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Abstract

Invasive alien species pose a significant threat to biodiversity worldwide and many eradication programmes are
now underway in an effort to reduce the impact they may have on native species and ecosystems. The spatial
structure of such invasive species populations is likely to have important implications for designing effective
control strategies. Here, a simple source—sink population model is used to address the following question: if
a population of an invasive alien species is source—sink in nature, what is the best way of dividing limited
resources for its control? Results from this model indicate that allocation of resources solely to the source

population does not always result in the most effective control strategy. The most efficient control measure is
determined by the relative strengths (net gains and losses) of the source and sink populations and, crucially,
the nature of dispersal between them. We present a case study for the control of an invasive species illustrating

the use of these types of model.

INTRODUCTION

Spatial variability in habitat quality is characteristic of
natural ecological systems. This is reflected in the explo-
sion of recent work that seeks to increase our under-
standing of how spatial structure influences the dynamics
of populations and communities (e.g. Kareiva, 1990;
Hassell, Comins & May, 1994; Ruxton & Doebeli, 1996;
Thomas & Kunin, 1999; Harkonen & Harking, 2001;
Focardi et al., 2002; Mauritzen et al., 2002). Differences
in habitat quality may lead to inequality in the demo-
graphy of populations occupying these different habitats.
Categorising habitat into sources and sinks has become
one popular theoretical approach for incorporating spatial
environmental variability: habitats in which populations
exhibit net positive growth rates can be classified as
sources, whereas those in which populations incur net
negative growth can be classified as sinks. Sinks persist
only through the dispersal of individuals from source habi-
tats. Holt (1985) used a mathematical model to demon-
strate that dispersal from the source to the sink could
maintain a population within the sink and that the total
population in the source and sink could be greater than
could be maintained in the source alone. Pulliam (1988)
extended this work and found that: (1) sink habitats may
contain very large populations, in some cases larger than
the source that maintains them; (2) the realised niche of a
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species may be larger than the fundamental niche, which
is the opposite of what Hutchinson (1957) suggested
was likely; (3) in the most extreme case, the species
composition at a particular locality may be determined
more by the nature and proximity of neighbouring habitats
than by the environmental conditions of the location itself.

Implications of spatial structure for population
management

The spatial structure of a population can have important
implications for its management and this is now recog-
nised when considering conservation of rare or vulnerable
species (e.g. Tuck & Possingham, 1994; McCullough,
1996; Brawn, Robinson & Thompson, 2001; Dalle et al.,
2002; Schadt et al., 2002). Although demonstrating the
existence of source—sink populations in nature can be
problematic (Dias, 1996), source—sink models have been
applied to several conservation issues (e.g. Doak, 1995;
Donovan et al., 1995; Robinson et al., 1995; McCoy
et al., 1999) and to the investigation of optimal harvesting
in spatially-structured populations (Lundberg & Jonzen,
1999; Jonzen, Lundberg & Gardmark, 2001). In several
instances management recommendations have been based
on model outcomes (e.g. Wootton & Bell, 1992; Gaona,
Ferreras & Delibes, 1998; Donovan & Thompson, 2001).

Invasive alien species

The introduction of invasive alien species into novel
environments is one of the most important factors
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influencing dramatic population declines for many native
species (IUCN Council, 2000). In many situations the
optimal conservation action is to eradicate the species
through removal or culling programmes, but this strategy
can be very costly and may require long-term com-
mitment, particularly if a population has been allowed
to establish before action is taken (e.g. Courchamp,
Chapuis & Pascal, 2003). For established populations,
constructing population models of invasive species can
help assess the requirements of any successful eradication
strategy and highlight important areas of uncertainty in the
species’ ecology. Most species are spatially structured at
one or more spatial scales and this is also likely to be true
for invasive species populations, although few empirical
studies have demonstrated this. A source—sink framework
has been suggested for a number of invasive species and
pest populations including molluscs, insects and mammals
(Hudson & Cox, 1989; Horvath et al., 1996; Portillo
etal., 1998). For example, North American mink (Mustela
vison) have colonised much of the UK following escapes
and deliberate releases from fur farms established in the
1930s (Dunstone, 1993). Results from numerous studies
have indicated that spatial variability in habitat quality
exists for this species (Dunstone & Birks, 1983; Hudson &
Cox, 1989; Clode, Halliwell & Macdonald, 1995) and a
study conducted in the Scottish Hebrides suggested that
coastal populations may act as a source for lower quality
riverine and lochan populations (Hudson & Cox, 1989).
This potential spatial variation and the consequences
for the effectiveness of control strategies is now being
investigated by a trapping programme currently underway
in the Hebrides (Scottish Natural Heritage, 2000).

