 14.37
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Examine Figure 14.37 carefully. Evaluate the eradication programmes and biological control as
measures to reduce the impact of alien species. What can you conclude from the data shown here?
We may assume that, initially, a small number of the huge population of rabbits had
immunity. As their vulnerable relatives were killed off, the immune rabbits prospered from the
diminished competition for grass. Rapidly, the bulk of the population were immune and any that
failed to develop immunity were quickly taken out. The eradication programme was ultimately
unsuccessful.
Are there better methods that scientists could have used to eradicate the European rabbit?

■■ Pesticide pollution and food chains
Wild plants and animals have evolved alongside their predators and parasites, and most live in
balance with them. In contrast, cultivated crops and herds have been artificially selected to be
especially productive and high-yielding, but typically have limited resistance to local parasites
and predators. Crops grown as monocultures are especially prone to local predators. Pesticides
are chemicals that are used to control harmful organisms which are a danger to crops or herds.
Pesticides have enormously improved productivity in agriculture, but their use has generated
problems in the environment.

Biology for the IB Diploma, Second edition © C. J. Clegg 2014 Published by Hodder Education

14.3 Impacts of humans on ecosystems  39
The revolution in the chemical control of insect pests came when a particular substance,
known as dichlorodiphenyltrichloroethane (DDT), was found to be a very effective insecticide.
The DDT molecule has chlorine atoms attached to hydrocarbon rings and was the first of a
family of organochlorine insecticides. DDT is a nerve poison to insects, causing rapid death even
when applied in low concentrations. DDT was economic to use because
n the molecule was stable when dispersed in the biosphere
n it remained lethal for a very long time
n it was effective against a very wide range of insect pests (a broad-spectrum insecticide)
n it did not do any harm to vertebrates in concentrations needed to kill insects, and so it was
liberally used.
During the 1939–45 war and subsequently, DDT was used extensively to control the lice that
spread typhus and the mosquitos that spread malaria. Many insect predators of pest species were
also killed by DDT, which counterbalanced the effect the pesticide had on the mosquitoes.
Another problem with DDT is that it is fat soluble and is selectively retained in fatty tissues of
animals, rather than circulating in their blood to be excreted by the kidneys. Bioaccumulation
refers to the build-up of non-biodegradable or slowly biodegradable chemicals in the body. DDT
gets stored in fat tissues because it is not recognized as a toxin and is not excreted.
As a result, at each stage of the food chain, DDT becomes concentrated. The process by
which chemical substances become concentrated in the tissues of organisms at higher trophic
levels is called biomagnification – the end result can be that a top predator may have an
accumulation that is several thousand times greater than that of a primary producer. In nonvertebrates, fish and birds, for example, DDT concentrations sometimes reached toxic levels
(Figure 14.38). It began to be concentrated in top carnivores with devastating consequences.
9

Analyse the steps by which pesticides, applied at apparently safe concentrations, may cause death of
organisms seemingly unrelated to the crops or herds for which the pesticides are designed.
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carnivorous fish ate the
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■■ Figure 14.38 Biomagnification of DDT
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The causes and consequences of biomagnification
Examine Figure 14.39. What does the data show you about the causes and consequences of
biomagnifications?
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■■ Figure 14.39 Eggshell thickness studies in sparrowhawks

Figure 14.39 shows the food web for a sparrowhawk. When DDT was used as an insecticide, it
was probable that this pesticide would bioaccumulate at each trophic level in the food chain
where it was used, and biomagnify in the top carnivore. In the eggshell thickness study of
British sparrowhawks 1870–1970 (Figure 14.39) more than 2000 clutches of eggs were measured,
each dot representing the mean shell thickness of a clutch (typically five eggs).
Although DDT is not a nerve poison in birds and mammals, in breeding birds it does
inhibit the deposition of calcium in the egg shell. Affected birds lay thin-shelled eggs that easily
crack. There was a rapid decline in numbers of birds of prey in areas where DDT had become
widely used in agriculture. With this harmful effect of DDT discovered, the quality of chemical
‘stability’ was renamed ‘persistence’. Once the wider effects of organochlorine pesticides on
wildlife were recognized, a ban was imposed, at least in the developed countries (see below).

The trade-off between control of the malarial parasite and DDT pollution
Environmentalist Rachel Carson made the effects of DDT well known to a large audience
in her ground-breaking book Silent Spring (first published 1962). In this book, she raised her
concerns about the wide-spread use of DDT and the harmful effects it was having on natural
environments. The title of the book referred to the possibility of hearing no insect noise and no
birdsong that usually heralds the beginning of spring, once DDT had wiped out the base of the
food chain (the invertebrates) on which the other trophic levels rely.
In 2001 the Stockholm Convention on persistent organic pollutants regulated the use of
DDT – it was banned for use in farming but was permitted for disease control. The plan is to
find alternatives for disease control by 2020. In 2006, The World Health Organization (WHO)
recommended the use of DDT for regular treatment in buildings in areas with a high incidence
of malaria, using a method known as indoor (residual) spraying (IRS). WHO still aims for a
total phase-out of the use of DDT.
Alternatives to chemicals such as DDT include insecticides that are biodegradable in the
biosphere (not persistent) and which are more specific in their actions. Initially, following the
DDT ban, organophosphate insecticides were favoured because they break down in the soil.
They work by blocking the synapses of the insect nervous system, but are now suspected of
being harmful to humans. If tiny quantities of pesticide persist in the food chain, these residues
may accumulate in humans. Subsequently, other substances, synthetic derivatives of pyrethrum,
have been developed. These are much less toxic to mammals and also biodegradable. However,
they are lethal to fish and must not be used near streams, rivers or lakes.
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The World Bank estimates that there are about 250 million cases of malaria each year.
In South America, cases of malaria increased after countries stopped spraying DDT. IRS appears
to limit the growth of malarial incidence and many countries that had banned the use of DDT
reapproved its use in IRS. Despite the use of IRS, malaria is still on the rise and many people
believe that this increase in the disease is unacceptable. The application of DDT provides the
least economically developed countries with a quick and effective means of eradicating malaria.
Other methods, such as the use of mosquito-nets at night, rely on community participation and
often this can be problematic when people are not used to these methods of control.
We have already seen how chemicals such as DDT can harm many species and, even with
the use of IRS, DDT can spread into the local environment by dispersing from houses. There is
also evidence that DDT can harm human health, by accumulating in body fat and leading to
problems such as infertility, cancer and brain damage during developmental stages. People who
are against the use of DDT argue that alternative (less objectionable) strategies exist, such as
lowering population density, using bed-nets, removing standing water, using natural repellents
and encouraging natural predators. Pressure is mounting for governments to develop alternative
methods of malaria vector control, and use DDT only as a last resort.

■■ Pollution from marine plastics
■■ Figure 14.40
Plastic garbage
contamination in
the sea

The term plastic covers a wide range of different polymers. Plastics are used in an increasing number of
disposable consumer products. Macroplastic is large debris that is easily visible, such as bottles, plastic
bags, rubbish and other material that have not degraded. The physical and chemical breakdown of
macroplastics into smaller, less visible, microplastics causes its own problems. Figure 14.41 shows how
macroplastic enters the marine environment, and what happens to it subsequently.
Macroplastic and microplastic debris has accumulated in marine environments.
Macroplastics can be confused with food by marine predators (two examples are given below:
the Laysan albatross and marine turtles). There is evidence that the degradation of marine
plastics releases non-biodegradable contaminants that can bioaccumulate in the food chain.
Once chemicals enter food chains, the top predators are often at extra risk because of the
biomagnification effects of some chemicals. Studies of southern fur seals have shown that seal
scats (faeces) can contain plastic particles from the night-feeding myctophids (lanternfish),
which are active near the sea surface and which are consumed by the seals. Food chain transfer
is of concern particularly in convergence zones (hotspots), where microplastics are potentially
consumed in large amounts due to their high concentration. These hot spots, or ‘gyres’, are
created by ocean currents, which transport garbage to five concentrated areas or ‘patches’ –
North Pacific gyre, South Pacific gyre, North Atlantic gyre, South Atlantic gyre and the Indian
Ocean gyre. One research study found that microplastics were more prevalent than plankton in
some South Pacific gyre sea surface samples. Any disturbances due to microplastics at such low
levels of the food chain could have serious consequences, since plankton and small swimming
organisms, such as fish larvae, support the transfer of energy to higher trophic levels.
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■■ Figure 14.41 Sources of marine macroplastics and the various abiotic (physical and chemical) and biotic processes affecting
microplastics in the marine environment. POPs are persistant organic pollutants that are resistant to environmental degradation:
they can therefore accumulate through food chains.
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The impact of marine plastic debris on Laysan albatrosses
The Laysan albatross (Phoebastria immutabilis) ranges across the North Pacific, with 99.7% of the
population breeding on the Northwestern Hawaiian Islands. It is a large bird, with a wingspan
of about 2 m. They require large quantities of fish to survive. One island on which they nest,
Midway Atoll, is in the North Pacific gyre, and large volumes of plastic are washed onto its
beaches. Many birds accidentally eat plastic and other marine debris floating in the ocean,
mistaking it for food. The problem is made worse by the way in which the Laysan albatrosses
catch fish: they catch squid and other seafood by skimming the surface of the water with their
beak. By catching food in this way they also accidentally pick up a lot of floating plastic, which
they then feed to their chicks. Chicks, unlike adults, cannot regurgitate plastic that they have
swallowed, and so the plastic can fill their stomachs, potentially leading to starvation.

