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Abstract We tested whether species-specific behavioral
traits could explain patterns of habitat patch occupancy by
five different squirrel species in Ontario, Canada: the
northern and southern flying squirrel (Glaucomys sabrinus
and Glaucomys volans), the North American red squirrel
(Tamiasciurus hudsonicus), the eastern chipmunk (Tamias
striatus), and the eastern gray squirrel (Sciurus carolinensis). Flying squirrel species exhibit group nesting in winter,
which may put them at risk of extirpation in small patches
with few individuals to contribute to group nests. Flying
squirrels are also volant, potentially making non-treed
matrix a barrier. Our surveys revealed that G. sabrinus
was most likely to occur in large patches that were
embedded in landscapes with low connectivity, and least
likely to occur in small patches in highly connected
landscapes. Conversely, G. volans was most likely to occur
in large, well-connected patches and least likely to occur in
small, unconnected patches. Patch occupancy by the
cursorial squirrels was not strongly influenced by patch
area or isolation. These findings reinforce previous studies
suggesting that an understanding of species-specific traits
such as behavior is an important consideration when
interpreting habitat fragmentation effects.
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Introduction
Habitat fragmentation threatens biodiversity on a global scale.
The process of habitat fragmentation includes an overall
reduction in the amount of habitat and size of habitat patches
(habitat loss), as well as an increase in the amount of patches
and the level of isolation between them (fragmentation per se;
Fahrig 2003; Fischer and Lindenmayer 2007). The effects of
these processes are species specific but generally result in
fewer, smaller, and more isolated populations compared to
contiguous habitats. Through a combination of environmental, genetic, and demographic stochasticity, smaller
populations in smaller habitat patches suffer an increased
risk of local extinction compared to larger populations
(Shaffer 1981). This has been termed an area effect (e.g.,
Ferraz et al. 2007).
Problems related to area effects are compounded as
patches become increasingly isolated, since isolation limits
inter-patch movement. A common assumption in metapopulation research is that populations exist in a state of
dynamic equilibrium between local extinctions and colonizations (Moilanen and Hanski 1998) such that the
persistence of populations relies on immigrating conspecifics to reduce extinction risk, a process referred to as the
“rescue effect” (e.g., Brown and Kodric-Brown 1977). As
populations become isolated beyond the potential of rescue,
the risk of permanent local extinction of the patch increases,
and thus the risk of metapopulation extinction also
increases (Moilanen and Hanski 1998). Together, negative
impacts associated with area and isolation effects can
increase the risk of extinction for many species (Caughley
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and Gunn 1996; Fahrig 2002; Ostfeld and LoGiudice 2003;
Ferraz et al. 2007) and hence, human activities that
contribute to the process of habitat fragmentation are
considered a threat to biodiversity (Fischer and Lindenmayer
2007).
Several studies have shown effects of habitat area and
isolation on small-mammal demography. For example,
habitat patch area is negatively related to population density
and positively related to home range size of cursorial
squirrels (Koprowski 2005; Reunanen and Grubb 2005)
and can affect the age structure and sex ratio of small
generalist rodents (Wilder and Meikle 2006). Further,
reducing habitat isolation increased gene flow among
populations of the European red squirrel (Sciurus vulgaris)
in Britain (Hale et al. 2001).
Hypotheses concerning area and isolation effects on patch
occupancy have often been related to body size. In general,
larger-bodied species have been considered more at risk of
extinction in small patches, but also more able to colonize
isolated patches (Laurance 1991; Bright 1993; Nupp and
Swihart 2000). For example, Nupp and Swihart (2000)
predicted that sensitivity of a small-mammal assemblage to
habitat patch area should vary with body size due to
allometrically scaled population densities. They found no
covariation in their Indiana study area, however, between
body size and patch occupancy. Body size has also been
suggested to increase patch colonization ability by increasing
perceptual range. For example, larger-bodied mammals can
see farther, and therefore, should have greater success at
colonizing distant habitat patches (Mech and Zollner 2002).
Given the uncertainty around the effects of body size on
patterns of patch occupancy (Laurance 1991; Nupp and
Swihart 2000), we wished to test an alternative hypothesis.
There is a growing recognition by landscape ecologists that
species-specific traits are important to understand when
making predictions about fragmentation effects (e.g., Fahrig
2001; Bowman et al. 2002a; Jaeger et al. 2005). Combining
this with the understanding that animal behavior plays an
important role in species responses to fragmentation (Lima
and Zollner 1996), we sought to test whether speciesspecific behavioral traits would explain patterns of patch
occupancy better than body size in small-mammal assemblages. Two traits of particular interest to us were mode of
travel and over-wintering strategy. We tested these hypotheses
on an assemblage of sciurid rodents in an agricultural and
exurban region of southern Ontario. Squirrels are forestdependent mammals that often respond negatively to fragmented landscapes that are dominated by agriculture
(Taulman and Smith 2004; Koprowski 2005). We examined
patterns of patch occupancy of five local squirrel species: the
eastern chipmunk (Tamias striatus), the eastern gray squirrel
(Sciurus carolinensis), the North American red squirrel
(Tamiasciurus hudsonicus), the northern flying squirrel
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(Glaucomys sabrinus), and the southern flying squirrel
(Glaucomys volans). Thus, we examined the effects of
fragmentation on a suite of squirrel species and had a
particular focus on the role of behavioral traits in affecting
responses to patch area and isolation.
Flying squirrels are social animals that form aggregations
in winter (Cotton and Parker 2000; Nupp and Swihart 2000),
allowing them to conserve energy while maintaining thermal
equilibrium (Stapp et al. 1991; Merritt et al. 2001; Bowman
et al. 2005; Garroway et al. 2010). Group nesting is a form
of positive density dependence, or Allee effect, which results
in increased survival and ultimately fitness (Courchamp et al.
1999). The benefits to thermal equilibrium diminish as
aggregation size decreases, until at some threshold aggregation size, population extirpation becomes more likely
(Courchamp et al. 1999). Although winter aggregations have
been observed in other squirrel species, such as gray
squirrels (Koprowksi 1996), flying squirrels appear particularly dependent on this strategy. As a consequence, it seems
likely that flying squirrels must occupy habitat patches large
enough to sustain a sufficient number of individuals to
ensure their survival through winter (Nupp and Swihart
2000). Conversely, we predicted that the other squirrel
species in our study would be more capable of persisting in
small patches in the absence of conspecifics because they do
not rely as heavily on aggregations in winter. Thus, we
hypothesized that among sciurids, flying squirrels are
particularly sensitive to area effects.
We also hypothesized that the locomotive strategies of
each species would influence their dispersal capabilities in a
fragmented landscape, and therefore, their ability to rescue
extirpated habitats. Some previous studies have suggested
that flying squirrels are incapable of traveling great
distances across non-forested matrix (Rosenblatt et al.
1999; Selonen and Hanski 2003; Ritchie et al. 2009; but
see Rizkalla and Swihart 2007) making them sensitive to
isolation effects. Therefore, we predicted that in addition to
habitat area effects, flying squirrel patch occupancy would
be positively related to structural connectivity of the forest
surrounding the focal habitat patch. Conversely, cursorial
squirrels should show a greater tolerance for landscapes
with low structural forest connectivity since they do not
rely on gliding between trees for movement (e.g., Bowman
and Fahrig 2002; Patterson and Malcolm 2010).

