Epidemiol. Infect. (2010), 138, 941–950. f Cambridge University Press 2010
doi:10.1017/S0950268810000816

Epidemiology of squirrelpox virus in grey squirrels in the UK
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SUMMARY
The dramatic decline of the native red squirrel in the UK has been attributed to both direct and
disease-mediated competition with the grey squirrel where the competitor acts as a reservoir host
of squirrelpox virus (SQPV). SQPV is threatening red squirrel conservation eﬀorts, yet little is
known about its epidemiology. We analysed seroprevalence of antibody against SQPV in grey
squirrels from northern England and the Scottish Borders in relation to season, weather, sex, and
body weight using Generalized Linear Models in conjunction with Structural Equation
Modelling. Results indicated a heterogeneous prevalence pattern which is male-biased, increases
with weight and varies seasonally. Seroprevalence rose during the autumn and peaked in spring.
Weather parameters had an indirect eﬀect on SQPV antibody status. Our ﬁndings point towards
a direct disease transmission route, which includes environmental contamination. Red squirrel
conservation management options should therefore seek to minimize squirrel contact points.
Key words: Emerging infectious disease, Sciurus carolinensis, squirrelpox virus, structural equation
modelling.

INTRODUCTION
Emerging infectious diseases in wild animals are not
only a threat to domestic animal and human health,
but also to sustaining global biodiversity [1]. Disease
has been implicated in the decline of a number of
threatened species, such as the black-footed ferret
(Mustela nigripes) [2], the Ethiopian wolf (Canis
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simensis) [3] and a number of amphibian species on
several continents [4]. The accidental or deliberate
translocation of wildlife species has the inherent risk
of exposing native wildlife species to exotic infectious
agents [5]. Besides introducing new diseases that may
cross-over to native species, introduced species can
also act as reservoir hosts for alien pathogens resulting in disease-mediated competition for susceptible
native species [6]. The most common predisposing
factors for such diseases to cause population decline
or local extinction are small pre-epidemic population
sizes and the presence of reservoir hosts [7].
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It can be diﬃcult to demonstrate whether diseasemediated competition rather than an alternative mechanism causes a species to decline in the presence of a
superior competitor [8]. In the case of red squirrels in
the UK, the introduced North American grey squirrel
(Sciurus carolinensis) causes the decline of the native
red squirrels (Sciurus vulgaris) in the absence of disease [9–13]. In addition, it has also been suggested
that the presence of the squirrelpox virus (SQPV) in
red and grey squirrels in the UK has led to diseasemediated competition between the two species with
grey squirrels acting as a reservoir host [14–17]. Red
squirrels infected by SQPV develop exudative erythematous dermatitis and ulceration with some lesions
covered by haemorrahagic crusts. Lesions are commonly located around the eye, nose, mouth, genital
region and on the digits [18–20]. SQPV in red squirrels
has a high mortality rate and death occurs within
2–3 weeks of infection [16]. Seroprevalence of SQPV
in grey squirrels in the UK is high [15]. Grey squirrels
do not normally exhibit any clinical signs following
infection [15, 16] ; in fact only one grey squirrel has
been reported with pathological signs associated with
a SQPV-like virus [21].
In areas where grey squirrels are seropositive for
SQPV, the rate of decline of red squirrels is in the
order of 20 times faster than in areas where SQPV is
absent [10], reinforcing the idea that the grey squirrel
is a reservoir host of SQPV [14]. Understanding the
dynamics of an infectious disease can oﬀer important
insights into how parasite–host systems operate [1],
and despite the potentially devastating impact of
SQPV on the remaining red squirrel populations in
Britain, little is known about its epidemiology. Moreover, the presence of SQPV in invading grey squirrels
could seriously compromise current red squirrel conservation eﬀorts. These eﬀorts are focused on the
creation of conservation refugia, which in many cases
are in close proximity to populations of grey squirrels
known to be seropositive for the disease agent. Attempts to manage red squirrel populations are severely
hampered by a lack of understanding of the mode of
transmission of SQPV. In red squirrels, an absence of
seasonality of SQPV outbreaks suggests that a direct
rather than vector-borne transmission route is more
likely [14, 17]. We deﬁne direct transmission as any
transmission route that does not involve a third organism besides the virus and squirrels. Physical contact and environmental contamination are therefore
both types of direct transmission. Further circumstantial evidence for a direct transmission route between
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red squirrels is provided by the temporal patterns of
SQPV disease epizootics in translocated red squirrels
[22]. The way grey squirrels transmit SQPV to other
squirrels is likely to diﬀer from how red squirrels
transmit the virus, as red squirrels may shed scabs
containing virus particles from the lesions they develop [14]. Understanding the transmission route
from grey squirrels to red squirrels is particularly important, since grey squirrels may have the potential to
repeatedly re-infect red squirrel populations.
In order to investigate the epidemiology of SQPV in
grey squirrels, we examined the impact of season,
weather, sex and body weight on grey squirrel SQPV
antibody status using data on the serological status of
grey squirrels derived from culling grey squirrels at the
red/grey squirrel interface zone in northern England
and southern Scotland. We used a combination of
Generalized Linear Modelling and Structural Equation Modelling to investigate the relationship between
seropositive status and the variables.

