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Positive relationship between non-native and
native squirrels in an urban landscape

E.K. Gonzales, Y.F. Wiersma, A.l. Maher, and T.D. Nudds

Abstract: Paradoxically, non-native species sometimes displace native species that appear to be well adapted to local land-
scapes. That many landscapes have been altered by humans, creating habitat suitable for non-native species, helps explain
this apparent paradox. We asked whether the abundance of native Douglas (Tamiasciurus douglasii (Bachman, 1839)) and
northern flying (Glaucomys sabrinus (Shaw, 1801)) squirrels was best explained by the abundance of non-native eastern
grey squirrels (Sciurus carolinensis Gmelin, 1788), the proportion of urban development, or both using available squirrel
abundance data from wildlife shelters and land-use maps. There was no evidence that non-native squirrels replaced native
squirrels since their abundances were positively related, whereas native squirrels varied negatively with the amount of de-
velopment. The best model explaining variation in the abundance of Douglas and northern flying squirrels incorporated
both eastern grey squirrels and development, which is consistent with the hypothesis that regional declines in native squirrels
are more likely to be predicated by the alteration of native conifer habitats by humans independent of the effects of non-
native squirrels.

Résumé : Il arrive paradoxalement que des espéces non indigénes évincent des especes indigénes qui semblent bien adapt-
€es aux paysages locaux. Le paradoxe apparent s’explique en partie par la modification anthropique de nombreux pay-
sages, ce qui crée des habitats pour les espéces non indigenes. Nous nous demandons si les abondances des écureuils de
Douglas (Tamiasciurus douglasii (Bachman, 1839)) et du grand polatouche (Glaucomys sabrinus (Shaw, 1801)) s’expli-
quent mieux par 1’abondance de 1’écureuil gris (Sciurus carolinensis Gmelin, 1788) non indigéne ou par I’'importance du
développement urbain, ou encore par les deux phénomenes; nous utilisons les données d’abondance des sciuridés disponi-
bles dans les refuges de faune sauvage, ainsi que des cartes d’utilisation des terres. Il n’y a aucune indication que les écur-
euils non indigénes évincent les sciuridés indigenes puisqu’il y a une corrélation positive entre leurs abondances
respectives; en revanche, ’abondance des écureuils indigenes est en corrélation négative avec I’importance du développe-
ment. Le meilleur modele explicatif de 1’abondance des écureuils de Douglas et des grands polatouches tient compte a la
fois des écureuils gris et du développement, ce qui s’accorde avec 1’hypothése selon laquelle les déclins régionaux de
sciuridés indigénes sont plus vraisemblablement attribuables a la modification des habitats indigénes de coniferes par les
humains, indépendamment des effets des écureuils non indigenes.

[Traduit par la Rédaction]

species (Levine et al. 2003). The success of non-native spe-
cies has often been interpreted in the context of biotic inter-
actions such as competitive exclusion (Mitchell et al. 2006),
whereby the increasing abundance of a novel species is cor-
related with the decreasing abundance of native species and
this relationship is taken as evidence of causation (Conroy et
al. 1989; Gurevitch and Padilla 2004). However, there is lit-
tle empirical evidence for a relationship between invasion
and extinction (Davis 2003); in fact, frequently there are
positive relationships between native and non-native species
(Lonsdale 1999; Sax and Brown 1999; Sax and Gaines
2003) because the same environmental conditions favour

Introduction

As species are translocated around the globe, ecosystems
become composed of increasing numbers of non-native spe-
cies (Sax et al. 2002). Some of these have negative effects
on the new environment (Wilcove et al. 1998), and are here-
inafter called “invaders” to distinguish from non-invasive
non-native species (Alpert et al. 2000; Davis and Thompson
2000). However, we currently have little ability to predict
what controls the demographic success of non-native species
or the demographic response of native species to non-native
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both (Stohlgren et al. 1999).

Alternatively, negative relationships between native and
non-native species can be mediated by indirect effects such
as habitat alteration (Gurevitch and Padilla 2004). Thus non-
native species may be ‘“passengers” of anthropogenic dis-
turbance rather than “drivers” of native species declines
(MacDougall and Turkington 2005). Testing alternative hy-
potheses can clarify the mechanisms driving species declines
in situations of apparent competitive exclusion (Didham et
al. 2005). Recent theories on the success of non-native spe-
cies address multifactor mechanisms (Mitchell et al. 2006).
Non-native species lose interactions with enemies, mutual-
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ists, and competitors from their native ranges and gain inter-
actions with new species under new environmental condi-
tions (Hierro et al. 2005). Determining the direct and
indirect mechanisms that mediate the abundances of native
and non-native species has important implications for man-
agement decisions about whether and how to control estab-
lished non-native species (White et al. 2006). However,
demographic data for non-native species are not typically
available during the time when control efforts are most ef-
fective (Simberloff 2003), presenting a challenge for man-
agement. We used available data to examine the
relationships between the abundance of two native species
with a confamilial non-native species and habitat distribu-
tion.