Modelling source—sink populations

For conservation purposes the aim of source—sink models
is to maximise the population size. Similarly, obtaining
an optimal harvest from such a population requires a
management strategy that allows individuals to be re-
moved, whilst maintaining the population. In this paper,
rapid and efficient population reduction is the objective —
resulting either in eradication of the target population or
reduction to very low density. It is obvious that if the
population really is structured as a source and a sink,
then by eliminating the source (and preventing its re-
establishment), the sink will eventually go extinct on its
own. However, it is not clear whether the most rapid and
efficient control is achieved through focussing entirely
on controlling the source. To provide a general answer
to these questions we investigate a simple source—sink
model that consists of one source population and one sink
population linked by dispersal. We search for efficient
control strategies for a range of different strength sources
and sinks and for different rates and forms of dispersal.

METHODS

We constructed a simple model that represented two
habitats, one a source and the other a sink, linked by
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dispersal. We allowed this spatially-structured population
to obtain equilibrium and then imposed a range of culling
strategies. In this paper, therefore, we are concerned
largely with established alien species, rather than those
undergoing rapid range expansion. We varied both the
total cull effort and the partitioning of the effort between
source and sink. We looked to find the culling strategy
that most rapidly reduced the total population to a target
density.

The population models

We assumed that when it is isolated from the sink,
the source population behaved according to the logistic
growth model:

St+1 =St+V'St'(1 —St/K)

where Sy is the population density of the source habitat
post-reproduction, S; is the population density of the
source pre-reproduction, » is the maximum per capita
growth rate in the source habitat and K is the equilibrium
density of the source population in the absence of dispersal
and with no culling. In the absence of immigration from
the source, the sink population declines at a constant rate
d, thus:

N =(1 +d)'Nt

where N is the population density of the sink habitat
post-reproduction and MV, represents the population density
of the sink pre-reproduction. For the model presented,
stable equilibrium dynamics were used with » varying
between 0.2 and 1.4, while K was set at 2000. We
deliberately limited our analyses to a range of  values that
produced stable equilibrium dynamics. Many vertebrate
species exhibit dynamics that are best characterised by
these low values of r. In isolated populations, higher
values of » produce cyclic or chaotic population dynamics.
Spatial population structure can dampen the dynamics of
populations with a high » value. However, the dynamics
become complicated and are beyond the scope of this
paper. Net reproductive deficit of the sink population (we
use the term ‘strength’ here), d, varied between — 0.5
(strong) and 0.0 (the latter representing the case where the
sink does not truly represent a sink but results in no net
loss or gain to the population).

Dispersal

In most of the simulations, we assumed that density-
independent dispersal occured between the two habitats:
the rate of movement from source to sink being p and
from sink to source ¢. Adults and juveniles were assumed
to disperse with equal likelihood. Here, we allowed both
w and ¢ dispersal to vary independently between 0 and 1
(0 representing no movement). Dispersal was assumed to
be free of costs.

Many organisms, however, exhibit density-dependent
dispersal and to assess how this may influence the choice
of control strategy we also ran simulations incorporating
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density-dependent dispersal from the source to the sink.
Density-dependent dispersal was modelled here using a
simple linear function, where the rate of dispersal from
source to sink is given by:

_o St —K)-w
w=n <
where 7 is the rate of dispersal when S;=K and w is
the strength of density dependence. To bound the rate of
dispersal between 0 and 1, when the above function gave
u <0.0, we set u =0 and, similarly, when the function
gave u > 1.0 we set u =1.0.

