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A spatially explicit mathematical model was developed to assess the population viability of red
squirrels (Sciurus vulgaris) in designated forest strongholds in Scotland under the implementation
of two forest management policies: a specific Stronghold Management for red squirrel conservation
(SM) compared to the multi-purpose UK Forestry Standard (UKFS) for sustainable forest manage-
ment. The study showed that, in the presence of grey squirrels (Sciurus carolinensis), the SM
policy provides an advantage to red squirrels over grey squirrels when compared to the UKFS, and
its implementation supports red squirrel conservation efforts. When grey squirrels are not present,
there is no discernible benefit in the SM policy compared to the UKFS. The model results there-
fore indicate that species-specific forest management for red squirrel conservation in the absence of
sympatric grey squirrels would not be required. This would allow less prescriptive forest manage-
ment options that maintain viable red squirrel populations to be explored. The study also identified
forest regions that, due to their composition, are capable of sustaining a viable red squirrel pop-
ulation, in the presence of grey squirrels, without the application of specific forest management
policy. They can be considered ‘natural strongholds’. Selecting such natural strongholds may af-
ford more flexibility to conserve red squirrel populations whilst simultaneously delivering other
multi-species conservation and forest management objectives. We review our findings in terms of
criteria that were used in the original stronghold designation in Scotland and discuss how our work
can be used to inform a forthcoming review of stronghold management policy by Scottish Forestry.
Furthermore, the findings can inform red squirrel conservation strategies in other regions and the
modelling techniques can be adapted to a wide range of conservation settings.
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Introduction

Multi-objective forests are managed to meet a range of aims in addi-
tion to wood production. These include the long-term sustainability of
the forest as well as the maintenance of species diversity (Dieler et al.,
2017; Chaudhary et al., 2016). For this to be successful it will require
the integration of wildlife conservation policy with other objectives of
forest management (Reid, 2018; Bengtsson et al., 2000). Changes to
forest composition once set in motion, can take decades to be com-
pleted. It is therefore critical to assess the potential impacts of forest
compositional management plans on species viability prior to large-
scale implementation.

Mathematical models can be used to explore the suitability of po-
tential habitat-management strategies. Model results can help inform
policies that combine commercial and conservation interests. Mod-
els can combine accurate habitat information, such as satellite-derived
land-cover information and data on a species’ ecology obtained from
field studies, with dynamic modelling approaches to predict popula-
tion change over time. They have successfully been used to assess the
impact of habitat change in species conservation and applications con-
sist of different modelling frameworks that cover a range of organisms
and purposes. For example, Watkins et al. (2015) used an agent-based
model to explore the interaction of jaguar (Panthera onca) and their
landscape, Heikkinen et al. (2015) used a spatially-explicit population
dynamics model to simulate the potential success of the translocation
of specialist grassland butterfly (Maniola jurtina) and Broome et al.
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(2014) combined a statistical linear mixed effects model with forest
yield models to evaluate the effect of forest thinning on capercaillie
(Tetrao urogallus).

A group of species suited for mathematical modelling approaches
are tree squirrels such as the Eurasian red squirrel (Sciurus vulgaris),
since its forest habitat can easily be mapped and its ecology is well un-
derstood (Bertolino et al., 2020). Red Squirrels are under threat in the
United Kingdom, Ireland and northern Italy and recent estimates for
the UK (Mathews et al., 2018) indicate that just over 80% of the re-
maining populations are now thought to live exclusively in Scotland.
The rest survive in isolated forests or offshore islands in England and
Wales (Mathews et al., 2018). The decline of red squirrel populations
has arisen due to the spread and competition with the North American
grey squirrel. In the British Isles the grey squirrel was introduced in
the 19™ century and translocated from Britain to Ireland (Middleton,
1930); whereas the Italian populations stem from separate 20" cen-
tury introductions (e.g. see overview by Martinoli et al., 2010). The
competitive interactions between the two species can lead to stress in
red squirrels, reduced body size and fecundity, as well as measurable
reductions in local juvenile recruitment rates (Santicchia et al., 2018;
Bertolino et al., 2014; Gurnell et al., 2004; Wauters et al., 2002).

In the UK, survival of red squirrel populations in the presence of
grey squirrels has been longest in large, conifer-dominated forests and
decline and their disappearance fastest in deciduous woodlands (e.g.
Bosch and Lurz, 2012; Bryce et al., 2002). In their native range, grey
squirrels inhabit the deciduous woodlands of eastern North America
with highest densities in forests containing oak, hickory and walnut
(Koprowsky, 1994). This specialisation on deciduous habitats and their
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types of tree seeds is thought to be key in the ability of grey squirrels
to cope with phytotoxic polyphenols in acorns. While red squirrels do
feed on acorns, their digestive efficiency of acorns is only 59% com-
pared to grey squirrels, giving the latter a food refuge and coupled with
their high densities a decisive, competitive advantage in deciduous-
dominated forest landscapes (Kenward and Holm, 1993).

But that is not the whole story. In contrast with Italy, the popula-
tions in the British Isles have also had to contend with the squirrelpox
virus (SQPV). The virus is endemic but harmless in greys, yet lethal
to red squirrels with observed mortality rates of >80% (Chantrey et al.,
2014). This has resulted in disease-mediated competition between red
and grey squirrels that significantly increases the speed of replacement
of red by grey squirrels (Rushton et al., 2006; Tompkins et al., 2003).

Current UK efforts to aid the conservation of the red squirrel there-
fore encompass the different aspects of the competitive interactions.
They include (i) targeted grey squirrel control (Gill, 2019) to reduce
disease transmission and regional spread (e.g. see Highland Bound-
ary Line, Saving Scotland’s Red Squirrels, 2010), (ii) research on the
development of contraceptives that would be applied to grey squirrels
(e.g. Nichols and Gill, 2016; Yoder et al., 2011), as well as (iii) the des-
ignation and management of “stronghold” forests (see Figure S1) that
are intended to provide refuge for red squirrels against the incursion
of, and competition by grey squirrels (Forestry Commission Scotland,
2012).