Study area
This research was conducted near Peterborough, ON, Canada
(44°17′N, 78°19′W). We sampled squirrels in 30 deciduous
forest patches ranging in size from 1.1 to >1,000 ha in
landscapes ranging from highly fragmented to contiguous
forest. The mean [SE] distance between geographic centroids
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of focal forest patches in these landscapes was 31 [1.5] km,
respectively. Forest patches were surrounded by pasture, corn,
soybean, wheat, hay, or untended meadows, as well as lowdensity housing. Each site was dominated by mature
deciduous trees including mainly sugar maple (Acer saccharum), white ash (Fraxinus americana), basswood (Tilia
americana), black cherry (Prunus serotina), ironwood
(Ostrya virginiana), and white birch (Betula papyrifera).
All sites contained at least one masting species such as
American beech (Fagus grandifolia), and red or white oak
(Quercus rubra or Quercus alba). All sites were similar in
tree species composition and were classified as Ecosite 26
[Sugar Maple-Basswood] using the Field Guide to Forest
Ecosystems of Central Ontario (Chambers et al. 1997),
except for our most northern site (Kawartha Highlands)
which was classified as Ecosite 27 [Sugar Maple-White
Birch-Poplar-White Pine (Pinus strobus)] in approximately
half of the site and Ecosite 26 in the other half of the site.