Perhaps one of the most well-known and well-studied ex-
amples of competitive exclusion is the replacement of Eura-
sian red squirrels (Sciurus vulgaris L., 1758) by eastern grey
squirrels (Sciurus carolinensis Gmelin, 1788), hereinafter
grey squirrels, following their introduction to Europe (Gur-
nell et al. 2004). Three hypotheses, (1) competitive exclu-
sion, (2) habitat modification, and (3) disease transmission,
may explain the shift from native to non-native squirrels
(Reynolds 1985). Eurasian red and grey squirrels compete
for the same resources in deciduous forests (Wauters et al.
2002) and fitness of Eurasian squirrels was shown to be
lower in the presence of grey squirrels (Gurnell et al. 2004).
However, Eurasian red squirrels persist with grey squirrels
in some conifer forests (Bryce et al. 2002), suggesting that
habitat influences competitive interactions. Grey squirrels
are also asymptomatic carriers of a poxvirus lethal to Eura-
sian red squirrels (Thomas et al. 2003; Tompkins et al.
2003), although red squirrels also declined in the absence of
the disease (Reynolds 1985; Gurnell et al. 2004). Regardless
of the mechanism, Eurasian red squirrels generally disappear
within 10-20 years of the arrival of grey squirrels in decidu-
ous forests (Usher et al. 1992). Grey squirrels, native to
parts of central and eastern North America, were introduced
around the world (Gurnell 1987), including western North
America (Robinson and [McTaggart-]Cowan 1954). Interac-
tions between native and introduced grey squirrels have
rarely been studied outside of Europe and their effects on
native species are largely unknown.

Two native arboreal sciurids, Douglas squirrels (Tamias-
ciurus douglasii (Bachman, 1839)) and northern flying
squirrels (Glaucomys sabrinus (Shaw, 1801)), inhabit main-
land North America’s Pacific coast. Douglas squirrels are di-
urnal, conifer-associated squirrels whose range extends west
of the Cascade Mountains to the coast ([McTaggart-]Cowan
and Guiguet 1965). Northern flying squirrels are nocturnal,
widely distributed in North America, and tend to be found
in older forests where suitable nest sites are more abundant
(Martin and Anthony 1999). Sciurid populations are known
to fluctuate with food supply and both native and grey squir-
rels have catholic dietary preferences that include seeds,
fungi, and occasionally bird eggs and nestlings (Robinson
and [McTaggart-]Cowan 1954; Sullivan and Sullivan 1982).

There is concern that non-native grey squirrels displace
native squirrels in western North America (Bruemmer et al.
2000; Garry Oak Ecosystems Recovery Team 2003). The
density and reproductive output of Douglas squirrels in
Stanley Park, where grey squirrels were first introduced to
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western Canada, were lower than at an ecological reserve
8.5 km south of Stanley Park, where only Douglas squirrels
occurred (Hwang and Lariviere 2007). Therefore, grey squir-
rels may suppress the density and reproductive output of
Douglas squirrels. Differences between the two habitats, as
well as squirrel habitat preferences, might also explain the
variation in abundances. The ecological reserve is a mature
conifer forest, whereas Stanley Park consists of a variety of
habitat types including conifer forest, deciduous woodlands,
and developed areas (Robinson and [McTaggart-]JCowan
1954). Grey squirrels are not present in the reserve but are
abundant in the habitats surrounding it, perhaps because
they do not generally select coniferous habitats (Robinson
and [McTaggart-]Cowan 1954; Gonzales 2005). Non-native
species with habitat requirements that differ from native spe-
cies may establish with relatively little resistance or conse-
quence for native species (Gilbert and Lechowicz 2005).
Therefore, habitat segregation can allow coexistence (Bryce
et al. 2002), but may create the perception of competitive
exclusion if suitable habitat increases for non-native species
while simultaneously declining for native species.

We explored whether the distribution and abundance of
eastern grey squirrels, the proportion of urban development,
or both accounted for the distribution and abundance of
Douglas and northern flying squirrels in 15 municipalities
in Greater Vancouver, British Columbia, Canada. Submis-
sion records from wildlife shelters, facilities that rescue and
rehabilitate wild animals, provided squirrel abundances by
municipality from 1983 to 2003. Negative relationships be-
tween squirrel abundances could imply competitive exclu-
sion, whereas positive relationships suggest common
environmental influences such as weather conditions and
food availability. Alternatively, squirrel abundances may be
independently related to habitat availability. Finally, non-na-
tive squirrel abundances and habitat may both contribute to
variation in abundances of native squirrels. Tests for poxvi-
rus in 100 grey squirrels from British Columbia were nega-
tive (C. Bruemmer, personal communication (2007)),
therefore we did not explore disease transmission as a mech-
anism for potential native squirrel declines.

Materials and methods

In 1909, grey squirrels were introduced to the peninsula
of Stanley Park (Robinson and [McTaggart-]Cowan 1954)
and began spreading to neighbouring municipalities some-
time around the 1970s (Merilees 1986). They presently in-
habit ~1500 km? in Greater Vancouver (Gonzales and
Gergel 2007) (Fig. 1). We used submission records from
Greater Vancouver wildlife shelters as a novel approach to
estimate squirrel abundances. Submission records document
the age of the squirrel submitted, the municipality of origin,
and the reason for admission. There are no formal surveys
encompassing the spatial and temporal breadths of the inva-
sion; however, native squirrels were captured using mark—
recapture techniques from 1995 to 1999 in forested areas in
1 of the 15 Greater Vancouver municipalities (Coquitlam)
by Ransome and Sullivan (2003). We calculated Pearson
correlations for the mark—recapture estimates and total wild-
life shelter submissions for Douglas and northern flying
squirrels to test whether native squirrel abundances followed
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Fig. 1. Wildlife shelter locations, point of origin of the non-native eastern grey squirrels (Sciurus carolinensis), and total counts of two
native (Douglas, Tamiasciurus douglasii, and northern flying, Glaucomys sabrinus, squirrels) and one non-native sciurid species submitted
to wildlife shelters from 15 Greater Vancouver municipalities between 1983 and 2003.
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similar trends in those years. Specifically, we used estimates
collected from a second-growth forest located in Coquitlam
(for methodology see Ransome and Sullivan 2003).

