Grey seals red in tooth and
claw: how Darwin helps
model their population
Grey seals in Britain are a conservation success, brought back from
the brink of extinction by protection in the early 20th century. The
public love them. Fishermen hate them. The resurgence of the “grey
guzzlers” threatens their livelihood, they say. Len Thomas shows
how Charles Darwin’s ideas are used to determine seal numbers
and population dynamics. Surprisingly, Darwin’s theories have also
influenced the statistical tools that are used.

Do seals threaten
fishermen’s
livelihoods?
Darwin can tell us
108

In Darwin’s time, grey seals were regarded as a resource
for hunters and a legitimate target for ﬁshermen guarding their source of income. By the early 20th century,
their numbers in Britain had dwindled to just a few
thousand. Public concern led to their becoming the
ﬁrst mammal protected by Parliament, under the Grey
Seals (Protection) Act of 1914. This protection, conﬁrmed and enhanced by subsequent acts, resulted in an
exponential increase in seal numbers of about 6% per
year. Numbers rose to approximately 10 000 seals in the
1930s and 35 000 in the 1960s, leading to increasing
calls by ﬁshermen for management action. Culls of females and pups were run for several years, but this led to
escalating confrontation between those involved in the

september2009

cull and conservationists. In October 1978, after nationwide protests, violent clashes on Kirkwall quayside in
Orkney and a bomb scare on a cullers’ vessel, large-scale
culling was abandoned by the government as a management strategy1.
One factor inﬂuencing the government’s decision
was the lack of scientiﬁc consensus about the eﬀect of
seals on ﬁsh numbers. No deﬁnitive estimates of seal
population size existed, nor of their diet. In 1977, the
government founded the National Environmental Research Council’s Sea Mammal Research Unit (SMRU)
with part of its mandate being to provide advice on issues relating to seal management. SMRU still fulﬁls this
role today, undertaking annual surveys of seal breeding

colonies, intensive studies of some colonies and
other research programmes. Research ﬁndings
are discussed with a committee of independent scientists, the Special Committee on Seals
(SCOS), which meets each year to answer
questions laid down by both UK and Scottish
governments.
One of the most important questions
asked annually is “how many grey seals are
there?”. Like all marine mammals, grey seals are
hard to count: they spend most of their lives at
sea, dispersed over large areas and almost all of
that time underwater. However, for many pinniped (seals and sea lion) species, there is one
component of the population that is relatively
tractable: pups. Grey seals are colonial breeders and congregate in relatively few pupping
sites in the autumn. These sites are mostly on
uninhabited islands or remote coastal sites in
Scotland (Figure 1), although a recently established colony on an accessible beach at Donna
Nook in Lincolnshire is one exception. Newborn pups are white and are suckled by their
mother for two to three weeks after which she
departs permanently and provides no further
parental care. At about the same time the pups
moult into a brown coat and after a further two
weeks or so they also take to the sea. Although
lactating females are not always present at the
colony during the breeding season, their pups
are because they cannot swim. Hence they
are amenable to census from either ground
or air. Because most colonies are remote, the
best method for most is aerial survey. SMRU
scientists ﬂy over each major colony multiple
times during the breeding season, taking highresolution photographs (Figure 2), and counting the number of white and brown pups on
the resulting pictures. These numbers are then
fed into a model for pup production and this
produces an accurate estimate of the number
of pups born each year on each colony.
However, knowing the number of pups
is only a small part of the picture. Seals can
live to be 30 years old or more, so adults form
the great majority of the population. How can
we scale up pup numbers into an estimate of
total population size? The answer requires
knowledge of seal population biology. If we
knew the age at which seals start breeding and
the proportion of females that breed, we could
convert the pup numbers into an estimate of
female population size. Such information is
available, at least for the 1970s, from the sample of seals shot during the culls. Seals can be
aged by looking at “growth rings” in the teeth
and female pregnancy rates give an indication
of proportion of each age group breeding. For

Figure 1. British grey seal breeding colonies. The colonies encircled are surveyed annually and are analysed
together as a “region” in the population dynamics modelling. The other colonies are smaller, accounting for
around 15% of total pup production, and are neither surveyed annually nor included in the models described
here. Source: Callan Duck, SMRU

