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Generalist predators whose primary prey undergoes cyclic fluctuations, will predate on 
alternate food sources when the abundance of their primary prey is low. In this paper 
we have developed a general model of a predator that switches predation between 
its primary prey and two alternative, competing, prey species. When the predators 
primary prey is at high abundance, predation of the alternate, competing, prey species 
is low, which provides periods of temporal refuge for the alternate prey from predation. 
When the inter-specific interactions between the competing prey species lead to 
different dynamical outcomes in the presence and absence of predation, increasing 
the duration of the temporal refuge promotes dominance of a competitively superior 
species that is vulnerable to predation. The general theoretical framework was extended 
to consider a key case study system of pine marten predation on red and grey squirrels. 
In the absence of predation, grey squirrels out-compete red squirrels but preferential 
predation by pine marten on grey squirrels can suppress grey squirrel density and allow 
red squirrel recovery. A temporal refuge for both squirrel species can arise due to prey 
switching by pine marten in years when field voles, their primary prey in the UK, are 
abundant. The duration of the temporal refuge, quantified as the relative length of the 
multi-annual vole population cycle where vole density is above a population threshold, 
is a critical factor determining the persistence of red and grey squirrels. Our findings 
therefore provide insights for the conservation of the endangered red squirrel in the 
UK and the Republic of Ireland and more generally on the influence of the population 
dynamics of primary prey species in determining community composition.

Keywords: community structure, ecological modelling, population cycles, prey 
switching

Introduction

Predators play an important role in regulating ecosystems and sustaining biodiversity 
(Hairston et al. 1960, Paine 1966, Holt 1977, Ritchie and Johnson 2009). This role 
has been shown to depend on the capacity of predators to switch to more abundant 

A temporal refuge from predation can change the outcome of 
prey species competition

Andrew Slade, Andy White, Peter W. W. Lurz, Craig Shuttleworth and Xavier Lambin

A. Slade (https://orcid.org/0000-0002-0688-4965) ✉ (a.slade@hw.ac.uk) and A. White, Maxwell Inst. for Mathematical Sciences, Dept of Mathematics, 
Heriot-Watt Univ., Edinburgh, UK. – P. W. W. Lurz, Royal (Dick) School of Veterinary Studies, Univ. of Edinburgh, Midlothian, UK. – C. Shuttleworth, 
School of Natural Sciences, Bangor Univ., Bangor, Gwynedd, UK. – X. Lambin (https://orcid.org/0000-0003-4643-2653), School of Biological Sciences, 
Univ. of Aberdeen, Aberdeen, UK.

Research

16



Page 2 of 16

prey species (Murdoch 1969, Van Baalen et al. 2001, Kondoh 
2003), as well as the prey’s ability to avoid predation by using 
a refuge (Sih 1987, Berryman and Hawkins 2006, Krivan 
2011). Refugia have been the focus of theoretical studies due 
to their contribution to the stability of predator–prey inter-
actions (Royama 1977, Sih 1987, Berryman and Hawkins 
2006, Krivan 2011). A refuge can become established due 
to the creation of enemy-free space by, for example, shelter, 
restrictions in movement or group living (Berryman and 
Hawkins 2006). A refuge can also occur implicitly through 
prey switching, whereby a predator focusses on an abundant, 
primary, prey species which creates a temporal refuge for 
alternative prey species (Garrott et al. 2007).

Theoretical assessments that have examined prey switch-
ing, and how it can determine the stability and coexistence of 
prey species subject to predation, have typically been limited 
to considering a single predator that switches between two 
prey species (Murdoch 1969, Persson 1993, Van Baalen et al. 
2001, Schreiber et al. 2011). Model results have shown how 
prey switching can lead to the emergence of cyclical dynamics 
in the predator–prey system that facilitate prey species persis-
tence (Van Baalen et al. 2001). There also exists ample empiri-
cal evidence that prey switching can shape predator-mediated 
indirect interactions between prey species. For instance, the 
long-standing alternative prey hypothesis (Angelstam et al. 
1984) posits that a reduction in the impact of predation on 
alternative prey, caused by a functional response of general-
ist predators that focus predation on primary prey during 
years of high abundance, can synchronise the fluctuations of 
primary and alternative prey. An explicit example has shown 
that the impact of predation by pine martens Martes martes 
on ground nesting willow ptarmigan Lagopus lagopus is mini-
mal when the predator exploits the high abundance phase 
of cyclically fluctuating vole populations, which is their pri-
mary prey. However, predation has a negative impact on the 
growth rate and breeding success of ptarmigan when vole 
abundance is low (Breisjøberget et al. 2018). The alternative 
prey hypothesis therefore recognises that shifting patterns of 
predation reflect exogenous changes in the abundance of the 
primary prey species.

We extend prey switching theory to consider how a preda-
tor can mediate the interaction between two alternative prey 
species that are in competition with each other, and how this 
is affected by the predator switching from the two alterna-
tive prey species to its highly abundant primary prey. Here, 
prey switching generates a temporal refuge from predation 
for the two alternative prey species. If interspecific interac-
tions between the two alternative prey species lead to different 
dynamical outcomes in the presence and absence of predation, 
then the temporal refuge may alter the dynamics and per-
sistence of the interacting species. In this study, we develop 
a general model framework to assess how a temporal refuge 
from predation could affect prey population dynamics and 
community structure. Previous theoretical studies have exam-
ined the role of environmental fluctuations on species diversity, 
and the resultant population dynamics, in generalised mod-
els of species competition (De Mottoni and Schiaffino 1981, 

Chesson 1994, Chesson and Huntly 1997, Klausmeier 2010, 
Fox 2013). While these general frameworks broadly encom-
pass the model framework we use, they do not explicitly detail 
the mechanism nor role of a temporal refuge. A key property 
of a temporal refuge is that it is quantifiable and, in this study, 
we have derived explicit criteria that determine how the length 
of the temporal refuge governs the outcome of the interaction 
between competing prey species and a shared predator.