The use of mathematical models to help inform conservation efforts
for red squirrels has evolved and developed over time. The early model
frameworks considered competitive interactions between red and grey
squirrels (Okubo et al., 1989), but the model results could not match
the rate of replacement of red squirrels observed in England and Wales.
Rushton et al. (2000) and Tompkins et al. (2003) adapted the compe-
tition models to additionally focus on the role of squirrelpox (SQPV).
Their model results highlighted the critical role of disease in the re-
placement of red squirrels, an aspect that up to then had been under-
estimated in its impact and scale (Rushton et al., 2006). The model
frameworks were further developed to help inform evolving conserva-
tion priorities. White et al. (2016) showed that applied grey squirrel
control methods in the Borders region of England and Scotland were
insufficient to prevent the northward spread of squirrelpox due to mul-
tiple and complex dispersal routes for disease spread and insufficient
available resources for disease management. This led to a shift in Scot-
tish conservation policy from disease control at the landscape level in
southern Scotland to protecting priority red squirrel populations in the
region (Anonymous, 2015). Jones et al. (2017) used a 16-year field
data set on grey squirrel control to parameterise and validate a model
framework that was used to inform the best strategy to protect red squir-
rels on the Island of Anglesey from grey squirrel re-invasion. Jones et
al. (2016) used a model of red squirrel dynamics to assess differing
forest design plan scenarios at the local forest scale to ensure contin-
ued red squirrel population viability in the Kidland-Uswayford Forest
System, Northern England. Following the research, a renewed mon-
itoring programme based on feeding signs was set up in the forest in
2017 and red squirrel presence is monitored annually (Lurz and Gough,
2018). These studies highlight how mathematical modelling has had
an impact on a range of red squirrel conservation initiatives. Our paper
extends these previous model frameworks in order to inform national
forest management policy options for red squirrel conservation areas
(termed strongholds) in Scotland. We assess the potential impacts of
two different forest management policies, namely, the stronghold man-
agement policy and the UK Forestry Standard policy, on red squirrel
population viability both in the presence and the absence of grey squir-
rels.

The stronghold forest management policy (SM) provides species
specific recommendations on forest management for red squirrels
(Forestry Commission Scotland, 2012)). Based on research findings
with respect to red-grey squirrel interactions, it makes recommenda-
tions on tree species composition and age structure to prevent or reduce
grey squirrel competition. In contrast, the UK Forestry Standard policy
(Forestry Commission, 2017a) has wider economic, environmental and
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social objectives. It provides recommendations for tree species compo-
sition and age structure to preserve and enhance biodiversity and sets
guidelines for sustainable forest management.

In collaboration with Forestry and Land Scotland, the government
agency managing national forests, our principal aim was to assess
red squirrel population viability, here defined as 125 individuals in a
connected forest (Scottish Natural Heritage, pers. comm.), in desig-
nated strongholds under the SM policy (Forestry Commission Scot-
land, 2012) compared to the UK Forestry Standard. A further aim was
to outline general guidance on what determines a suitable stronghold
(protected area) for red squirrels. Forestry and Land Scotland (who
advise on national policy for forest management) are about to embark
on a review of red squirrel strongholds and the presented findings are
intended to underpin this review. The methods and findings presented
here are not specific to the Scottish system. They compare two different
forest management policies that stipulate general rules for tree species
composition which we apply to our mathematical model. Hence, they
can be used to inform red squirrel conservation strategies for other re-
gions where red squirrel are under threat. Hence, this paper provides
an important case study of how mathematical models can assist forest-
management practice and future planning to help protect endangered
species, with the techniques being adaptable to a wide range of conser-
vation settings.

Materials and methods

In this study we will use mathematical modelling to assess the vi-
ability of red squirrels under two forest management policies: UK
Forestry Standard policy (UKFS) (Forestry Commission, 2017a) and
Stronghold Management policy (SM) (Forestry Commission Scotland,
2012).

UK Forestry Standard

The UK Forestry Standard (Forestry Commission, 2017a), the UK stan-
dard guidance on sustainable forest management, stipulates that there
should be a maximum of 75% of a single tree species present in a forest,
there should be a minimum of 10% of other tree species along with a
minimum 5% broadleaved trees and shrub. The remaining land should
constitute either open ground or ground managed for conservation and
enhancement of biodiversity. Alongside this, diversification should be
pursued if possible. Note that the UKFS is defined as sustainable for-
est management in the Forestry and Land Management (Scotland) Act
2018.

Stronghold Management Policy

When the stronghold policy was developed it was assumed that grey
squirrel expansion would continue into northern Scotland and eventu-
ally threaten the existence of red squirrels in Scotland. Consequently,
19 stronghold areas were proposed, based on the work by Poulsom
(2005) and other stakeholders, with the intention of creating red squir-
rel safe havens in order to safeguard the population against incursion
by grey squirrels. The main recommendations were that potential
stronghold areas should be large (>20 km?), defendable, not under im-
mediate threat from grey squirrels, geographically representative of the
then red squirrel distribution, and that the area of semi-natural or an-
cient woodland within the stronghold and in the area around it should be
compatible with red squirrel management objectives (e.g. see Forestry
Commission Scotland, 2012).

The Scottish Stronghold Management policy (Forestry Commission
Scotland, 2012)) outlines forest management guidelines and stipulates
that (if necessary) the forest composition inside strongholds should be
altered incrementally over a period of roughly 30 years. It suggests
that (i) a maximum of 5% of tree density is comprised of large-seeded
broadleaved trees (discouraged trees, Tab. 1), and (ii) that the trees
that are removed during normal forest operations should be replaced
by coniferous trees (favoured trees, Tab. 1) that ideally provide a habi-
tat advantage to red squirrels.
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Whilst coniferous tree species support lower densities of both squir-
rel species, they can provide a competitive advantage to red squirrels
due to low grey densities. Large-seeded broadleaved trees do provide
a plentiful food supply that can maintain higher population densities of
both squirrel species compared to coniferous trees, but they give a se-
lective advantage to grey squirrels (Kenward and Holm, 1993; Wauters
et al., 2002).

Seed mast intervals with good and bad seed years differ between
conifer species, thus conifer species diversity reduces the likelihood
of cone crop failures. The SM policy therefore also encourages the di-
versification of coniferous tree species to ensure a dependable tree seed
supply, with no single non-native species constituting more than 80%
of the forest. Local, native deciduous woodland should be diversified
using native small-seeded tree species that do not provide grey squirrels
with a competitive advantage over red squirrels. Forestry management
should also aim to create an age structure that has ideally less than one
third of trees be classed as young (not of seed bearing age) and the
other two-thirds or more consisting of thicket and mature trees, as this
would ensure that there is always some forest habitat that can support
red squirrels since, on average, it takes more than 25 years for trees to
regularly seed (Hibberd, 1991).

In this study, we do not consider the impact of SM policy on wider
forest biodiversity, though we accept that the SM policy will have a
negative impact that would need to be assessed if the SM policy were
to be taken forward and implemented across Scotland. The results pre-
sented therefore provide a comparative assessment of the two manage-
ment policies and allow us to test scenarios that would not be possi-
ble in field studies (such as the impact of introducing grey squirrels
where they are currently absent). This study also does not consider the
impact of climate change on forest composition. Climate driven com-
positional changes could distort the impact of the forest management
policy which would render any comparison unreliable. Hence, the re-
sults should not be viewed as predictive with regards to exact squirrel
densities and competitive outcomes in a specific location (which would
require detailed information on the forest management techniques such
the silviculture system or felling practice).

Study Area

Strongholds are defined by Scottish Forestry as “large areas of conif-
erous and mixed forest identified as having the potential to sustain
resilient and healthy populations of red squirrels ... over the long-
term” (Forestry Commission Scotland, 2012). There are currently 19
stronghold regions throughout Scotland (Figure S1).

