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ARTICLE INFO ABSTRACT

Keywords: In the UK the now widespread non-native grey squirrel produces problems for the forestry industry through
Contraception damage from bark stripping and threatens the survival of native species most notably the red squirrel which,
Cost

mainly as a result of resource competition and transmission of infection, has suffered dramatic declines.
Reducing grey squirrel numbers is essential to decrease this species’ ecological and environmental impact.

Using an individual-based model operating in a fine scaled landscape of well-mixed woodlands with reliable
seed production we develop novel effort-based mechanisms explicitly representing the probabilistic interaction
of individual squirrels with either traps or bait hoppers to capture the density-dependant efficiency of culling and
fertility control respectively. We also integrate a habitat-based resistance to inter-patch movement to describe
more realistically the source-sink dynamics in regional scale populations.

We use this new framework to compare the relative effort of population management at a landscape scale
using both culling and fertility control, alone and combined as part of an integrated, sequential, approach. We
also exploit our spatially-explicit framework to demonstrate how we might identify neighbourhoods within our
study area where management may be easier (quicker and cheaper) or more difficult (sub-populations resistant
to management), to enable the prediction of an optimal spatial and temporal deployment of management effort.

Our results agree with previous studies on the relative efficiency of culling in eradicating squirrels, as well as
on the substantial “costs” of this approach. Despite an assumption of lower deployment costs, our findings
suggest that, at least for the initial squirrel densities assumed, fertility control alone is unlikely to achieve rapid
enough reduction to prove a viable cost-effective alternative to completely replace culling. However, when
applied to the low density populations following short-term culling, eradication could be achieved within the
same timescales as continuous culling alone but with substantially lower costs.

Individual-based model
Invasive alien species
Population management

1. Introduction

In the UK non-native grey squirrels (S. carolinensis) occupy most of
mainland England and Wales and cause substantial economic and
environmental impacts. These include widespread damage to forestry
through bark stripping (Mayle and Broome, 2013; Nichols et al., 2016)
as well as potential predation on birds (Bonnington et al., 2014). At
more local scales, the species poses an ongoing threat to the native red
squirrel (Sciurus vulgaris), mainly through resource competition and
transmission of diseases, such as the Squirrelpox virus, leading to sub-
stantial population decline (Rushton et al., 2000; Gurnell et al., 2004).
Reducing the density of grey squirrels is key to mitigating their national
or regional scale impacts (Bertolino et al., 2014; Schuchert et al., 2014;
Goldstein et al., 2016). Concurrently, a reduction in local squirrel
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densities is a pre-requisite to managing the re-colonisation of red
squirrels across parts of their former range.

Although most previous modelling studies (e.g. Rushton et al., 2002)
have focused on grey squirrel management in support of red squirrel
conservation other aspects of population control merit attention. These
include the costs of achieving and maintaining low density populations
of grey squirrels at large scales (e.g. regions), to minimise the economic
or environmental burdens of this species. In addition, very few studies
have explored where, within extensive regions subject to integrated grey
squirrel management programmes, local eradication is quick to achieve
and cost-effective to maintain, and where resistance to the removal of
grey squirrels is likely to be greatest, justifying the deployment of
additional management tools or resource.

Culling, traditionally used to reduce grey squirrel numbers, using
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marksmen, kill trapping, or live-trap and despatch is generally recog-
nised as expensive and laborious and ill-suited to simultaneous
deployment across large geographical scales. For instance, the cost of
culling 6397 grey squirrels for 17 years in Anglesey, in addition to
removing approximately 3200 animals from the adjacent mainland
population and implementing habitat restoration and translocation of
red squirrels, was around £1 million (Derbridge et al., 2016). Poisoning
grey squirrels, using anticoagulants, once employed to protect tree
crops, is now illegal in the UK. Culling alone has failed in most areas to
bring grey squirrels under control and as a result, the UK harbours a
population of approximately 2.5 million (Croft et al., 2017; Mathews
et al., 2018) which continues to spread. In addition, public antipathy
towards lethal methods of squirrel control has increased demand for
alternative options, particularly in contexts such as urban areas where
lethal control may either be impractical, or opposed by local commu-
nities (Barr et al., 2002; Bremner and Park 2007;Dunn et al., 2018). For
example, in a recent survey on the UK public’s acceptability of several
population control methods for grey squirrels, Dunn et al. (2018) found
that traditional lethal methods were regarded by the public as least
acceptable, whilst contraception was the preferred method, supported
by 63% of the 3758 respondents.