Material and methods
Squirrel sampling
Most fieldwork was conducted from August to October
2006, when 24 deciduous forest patches were sampled. Six
additional patches were sampled during the summers of 2004
(n=4) and 2005 (n=2), for a total sample size of 30. Forest
patches were selected in order to capture a range in focal
patch area and isolation. In 2006 each site was subject to
three 24-h trap sessions using model 102 Tomahawk live
traps (Tomahawk Live Trap Co., Tomahawk, WI) placed
horizontally in live trees (>20 cm in diameter) about 2 m
above ground. A patch was sampled with a 5×6 grid and
20-m spacing between each trap station for a total of 30 traps
per patch. All captured individuals were identified and marked
with numbered 1-g Monel ear tags (National Band and Tag
Co., Newport, KY). Traps were checked twice daily, in the
morning and evening, since both nocturnal and diurnal species
were potentially present at the sites. Traps were baited with
sunflower hearts. All animal use procedures were approved by
the Trent University and OMNR Animal Care Committees.
In 2006, each patch was trapped with an effort of 90 total
trap nights (tn). In 2004 and 2005, patches were sampled using
a similar trap set although trap nights varied slightly. In 2005,
the two patches had 80 and 99 tn. In 2004, the four patches
were sampled with 55, 285, 71, and 60 tn. The occurrence of
each of the five sciurid species was assessed at each patch.
Area and isolation metrics
For each sampled forest patch, area and habitat connectivity
measures were obtained from digitized aerial photographs
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(Ontario Ministry of Natural Resources, unpublished data)
identifying forest (patches and hedgerows) and non-forest
areas. We defined a forest patch as any wooded area that was
more than 50 m from another wooded area. Any patch <50 m
from the focal patch was considered part of the focal patch
area. Patches were selected such that they were not connected
to other habitats with hedgerows. The 50-m separation
between patches was chosen for our study because it exceeded
the mean gliding distance of flying squirrels (16.4 m for G.
sabrinus; Vernes 2001), and it was a suitable distance
allowing us to identify isolated patches according to the
resolution of the digitized aerial photographs. It became
difficult to segregate patches from the larger forest complex
of hedgerows and close neighboring patches when they
exceeded 1,000 ha. Thus, we followed the procedure of
Nupp and Swihart (2000) and assigned a size of 1,000 ha to
such patches. We log10-transformed patch area to improve
normality of the patch area variable for our analysis.
There are many potential measures of landscape structural connectivity. A buffer method is effective when the
buffer radius is chosen to match the average dispersal
distance of the focal species (Moilanen and Nieminen 2002;
Bender et al. 2003; Prugh et al. 2008). We used the buffer
method with a radius of 5,000 m from the patch centroid to
quantify the structural connectivity of the forested landscape surrounding the focal patch. This buffer radius was
chosen based on exploratory analyses where we optimized
the balance between a low correlation with patch area and a
sufficient resolution for estimates to be relevant to
dispersing squirrels (Bowman et al. 2002b). We measured
connectivity as the proportion of forest habitat within
5,000 m of the patch centroid (Moilanen and Nieminen
2002). We sought an additional measure that would also
reflect landscape configuration. In particular, we were
interested in a measure that would indicate the prevalence
of forest-matrix edges, as such edges might be perceived by
volant species as barriers. Thus, we estimated the total edge
density within each 5,000-m buffer using Patch Analyst 2.2
(Elkie et al. 1999) in ArcView GIS 3.2 (ESRI, Redlands,
CA, USA).
We controlled for the effect of focal patch area on our
connectivity measure by using the residual values from a
linear regression of log10-transformed area and the buffer
measure. Residuals of this regression reflected the amount
of forest surrounding the focal patch independent of the size
of the focal patch. We used these residual values as our
variable, which we called “connectivity,” We recognize that
using residuals in this way has potential to increase the
relative importance of patch area compared to connectivity
(Koper et al. 2007). Given that we were principally
interested in a comparison among species, we did not view
this as a concern. Our measure of connectivity was
negatively correlated with edge density (r=−0.66, n=30,
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P<0.001). We controlled for this correlation by regressing
edge density against the original, unaltered measure of
connectivity (i.e., the proportion of forest cover within
5,000 m of patch centroid), and used the residuals of this
regression as our measure of edge density. The three
variables: patch area, connectivity, and edge comprised
the basis for all models we used to predict sciurid patch
occupancy.
Data analysis
We calculated species latency-to-detection by averaging the
minimum number of trap nights needed to detect each species
from all occupied sites. Further, we calculated detection
probability for each species from repeat visits at each site
(MacKenzie et al. 2002, 2003), treating one night of trapping
in each focal patch as a visit.
We tested whether patterns of patch occupancy appeared
related to body size. In particular, we tested whether smaller
patches were more likely to be absent of larger-bodied
squirrels, and we tested whether connected patches were
more likely be occupied by smaller-bodied squirrels. For
each patch, we rank-transformed the patch area and
connectivity variables. We also ranked the squirrel species
in any patch according to body size using average adult
male weights for each species from our study. We then
computed Spearman rank correlations to test whether mean
body-size rank of squirrels occupying patches was related
to habitat area or habitat amount.
To test our hypotheses related to mode of travel and
over-wintering strategies, we created occupancy models in
Program Presence (Hines 2006) to examine the effects of
the three habitat variables (and their additive combinations)
on probability of occurrence of each squirrel species.
Global models for all species had c-hat values >1
suggesting that data was overdispersed. Thus, we used
quasi-likelihood adjusted Akaike’s Information Criterion
corrected for small sample sizes (QAICc) and quasi-