METHODS
Study area
The study area encompassed the counties of Cumbria
and Northumberland in northern England and the
western side of the Scottish Borders (Fig. 1). Cumbria
and Northumberland were chosen as they represent
the main red/grey squirrel interface zone in England
with known presence of SQPV in both species [17].
Southern Scotland is currently being invaded by grey
squirrels moving south from the populations in the
central belt of Scotland and also by grey squirrels
moving into the Scottish Borders from northern
England. Until recently, grey squirrels in Scotland
were seronegative for SQPV [15, 23]. The occurrence
of the ﬁrst seropositive grey squirrels in the Scottish
Borders near Newcastleton in 2005 and the subsequent pattern of northwards expansion of seropositive animals [23] suggest that SQPV spread into
Scotland with infected animals originating from
northern Cumbria. In order to include grey squirrel
samples that originated from SQPV-exposed grey
squirrel populations, all available grey squirrel bloodsample results for Scotland submitted to the Moredun
Research Institute (MRI) (as described below) were
plotted on a map and the geographical extent of
seropositive grey squirrels in the Scottish Borders was
identiﬁed. This area was then incorporated into the
study area.

Squirrelpox virus in grey squirrels

Fig. 1. Study area ( ) in northern England and southern
Scotland with location of weather stations ($).

Serology
As part of a SQPV surveillance scheme in grey squirrels initiated by the MRI, Edinburgh, red squirrel
conservation projects requested local grey squirrel
controllers within the study area to collect grey squirrel blood samples during cull operations. The majority
of controllers were volunteers whose aim was to
help with red squirrel conservation in their area. Data
collection was therefore opportunistic. Grey squirrels
were either shot or live-trapped and humanely dispatched before extracting blood samples [24]. Grey
squirrel controllers were asked to submit blood
samples to the MRI for analysis. This study utilized
samples taken between February 2002 and February
2009 for which sex and body-weight information
were available. Blood samples were tested for SQPV
antibodies by direct enzyme-linked immunosorbent
assay (ELISA) developed at the MRI as described in
Sainsbury et al. [15]. The cut-oﬀ point for a positive
result was a corrected optical density of 0.2 [15].
Data analysis
Binary logistic regression was used to investigate the
relationship between presence of SQPV antibodies in
blood samples and the following variables : sex, body
weight, monthly average minimum temperature,
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monthly average maximum temperature, monthly
total rainfall (mm), monthly total days of air frost and
‘season ’. We used cosine and sine functions of time
with a period of 12 months as harmonic covariates to
investigate the impacts of seasonality [25].
Weather data were obtained from the Meteorological Oﬃce website (www.metoﬃce.gov.uk/climate/
uk/stationdata) using data from the Newton Rigg
(Penrith) weather station for records from Cumbria
and the Borders and data from the Durham weather
station for records from Northumberland (Fig. 1).
Logistic regression was undertaken as a Generalized Linear Model (GLM) in R (R Foundation for
Statistical Computing, Austria). Models were compared using Akaike’s Information Criteria (AIC).
Receiver Operating Characteristic plots (ROC) were
used to assess model ﬁt.
Model comparisons were undertaken for all combinations of the following parameters : sex, body
weight, sex/body-weight interaction, ‘ season ’ and the
four weather parameters.
Investigating the variables in terms of only direct
eﬀects on SQPV antibody status using GLMs is likely