The general model framework is extended to consider a spe-
cific case study system which details the impact of a temporal 
refuge on the native Eurasian red squirrel Sciurus vulgaris and 
invasive North American grey squirrel Sciurus carolinensis, a 
pair of competing, alternative, prey species that share a com-
mon predator, the Eurasian pine marten (Sheehy and Lawton 
2014, Sheehy et al. 2018, Twining et al. 2021). The red squirrel 
has been replaced by the invasive grey squirrel in much of the 
UK and the Republic of Ireland due to disease-mediated com-
petitive replacement, with apparent competition (Holt 1977) 
occurring since disease reduces red squirrel density, allowing the 
replacement of red squirrels by grey squirrels to be more rapid, 
and to occur at lower grey squirrel densities compared to when 
the disease is absent (Tompkins et al. 2003). It is estimated 
that over 80% of the remaining UK red squirrel populations 
are now exclusively found in Scotland (Mathews et al. 2018). 
Pine martens predate on both red and grey squirrels, but grey 
squirrels typically compose a greater proportion of pine marten 
diet than reds squirrels, as measured by frequency of occur-
rence (Sheehy and Lawton 2014, Twining et al. 2020b), with 
naivety of the invasive species regarding the predator being 
cited as a cause (Wanger et al. 2011). Thus, a resurgence in 
pine marten density, and an expansion of their distribution in 
Scotland, Northern Ireland and the Republic of Ireland, has 
seen a concurrent reduction, and in some instances the local 
extirpation, of invasive grey squirrels that has allowed the re-
establishment of the native red squirrel (Sheehy and Lawton 
2014, Sheehy et al. 2018, Twining et al. 2020b, 2022).

Pine marten are generalist, opportunist, predators that 
focus on abundant, available, prey (Paterson and Skipper 
2008, Caryl et al. 2012). The abundance of field voles 
Microtus agrestis in the UK means they are the primary prey 
species for pine marten. However, field voles undergo multi-
annual cycles in their population dynamics (Hansen et al. 
1999, Stenseth 1999, Lambin et al. 2000), with an observed 
20-fold increase between the low and high phase of the cycle 
(Lambin et al. 2000). When vole density is low, pine mar-
ten will feed on a variety of alternative prey, including squir-
rels, which means they avoid the large boom and bust cycles 
exhibited by their primary food source (Birks 2020) and are 
able to maintain a relatively stable density that can exhibit 
low amplitude, lagged, population oscillations (with an 
observed two fold increase between the low and high phase) 
in response to the oscillations of the primary prey species 
(Zalewski et al. 1995). When vole density is high, pine mar-
ten will increasingly focus their predation efforts on voles and 
this will reduce the predation pressure on red and grey squir-
rels, providing them with a temporal refuge from predation. 
Therefore, the ability of pine marten to control the invasive 
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grey squirrel may be weakened by the intermittent refugia of 
the prey species.

Our case study will assess the impact of a temporal refuge 
from predation for both squirrel species due to prey switching 
in years of abundant density of field voles, the primary prey 
species of pine marten. This highlights the quantifiable nature 
of the temporal refuge as it is directly associated with peri-
ods where vole density is above a given threshold. We show 
that the ability of pine marten to suppress grey squirrel den-
sity to levels where red squirrels can recover depends on the 
predation-reduced densities of red and grey squirrels, which 
is dependent on how the temporal refuge affects the average 
predation pressure, the habitat dependent carrying capacity 
of each species and the level of interspecific competition. We 
compare the case study results to those of the general theory 
and examine the outcome of the model when prey switching, 
and therefore the length of the temporal refuge, is driven by 
the well-documented 3–4 year multiannual cyclic dynamics 
observed for voles in the UK (Lambin et al. 2000). Our model 

results support the general ecological hypothesis that the 
length of the temporal refuge will be a key determinant of spe-
cies persistence and community structure. The findings from 
our case study system inform the debate on how the ongoing 
reintroduction and recovery of native predators can regulate 
native and invasive prey species (Hayward and Somers 2009) 
and provide insights for the conservation of the endangered 
red squirrel in the UK and the Republic of Ireland.

The impact of predation on competing prey 
species

We outline a model to represent the dynamics of two com-
peting, alternative, prey species that are subject to predation. 
The model is based on the classical Lotka–Volterra frame-
work for competing species (Wangersky 1978). The model 
represents the densities of the alternative prey species X1 and 
X2 at time t as follows:

Figure 1. Model results confirming the change in competitive outcome as temporal refuge length is altered. Here (a) shows the average 
population density of species 1 and 2 as the length of the temporal refuge is increased from Tc = 0 to Tc = 3, which demonstrates that species 
1 is dominant when T Tc < crit

1 , species 2 is dominant when T Tc > crit

2  and that there is coexistence when T T Tccrit crit

1 2< < . Images (b–d) show 
specific results for each of these scenarios, with (b) having Tc = 1 and T Tc < crit

1 , (c) having Tc = 1.89 and T T Tccrit crit

1 2< <  and (d) having 
Tc = 2.7 and T Tc > crit

2 . The parameter values used are: K1 = 24.51, q1 = 0.0245, c1 = 0.606, µ1 = 0.3, K2 = 23.2, q2 = 0.0345, c2 = 1.2, µ2 = 1.5, 
KP = 0.4 and T = 3. These parameters yield Tcrit1  = 1.26 and Tcrit2  = 2.37, which are denoted by the dashed lines in (a).
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We assume a maximum birth rate (ai) for each species 
(where i represents 1 or 2 for each species respectively). The 
birth rate for species i is modified by intra-specific compe-
tition from species i, through coefficient qi, and by inter-
specific competition from species j, through coefficient cj. 
We assume constant natural death rates, bi. The predation 
rates are given by µi and P is the population density of the 
predator. Since the predator is not dynamically linked to 
the alternative prey species, apparent competition (Holt 
1977) between species X1 and X2 cannot occur. We initially 
assume a fixed predator density to isolate the impact of a 
temporal refuge on species interactions. We also consider 
a predator that has oscillatory dynamics with period T. 
We consider the scenario where the oscillations in preda-
tor density are synchronised exactly with the primary prey 
fluctuations, as well as the scenario where oscillations in 
the predator density lag behind the primary prey fluctua-
tions. These scenarios capture the key aspects of the case 
study system. Altering the predation rates µi allows the two-
species competition model to represent a scenario in which 

prey compete in the absence (µi = 0) and presence (µi > 0)  
of predation. By setting µ1 ≠ µ2 we can include different pre-
dation rates for different species, thus reflecting differences 
in prey susceptibility and predator preference/attack rate. 
We assume that predation on competing (alternative) prey 
species occurs according to a linear functional response. This 
is appropriate as predation on the alternative prey species 
occurs when the primary prey species, that forms the preda-
tors main diet, is at a low density, and so predator consump-
tion will not have saturated. Furthermore, when we assume 
prey switching to an abundant primary prey, the predation 
rate on the alternative prey species is either reduced or set 
to zero.

This system has four steady states: extinction of both X1 
and X2; species X1 in the absence of species X2; species X2 in the 
absence of species X1 and the coexistence of species X1 and X2. 
We ignore the trivial steady state where both populations are 
extinct which imposes a requirement that ai > bi. We define 
the predation-suppressed steady-state density for species i, in 
the absence of species j, as Xi

† = Ki − (µiKP)/qi (where i, j = 
1, 2 are the prey species and i ≠ j). When µi = 0, Xi

† = Ki =  
(ai − bi)/qi, which is the carrying capacity for species i in the 
absence of predation. Therefore, when µi > 0, the prey species 
density decreases in response to an increase in the predation 
rate, or an increase in the predator density.