likelihood adjusted Akaike’s Weights (wi) to correct for
over dispersion and evaluate parsimony of candidate
models (Anderson 2008). Candidate models were those
with QAICc values <2 units from the top model or ranked
above the null model; these were model averaged to create
composite models (Burnham and Anderson 2002) of
squirrel patch occupancy for each species.
We evaluated the performance of occupancy models
with area under the curve (AUC) from receiver operator
characteristic curves (Hosmer and Lemeshow 2000; Manel
et al. 2001). Area under the curve is a measure of the
models ability to correctly discriminate binary outcomes
based on the true positives (sensitivity) and false positives
(1-specificity) predicted by the model. Predicted values
were estimated from occupancy probabilities multiplied by
the probability of not detecting a species per site (as in
Moore and Swihart 2005). An AUC value of 0.5
corresponding to a straight 45° angle line on the curve
suggests that the model is no better than random. An AUC
of 0.5 to 0.7 indicates a model has low predictive power,
whereas 0.7 to 0.9 is moderate to good and greater than 0.9
is excellent (Manel et al. 2001; Boyce et al. 2002).

Results
Across the 30 landscapes, we conducted 2,810 tn and captured
93 eastern chipmunks, 48 gray squirrels, 20 red squirrels, 37
northern flying squirrels, and 16 southern flying squirrels.
Based on frequency of occurrence, eastern chipmunks and
gray squirrels were the most common species captured (each
occurring in 16 of the 30 sites), followed by northern flying
squirrels (11 sites), red squirrels (9 sites), and southern flying
squirrels (5 sites). There was a significant increase in species
richness with increasing forest patch area (r2 =0.30, n=30, P=
0.0017). Southern flying squirrels occurred in the largest,
most well-connected patches in landscapes with the lowest
edge densities (Table 1). On the other hand, eastern

Table 1 Mean (standard error) values of descriptive metrics for forest patches occupied by five squirrel species in a study area in central Ontario,
Canada
N

Patch area (ha)

Connectivity (%)

Edge density (m/ha)

All patches
Glaucomys sabrinus

30
11

225.4 (67.2) [1.1]
403.8 (122.2) [4.1]

0.30 (0.03)
0.31 (0.04)

208.9 (10.4)
210.5 (22.1)