We consider three strongholds in this study (results for a further
three are presented in the supplementary information), one in north-east
Scotland, one in north-west Scotland and one in south Scotland. These
strongholds are chosen as they encompass the different geographic re-
gions, habitat structure and threats from grey squirrel invasion found in
Scotland. Habitat in the west of Scotland is predominantly comprised
of Sitka Spruce, whereas eastern habitats tend to be drier and more pre-
dominated by pine trees. The north of Scotland is currently free of grey
squirrels whilst the south of Scotland has had a resident grey squirrel
population for several decades.

The Eastern Stronghold is approximately 89 km?, is located on the
Balmoral Estate in the Cairngorms National Park and is mainly threat-
ened by grey squirrels migrating west from Aberdeen. The Western
Stronghold encompasses approximately 63 km?in the FLS West Re-
gion to the east of Fort William on the western coast of Scotland. Nei-
ther of these strongholds currently have resident grey squirrels. Habi-
tat in the south of Scotland (south of the Central Belt of Edinburgh and
Glasgow) does have grey squirrels present. The Southern Stronghold
encompasses approximately 180 km?2of the western section of the Es-
kdalemuir forest, which is located in south east Dumfries and Galloway.
All three strongholds are predominated by conifers, primarily Sitka
spruce in the west along with Scots pine, Larch, Lodgepole pine and
Norway spruce but also contain broadleaved trees at levels that exceed
those recommended under the current Stronghold Management policy.
All three stronghold have a resident red squirrel population. Note, the

strongholds considered in this study all comply with UKFS but do not
comply with SM policy.

Determining Habitat Composition

The mathematical model uses forest habitat information obtained from
the National Forest Estate 2017 (available at: https://data-forestry.
opendata.arcgis.com/datasets/) and National Forest Inventory 2016
(available at: https://data.gov.uk/dataset/) land cover data sets and is
supplemented by the Scottish National Heritage (available at: https:
/lwww.nature.scot/) dataset which contains information on the urban
landscape of Scotland. The data was used to create a map consisting
of a 1 km?resolution grid with each grid square containing the propor-
tion of land covered by each tree species as well as the proportion of
urban environment. The age structure of a forest cannot be accurately
included in a 1 km? scale model. Instead, it is assumed that a propor-
tion of each tree species is not mature and so does not provide resources
for squirrels (given by the age of maturity divided by the expected life-
time of the species, Tab. 1). The proportion of each tree species in a
given grid square can be altered incrementally to simulate the felling
and replanting needed to allow the region to comply with SM policy. In
this case study we impose the condition that all transitions to SM for-
est management occur incrementally over 30 years. In particular, the
proportion of each tree species that needs to be replaced in order for a
stronghold to comply with SM policy is calculated and 1/30" of this
amount is removed every year.

The removed trees are replaced by favoured coniferous tree species,
with the specific species of conifer being chosen to increase tree diver-
sity in the stronghold. Trees that are replanted do not provide a resource
for squirrels until they have matured (Tab. 1).

Determining the Carrying Capacity for Red and Grey
Squirrels

The link between squirrel density, habitat and tree seed crops is well ev-
idenced (e.g. Lurz et al., 2000; Gurnell, 1987, 1983 See also Table S1).
Thus, the gridded habitat data is combined with estimates of squirrel
density in different habitat types. This produces a red and grey squirrel
carrying capacity value for each 1 km grid square. These values signify
the potential population density that the landscape can support. In the
model the carrying capacity is not fixed but instead fluctuates due to
forest compositional changes and seed crop dynamics which assumes
that tree species undergo a mast year with a defined period, producing
higher yield of seed crops that can support increased squirrel densi-
ties (Tab. 1) (Bosch and Lurz, 2012; Gurnell, 1987). These mast years
are largely cyclical and occur simultaneously for the majority of trees
within a single species that are present in a local, connected forest. Dur-
ing the non-mast years, the trees can either undergo ‘intermediate’ or
‘poor’ years in terms of cone or seed production which have been aver-
aged in this modelling framework to produce a single non-mast value
for each species. Each tree species undergoes a period of non-mast
and mast years at regular intervals (with the period defined in Tab. 1).
The starting point for this period was chosen at random for each tree
species at the beginning of the simulation. Carrying capacity values
for each tree species were updated every year, using the relevant values
in Tab. 1, to account for tree felling, replanting and maturity changes as
well as seed crop dynamics, which allowed the forests carrying capacity
dynamics to be incorporated into the model. The seed crop dynamics
lead to large temporal changes in carrying capacity (see Fig. 2).

Mathematical Model

The mathematical model used here is based on previous models of the
UK squirrel system in realistic landscapes which have adapted classi-
cal deterministic approaches (Tompkins et al., 2003) to develop a spa-
tial, stochastic model (Jones et al., 2016; White et al., 2016, 2014).
The deterministic approach underpinning the model (see equations 1
and 2) allows the key population processes to be defined and under-
stood. However, deterministic models do not include the randomness
and variability that is exhibited by real systems. We develop a stochas-
tic version of the deterministic model, in which the probability of birth,
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death, infection, recovery and dispersal of individuals is used to deter-
mine the population dynamics. Hence, the stochastic model includes
the variability seen in real systems and provides essential realism when
squirrel numbers become low which gives a better representation of
population extinction and the fade-out of infection. The underlying de-
terministic system, which assumes the existence of a shared disease,
represents the dynamics of red squirrels who are susceptible (Sg) to
the disease and those that are already infected (Ig) by the disease. The
model also includes susceptible (Sg) and infected (/) grey squirrels as
well as grey squirrels that have recovered (Rg) from the disease. The
model we use is:

ds,
Tf =Ag(t) —bSc — BSc (Ir +15)
dl,
7? = BSg (Ir +1g) — blg — Yl
dR
—~ =yl — bR 1
o Ve G ey
ds,
Tf:AR(t)_bSR_ﬁSR(IR+IG)
dl
d—f = BSg (Ir + 1) — blg — alg
where
— H, Hg))H, < .
Ao(t) = (ag —qc(Hg +crHr))Hg 0<1<0.5 2

0 05<t<1

Here, A(¢) represents the periodic birth rate of grey squirrels which
assumes births occur for only half of the year (between March and

September each year, representing observed peak litter periods and pe-
riods with no breeding activity). The term for Ag(f) is equivalent to
Ag(t) with the subscripts for R and G interchanged. Note, Hg =Sk +
Igand Hg =S + I + Rg represent the total populations for red and
grey squirrels respectively. The natural rate of adult mortality 5 =0.9
(Barkalow et al., 1970) is the same for both red and grey squirrels but
the rates of maximum reproduction differ with red squirrel birth rate
agr =3 and grey squirrel birth rate ag = 3.4 (Tompkins et al., 2003).
The competitive effect of grey squirrels on red squirrels is denoted
by ¢ =1.65, whilst that of red squirrels on grey squirrels is denoted
by cg=0.61 (Bryce et al., 2002). Squirrelpox virus is transmitted
(both within and between each squirrel species) with coefficient § =1.1
(White and Lurz, 2018). Infected red squirrels die due to the disease
at rate @ =26 and infected greys recover at rate ¥ =13 (Tompkins et al.,
2003). The susceptibilities to crowding (gg, g¢) are set to ensure the
average density over one year is equal to the carrying capacity in each
grid square for that year, with the carrying capacity being taken from
the values derived in the section above. All parameter values assume
an annual timescale. We provide a description of the model in terms
of birth, death, infection, recovery and dispersal rates in the supple-
mentary information (see Table S2). To generate the stochastic model
(Tab. 2), the rates in the deterministic model are converted into prob-
abilities of events that account for changes in individual patch level
abundance (Renshaw, 1993).