Culling

We assumed that the total effort available to culling
was given by H and that a proportion, y, of the total
effort was dedicated to reducing the source population.
Increasing cull effort resulted in the same increase in
the rate of reduction of the target population. The cull
reduced the source population at rate H - y. Similarly the
sink population was reduced at rate H - (1-y). For most of
the simulations in this paper y was kept constant through
time. However, it is possible that the most efficient culling
strategy is one where the proportion of the effort devoted to
the source varies over time. We investigated two possible
time-varying strategies. The first was very simple: every
generation the largest population was identified and all
of the available resources were put towards its control.
The second involved the use of a simple genetic algorithm
to search for the optimal time-varying culling strategy.
The genetic algorithm was implemented as follows: 20
random numbers between 0 and 1 were generated 100 000
times. Each set of 20 numbers represented y for the
20 years of control. The reduction in population density
that was obtained using the 100000 different sets of y
was calculated and the best performing set was selected
for further refinement. At random, one of the y values of
the best performing set was replaced by a random number
between 0 and 1. If the modified set of y improved control
it replaced the old set. This step was repeated 1000 000
times. To reduce the risk that local maxima were being
identified all of the above steps were repeated 10 times.
In most cases the 10 replicates converged to produce
identical or extremely similar sets of . We compared
the performance of these two time-varying strategies with
those where the partitioning of effort between source and
sink remained constant through time.

Ordering of events

We assumed that in one discrete generation, reproduction
occured at both sites simultaneously, followed rapidly
by dispersal. Culling was applied to the populations
post-dispersal. This led to the following functions that
calculated the size of the source and sink populations
pre-reproduction at time t+1 from the densities pre-
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reproduction at time t:
Source: Sy = {([S] + [~ St - (1 = S/K)]) - [1 — ]
t(I+d)-Ne-¢}-(1-H-y)
Sink: Newp = {([Se] +[r - S - (1 — S/K)]) -

t(1+d) - Ne-(1=9)} - [1-H-(1=-y)]

This ordering of events was chosen as it seemed likely to
best represent the behaviour of many species. However,
if the model was developed for a particular scenario its
formulation would have to depend on the species biology
and the specific culling strategy employed.

The simulations

Our main question was how should we distribute culling
effort between the source and the sink habitat for the most
efficient reduction of total population density? Obtaining
an analytical solution to this proved to be non-trivial as
the population is not at equilibrium. Therefore, we used
simulations here to explore the model’s behaviour.

For each set of parameters explored, a simulation was
started by introducing a small density of individuals
to both source and sink populations. We allowed the
population to reach equilibrium by running 500 iterations
(generations) of the model in the absence of a cull. Culling
was then applied and we recorded the time required for
the cull to have the desired effect. If the cull did not
achieve the target population density (in this case 5% of the
carrying capacity or 100 individuals) within 200 iterations
the simulation stopped. We found that in almost all cases
if control had not been obtained within 200 iterations then
it would never be obtained using that particular culling
strategy.

RESULTS
Basic properties of the model

Increasing the reproductive growth of the source (r)
from 0.2 to 1.4 results in an increase in the number of
generations required for eradication. Similarly, an increase
in the reproductive deficit rate of the sink (the strength
of the sink, d) results in a decrease in the number of
generations required for eradication. These results are true
regardless of the values of the other model parameters.

Influence of dispersal

Generally, as the proportion of the source population
dispersing to the sink (u) increases, the increase in the
sink population size (with accompanying decrease in
source population size) causes a decrease in the number of
generations required for eradication. The opposite is true
for dispersal from the sink to the source (¢): the greater
the dispersal from sink to source, the longer it takes to
achieve population control. A change in the rate of sink
to source dispersal generally has a far less dramatic effect
on the eradication times than does dispersal from source
to sink (e.g. Fig. 1).
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Fig. 1. The number of generations required to reach target population density (100 individuals) with varying culling levels (H) and a
variable proportion of the cull being concentrated in the source population (). Dispersal rates differ between figures: moving left to right
represents an increase in p (source to sink dispersal), while moving top to bottom represents an increase in ¢ (sink to source dispersal).
(a)—(c),» =0.1,and n =0.1, 0.4 and 0.8, respectively. (d) — (f),  =0.8 and u = 0.1, 0.4 and 0.8, respectively. Other parameter settings

are: r=0.8, d=—0.25.
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Fig. 2. The number of generations required to reach the target population density with changing cull levels (H) and proportion of cull in
the source population (y). Other parameter settings are » = 0.8, d = 0.0 and ¢ =0.1. The level of dispersal from the source to the sink (u)
differs between figures, with u increasing from 0.1 (a) to 0.4 (b) to 0.8 (c).