The steady states (denoted by X1
† and X2

†), and associated 
stability conditions, are outlined in Table 1. Since these 
steady states depend on predation, a change in the level of 

Figure 2. The predation function, g(V) plotted against field vole density. Here, the predation function g(V) is set to one when the vole 
population is below a minimum threshold value V0 = 80 voles per ha and g(V) is set to zero when the vole population is larger than a 
maximum threshold value Vx = 140 voles per ha. These values are based on the inter-quartile ranges of the three and four year field vole 
population cycles at Kielder Forest (Lambin et al. 2000). Sensitivity analysis suggests the results are robust to changes in the values of V0 
and Vx (see the Supporting information for details). The value of the predation function g(V) decreases linearly from one to zero as the vole 
population increases from V0 to Vx.
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predation can allow a scenario where an unstable steady state 
becomes stable and changes the competitive outcome of the 
dynamics. For example, if we assume the (0, X2

†) steady state 
is stable without predation, meaning K1 < c2K2 and K2 > c1K1,  
then the steady state will change to the (X1

†, 0) steady 
state with predation if the updated steady states are such 
that K1 − KPµ1/q1 > c2(K2 − KPµ2/q2) and K2 − KPµ2/q2 <  
c1(K1 − KPµ1/q1). Furthermore, due to the exclusivity of the 
steady states, the level of predation can dictate which steady 
state the system is in, with, for instance, a switch from 
the coexistence steady state to a single species steady state 
occurring via a change in either the predator density or pre-
dation rates (assuming the carrying capacities and competi-
tion coefficients are fixed). Hence, predation, and predator 
density, can alter the outcome of prey species interactions 
and therefore change community composition.

Predation induced temporal refuge

To consider a temporal refuge from predation we assume the 
dynamics are represented by Eq. 1 with the following prop-
erty for the predation parameter:

mi
c

c

t T
T t T

=
>

ì
í
ï

îï

£ <
£ <

0
0

0for
for

,
.

  
(2)

The predator continuously switches predation off and on for 
species 1 and 2 in a periodic manner, with period T. The 
length of the temporal refuge is given by Tc during each 
period. This represents the scenario whereby predation is 
focused on the primary prey species during the first part of 

Figure 3. Field vole densities. Here (a) shows a constant field vole density that is less than V0, (b) denotes the idealised 3-year periodic field 
vole density with temporal refuge of length Tc = 1, (c) denotes the idealised 3-year periodic field vole density with a temporal refuge of 
length Tc = 2, (d) denotes the 3-year periodic vole density based on real vole densities at Kielder Forest (Lambin et al. 2000). The cycle is 
set-up by extracting the observed data for years 1986–1988 and repeating these values to provide periodic data with a 3-year cycle, (e) 
denotes the 4-year periodic vole density based on real vole densities from Kielder Forest (Lambin et al. 2000). The cycle is set-up by 
extracting the observed data for years 1992–1995 and repeating these values to provide periodic data with a 4-year cycle, (f ) denotes the full 
Kielder Forest data set (Lambin et al. 2000), which we assume repeats periodically. Spring, summer and autumn vole density information 
from Kielder Forest is given by white, grey and black circles respectively.
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the period, and so the predator does not predate on species 1 
and 2 for a length of time Tc during each period T.

With this set-up, standard techniques for stability analy-
sis of steady states do not apply. Instead we need to examine 
the existence and stability of time varying solutions using 
Floquet theory (Klausmeier 2008). We detail the stability 
analysis that uses Floquet theory in full in the Supporting 
information. Here we provide a summary of the key results. 
It can be shown that a periodic solution for species 1, in the 
absence of species 2, exists and can be defined explicitly. We 
denote this periodic solution as (X1

*(t), 0). Floquet theory 
can be used to assess the stability of this periodic solution. 
Assuming species 1 does not go extinct in the absence of 
species 2 (analogous to a1 > b1 in the analysis without a 
temporal refuge, Table 1) it can be shown that (X1

*(t), 0) is 
stable if

K
q

T T
T

c
T

K X t tP c
T

2 -
m2

1
2

1
0

1-æ

è
ç

ö

ø
÷ < ( )ò * d

  
(3)

where 1 1
0

/ ( )*T t tX
T

ò d  is the average density of species 1 

over one time period, T. In the Supporting information we 
show that this expression can be simplified to one that rep-
resents the depression of the prey density due to the average 
predation pressure over one time period, as shown in Eq. 4:
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An equivalent analysis can be undertaken to assess the sta-
bility of a periodic solution (0, X2

*(t)) for species 2 in the 
absence of species 1. The stability conditions are summarised 
in Table 1. A key result, therefore, is that stability depends 
upon the habitat dependent carrying capacity of each species, 
the level of interspecific competition and the average pres-
sure from predation, which depends on the duration of the 
temporal refuge.

Note, it is possible to recover the results for the non-
periodic version of the model (Table 1) from the periodic 
results (Table 1). If Tc = T then the above stability condi-
tions revert to those for the system without predation (Eq. 
1, µi = 0), whilst if Tc = 0 then the conditions revert to those 
for the predator–prey system (Eq. 1, µi > 0). Thus, these two 
scenarios provide the limiting cases for the temporal refuge. 
Therefore, the duration of the temporal refuge may be a key 
determinant to the outcome of predator-mediated competi-
tion between prey species. In particular the length of the tem-
poral refuge, which is dependent on the population dynamics 
of the predators primary prey species, could lead to a switch 
from one solution to the other.

Rearranging Eq. 4 we can determine the critical length, 
Tcrit

1 , of the temporal refuge that is required for the steady 
state (X1

*(t), 0) to be stable as

Table 1. Steady states and stability conditions for the model represented by Eq. 1 which does not include a temporal refuge and does include 
a temporal refuge.

Steady state Stability condition(s)

Without temporal 
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With temporal refuge (X1
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Note, Xi
† denotes the steady state density without temporal refuge (where i = 1 or 2). The coexistence steady state does not exist when c1c2 = 1 

(except when X1 = c2X2 and X2 = c1X1 which is unstable) and is unstable when c1c2 > 1. Xi
∗ is the stable periodic solution for species i in the 

absence of species j. We assume the predator switches between no predation on species 1 and 2 (µi = 0) for 0 ≤ t < Tc and predation on 
species 1 and 2 (µi > 0) for Tc ≤ t < T in a periodic manner (with period T). The prey species benefit from a temporal refuge for a length of 
time Tc (during each period). If neither (X1

*, 0) or (0, X2
*) are stable, we expect coexistence of both species in the periodic system.
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Under the assumption that (X1
*(t), 0) is stable in the pres-

ence of predation (Tc = 0) and that (0, X2
*(t)) is stable in 

the absence of predation (Tc = T), the expression for Tcrit
1  

provides the maximum duration of temporal refuge that 
allows species 1 to exclude species 2 due to the impact of 
predation.