Model Initialisation

The model was initialled with observed data for the presence of red
and grey squirrels between 2014-2017 (using the National Biodiversity
Network’s (NBN) Gateway (http://data.nbn.org.uk), see Figure S2. In
regions where only one squirrel species was observed the model was
initialised at the respective carrying capacity for that grid-square, based

Table 1-Red and grey squirrel carrying capacity (CC) per km? for mast and non-mast years, the mast interval (Mast Int, years), seed bearing age (SBA, years), age at felling or average
age (AF, years) and seed-bearing proportion (SBP). Favourable trees are those deemed to provide red squirrels with a competitive advantage over grey squirrels. Discouraged trees are
large-seeded broadleaved trees that are favourable to grey squirrels. Other Broadleaf and Other Conifer refer to National Forest Inventory data which does not specify individual tree
species. The values for these species are calculated as the average of the other broadleaf or conifer trees respectively. The Seed Bearing Age (SBA) is the age at which the trees start
producing seeds, AF denotes either the age at which the trees are felled commercially or their average age whilst SBP refers to the Seed Bearing Proportion which is the proportion of
a trees life that is seed bearing, which is found using the equation SBP=(AF-SBA)/AF with AF and SBA defined as above. Given the lack of information regarding the age structure of the
forest, we use SBP as a proxy for the proportion of trees of a given species that are seed bearing. Neutral species do not contribute to the carrying capacity for red or grey squirrels,
hence the data is not included. Secondary species are trees and bushes that provide no benefit to one squirrel species over the other and have thus been grouped together. SBA and
Mast Int. data is from (Aldhous, 1972) and AF data comes from (Savill, 2013). References for species CC can be found in the supp. info. Where data for non-mast year carrying capacities
was available in the literature for specific tree species these have been used; where they were not available, they have been conservatively set at being one quarter of the mast values
(denoted by *). The latter estimate is based on data from Spadeadam Forest, Northern England (Lurz et al., 1998), an analysis of 16 years of cone crop data for Sitka spruce and Scots
pine at Kidland Forest, Northern England (Lurz, 2016) and an examination of a 25-year cone data set for Scots pine (Broome et al., 2016).

Red Squirrel CC Grey Squirrel CC
Mast Non-Mast Mast Non-Mast MastInt SBA AF SBP
Favoured
Larch 38 21 38 10" 4 15 47 0.68
Lodgepole Pine 21 5" 8 2" 2 15 50 0.7
Scots Pine 83 33 31 8" 2 15 55 0.73
Corsican Pine 110 28" 110 28" 3 25 50 05
Douglas-Fir 21 5 8 2" 5 30 60 0.5
Norway Spruce 58 25 33 8" 4 30 65  0.54
Sitka Spruce 20 2 0 0 4 30 50 04
Discouraged
Beech 110 28" 149 37" 7 50 100 0.5
Chestnut 100 25" 340 85" 4 40 100 0.6
Hazel 85 85 200 200 1 1 NA 1
Sycamore 0 0 149 10 2 25 70  0.65
Oak 100 25" 340 85" 4 40 100 0.6
Other
Other Broadleaf 78 19 245 61 5 30 80 0.63
Other Conifer 40 15 20 5 3 25 50 0.5
Neutral Species 0 0 0 0 N/A N/A NA N/A
Secondary Species 10 2 10 2 1 1 N/A 1
Urban 19 8 40 11 N/A N/A  N/A NA

" non-mast carrying capacity data not available, used § mast value.
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Table 2 — Stochastic model events that govern the dynamics that occur within each 1 km grid square. The parameters representing control and dispersal were fitted with observed data
on the Island of Anglesey (Jones et al., 2017). The events are assumed to be exponentially distributed with the time between events given by dt = —In(z)/R where z is a uniform random
number between 0 and 1and R = Erates] (the sum of all thenumerators in the probability of events column). Note, the birth terms shown in the table apply for the breeding season only
(6 months from the start of April to the end of September) and are set to zero otherwise. Transmission can occur from infected squirrels within the focal grid square as well as from the
8 neighbouring grid cells due to daily movement within a core range of radius, 6=0.15 km. The dispersal term is shown for the class S only but is similar for all other classes. The model
assumes density dependent dispersal such that squirrel dispersal increases as density increases and the dispersal rate is m = 2b when the patch density is equal to the potential density.
Therefore, individuals undergo long distance dispersal on average twice in their lifetime and relocate to a different patch up to 2 km from the focal patch (with dispersal probability
weighted appropriately for patches within the dispersal range). Further details of the model framework and the calculation of parameter values can be found in (Jones et al., 2017).

Event Population Change Probability of Event

Birth of S Sg = Sg + 1 ((ag — qG(H(; + CRHR))HG)/R

Natural Death of Sg S = Sg -1 bSg/R

Infection of Grey S = Sg-1,1g - Ig+1 BSr(Ir + 1 + 0 L ad jacent (It +16) + 6 Lcomer(Ir +16)) /R
Natural Death of I Ic > Ig-1 blg/R

Recovery of Grey I > I-1,RG > Rg + 1 Ylg/R

Natural Death of Rg RG> Rg-1 bSr/R

Birth of Sg Sgp > Sg+1 ((aquR(HR+C(;Hg))HR)/R

Natural Death of Sg Sp = Sk -1 bSz/R

Infection of Red Sg o Sp—1,Ig > Ig +1 BSr(Ig +IG+GZAdjaCM,(IRqLI(;)+92):C,,,.,W(IR+15))/R
Natural/Diseased Death of Red Iz = Ig - 1 (b+a)Ir/R

Dispersal of Sg S = Sg -1, Sg* - Sg*+1

on available habitat types. In regions where both squirrel species were
observed the model was initialised with red and grey squirrel densities
at half their respective potential carrying capacities. Once initialised,
the model was run for 10 years in order to allow for changes in density
in grid-squares and for squirrels to expand into nearby available habitat.

In total we present results for four different scenarios for each
stronghold. The first two scenarios outline the red squirrel dynamics,
in the absence of grey squirrels, under UKFS and then SM policy. The
remaining two scenarios detail both red and grey squirrel population
dynamics under UKFS and SM policy, with both squirrel species be-
ing present at the start of the simulations. This stipulation will later
be relaxed and we will consider scenarios where grey squirrels are in-
troduced after 50 years in the model simulation in order to simulate
the scenario where grey squirrels colonise during the transition from
UKEFS to SM policy. To generate results each scenario was simulated
10 times, with each simulation of the model being run for 150 years
to ensure that enough time was allowed for forest management plans
to be implemented and their effects to be fully realised. The UKFS
results were gained by maintaining the initial forest composition for
the 150-year simulations. SM policy simulations actively altered forest
composition, as described in the previous sections, for each simulation.
For each scenario we show results for each of the 10 simulations and
this gives an indication of the variability between each model realisa-
tion. We also show the average of the 10 simulations in order to give a
representative trend in population density for each scenario.