As with more formal sampling techniques, we assumed
that the encounter rate for squirrels submitted to wildlife
shelters approximated their abundance in the landscape.
This assumption would be violated if there were regional
differences in submission rate, e.g., if urban dwellers had
different attitudes toward squirrels than rural residents or if
native squirrel abundances differed between the shelters.
First, we surveyed rural and urban attitudes (positive, nega-
tive, or no opinion) toward grey squirrels. Posters, a Web
page, and publications (newspaper announcements and Gon-
zales 1999) solicited local residents for information regard-
ing native and non-native squirrels. Differences were tested
with a x?2 analysis. Wildlife Rescue Association and Critter
Care are separated by 32 km and the Fraser River, a large
water barrier; therefore, their submissions are likely to rep-
resent independent observations. We pooled submissions to
a third shelter, Monika’s Wildlife Shelter, with Critter Care
because Critter Care, which opened in 1993, eventually took
over care of mammals from Monika’s Wildlife Shelter.

Second, we compared abundances of native squirrels be-
tween the shelters. Regional differences between the abun-
dances of native squirrels and the shelters would suggest (i)
native squirrel abundances differed through time between

Squirrel Counts

Canada

shelters, possibly indicating declines in one region, or (if)
undesirable variability between the wildlife shelter submis-
sions. Grey squirrels were actively spreading through the re-
gion with time; therefore, grey squirrels were expected to
differ between the shelters, whereas native squirrel abundan-
ces were expected to be stable. We tested differences with
generalized estimation equations using Proc GENMOD
(SAS version 9.1; SAS Institute Inc. 2003) with a “re-
peated” statement and assumed a negative binomial distribu-
tion of the response variable, counts of native squirrels, with
a log-link function. Generalized estimation equations pro-
vide unbiased standard errors of the parameter estimates for
longitudinal and other correlated data (Liang and Zeger
1986). We inputted “year” as the repeated subject and hy-
pothesized a first-order autoregressive covariance structure.
We used the negative binomial distribution rather than a
Poisson distribution because of overdispersion (Lawless
1987).

Our primary question was “are native squirrel abundances
best predicted by non-native squirrel abundances, the
amount of undeveloped area, or both?” We compared four
models (Table 1) using each explanatory variable and both
variables together. Digital land-use maps (1 : 250 000) pro-
vided by the Greater Vancouver Regional District Policy
and Planning Department for 1996 and 2001 were used to
calculate the proportion of urban development in each of
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Table 1. Generalized linear model selection for native squirrels (Douglas, Tamiasciurus dou-
glasii, and northern flying, Glaucomys sabrinus), including the number of parameters (K) and
the ratio of Pearson x? to degrees of freedom (df), which is the estimate of dispersion for each

model where 1 is a good fit.

ID Model K x*/df AIC, A; Wi

la  Douglas = grey 2 1.5 1161.2  49.23 0.00
B Douglas = development 2 1.26 1149.2  37.23 0.00
C Douglas = grey + development 3 1.17 111197 0 1.00
2a  Northern flying = grey 2 1.07 728.81 45.01 0.00
B Northern flying = development 2 1.32 715.43 31.63 0.00
C Northern flying = grey + development 3 0.92 683.8 0 1.00

Note: Non-native squirrels and the proportion of urban development were input as fixed effects. The
best approximating models (in boldface type) were selected among a to d for each native squirrel based on
the lowest Akaike’s information criterion corrected for small sample sizes (AIC,) and Akaike weights (w;),
which represent the relative likelihood of a particular model, given the set of candidate models.

the municipalities. We merged land-use categories into two
broad classes, urban development and undeveloped, and ex-
cluded bodies of water from the analyses. The urban devel-
opment class consisted of industrial, residential, commercial,
institutional, and transportation land-use types. The undevel-
oped class consisted of agricultural, research, harvesting (se-
lective logging), parks and protected natural areas, rural, and
other undeveloped lands. We estimated the proportion of de-
velopment for each municipal group through time by calcu-
lating the percent change in urban development between
1996 and 2001, and then estimated an annual rate of devel-
opment that we back and forward cast for 1983-2003.
Although municipalities were unlikely to have a stable rate
of development through time, our goal was to approximate
a dynamic development variable and to increase the realism
of the representation of the landscape relative to a static es-
timate. Spatial operations were performed using ArcView
version 3.3 (Environmental Systems Research Institute, Inc.
2002) and maps were prepared in ArcGIS version 9.2 (Envi-
ronmental Systems Research Institute, Inc. 2007).