Glaucomys volans
Sciurus carolinensis
Tamiasciurus hudsonicus
Tamias striatus

5
16
9
16

617.4
231.9
309.4
203.9

0.44
0.32
0.32
0.28

144.5
210.0
208.5
211.1

(234.4) [21.9]
(96.3) [1.4]
(136.3) [3.1]
(84.7) [2.8]

(0.08)
(0.04)
(0.06)
(0.01)

(32.8)
(15.0)
(24.7)
(13.5)

Patch area is the area of the sampled forest patch, connectivity is the proportion of forest cover within a 5-km radius of the patch center, and edge
density is the density of forest matrix edge within a 5-km radius. Minimum patch area is shown in square brackets
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Species detectability
Cursorial sciurids were detected well by our level of
trapping effort according to latency-to-detection calculations. The mean [SE] latency to initial detection was 54.5
[13.4]tn for gray squirrels, 54.6 [9.2]tn for red squirrels,
56.2 [7.4]tn for eastern chipmunks, 50.5 [6.9]tn for
northern flying squirrels, and 67.1 [31.5]tn for southern
flying squirrels with an overall mean of 88.7 tn undertaken
per landscape. Detection probability was highest for
southern flying squirrels (0.59) and eastern chipmunks
(0.59) and lowest for red squirrels (0.34; Table 2).

5

Rank of body size

chipmunks occupied the smallest, least connected patches
surrounded by landscapes with the highest amount of edge
(Table 1). Only three of 30 patches sampled had both flying
squirrel species, and two of these were large patches
(>1,000 ha).

4
S. carolinensis
T. hudsonicus

3

G. sabrinus
T. striatus
G. volans

2

1
0

5

10

15

20

25

30

35

Rank of habitat area
Fig. 1 Matrix of body-size ranks (1 = small) and habitat patch area
ranks (1 = small) for five squirrel species occupying habitat patches of
different sizes in a study of patch occupancy by squirrels in central
Ontario, Canada during 2004 to 2006. Species in order of decreasing
body size were Sciurus carolinensis, Tamiasciurus hudsonicus,
Glaucomys sabrinus, Tamias striatus, and Glaucomys volans

Body size
There was no relationship between mean body-size ranks of
squirrels and patch area (rs =0.06, n=26, P>0.05) or
connectivity (rs =0.02, n=26, P>0.05). The sample size
was 26 for these analyses because squirrels were not
detected at four sites (Fig. 1).
Models of patch occupancy
The top models for predicting occupancy of northern flying
squirrels, with ΔQAICc values <2 included patch area,
patch area + connectivity, and patch area + edge (Table 3).
We averaged the confidence set of candidate models and
found that patch area had a positive effect and connectivity
a negative effect on probability of northern flying squirrel
occupancy (Table 4). The effect of edge was negligible.
Patch area had a relative importance weight of 0.69
followed by connectivity and edge of 0.26 and 0.13,
respectively (Table 4).
Top models for predicting occupancy of southern flying
squirrels with ΔQAICc values <2 contained patch area, the
intercept, connectivity + patch area, edge + patch area and
connectivity in descending rank order (Table 3). The
Table 2 The overall probability
of detection for 5 squirrel species based on one night of livetrapping in 30 forested landscapes in central Ontario,
Canada and the proportion of
landscapes occupied with
standard error (SE)

Species
Glaucomys sabrinus
Glaucomys volans
Sciurus carolinensis
Tamiasciurus hudsonicus
Tamias striatus

model-averaged candidate set included patch area (wi =
0.49) and connectivity (wi =0.22), both with positive effects
on occupancy (Table 4). Edge (wi =0.11) had a small
negative effect (Table 4). Confidence intervals around
parameter estimates of connectivity overlapped zero for
the southern flying squirrel occupancy model (Table 4).
Models representing patch area, connectivity, and edge
were ranked below the intercept for the three cursorial species
(Table 3). However, models with edge, area, and edge + area
had ΔQAICc <2 for gray squirrels and similarly the
connectivity model had ΔQAICc <2 for eastern chipmunks.
Patch area and edge had very small positive effects on gray
squirrel occurrence whereas connectivity had a negative
effect on chipmunk occurrence (Table 4).
Model performance
The composite model for predicting occurrence of northern
flying squirrels had an AUC value of 0.90 (0.79–1.00). The
composite model for southern flying occurrence had an
AUC value of 0.63 (0.43–0.84). These AUC values indicate
a model with good predictive power for northern flying
squirrels and moderate power for southern flying squirrels.
Detection probability (SE)
0.47
0.59
0.39
0.34
0.59