Figure 2. Example aerial photograph of part of a breeding colony. The original is of far higher resolution and it
is easily possible to pick out white and brown coated pups as well as their mothers if they are present. Source:
Callan Duck, SMRU
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Figure 3. Pup production estimates (circles) from 1984 to 2008 for the four regions modelled, together with
fitted values and indications of uncertainty (in the form of 95% posterior credibility intervals) from two models
fit to the data. The red model assumes density-dependent pup survival, while the blue model assumes densitydependent fecundity. Although it is hard to tell from these figures, the data show stronger support for the
former than the latter model

a complete picture, including juvenile seals in
the few years before any start breeding, estimates of juvenile survival are also required.
Some information is available about this, from
studies of tagged seals, but like pups they
form only a small part of the total population.
Males are rather harder to pin down, but some
educated guesses can be made as to the ratio of
adult females to males, based on knowledge of
pinniped biology. It seems there are about 0.73
males for each female.
This approach worked very well up until the early 1990s, when scientists noticed
a sharp decline in the rate of increase in pup
numbers in two regions: the Inner and Outer
Hebrides (Figure 3). It was not surprising
that numbers should start to level oﬀ at some
point; as Darwin himself noted 150 years ago
“the geometrical tendency to increase must be
checked by destruction at some period of life”2.
As numbers increase, so does competition for
limited resources such as food or breeding sites
and either survival or breeding rates decline
until the population attains some kind of balance. This phenomenon is known to population biologists as “density dependence” (i.e., the
dependence of growth rate on population density); there has been vigorous debate over the
years about whether populations are regulated
by internal, density-dependent mechanisms or
through external, density-independent factors
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such as ﬂuctuations in the environment. (The
current consensus is that it varies from species
to species.)
The slowing in rate of increase created a
problem for those charged with estimating total
population size. Two equally plausible biological mechanisms could explain the slowdown—
and they lead to very diﬀerent population sizes.
First, it could be caused by a decline in breeding
rates because females compete for food and so
may not be able to acquire the fat reserves required to maintain pregnancy. In this case pup
production could stabilise even though there is
a continuing increase in adult numbers (at least
at ﬁrst), as a smaller and smaller proportion of
females breed. Second, the slowdown could be
caused by a decline in survival, which would
lead directly to a decline in the rate of increase
of adult numbers. Biological theory predicts
that pup survival ought to be aﬀected before

adult survival. So two competing hypotheses
for the decline are density-dependent pup survival (DDS) and density-dependent fecundity
(DDF). Of course, a combination of both is
also possible.
Disentangling the two has proven to be
a diﬃcult statistical challenge and one that is
still not entirely resolved. The goal has been
to develop biologically realistic models for the
population dynamics of British grey seals, to ﬁt
these to the annual pup production data and
then to use statistical model selection techniques to determine which model ﬁts the data
best. An alternative to choosing a particular
model is to provide estimates of population
size that incorporate the uncertainty about
which model is correct (called “model averaging” in the statistical literature).
First we need the biological models of
population dynamics. Darwin’s ideas (and the
ideas of those after him) are clearly crucial in
developing these. An example model is shown
in Figure 4. Surprisingly, his ideas on the origin
of species are also useful in the second step of
ﬁtting these models to data. An ideal type of
model for this situation is a so-called state–
space model (Figure 5). State–space models
track the dynamics of two states through
time: in our case, ﬁrst, the true but unknown
number of seals of diﬀerent ages at diﬀerent
breeding colonies or regions through time and,
second, the observations made on these states.
The ﬁrst is the population dynamics model.
The model governing the link between states
and observations is called the observation
model—in our case we can assume a simple
link between observed pup production and
true pup numbers.
We need to include information on population parameters such as survival and breeding rates. Using Bayesian statistics is the most
convenient way to do this.
We start with a time-series of pup data:
how many pups there were, say, 5 years ago
and how many this year. From the ﬁrst ﬁgure
we make estimates of the initial (5 years back)
population numbers and structure—the so-

Figure 4. Pictorial representation of a population dynamics model, called a life cycle graph. Circles represent
states, i.e., numbers of seals of the specified age within a single region. Lines represent transitions between
states. Greek letters are population parameters: φp,t is pup survival, which in this model is density dependent
and so changes over time t, φa is adult female survival and α is the breeding rate. Only pups and adult females
are modelled and females are assumed to start breeding when they are age 6