However, as the strength of the sink decreases (d in-
creases), the importance of sink to source dispersal (¢)
increases and when d is zero, eradication is only possible
if ¢ is low and resources are concentrated largely in the
sink.

Optimal culling strategies

The proportion of cull effort that should be concentrated in
the source population () varies depending on the strength
of the sink and the level of dispersal between the source

and sink populations. With a reasonably strong sink, it is
optimal to cull solely in the source population, but if the
sink is weak and the level of dispersal to the sink is high,
an optimal culling strategy would be to cull solely in the
sink.

An interesting situation arises where the sink is not, in
fact, a sink at all but has a net reproductive deficit of zero
(e.g. Fig. 2). If this is the case, the optimal strategy lies in
a division of resources between the source and the sink,
or if p is very high the cull should be concentrated solely
in the sink population (Fig. 2(c)).
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Sensitivity analysis

We have investigated whether the results are sensitive to
environmental variability. There are a number of ways
in which environmental variability can affect population
dynamics, acting perhaps to alter the equilibrium density
(K) from year to year, or to modify the average productiv-
ity of a female (r). Here, we assessed how temporal
variation in K affects the general results of the model
presented. Temporal variation has been incorporated
both as white (no temporal autocorrelation) and red
(with positive temporal autocorrelation) noise (see Travis,
2001 for details on methods; see also Ranta, Kaitala &
Lindstrom, 1997; Ripa, Lundberg & Kaitala, 1998 for
further discussion on spatial and temporal environmental
variability). We found that the results produced when
environmental variability is incorporated are qualitatively
similar to those when the environment is assumed to be
constant. The main difference is that with environmental
variability, the model becomes stochastic and in a set of
simulations all using identical parameter values, control
will be more effective in some simulations than in others.
Environmental variability thus increases the uncertainty
associated with a control programme. A particularly bad
year for the target species can greatly assist control (as
was the case for coypu eradication in the UK: e.g. see
Gosling & Baker, 1987), while a particularly good year can
set it back. With red noise this effect is heightened since
several bad (or good) years are likely to come together.

Dynamic management strategies

So far, we have only considered fixed management strat-
egies where y, the proportion of cull in the source popula-
tion, is constant through time. Now we will compare this
fixed strategy with two alternative management strategies:
the first of these concentrates all culling effort towards
the largest population each year, while the second uses a
simple genetic algorithm to search for the optimal time-
varying culling strategy (y can take any value between 0
and 1 each year).

For a range of different parameter combinations we
compared the population sizes following 20 years of
control by the different strategies (Fig. 3). In Fig. 3(a),
y has a large effect on the outcome of the fixed strategy
and the optimal y here is 1.0 (i.e. all culling in the
source). This results in a final population size of 188,
as do both the alternative management strategies (which
in both cases prescribe that all the effort should always
be devoted to the source). In Fig. 3(b), the optimal y
for the fixed strategy is 0.45, which gives a smaller final
population size (474) than the strategy targeting the largest
population (611), but is not as efficient as the time-varying
culling strategy, which results in a population size of 414.
Fig. 3(c) illustrates a scenario in which culling using
the fixed strategy should be largely directed towards the
sink (y = 0.36), but again this is not as efficient as using
the time-varying culling strategy. However, none of the
strategies here is particularly successful in achieving a
significant reduction in population density.
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Fig. 3. Predicted final population sizes for three different
management strategies (solid black line = fixed culling strategy
(constant y through time), broken black line = strategy targeting the
biggest population each year, dash—dot grey line = optimal time-
varying culling strategy identified by a genetic algorithm) under
three different scenarios (a), (b) and (c). Parameter values for each
scenario are: (a) H=0.2, r=0.2, d=—10.2, u = 0.05, ¢ =0.05;
(b) H=0.2, r=0.2, d=-0.05, ©=0.2, $=0.05; (c) H=0.2,
r—0.5,d=—0.05, £ =0.2, ¢ =0.05. Increasing y shown on the
x-axis is only applicable to the fixed culling strategy. The genetic
algorithm used for the optimal time-varying culling strategy was as
follows: (a) y = 1 every year; (b)0,0,1,0,1,1,0,1,0,1,0,1,0, 1,
0,1,1,0,0,0 (y =0 for the first 2 years and then again in years 4, 6,
8,10, 12 and for the last 3 years. In all other years y should equal 1);
(¢)0,0,0,0,0,0,1,0,1,1,0,1,0,1,1,0, 1, 1, 0, 0.