The impact of marine plastics on sea turtles
Plastic garbage harms and kills approximately 100 000 sea turtles and other marine animals each
year. Sea turtles mistake plastic bags for jellyfish (one of their favourite foods) and so eat them –
the consequences of ingesting plastic can be fatal; if the plastic debris gets lodged in the mouth,
the turtle can have problems feeding, leading to eventual starvation.

14.4 Conservation and biodiversity – entire communities

need to be conserved in order to preserve biodiversity

■■ Conservation
Conservation, in ecological terms, means striving to ‘keep what we have’. Conservation biology
is the scientific study of Earth’s biodiversity with the aim of protecting habitats and ecosystems,
and, therefore, species from human-made disturbances, such as deforestation and pollution.
Conservation activities aim to slow the rate of extinction caused by the knock-on effects of
unsustainable exploitation of natural resources and to maintain biotic interactions between
species.
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■■ Biodiversity
Biodiversity is the amount of biological or living diversity per unit area. It includes the concepts
of species diversity, habitat diversity and genetic diversity:
n Species diversity is the variety of species per unit area. This includes both the number of
species present and their relative abundance.
n Habitat diversity is the range of different habitats or number of ecological niches per unit
area in an ecosystem.
n Conservation of habitat diversity usually leads to the conservation of species and genetic
diversity.
n Genetic diversity is the range of genetic material present in a gene pool or population of a
species.
There are approximately 1.8 million described species residing in the world’s natural history
museums. Lack of exploration of the deep sea and rainforest canopies, for example, means that
knowledge of the total number of species on Earth is poorly understood. Estimates of the number
of species on Earth range from 5 to 100 million, with the scientific consensus currently being
around 9 million species. This estimate is broken down as follows:
n animals: 7.77 million (12% of which are described)
n fungi: 0.61 million (7% of which are described)
n plants: 0.30 million (70% of which are described)
n other species: 0.07 million.
Richness and evenness are components of biodiversity. Richness is a term that refers to the
number of a species in an area, and evenness refers to the relative abundance of each species.
A community with high evenness is one that has a similar abundance of all species – this
implies a complex ecosystem where there are lots of different niches that support a wide range
of different species. In contrast, low evenness refers to a community where one or a handful of
species dominate – this suggests lower complexity and a smaller number of potential niches,
where a few species can dominate.

Calculating species diversity
Species diversity refers to the number of species and their relative abundance. It can be
calculated using diversity indices.
Species diversity can be calculated using the Simpson’s reciprocal index, using the equation:
D=

N ( N –1)
∑ n( n –1)

where: D = diversity index, N = total number of organisms of all species found and n = number
of individuals of a particular species.
Index values are relative to each other and not absolute, unlike measures of, say, temperature,
which are on a fixed scale. This means that two different areas can be compared to each other
using the index, but a value on its own is not useful.
Other important points about the Simpson’s reciprocal index are given here:
n Comparisons can be made between areas containing the same type of organism in the same
ecosystem.
n A high value of D suggests a stable and ancient site, where all species have similar abundance
(or ‘evenness’, see above).
n A low value of D could suggest disturbance through, say, logging, pollution, recent
colonization or agricultural management, where one species may dominate.

Analysis of the biodiversity of two communities
An analysis of two habitats carried out using the Simpson’s reciprocal index of diversity follows.
Table 14.5 contains data from two different habitats. Total number of species (‘species richness’)
and total number of individuals is the same in each case. Calculate the diversity of both habitats
and comment on the differences between the habitats.
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■■ Table 14.5
The number of species
and their abundance
in two habitats

Number found in habitat X

Species found
A
B
C
D
E
Number of species =
Number of individuals =

Number found in habitat Y

10
10
10
10
10
5
50

3
5
2
36
4
5
50

The Simpson’s reciprocal index must be calculated for each habitat. This can be done using a
table to calculate components of the index:
■■ Table 14.6
Calculating the
Simpson’s reciprocal
index for two habitats

Species
A
B
C
D
E

Number (n) found
in habitat X
10
10
10
10
10

n(n – 1)
10(9) = 90
10(9) = 90
10(9) = 90
10(9) = 90
10(9) = 90
= 450

Σn(n – 1)

Number (n) found
in habitat Y
3
5
2
36
4
Σn(n – 1)

n(n – 1)
3(2) = 6
5(4) = 20
2(1) = 2
36(35) = 1260
4(3) = 12
= 1300

Species diversity for each habitat:
n

Habitat X: D = 50(49) = 2450 = 5.44

n

Habitat Y: D = 50(49) = 2450 =1.88

450

1300

450

1300

What do these values say about each habitat?
n
n
n
n

There is greater ‘evenness’ between species in habitat X. This implies more opportunity for
niches in this habitat, due to greater resources and space.
There is less competition due to non-overlapping niches in habitat X.
One species does not dominate in X, reflecting greater habitat complexity.
Habitat Y is less complex with fewer, or overlapping, niches. One species can dominate,
leading to lower diversity.

10 Below is a comparison of species diversity in five habitats. Details of the Simpson indices of these habitats
are incomplete.
■■ Table 14.7
Comparing
the species
diversity of
five habitats

Species found

Number of individuals found in each habitat
Habitat A
Habitat B
Habitat C
Habitat D
Habitat E

Species 1

25

50

80

Species 2

25

30

Species 3

25

15

Species 4
Simpson’s
index (D)

25
4.13

5

97

100

10

1

0

5

1

0

5
1.37

1
1.04

0
1.00

a Calculate the Simpson’s diversity index for habitat B using data from the table above.
b Describe and explain the differences between the habitats shown in the table.
c Suggest reasons for the different values of Simpson’s reciprocal index recorded in different habitats.

■■ Indicator species
An indicator species is an organism used to assess a specific environmental condition. Changes to
indicator species may show effects of disturbance to an ecosystem. These species are ones whose
presence, absence or abundance can be used as an indication of pollution or other habitat disturbance.
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As we have already seen, species have different levels of tolerance to environmental
conditions, which means that, if change occurs to a habitat, some species can survive and others
cannot. The presence or absence of these ‘indicator species’ can be used to signpost altering
conditions in the environment. Indicator species can be used, for example, as an indirect
measure of pollution, or to indicate environmental degradation due to habitat disturbance.
Examples of indicator species and the conditions they indicate are as follows:
n Nettles (Ullica dioica) indicate high phosphate levels in the soil.
n The red algae (Corauina officinalis) inhabit saline rock pools and are absent from brackish
pools.
n Certain lichen species (such as Usnea alliculata) indicate very low levels of sulfur dioxide in
the atmosphere (Figures 14.42 and 14.43).
Lichens are dual organisms; the body (called a thallus) is made of a fungal component and
an algal (or photosynthetic bacterium, cyanobacterium) component, living together for
mutual benefit (Figure 14.42). There are several thousand different species of lichen, often
occurring in quite hostile habitats. Compact fungal hyphae make up the bulk of the lichen,
and this component absorbs and retains water and minerals. The algal component carries out
photosynthesis.
lichen (Evernia prunastri)
common on trees, fences,
rocks and walls

lichen thallus in section
rainwater and condensation
(with dissolved chemicals) are
absorbed

LIGHT

many lichens produce organic acids
(some highly coloured) which are
deposited on the outer surface –
may provide some protection from
desiccation and predation

water evaporates from
thallus in hot water

The presence and metabolism of lichen may speed rock
erosion.

fungus shares water and ions;
green ‘plant’ component shares
glucose (and amino acids, perhaps)
with fungus

Fungal hyphae retain water and
ions as and when they are available.

when the thallus is hydrated
the lichen can photosynthesize
and grow – at other times
metabolism is minimal

When the green ‘plant’ component is a
cyanobacterium, atmospheric nitrogen
may be fixed to form amino acids.

■■ Figure 14.42 The physiology of lichen mutualism
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Lichens are especially susceptible to airborne pollutants that are dissolved in rainwater, because
their surfaces are not protected by a waxy cuticle. The lichen thallus absorbs and accumulates
various pollutants and samples of lichens may be analysed for contamination by heavy metal
ions. The effects of pollution on the extent of their growth may also be a valuable indicator
(Figure 14.43).
■■ Figure 14.43
Lichens as pollution
indicators

leafy lichen
(exposed surfaces absorb pollutants,
that may harm growth rates, and may
cause metal ions to accumulate in cells)

higher plant
(aerial system covered by waxy cuticle)

Rainwater carries dust and
dissolved gases, e.g. SO2,
from the burning of fossil
fuels and the working of
industrial furnaces, and
metal ions from industrial
processes.

growth of lichen (Evernia prunastri) at
measured distances from source of
industrial pollutants:

13

15

20

26

30

500

graph of the concentration of various
metals in lichen (Peltigera rufescens)
in parts per millions (ppm) from sites
up to 3 km from a steel works

The concentration of the
same ions was measured in
museum specimens of this
lichen, collected in the
same area, before industrial
pollution commenced.
The results were:
lead = 79 ppm
chromium = 26 ppm
copper = 16 ppm

ppm of dry weight

400
300

km

lead

200
chromium

100

copper
1

2

3 km

Freshwater invertebrates such as Tubifex worms, bloodworms and mayfly nymphs can also be
used as indicators (Figure 14.44). These form part of an index (the Trent Biotic Index – see
below) that indicates the quality of fresh water streams and rivers.