For example, particles with low weights are
poorly adapted, and could be discarded (with
appropriate adjustment to the weights of remaining particles—an idea called “rejection
control”). Further, a “reproduction” step could
be introduced at each time step, where particles with relatively high weights get to produce
multiple oﬀspring particles, while those with
Figure 5. Representation of a state–space model. nt is the true, but unknown state (in our case the number
low weights do not reproduce (“resampling”—
of seals by age and region) at time t. yt is an observation on this state (in our case an estimate of pup again appropriate adjustments to the weights
production)
are required). The oﬀspring particles all have
the same parameter values as their parents,
called prior. We run those estimates through single particle is not enough to represent the so a better algorithm could introduce some
whichever model of population dynamics we full posterior distribution for all the variables diversity into the particle set by making small
are testing, to produce a prediction for the and states. We need a solution that retains mutations to the parameter values (“kernel
“future” (i.e. this year’s) population. Finally, we more particles in the region of the data. This is smoothing” is an example).
*see below
One trick is possible in particle ﬁltering
compare our prediction with the pup numbers where Darwin comes in.
In his seminal work, On the Origin of that cannot be replicated in Nature without
that we actually observe. Traditional ways of
doing this need simple linear models whose Species, Darwin hypothesised that random invoking ideas of intelligent design and divine
errors are Gaussian. Unfortunately, models of genetic mutation produced diversity among intervention. In cases where the whole time sedensity-dependent seal populations are neither individuals and that those with mutations ries of data is available in advance, it is possible
simple, linear nor Gaussian. Hence the need in favoured by environmental conditions would to look ahead during ﬁltering and pre-select
survive and reproduce better, leading to these particles that will become well adapted at fuour second step for the ideas of Darwin.
Modern methods for ﬁtting complex better-adapted genes spreading through the ture times (an idea called the “auxiliary particle
Bayesian models rely on computer simulation3. population. A line from the poem In Memo- ﬁlter”).
All of these ideas have been used by comWe have been using a method called a particle riam, by Tennyson, has been used by many
ﬁlter (also known as sequential importance to evoke the struggle for survival as showing puter programmers to design particle ﬁltering
sampling and sequential Monte Carlo). In a “Nature red in tooth and claw”. In a particle algorithms for ﬁtting models to data4. When
simple particle ﬁlter a large number of priors ﬁlter, the particles can be viewed as individu- the ﬁts are compared it turns out that the curare taken—diﬀerent estimates for the ﬁrst state als struggling for survival. Their underlying rent best model (see SCOS link at http://
of the population. Each prior is plugged into model parameters are their genes. By borrow- www.smru.st-andrews.ac.uk) is one
the model to simulate a forward projection of ing concepts from evolutionary theory, the ef- where pup survival is density dependent and
the population. (In the jargon, each simulation ﬁciency of the particle ﬁlter can be improved. females breed only in the region where they
is called a particle—hence the name.) Each
simulation is then weighted according to how
closely it matches the observations. At the end
we have a large number of simulated population projections, each weighted according to
how well it ﬁts the data. An estimate of ﬁnal
population size is the weighted mean of all of
these.
Although this simple particle ﬁlter is
very easy to programme on a computer (it just
requires writing routines to simulate from the
process model and calculate weights using the
observation model), it does not work well in
practice due to a phenomenon known as “particle depletion”. What happens is that as the
simulation progresses, most particles fail to
come at all close to the data and the weights of
these particles get smaller and smaller. Eventually they get so small that they cannot be
represented on a computer and they become
zero. Even if the weights are rescaled, for example so that they sum to 1, the variability
among particle weights increases as the time
series progresses. Eventually only one particle
remains with a non-zero weight. Clearly, a A grey seal. Credit: Dr Bernie McConnell, Sea Mammal Research Unit
* An error in this paragraph unfortunately passed un-noticed until too late. Darwin did
indeed hypothesize that random heritable mutation produced diversity among
individuals, but he did not know the mechanism by which heredity worked. I should
not have used the words "genetic" or "genes".
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halts the increase. Those new environments
will need new models or, more likely, adaptations to existing ones—adaptations small at
ﬁrst but continuing as our knowledge and the
pressures increase. Small variations are retained
if successful and discarded if not.
It is not only seal populations that evolve.
The statistical algorithms that model them
undergo Darwinian evolution as well.
References

Figure 6. Estimates of total population size from models that assume density-dependent survival (DDS, red) and
density-dependent fecundity (DDF, blue)

were born (Figure 3 shows the ﬁt of this model
to the data). Our Darwin-assisted computer
modelling, allied with statistical techniques,
has given us real information about the actual
biological mechanisms of seal populations.
Also, of course, they have told us about seal
numbers. The latest ﬁgures estimate total
population size before the 2008 breeding season to be around 120 000 animals, although
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when uncertainty about which model is correct is taken into account this value could
be anywhere between 90 000 and 240 000
(these ﬁgures are the 95% posterior credibility
bounds; see also Figure 6).
No-one knows what level the seal population will eventually stabilise at. Larger forces,
such as global warming or over-ﬁshing may
limit populations before density dependence
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