Fertility control has the potential to reduce population size and the
rate of population recovery after culling (Shi et al., 2002; Massei and
Cowan 2014). Ideally, this method should be based on delivering oral
contraceptives in baits that are accessible to the target species only
(Fagerstone et al., 2010; Massei and Cowan 2014). Although oral con-
traceptives are not available for grey squirrels, work is in progress to
develop these drugs. In contexts where culling or delivery of injectable
contraceptives are not feasible or economically viable, the availability of
oral contraceptives would add considerably to the options available for
wildlife managers. This study is part of a larger 5-year project aimed at
developing and delivering oral contraceptives for grey squirrels (Massei
2018), both as a management tool in the absence of red squirrels, and
also where they are in sympatry with red squirrels. This programme
includes the development of new oral contraceptives delivered in baits,
and the refinement of existing species-specific bait delivery devices (e.g.
feed hoppers; Pepper and Stoker 1993).

Spatially-explicit population modelling offers a tool to test a variety
of management options (variations in method, timing and intensity of
deployment) and landscape scenarios (open/closed etc.) at scales
beyond those practical for empirical assessment. In this context, as long
as parameter estimates are well supported by experimental observation
such models are invaluable in assessing the potential effects of fertility
control on grey squirrel populations, alone or in conjunction with cull-
ing, and the effort and costs associated with regional population control
strategies. The effect of fertility control and culling on non-native
squirrel populations has been explored in previous studies (Rushton
et al., 2002; Krause et al., 2014; Goldstein et al., 2016), though often
methods are compared separately, or in simple combination rather than
sequentially. Furthermore, little attention has be paid to how the dis-
tribution of woodlands across extensive landscapes might affect man-
agement outcomes. The specific aim of the initial study we present here
was to apply a spatial population model to assess the relative effort
required to manage and eradicate grey squirrels through culling, fertility
control, or their integration, using a novel combination of modelling
tools supported by parameter estimates from recent fieldwork.

2. Methods
2.1. Model landscape

For this study we nominally based our model landscape on a 600 km>
region of north Cumbria which, through the analysis detailed in Ap-
pendix A, we identified to be relatively isolated with any immigration/
emigration likely to be slow and therefore could reasonably be consid-
ered as being closed. Within this study area we defined distinct habitat

Ecological Modelling 440 (2021) 109386

patches as contiguous blocks of woodland using a 25 m resolution land
cover map (LCM2007; Morton et al., 2011); each explicitly represented
by a fixed measure of its value to squirrels (carrying capacity), the area
of the patch and a list of individual squirrel inhabitants.

Population carrying capacity for each patch was assigned based on
the specific composition of deciduous and coniferous woodland,
computed by applying type-specific estimates from the literature
(Mathews et al., 2018) and our own field data (Appendix C). In a
comprehensive literature review Mathews et al. (2018) reported mean
densities of 1.9 (n = 21) and 0.31 (n = 38) squirrels/ha for deciduous
and coniferous woodlands respectively. Beatham et al. (see Appendix C)
recorded densities of 3.9 and 6.6 squirrels/ha estimated using
capture-mark-recapture (CMR) in two 8 ha blocks of mixed deciduous
woodland. Calculating the weighted mean of all estimates yielded a new
mean density of 2.2 squirrels/ha which we applied for our description of
mixed-deciduous woodland, the density applied to coniferous woodland
remained 0.31 squirrels/ha. The landscape matrix surrounding wood-
land patches provided no contribution to squirrel numbers. This
included urban areas where non-zero densities have been reported
(Mathews et al., 2018) but are strongly correlated to the availability of
greenspace (i.e. woodland) (Bonnington et al., 2014) which we suggest
is accurately encapsulated within our definition of woodland at a 25 m
resolution.

The reader should note that we do not consider inter-annual fluc-
tuations in squirrel population as a result of seed production. The fre-
quency and impact of masting on squirrel populations can vary greatly
across individual tree species (Slade et al., 2019). However, within the
broad classifications available for much of Britain (England) it is difficult
to accurately describe this variation as different compositions of trees
will inherently produce different patterns. Here, we consider tree species
within a class to be well-mixed (this is relatively typical of British
woodland, particularly broadleaf) such that the asynchrony in masting
maintains relatively stable food resource and therefore populations of
squirrels; see Appendix A for further justification of this modelling
choice.