Trent Biotic Index
Relative numbers of indicator species can be used to calculate the value of a biotic index. Once
such index, the Trent Biotic Index, was first created and published by Frank Woodiwiss in 1964.
Woodiwiss was Senior Biologist for the Trent River Authority, England. The Index is based on
the disappearance of certain indicator species as levels of pollution increase (Table 14.8). It uses
the presence or absence of six key organisms (stonefly larvae, mayfly larvae, caddis fly larvae,
Gammarus shrimp, water hoglouse (Asellus), Tubifex worms and/or non-biting midge larvae) to
indicate the relative level of pollution in fresh water (Figure 14.45 and Table 14.8).
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river direction of flow

appearance of the water
chemical analysis
of the water
(arbitrary units)

sewage entry

dark and murky

clear and fresh

smells unpleasant;
floating sludge

beginning to clear

clear and fresh

high
conc.

dissolved oxygen
conductivity
(dissolved salts)
low
conc.
some non-vertebrate
animals that are
‘indicator species’ of the
environmental conditions

organic matter

freshwater shrimp

rat-tailed maggot
(Tubifera)

mosquito larva
(Culex species)

Chironomus larva

mayfly larva

caddis fly larva

stonefly larva

flatworm

Tubifex

■■ Figure 14.44 The effect of pollution on a river with untreated sewage can be observed by eye, measured by chemical analysis,
and analysed using indicator species
low river pollution
stonefly nymph

flattened
mayfly nymph

bloodworm (or midge larva)

decreasing species diversity

■■ Figure 14.45
Invertebrate
indicators of
freshwater pollution

Tubifex
high river pollution

The larvae feed and live in the river prior to metamorphosis into adult flying insects; Asellus is a
freshwater crustacean resembling a woodlouse. These groups are used as indicator species (that is
indicators of organic pollution). Changes in the amount of light and dissolved oxygen cause lesstolerant species to die out. Certain species are tolerant of organic pollution and the low oxygen
levels associated with it. They are found in high population densities where an organic pollution
incident occurs. Other species cannot tolerate low oxygen levels and, if organic pollution enters
the river where they live, they move away or do not survive. As pollution increases, diversity
decreases. The maximum value for the Trent Biotic Index is 10. The index value corresponds
to one of four basic water quality descriptions (excellent, good, fair or poor). A score of 10 is
considered to be clean water – excellent.
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■■ Table 14.8 Indicator species for the Trent Biotic Index

Indicator species
Stonefly (Plecoptera
nymph) present

Mayfly (Ephemeroptera)
nymph present

Caddis fly (Trichoptera)
larvae present

Gammarus present
Water hoglouse
(Asellus) present
Tubificid worms and/
or red blood worm
(chironomid) larvae
present
All above types absent

11 State the minimum
Trent Biotic Index
for a sample of
water containing
stonefly nymphs.
12 State the maximum
Trent Biotic Index
for a water sample
containing Tubifex.

0–1
More than one
species
One species
only
More than one
species

—

Total number of groups present
2–5
6–10
Trent Biotic Index
7
8

11–15

16+

9

10

—

6

7

8

9

—

6

7

8

9

One species
only
More than one
species
One species
only
All above
species absent
All above
species absent
All above
species absent

—

5

6

7

8

—

5

6

7

8

4

4

5

6

7

3

4

5

6

7

2

3

4

5

6

1

2

3

4

—

Some
organisms
such as Eristalis
tenax, not
requiring
dissolved
oxygen, may
be present

0

1

2

—

—

The Trent Biotic Index is calculated in the following way:
1 Samples are taken from the river by agitating the stream bed with a boot and collecting
disturbed animals downstream in a net. A fixed time is set for this ‘kick sampling’.
2 The catch is put in a shallow white tray with at least 2 cm depth of fresh water from the river.
3 An identification key is used to sort the catch into different groups. The number of different
groups is counted.
4 The presence of the indicator species (see Table 14.8) is recorded, starting from the top of the
list. (Note: some groups are not indicator species – these should still be counted.)
5 The highest indicator species is taken. The Trent Biotic Index is calculated by going along
the line from this indicator species until the number of groups present in the sample (top line
of table) is reached.
For example, if the highest indicator animal is a Trichoptera, there is more than one of this
indicator species (i.e. more than one species of Trichoptera), and the total number of groups is
seven, then the Trent Biotic Index is 6.

■■ In situ conservation
In situ conservation is the conservation of species in their natural habitat. This means that
endangered species, for example, are conserved in their native habitat. Not only are the
endangered animals protected, but also the habitat and ecosystem in which they live, leading
to the preservation of many other species. In situ conservation works within the boundaries of
conservation areas or nature reserves.
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In situ conservation may require active management of nature reserves or national parks.
This may mean active clearing of overgrowth, limiting predators, controlling poaching,
controlling access, reintroducing species that have become locally extinct and removing alien
species. In addition to such measures, successfully protected areas also:
n provide vital habitat for indigenous species; this can include habitat and food for migrating
species such as birds
n create community support for the area
n receive adequate funding and resources
n carry out relevant ecological research and monitoring
n play an important role in education
n are protected by legislation
n have policing and guarding policies
n give the site economic value.

The effect of biogeographic factors
Biogeographic factors affect species diversity and so must be taken into account when planning
nature reserves.
Island biogeography theory predicts that smaller islands of habitat will contain fewer species
than larger islands. It is, therefore, inevitable that protected areas will have lost some of the
diversity seen in the original undisturbed ecosystem. The principles of island biogeography can
be applied to the design of reserves (Figure 14.46).
■■ Table 14.9
Features of protected
areas that are
better or worse
for conservation
(see Figure 14.46)

Better
Single large area
Single large area
Intact habitat
Areas connected by corridors
Round (= less edge effects)
size

Worse
Single small area
Several small areas of the same total size
Fragmented and disturbed habitat
Separated areas
Not round (= more edge effects)
edge

isolation

corridors

effective design

ineffective design

■■ Figure 14.46 Features of effective nature reserves

Nature reserves that are better for conservation have the following features.
n They are large, so that they:
n support a greater range of habitats and, therefore, greater species diversity
n have higher population numbers of each species
n have greater productivity at each trophic level, leading to longer food chains and greater
stability
n maintain top carnivores and large mammals.
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They have a low perimeter:area ratio to reduce edge effects. Fewer edge effects mean more of
the area is undisturbed. Edge conditions are very different from those of the interior habitat
(hotter, less humid and windier), and so flora and fauna that are interior specialists cannot
survive in edge conditions.
n The best shape for a reserve is a circle as this has the lowest edge to area ratio – it is
better than an extended strip of land, or one that has an undulating edge, even if total
area is the same.
n If areas are divided, then fragmented areas need to be in close proximity to allow animals
and plants to move between fragments, or corridors need to join fragments.
n Gene flow between fragmented reserves is maintained by allowing movement along
corridors.
n Movement of large mammals and top carnivores between fragments is maintained by
corridors.
Figure 14.47 shows how variables associated with island biogeography theory correlate with
species richness.
n

13 Evaluate
the particular
challenges in
management of a
nature reserve that
is maintained near
your home, school
or college.

■■ Figure 14.47
The theory of island
biogeography
explains species
diversity

10

5

2
forest-interior birds

1
20
15
species richness

10

short-distance migrants and permanent residents

5
15
10

5
long-distance migrants
40
30
20
15
10

all species
1

10

100

500

forest area (ha)
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■■ Ex situ conservation
Ex situ conservation is the preservation of species outside their natural habitats. This usually
takes place in zoos, which carry out captive breeding and reintroduction programmes:
n A small population is obtained from the wild or from other zoos.
n Enclosures for animals are made as similar to the natural habitat as possible.
n Breeding can be assisted through artificial insemination.
Botanic gardens also have a role in plant ex situ conservation, where both living collections and
seed banks are used to store genetic diversity.
The relative strengths and weaknesses of ex situ conservation are outlined in Table 14.10.
■■ Table 14.10
The strengths and
weaknesses of ex situ
conservation

Strengths
•	Populations can build up quickly as habitat and
food are abundant.
• Abundant food and habitat reduces competition.
• Allows predators and diseases to be controlled.
•	Individual animals can be exchanged between
collections to prevent inbreeding and to maintain
genetic diversity.
•	Successful examples are Arabian oryx; golden
lion tamarin (see below).

Weaknesses
•	Does not directly conserve natural habitat
diversity of the species. (Conservation of habitat
should lead to conservation of species.)
•	Not all species breed easily in captivity (for
example, the giant panda).
•	It is difficult to maintain genetic diversity and so
the gene pool of a species may be small.
•	Released animals may be easy targets for
predators.
•	Aesthetic values can lead to an imbalance
in conservation activity, so that popular and
charismatic species are conserved (such as
Madagascan lemurs) but small and less popular
animals may not be part of a conservation
programme (for example, endemic Madagascan
hissing cockroaches).
•	Some countries may have technical or economic
difficulties in establishing programmes.

The case study below describes the successful use of captive breeding and reintroduction to
restore an endangered animal species.

Case study: the golden lion tamarin
■■ Figure 14.48
A golden lion tamarin
monkey
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Species
Conservation status
Threats to species

Golden lion tamarin
Critically endangered, but conservation status has been improved by intervention
90% of their original forest habitat (tropical rainforest) in Brazil has been cut down
Remaining habitat is small and fragmented
The species is only found in one small area of Brazil and so especially prone to
extinction
Thought by some people to be carriers of human diseases, such as yellow fever
and malaria, and were killed for this reason

Ecological role
Possible effects on
ecosystem if the
species disappeared

How are they being
restored?