Mixed-effects models enable the modeling of the correla-
tions that often exist with spatially and temporally grouped
data. The explanatory variables, counts of grey squirrels and
the proportion of urban development in each municipality
from 1983 to 2003, were put into the model as fixed effects.
Fixed effects are associated with the entire population,
whereas random effects are used to model the behaviour of
individual experimental units, which are drawn at random
from the population and govern the variance—covariance
structure of the response variable (Buckley et al. 2003).
Treating variables as random effects also has the advantage
of using up fewer degrees of freedom than treating variables
as fixed effects with multiple levels.

We first fit the four candidate models for each native
squirrel using Proc GLIMMIX (SAS version 9.1; SAS Insti-
tute Inc. 2003) with negative binomial distributions and
log-link functions, inputting the fixed but not the random
effect variables because selection techniques for models
with random effects are still in development. There was a
good fit to the models (Pearson x%df ~ 1; Table 1). We
used Akaike’s information criterion corrected for small
sample sizes (AIC.) and subtracted the minimum AIC,
value from each candidate set of models for each model in
its associated set to make inferences about the best model

(Burnham and Anderson 2002). We also used Akaike
weights (w;), which represent the relative likelihood of a
particular model given a set of candidate models to assess
the likelihood of the model being supported (Burnham and
Anderson 2002). Akaike weights were calculated as

g
w; = exp(—1/28A;)/ 2:] exp(—1/2@A,), where g is the num-
o

ber of models in each set.

We then input random effects for the selected models to
incorporate the spatial clustering and temporal autocorrela-
tions inherent in this data set (Schabenberger and Pierce
2002). As before, temporal relationships were assumed to
have a first-order autoregressive error variance—covariance
structure and the class variable “year” was inputted as a
random effect. Given that municipal groups were likely to
also contain non-independent variance, we categorized the
class variable “municipalilty” as a random subject to sepa-
rate the variance of the spatial clustering from the fixed ef-
fects.

Results

The shelters recorded 238 northern flying, 590 Douglas,
and 3786 grey squirrels in the 15 municipalities over the
20-year period (Fig. 2). Most squirrels were described as or-
phaned young (northern flying = 24%, grey = 30%, Douglas
= 27%), although staff clarified that many orphaned young
were from disturbed nests or nuisance squirrels rather than
abandoned. Predators and pets accounted for the next most
common injuries (northern flying = 15%, grey = 12%,
Douglas = 23%). Adult squirrels were also submitted with-
out injuries when their nesting locations were disturbed or
as nuisance squirrels (northern flying = 2%, grey = 10%,
Douglas = 4%). Other reasons for submission included ve-
hicular collisions, unspecified injuries, parasites, and intra-
specific aggression between grey squirrels. No inter- or
intra-specific squirrel conflict was reported for native squir-
rels.

Flying squirrel estimates from mark-recapture techniques
were correlated with wildlife shelter submissions (P = 0.77),
but Douglas squirrels were not (P = 0.24). The poor rela-
tionship was related to a year shift between the years of
greatest abundances. The peak in Douglas squirrel shelter
abundances occurred in 1996, whereas the mark-recapture
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Fig. 2. Mean (1 SD) number of northern flying (Glaucomys sabrinus), eastern grey (Sciurus carolinensis), and Douglas (Tamiasciurus dou-
glasii) squirrels submitted to three local wildlife shelters from Greater Vancouver municipalities (n = 15) from 1983 to 2003.
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Fig. 3. Comparison of mark-recapture data for northern flying (Glaucomys sabrinus; P = 0.77) and Douglas (Tamiasciurus douglasii; P =
0.24) squirrels (Ransome and Sullivan 2003) and wildlife shelter submissions.
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data recorded a peak in the 1997 (Fig. 3). Ransome and Sul-
livan (2003) describe a large cone mast in the winter of
1996-1997 to explain the peak in Douglas squirrel abundances,
so it is possible that the peaks do coincide.

We also compared submissions of native squirrels be-
tween shelters and rural and urban attitudes toward grey
squirrels to test for bias. Native squirrel abundances did not
differ between shelters (Douglas: x2 = 1.37, p = 0.24; north-
ern flying: x2 = 0.13, p = 0.72). Given that grey squirrels
were spreading from west to east, however, regional differ-

1997

Year

1998 1999 2000

ences in shelter submissions differed as expected (% = 9.32,
p = 0.002). There were no differences between rural (n =
22) and urban (n = 34) attitudes toward grey squirrels (x2 =
0.04, p = 0.98).

Both species showed initial increases in abundance, per-
haps as an artifact of the public’s increasing awareness of
the wildlife shelters for the first few years after they opened.
The species richness and abundances of all wildlife brought
to the shelters increased during the first 5 years and then sta-
bilized (Roy Teo, shelter staff, personal communication
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Table 2. Generalized linear mixed models with non-native eastern grey squirrels (Sciurus carolinensis) and the proportion of ur-
ban development input as fixed effects and year of submission and municipality input as random factors.

Parameter
Response variable Fixed effects  y%df  estimates  SE df F )4
Douglas squirrel (Tamiasciurus douglasii) Grey squirrel ~ 1.03 0.02 0.006 1,338 14.6 0.0002
Development -0.02 0.007 1,338 1549 0.0001
Northern flying squirrel (Glaucomys sabrinus)  Grey squirrel 1 0.02 0.008 1, 337 3.7 0.06
Development —0.04 0.009 1,337 2379 <0.0001

Note: Parameter estimates, ratio of Pearson x” to degrees of freedom (df), standard errors (SE), and type TII tests of the fixed effects in-
cluding the df values, F test statistic (F), and probability of the F test statistic (p) for the best models are given as assessed in Table 1.