To model squirrel movements, each patch also required information
about its local surroundings; specifically, a list of neighbouring patches
and corresponding likelihood of movement between them. Rushton
et al. (1997, 2002) defined this likelihood based on Euclidean distance
alone assuming that squirrels can disperse up to a fixed maximum dis-
tance. Recent novel approaches investigating dispersal pathways (Ste-
venson-Holt et al., 2014; Flaherty 2016a; Flaherty et al., 2016b) offer an
opportunity to incorporate considerations for how the composition of
the landscape matrix between patches may also influence connectivity,
refining definitions of dispersal. Following the process outlined by such
studies we fitted a species distribution model (SDM; e.g. Phillips and
Dudik, 2008) and applied the output to inform resistance scores for
various non-woodland land classes (expressed as the equivalent distance
that would be travelled in woodland per unit travelled in
non-woodland); see Appendix A for full details. We used the derived
resistance scores (Table 1) to calculate inter-patch cost-distances
reflecting the porosity of the landscape in relation to woodland. To ac-
count for the finite dispersal distance of squirrels we delineated surfaces
according to a maximum cost-distance threshold; this defined the local
neighbourhood for each patch. Other patches intersecting this neigh-
bourhood formed the list of neighbours for a patch. Corresponding
likelihoods of travel to these neighbours was computed as the relative
proportion of summed cost-distance across the neighbourhood that lay
within the footprint of a neighbouring patch.

2.2. Population model

2.2.1. Overview

To simulate grey squirrel populations we adapted the agent-based
modelling approach outlined by Rushton et al. (1997, 2002)
describing the life histories of individual squirrels, represented with an
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Table 1
Predicted habitat suitability and landscape resistance.

Class  Description Suitability =~ Resistance
Expert Estimated from
opinion suitability
1 Woodland (habitat) 0.72 0-5 1
2 Arable/Horticulture 0.22 20 13
3 Improved/Amenity 0.44 10 4
grassland
4 Semi-natural grassland 0.29 10-20 9
(inc. Fen, Marsh and (Swamp
Swamp) 100)
5 Mountain, Heath and 0.07 20 - 50 50
Bog
6 Water margin 0.44 4
7 Coastal 0.07 50 48
8 Urban 0.65 5 2

assigned gender (sex ratio assumed 50:50 at birth), an age and life stage
(juvenile, defined as <1 year or adult), the habitat patch where they live
and whether they have been subject to successful contraception. In-
dividuals were updated simultaneously on an annual time step by
applying algorithms (Fig. 1) to represent various ecological processes
(survival, reproduction, dispersal) and population management
methods (culling and fertility control) as described below.

2.2.2. Ecological processes

Individual survival was tested at each time step by comparing a value
selected from a random uniform distribution on the interval [0,1]
against a fixed threshold of success. Any individuals failing this test
(random numbers greater than the fixed threshold; see Parameterisation
for threshold value) were considered dead and removed. As offspring are
initially dependant on their mothers, we performed this test prior to any
relating to reproduction to account for the consequent loss of repro-
ductive effort for maternal fatalities realised throughout most of the
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year.

Only fertile adult females were considered to reproduce and to do so
required at least one fertile adult male to be present in the same patch.
Each candidate female could produce up to two litters per year with
fixed parameter values defining the probability of either zero, one or
two. For each litter produced, we chose a litter size at random from a
truncated Poisson distribution, limited between one and eight offspring
(Koprowski et al., 2016), with defined mean (Table 2).

As argued by Rushton et al. (1997, 2002) dispersal only occurred
when a patch was above carrying capacity forcing individuals to either
disperse or endure increased levels of mortality as a result of the lack of
resources. Juveniles were considered most likely to disperse and were
selected at random according to a sex-based bias (Goldstein et al., 2016).
If patch populations still exceeded the patch carrying capacity, adults
were randomly subjected to the same routine until the patch capacity
was realised. All of the dispersing squirrels from every patch were added
to a single list and shuffled to produce a random dispersal order. The
destination of each squirrel was selected at random from those available
(i.e. the list of neighbours for their current patch) according to a
weighted distribution based on connection strength such that dispersal
is most likely to close neighbours (Rushton et al., 2002). If a squirrel’s
destination patch was at or above its own carrying capacity dispersal
was considered unsuccessful and the animal was assumed to die.

Animals accumulated their chronological age with each time step,
and for grey squirrels in the UK juveniles could be assumed to have
reached reproductive maturity in the year following their birth. Squir-
rels exceeding a maximum age (Table 2) were removed from the
population.