(0.09)
(0.12)
(0.08)
(0.11)
(0.08)

Proportion of sites occupied (SE)
0.47
0.18
0.68
0.40
0.56

(0.11)
(0.07)
(0.14)
(0.14)
(0.10)
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Table 3 Ranking of occupancy
models for 30 forest patches in
central Ontario, Canada for
northern (Glaucomys sabrinus)
and southern (G. volans) flying
squirrel, eastern gray squirrel
(Sciurus carolinensis),
American red squirrel (Tamiasciurus hudsonicus), and eastern
chipmunk (Tamias striatus) with
a number of parameters (K), −2
log likelihood (−2LL), quasilikelihood Akaike’s Information
Criteria corrected for small
sample sizes (QAICc), and difference between top model and
model i (ΔQAICc)

Only models with ΔQAICc <4
are presented. Patch area is the
area of the sampled forest patch,
connectivity is the proportion
of forest cover within a 5-km
radius of the patch center
(controlling for patch area), and
edge density is the density of
forest-matrix edge within a
5-km radius (controlling for
patch area)

Acta Theriol (2011) 56:63–72
Model
Glaucomys sabrinus
Patch area
Patch area + connectivity
Patch area + edge
Intercept
Patch area + connectivity + edge
Connectivity
Glaucomys volans
Patch area
Intercept
Connectivity + patch area
Edge + patch area
Connectivity
Edge
Connectivity + edge
Edge + patch area + connectivity
Sciurus carolinensis
Intercept
Edge
Patch area
Edge + patch area
Connectivity
Edge + connectivity
Connectivity + patch area
Connectivity + edge + patch area
Tamiasciurus hudsonicus
Intercept
Patch area
Tamias striatus
Intercept
Connectivity
Edge
Patch area

The AUC values for eastern gray squirrels and eastern
chipmunks were 0.70 (0.52–0.88) and 0.59 (0.36–0.83),
respectively, indicating moderate model performance. The
performance of the red squirrel model was not assessed
since the intercept ranked above all other models in its
ability to predict occurrence.
Patterns of occurrence
Contour plots illustrated that northern flying squirrels were
most likely to occur in large patches embedded in landscapes with low forest habitat connectivity, and they were
least likely to occur in small patches in highly connected
landscapes. The smallest patch containing a northern flying
squirrel was 4.1 ha, but the next smallest was 21.9 ha

K

−2LL

QAICc

ΔQAICc

2
3
3
1
4
2

87.434
83.092
86.084
96.980
81.898
94.390

46.133
46.542
47.968
48.383
48.649
49.450

0.000
0.409
1.835
2.250
2.516
3.317

2
1
3
3
2
2
3

49.535
54.925
48.017
48.352
52.731
52.991
49.628

33.132
33.952
34.731
34.926
34.983
35.133
35.664

0.000
0.820
1.599
1.794
1.851
2.001
2.532

4

45.861

36.160

3.028

1
2
2
3
2
3
3
4

115.151
113.197
113.725
111.578
114.940
113.026
113.551
111.416

115.537
115.914
116.433
116.798
117.630
118.224
118.741
119.315

0.000
0.377
0.897
1.262
2.094
2.687
3.205
3.778

1
2

77.591
75.831

51.212
54.495

0.000
3.283

1
2
2
2

111.483
110.542
110.877
111.460

40.819
42.794
42.910
43.112

0.000
1.975
2.091
2.294

(Table 1). Southern flying squirrels were most likely to
occur in large, well-connected patches and least likely to
occur in small unconnected patches (Fig. 2). Edge density
had a negligible effect on probability of occurrence of both
flying squirrel species and was omitted from the contour
plot for clarity. Caution should be taken in interpretation of
these contours plots since confidence intervals are not
incorporated into the plots.