Density-dependent dispersal

Density-dependent dispersal tends to make effective
control more difficult (Fig. 4). For a given culling effort,
as the strength of the density dependence, w, increases, a
greater reduction in the sink population is obtained. This
is because as population size is reduced through culling, a
lower rate of dispersal occurs from the source to the sink
population. However, control of the source population is
far less effective (due to the lower rate of dispersal away
from the source) and, overall, the total population size is
reduced less for higher values of w. Importantly, we find
that if an organism exhibits density-dependent dispersal it
becomes more likely that culling exclusively in the source
habitat will be a more effective strategy. For higher values
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Fig. 4. Percentage reduction in population size after 20 generations
of a culling strategy with differing strengths of density-dependent
dispersal (w). Resources are divided equally between the source and
sink populations (y =0.5). Other parameter settings are: H=0.3,
r=0.6, d=—0.3, n (dispersal from source at K)=0.2, ¢ (sink
to source dispersal) =0.4. The dotted line represents percentage
reduction in the sink population; the dashed line represents
reductions in the source population; the solid line represents changes
in the source and sink populations combined.
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Fig. 5. Predicted sizes (source and sink combined) for populations
with a range of density-dependent dispersal values (w) under
different culling strategies (y). The different lines represent
differing degrees of density-dependent dispersal from the source to
the sink (long dashed line, w = zero, solid line, w = 0.2, short dashed
line, w = 1.0, dotted line, w =2.0). Simulations were run for 20
generations. See Methods section for description of incorporating
density-dependent dispersal into the population models. Other
parameter settings are: H=0.2, »=0.2, d=—0.05, n (dispersal
from source at K) =0.2.

of w, allocating more of the resources to the source is
likely to result in improved overall control (Fig. 5).

Case study: The European hedgehog in South Uist

An example of where consideration of spatial structure
may be useful is the proposed control programme
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for European hedgehogs (Erinaceous europaeus) in
the Scottish Western Isles (Scottish Natural Heritage
Scientific Advisory Committee 16/10/02, Perth, UK).
E. europaeus were introduced from mainland Britain to
South Uist, an island off the west coast of Scotland in the
mid 1970s (Angus, 1993). Studies have indicated that the
spread in the range and abundance of this species since
then is responsible for large declines in internationally
important breeding wader populations (Jackson & Green,
2000; Jackson, 2001). We present here some preliminary
modelling work using data collected from the hedgehog
population on the Uists (Jackson & Green, 2000; Jackson,
2001; D. B. Jackson, unpublished results). We use the
same model structure as that described above to consider
hedgehog populations in two habitats (machair and
blackland) linked by dispersal. The low, sandy coastal
plain known as machair lies along the west coast of
the Western Isles. The blackland habitat, which separates
machair from hill and moorland habitats, is formed from
the mixing of the calcium-rich sands with the acidic peat
of the moorland edge (Cummins et al., 2002). Research
has largely concentrated on hedgehogs in the machair
habitat since this is where some of the highest densities
of breeding waders can be found (e.g. Fuller et al., 1986).
Hedgehogs also, to some extent, inhabit moorland habitat
but little is known about their density other than it appears
to be much lower than in either the machair or blackland
habitats (Jackson & Green, 2000). The model presented
here is concerned only with these latter two habitat types.
Machair and blackland habitats differ substantially in the
resources they offer hedgehogs (food, shelter, etc.) and
hedgehog densities on blackland habitat are thought to
be approximately half of that on the machair (Jackson &
Green, 2000). However, there is no evidence to suggest
that hedgehog populations on the Uists have a source—sink
structure and in the model presented here the demographic
characteristics, fecundity and survival, in the two habitats
are the same.

Parameter values for the model were derived from
both published (Jackson & Green, 2000) and unpublished
(D. B. Jackson, unpublished results) data. It should be
noted that the values for mortality and fecundity are
from preliminary analyses and the full analyses will be
published elsewhere (D. B. Jackson, unpublished results).