An equivalent expression can be derived for the critical 
length of the temporal refuge, Tcrit

2 , to ensure that (0, X2
*(t)) 

is stable. This expression is:

T T
q q K c K
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If (X1
*(t), 0) is stable with predation (Tc = 0) and (0, X2

*(t)) is 
stable without predation (Tc = T), and assuming T Tcrit crit

1 2< ,  

Figure 4. The average population density of red and grey squirrels for a habitat with 15% broadleaved trees and for different, fixed, pine 
marten densities (KP) for the model described by Eq. 10. Numerical simulations were run for sufficiently long to ensure a stable periodic 
solution is reached which we found was always the case by t = 1000. The crosses indicate the pine marten density used in Fig. 5. Here (a) 
shows the baseline results without a temporal refuge (vole dynamics are defined by Fig. 3a), (b) shows the results when one year out of every 
three years is a temporal refuge (the vole dynamics are defined by Fig. 3b), (c) shows the results when two years out of every three years is a 
temporal refuge (the vole dynamics are defined by Fig. 3c), (d) shows the results when the vole dynamics follow the 3-year cycle based on 
the Kielder Forest data (Fig. 3d), (e) shows the results when the vole dynamics follow the 4-year cycle based on the Kielder Forest data (Fig. 
3e) and (f ) shows the results when the vole dynamics follow the full Kielder Forest dataset (1984–1998) (Fig. 3f ). We assume a habitat that 
is composed of 15% broadleaved trees and the remainder coniferous trees. Parameter values are aR = 1.0, bR = 0.4, cR = 0.606 and KR = 0.242 
for red squirrels; aG = 1.2, bG = 0.4, cG = 1.65 and KG = 0.232 for grey squirrels.
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then the (X1
*(t), 0) solution is stable for T Tc £ crit

1  (Fig. 1b), 
species X1 and X2 would coexist with a temporally varying 
solution for T T Tccrit crit

1 2< <  (Fig. 1c) and the (0, X2
*(t)) solu-

tion is stable for T Tc ³ crit
2  (Fig. 1d). This highlights how the 

duration of the temporal refuge is a key factor in determining 
the outcome of the dynamics (we show examples of how, for 
fixed predator density, Tc has impact on the outcome of the 
dynamics later).

Alternatively, Eq. 5 can be rearranged to give the predator 
density required to ensure species 1 outcompetes species 2:

K T
T T

q q K c K

q c qP
c

( ) =
-

æ

è
ç

ö

ø
÷

-( )
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1 1 2 2 1 1

2 1 1 1 2m m
  (7)

and the equivalent expression for species 2 to outcompete 
species 1:

K T
T T
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c
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-( )
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2 1 2 1 2 2

1 2 2 2 1m m
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For the scenario detailed above (for Tcrit
1  and Tcrit

2 )  
and a fixed duration of the temporal refuge, Tc, we have 
( ) ( )K KP Pcrit crit

2 1< . Therefore, under this scenario, (0, X2
*(t)) is 

stable if K KP P< ( )crit
2 , species X1 and X2 would coexist with a 

temporally varying solution for ( ) ( )K K KP P Pcrit crit
2 1< <  and 

(X1
*(t), 0) is stable if K KP P> ( )crit

1 . This highlights how the 
outcome of competition between the alternative prey species 

Figure 5. The population density over time for red and grey squirrels for the model defined by Eq. 10 with a habitat comprised of 15% 
broadleaved trees and a pine marten density of 0.4 per km2. Here (a) shows the results when there is no temporal refuge (the vole dynamics 
are defined by Fig. 3a), (b) shows the results when one year out of every three years is a temporal refuge (the vole dynamics are defined by 
Fig. 3b), (c) shows the results when two years out of every three years is a temporal refuge (the vole dynamics are defined by Fig. 3c), (d) 
shows the results when the vole dynamics follow the 3-year cycle based on the Kielder Forest data (Fig. 3d), (e) shows the results when the 
vole dynamics follow the 4-year cycle based on the Kielder Forest data (Fig. 3e) and (f ) shows the results when the vole dynamics are defined 
by the full Kielder Forest dataset (Fig. 3f ). Parameter values are as in Fig. 4 with KP = 0.4.
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depends on predator density for a fixed duration of the tem-
poral refuge (we highlight this for the case study system later).

We also consider the scenario where the predator den-
sity, P(t) is periodic with period T. This reflects the situation 
where the predator density responds to fluctuations in the 
primary prey species. In the Supporting information we show 
that the results in Table 1 hold if the fixed predator density, 
KP is replaced by the average predator density, KP , over the 
time period when predation is active on the alternative prey 
species (i.e. between Tc ≤ t ≤ T) as follows:

K
T T

P t tP
c T

T

c

=
− ∫1 ( )d   (9)

Since Tc and T are properties that depend on the primary 
prey species, the value of KP  can vary depending on whether 
the predator cycle is synchronous or lags behind the primary 
prey species population cycle. We explore this for the case 
study system later.

Case study

We modify and expand the general model framework (Eq. 1) 
to represent the key case study system of the impact of pine 

marten predation on its primary prey species, field voles and 
two of its alternative prey species, grey and red squirrels.

The model considers the competitive interaction between 
red and grey squirrels, as described by Tompkins et al. (2003), 
and additionally includes predation by pine marten where 
the rate of predation is a function of field vole density. The 
model is represented by the following equations:
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  (10)

which represents the density of red (R) and grey (G) squir-
rels. We initially assume pine marten (P) are maintained at 
a fixed density KP. Later we assume that pine marten density 
varies in response to oscillations in the population size of its 
primary prey species (field voles). The rate of predation of 
pine marten is a function of field vole density, V, which can 
vary over time. We assume the density of field voles (V) is 
a periodic function, with the periodicity of the fluctuations 
being based on observed data.