2.2.3. Population management methods

We considered two management methods: removal using single-
capture live cage traps; and oral contraception using bait hoppers. Un-
like other models, we did not simulate control as a fixed proportionate
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Fig. 1. Model diagram. Conceptual illustration of the model framework detailing: (a) the overall algorithm; (b) the subroutine used to update patch populations.
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Table 2
Parameter values used in simulations.
Parameter Range Value  References
Adult survival probability 0.4 - 0.7 Rushton et al. (2002, 2006);

0.8 Goldstein et al. (2016)

Juvenile survival 0.2 - 0.4 Rushton et al. (2002, 2006);
probability 0.6 Goldstein et al. (2016)
Probability of adult female 0.5 - 0.9 Rushton et al. (2002, 2006)
reproducing 1.0
Probability of adult female 0.1- 0.4 Rushton et al. (2002, 2006);
producing second litter 0.67 Goldstein et al. (2016)
Litter size 2-8 3 Rushton et al. (2002, 2006);
Goldstein et al. (2016);
Koprowski et al. (2016)
Female to male dispersal 1:1.5 Goldstein et al. (2016)
ratio
Maximum lifespan (years) 9 Koprowski et al. (2016)
Average home range size 5 Koprowski et al. (2016)
(hectares)
Maximum dispersal 1-20 3 Lurz et al. (2001); Rushton

distance (km) et al. (2002); Stevenson-Holt

et al. (2014)

Trap encounter probability 0.05 Beatham et al. (Appendix C)

Hopper encounter 0.05 - 0.05 Beatham et al. (Appendix C)
probability 0.1

Hopper competition 0.775  Beatham et al. (Appendix C)

(probability of access at
one hopper per squirrel)

Control effort (traps or 05-4
hopper per day)

Mayle et al. (2007); Schuchert
et al. (2014); Gurnell & Pepper
(2016)

Control duration (total 36-45 45 Rushton et al. (2002); Mayle
trapping days per year not et al. (2007); Gurnell & Pepper
including baiting) (2016)

Probability of sterilisation 0-1

Probability of recovery from 1

fertility control (per year)

reduction in the population (Rushton et al., 2002; Goldstein et al., 2016)
but instead explicitly describe an effort-dependant mechanism, thereby
allowing a more responsive and accurate reflection of interaction rates
across changing densities or contrasting patches. For both culling and
fertility control we defined “efficacy” based on the probability of an
individual squirrel interacting with a particular device (trap or hopper)
on any given day (from here on referred to as “encounter probability™),
and “effort” by the density of devices and the duration of their deploy-
ment per year. Based on our empirical data (Appendix C) this probability
of interaction remained constant during removal despite less competi-
tion for resources suggesting that our necessary simplification regarding
seed production is unlikely to impact this aspect of the model.

To account for the use of single-capture traps we simulated in-
teractions with squirrels from the perspective of the trap so as to real-
istically represent reductions in availability as traps are filled before
being reset every day (Mayle et al., 2007). For each specified trap day,
we performed a stochastic test against the density-dependant probability
of a successful capture defined as 1-(1-e)°® where e, is the encounter
probability for a trap and s is the average number of squirrels within a
home range of the trap, i.e. the population which are likely to interact
with it, computed as the product of the average squirrel density within
the patch and the average area describing a squirrel home range. If
capture was successful then we selected a squirrel at random to remove
from the population.

Unlike traps, hoppers can be used by many squirrels. As such we
instead simulated interactions with hoppers, and by proxy consumption
of oral contraceptive, from the perspective of a squirrel. We performed a
stochastic test against a variable probability of success to determine if an
individual became infertile. The probability of successful contraception
was the product of several components. Firstly, the delivery effort i.e.
the number and period of hopper deployment (hopper days) which af-
fects the likelihood and speed, with which individuals fed from hoppers.
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This was reflected in a similar equation to trapping as 1-(1-ep)" where e,
is the encounter probability for a hopper and h is the number of hopper
days within an average squirrel home range (Table 2). Once squirrels
find hoppers, experimental evidence indicates frequent and repeated re-
use during a deployment (Appendix C) supporting the prospect of the
delivery of an effective dose of contraceptive across a single deployment.
Secondly, unlike trapping where population structures are perturbed by
removal, the use of hoppers is not considered to interfere with squirrel
social dynamics or competition for resources, which might result in
some subordinate individuals being denied access to hoppers. This type
of behaviour was observed by Beatham et al. (Appendix C) during field
trials using a rhodamine bait marker to track hopper use suggesting a
clear relationship between the maximum proportion of animals
frequently using hoppers and the ratio of squirrels per hopper. We
represented this by fitting an equation of the form (1-p)* where p is the
probability of a squirrel being denied access to all hoppers at a squirrel
to hopper ratio of 1:1, and s:h is ratio of squirrels to hoppers (density of
squirrels within a patch divided by the density of hoppers). Finally, we
considered scenarios where a putative contraceptive may not be
completely effective and included a component representing the prob-
ability of successful contraception given sufficient dose. Combining
these components the probability of infertility for each individual was
therefore calculated as S(l-p)szh(l-(l-eh)h). We make the conservative
assumption (based on the lack of experimental evidence) that squirrels
were only infertile for a year after treatment following which in-
dividuals, if not subsequently re-treated, were regarded as fertile and
allowed to reproduce.