to give an incomplete picture of the mechanisms that
inﬂuence the dynamics of the system. Extrinsic and
intrinsic variables may also interact and aﬀect the
disease dynamics through indirect eﬀects. Direct and
indirect eﬀects may also have opposite eﬀects, resulting in a zero net eﬀect [26]. Path analysis, a form of
Structural Equation Model (SEM), is a technique that
allows investigation of indirect eﬀects [27]. In path
analysis the overall correlation among variables is
partitioned into direct eﬀects of one variable on the
other, indirect eﬀects mediated by other variables,
and spurious eﬀects due to common causes [28–31].
Path analysis was used to investigate the relationship
among the predictor variables and SQPV antibody
status. Path diagrams showing the causal relationships among all variables in the system, based upon a
priori knowledge of the relationships, was constructed
for the full model, representing the working hypothesis about the causal relationships among variables
[28, 29, 32]. After testing the a priori models for each
variable, we then compared this model with simpler
models from which non-signiﬁcant pathways were
removed until a best ﬁt model was obtained (the parsimonious model). The goodness of ﬁt was assessed
using x2 (where a signiﬁcant x2 statistic, P<0.05, indicates that the model was not supported by the data),
the root mean square error approximation (RMSEA,
signiﬁcant at P<0.05) and Bentler’s comparative ﬁt
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Fig. 2. Proportion of grey squirrels in this study testing seropositive to SQPV antibodies.

index (CFI). Values of CFI ranged between 0 and 1
with values of >0.9 indicating an acceptable ﬁt of the
model to the data [28, 32, 33].

Table 1. Results from logistic regression with Akaike’s
Information Criteria (AIC) values and area under curve
(AUC) value from the resulting Receiver Operating
Characteristic plot

R ES U L T S

Full and best model

Proportion of seropositive animals
The overall proportion of seropositive grey squirrels
in this study was 53 % (n=505). Males were more
likely to be seropositive than females and the proportion of seropositive animals increased with weight
class. Although sampling was opportunistic, the
available data contained similar proportions of male
and female grey squirrels and represented diﬀerent
weight categories (Fig. 2).
Generalized Linear Model
The full model was also the best model using the
information theoretic approach (Table 1). For the
harmonic variables representing ‘season ’, cosine
continuous month was signiﬁcant but sine continuous
month was not. All remaining variables were signiﬁcant at P<0.05 with the exception of rain (P=0.069).
Males were more likely to be seropositive than females (note that the negative sign on the coeﬃcient
for sex is caused by the inclusion of the sex/bodyweight interaction). Rain and maximum temperature
were negatively associated and body weight, minimum temperature and frost were positively associated
with the presence of SQPV antibodies. The AUC
value of the ROC plot was 0.82 (Table 1).
There was a strong association between body
weight and SQPV antibody presence in grey squirrels,
which was particularly pronounced in males (Fig. 3).
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Predictor

Coeﬃcient

S.E.

z

P

Intercept
cos(2p*cont
month/12)
sin(2p*cont
month/12)
Sex (male)
Body weight
Min temperature
Max temperature
Rain
Frost
Sex : body weight

x1.248
x2.143

1.713
0.589

x0.728
x3.639

0.466
2r10x4

x0.594

0.449

x1.322

0.186

x4.574
0.008
0.473
x0.508
x0.005
0.183
0.009

1.701
0.002
0.161
0.132
0.003
0.052
0.003

x2.688
4.754
2.942
x3.836
x1.821
3.494
3.088

0.007
2r10x6
0.003
1r10x4
0.069
4r10x4
0.002

AIC=536.99, AUC=0.82.