Note, in the stronghold regions we examine in this paper grey squirrel
densities were not large enough to support an endemic infected popu-
lation. Consequently, squirrelpox does not play a role in determining
red and grey squirrel population dynamics in our study regions and so
is not a factor in the results presented below. Evidence supporting this
choice is presented at the end of the results section (and see S10).

Results

Eastern Stronghold

The tree species distribution at the Eastern Stronghold (Figure S1) com-
plies with the UKFS but not with SM policy (Fig. 1.a(i)). The applica-
tion of the SM policy would reduce the proportion of broadleaved trees
present from around 18% to less than 5% (Fig. 1.b(i)) and replaces
them with favoured species, primarily larch, lodgepole pine and Sitka
spruce. The changes to the forest composition do not significantly alter
the red squirrel carrying capacity (Fig. 2.a(i)) whereas the grey squirrel
carrying capacity (Fig. 2.a(ii)) is noticeably reduced.

Currently, there are no grey squirrels in the region of the East-
ern Stronghold (see Figure S2). In the absence of grey squirrels, the
red squirrel population in the Eastern Stronghold is stable when the
forest complies with UKFS, with an average size of 315 individuals

(Hg+crHp)* /R

G kg 2

(Fig. 1.a(ii)), which equates to approximately 3.5 red squirrels per km?.
Under the SM policy the red squirrel population initially falls to an av-
erage of 290 individuals (3.3 individuals per km?) during the transition
from the UKFS to the SM, which takes 30 years to complete. The re-
duction occurs as a result of the forest restructuring to comply with the
SM policy and the concomitant lag in carrying capacity until planted
trees reach coning age. Consequently, red squirrel density begins to re-
cover once the replanted trees start to reach maturity (after 15 years in
this study). The population size recovers in the long term to an average
of 315 individuals (Fig. 1.b(ii)).

Although grey squirrels are not currently a threat to red squirrels at
this stronghold, the rationale of the SM policy is to provide a safe haven
for red squirrels should they be threatened by greys. We therefore ex-
amine the viability of red squirrels when grey squirrels are introduced
to locations adjacent to the stronghold (Figure S3). Under UKFS the
red squirrel population abundance collapses from its initial value (315)
to an average of 20 individuals (Fig. 1.a(iii)), which is an average of 0.2
individuals per km?. This population level is likely to be too small to
be viable and long-term population extinction would be expected (and
occurs in some model realisations). The grey squirrel population un-
der the UKFS grows to a stable average of 340 individuals (3.8 ind.
per km?) (Fig. 1.a(iv)). When the SM policy is implemented the red
squirrel population initially falls to an average of 160 individuals (1.8
ind. per km?) during the transition from UKFS to SM policy but re-
covers in the long term to an average of 215 individuals (2.4 ind. per
km?) which we assume is large enough to be viable (Fig. 1.b(iii)). The
grey squirrel population under SM (Fig. 1.b(iv)) initially grows to an
average of 135 (1.5 ind. per km?2) but is reduced to an average of 70
individuals (0.8 ind. per km?) once the SM policy changes have been
fully implemented. The population density and geographic spread of
red and grey squirrels in the Eastern Stronghold and the surrounding
area under UK Forestry Standard and Stronghold Management policy
can be found in Figure S5. Thus, the introduction of the SM policy
and the linked changes to the forestry that this entails serves to reduce
the grey squirrel population in the stronghold and allow the red squirrel
population to survive and be more viable.

Western Stronghold

The forest at the Western Stronghold (Figure S1) complies with the
UKEFS but not with SM policy (Fig. 3.a(i)). The application of the SM
policy reduces the proportion of broadleaved trees present from around
14% to less than 5% (Fig. 3.b(i)) and replaces them with favoured
species, primarily Norway spruce and Scots pine. The changes to the
forest composition do not appear to significantly alter the red squirrel
carrying capacity (Fig. 2.b(i)) whereas the grey squirrel carrying ca-
pacity (Fig. 2.b(ii)) is noticeably reduced.
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Figure 1— Results for the Eastern Stronghold. Images a(i-iv) illustrate the results under the UK Forestry Standard and b(i-iv) are the results under the Stronghold Management policy.
Here (i) shows the forest composition (after SM policy has been implemented in (b)), (ii) shows the red squirrel population timeseries when no grey squirrels are present, (iii) shows the
red squirrel population timeseries when grey squirrels are present and (iv) shows the grey squirrel population timeseries (when red squirrels are present). The results for the 10 model
realisations are shown and the darker lines indicate the average population trend for the 10 realisations.
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Figure 2 — Changes in carrying capacity over the 150-year simulation for (i) red and (i) grey
squirrels at (a) the Eastern Stronghold, (b) the Western Stronghold and (c) the Southern
Stronghold. Each image shows the capacity under the UK Forestry Standard (dashed line)
and the Stronghold Management (solid line).

Currently, there are no grey squirrels in the region of the Western
Stronghold (see Figure S2). In the absence of grey squirrels the red
squirrel population under UKFS is stable with an average size of 170
individuals (2.7 ind. per km?) (Fig. 3.a(ii)), whereas under the SM
policy the red squirrel population initially falls to an average of 150 in-
dividuals (2.4 ind. per km?) during the transition from the UKFS to the
SM but the population size recovers in the long term to an average of
175 individuals (2.8 ind. per km?) (Figure 3.b(ii)). It is interesting to
note that, even in the absence of grey squirrels, the red squirrel popula-
tion is relatively small, due to the small stronghold area, and potentially
vulnerable to extinction even after the SM policy is implemented.

Grey squirrels are not currently a threat to red squirrels at this
stronghold — but as with the Eastern Stronghold we examine impact
on red squirrel viability of grey squirrels. When grey squirrels are in-
troduced into regions adjacent to the stronghold (Figure S4) the red
squirrel population under UKFS collapses to an average of 5 indi-
viduals (>0.1 ind. per km?2) (Fig. 3.a(iii)) with population extinction
in some model simulations. The grey squirrel population under the
UKEFS grows to a stable average of 230 individuals (3.7 ind. per km?)
(Fig. 3.a(iv)). When the SM policy is implemented the red squirrel
population undergoes a similar dynamic as under UKFS, with the pop-
ulation collapsing during the first 20 years of simulation. The average
population size under SM policy is 20 individuals (0.3 ind. per km?)
(Fig. 3.b(iii)), and again extinction occurs in some model simulations.
The long-term grey squirrel population abundance under SM is 120 in-
dividuals (1.9 ind. per km?) (Fig. 3.b(iv)). The population density and
geographic spread of red and grey squirrels in the Western Stronghold
and the surrounding area under UK Forestry Standard and Stronghold
Management policy can be found in Figure S6. Thus, the introduction
of the SM policy and the changes to the forestry that this entails would
serve to reduce the resident grey squirrel population to just over half
of its size under UKFS. However, despite red squirrel abundance being
four times as large under SM policy than UKFS, the implementation
of SM policy is insufficient to allow the red squirrel population to be-
come viable. This suggests that the forest composition at the Western
Stronghold is unsuitable as a red squirrel stronghold.