Figure 6. Results showing the threshold level for pine marten density (above the lines or respective points) that lead to red squirrel survival 
for the different temporal refuge scenarios outlined for Kielder Forest in Fig. 3. Here (a) shows the results when the vole dynamics follow 
the 3-year cycle based on the Kielder Forest data (Fig. 3d), (b) shows the results when the vole dynamics follow the 4-year cycle based on 
the Kielder Forest data (Fig. 3e) and (c) shows the results when the vole dynamics follow the full Kielder Forest dataset (Fig. 3f ). The lines 
show the results of the theoretical estimate of the pine marten level required for red squirrel survival (Eq. 5) for different lengths of the 
temporal refuge. Note, the pine marten density reaches zero when the broadleaf proportion is 5% since under our model set-up red squirrels 
out-compete grey squirrels in habitats with less than 5% broadleaved trees. When not changed in the figure parameters are as in Fig. 4.
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The model assumes a maximum birth rate for red and 
grey squirrels ai (where i is replaced by R for red and G 
for grey squirrels respectively), with aR = 1.0 and aG = 1.2, 
which is modified due to intra-specific competition with 
coefficient qi, which is defined via the carrying capacity Ki 
(since qi = (ai − bi)/Ki), and due to inter-specific competi-
tion between red and grey squirrels with coefficient ci. The 
natural death rate is bR = bG = 0.4. We assume grey squir-
rels outcompete red squirrels under equally suitable habitats  
(cR < cG, with cG = 1.65 = 1/cR). The parameter values are 
taken from Tompkins et al. (2003). For this case study sys-
tem we assess the impact of pine marten density and the 
length of the temporal refuge on the outcome of red and 
grey squirrel competition for a range of different habitats 
and therefore for different squirrel carrying capacities Ki 
(and so different values of qi = (ai − bi)/Ki). Red and grey 

squirrel carrying capacities are taken from Slade et al. (2020) 
and are representative of habitats in Scotland and northern 
England. The carrying capacities are assumed to be 0.31 per 
km2 in 100% broadleaf forests and 0.23 per km2 in 100% 
conifer forests for red squirrels and 0.98 per km2 in broad-
leaf and 0.10 per km2 in conifer forests for grey squirrels. 
To determine the predation coefficient for grey squirrels we 
consider the equation for grey squirrels in Eq. 10 (with R = 
0 and g(V) = 1) and determine the values of µG which leads 
to a reduction of 30% in grey squirrel density when pine 
marten density is 0.36 per km2 (as observed by the authors). 
This gives a value µG = 1.5. Twining et al. (2020b) report 
that red and grey squirrels constitute an average of 3.3% 
and 15.6% of pine marten diet respectively, and therefore 
we set µR = 0.2µG to reflect this preferential predation on 
grey squirrels.

Figure 7. Results when the dynamics occur across a two-year period. Here a(i) shows the idealised vole dynamics, with a high density of 170 
and a low density of 50 voles per km2 (chosen so that the vole density will always be either above, or below the critical values), a(ii) shows 
the pine marten dynamics that are in sync with the vole dynamics, with a high density of 4/3KP and a low density of 2/3KP (a 2-fold increase 
between the low and high density) where KP is the average density, and a(iii) shows the pine marten dynamics that are out of sync with the 
vole dynamics (lagged by one year). Image b(i) details the average red and grey squirrel population densities, for a range of fixed pine marten 
densities, b(ii) details the average red and grey squirrel population densities when the pine marten has the population fluctuations, shown 
in a(ii), that are in-sync with the vole dynamics, and b(iii) details the average red and grey squirrel population densities, when the pine 
marten has the population fluctuations, shown in a(iii), that are out-of-sync with the vole dynamics.
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The predation rate of pine marten on squirrels is also 
assumed to depend on vole density, with pine marten 
focusing predation on voles when they are at high density. 
The prey switching mechanism is encapsulated in the func-
tion g(V) (Fig. 2) (note, we undertake a sensitivity analysis 
with respect to the predation parameters at the end of the 
Results section).

Vole density

Field vole populations are known to exhibit high amplitude 
periodic fluctuations, with 3–4 year periodicity (Hansen et al. 
1999, Stenseth 1999, Lambin et al. 2000), and pine marten 
prey switching, which focuses predation on voles when their 
density increases, will offer a temporal refuge from preda-
tion for red and grey squirrels. We wish to examine how this 
temporal refuge will affect the predator-mediated competi-
tive interaction between red and grey squirrels. We initially 
consider idealised periodic dynamics for vole density, where 
we assume a three year cycle (T = 3) where vole density is 
at a high density for one or two years (Tc = 1 or 2) and vole 
density is low otherwise (Fig. 3b, c). When vole density is 
high in these scenarios, it is assumed that there is no pine 
marten predation of squirrels. This set-up provides a direct 
analogue to the general theoretical results. We then consider 
the vole dynamics that correspond to 3-year (Fig. 3d) and 
4-year (Fig. 3e) cycles as observed in long-term field studies 
in Kielder Forest, England (Lambin et al. 2000). We finally 
consider the vole dynamics as described by the full Kielder 
Forest dataset (Fig. 3f ). We choose to present our results 
by considering time series for the vole population dynam-
ics. This allows visualisation of how a temporal refuge can 
occur in a real system and aids the interpretation of its effect 
on the competing red and grey squirrels. We note that our 
findings for the case study system could also be determined 
mathematically by numerically calculating the average value 
of g(V), denoted g V( ) , using the vole population time series 
and substituting the term (T − Tc)/T for g V( )  in Table 1.

Results

We present model results for a range of scenarios for the 
case study system. Figure 4 presents the average red and grey 
squirrel population density for a habitat with 15% broad-
leaved trees, for different, fixed, pine marten densities (KP). 
In Fig. 4a the vole dynamics are as in Fig. 3a and there is no 
temporal refuge and constant predation. At low pine marten 
density grey squirrels out-compete red squirrels. As pine mar-
ten density is increased grey squirrel density decreases, and 
at a pine marten threshold density of 0.23 km−2 red squirrels 
can exclude grey squirrels due to predator-mediated competi-
tion. Note, in this case study system cGcR = 1 and so there is 
no possibility of coexistence between red and grey squirrels. It 
is also important to note that grey squirrels are not excluded 
in the absence of red squirrels for pine marten densities less 

than 0.53 km−2 (Supporting information) which may be 
greater than expected pine marten densities in Scotland and 
northern England (meaning pine marten alone may not lead 
to the extirpation of grey squirrels). Exclusion of grey squir-
rels requires their density to be suppressed by pine marten 
that preferentially predate on grey squirrels, to a level where 
red squirrels have a competitive advantage. For pine marten 
densities above the threshold for grey squirrel exclusion, red 
squirrels persist and their density decreases as pine marten 
density increases. Pine marten can also exclude red squirrels 
but only when their density is greater than 3 km−2, which is 
greater than pine marten densities observed in Scotland to 
date. In Fig. 4b the vole dynamics are as in Fig. 3b, leading 
to one year out of every three years being a temporal refuge. 
The results are similar to those in Fig. 4a except that the pine 
marten threshold density that leads to predator-mediated 
competitive exclusion of grey squirrels by red squirrels is 1.5 
times greater at 0.35 km−2. In Fig. 4c the vole population is as 
in Fig. 3c, with two years out of every three years being a tem-
poral refuge. The results are similar to Fig. 4a and b except 
that the pine marten threshold density that leads to predator-
mediated competitive exclusion of grey squirrels by red squir-
rels has increased twofold to 0.7 km−2, a value in excess of 
what has thus far been observed in Scotland. An increase in 
the length of the temporal refuge therefore reduces the ability 
of pine marten to mediate the replacement of grey squirrels 
by red squirrels.