The rate of change in seroprevalence in males was
initially low until about 400 g, then seroprevalence
rose sharply until it levelled oﬀ again around 600 g.
No information on breeding status was submitted
with blood samples and data for female squirrels were
likely to include a proportion of pregnant animals.
There were seasonal trends with a peak in spring and
a low in autumn of seropositive animals (Fig. 4).
Structural Equation Models
The path diagram with causal relationships for the
a priori and parsimonious model are shown in Figure 5.

Squirrelpox virus in grey squirrels
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Fig. 3. Fitted probability of grey squirrels testing seropositive to SQPV antibodies in relation to body weight and based on the
full/best Generalized Linear Model.
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Fig. 4. Observed results () and ﬁtted probability (r) of grey squirrels testing seropositive to SQPV antibodies over time and
based on the full/best Generalized Linear Model. Note the observed data are jittered to allow representation of multiple
points at y=0 and 1.

Arrows represent direct eﬀects of one variable on another. The magnitude of the path coeﬃcient (standardized regression coeﬃcient) shows the degree to
which predictor variables directly inﬂuence the criterion variable with all other variables held constant.
Arrows not originating at a variable indicate residual
(unexplained) variance. The parameter estimates for
the models are given in Table 2. The model statistics,
x2, RMSEA and CFI all indicate that the causal
scheme of the a priori path diagram is not an adequate
description of the data (Fig. 5a).
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None of the pathways from weather parameters to
SQPV antibody status were signiﬁcant. Removing
minimum temperature, maximum temperature and
frost resulted in the parsimonious model (Fig. 5b).
The pathways from sine continuous month, sex and
body weight to SQPV antibody status were signiﬁcant. Also signiﬁcant are sine and cosine continuous
month on body weight, indicating that season inﬂuenced SQPV antibody status indirectly through body
weight. x2, RMSEA and CFI values all indicate that
the parsimonious model adequately described the
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(a) Full model
χ2 = 157·185, D·F· = 5, P = 0·0000, RMSEA = 0·246, CFI = 0·477

Season: sine (s) & cosine (c) of continuous month
S

C

S

0·153

C

S
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–0·147
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S

S
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C
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C
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–0·002

Rain
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C
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S

–11·133

0·101
–0·007

C

–0·267

Min
temp
0·659

0·746
–0·026

0·039

Result: SQPV antibody status
0·640

(b) Parsimonious model
χ2 = 4·248, D·F· = 3, P = 0·2359, RMSEA = 0·029, CFI = 0·992

Season: sine (s) & cosine (c) of continuous month
S

C

S

0·134

C

S

–0·171

0·102
–0·024

0·135

Sex

C

Weight

–0·079

Rain

0·966
–0·114

0·580

0·971
–0·092

Result: SQPV antibody status
0·643

Fig. 5. The a priori models used in path analyses and summaries of path analysis results : (a) full model and (b) parsimonious
model. Arrows indicate causal paths and path coeﬃcients. Filled arrows indicate a signiﬁcant causal path. Dashed boxes
indicate the residual errors for the response variables. x2, chi square value ; D.F., degrees of freedom ; RMSEA, root mean
square error of approximation ; CFI, Bentler’s Comparative Fit Index.