(2003)). The abundance of grey squirrels, however, contin-
ued to increase and peaked in 2000 at 426 grey squirrels.
Grey squirrels also expanded their range. In 1985 they were
found in only two municipalities and by 1999 had spread to
all municipalities in the region. Douglas squirrels were
present in all Greater Vancouver municipalities throughout
the study period, including Stanley Park, where they have
coexisted with grey squirrels for nearly 100 years. Both of
the predictor variables, grey squirrels and urban develop-
ment, were retained in the best models predicting native
squirrel abundances (Tables 1, 2). Grey squirrels were posi-
tively related to Douglas and northern flying squirrel abun-
dances, whereas urban development was negatively related
(Table 2).

The abundances of native squirrels were, however, uneven
and low and were less likely to represent accurate popula-
tion trends relative to grey squirrels. This is due, in part, to
a bias toward urban wildlife being submitted to wildlife
shelters relative to species that prefer natural habitats. In
this study, bias toward under-representation of native squir-
rels increases the chance of a type I error (i.e., grey squirrels
are concluded to be competitively dominant when they are
not) and therefore does not affect our conclusions.

Discussion

The abundance and spatial distribution of grey squirrels
increased from 1983 to 2003, whereas the abundance of
Douglas squirrels remained fairly constant regionally
(Fig. 2). Northern flying squirrels were frequently absent
from most municipalities in any given year; therefore, the
interpretations are less robust than for Douglas squirrels.
The relationships between sciurid species, however, were
positive, which could suggest that common environmental
factors influenced squirrel abundances. The relationships be-
tween squirrel abundances and urban development were
negative, particularly for northern flying squirrels, suggest-
ing that native squirrel abundances at a municipal scale
were related to habitat preferences rather than to antagonis-
tic interactions with non-native squirrels.

The wildlife shelter data provided a novel estimate of
squirrel abundances in each municipality through time and
offered a rare opportunity insofar as pre-invasion data were
available for a non-native species and the native species it
was hypothesized to affect. Whether wildlife shelter data is
an accurate representation of squirrel population trends in
urban areas, however, is unknown. We compared wildlife
shelter abundances to native squirrel estimates from more
traditional mark-recapture methods and found the data to
be well correlated for northern flying squirrels, but Douglas

squirrels appeared to be correlated with a 1-year lag. Ou
comparisons, however, were not based on the same habita
types because the mark—recapture data were collected in a co
fer forest, whereas the wildlife shelter data were likely biase
toward urban habitat types. Future work comparing wildlif
shelter data with more traditional measures of species abun
dances may reveal a useful historical data set that is suitabl
for studies at coarse spatial scales similar to the use of mu
seum records to document declining populations (Shaffer e
al. 1998).
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Whereas the correlative nature of the data reduces our
ability to comment on potential competitive or facilitative
interactions between squirrels, the results are inconsistent
with a competitive exclusion hypothesis. Using similarly
comparative approaches in Europe, native squirrels were re-
placed within 15 years following the arrival of grey squirrels
(Reynolds 1985; Usher et al. 1992; Gurnell et al. 2004). If
the competitive effect of grey squirrels on native squirrels
are as strong as they are in Europe, we should have detected
negativerelationships betweennative and non-native squirrels
or at least a decline in native squirrels in municipalities near-
est the original point of introduction.

The increasing abundances of grey squirrels, however,
may have created the public perception that grey squirrels
were “taking over”. Grey squirrels are charismatic and oc-
cupy residential areas, which increases the likelihood that
they will be apparent to casual observers. Similar attributes
are characteristic of another non-native species such as the
purple loosestrife (Lythrum salicaria L.). The non-native
loosestrife has showy purple flowers, which may influence
estimates of abundance (Hager and McCoy 1998), and is
more commonly found along roadways and disturbed sites
where more people see it than in remote, undisturbed wet-
lands (Sandlos 1997). The perception of competitive exclu-
sion led to extensive, expensive control measures for purple
loosestrife (Hager and McCoy 1998) and for grey squirrels
in Europe (Sheail 1999). One of our goals was to establish
whether management of grey squirrels or the protection of
undeveloped areas would best preserve abundances of native
squirrels.

Given that we found no support for declines of native
squirrels owing to non-native squirrels, it is possible that
protection and connectivity of suitable undeveloped conifer
habitat in an urban landscape will help maintain native
squirrel abundances. We suggest that habitat segregation
permits regional co-occurrence of grey and Douglas squir-
rels as long as sufficient habitat is available for both species.
This conclusion is supported by observations elsewhere.
Grey squirrels co-occur with a congener of Douglas squir-
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rels, North American red squirrels (Tamiasciurus hudsonicus
(Erxleben, 1777)), throughout much of central North Amer-
ica where competitive interactions are reduced by habitat
differentiation (Riege 1991; Nupp and Swihart 2000, 2001).
In Indiana, North American red squirrels have expanded
their range into native eastern grey squirrel habitat as a re-
sult of land conversion (Goheen et al. 2003). Grey squirrels
are declining because of increasing fragmentation of decidu-
ous forests, and the loss of these scatter hoarders is expected
to have negative consequences for the recruitment of nut-
bearing trees (Goheen and Swihart 2003).