The results shown in Fig. 4d, e, which uses vole population 
dynamics that follow a periodic solution taken from the data 
observed in Kielder Forest (Fig. 3d, e), are similar to the 
results in Fig. 4a–c. The solution with a 3-year cycle requires 
a pine marten density of 0.5 km−2 (Fig. 4d) and the 4-year 
cycle requires a pine marten density of 0.35 km−2, which 
is 30% lower (Fig. 4e) to mediate grey squirrel exclusion. 
This indicates that the 3-year cycle offers a longer temporal 
refuge against pine marten predation than the 4-year cycle – 
which arises as vole densities are higher for a relatively more 
sustained length of time (over each period) in the 3-year 
cycle. While the 4-year vole population cycle may allow red 
squirrels to exclude grey squirrels at a lower pine marten 
density, it is worth noting that when red squirrels persist, 
their density is lower for a fixed pine marten density under 
the 4-year cycle compared to the 3-year vole cycle. Figure 
4f shows the results when the full Kielder Forest dataset is 
used (Fig. 3f ) which requires a pine marten density of 0.37 
km−2 to exclude grey squirrels. Given that the full dataset is 
comprised of the 3 and 4-year cycles, which leads to different 
predator-mediated competitive outcomes due to differences 
in the duration in the temporal refuge (compare Fig. 4d and 
e), then it may be expected that coexistence between red 
and grey squirrels could occur. However, coexistence does 
not occur in this instance, with pine marten predation and 
competition from red squirrels leading to the exclusion of 
grey squirrels. In fact, Fox (2013) shows that the introduction 
of a linear disturbance, such as a temporal refuge, cannot lead 
to coexistence between the prey species if coexistence is not 
possible in the original system (the implication being that 
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since we cannot get coexistence in the model of the case study 
system without a temporal refuge, we cannot get coexistence 
due to the temporal refuge). Thus, the dynamics are more 
heavily influenced by the 4-year cycles (and the associated 
shorter temporal refuge duration) than the 3-year cycles.

Figure 5 shows the density of red and grey squirrels over 
time, for a fixed habitat of 15% broadleaved trees, and high-
lights the dynamics that occur for a fixed pine marten density 
of 0.4 per km2 in Fig. 4. These results show how the inclu-
sion of a temporal refuge can change the competitive out-
come and further emphasises how the duration of temporal 
refuge from pine marten predation can alter the population 
dynamics and persistence of red and grey squirrels. In par-
ticular, when the temporal refuge is short, red squirrels can 
exclude grey squirrels through predator-mediated competi-
tion. If the temporal refuge is sufficiently long, the impact of 
predation on squirrels is reduced and therefore grey squirrels 
can exclude red squirrels as greys are better competitors with 
low levels, or no, predation. A key point to note is that dif-
ferent, observed, patterns of vole population fluctuations can 
lead to different outcomes in terms of red and grey squirrel 
persistence (compare Fig. 5d and e).

Figure 6 shows the pine marten density needed to ensure 
predator-mediated exclusion of grey squirrels by red squirrels 
for different habitats, defined by their proportion of broad-
leaved trees (with the remainder of the habitat being conifer-
ous), when there is either no temporal refuge (Tc = 0), or a 
temporal refuge of either 1 or 2 years. For habitats with less 
than 5% broadleaved trees, the model predicts that red squir-
rels out-compete grey squirrels, without the need for pine 
marten predation (and so the pine marten density required 
for grey exclusion is zero in Fig. 6). When the habitat is 
greater than 5% broadleaved trees, grey squirrels will outcom-
pete red squirrels in the absence of pine marten, with grey 
squirrels having an increasing competitive advantage over red 
squirrels as the percentage of broadleaved trees increases. The 
threshold in pine marten density required for grey squirrel 
exclusion increases as the percentage of broadleaved habitat 
increases. Thus, a pine marten density that may exclude grey 
squirrels in conifer dominated habitats may be insufficient in 
broadleaf dominated habitats. For each habitat the threshold 
in pine marten density also increases as the length of the tem-
poral refuge increases.

We acknowledge that the available data to parametrise the 
predation terms in the model is scarce. We therefore under-
take a sensitivity analysis of the impact of the predation rate 
and characteristics of prey switching function g(V) on our key 
findings (Supporting information). Results show that, if the 
overall predation rate is reduced or if the preferential preda-
tion rate of pine marten on grey squirrels is less pronounced 
(µR/µG is increased), then a higher density of pine marten is 
required for predator-mediated exclusion of grey squirrels by 
reds. However, the trends in pine marten density that lead to 
grey squirrel exclusion as the length of the temporal refuge 
is increased are robust to changes in pine marten predation 
parameters.

We now extend the case study results to consider the effect 
of pine marten population fluctuations, that arise in response 
to fluctuations in vole density, on the outcome of interac-
tions between red and grey squirrels. Figure 7 outlines the 
population dynamics of voles, pine marten and squirrels for 
an idealised scenario where the period T = 2 and the tempo-
ral refuge length Tc = 1. We consider pine marten dynam-
ics that have oscillations that are synchronous with the vole 
oscillations and those that lag behind the vole oscillation by 
1 year (and are therefore asynchronous with the vole dynam-
ics). Figure 7a(i) shows the vole dynamics, which alternate 
between the high and low densities such that there is a tem-
poral refuge from predation for squirrels when vole density is 
high. Figure 7a(ii) shows the pine marten dynamics, where 
oscillations lead to a 2-fold difference in density, which are 
exactly in-sync with the vole dynamics. Thus, pine marten 
density is high when the vole density is high, and low when 
the vole density is low. Figure 7a(iii) shows the pine marten 
dynamics when they lag behind the vole dynamics such that 
they are exactly out-of-sync with the vole dynamics (when 
vole numbers are high, pine marten numbers are low and 
vice-versa).