data. However, the model still only explained 36 % of
the variation in SQPV antibody status.
For the GLM, the best-ﬁt model included all
weather parameters. The SEM indicated that this is
not due to a direct impact of weather on the SQPV
antibody status, but to seasonal ﬂuctuation in the
weather parameters coinciding with the seasonal variation in body weight which directly inﬂuences SQPV
antibody status.
The best model for the GLMs contained the ‘season ’ variables, although not at the traditional signiﬁcance level of P<0.05 for both ‘ season ’ variables. Also
for the SEMs, only one of the two ‘season ’ variables
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were signiﬁcant, indicating that the seasonal patterns
observed is mainly explained by squirrel body weight.
DISCUSSION
The analysis of the prevalence patterns for SQPV
antibodies in grey squirrels at the red/grey interface
zone in northern England/southern Scotland revealed
a seasonal oscillation and a sex- and body-weightbiased infection rate. It should be noted that a seropositive status does not necessarily indicate that the
animal is currently infected or infectious. It is unknown how long grey squirrels remain seropositive

Squirrelpox virus in grey squirrels
Table 2. Parameter estimates from the structured
equation modelling analysis of the pathways for
the full model
Relationship

Estimate

Sin–result
0.235
Cos–result
x0.010
Sex–result
x0.304
Weight–result
0.543
Min temp.–result
0.012
Max temp.–result
0.006
Rain–result
x0.002
Frost–result
0.010
Sex–weight
0.124
Sin–weight
0.166
Cos–weight
0.203
Sin–min temp.
x2.303
Cos–min temp.
x1.222
Sin–max temp.
x2.550
Cos–max temp.
x1.335
Sin–rain
x11.133
Cos–rain
4.742
Sin–frost
1.516
Cos–frost
x0.012
Weight
5.361
Min temp.
5.572
Max temp.
13.238
Rain
80.401
Frost
3.344

S.E.

0.127
0.084
0.103
0.036
0.020
0.015
0.001
0.013
0.098
0.084
0.070
0.251
0.204
0.365
0.346
3.852
4.117
0.387
0.319
0.153
0.383
0.524
6.294
0.630

z
1.854
x0.119
x2.957
14.953
0.615
0.422
x1.664
0.753
1.268
1.968
2.904
x9.160
x6.004
x6.982
x3.858
x2.890
1.152
3.923
x0.039
34.971
14.542
25.287
12.775
5.308

Pr (>|z|)
0.064
0.905
0.003
0.000
0.538
0.673
0.096
0.451
0.205
0.049
0.004
0.000
0.000
0.000
0.000
0.004
0.249
0.000
0.969
0.000
0.000
0.000
0.000
0.000

Signiﬁcant pathways at P<0.05 level are highlighted in
bold.