Concern regarding the potential negative effects of grey
squirrels on native species in British Columbia prompted
provincial managers to contract a management plan for grey
squirrels; however, little was known about factors influenc-
ing abundances of squirrels in southwestern British Colum-
bia. Future investigations with more detailed data into the
relationship among squirrel distributions and landscape pa-
rameters, such as patch size, quality, and isolation (Ver-
beylen et al. 2003), will address outstanding questions. For
example, are grey squirrels spreading into residential niches
where native squirrels are absent? Does forest quality alter
competitive relationships between native and non-native
squirrels? Do native squirrel populations decline as a func-
tion of patch size and (or) isolation? Given that our analyses
were comparative, interpretations of underlying mechanisms
must be interpreted with caution. Nevertheless, our analyses
address a knowledge gap and can be used to direct more for-
mal research in the future.

Acknowledgements

Financial support was provided to E.K.G. by Natural Sci-
ences and Engineering Research Council of Canada
(NSERC) Industrial Postgraduate Scholarship, Environmen-
tal Systems Research Institute Pacific Region, the University
of Guelph, Mountain Equipment Co-Op, and NSERC sup-
port to T.D.N. Thank you to the Wildlife Rescue Associa-
tion, Monika’s Wildlife Shelter, and Critter Care for
providing squirrel submission data and to the Greater Van-
couver Regional District for providing digital maps. We are
also grateful for the help from numerous volunteers, particu-
larly R. Teo. V. Gonzales and V. LeMay provided excellent
statistical instruction to E.K.G.. Thank you to J. Reid, P. Ar-
cese, R. Norris, J. Goheen, I. McEachern, and the anony-
mous reviewers for their helpful comments on earlier
versions of the manuscript.

References

Alpert, P., Bone, E., and Holzapfel, C. 2000. Invasiveness, invasi-
bility and the role of environmental stress in the spread of non-
native plants. Perspect. Plant Ecol. Evol. Syst. 3: 52-66. doi:10.
1078/1433-8319-00004.

Buckley, Y.M., Briese, D.T., and Rees, M. 2003. Demography and
management of the invasive plant species Hypericum perfora-
tum. 1. Using multi-level mixed-effects models for characteriz-
ing growth, survival and fecundity in a long-term data set. J.
Appl. Ecol. 40: 481-493. doi:10.1046/j.1365-2664.2003.00821.
X.

Bruemmer, C., Lurz, P., Larsen, K., and Gurnell, J. 2000. Impacts
and management of the alien eastern gray squirrel in Great Brit-
ain and Italy: lessons for British Columbia. In Proceedings of

the Conference on the Biology and Management of Species and
Habitats at Risk, Kamloops, B.C., 15-19 February 1999. Edited
by LM. Darling. B.C. Ministry of Environment, Lands and
Parks, Victoria, B.C.; University College of the Cariboo, Kam-
loops, B.C. pp. 341-350.

Bryce, J., Johnson, P.J., and MacDonald, D.W. 2002. Can niche
use in red and grey squirrels offer clues for their apparent coex-
istence? J. Appl. Ecol. 39: 875-887. doi:10.1046/j.1365-2664.
2002.00765.x.

Burnham, K.P., and Anderson, D.R. 2002. Model selection and
multimodel inference: a practical information—theoretic ap-
proach. 2nd ed. Springer-Verlag, New York.

Conroy, M.J., Barnes, G.G., Bethke, R.W., and Nudds, T.D. 1989.
Increasing mallards, decreasing American black ducks — no
evidence for cause and effect: a comment. J. Wildl. Manag. 53:
1065-1071. doi:10.2307/3809611.

Davis, M.A. 2003. Biotic globalization: does competition from in-
troduced species threaten biodiversity? Bioscience, 53: 481-489.
doi:10.1641/0006-3568(2003)053[0481:BGDCFI]2.0.CO:;2.

Davis, M.A., and Thompson, K. 2000. Eight ways to be a coloni-
zer; two ways to be an invader. Bull. Ecol. Soc. Am. 81: 226—
230.

Didham, R.K., Tylianakis, J.M., Hutchison, M.A., Ewers, R.M.,
and Gemmell, N.J. 2005. Are invasive species the drivers of
ecological change? Trends Ecol. Evol. 20: 470-474. doi:10.
1016/j.tree.2005.07.006. PMID:16701420.

Environmental Systems Research Institute, Inc. 2002. ArcView.
Version 3.3 [computer program]. Environmental Systems Re-
search Institute, Inc., Redlands, Calif.

Environmental Systems Research Institute, Inc. 2007. ArcGIS. Ver-
sion 9.2 [computer program]. Environmental Systems Research
Institute, Inc. 2002., Redlands, Calif.

Garry Oak Ecosystems Recovery Team. 2003. Invasive species in
Garry Oak and associated ecosystems in British Columbia.
Garry Oak Ecosystems Recovery Team, Victoria, B.C.

Gilbert, B., and Lechowicz, M.J. 2005. Invasibility and abiotic gra-
dients: the positive correlation between native and exotic plant
diversity. Ecology, 86: 1848—1855. doi:10.1890/04-09997.

Goheen, J.R., and Swihart, R.K. 2003. Food hoarding behavior of
gray squirrels and North American red squirrels in the central
hardwoods: implications for forest regeneration. Can. J. Zool.
81: 1636-1639. doi:10.1139/z03-143.