Kept as pets as part of exotic pet trade
Omnivore
The species eats fruits, insects and small lizards. Loss of the species would affect:
• seed dispersal of plants that have fruits eaten by the monkey
•	species at lower trophic levels, e.g. insects and small lizards, which would
become more numerous
• species at higher trophic levels, which would become less numerous
•	food chains, which become shorter giving changes in other trophic levels and
producing imbalances in the forest food web
Numbers in the wild have increased from a low of 400 in the 1970s to about
1000 today
Captive breeding programmes in zoos (ex situ conservation) have increased
numbers that allow release into the wild

Captive breeding has been carried out at institutions such as Bristol Zoo in the UK. There
are also efforts to preserve the native forests of the monkey in Brazil (in situ conservation), for
example at the Reserva Biologica de Poyo Antas, near Rio de Janeiro.
Nature of Science

Scientists collaborate with other agencies

■■ International cooperation to conserve biodiversity

■■ Table 14.11
The contrasting roles
of NGOs and IGOs

Speed of response
Use of media
Diplomatic constraints

Scientific research can show the impact that humans are having on the planet and indicate
conservation measures that need to be taken. Ultimately, governments are the organizations
that have the ability to make real change. Organizations not linked to government also have a
role in raising awareness of environmental issues and campaigning for change. The preservation
of species, therefore, involves international cooperation through intergovernmental and
non-governmental organizations.
Non-governmental organizations (NGOs) are not run by, funded by or influenced by
governments of any country. Examples include Greenpeace and the World Wide Fund for
Nature (WWF). Intergovernmental organizations (IGOs) are established, in contrast, through
international agreements. They bring governments together to work to protect the Earth’s
natural resources. An example is the United Nations Environment Programme (UNEP). Both
governmental organizations and non-governmental organizations work together to preserve and
restore ecosystems and biodiversity, and ensure that human activities are run on a more sustainable
basis. Each type of organization has contrasting roles and activities, summarized in Table 14.11.
NGO
Rapid: organizations can make their own decisions
Use films of activities (for example, chasing whaling
boats) to gain media attention
Unaffected by political considerations
Activities may be illegal, although this is officially
discouraged

Political influence
Enforceability

Green politics can establish environmental issues as part
of the political process
No direct power: must use public opinion to persuade
governments to act

IGO
Slow: there must be agreement between
governments
Professional media liaison officers prepare
and read written statements
Many constraints: cannot make decisions
without agreement from all parties
Disagreements can cause serious
constraints
Direct access to the governments of many
countries
Use international treaties and national or
state laws to protect the environment,
ecosystems and biodiversity
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International conventions have shaped attitudes towards sustainability. The UN Conference
on the Human Environment (Stockholm, 1972) was the first time that the international community
met to consider global environmental and development needs together. It led to the Stockholm
Declaration, which played an essential role in setting targets and triggering action at both local and
international levels. These initiatives ultimately led to the 1992 UN Earth Summit in Rio de Janeiro,
organized by UNEP, which resulted in the Rio Declaration and Agenda 21:
n The Earth Summit was attended by 172 governments and set the agenda for the sustainable
development of the Earth’s resources.
n The Earth Summit led to agreement on two legally binding conventions: the UN
Convention on Biological Diversity (UNCBD) and the UN Framework Convention on
Climate Change (UNFCCC).
n Agenda 21 was an outcome of the Rio Earth Summit. It is a blueprint for action to achieve
sustainable development worldwide, to be implemented at the local level.
Non-governmental organizations are seen by UNEP as playing a vital role in the shaping and
implementation of Agenda 21. Because of the responsible and constructive role they play in
society, they are essential players in implementing the policy on the ground. The roles of NGOs
in implementing Agenda 21 include:
n collecting data on conservation needs within a country
n monitoring and evaluating action from governments
n lobbying political parties and politicians to help implement sustainable development
n planning and developing Agenda 21
n raising environmental awareness through publications, local activities, education, TV and radio
n liaising with other NGOs; sharing information and best practice; creating networks; sharing
resources.

14.5 Population ecology (AHL) – dynamic biological processes

impact population density and population growth

Population ecology is concerned with the study of factors that influence the numbers and
structure of a population. Populations are studied in ecology for a variety of reasons:
n monitoring change in an ecosystem over time (often using indicator species – see earlier this
chapter, pages 44–48)
n monitoring endangered species to see if their numbers are increasing or decreasing
n estimating whether human demand for resources is sustainable
n trying to establish predictive models for how populations behave in nature.
In order to study populations, an ecologist must be able to sample them: specific methods
are used to estimate population size in non-mobile species, such as plants, and mobile animal
species, such as animals, in the wild. Population growth is affected by abiotic and biotic factors,
and the increase in a population follows a pattern that can be modelled. Population ecology
also involves the study of the behaviour of wild populations, such as the issue of fish stocks in
the face of commercial fishing practices, and the treatment of ecosystems following pollution.

■■ Population growth
Populations are affected by four main factors:
n natality – the rate at which individuals are born (the birth rate)
n mortality – the rate at which individuals die (the death rate)
n immigration – movement of new individuals into a population from outside a given area
n emigration – the departure of individuals from a population in a given area.
Natality and immigration add individuals to a population. Mortality and emigration remove
individuals from a population.
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Population growth can be calculated in this way:
Population growth = (I + N) – (E + M)
where I = immigration, N = natality, E = emigration and M = mortality.
If the growth is calculated over a year, this gives the growth rate. For example, if the input
and output of individuals into a population are as follows:
n annual birth rate = 15 per 1000
n annual death rate = 9 per 1000
n annual immigration rate = 4 per 1000
n emigration rate = 6 per 1000
then the population growth rate will be:
(15 + 4) – (9 + 6) = 4
This population, growing at this rate over a year, will increase by four individuals for every 1000
in the population.

The effect of natality, mortality, immigration and emigration
on population size
A population faces one of three possible scenarios:
1 Immigration and natality are, when combined, higher than emigration and mortality
combined. This leads to population growth (as discussed above).
This can be represented by the equation:
I+N>E+M
2 Immigration and natality are, when combined, the same as emigration and mortality
combined. This leads to population stability.
This can be represented by the equation:
I+N=E+M
3 Immigration and natality are, when combined, lower than emigration and mortality
combined. This leads to population decline.
This can be represented by the equation:
I+N<E+M

Exponential growth

■■ Figure 14.49
A J-shaped
(exponential)
growth curve

population size

Imagine a situation in which a small number of rabbits are allowed to enter a meadow where
other rabbits have been excluded. The rabbits initially get used to the new territory and establish
burrows. There are few reproducing individuals, so initially population growth is small. Once
established, the rabbits benefit from unrestricted access to rich food supplies and an absence
of limiting factors – they begin to reproduce. Once numbers start to build up there is a rapid
increase in the population. Such rapid increase is called exponential growth.
Exponential growth is an increasing or accelerating rate of growth, sometimes referred to
as a J-shaped or J-population curve. The exponential growth pattern occurs in an ideal and
unlimited environment.

time
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Exponential growth occurs when:
n limiting factors are not restricting the growth of the population
n there are plentiful resources such as light, space and food, and a lack of competition with
other species
n there are favourable abiotic components, such as temperature and rainfall, and a lack of
predators or disease.
Growth is initially slow but becomes increasingly rapid, and does not slow down as population
increases.

Carrying capacity and the S-shaped population curve
In most ecosystems, and for many species, abiotic and biotic factors limit the size of the
population, and exponential growth cannot continue for ever. Eventually resources run low,
competition occurs, and other limiting factors take effect. Limiting factors restrict the growth of
a population or prevent it from increasing further:
n Limiting factors in plants include light, nutrients, water, carbon dioxide and temperature.
n Limiting factors in animals include space, food, mates, nesting sites and water.
Returning to the example of the rabbits introduced into the new meadow: after the initial
exponential growth, eventually the vegetation would be used up faster than it grew, because of
the large numbers of rabbits. Further increases in population would stop: in this situation the
food has become a limiting factor in the growth of the rabbit population. Eventually, the rabbits
would reach their carrying capacity. This is the maximum number of a species or the ‘load’ that
can be sustainably supported by a given environment.
The carrying capacity of a population is affected by various limiting factors, such as:
n the availability of food and water
n territorial space
n sites for nesting
n predation
n disease
n the availability of mates.
The carrying capacity represents the population size at which environmental resistance limits
further population growth. Exponential growth eventually succumbs to environmental resistance,
which can cause a decrease in natality, an increase in mortality, or both. When a graph of
population growth for such species is plotted against time, an S-population curve is produced.
This is also known as a sigmoid growth curve. An S-shaped population curve shows an initial
rapid growth (exponential growth) and then slows down as the carrying capacity is reached.
Figure 14.50 shows an S-population curve. The curve shows the establishment of a
population following introduction into a new environment.
■■ Figure 14.50
An S-shaped or
sigmoid growth curve

3
carrying capacity (K )

population size

2

1

time
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There are three stages:
1 Exponential growth stage, where limiting factors are not restricting the growth of a
population. With low or reduced limiting factors the population expands exponentially into
the habitat. Both the number of individuals and the rate of growth increase rapidly.
2 Transition phase, where the increase in number begins to slow, as does the rate of
growth. The slowdown occurs because limiting factors begin to affect the population and
restrict its growth. In a larger population there will be increased competition between
the individuals of that population for the same limiting factors, such as resources. An
increase in predators, attracted by the large population, and an increase in rate of disease
and mortality due to increased numbers of individuals living in a small area, also cause a
slowdown in growth.
3 Plateau phase, where limiting factors restrict the population to its carrying capacity. The
population reaches its carrying capacity (see below). Changes in limiting factors, predation,
disease and abiotic factors cause populations to fluctuate (increase and decrease) around the
carrying capacity (K).
Sigmoid growth starts with the exponential growth phase, where the population is not
controlled by limiting factors. Population growth slows as a population reaches the carrying
capacity of the environment.