Figure 7b(i) shows the average red and grey squirrel popu-
lation densities, for fixed pine marten densities (when T = 2 
and Tc = 1). The pine marten density required to ensure red 
squirrel survival is 0.46 km−2. Figure 7b(ii) shows that the 
average pine marten density required to ensure red squirrel 
survival is 50% larger, at 0.69 km−2, when the pine marten 
population oscillations are in-sync with the vole dynamics. 
Recall, predation on squirrels occurs when vole densities are 
low, and when pine marten dynamics are in-sync with vole 
dynamics this coincides to the low phase of the pine mar-
ten cycle. Figure 7b(iii) shows average pine marten density 
required to ensure red squirrel survival is 25% smaller, at 0.35 
km−2, when the pine marten dynamics are fully out-of-sync 
with the vole dynamics. Here, predation on squirrels occurs 
when pine marten are at the high phase of the cycle. These 
idealised scenarios provide an upper and lower bound on the 
average pine marten density required to exclude grey squir-
rels when pine marten densities vary (with a 2-fold increase 
in density) in response to vole population cycles. The impact 
of pine marten oscillations (again with a 2-fold increase in 
density) driven by the vole dynamics reported in the Kielder 
Forest dataset (Fig. 4f ) can be understood by determining the 
average predation pressure over the period where predation is 
active. Compared to a fixed pine marten density the average 
pine marten density would need to increase by 26% when 
pine marten dynamics are in-sync with vole dynamics and by 
7% when they lag behind the vole dynamics by 1 year (the 
lag observed in field studies (Zalewski et al. 1995) and also 
a lag of approximately a quarter of the cycle length, which is 
typical for idealised or modelled predatorprey cycles (Bulmer 
1975)). This highlights how the timing of the temporal refuge 
in relation to the phase and period of the predator population 
cycle can have an impact on the predators ability to mediate 
the competitive interactions of alternative prey species.
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Discussion

In this paper we have developed new mathematical theory that 
combines prey switching and the alternative prey hypothesis 
to show how prey switching by a generalist predator, and the 
temporal refuge from predation that is generated, can alter 
the outcome of inter-species interactions for competing prey 
species. We show that temporal refugia can affect the average 
predation pressure and can therefore play an important role 
in determining prey species persistence and community 
composition.

Previous studies have shown that the proportion of a prey 
population that utilises a refuge, defined as either a fixed 
proportion of the total population or a fixed number of 
individuals (regardless of population size), is a key parameter 
in determining the stability and persistence of predator–
prey interactions (Royama 1977, Sih 1987, Berryman and 
Hawkins 2006). These spatial refugia offer constant refuge 
from predation by safeguarding a segment of the population, 
thereby making extinction less likely (Berryman and Hawkins 
2006). Our study develops new theory to show that the 
length of time spent in a temporal refuge from predation, 
relative to the length of time when predation occurs (Eq. 
5 and 6), is a key factor in determining the outcome of 
predator–prey dynamics. A temporal refuge occurs when the 
predator switches its focus onto an abundant primary prey 
species, which either reduces or removes predatory pressure 
on the alternative prey species for a fixed period of time. The 
temporal refuge is quantifiable as it is directly associated with 
periods where the abundant alternative prey density is above a 
specified threshold. Building on a model of enemy-mediated 
competition, we derived explicit criteria that determine how 
the length of the temporal refuge governs the outcome of 
the interaction between competing prey species and a shared 
predator. This explicit solution is an advance on previous 
analytical considerations of refuges from predation for which 
the proportion of prey that benefits from a spatial refuge does 
not have an obvious biological interpretation. It opens the 
way for considering the influence of the population dynamics 
of primary and alternative prey species in determining 
community structure.

We extend the theory on prey switching to consider how a 
predator can mediate the interaction between two alternative 
prey species that are in competition, and how this is affected 
by the predator switching to a primary prey that generates a 
temporal refuge for the two alternative prey. We highlight the 
utility of the theory for the well-documented 3–4 years of 
multi-annual cyclic dynamics in small rodents that are a key 
driver of predator–prey relationships involving vertebrates. 
An important feature of a temporal refuge described in our 
model study is that the unequal predatory impact on the 
competing, alternative, prey species is reinstated dynamically 
as the abundance of the cyclic primary prey collapses. 
Hence, the refuge from predation diminishes and predation 
of the alternative, competing, prey resumes, potentially 
disproportionally to their relative abundances. Our general 
theory shows that, when there is differential predation on 

the alternative prey species, the predator can mediate the 
outcome of competition and allow an inferior competitor to 
persist if it suffers less from the impact of predation (Leibold 
1996, Carlsson et al. 2009). When the predator switches to 
an abundant primary prey, the alternative prey species in 
our study (red and grey squirrels) benefits from a temporal 
refuge which can lead to renewed competition and the loss of 
the inferior competitor. Thus, we see the interplay between 
bottom–up and top–down regulation and the impact these 
have on community structure (Leibold 1996).

Our general theoretical framework was extended to 
consider a key case study system in which two prey species 
– the endangered Eurasian red squirrel, which is subject to 
competition from, and potential exclusion by, the invasive 
North American grey squirrel – are subject to predation from 
the native pine marten. Pine marten population density is 
recovering in the UK and the Republic of Ireland following 
historical decline as a result of persecution associated with 
the growth of the sporting-estate and habitat loss due to 
deforestation (Langley and Yalden 1977). Pine martens 
predate on both red and grey squirrels, but preferential 
predation of pine marten on grey squirrels has been linked 
to the decline of grey squirrels and the recovery of native red 
squirrels in the Republic of Ireland and Scotland (Sheehy and 
Lawton 2014, Sheehy et al. 2018, Twining et al. 2020b). Our 
theoretical results indicate that this preferential predation 
on grey squirrels can counter their enhanced competitive 
ability and allow red squirrels to exclude greys. However, 
pine martens are opportunistic predators that target locally 
abundant resources (Twining et al. 2019) and, in particular, 
may focus predation efforts on field vole populations 
which are known to exhibit multi-year cycles in population 
abundance (Lambin et al. 2000). This has the potential to 
lead to a temporal refuge from predation for both squirrel 
species and our results indicate that, if the duration of the 
temporal refuge is suitably long, the predator-mediated 
advantage for red squirrels is diminished and may prevent 
red squirrel recovery.

Our key finding, that the outcome of competition between 
red and grey squirrels differs in the presences and absence 
of pine marten predation, depends on pine marten having 
a higher rate of predation on grey squirrel compared to red 
squirrels. Native red squirrels evolved with native pine mar-
ten, and so avoid pine marten, whereas invasive grey squir-
rels have been shown to lack an anti-predator behavioural 
response to pine marten (Twining et al. 2020a). However, 
the lack of grey squirrel response may be temporary. It has 
been shown that species can rapidly develop anti-predator 
defences when faced with strong selection pressure (Anson 
and Dickman 2013) and that intra-specific heterogeneity in 
defence level can affect the outcome of resource competition 
(Vos et al. 2004). However, studies also suggest that vulner-
able species may become extinct before developing a defence 
against predators (Anson and Dickman 2013), although 
grey squirrels are likely to survive in urban refugia that are 
not favoured by pine marten (Twining et al. 2021). Should 
grey squirrels evolve anti-predator behaviour, the role of pine 
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marten as a natural control agent of grey squirrels may be 
diminished.