Discussion
Our results supported the prediction that flying squirrels
would be more sensitive to habitat patch area than would
other squirrel species. We found that patch occupancy of
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95% CI
Parameter

Estimate

Glaucomys sabrinus
Patch area
1.93
Connectivity
−11.05
Edge
0.02
Intercept
−3.36
Glaucomys volans
Patch area
1.37
Connectivity
5.96
Edge
−0.02
Intercept
−3.19
Sciurus carolinensis
Patch area
0.63
Edge
0.02
Intercept
0.06
Tamias striatus
Connectivity
Intercept

−3.44
0.38

Importance

SE

Upper

Lower

wi

0.83
4.62
0.01
1.35

3.35
−3.19
0.04
−1.07

0.51
−18.92
0.00
−5.66

0.69
0.26
0.13

0.55
4.61
0.02
0.96

2.32
13.81
0.01
−1.57

0.43
−1.90
−0.04
−4.82

0.49
0.22
0.11

0.21
0.0004
0.93

0.98
0.02
1.64

0.27
0.02
−1.52

0.30
0.13

3.59
0.29

2.68
0.88

−9.56
−0.11

0.16

found in Indiana that no forest patches <6 ha were
occupied. They concluded that the huddling life history
strategy “may make southern flying squirrels particularly
vulnerable to extinction in small woodlots with few
individuals, especially at northern latitudes” (Nupp and
Swihart 2000: 523). Rosenblatt et al. (1999) found in their
Illinois study that no patches <65 ha were occupied by G.
volans. Patterson and Malcolm (2010) estimated a habitat
area threshold of 48 ha for G. sabrinus. The Siberian
flying squirrel (Pteromys volans) also appears to be absent
from small habitat patches (Hurme et al. 2007). Given that
winter nest group sizes may vary with latitude in flying
squirrels (Muul 1974), we expect that the severity of an
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Table 4 Weighted parameter estimates of composite logistic models
of patch occupancy for 4 squirrel species based on live-trapping in 30
forested landscapes in central Ontario, Canada
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Patch area is the area of the sampled forest patch, connectivity is the
proportion of forest cover within a 5-km radius of the patch center
(controlling for patch area), and edge density is the density of forestmatrix edge within a 5-km radius (controlling for patch area)
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both northern and southern flying squirrels was positively
related to habitat patch area. In contrast to the results for
flying squirrels, there was little evidence of an area effect
(either positive or negative) for the cursorial squirrel
species. Of this group, only gray squirrels had a weak,
positive effect of patch area. Our findings are consistent
with the hypothesis that squirrel species that socially
thermoregulate in winter are sensitive to patch area,
possibly owing to an Allee effect. Thus, squirrels appear
to provide an example where behavioral traits can lead to
inconsistent responses to landscape fragmentation among
species.
Because of their close conceptual relationship with
habitat area, Allee effects are considered to be highly
relevant for landscape ecology and the conservation of
fragmented populations (Stephens and Sutherland 1999;
Morris 2002), although they have not been studied much
in this context. Recently, however, Gardner (2004)
suggested that winter flocking in speckled warblers
(Chthonicola sagittata) resulted in populations being
extirpated from woodlots smaller than 40 ha. Similarly, a
few studies have found apparent habitat area thresholds in
flying squirrels. For example, Nupp and Swihart (2000)