competition for limiting
factors increases
population size

■■ Figure 14.51
Changing conditions
along an S-shaped
population growth
curve

exponential growth

low or reduced limiting factors
time

The phases of the S-curve can be summarized as equations using natality, immigration,
emigration and mortality:
■■ Table 14.12
The phases shown
in the sigmoid curve
can be explained
by relative rates of
natality, mortality,
immigration
and emigration

Phase
Exponential

Equation
I+N>E+M

Transition

I+N>E+M

Plateau

I+N=E+M

Relative effects
Initially, natality exceeds mortality; as
population rapidly increases, mortality
rates begin to increase
Natality rate approaches mortality rate

Fluctuation around a set point; where
the curve slopes downwards, M > N,
where it slopes upwards, N > M

What is happening?
No limiting factors; abundant
resources
Resources are more scarce;
competition increases; low
competition; high reproduction
Population stabilizes around the
carrying capacity

Various factors can limit population increase. Each species has ranges of tolerance and critical
limits that affect its growth and distribution (pages 2–3 at the start of this chapter), and such
factors must remain within appropriate levels for population growth to occur. Some of these
factors are density-dependent, while others are unrelated to the density of the population.
Table 14.13 summarizes the factors that affect population growth:
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n■ Table 14.13
Factors affecting
population growth

Factors not related to population density

Factors affected by population density
Supply of nutrients/food and water

Availability of oxygen (animals); availability of carbon
dioxide and light (plants)
Climate (precipitation, humidity, etc.)
Natural disasters (e.g. fire; flood)

Predation; parasites
Build-up of wastes from excretion/egestion
Disease
Availability of shelter
n■ Figure 14.52
Comparing
exponential and
sigmoid growth
curves

exponential growth curve
2000

population size (N)

growth without limitation

K

1500
sigmoid growth curve
stabilized by
available resources

1000

competition for
limited resources
500
both exponential
at first
0
0

5

10
number of generations

15

Modelling the growth curve using duckweed
Pond surfaces are often covered by free-floating aquatic plants. One such group is the duckweeds,
in the genus Lemna. They are known as duckweed because they provide a staple diet for ducks
and other aquatic birds. These rapidly growing plants are used as a model system for studies in
population ecology. This simple organism follows the classic growth curve and can, therefore, be
used effectively to model the changes in population size.
n■ Figure 14.53
Duckweed of the
genus Lemna,
covering the surface
of a pond and
diagram of duckweed
thalli

thalli
roots

An experiment on population growth in Lemna can be carried out in the lab:
1 A small number (e.g. 15) of duckweed thalli (a leaf unit that is over 1.5 mm in diameter) is
put in a cup or beaker containing pond water (200–300 cm3).
2 Replicates (at least five) of the experiment are set up.
3 The number of thalli is counted twice a week, for at least 6 weeks.
4 The mean number of thalli is calculated and plotted against time.
5 The graph should show the S-shaped/sigmoid population growth curve. Carrying capacity
is reached when there is no room for further thalli, and competition for space limits further
growth.
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The effect of different environmental conditions on growth rate can be studied, such as salinity,
pH, concentration of nitrates and phosphate level. Of course, one environmental condition
should be changed at a time.
Yeast is another simple organism that is used in population ecology studies.

■■ Estimating population size
Sampling techniques are used to estimate population size. The type of sampling method will
depend on the nature of the organism being studied. For non-mobile species, quadrats and
transects are suitable techniques, because the organisms do not move away from the sample area.
For mobile species, other methods are needed. For animals, a common technique is known as
the ‘capture–mark–release–recapture’ method (usually abbreviated to mark, release, recapture,
or MRR). In this method, animals are sampled, marked in some way, released back into the wild,
and then resampled. The MRR method allows ecologists to estimate population size by using
the ratio of animals marked in the first sample to the number of marked animals resampled to
estimate the total population size. These methods are described later in this section.
Nature of Science

Avoiding bias

Random sampling
It is important to record a representative sample from the area being studied when sampling
populations in the wild. Samples are taken because it is not possible to study the entire
ecosystem – logistics and time make this impossible! Samples must be located at random, so
that accurate representative data can be acquired. A random number generator helps to ensure
population sampling is free from bias.
Random number generators can be found on most modern calculators. In addition, sites on
the Internet offer random number generators, such as www.random.org/ as do apps for smart
phones (sometimes advertised as ‘integer generators’). If you are in a situation where you do not
have access to technology, simply putting numbers from, say, 1 to 100 into a bag and pulling
numbers out one at a time to generate sample locations will do the same job.

Sampling plant populations using quadrats
Quadrats are commonly used to estimate plant populations (pages 187–188). A quadrat
is a square frame which outlines a known area for the purpose of sampling. The choice
of size of quadrat varies depending on the size of the individuals of the population being
analysed. For example, a 10 cm2 quadrat is ideal for assessing epiphytic Pleurococcus, a
single-celled alga, commonly found growing on damp walls and tree trunks. Alternatively,
a 1 m2 quadrat is far more useful for analysing the size of two herbaceous plant populations
in grassland.
Quadrats are placed according to random numbers, after the area has been divided into a
grid of numbered sampling squares (Figure 14.54). The different plant species present in the
quadrat are then identified and various measurements can be taken:
n Density – mean number of individuals of each species per unit area (time-consuming and
may be hard to determine separate individuals of, for example, plants)
n Frequency – number of quadrats in which a species occurs, expressed as percentage (rapid
and useful for comparing two habitats)
n Percent cover – the percentage of ground covered by a species (useful where it is not possible
to identify separate individuals)
n Abundance – subjective assessment of species present, using the DAFOR scale
(D = dominant, A = abundant, F = frequent, O = occasional, R = rare). The same observer
must make ‘abundance’ judgements, which may be useful as comparisons of two or more
habitats, rather than as objective scores.
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■■ Figure 14.54
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4 Density, frequency, cover or abundance
estimates are then quantified by measuring
the total area of the habitat (the area
occupied by the population) in square metres.
The mean density, frequency, cover or
abundance can be calculated, using the
equation:
mean density (etc.) per quadrat × total area
population size =
area of each quadrat

Lincoln index
The capture–mark–release–recapture method is used to estimate the population size of an
animal species. This method is also known as the Lincoln index.
n Organisms are captured, marked, released and then recaptured.
n Marking varies according to the type of organism. For example, wing cases of insects can be
marked with pen, snails with paint, and fur clippings used for mammals.
n Markings must be difficult to see – high visibility increases predation risk.
n The number of individuals of a species are recorded at each stage.
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The total population size is estimated using the following equation:
N=

n1 × n 2
m

where
N = total population of animals in the study site
n1 = number of animals captured (marked and released) on first day
n2 = number of animals recaptured on second day
m = number of marked animals recaptured on second day
MRR can be demonstrated on populations of snails sampled from a garden hedge; enamel
paint can be used to mark the shells. It can also be successfully demonstrated using populations
of damselflies living by ponds: after catching the flying insects with a net, the wings can be
carefully marked with an indelible pen.
Prior to experimenting on natural populations, the technique can be learnt and understood
by application to non-living models. This can be done using a paper activity, as follows:
1 Cut out 100 identical small paper squares and place on a tray.
2 Mark a known number, e.g. 20.
3 Put the marked squares back in the tray and mix well. (This is the ‘habitat’.)
4 Pull out a random number of squares from the container. Count the sample size and the
number in the sample which are marked.
5 Calculate an estimated population using the Lincoln index formula.
6 Repeat the experiment to obtain a range of estimates (at least five).
7 Calculate a mean estimate and the range of the values obtained.
8 In groups, explain how you would carry out this technique on a population of a named
animal species, including the precautions you would take to ensure a reliable result and that
no harm would come to the animals.
9 Discuss the pitfalls of using this method to estimate population size, and evaluate the
method.
Assumptions made when using the index on wild animal populations are that:
mixing is complete, so that the marked individuals have spread evenly throughout the
population
n marks do not disappear
n marks are not harmful nor do they increase predation by making marked individuals more
visible
n it is equally easy to catch each individual
n there is no immigration or emigration, or births or deaths in the population between the
times of sampling.
n

The steps of the MRR technique are outlined in Figure 14.55.
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■■ Figure 14.55
Estimating animal
populations using
mark, release and
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■■ Sustainable fishing practices
In this section we will analyse the effect of population size, age and reproductive status on
sustainable fishing practices.
Fish are an important source of food for many human populations. The majority of fish
populations that are exploited commercially as food sources are marine species, and it is
commonly the case that the populations are shared among a number of harvesting countries.
Fishing vessels from many nations take their harvest from common waters and overfishing
is now a global issue (Figure 14.56). Conflict between economic and conservation interests
arises – demand for the harvest of the seas and the need for economic returns for fishermen have
to be balanced with our obvious need to sustain the resources themselves. In fact, the scale of
commercial fishing has seriously depleted many stocks in recent years. For example, the use of
the purse seine fishing method (Figure 14.57) has seriously depleted tuna stocks: fishing vessels
use long nets, approximately one mile in length, to encircle tuna; the nets are closed off by
drawstrings to trap the fish (much like a drawstring purse). A sustainable method for catching
tuna is pole and line fishing, where fish are removed one at a time.
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n■ Figure 14.56
Overfishing in
European waters

30
1998

As the amount of fishing has been reduced (since about 1990), the decline in spawning
fish has been reversed. With time, this trend may allow stocks to recover completely.

n■ Figure 14.57
Purse seine fishing
results in large
numbers of fish being
caught – whole shoals
may be removed in
one go