after exposure to SQPV and for what period of time
they are infectious.
The observed male-biased SQPV antibody prevalence may be due to behavioural diﬀerences between
males and females. Male home ranges tend to be larger than female home ranges [34–37] and increase in
size in spring when food supply is low and breeding
activity high [34, 36]. Males may wander well outside
their normal home range in search of females in heat
[37, 38]. The increased area that male squirrels cover
may result in a higher likelihood of male squirrels
encountering a source of SQPV infection.
Diﬀerences in space use between age classes may
explain the observed rise in seroprevalence with body
weight, as the body weight of grey squirrels is partly
related to age, as well as to food availability that ﬂuctuates throughout the year and between years [39, 40].
Adult squirrels, particularly males, tend to have larger
home ranges than juveniles [41]. The greatest increment in size in juvenile grey squirrel home ranges
is between 90 and 120 days after birth and the
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maximum home ranges size is reached at around 180
days after birth [34]. At 90 days after birth, grey
squirrels weigh roughly 300 g increasing to up to
500 g at 180 days after birth [42, 43]. The increase in
home-range size with body weight matches the rise in
the proportion of seropositive grey squirrels with
body weight (Fig. 4). Moreover, the rise in the proportion of seropositive animals around 400–500 g
may represent young dispersing animals in the
autumn with exposure to the virus in the environment
or through involvement in agonistic behaviour with
resident adult animals [34, 35, 41, 44, 45]. The autumn
dispersal period also coincides with the observed seasonal rise in seroprevalence from autumn to winter.
The levels of seroprevalence therefore correlate with
weight/age-related increases in space-use patterns
and thus an increased probability of encountering the
virus.
The rise in seroprevalence does not coincide with
the time of year when one would expect increased
parasite burdens, indicating that a direct mode of
transmission is more likely than vector-borne transmission. Direct transmission routes can involve
physical contact between grey squirrels, e.g. ﬁghting
or mating, as well as environmental contamination
particularly at focal points in space, e.g. scent marking posts, common dreys or feeding stations. The
probable infection of a red squirrel through a handling cone that was previously used on a SQPVexposed red squirrel provides further indication the
virus can be spread through environmental contamination [22]. If environmental contamination can arise
from an infectious grey squirrel, this has implications
for red squirrel management techniques. Caution is
advisable when undertaking any management that
brings red and grey squirrels into contact or attracts
them to joint focal points, such as trapping or supplementary feeding. The design of red squirrel captive-breeding enclosures in areas with SQPV-exposed
grey squirrels also needs to consider the threat of environmental contamination. The evidence regarding
captive red squirrels in outdoor cages being infected
with SQPV when free-ranging seropositive grey
squirrels are in the vicinity is equivocal. For example,
caged red squirrels at the Welsh Mountain Zoo did
not become infected by the virus over a 9-year period
despite the presence of seropositive grey squirrels in
the area that were seen climbing on the cages [46].
However, some of the captive red squirrels did succumb to the virus after they were released into the
wild. In contrast, captive red squirrels in outdoor
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cages at Thetford Forest with seropositive grey squirrels in the area became infected with SQPV (J. Gurnell,
unpublished data) as did red squirrels at Munchester
Castle (T. Warburton, personal communication). The
latter would support the idea of environmental contamination of red squirrel cages with virus particles
deposited by grey squirrels, but this is only conjecture.
The fact that red squirrels at the Welsh Mountain Zoo
did not become infected while in outdoor cages does
not contradict the idea of environmental contamination but highlights our lack of knowledge with regard to the epidemiology of the virus in grey squirrels
and the viability of potentially deposited virus particles in the environment. Furthermore, grey squirrels
coming into contact with the cages may have been
seropositive, but that does not necessarily indicate
that they were infectious. Thus further research is required on viral contamination of the environment by
grey squirrels and how red squirrels pick up the virus
particles. Disentangling the various diﬀerent factors
impacting on the dynamics of SQPV in grey squirrels
is diﬃcult due to the interdependence of variables.
The SEM indicated that the signiﬁcant impact of
the weather parameters shown in the GLM is not due
to a direct impact on SQPV antibody status. This
demonstrates that structural equation modelling in
conjunction with GLMs allows exploration of causal
links of predictor variables in relation to the response
variable. While SEM sheds some light on the possible
causal relationships between the variables, our model
still only explained 36 % of the variation in SQPV
antibody status. In reality, many more variables are
likely to directly or indirectly inﬂuence the dynamics
of SQPV in grey squirrels, such as habitat type, food
availability, squirrel densities, squirrel behaviour,
human intervention (e.g. through trapping and feeding) and dynamics of other potential host populations. Sampling for this study was opportunistic and
further explorations of impacts on SQPV status
in grey squirrels may require a move to strategic
sampling techniques. Future studies should focus on
the eﬀect of population densities which vary between
seasons due to the impact of breeding and food
availability. Food availability also aﬀects population
densities between years and between habitat types.
Population densities and habitat type can inﬂuence
encounter rates through, e.g. varying feeding behaviour, agonistic behaviour, scent marking and common
use of dreys. In order to help interpret ﬁndings of
this and future studies, it is vital to investigate the
amount of time grey squirrels are infectious after

https://doi.org/10.1017/S0950268810000816 Published online by Cambridge University Press

exposure to the virus and how long animals remain
seropositive.
Grey squirrels and SQPV provide a bleak prospect
for red squirrel conservation in the UK, yet our
understanding of the epidemiology of SQPV in grey
squirrels is rudimentary. This study has provided some
valuable, preliminary results in terms of seasonality
and potential transmission routes. However, further
research into SPQV is essential to help safeguard remaining red squirrel populations.
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