Southern Stronghold

The forest at the Southern Stronghold (Figure S1) complies with the
UKEFS but not with SM policy (Fig. 4.a(i)). The SM policy reduces
the proportion of broadleaved trees from just over 5% to less than 5%
(Fig. 4.b(i)) and replaces them with favoured species, primarily Scots
pine, larch and Lodgepole pine. The changes to the forest composition
do not appear to significantly alter the red squirrel carrying capacity
(Fig. 2.c(i)) and leads to a minor reduction in grey squirrel carrying
capacity (Fig. 2.c(ii)).

There are currently grey squirrels present in the Southern Stronghold
(see Figure S2). In order to allow a better comparison between the three
strongholds outlined in this paper the Southern Stronghold was initially
simulated without grey squirrels being present. In the absence of grey
squirrels, the red squirrel population in the Southern Stronghold has
an average population size of 280 individuals (1.6 ind. per km?) under
UKEFS and SM policy (Figure 4.a(ii) & b(ii)). The reduction in popu-
lation size during the transition from UKFS to SM policy shown in the
Eastern and Western Strongholds is not seen here since the transition
removes only a small amount of broadleaved trees.

As previously mentioned, grey squirrels are present in the wider
landscape in southern Scotland. To assess their impact on red squir-
rel viability we initialise the model with the observed distribution of
red and grey squirrels. Under UKFS this leads to a long-term average
of 160 red squirrels and 110 greys squirrels (0.9 and 0.6 ind. per km?
respectively) (Fig. 4.a(iii) & b(iii)). Under SM policy the red squirrel
population increases to a stable average population size of 250 individ-
uals (1.4 ind. per km?) (Fig. 4.a(iv)) and the grey squirrel population
is reduced to an average of around 15 individuals (>0.1 ind. per km?)
(Fig. 4.b(iv)). The population density and geographic spread of red and
grey squirrels in the Southern Stronghold and the surrounding area un-
der the UK Forestry Standard and Stronghold Management policy can
be found in Figure S7. Thus, the introduction of the SM policy would
reduce the resident grey squirrel population and be sufficient to allow
the red squirrel population to increase in number and improve viability.

Implementing SM Policy Before Grey Squirrel Arrival

The above results for the Eastern and Western Strongholds assume that
the transition from UKFS to SM policy and the introduction of grey
squirrels occurs simultaneously. We consider the introduction of grey
squirrels at year 50 of the simulation (Figures S8 & S9), which cor-
responds to the forest management being implemented in advance of
grey squirrel arrival. During the transition from UKFS to SM grey
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Figure 3 — Results for the Western Stronghold. Images a(i-iv) illustrate the results under
the UK Forestry Standard and b(i-iv) are the results under the Stronghold Management
policy. Here (i) shows the forest composition (after SM policy has been implemented in
(b)), (i)) shows the red squirrel population timeseries when no grey squirrels are present,
(iii) shows the red squirrel population timeseries when grey squirrels are present and
(iv) shows the grey squirrel population timeseries (when red squirrels are present). The
results for the 10 model realisations are shown and the darker lines indicate the average
population trend for the 10 realisations.

squirrels are not present and the results are similar to those above when
grey squirrels were not introduced (Fig. 1.b(ii) & Fig. 3.b(ii)) whereas
the long-term results are similar to those above when grey squirrels are
present (Fig. 1.b(iii) & Fig. 3.b(iii)). This implies that, for strongholds
in the north of Scotland where grey squirrels do not currently reside
and SM policy allows a stable red squirrel population to exist, the im-
plementation of SM policy can be delayed until grey squirrels are a
more pressing threat. Since grey squirrels are already present in the re-
gion surrounding the Southern Stronghold this scenario does not apply
there.

Impact of the Squirrelpox Virus

Squirrelpox can be supported in grey squirrel populations and from
there transmitted to adjacent red squirrels in which it causes a high
level of mortality (Chantrey et al., 2014; Sainsbury et al., 2008). It
is therefore important to assess the potential impact of squirrelpox on
the viability of red squirrel strongholds. To do this we simulated the
introduction of infected grey squirrels in regions around the strongholds
that could support grey squirrels. In many of these regions the density
of grey squirrels was insufficient to maintain squirrelpox which led to
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Figure 4 — Results for the Southern Stronghold. Images a(i-iv) illustrate the results under
the UK Forestry Standard and b(i-iv) are the results under the Stronghold Management
policy. Here (i) shows the forest composition (after SM policy has been implemented in
(b)), (i) shows the red squirrel population timeseries when no grey squirrels are present,
(iii) shows the red squirrel population timeseries when grey squirrels are present and
(iv) shows the grey squirrel population timeseries (when red squirrels are present). The
results for the 10 model realisations are shown and the darker lines indicate the average
population trend for the 10 realisations.

it dying out before it could become established in the wider population.
Moreover, within the strongholds squirrelpox could not be supported,
due to low squirrel density, and so had no impact on the ability of a
stronghold to maintain a viable red squirrel population.

The density of infected grey squirrels in the Eastern Stronghold is
shown in Figure S10 when infected grey squirrels were introduced to
the wider environment in years 10, 15 and 20 showing that the disease
does not persist. This result holds for all strongholds considered in this
study.

Discussion

Mathematical modelling is increasingly being applied to predict likely
future distributions, density and population dynamics of native and in-
troduced species. Model results can be used to assist with policy deci-
sions, conservation and management - particularly in relation to non-
native species (Bertolino et al., 2020). Recent successful applications
of a spatial mathematical modelling approach (White and Lurz, 2018,
2014; White et al., 2017, 2016, 2015) has enabled a re-evaluation of
existing red squirrel conservation policy. This has recommended new
management guidelines in Scotland in relation to the current distribu-
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tion of introduced North American grey squirrels. This paper outlines
the model results which investigated the viability of red squirrels in
three stronghold regions (with results for three more in the supplemen-
tary information), as designated by Scottish Forestry, both with and
without the presence of grey squirrels. In particular, we assess red and
grey squirrel abundance and thereby potential red squirrel viability un-
der two forest management policies: The Stronghold Management pol-
icy (Forestry Commission Scotland, 2012)), and the UK Forestry Stan-
dard policy (Forestry Commission, 2017a).