If populations of fish are persistently overfished (as they regularly are), stocks will be rapidly
depleted to the point where they collapse and can no longer support a commercial fishery.
The extent to which species are fished should be based on population dynamics that take into
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The effect of population size, age and reproductive status on sustainable
fishing practices
Sustainable fishing practices mean using methods of catching fish that do not diminish the fish
stock. The maximum sustainable yield (MSY) of a stock represents the maximum average catch
that a stock can sustain over a long period of time. This catch corresponds to optimum balance
between the reproductive rate and growth rate of the stock and the deaths due to harvesting and
natural mortality. Typically, harvesting at MSY requires much lower fishing rates than occur in
many fisheries. If fish were harvested at the MSY then fishing would be able to continue in a
sustainable way. A growing fish population is indicated by having a relatively larger number of
younger fish, whereas a declining population would have a larger number of older fish.
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Such population age structures can, along with population size, indicate whether fishing
methods are sustainable or not.
Calculation of MSY requires good knowledge of the relationship between the size of the
stock and the number of juveniles produced each year. The natural variation in the number of
juveniles produced annually makes establishing this relationship difficult. It usually requires a
very long series of data – at least 20 years’ worth. Nevertheless, there are reliable methods that
provide an adequate approximation to MSY.
Population size and age structure can be used to inform practices associated with sustainable
fishing. Most practices depend on international cooperation, as fish stocks are spread over large
areas that cover many national boundaries. Practices include:
n putting restrictions on catching younger fish (mesh size restrictions on nets help to achieve
this)
n exclusion zones and periods when fishing is not permitted to allow stocks to recover
n quotas are set for fish species that have low population sizes
n suspensions are put on the fishing of endangered species
n damaging methods of fishing are often banned.

Evaluating the methods used to estimate the size of commercial
stock of marine resources
To enable effective conservation of fish stocks and to create sustainable fishing policies, accurate
measurements of existing fish stocks are essential. Estimating the population size of marine
animals is problematic; species are highly mobile and using techniques such as capture–mark–
release–recapture (pages 58–61 above) is ineffective because very few marked individuals are
recaptured. Echo-sounders can be used to locate shoals of fish, but not all species form shoals. In
rivers and streams, electric-shock capture methods can be used (an electric charge is discharged
into the water from a small generator and stunned fish are caught with a net) – obviously, this
is not possible in the open ocean. Data gathered from fish catches can, however, be used to
estimate population size. Information on the state of fish stocks is based on four parameters
which are measured or assessed by the fishery research services of national governments.
These are:
n fishing mortality – the proportion of fish stocks taken each year during commercial fishing
n spawning stock biomass (SSB) – the total mass of mature fish in the population
n recruitment – the number of young fish produced each year which survive to enter the
spawning stock
n landings – the total annual tonnage of fish landed by the fishing fleet.
These methods rely on the cooperation of the fishing community – because estimates of fish
stocks rely on accurate measurement of age structure. Any operators who work outside the
regulations and discard restricted fish at sea before returning to port create skewed data that can
lead to miscalculation of stock size.

■■ Controlling the effects of pollution
Pollution is the addition to an environment of a substance or an agent (such as heat) by human
activity, at a rate greater than that at which it can be rendered harmless by the environment, and
which has an appreciable effect on the organisms within it. Previously, we examined the effects of
DDT pollution (pages 39–41 this chapter), how indicator species can be used to investigate specific
environmental conditions resulting from pollution (pages 44–48 this chapter) and pollution from
plastics (page 41 this chapter). In the next section, we will examine how fertilizer use in agriculture
leads to pollution, specifically a phenomenon known as eutrophication, whereby excessive algal
growth in bodies of water causes a reduction in dissolved oxygen.
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The eutrophication caused by excessive fertilizer use and run-off can be controlled in two
contrasting ways:
n Reduction in fertilizer use and use of slow-release sources of nutrients such as manure –
reduction in the supply of nutrients will reduce algal growth, as there will be less raw
material to construct proteins, for example. Control of algal blooms by limiting nutrients is
an example of bottom-up control.
n Use of herbivores to consume the excessive algal growth – control of algal blooms by the use
of herbivores is an example of top-down control. (This is examined further below.)
Both examples limit algal growth by utilizing limiting factors.
The use of limiting factors in controlling the effects of pollution can, therefore, be either top
down or bottom up:
n In bottom-up control, water quality is improved by reducing nitrogen and/or phosphorus
inputs into aquatic systems. Nutrient reduction can, however, be difficult and expensive,
especially in agricultural areas where the nutrients washing into the rivers and lakes come
from a variety of different sources (such as from different farms).
n Top-down methods can involve the alteration of a food web to restore ecosystem health
(Figure 14.58). This biomanipulation encourages the population growth of Daphnia, a
generalist herbivore that plays a significant role in controlling the abundance of algae in
normal lake ecosystems. Fish-eating fish (piscivores) are added to the water to reduce the
number of plankton-eating fish (zooplanktivores), which in turn leads to an increase in
the number of Daphnia and the rate of herbivory on the algae, reducing the algal bloom.
Biomanipulation has been shown to have typically short-lived effects on water quality
(lasting weeks to months) and is only applicable in small, easily-managed systems such as
ponds.
planktivores

herbivores
production

phytoplankton

production

production

decreased
planktivore
biomass

increased
herbivore
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piscivore biomass

piscivore biomass
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phytoplankton
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■■ Figure 14.58 Top-down control of eutrophication. Biomanipulation of fish-eaters (piscivores) leads to a reduction in
planktivores and a corresponding increase in herbivore biomass. The result is an overall reduction in phytoplankton (algal)
biomass.
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soil cycles are subject to disruption

Soil is the outermost layer of the Earth’s surface, consisting of weathered bedrock, air, water and
living organisms. Plants rely on the air in the soil to provide roots with oxygen for respiration.
Water is needed for photosynthesis and nutrients to provide additional elements to form key
biological molecules. Nutrients are taken up by the roots and then used by the plant to form
new biomass. Soil systems link the soil with the lithosphere (the upper mantle of the Earth),
atmosphere and living organisms. We have seen earlier in the chapter how nutrients recycle
between biomass, litter and soil (page 26). Here, we will explore in more detail how one
element – nitrogen – cycles between the abiotic and biotic environments.
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■■ Testing the nutrient content of soil
The bulk of soil is made up of a mixture of organic matter, rock and mineral particles. The
relative proportions of all these, along with pH, determine soil type. Soil testing kits are readily
available on the Internet and from garden supply companies. Commercial laboratories can test
for a wide variety of soil characteristics, whereas ‘do-it-yourself’ kits, designed for gardeners and
amateur scientists, generally only test for three major nutrients and/or pH level. They usually
involve adding a chemical to soil samples to test for specific characteristics of the soil:
n pH testing: acidity or alkalinity is a vital factor in plant growth, as it affects enzyme activity.
Kits generally indicate pH using colour changes: the solution turns yellow–orange for acid
soil, green for neutral, and dark green for alkaline, with colours corresponding to numbers on
a scale from 1 to 14.
n Testing for major nutrients: nitrogen (N), phosphorus (P) and potassium (K). Tests use
standard reagents to produce colour changes; results are compared to colour charts to give
the concentration of each macronutrient.
n Soil texture: kits separate soil samples into their sand, silt and clay fractions. Sand particles
are those less than 2 mm in diameter, silt less than 0.02 mm and clay less than 0.002 mm.
The relative proportion of each of these soil particles determines how well plants grow in
the soil and how well it retains soil nutrients. Loam soil is considered to be the best soil for
cultivation as it has the optimum combination of sand, silt and clay: it is easily workable,
drains well, retains moisture and nutrients, is well aerated and, as a result, has the highest
plant productivity.
Electrical meters that measure pH, water content and sometimes nutrient content of the soil are
also available.
Gardeners use the test kits to identify problems with pH in their soil and nutrient deficiency,
so that fertilizers or other treatments can be made to adjust the soil so that conditions are
improved for the plants they want to grow.
Your school should have soil testing kits. If not, they can be purchased on the Internet or
from garden centres. Use these to develop an experiment to investigate the pH and nutrient
content of a variety of soils in your school or college grounds. Does pH vary – if so, why? Does
nutrient content vary – if so, why?

■■ The nitrogen cycle
The majority of nitrogen on the planet is found in the atmosphere – 78% of the air around us
is nitrogen (N2). Unlike oxygen, however, we cannot make direct use of this gas, but simply
breathe it into our lungs and exhale it straight out again. Nitrogen is vital in the construction of
amino acids and proteins, and so a regular supply of nitrogen needs to be made available to food
chains. Eukaryotic organisms cannot use nitrogen gas directly (Table 1.6, page 29) as it is inert –
the two nitrogen atoms are triple bonded and so are very difficult to separate and convert into
a more useful form. To separate the nitrogen atoms, a great deal of energy is needed. Lightening
can do this, forming an oxide of nitrogen (NO3–).
Clearly, for nitrogen to be made accessible for living organisms, a biotic mechanism is needed,
so that nitrogen does not become a limiting factor (this is explored later – nitrogen-fixing
bacteria can convert nitrogen gas into a usable form). Nitrogen is taken into plants as nitrate.
Once nitrogen is contained within organisms it can be used in growth and metabolic reactions.
To complete the cycle, nitrogen must be returned to the atmosphere or back into the soil, where it
can be taken up once again by plants. The intricacies of the nitrogen cycle are examined below –
how exactly does nitrogen move from the abiotic environment to the biotic, and back again?