2.3. Parameterisation

Parameter values were selected from published literature and from
previous modelling studies (Table 2). For simplicity and to mimic the
boundary conditions of the wider GB squirrel population we adopted a
maximum dispersal distance (Table 2) from within the range outlined by
Lurz et al. (2001) such that our chosen study area could be considered
closed. Realistically, we recognise it is unlikely that any populations
within the current GB distribution are absolutely closed and indeed
previous studies have suggested pathways through which the initial
invasion of our chosen region may have occurred (Stevenson-Holt
2012). We do not dispute the existence of such pathways but note that
the cost of movement along them is sufficiently high, and therefore
frequency of movement sufficiently low, that any leakages at the edges
of our study area are so small they can be ignored without detriment to
the experimental investigation.

Trap encounter probability, defined as the probability of an indi-
vidual squirrel interacting with a trap on any given day, was derived
from experimental data on the relationship between estimated popula-
tion size (CMR) and trapping success (average proportion filled per day)
collected by Beatham et al. (described in Appendix C). Since the prob-
ability of all squirrels failing to enter the trap is multiplicative we
determined the probability of an individual squirrel failing, or avoiding,
the trap as the probability of failure to the n™ root where n is the average
squirrel population in the close vicinity of traps (home range; Table 2).
This suggested a trapping probability for any given squirrel of 0.05.
Conservatively, we assumed the same probability for equivalent in-
teractions with hoppers although it should be noted that empirical work
using PIT-tags to monitor hopper visits by squirrels suggests this prob-
ability may be greater (Appendix C), most likely due to the continuous
accessibility of hoppers compared with single-capture traps which could
only be accessed by one individual per day. The relationship between
hopper use (proportion of squirrels testing positive for a rhodamine bait
marker) against the ratio of squirrels to hoppers (Appendix C) suggested
the proportion denied access to hoppers assuming a fixed ratio of one
hopper per squirrel was 0.225 (consequently the maximum proportion
able to access hoppers at this ratio was 0.775).
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2.4. Simulation experiments

Simulations consisted of two phases: an initial “warm-up”, followed
by a control phase in which various management strategies were
applied. In the warm-up phase patches were initialised with a number of
adult squirrels equal to their capacity, with their gender assigned at
random. The model was then run for 10 years allowing sufficient time
for the population demographic structure to stabilise. Specified man-
agement strategies were then applied and the population simulated for a
further 50 years. For each strategy, we performed 100 repetitions,
aggregating the results to produce comparative statistics reflecting the
speed of population decline and by extension relative cost of different
options. In this context “speed” of decline was primarily defined as the
time (years) to achieve eradication but it also described the rate of
population decline (percentage reduction in the first year of control). As
Rushton et al. (2002) suggested that the main cost of culling is due to the
requirement for staff to inspect each trap daily (this is not required
during pre-baiting and as such we only consider time spent active
trapping for relative comparison), we assumed the relative “cost”
(reflecting an investment of resource either monetary or volunteer time)
of fertility control to be a fifth of culling as hoppers might only need be
checked weekly to replenish the bait. We therefore estimate the “cost” of
fertility control, measured in cull years, to be 20% of respective times to
eradication, beyond which management would no longer be required.

Initially we explored culling alone to establish the level of effort,
expressed as density of traps deployed in each woodland, required to
eradicate grey squirrels from the study area. The range of trap densities
tested (specifically 0.125, 0.25, 0.5, 1, 2 and 4 traps/ha) was based on
that recommended by best practice guidelines (4 traps/ha) (Mayle et al.,
2007; Gurnell and Pepper 2016) and on the lower density of trap de-
ployments used for the eradication on Anglesey (Schuchert et al., 2014)
which employed an average of between 0.2 and 1 traps/ha, depending
on woodland type, across an area similar to North Cumbria. Our cal-
culations also assumed 4-5 days active trapping per month for each of
the 9 months between February and October (standard guidelines;
Gurnell and Pepper 2016) for a total of 45 days/year. Next, we explored
replacing culling with fertility control. For comparison of relative costs
as well as control efficacy (rate of decline) we assumed equal densities of
hoppers as traps deployed for the same period (45 days per year),
choosing to consider densities of 0.5/ha similar to that used at landscape
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scale in Anglesey. As no data are available on the effectiveness of oral
contraceptives, we tested a range of rates of induced infertility, i.e. 50%,
75%, 90% and 100%. Finally, we tested a sequential approach, culling
for one year followed by fertility control using the same fixed density of
traps and hoppers as employed for fertility control alone, again
considering a range of contraceptive efficacy.