Our model results indicate that grey squirrels could persist in the
Eastern and Western Strongholds, and the surrounding regions (which
we assume meet UKFS criteria), under both the SM and UKFS sce-
narios. However, the SM policy reduces grey squirrel abundance, and
consequently increases red squirrel abundance and thus population vi-
ability inside the stronghold. This means that the SM policy provides
an advantage to red squirrels over grey squirrels when compared to the
UKEFS (Tab. 3). Therefore, the SM policy does satisfy its intended ob-
jective of providing a forest habitat that is beneficial to red squirrels
over greys. Hence, the SM policy would support red squirrel conser-
vation in areas where grey squirrels have the potential to invade red
habitat (such as below the grey squirrel control boundary (Figure S1)).
At the time of publication, the SM policy has not been enacted in a
stronghold and so there is no data to test the model results.

Our model findings also indicate that some of the currently des-
ignated strongholds (e.g. Western Stronghold) cannot support viable
red squirrel populations in the presence of grey squirrels under either
UKEFS or SM practice (Tab. 3). These strongholds have neighbouring
habitat that provides a source of grey squirrels that can disperse into the
strongholds and prevent the maintenance of a viable red squirrel popu-
lation. The model study therefore suggests that, despite SM policy im-
proving these forests for red squirrels, they are unsuitable strongholds.
This highlights the importance of considering red squirrel conserva-
tion management at the wider landscape scale compared to the local
(stronghold) scale. It also highlights the potential need for a review of
the existing stronghold sites that were originally selected over a decade
ago (Forestry Commission Scotland, 2006). Landscapes are not static
and forest cover is subject to change in terms of felling and replanting
operations as well as in terms of longer-term climatic changes. The lat-
ter, for example, is predicted to affect suitability for the planting of cer-
tain tree species in parts of Scotland (e.g. Sitka spruce, Picea sitchen-
sis; Ray, 2008) in the near future.

Furthermore, the model suggests that the Southern Stronghold can
support red squirrels in the presence of greys under both UKFS and SM
practice, with SM policy supporting a higher red population (Tab. 3).
These regions are therefore capable of sustaining a viable red squirrel
population, in the presence of grey squirrels, without the application
of a specific forest composition management policy or grey squirrel
control and can be considered ‘natural strongholds’. The reasons for
this are two-fold. The Southern Stronghold is comprised primarily of

Table 3 — Red and grey squirrel average abundance at the end of the model simulations,
rounded to nearest 5 individuals, under the UK Forestry Standard (UKFS) and Stronghold
Management (SM) strategies.

Red Squirrels Grey Squirrels
No Grey With Greys
UKFS SM UKFS SM UKFS SM
Eastern Avg 315 315 20 215 340 70
Stronghold Min 225 225 0 75 225 25

(89 km?) Max 440 425 100 325 545 135

Western Avg 170 175 5 20 230 120
Stronghold Min 110 105 0 0 165 75
(63 km?) Max 245 270 30 60 355 180
Southern Avg 280 280 160 260 110 15
Stronghold Min 205 195 80 160 45 0
(180 km?) Max 425 410 260 365 195 75

Sitka spruce which, while a poor habitat for red squirrels, is gener-
ally unsuitable for grey squirrels. It therefore provides a red squirrel
stronghold despite the stronghold being well connected with the sur-
rounding area. Conversely, a stronghold that has a more diverse range
of favoured conifer species (such as the East2 Stronghold in the sup-
plementary information) as well as a limited number of access points
into the stronghold (which reduces the potential dispersal of grey squir-
rels from neighbouring forests) can also maintain a viable red squir-
rel population in the presence of grey squirrels under both SM and
UKEFS. Hence, SM policy could be applied differentially and focus on
strongholds, such as the Eastern Stronghold, which can only support
a viable red squirrel population under SM policy. Our model study
also found other potential natural strongholds such as regions east of
the Western Stronghold (Figure S6) and north east of the Southern
Stronghold (Figure S7). The current model study could thus be ex-
tended to examine the location and forest properties that promote nat-
ural strongholds that would require no or minimal additional manage-
ment due to their tree species composition, size or geographic factors.
These findings could then be utilised by forest managers to ensure that
standard forestry practice either maintains these regions or that efforts
to increase biodiversity and forest resilience do not undermine the abil-
ity of the forests to act as natural red squirrel strongholds.

Our model results also indicate that, in the absence of grey squirrels,
sustainable red squirrel populations (defined as having above 125 in-
dividuals in a connected forest region, Scottish Natural Heritage, pers.
comm.) are viable in all strongholds under the UKFS management
practice. The transition from the UKFS to the SM policy reduces the
red squirrel abundance in all strongholds during the transition period,
with the size of the reduction being dependent on the scale of alter-
ation required for transition. Thus, greater levels of alteration lead to
larger reductions in population size. Conversely, a greater variety of
tree species in a stronghold mitigates the population reduction. Fol-
lowing the transition between forest composition management strate-
gies, red squirrel abundance is comparable under the UKFS and the
SM scheme (Tab. 3). A key result therefore is that, in the absence of
grey squirrels, there is no discernible benefit for red squirrels in the SM
policy compared to the UKFS. It should be noted that other red squir-
rel conservation practice and mitigation, beyond the management of
tree species composition, is applied during forest operations and there-
fore red squirrel viability may be enhanced above that predicted for the
UKEFS scenarios. Moreover, the focus of UKFS on enhancing biodiver-
sity could lead to a more diverse forest ecosystem that may have been
disrupted due to the implementation of the SM policy (Bellamy et al.,
2018; Forestry Commission, 2017a; Rollinson, 2003; Bengtsson et al.,
2000). Since the northern extent of grey squirrels in Scotland has been
contained for the past 30 years (Bryce and Tonkin, 2019) this result sug-
gests that species-specific management for red squirrels in the absence
of sympatric grey squirrels would not be required. This would allow
a more biodiversity-oriented management approach in currently desig-
nated strongholds that lie north of the grey squirrel control boundary
(Figure S1).

Grey squirrels are not only a threat to red squirrels in the United
Kingdom. Grey squirrels were first introduced into Piedmont in north-
ern Italy in 1948 and in Genoa in the 1960s with further translocations
to Lombardy in the late 1990s. They have since expanded their range
south into Central Italy as well as north across the Po plain with a real
risk of future expansion into France and Switzerland (Signorile et al.,
2014; Martinoli et al., 2010; Lurz et al., 2001). This increase in range
has led to a parallel and significant reduction in red squirrel density. In
much of the UK red squirrel replacement is primarily driven by disease-
mediated competition. However, the squirrelpox virus, carried by grey
squirrels and lethal to native red squirrels in the UK, is not present in
Italy (Romeo et al., 2019; Rushton et al., 2006; Tompkins et al., 2003).
In Italy red replacement is due to food competition and increased red
squirrel stress due to the presence of greys (Santicchia et al., 2018;
Bertolino et al., 2014; Gurnell et al., 2004). Our findings for Scotland
suggest that the virus does not play a critical role in red squirrel re-
placement inside strongholds since densities are too small to sustain
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the squirrelpox virus. This means our results and the situation in Scot-
land may be representative of the red and grey squirrel interactions in
Italy. Furthermore, like Scotland, northern Italy has regions that favour
grey squirrels in the deciduous forests at lower elevations and red squir-
rels in the more conifer dominated forests higher up in the mountains.
We therefore think that our approach and findings hold lessons for the
situation in Italy and could be used to inform management and con-
servation decisions. Notwithstanding, we recognise that the situation
in Italy is much richer, complex and scientifically challenging, in that
in addition to grey squirrels, there are also other introduced squirrel
species present (see Mazzamuto et al., 2017) and the natural predator
populations are not as depauperate as they are in the UK (Sheehy et al.,
2018). This could form the basis of a new study.