Nitrogen-fixing bacteria
Nitrogen-fixing bacteria convert atmospheric nitrogen to ammonia. Some of these bacteria live
in the soil (genus Azotobacter), while others live in the roots of plants (genus Rhizobium). They
convert the diatomic N2 molecule into ammonia (NH3), which dissolves in water to form NH4+.
Ammonium can be absorbed by plants, although if it is in too high a concentration it can prove
toxic. Ammonium is converted by other bacteria into nitrates, which can be safely absorbed by
plant roots.
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Rhizobium is a bacterium that lives in the root nodules of clover plants (Figure 14.59) and
other legumes. Rhizobium associates with roots in a mutualistic relationship. These bacteria work
in the following way:
n The Rhizobium fix nitrogen gas to form ammonium ions, which are then converted by other
bacteria to nitrates. The plant benefits from the nitrates. The plant supplies carbohydrates
to the bacteria in the root nodule. This is very nutritionally expensive for the plant (it loses
a source of glucose) but it does enable it to live in nitrate deficient soils. The bacteria need
a ready supply of glucose for respiration that supplies the energy to split the triple-bonded
nitrogen. The relationship is, therefore, a mutualistic one.
n Rhizobium is aerobic. Nitrogen fixation needs lots of energy, which requires large amounts of
ATP that could not be produced in sufficient quantity through anaerobic pathways.
n The Rhizobium contain an enzyme, nitrogenase, which catalyses nitrogen fixation. This
reaction is blocked by exposure to oxygen (by competitive inhibition) because N2 and O2 are
roughly the same size and shape. This means that oxygen exclusion is necessary for nitrogen
fixation. This problem is solved in Rhizobium in two ways:
n Rhizobium has an exceptionally fast and efficient aerobic metabolism meaning very little
oxygen builds up in the root nodules.
n The root nodule has an oxygen scavenging chemical called leghemoglobin which, like
hemoglobin in blood, has a high affinity for oxygen. Leghemoglobin removes oxygen from
the nodule, allowing nitrogen fixation to occur catalysed by nitrogenase.
■■ Figure 14.59
Root nodules on the
roots of clover. The
nodules are created
by the nitrogen-fixing
bacterium Rhizobium
trifolii. The bacteria
convert atmospheric
nitrogen into a
usable organic form,
something the clover
cannot do itself.

Farmers plant clover to increase the nitrate content of the soil and plough the crop into the
ground rather than harvest it. Regular ploughing and good drainage keep conditions in the soil
aerobic for the Rhizobium.

The role of decomposers
Other bacteria that are vital to the nitrogen cycle are the decomposers. These bacteria break
down dead organic matter and manure into ammonia. They feed on protein and break it down
saprophytically – a process called ammonification or putrefaction. Once the ammonia is in
the soil in the form of ammonium ions, other bacteria can convert the ammonium ions into
different inorganic forms (nitrites and nitrates) as discussed next.

Nitrifying bacteria
Other bacteria convert ammonium ions into nitrite (genus Nitrosomonas) and then nitrate
(genus Nitrobacter) – a process called nitrification. As well as these nitrifying bacteria, oxygen
is also needed. The bacteria oxidize ammonium ions into first nitrite and then nitrite; in doing
so they release energy which they can use to convert inorganic molecules (water and carbon
dioxide) into organic molecules (glucose). Because these bacteria can make their own sugars,
they are autotrophic (‘self-feeders’) and, because they do this by utilizing the energy from
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chemical reactions, they are known as chemoautotrophs. It is not correct to say, therefore, that
all energy in food comes from the Sun – some is generated by chemoautotrophs. The bacteria
get a source of food and plants get a usable form of nitrogen. Because oxygen is vital to these
nitrifying bacteria, soil must be well aerated – farmers do this by ploughing the soil, thereby
ensuring that their soils have a good supply of functioning nitrifying bacteria and, hence,
nitrates. Nitrates in the soil are essential for healthy plant growth.

Denitrifying bacteria
How does the nitrogen return to the atmosphere? This is the role of denitrifying bacteria.
In the absence of oxygen, denitrifying bacteria reduce nitrate (NO3–) in the soil to N2 (a process
called denitrification). These bacteria, such as Pseudomonas denitrificans, can survive in lowoxygen conditions because they can use nitrate as an electron acceptor in respiration, leaving
the nitrogen to return to the atmosphere in the form of nitrogen gas (N2). Farmers aerate their
soil by ploughing so as to increase the amount of nitrifying bacteria but limit the amount of
denitrifying bacteria; soils with lots of denitrifying bacteria will be low in nitrates, affecting
plant growth and yield.

Diagram of the nitrogen cycle
You are expected to be able to draw and label a summary diagram of the nitrogen cycle.
Figure 14.60 shows the nitrogen cycle – this is a summary of the information we have explored
above, and shows how this vital element recycles between the atmosphere, soil and living
biomass. Your diagram should show the roles of Rhizobium, Azotobacter, decomposers,
Nitrosomonas, Nitrobacter and Pseudomonas.
n■ Figure 14.60
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The impact of waterlogging on the nitrogen cycle
■■ Figure 14.61
A waterlogged field

Flooding or poor irrigation of fields can leave soil waterlogged. Because water fills air spaces in
the soil, oxygen becomes limiting. These conditions favour the Pseudomonas bacteria and the
process of denitrification. This leads to a reduction in soil nitrates, because the denitrifying
bacteria reduce nitrates to N2, giving poor plant growth.
Excessive irrigation (watering) can be a problem for the same reason – proliferation
of denitrifying bacteria leading to a reduction in soil nitrates. Another problem occurs if
excess water runs off fields and enters local rivers, streams and ponds – this leads to nutrient
enrichment and eutrophication (page 72 later in this chapter).

Insectivorous plants
Many habitats, such as swamps and bogs, have permanently waterlogged soils. These conditions
are ideal for denitrifying bacteria, as discussed above, leading to nitrogen-deficient soils. An
adaptation that some plants have developed to overcome low nitrogen availability in waterlogged
soils is to obtain their nitrogen (in the form of protein) from small invertebrates such as insects.
They are, therefore, carnivorous (or, more specifically, insectivorous) plants. Once the insect
has been trapped, its amino acids and peptides are absorbed following extracellular digestion.
The sundew (Figure 14.62) is an example of a carnivorous plant. The plant has tentacles
that extend from the leaf surface. Sugary droplets at the tips of the tentacles attract insects to
the plants. Insects stick to the longer tentacles, at which point the leaf curls over the insect.
Digestive enzymes are secreted from the tentacles. These break the insect protein down into a
form that can be absorbed by the modified leaf.
Other examples of carnivorous plants include the pitcher plants and Venus fly trap.
■■ Figure 14.62
A sundew
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n■ The phosphorus cycle
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n■ Figure 14.63 The phosphorus cycle

Living organisms need phosphorus for a range of structures:
RNA
n ATP
n coenzymes in respiration and photosynthesis, NAD, FAD and NADP
n phospholipids in cell membranes
n to maintain skeletons in vertebrates.
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Phosphorus cycles through various different forms in a biogeochemical cycle (Figure 14.63).
Turnover is the rate at which phosphorus moves from one store to another. Because it does
not have a gaseous form, the rate of turnover in the phosphorus cycle is much lower than the
nitrogen cycle. Much of the store of phosphorus is in the form of rock – mining and erosion
release phosphorus back into the cycle, ending up in the biotic environment. Phosphorus is only
slowly released from rocks to ecosystems, again making the rate of turnover low.

Fertilizers and their effects
As we can see in Figure 14.63, phosphorus can be mined and converted to phosphate-based
fertilizer. Fertilizer is added to soils to increase productivity. In this way, phosphorus can be
added to the phosphorus cycle. When agricultural crops are harvested, the phosphorus is moved
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from the place it was applied as fertilizer to the place the crops are sold so that it does not recycle
within the ecosystem, again affecting the phosphorus cycle.
Phosphate dissolves in water to form phosphate ions. In waterlogged soils, run-off containing
phosphate ions can contribute to nutrient-enrichment in nearby rivers, streams and ponds (and
also in the sea, if the run-off ends up there). This process of eutrophication is discussed later on
page 72.
■■ Figure 14.64
Tractor applying
fertilizer to a field

Nature of Science

Assessing risks and benefits of scientific research

Agricultural practices can disrupt the phosphorus cycle
The rapid growth of the human population is putting increasing pressure on the land, as
intensive agricultural methods attempt to extract as much food per unit of farmland as possible.
Modern agriculture involves the harvesting of crops and selling them elsewhere – often many
hundreds of miles away. Nutrients such as phosphate, taken up in the biomass of the plants,
are removed from their ecosystem and transported elsewhere. The nutrients are, therefore, not
recycled, as they would be in a natural ecosystem, and must be replaced through the use of
fertilizer. More people require more food, more crops and more fertilizer use – this is the cycle
that intensive agriculture has created.
Modern intensive farming practices rely on phosphate, much of which is mined from
stores in rocks. Data suggests that the maximum rate of phosphate production from mining
is approaching, after which supplies will start to decrease (the point at which phosphate
production is at its highest is known as ‘peak phosphorus’). Availability of phosphate may
become limiting to agriculture in the future. This is of concern to farmers, as – with reduced
phosphate supply – the cost of fertilizers will increase. The problem may become serious within
50 to 100 years. Without the addition of fertilizer, the productivity of fields would dramatically
reduce and famine could result. Whereas ammonia can be created by industry, using the Haber
process, there is no process that can make phosphate industrially.
Scientific research has led to the development of phosphate fertilizers, which has enabled
the ever increasing human population to be fed using intensive farming methods. The flipside
of these benefits is that the phosphate on which the fertilizer depends may well pass its peak
extraction within this century, after which the foundations of modern agriculture may be
seriously undermined. Clearly, humanity needs to find alternative ways of conducting agriculture
(ones that do not rely so heavily on fertilizer), and better ways to conserve nutrients, if the ever
expanding human population is to continue to be fed.