Field vole cycles documented in Scotland and northern 
England may also be present in Wales and the rest of England 
(Chitty and Chitty 1962, Tapper 1979, Lambin et al. 2000). 
These population cycles have variable period length, where 
under the observed 3-year cycles that have prevailed since 
2013 the vole density remains high for a longer period of time 
and thereby offers a greater refuge for red and grey squirrels 
than the lower amplitude 4-year cycles (Fig. 3d–e). We find 
that the 3-year cycles, which provide a relatively longer ref-
uge, require a 40% higher threshold in pine marten density, 
compared to the 4-year cycle, to ensure predatormediated 
exclusion of grey squirrels (compare Fig. 4d–e). When the 
vole population fluctuations drive fluctuations in pine mar-
ten abundance, the average density of the predator required 
to exclude grey squirrels is also increased. Here, predation on 
red and grey squirrels typically occurs when pine marten are 
entering the low abundance phase of the cycle, which reduces 
the average predation pressure on squirrels. However, since 
the population fluctuations in generalist predators typically 
have low amplitude and can be lagged behind the primary 
prey species, a situation that occurs for pine marten and field 
voles (Zalewski et al. 1995, Birks 2020), the increase in aver-
age density required to exclude grey squirrels under cycling, 
compared to fixed, predator dynamics may be small. We note 
that the threshold values of marten density that yield preda-
tor-mediated exclusion in our strategic models fall within the 
observed range of density values recorded using statistically 
robust methods, but often sparse data. However, we recognise 
that the appropriate use of our findings is for the qualitative 
comparison of model scenarios rather than for quantitative 
interpretation. Nevertheless, our results imply that our nec-
essarily parameter rich multi-species model broadly captures 
the essence of the biology of the species and effectively uses 
empirical evidence, despite strong simplifying assumptions 
(White et al. 2016, Jones et al. 2017, Slade et al. 2020).

It is noteworthy that cyclically fluctuating field vole popu-
lations are altogether absent from the island of Ireland, where 
bank voles Myodes glareolus and wood mice Apodemus syl-
vaticus are the primary prey of pine marten (Twining et al. 
2019). Those species exhibit irregular outbreaks in density 
linked to tree seed masting events (Pucek et al. 1993), how-
ever they do not reach the densities exhibited by field voles in 
mainland UK (Smal and Fairley 1980). Thus, the impact of 
a temporal refuge may be more pronounced in Scotland and 
northern England than in Ireland, which may explain why 
the grey squirrel decline that has coincided with the recov-
ery of pine marten in Ireland has been rapid (Sheehy and 
Lawton 2014, Twining et al. 2020a, 2022). Note also that, 
while we considered the known influence of the proportion 
of coniferous and deciduous tree cover on squirrel species car-
rying capacity, we implicitly held the amount of field vole 
habitat constant. Field voles inhabit rough grasslands and 
clear-felled areas in short rotation conifer plantations, rather 
than forest understorey. These conditions prevail in northern 
Britain and support abundant field vole populations, as do 

unplanted river margins and ungrazed meadows. However, 
plantation forests lack tree cavities, which North American 
research indicates could confer higher survival rates for grey 
squirrels relative to dreys, which may limit grey squirrel den-
sities (Shuttleworth et al. 2016). Determining how habitat 
properties in the UK and Republic of Ireland affect the four 
interacting species considered in our case study system is an 
important applied endeavour beyond the scope of this mod-
elling exercise.

The strategic model developed to assess the case study 
system highlights the importance of a range of potential 
processes that could influence the ability of pine marten to 
promote the recovery of red squirrels. Under the assumption 
that pine marten preferentially predate on grey squirrels rela-
tive to red squirrels (Twining et al. 2020a), a key finding is 
that the pine marten density required for the exclusion of grey 
squirrels is dependent on the grey squirrel carrying capacity, 
which is strongly linked to habitat composition, with higher 
carrying capacities requiring greater marten densities for 
the exclusion of grey squirrels to occur. This result holds for 
constant predator density and if predator density cycles in 
response to population oscillations of the primary prey spe-
cies. The pine marten density required to exclude grey squir-
rels also increases as the relative length of the temporal refuge 
increases, and if the temporal refuge coincides with the high 
density phase of pine marten population fluctuations. Our 
results also indicate that the pine marten density required to 
exclude grey squirrels is higher in the absence of red squir-
rels (Supporting information). This suggests that grey squir-
rel decline, mediated by pine marten predation, is likely to 
be most pronounced in regions that are contiguous with red 
squirrel populations, since here grey squirrel density may be 
further reduced by competition with red squirrels. Thus, the 
influence of pine marten may spread as a slowly expanding 
wave front as red squirrel recovery enhances the impact of 
pine marten on grey squirrel population declines. Pine mar-
ten also predate on red squirrels (Halliwell 1997) and there is 
concern that pine marten recovery may threaten red squirrel 
viability. Despite our strong caveats on the interpretation of 
modelled pine marten densities, our study reflects the results 
from field observations (Sheehy et al. 2018, Twining et al. 
2020a, 2022) that suggest that, at the level of pine marten 
density observed in the UK and Republic of Ireland, the 
impact of pine marten predation on red squirrel density is 
low. Note however, that recent evidence suggests that the 
impact of pine marten on red squirrel density in low resource 
conifer dominated habitats in Northern Ireland (where field 
voles are absent) may be high (Twining et al. 2022).

It is reasonable to ask how our study can be used by ecolo-
gists and policy makers to aid red squirrel conservation. The 
strategic nature of our model study means that providing a 
target pine marten density for red squirrel conservation is 
not possible. However, our study highlights that such a tar-
get density will depend on how the average predation pres-
sure relates to the red and grey squirrel carrying capacities 
and level of interspecific competition. The average predation 
pressure is linked to pine marten density and will decrease 
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if there is a temporal refuge from predation for squirrels. 
Therefore, as pine marten continue to expand their range in 
the UK their impact on red squirrel conservation will vary 
and depend on pine marten density, local habitat characteris-
tics and the abundance of primary prey. In general, our study 
has shown how strategic models can extend the debate on the 
role of the reintroduction and conservation of natural preda-
tors to control invasive species and maintain species diversity 
(Ritchie and Johnson 2009).
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