Our model study also considers the impact of squirrelpox virus on
the potential of strongholds to support red squirrels. There is consensus
that squirrelpox played a key role in the competition and disease me-
diated invasion of red squirrels when greys squirrels expanded through
England and Wales (Bosch and Lurz, 2012; Tompkins et al., 2003) .
Here the habitat consisted of broadleaved or mixed stands that could
support high squirrel densities. Our modelling study showed that the
impact of squirrelpox on red squirrel viability in strongholds was negli-
gible. Viable strongholds under either UKFS or SM practice (or natural
strongholds) contain predominately coniferous habitat that only sup-
ports low density red squirrel populations and minimises grey squir-
rel competition. Our study is in line with previous studies that show
squirrelpox cannot be supported in red squirrel populations (Jones et
al., 2017; White et al., 2014; Duff et al., 2010), that red squirrels can
therefore ‘live’ with the threat from squirrelpox and that squirrelpox is
unlikely to play a key role in grey squirrel invasion and replacement
in low density populations in Scotland (Lurz et al., 2015). Outside of
Scotland we expect squirrelpox to be a key factor in the red and grey
squirrel competitive dynamics. Other factors could, however, impact
on the ability of forest regions to act as strongholds for red squirrels.
Coordinated grey squirrel control has acted to reduce grey squirrel den-
sity which in turn can reduce grey squirrel expansion (Forestry Com-
mission Scotland, 2006). Furthermore, recent studies have suggested
that a shared predator, the pine marten (Martes martes), may modify
the competitive interaction between red and grey squirrels (Twining et
al., 2020; Sheehy et al., 2018). The presence of pine marten has been
shown to correlate with the absence of grey squirrels. This leads to
an indirect positive affect on red squirrel presence. Pine martens are
currently expanding their geographic range and population density in
Scotland (Croose et al., 2014) and so may play a key role in determin-
ing the future distribution of red and grey squirrels and therefore affect
the requirement for forest management to protect red squirrels.

While we recognise that it will become an increasingly important
factor, we did not include the impact of climate change in our study.
Including climate change impacts in population models is a complex
process and we felt it could obscure the direct comparison of the two
forest management policies that were the key focus of our study. We
nevertheless discuss its potential impact here. Climate change would
influence tree species composition (Neilson et al., 2005), the time to
maturity as well as mast intervals (Bisi et al., 2016). All these effects
would have as yet difficult to predict impacts on squirrel distribution,
ecology and local population viability. A primary consequence of cli-
mate change is likely to be the increase in broadleaved trees, either
through in situ expansion or species migration northwards ((Neilson et
al., 2005). In Scotland, winters are likely to become milder and wetter,
and summers warmer and drier with predicted benefits to some decid-
uous species such as beech (Fagus sylvatica) and sycamore (Acer pseu-
doplatanus; e.g. see Ray, 2008). Given the competitive advantage grey
squirrels have in broadleaved habitat, an expansion of deciduous tree
species will lead to higher grey squirrel densities in Scotland. Higher
grey squirrel densities may be able to sustain endemic squirrelpox that,
when coupled with greater competitive pressure, could lead to a more
rapid decline and local or regional red squirrel extinction (Rushton et
al., 2006; Tompkins et al., 2003). Whilst some authors predicted an in-
crease in woodland cover (Ray, 2008), climate change conversely could
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also increase the proportion of Scotland that is viable for agricultural
use. An expansion in agricultural land could necessitate a reduction in
the forested area, which in turn could reduce the connectivity of Scot-
tish forests (Gimona et al., 2012). A more fragmented forest landscape
could aid red squirrels by reducing the ability of grey squirrels to ex-
pand their range. However, a more fragmented landscape would also
isolate red squirrel populations, reduce genetic diversity and increase
the risk of local population extinction. Given the threat climate change
poses to red squirrels, suitable forest management may need to be in-
stituted in order to safeguard them in Scotland (Cameron, 2015).

Policy Implications

Our model study has examined the effectiveness of SM practice in pro-
tecting red squirrels from grey invasion. It has shown that, despite SM
policy improving red squirrel abundance when compared to UKFS,
some currently designated strongholds would not successfully achieve
the objective of protecting red squirrels. This highlights the importance
of careful site selection in terms of stronghold and landscape compo-
sition.

The study has also identified the potential of other regions to act
as ‘natural’ strongholds. It is therefore worthwhile to review some
of the criteria that were used in the stronghold designation, their cur-
rent suitability and management plans. The original policy (outlined
in the Materials and Methods section) assumed that grey squirrel ex-
pansion would continue into northern Scotland and eventually threaten
the existence of red squirrels in the whole of Scotland. Consequently,
the Red Squirrel Action Plan (Forestry Commission Scotland, 2006),
which originally called for the establishment of stronghold areas, set
out the provision of funds for grey squirrel control officers to prevent
grey squirrel range expansion in strategic areas. This objective has
since been successfully implemented by Saving Scotland’s Red Squir-
rels and the strongholds established based on work by Poulsom (2005).

With hindsight, it is apparent that the final selection of strongholds
(Figure S1) did not accomplish all these objectives (e.g. some
strongholds have significant areas of deciduous woodland within and
surrounding them). More importantly, the Action Plan, while building
in a review process for Squirrel Conservation Officers, did not envisage
a review of stronghold sites. This would be critical for several key rea-
sons: i) there is a need to review if selected sites meet and can maintain
the criteria set out in the Action Plan and ii) successful control opera-
tions would alter predicted expansion of grey squirrels in northern Scot-
land and potentially affect forest design plans in strongholds. This then
highlights the need for rigorous scientific underpinning, combined with
robust policy reviews, when embarking on conservation policy that has
significant implications for a commercial sector.

Scottish Forestry intend to undertake a review of SM policy and the
results presented here will form part of this review. For Forestry and
Land Scotland (FLS), reconciling the SM policy with other manage-
ment objectives, fluctuating timber markets and wind-blow events, re-
quires significant additional management input and can affect income
from timber sales. Furthermore, the single species focus of the SM
policy has consequences for other environmental work. For example,
restrictions on planting or regenerating oak (Quercus spp.) puts limits
on FLS efforts to further the conservation of biodiversity. The results
of this study are therefore important for FLS and will influence man-
agement across large parts of the national forest estate. A future fo-
cus on natural strongholds under the UKFS approach will afford more
flexibility to conserve red squirrel populations whilst simultaneously
delivering other forest management objectives. &%
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