■■ Biochemical oxygen demand
Biochemical oxygen demand (BOD) is a measure of the amount of dissolved oxygen required
to break down the organic material in a given volume of water through aerobic biological
activity. BOD increases in water that has organic pollution, such as sewage, or that has been
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nutrient-enriched by fertilizers (leading to eutrophication). Aerobic organisms use oxygen in
respiration. When there are more organisms and faster respiration, more oxygen will be used.
Thus, the biochemical oxygen demand at any point is affected by:
n the number of aerobic organisms
n their rate of respiration.
BOD is an indirect method used to assess pollution levels in water. The presence of an organic
pollutant causes an increase in the population of organisms that feed on and break down the
pollutant, such as bacteria. Organic pollution causes a high BOD. Certain species, such as
bloodworms and Tubifex worms, are tolerant of organic pollution and the low oxygen content
associated with it. In contrast, mayfly nymphs and stonefly larvae are associated with clean
water (and can be used as indicator species, page 47 earlier in this chapter). Thermal pollution
lowers the dissolved oxygen content of water. This leads to less aerobic respiration, increased
anaerobic respiration and increased decomposition. Figure 14.65 shows the effect of sewage
pollution on a river, from the point of the pollution (its source) to conditions downriver.
1 Organic pollution enters the river
3 These organisms respire and use up
a lot of oxygen – the BOD increases

io

ect

dir

f
no

River

w

flo

2 Population of certain bacteria, fungi and Tubifex
increases. These organisms feed on and begin to
break down the organic matter

6 BOD back at normal
point – all organic matter
broken down

4 By this point in the river, the amount of
organic matter has fallen by dispersal and
because it has been broken down. BOD is less
than at the point where pollutant entered

5 Pollutant now much reduced.
BOD just above normal

BOD

BOD
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dissolved oxygen (ppm)

oxygen
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Tubifex worms
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■■ Figure 14.65 The effects of organic pollution on BOD and indicator species

Both chemical testing and indicator species can be used to test the quality of the water.
BOD can be measured directly:
1 Take a sample of water of measured volume.
2 Measure the oxygen level using an oxygen probe.
3 Place the sample in a dark place at 20°C for five days. (Lack of light prevents photosynthesis
which would release oxygen and give an artificially low BOD.)
4 After five days, remeasure the oxygen level.
5 BOD is the difference between the two measurements.
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■■ Eutrophication
Eutrophication is the natural or artificial enrichment of a body of water, particularly with
respect to nitrates and phosphates. There are both natural and human causes of eutrophication.
Natural effects include nutrients being added from decomposing biomass and run-off from
areas surrounding the body of water. Human causes include run-off of fertilizers or manure
from agricultural land, domestic waste water containing phosphates from detergents, and
non-treated sewage. Leaching of mineral nutrients from agricultural land into rivers can also
cause eutrophication.
The addition of extra nutrients causes algae living in the ion-enriched water to multiply
rapidly, causing an algal bloom. Raised water temperatures in the summer months add to the
algal growth rates. The process results in depletion of oxygen levels in the water. Run-off and
leaching from agriculture can also end up in the sea, where it can cause eutrophication.
Figure 14.66 shows extensive seasonal algal blooms of the oceans taken using satellite images.
■■ Figure 14.66
Detection of aquatic
pollution in marine
habitats following
eutrophication

This ‘false colour’ photograph of the Earth’s surface, taken from a satellite, shows where algal blooms (orange) are most
common, and where algal growth is least (purple).

The chain of events leading to eutrophication can be summarized as follows:
n as more nutrients are added to the system, through leaching of nutrients from surrounding
ground, the biomass of algae increases due to the availability of nutrients
n the growth of algae gives lower light penetration, causing underwater plants to die and create
more nutrients as they decompose
n more nutrients leads to further growth of algae
n the increased death of algae and underwater plants leads to an increase in dead organic
matter (DOM)
n the increase in DOM leads to an increase in bacteria that feed on the dead biomass, causing
it to decompose
n bacterial respiration leads to increased BOD, which causes a lowered oxygen content of water
(hypoxia)
n oxygen-dependent organisms, such as fish, die due to a lack of oxygen.
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■■ Figure 14.67
Eutrophication in
Slapton Ley – a
freshwater lake in
Devon, UK

14 Explain the
relationship
between BOD and
eutrophication.
15 Explain why
eutrophication
reduces the length
of an aquatic food
chain.

Further effects of eutrophication include:
n net primary productivity is usually higher compared with unpolluted water, and may be
indicated by extensive algal or bacterial blooms
n diversity of primary producers changes and finally decreases; the dominant species change
n the length of the food chain decreases as algae lock up the nutrients and block sunlight from
reaching the riverbed
n with less sunlight penetrating the water, macrophytes (submerged aquatic plants) disappear
because they are unable to photosynthesize
n as eutrophication proceeds, early algal blooms give way to cyanobacteria (blue-green algae) –
these are toxic to wild animals and humans
n fish populations are adversely affected by reduced oxygen availability, and the fish
community becomes dominated by surface-dwelling coarse fish, such as roach and rudd.
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■■ Examination questions – a selection
Questions 1–4 are taken from IB Diploma biology
papers.
Q1	
A study was conducted to investigate the growth
factors affecting plants in urban areas compared
to rural areas. Fast-growing clones of Eastern
cottonwood trees (Populus deltoides) were grown
in both urban and rural sites. The results of three
successive growing seasons (X, Y and Z) are
shown below.

root biomass/g

shoot biomass/g

100

season X

season Y

season Z
Key
LI and HV
are rural
sites

80
60

NY is an

40

urban site

20

Standard Level Paper 3, Time Zone 0, November 03, Q3

Questions 5–10 cover other syllabus issues in this
chapter.

0
20
40

Q4 a Simpson’s Reciprocal Index is given by the
following equation:
N(N – 1)
D=
∑n(n – 1)
		
where D = the diversity index, N = the total
number of all species found and n = the
number of individuals of a particular species.
		
i State what happens to this index if the
number of all species found increases but
the number of individuals in a species stays
the same.
(1)
		
ii State what a high value of D suggests about
an ecosystem.
(1)
b Explain the use of biotic indices in monitoring
environmental changes.
(3)

LI HV NY

LI HV NY

LI HV NY

a Identify the site which most favours the
growth of cottonwood trees.
(1)
b Calculate the ratio of shoot biomass to root
site L1 during season X.
(1)
EQ19.01biomass
IB DiplomainBiology
Barking
DOg Art the data for growth patterns over
c Analyse
three years of the study.
(3)
	A further study showed that differences in light,
temperature, water, CO2 concentration and the
soil could not account for the differences in
growth of the cottonwoods in the urban and
rural areas.
d Suggest a reason which could account for the
growth differences.
(1)
Higher Level Paper 3, Time Zone 0, May 05, Q1

Q2 a Define the term biomass.(1)
b Explain why the biomass at higher trophic
levels tends to be small.
(3)
Standard Level Paper 3, Time Zone 0, November 05, Q2

Q3 a Describe the use of ex situ conservation
measures.(3)
b i Define the term niche.(1)
		
ii Explain the niche concept using named
organisms.(4)

Q5 a Explain how limiting factors affect the
distribution of a named plant and a named
animal species.
(4)
b Explain the reason why two species cannot
survive indefinitely in the same habitat if their
niches are identical.
(3)
Q6 a List the reasons why the relationship between
Zooxanthellae and coral polyps is a type of
mutualistic symbiosis.
(3)
b Distinguish between fundamental and realized
niches using a named example.
(4)
Q7 a Compare primary and secondary succession.(4)
b Describe the effects produced when introducing
alien species into a local environment.
(4)
Q8 a Describe the way the capture–mark–release–
recapture method is used to estimate population
size using a named animal species.
(6)
b Describe what happens when a population
reaches its carrying capacity.
(4)
Q9 a Outline the methods used to estimate the size
of commercial fish stocks in marine waters. (4)
b Explain what international measures might
best promote the conservation of marine
fish stocks.
(4)

Standard Level Paper 3, Time Zone 0, November 04, Q3
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Q10	The flow chart below represents the main events
of the nitrogen cycle, in several stages of which
microorganisms play a central role.
A

nitrogen gas
of the air
lightning

amino acids and
proteins of plants
eaten

artificial
fertilizers

B

F

nitrates (V)

soluble nitrogen
compounds of
the soil

E
nitrites (III)

death

D

death

amino acids and
proteins of animals

organically combined
nitrogen of humus

ammonium salts
C

ammonia

a State the different types of organism that may
be involved in step A and where they occur
within the environment.
(6)
b Outline how the events of step B are brought
about.(6)
c Identify the types of organism involved in step C
and state where they may be found within the
environment.(4)
d Describe how ammonium salts may be converted
to nitrites (step D) and nitrites to nitrates (step E)
in the soil.
(6)
e Suggest typical soil conditions that bring about
step F.(1)
f Part of the nitrogen cycle flow diagram is
represented by dotted lines. Explain how these
steps differ fundamentally from the remainder
of the cycle.
(2)
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leopard seal

baleen whales
weddell seal

emperor penguins

enguins

pelagic fish

crab eater seal

Squid

Krill

phytoplankton
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