Goheen, J.R., Swihart, R.K., Gehring, T.M., and Miller, M.S. 2003.
Forces structuring tree squirrel communities in landscapes frag-
mented by agriculture: species differences in perceptions of for-
est connectivity and carrying capacity. Oikos, 102: 95-103.
doi:10.1034/j.1600-0706.2003.12336.x.

Goheen, J.R., Young, T.P., Keesing, F., and Palmer, T.M. 2007.
Consequences of herbivory by native ungulates for reproduction
of a savanna tree. J. Ecol. 95: 129-135. doi:10.1111/j.1365-
2745.2006.01196.x.

Gonzales, E.K. 1999. Eastern grey squirrels in BC: an introduction
to an introduction. Discovery, 28: 22-25.

Gonzales, E.K. 2005. The distribution and habitat selection of in-
troduced eastern grey squirrels, Sciurus carolinensis, in British
Columbia. Can. Field-Nat. 119: 343-350.

Gonzales, E.K., and Gergel, S.E. 2007. Testing assumptions of cost
surface analysis — a tool for invasive species management.
Landsc. Ecol. 22: 1155-1168. doi:10.1007/s10980-007-9106-6.

Gurevitch, J., and Padilla, D.K. 2004. Are invasive species a major
cause of extinctions? Trends Ecol. Evol. 19: 470-474. doi:10.
1016/j.tree.2004.07.005. PMID:16701309.

Gurnell, J. 1987. The natural history of squirrels. Facts on File
Publications, New York.

© 2008 NRC Canada

PROOF/EPREUVE



Pagination not final/Pagination non finale

Gurnell, J., Wauters, L.A., Lurz, P.W.W., and Tosi, G. 2004. Alien
species and interspecific competition: effects of introduced east-
ern grey squirrels on red squirrel population dynamics. J. Anim.
Ecol. 73: 26-35. doi:10.1111/j.1365-2656.2004.00791.x.

Hager, H.A., and McCoy, K.D. 1998. The implications of accepting
untested hypotheses: a review of the effects of purple loosestrife
(Lythrum salicaria) in North America. Biodivers. Conserv. 7:
1069-1079. doi:10.1023/A:1008861115557.

Hierro, J.L., Maron, J.L., and Callaway, R.M. 2005. A biogeogra-
phical approach to plant invasions: the importance of studying
exotics in their introduced and native range. J. Ecol. 93: 5-15.
doi:10.1111/1.0022-0477.2004.00953..x.

Hwang, Y., and Lariviere, S. 2007. A test of interspecific effects of
eastern grey squirrels, Sciurus carolinensis, on Douglas’s squir-
rels, Tamiasciurus douglasii, in Vancouver, British Columbia.
Can. Field-Nat. 120: 10-15.

Lawless, J.F. 1987. Negative binomial and mixed Poisson regres-
sion. Can. J. Stat. 15: 209-225. doi:10.2307/3314912.

Levine, J.M., Vila, M., D’ Antonio, C.M., Dukes, J.S., Grigulis, K.,
and Lavorel, S. 2003. Mechanisms underlying the impacts of
exotic plant invasions. Proc. R. Soc. B Biol. Sci. 270: 775-781.
doi:10.1098/rspb.2003.2327.

Liang, K.Y., and Zeger, S.L. 1986. Longitudinal data analysis
using general linear models. Biometrika, 73: 13-22. doi:10.
1093/biomet/73.1.13.

Lonsdale, W.M. 1999. Global patterns of plant invasions and the
concept of invasibility. Ecology, 80: 1522-1536.

MacDougall, A.S., and Turkington, R. 2005. Are invasive species
the drivers or passengers of change in degraded ecosystems?
Ecology, 86: 42-55. doi:10.1890/04-0669.

Martin, K.J., and Anthony, R.G. 1999. Movements of northern fly-
ing squirrels in different-aged forest stands of western Oregon.
J. Wildl. Manag. 63: 291-297. doi:10.2307/3802512.

[McTaggart-]Cowan, L.[McT.], and Guiguet, C.J. 1965. The mam-
mals of British Columbia. Handb. No. 11, Royal British Colum-
bia Museum, Victoria.

Merilees, B. 1986. Eastern gray squirrels around Greater Vancou-
ver. Discovery, 15: 17-19.

Mitchell, C.E., Agrawal, A.A., Bever, J.D., Gilbert, G.S., Hufbauer,
R.A., Klironomos, J.N., Maron, J.L., Morris, W_.F., Parker, .M.,
Power, A.G., Seabloom, E.W., Torchin, M.E., and Vazquez, D.P.
2006. Biotic interactions and plant invasions. Ecol. Lett. 9: 726—
740. doi:10.1111/j.1461-0248.2006.00908.x. PMID:16706916.

Nupp, T.E., and Swihart, R.K. 2000. Landscape-level correlates
of small-mammal assemblages in forest fragments of farmland.
J. Mammal. 81: 512-526. doi:10.1644/1545-1542(2000)
081<0512:LLCOSM>2.0.CO:;2.

Nupp, T.E., and Swihart, R.K. 2001. Assessing competition be-
tween forest rodents in a fragmented landscape of midwestern
USA. Mamm. Biol. 66: 1-12.