The simulation model was run on a weekly time-
step during the period May—October when hedgehogs are
active (beginning of week 16 to the end of week 43). The
ordering of events is the same as that used for the source—
sink model (i.e. reproduction, dispersal and removal). The
weekly mortality value for adults was 0.0080 and for
juveniles it was 0.0256. In addition, subadults experienced
a density-dependent mortality during the first few weeks
following emergence from hibernation of 0.1*N/3000
(where N is the total population abundance, 3000 is
the assumed equilibrium population abundance of the
combined habitats and 0.1 is a realistic, but arbitrary,
value for this additional mortality when the population
is at equilibrium). Overwinter mortality was included in
the model at 35% of individuals entering hibernation.
Fecundity was estimated to be: 2.85 offspring per female
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Fig. 6. Hedgehog abundance before and after the start of removal
operations (starting in year 5) with levels of (density-independent)
dispersal between machair and blackland habitat set at (a) zero
and (b) 0.1. Output values are based on the removal of 10%
of the population for the first 8 weeks of the active season.
Starting values represent K for each habitat. In both figures,
abundance in the machair is represented by the solid line, in the
blackland by the broken line. Parameter values are as follows:
weekly mortality value for adults =0.0080; juveniles =0.0256;
subadult density-dependent mortality following emergence from
hibernation = 0.1*N/3000 (where N is total population abundance,
3000 is the assumed equilibrium population abundance of the
combined habitats and 0.1 is the value for this additional mortality
when the population is at equilibrium). Overwinter mortality = 35%
of individuals entering hibernation. Fecundity = 2.85 offspring per
female for 59% of adult females during week 24 (first birthing
period), = 2.85 offspring per female for 70% of adult females during
week 32 (second birthing period), = 2.85 offspring per female for
43% of subadult females during week 32.

for 59% of adult females during week 24 (first birthing
period), 2.85 offspring per female for 70% of adult
females during week 32 (second birthing period) and 2.85
offspring per female for 43% of subadult females during
week 32. Sample sizes on hedgehog movements on South
Uist from telemetry studies (D. B. Jackson, unpublished
results) were too small to allow us to estimate reliably
the probability of an animal moving from blackland to
machair or vice versa. We have, therefore, assumed that
the probability of movement between the two habitat
types is independent of density and we have explored the
implications of a range of dispersal rates.

The dispersal rate between habitats is crucial for
determining how successful the control strategy will
be if it is implemented only on the machair. Dispersal
between the two habitats means that removal of animals
on the machair may also result in reduced densities in
the blackland, albeit at a slower rate (Fig. 6). However,
the model also indicates that the percentage reduction in
population size in the machair decreases as the dispersal
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Fig. 7. Percentage reduction acheived in the machair (black

circles) and blackland (white circles) habitats with differing levels
of dispersal. Output values are based on the removal of 10%
of the population each week for the first 8 weeks of the active
season for 5 continuous years. Uncertainty in parameter estimates
and demographic stochasticity was incorporated by resampling
with replacement from the field data and by resampling from
the parameter estimates respectively. Parameter values are as
follows: weekly mortality value for adults =0.0080; juveniles =
0.0256; subadult density-dependent mortality following emergence
from hibernation =0.1*N/3000 (where N is the total population
abundance, 3000 is the assumed equilibrium population abundance
of the combined habitats and 0.1 is the value for this additional
mortality when the population is at equilibrium). Overwinter mor-
tality = 35% of individuals entering hibernation. Fecundity =2.85
offspring per female for 59% of adult females during week 24
(first birthing period), =2.85 offspring per female for 70% of
adult females during week 32 (second birthing period) and =2.85
offspring per female for 43% of subadult females during week 32.

rate increases, because the blackland provides a refuge
from the control operations (Fig. 7): even with dispersal
rates of as low as 10% per year, the reduction in hedgehog
abundance on the machair will be considerably lower than
if the machair was isolated.

DISCUSSION

Most populations are spatially structured at one or
more spatial scale. Considerable theory already exists on
the consequences of spatial processes for conservation
biology (see Hanski, 1999) and recent work has begun
to address the implications for sustainable harvesting
(Lundberg & Jonzen, 1999). Here, we have shown that
a consideration of the spatial structure of a population can
also have important implications for designing efficient
control strategies.