3. Results

For culling (Fig. 2), trap densities greater or equal to 0.25 traps/ha
guaranteed eradication within 50 years (100% percentile across repe-
titions) with the median (50% percentile across repetitions) time taken
ranging from 12 years for 0.25 traps/ha to 8 years for 4 traps/ha
(Table 3). Initial rates of population reduction were rapid compared
with fertility control alone (Figs. 2 and 3), with mean percentage de-
creases after the first year of control between 50% for a trap density of
0.125 traps/ha to more than 98% for trap densities greater than 0.5
trap/ha (Fig. 2 and Table 3), assuming trapping was carried out for 5
day/month and 9 months/year, i.e. 45 days per year.

Conversely, employing fertility control alone assuming 0.5 hoppers/
ha (Fig. 3) failed to guarantee eradication within 50 years, even when
assuming an effective oral contraceptive (100% reduction of fertility).
This is not to say that eradication using fertility control never occurred,
but it was unlikely to be within 50 years, only occurred in a few simu-
lations (approx. 5%), and required the use of the most effective con-
traceptive (Table 3). Initial rates of population reduction were
substantially slower than for culling with percentage decreases after the
first year of control of 10%, 6%, 3% and 1% for contraceptive efficacies
of 100%, 90%, 75% and 50% respectively (Fig. 3 and Table 3).

Applying an initial year of culling prior to fertility control assuming
identical trap and hopper densities of 0.5 device/ha (Fig. 4) notably
increased the probability of eradication within 50 years with contra-
ceptive efficacies greater than 75% guaranteeing this outcome. For these
efficacies (90% and 100%) the median time eradication was 10 years
(Table 3); identical to the equivalent scenario using culling alone but
with greater reliability (maximum time to eradication for culling in any
simulation was 39 years whereas when replaced with fertility control
after one year it was 26 and 21 years assuming contraceptive efficacies
of 90% and 100% respectively).

The model identified neighbourhoods within the study area which

04 0.6 0.8 1.0
| |

Eradication probability

0.2

I T T I I T
0 10 20 30 40 50

Time (years)

Fig. 2. Eradication timings for culling. Effects of different levels of trapping effort (traps per hectare) on grey squirrel numbers from a starting population of 15,500
individuals at year 0. Trapping was applied for 45 days per year, assuming 5 days of active trapping per month from February to October.
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Table 3
Summary of model simulation results obtained by employing culling, fertility
control or both sequentially (one year culling followed by ongoing fertility
control).

Management scenario Mean population reduction in Time to eradication
year 1 (%) (yrs)

Median  Range

Culling

0.125 traps/ha 50.73 33 [19,>50]

0.25 traps/ha 87.73 12 [9,34]

0.5 traps/ha 98.53 10 [8,39]

1 trap/ha 99.65 9 [3,471

2 traps/ha 99.77 9 [3,38]

4 traps/ha 99.80 8 [2,32]

Fertility control (0.5 hoppers/ha)

50% contraceptive 1.46 >50 [>50,>50]
efficacy

75% contraceptive 3.26 >50 [>50,>50]
efficacy

90% contraceptive 6.22 >50 [>50,>50]
efficacy

100% contraceptive 10.31 >50 [49,>50]
efficacy

1 year culling followed by ongoing fertility control (0.5 devices/ha)

50% contraceptive 98.53 >50 [9,>50]
efficacy

75% contraceptive 11 [9,>50]
efficacy

90% contraceptive 10 [9,26]
efficacy

100% contraceptive 10 [9,21]
efficacy

are more or less susceptible to the effects of management. We illustrate
this using a simple and plausible fertility control only scenario (75%
effective) showing well described areas of local eradication often close
to similar areas still hosting populations resistant to management.
Eradicated areas feature sparse networks of well separated small
patches, whilst resistant areas feature well connected networks of larger
woodlands (Fig. 5b). Our model suggests this proximate co-existence is
not persistent (eradication of even resistant neighbourhoods is likely,
albeit slow) and is produced by the suppression of emigration from
neighbourhoods of large and productive patches. Our illustration was
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chosen to accentuate the differences between neighbouring patches but
does support two key observations. Similar spatial patterns in response
would be observed in the more rapid approaches, but for a number of the
scenarios, (e.g. culling only or mixed approaches) this pattern would
have only been observed following the initial year of operations, with
eradication likely to be subsequently imminent across most of the study
extent. Secondly, we note that whilst our plausible and moderate
fertility control scenario (Fig. 5b) produces a distinct heterogeneity in
management outcomes, multiple benefits accrue. After 20 years
considerable areas of the extent are free of grey squirrels, and the areas
where they appear resistant to management are spatially limited, and
host reduced populations, potentially below any broad threshold for
economic damage and reducing other harmful effects squirrels may have
on the environment.