Ransome, D.B., and Sullivan, T.P. 2003. Population dynamics of
Glaucomys sabrinus and Tamiasciurus douglasii in old-growth
and second-growth stands of coastal coniferous forest. Can. J.
For. Res. 33: 587-596. doi:10.1139/x02-193.

Reynolds, J.C. 1985. Details of the geographic replacement of the
red squirrel (Sciurus vulgaris) by the grey squirrel (Sciurus car-
olinensis) in eastern England. J. Anim. Ecol. 54: 149-162.
doi:10.2307/4627.

Riege, D.A. 1991. Habitat specialization and social-factors in dis-
tribution of red and gray squirrels. J. Mammal. 72: 152-162.
doi:10.2307/1381990.

Robinson, D.J., and [McTaggart-]Cowan, I.[McT.] 1954. An intro-

Can. J. Zool. Vol. 86, 2008

duced population of the gray squirrel (Sciurus carolinensis Gme-
lin) in British Columbia. Can. J. Zool. 32: 261-282. doi:10.
1139/254-026.

Sandlos, J. 1997. Purple loosestrife and the “bounding” of nature
in North American wetlands [online]. Electron. J. Sociol. 3: 1.
SAS Institute Inc. 2003. SAS. Vversion 9.1 [computer program].

SAS Institute Inc., Cary, N.C.

Sax, D.F., and Brown, J.H. 1999. The paradox of invasion. Glob.
Ecol. Biogeogr. 11: 343-348.

Sax, D.F., and Gaines, S.D. 2003. Species diversity: from global
decreases to local increases. Trends Ecol. Evol. 18: 561-566.
doi:10.1016/S0169-5347(03)00224-6.

Sax, D.F., Gaines, S.D., and Brown, J.H. 2002. Species invasions
exceed extinctions on islands worldwide: a comparative study
of plants and birds. Am. Nat. 160: 766-783. doi:10.1086/
343877.

Schabenberger, O., and Pierce, F.J. 2002. Contemporary statistical
models for the plant and soil science. CRC Press, Boca Raton, Fla.

Shaffer, H.B., Fisher, R.N., and Davidson, C. 1998. The role of
natural history collections in documenting species declines.
Trends Ecol. Evol. 13: 27-30. doi:10.1016/S0169-5347(97)
01177-4.

Sheail, J. 1999. The grey squirrel (Sciurus carolinensis) — a UK
historical perspective on a vertebrate pest species. J. Environ.
Manag. 55: 145-156. doi:10.1006/jema.1998.0246.

Simberloff, D. 2003. Eradication — preventing invasions at the
outset. Weed Sci. 51: 247-253. doi:10.1614/0043-1745(2003)
051[0247:EPIATO]2.0.CO;2.

Stohlgren, T.J., Binkley, D., Chong, G.W., Kalkhan, M.A., Schell,
L.D., Bull, K.A., Otsuki, Y., Newman, G., Bashkin, M., and
Son, Y. 1999. Exotic plant species invade hot spots of native
plant diversity. Ecol. Monogr. 69: 25-46.

Sullivan, T.P., and Sullivan, D.S. 1982. Population dynamics and
regulation of the Douglas squirrel (Tamiasciurus douglasii) with
supplemental food. Oecologia (Berl.), 53: 264-270. doi:10.1007/
BF00545675.

Thomas, K., Tompkins, D.M., Sainsbury, A.W., Wood, A.R., Dal-
ziel, R., Nettleton, P.F., and Mclnnes, C.J. 2003. A novel pox-
virus lethal to red squirrels (Sciurus vulgaris). J. Gen. Virol. 84:
3337-3341. doi:10.1099/vir.0.19464-0. PMID:14645914.

Tompkins, D.M., White, A.R., and Boots, M. 2003. Ecological re-
placement of native red squirrels by invasive greys driven by
disease. Ecol. Lett. 6: 189-196. doi:10.1046/j.1461-0248.2003.
00417.x.

Usher, M.B., Crawford, T.J., and Banwell, J.L. 1992. An American
invasion of Great Britain — the case of the native and alien
squirrel (Sciurus) species. Conserv. Biol. 6: 108-115. doi:10.
1046/j.1523-1739.1992.610108.x.

Verbeylen, G., de Bruyn, L., Adriaensen, F., and Matthysen, E.
2003. Does matrix resistance influence red squirrel (Sciurus vul-
garis L. 1758) distribution in an urban landscape? Landsc. Ecol.
18: 791-805. doi:10.1023/B:LAND.0000014492.50765.05.

Wauters, L.A., Gurnell, J., Martinoli, A., and Tosi, G. 2002. Inter-
specific competition between native Eurasian red squirrels and
alien grey squirrels: does resource partitioning occur? Behav.
Ecol. Sociobiol. 52: 332-341. doi:10.1007/s00265-002-0516-9.

White, E.M., Wilson, J.C., and Clarke, A.R. 2006. Biotic indirect
effects: a neglected concept in invasion biology. Divers. Distrib.
12: 443-455. doi:10.1111/j.1366-9516.2006.00265.x.

Wilcove, D.S., Rothstein, D., Dubow, J., Phillips, A., and Losos, E.
1998. Quantifying threats to imperiled species in the United
States. Bioscience 48: 607-615. doi:10.2307/1313420.

© 2008 NRC Canada

PROOF/EPREUVE




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