7
0. 6
0. .5
0 .4
0
3
0.
2
.
0

0.5

2.0

0.6

0.7

0.4

0.3

1.5

0.2

1.0
0.1

0.5

-0.1

0.0
0.1
Connectivity

0.2

Fig. 2 Contour plot illustrating patterns of northern flying squirrel
(Glaucomys sabrinus; a) and southern flying squirrel (G. volans; b)
occupancy in central Ontario, Canada in relation to log10-transformed
habitat patch area (ha) and structural landscape connectivity within
5,000-m of patch centroid. Connectivity is measured as the residuals
of the regression between log10-transformed habitat patch area and the
proportion of the landscape around the patch that was forested (within
a 5,000-m radius)
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Allee effect, and therefore the average size of minimum
habitat patches would vary with latitude (i.e., is greater
farther north). However, more empirical estimates of
flying squirrel nesting group size and area effects at
varying latitudes are required to test this idea.
We also predicted that flying squirrels would be more
sensitive than cursorial squirrels to structural forest
connectivity; however, this prediction was not fully
supported. Consistent with our prediction, we did not
find evidence that patch occupancy by cursorial squirrels
was affected by connectivity—suggesting that colonization of patches by these species is not limited by patch
isolation, at least within the spatial scale we assessed.
Flying squirrels had a complex relationship with landscape connectivity. Our surveys revealed that northern
flying squirrels were most likely to occur in large
patches embedded in landscapes with low connectivity,
and they were least likely to occur in small patches in
highly connected landscapes. Conversely, southern flying
squirrels were most likely to occur in large, wellconnected patches and least likely to occur in small,
unconnected patches. It has been previously suggested
that the flying squirrel species have a reciprocal
distribution at a larger spatial scale in Ontario (Bowman
et al. 2005). Others (Price et al. 1988; Wetzel and Weigl
1994) have hypothesized that these two species may
exhibit parasite-mediated competition. The suggested
parasite is Strongyloides robustus which the southern
flying squirrel can apparently tolerate better than the
northern species. When the squirrel species are sympatric,
this parasite may be spread from the southern flying
squirrel to the northern flying squirrel to the latter species’
detriment (Wetzel and Weigl 1994). The relationships
between flying squirrel patch occupancy and our measures
of connectivity are what we would expect if northern
flying squirrels were competitively excluded from large
patches in high connectivity landscapes by their southern
congeners. This pattern also suggests, however, that patch
occupancy by northern flying squirrels is not limited by
structural landscape connectivity.
Alternative explanations for the patch area effect that we
observed in flying squirrels include loss of genetic diversity or
mating opportunities in small patches due to disrupted dispersal
(Lande et al. 2003). Our connectivity results, however,
combined with a growing list of recent findings about flying
squirrel movement (Bowman et al. 2005; Rizkalla and
Swihart 2007), distributions (Patterson and Malcolm 2010),
and lack of genetic structure (McEachen 2007), suggest that
difficulty dispersing may not be an important factor affecting
patch occupancy by flying squirrels.
We found no support in this study for hypotheses relating
patch occupancy to body size. In fact, the smallest bodied
species (G. volans) was absent from the smallest patches,
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which is opposite to the pattern expected from allometrically
scaled population densities (Nupp and Swihart 2000).
The northern flying squirrel and the red squirrel typically
inhabit coniferous forests (Goheen and Swihart 2005;
Holloway and Malcolm 2006). In this study, our sampling
was limited to mature deciduous forest types. Although the
red squirrel did not respond to patch area, we do not believe
this result was confounded by sampling deciduous rather
than coniferous forests. If, like the northern flying squirrel,
the red squirrel was sensitive to area, we would expect to
detect this pattern in patch occupancy. Instead, it appears
that the red squirrel is plastic enough to be an opportunist in
a fragmented, largely deciduous forest landscape. Bayne
and Hobson (1998) came to a similar conclusion in a study
of the red squirrel in western Canada.
Finally, we did not include a measure of matrix
quality in our analysis. The matrix land use represented
a hard edge along forest patch edges. Despite the
presence of different agricultural crops surrounding
different patches, we feel that the functional qualities of
the crop types were similar relative to the importance of
forest cover in the landscape. Moreover, as our hypotheses
pertained to trees in the landscape (rather than matrix
composition), we opted to simplify our models by excluding
a matrix term.
In summary, it appeared from our research that both
flying squirrel species, and to a lesser extent, gray
squirrels, were sensitive to habitat patch area, in a
fashion consistent with the presence of an Allee effect
in winter. This suggests that a behavioral trait—group
nesting—may have a synergy with landscape fragmentation that produces a predictable pattern of patch
occupancy. We recommend that further research into
Allee effects in flying squirrels should directly test for
effects of group size on winter survival. Our results
concerning landscape connectivity were more equivocal,
suggesting that at least one volant species, the northern
flying squirrel, was able to occupy structurally unconnected habitats. Cursorial squirrels however, showed no
strong effects of either patch area or landscape connectivity on patterns of occupancy. Overall, we conclude
that in this system, species-specific behavioral traits lead
to inconsistent responses to landscape fragmentation and
thus, are important to understand.
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