4. Discussion

For the first time, we describe a model for simulating grey squirrel
populations incorporating effort-based management using probabilistic
interaction rates between individual animals and either traps or bait
hoppers. This study is informed by experimental data, to capture real-
istic spatial and temporal variations in the relative efficacy of each
control method (specifically, density-dependence). We compare
different options based on culling, fertility control and, uniquely, a
sequential integration of the two approaches considering short-term
culling followed by multi-year fertility control. Distinct from previous
studies, we explore how management activity might permit the main-
tenance of low densities of grey squirrels to mitigate their economic and
environmental impacts across extensive landscapes. We also illustrate
how co-ordinated management programmes can exploit the refined
description of grey squirrel movement used here to identify local
neighbourhoods within extensive landscapes for which differing com-
binations of population management methods might be deployed to
optimise the speed and cost-effectiveness of grey squirrel eradication.

Our results agree with previous work in suggesting that culling can
rapidly reduce squirrel numbers and that even a low density of traps
(0.125 traps/ha) reduces the population by 50% in the first year.
However, at least 0.25 traps/ha must be maintained for at least 45 days
per year to guarantee eradication in 50 years. With an average of 0.5
traps/ha, the simulated median eradication time was 10 years,

(=
- —— 50% contraceptive efficacy
— — 75% contraceptive efficacy
90% contraceptive efficacy
— - 100% contraceptive efficacy
@
& 4
z
o 9 |
8 ©
[
[=%
c
S
=}
©
) <
o o
©
w
N
o
4
a | .
(=]
I T T I I T
0 10 20 30 40 50
Time (years)

Fig. 3. Eradication timings for fertility control. Effects of fertility control on grey squirrel numbers, assuming various efficacies for the oral contraceptive (effort set at

0.5 hoppers per hectare for a total of 45 days per year).
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Fig. 4. Eradication timings for an integrated, sequential, management approach. Effects of fertility control following one year of culling on grey squirrel numbers,
assuming various efficacies for the oral contraceptive (effort set at 0.5 devices per hectare for a total of 45 days per year).
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Fig. 5. Spatial pattern of eradication. Plot (a) shows the proportion of patches in the model landscape from which squirrels had been eradicated over time for several
management strategies assuming a fixed device density (trap and hopper) of 0.5/ha. Map (b) shows the probability of eradication in patches after 20 years of fertility

control assuming a hopper density of 0.5/ha and a contraceptive efficacy of 75%.

comparable to that reported on Anglesey (Schuchert et al., 2014).
Comparing our results across all trapping densities indicates that at
higher trap densities there were only minimal improvements in both the
rate of population reduction in the first year and the eventual time to
eradication but that the likelihood of a faster eradication is generally
higher (shorter maximum time to eradication across all simulations;
100% percentile) offering greater certainty of achieving this outcome.
As expected, the model showed that fertility control alone is slower

than culling to reduce populations; even with a completely effective
contraceptive (100% reduction in fertility) only reducing populations by
around 10% in the first year. Eradication across the study area using this
method alone is unlikely to be considered more cost-effective than
culling assuming equivalent numbers of traps as hoppers but would be
achieved eventually, and would occur much sooner in landscape scale
neighbourhoods (Fig. 5). This indicates that fertility control alone would
not provide a practical solution to eradicate grey squirrels, but may
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prove invaluable at maintaining low densities, sufficient to mitigate
most economic and environmental problems grey squirrels produce.
However, we note that dependant on the formulation and mode of de-
livery, oral contraceptives may eventually become much more cost-
effective than assumed here. For instance, we have conservatively
assumed that induced infertility lasts only one year, inhibiting one or
possible two reproductive cycles in grey squirrels. In other squirrel
species treated with single-dose injectable contraceptive vaccines
infertility may last several years. In the closely related fox squirrel
(S. niger) such vaccines maintained infertility in 100% of treated animals
for at least 17 months, with results suggesting that infertility was likely
to persist much longer (Krause et al., 2014). In the California ground
squirrel (Spermaphilus beechevi) the proportion of lactating females were
reduced by 91% the first year and 96% in the second year (Nash et al.,
2004). This might encourage deployments of fertility control in alternate
years further reducing cost and effort. Further, extending the period
between hopper refills with bait, from our conservative assumption of 5
days is likely to produce substantial reductions in costs. Refilling in-
tervals are dependant on the nature of the bait formulation and hopper
size. Current experimental work uses a highly palatable paste bait
delivered in hoppers which requires refilling at 5 day intervals. Alter-
native formulations (e.g. a liquid), or intelligent delivery devices (e.g.
regulating access to bait) may permit the use of much larger hoppers and
extend servicing intervals.