Control of populations with source—sink dynamics

During the planning of an eradication or control pro-
gramme and in the absence of any knowledge regarding
a population’s demographic parameters, concentrating on
the habitats containing the highest numbers of individuals
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might be considered a sensible strategy. Similarly, if
source—sink dynamics were suspected, the expectation
might be that the most efficient eradication would be
achieved by concentrating on the habitat thought to contain
the source population. However, for some species these
approaches may fail to provide the desired result (rapid
eradication or control). Without some knowledge of the
parameters governing a species’ demography, employing
what might seem to be an intuitively obvious strategy
may be inefficient or even result in unwanted effects.
The results from the model show that the outcome of a
particular control strategy is highly dependent upon the
populations’ demographic parameters and, in particular,
on the levels of dispersal between the source and the
sink (or between areas in which control is being carried
out and adjacent areas without control). Under certain
conditions the optimal strategy can be far removed from
what intuition would suggest it should be.

For a range of parameter values, the model indicated
that the optimal strategy for the reduction of the total
population is to concentrate all the available resources
on culling the source population. Source-targeted control
is likely to be more efficient if the sink is strong, if
dispersal rate from the source to the sink is very low,
or if dispersal is strongly density-dependent. For other
scenarios the situation is less straightforward.

Pulliam (1988) demonstrated that under certain con-
ditions a sink contains a greater number of individuals
than a source. This is likely to occur when source to sink
dispersal is relatively high, the sink is weak and the area
of sink habitat is large relative to that of the source. It
is under these conditions that our model exhibited the
most interesting properties. For some regions of parameter
space the model indicated that the most efficient static
control strategy is to target only the sink population
(see Fig. 2(c)). However, this result only occurs when
the rate of dispersal from source to sink is very high,
probably unrealistically so. For more realistic rates of
dispersal, quite often the optimal static strategy involves
partitioning some effort to both source and sink (e.g.
Figs. 3(b) & (c)). If sufficient information is available
for a population’s demographic parameters then it may
be possible to devise a dynamic strategy that is more
efficient than any static strategy. The optimal time-varying
strategies, as identified by the genetic algorithm, always
consisted of a sequence of 1s and 0s. This implies that
the best possible control is obtained by some particular
pattern that involves switching between putting all the
effort into the source and then into the sink and never
splitting it between the two. Clearly with the fixed strategy,
the value of y has a large effect on the final population
size. The optimal fixed strategy is generally equal to, or
slightly better than, targeting the largest population and
the optimal time-varying strategy is always equal to, or
superior to, either of the other two strategies. The simplest
dynamic strategy would be to target the largest population
each generation and when the largest population is also
the source population this is as efficient as the optimal
time-varying strategy. Unfortunately, this is not always a
reliable approach (Fig. 3(b)).
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Practical applications of these models

The model described in this paper deals with hypothetical
species on hypothetical habitat patches. As such, it
is useful for providing some general results. Any
particular control programme, however, would require
the development of a model specifically for the species
and habitat of concern. An important role for this type
of model will be to suggest not only the single most
rapid or efficient strategy, but also the safest strategy,
whereby uncertainty in parameter estimation is accounted
for. A further function will be to assist in identifying
those parameters that are most important in determining
the outcome. Resources can then be directed to working
towards a reduction in the uncertainty of those critical
parameters. We chose a target density of 100 individuals
that represented 5% of the carrying capacity of the
population. Although this is a fairly arbitrary value, once
numbers in a population become very low, the main
challenge to successful eradication will be in detection and
capture at low densities. There are also likely to be species-
specific Allee effects (e.g. Courchamp, Clutton-Brock &
Grenfell, 1999) that would make general predictions about
response to control at low population sizes unreliable.

The model presented here for hedgehogs indicates that
by concentrating control on areas of high conservation
value (i.e. those favoured by breeding waders), it may
be possible to reduce the impact of egg predation on
the waders but also to reduce densities in neighbouring
habitats, even with relatively low dispersal rates between
them. However, by adopting such a tactic the blackland
habitat essentially acts as a refuge from removal ope-
rations: because of this, as dispersal between the two
habitats increases, so does hedgehog abundance in the
machair. The importance of this refuge will depend to a
large extent on whether it represents a sink or a source
habitat for hedgehogs. If the management aim is control
rather than eradication then the existence of a refuge
may not be of such great importance. Since there is
insufficient information on dispersal between habitats or
of density dependence in the population, the current model
presented here cannot be used to derive predictions about
the required length of removal operations or what the most
effective control strategy may be.