Our modelling demonstrates that rapidly reducing squirrel densities
using one year of culling followed by ongoing fertility control could
achieve eradication in similar time to culling alone; even if the efficacy
of the oral contraceptive were only 75% this sequential approach rep-
resents the most cost-effective option. This approach has the added
benefit that for much of the period of management, before eradication is
achieved, squirrel densities will be low, potentially below any threshold
associated with damage to trees. In addition, whilst a combination of
culling and fertility control might still not be popular with stakeholders
that oppose culling, it might be preferable to culling as the sole method
for squirrel control.

It should be recognised that, within the scope of this comparative
study, we make several simplifying assumptions which may limit the
immediate application to inform real-world scenarios. Firstly, similar to
other modelling studies (e.g. Rushton et al., 2002, Jones et al., 2016), we
do not consider annual fluctuations in seed production which have been
shown to affect squirrel numbers (Gurnell 1996). We have outlined in
Appendix A the substantial uncertainties involved in representing local
seed production without a patch by patch description of tree species and
their abundance (i.e. composition of the patch). For the purposes of our
relative assessment this experimental choice does not affect our general
conclusion, that short-term culling to reduce squirrel densities followed
by fertility control provides a more cost effective strategy than culling
alone (see Appendix A), but does limit the model’s ability to accurately
predict absolute timescales and locations for removal given different
management strategies; for instance a good mast year may allow pre-
viously culled populations to bounce back sufficiently so as to require a
more adaptive management approach interspersing long-term fertility
control with additional periods of culling. This would need to be
addressed for the model to be used as a practical tool for woodland
managers. Secondly, we deliberately model a region in the landscape
which may reasonably be considered, at least relatively, closed (i.e. any
reinvasion is likely to be slow) containing a stable population of squir-
rels. Our conclusions are therefore limited to these conditions and may
not translate to situations with more open or unstable (invading) pop-
ulations. Finally, here we consider a “best” case scenario with ubiquitous
control across the landscape. In reality, even where management is
co-ordinated (Schuchert et al., 2014) landowner participation is more
variable. As with the other assumptions we make this scenario does not
affect the validity of our relative comparison but will clearly be a key
factor in the development of a practical management strategy. Future
work will focus on this aspect of the model to better inform decision
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making.

Even though our description of the value of patches (to squirrels) is
crude, producing little heterogeneity in value (carrying capacity), our
refined description of squirrel movement between patches allows our
spatially-explicit model to identify neighbourhoods across our extent
where management is easier (i.e. more rapid and cost effective) and
eradication more likely within a limited time-frame. This is driven by the
complexity of the inter-patch networks within these neighbourhoods in
our modelled landscape and the source-sink dynamic they produce. This
observation promotes two possible benefits. Firstly, red squirrels might
be reintroduced into woodlands emptied of grey squirrels much sooner
than the date of removal of the last grey squirrel anywhere in the study
area (our measure of eradication success), although the cost of checking
traps in areas where red squirrels occur will increase as these traps must
be checked at least twice per day. The model could be used to identify
the neighbourhoods of competitor-free space suitable for the re-
colonisation of red squirrels. Secondly, we note that Fig. 5 also iden-
tifies neighbourhoods across the study area where spatially differential
management strategies may produce even faster and more effective
outcomes. For example, had one year of culling been deployed only in
those neighbourhoods considered resistant to management, typically
large blocks of woodland able to support high densities of squirrels for
which culling would be essential, even moderately effective fertility
control programmes across the whole landscape may offer cost-effective
and rapid resolutions to the problems caused by the presence of grey
squirrels. Such programmes, tailored to the character of patches, or
patch neighbourhoods, suggest that regional scale grey squirrel man-
agement, principally to reduce their density and minimise their eco-
nomic and environmental impact, could be extended at a relatively
reasonable cost to support the targeted conservation of the red squirrel.
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