Populations may frequently be suspected to fit the
source—sink framework. However, in many cases, know-
ledge of the critical demographic parameters is unlikely
to be sufficient to verify whether this really is the case.
Indeed, several authors (e.g. Watkinson & Sutherland,
1995; Kadmon & Tielborger, 1999) have commented
on the paucity of empirical demonstrations of source—
sink dynamics relative to the comparative abundance of
source—sink models. This is indicative of the difficulties
involved in obtaining reliable estimates of demographic
parameters for a population. It must also be recognised
that the demography of a population is likely to change
throughout the culling process and, as such, an adaptive
management approach should be adopted. The use of
adaptive management for addressing ecological questions
has long been considered a useful tool for managing
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natural resources (e.g. Walters & Hollings, 1990), but
is perhaps under used in the field of invasive species
control (Shea ef al., 2002). Adaptive management or
active adaptive management (Innes et al., 1999; Shea
et al., 2002) can provide a means of testing hypotheses
concerning the spatial distribution of populations (and
thereby informing on the most efficient strategy for
population reduction), whilst simultaneously alleviating
the negative impact that the introduced species may be
exerting.

Future directions

In this paper, we have presented the results from a very
simple model in which the population is structured as a
source and a sink. We assume that density-dependence acts
on the source population, but not on the sink. Under certain
conditions this assumption may be quite reasonable: a
small area of high quality habitat (the source) may be
surrounded by a very large area of poor quality habitat
(the sink). However, some of the results shown in this
paper, particularly those that indicate that the sink habitat
should be targeted with the most control, are likely to
be quite dependent on this assumption and so may not
be true for all source—sink populations. Future work
relaxing this assumption is needed. All the results shown in
this paper arise from populations with stable equilibrium
dynamics. The sensitivity analysis that we have carried
out indicates that the general predictions are likely
to be robust for populations exhibiting more complex
dynamical behaviours. It is only recently that people have
begun to consider the effect of environmental variability
on source sink systems (Gonzalez & Holt, 2002) and
work investigating potential interactions between different
dynamical behaviours and different forms of environ-
mental noise might be informative.

From a modelling point of view it is convenient to think
of habitat as distinct patches. Here we have assumed
just two patches. This type of approach could readily
be extended to incorporate a greater number of discrete
patches, perhaps using a lattice model framework (e.g.
Travis & Dytham, 1999, 2002). However, in most natural
systems the spatial configuration of a population will be
far more complex and the quality of the environment
will vary continuously through space (Thomas & Kunin,
1999). The further development of models that can
account for this type of spatial structure (see Pacala,
1987; Bolker, Pacala & Levin, 2000; Berec, 2002; Law,
Murrell & Dieckmann, 2003) is much needed, not only for
the control of source—sink populations, but for understand-
ing the dynamics of spatial populations in general.

In this paper, we limited ourselves to a consideration of
the dynamics of populations characterised by relatively
low intrinsic rates of growth (7). For many vertebrate
species the choice of low values of r» is appropriate,
however many other species will exhibit dynamics that
are better characterised by higher r values. Future work is
needed to establish how spatially structured populations
with high intrinsic growth rates should be optimally
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controlled. It is possible that in some cases the rapid
declines in population size that occur quite naturally with
high », might help efforts to reduce the abundance of
a population. However, the rapid growth rate of high-
r populations when density is low may render them
particularly difficult to eradicate.

A considerable literature addresses the conservation
of spatially-structured populations. In contrast, there is a
paucity of theory devoted to understanding how spatially-
structured populations can be efficiently controlled or
eradicated. The work presented here has clearly demon-
strated that the control of wild populations might be made
more efficient by a proper consideration of the spatial
structure of the population. Focussing on an idealised,
source—sink population, we show that the optimal control
strategy depends not only on the relative productivities
of the two environments, but on the degree of dispersal
between them. There is great scope for further work in
this area and the results from this type of study might
have a considerable impact on the way population control
measures are implemented in the future.
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