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ABSTRACT: Peripheral populations are often of increased conservation value; however, knowledge
of the ecological and evolutionary consequences of a peripheral location is poor. Spatial dynamics are
often interpreted as strategies to maximize access to fitness-limiting resources. Red squirrels Tamias-
ciurus hudsonicus are territorial in western portions of their range and exhibit overlapping home
ranges in eastern forests. Endangered Mt. Graham red squirrels T. hudsonicus grahamensis repre-
sent the southernmost extension of the species. We used radiotelemetry to assess space use and
interindividual overlap of endangered Mt. Graham red squirrels. Squirrels maintained nearly exclu-
sive 50 % core areas; however, 95 % ranges overlapped considerably, especially between males and
females. Home ranges increased in summer for both males and females and may be related to sex-
specific reproductive strategies. Ranges of Mt. Graham red squirrels in this peripheral population
were nearly 10 times the size of red squirrels from other locations. The space use of this limital pop-
ulation suggests that resource availability may be substantially different than in other portions of the
range.
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INTRODUCTION

Habitat loss and fragmentation are often cited as
proximate causes of species loss (Koprowski 2005a).
The enhanced conservation value of peripheral popu-
lations in fragmented ranges has been championed
due to their isolation, genetic variation, and unique
adaptations (Lawton 1993, Lesica & Allendorf 1995,
Sullivan 1996, Reese et al. 2001, Vucetich & Waite
2003, Hampe 2005, Alleaume-Benharira et al. 2006,
Antunes et al. 2006). Densities are often greatest near
the core of a species' range (Lawton 1993, Vucetich &
Waite 2003), where populations serve as the focus of
research from which much of our knowledge of the life
history of a species is based (Rushton et al. 2006). Pop-
ulations at range limits frequently have demographic
differences relative to populations at core locations
(Lawton 1993, Vucetich & Waite 2003, Rushton et al.
2006) and substitute species (Caro et al. 2005). Extra-
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limital populations, or those at the periphery of a spe-
cies' range, can provide important insights into the
limiting factors for a species (Calder 1995); however,
these populations may require unique conservation
solutions due to differences from core locations.
Spatial dynamics are often viewed as the result of
individual strategies to maximize access to resources
limiting fitness (Emlen & Oring 1977, Lott 1991, Boag &
Wiggett 1994, Wolff & Peterson 1998). Home-range size
can vary considerably with changes in distribution of
resources and can provide important insights into the
relative importance of limiting factors (Ferguson et al.
1999). Home-range size is often predicted to increase
with poor resource quality (Dussault et al. 2005) and thus
can differ between core and peripheral populations.
Most tree squirrels exhibit overlapping home ranges
or defend exclusive core areas to maximize access to
mates (Koprowski 1998); however, members of Tamias-
ciurus spp. are often territorial with resource defense at
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central larderhoards known as middens (Smith 1968,
Kemp & Keith 1970, Rusch & Reeder 1978, Gurnell
1983, 1987, Koprowski 1998, Steele 1998). Some popu-
lations of Tamiasciurus exhibit reduced territoriality
with increasing levels of scatterhoarding (Layne 1954,
Deutch 1978, Pesce 1982, Hurly & Robertson 1987).

Mt. Graham red squirrels Tamiasciurus hudsonicus
grahamensis are endemic to high elevation Engel-
mann spruce Picea engelmanni, corkbark fir Abies
lasiocarpa var. lasiocarpa and mixed conifer forests in
the Pinaleno Mountains of southeastern Arizona, and
represent the southernmost extension of a species
ranging widely and into arid regions of North America
(Brown 1984, Hoffmeister 1986). Ecology of the sub-
species is poorly known, despite federally endangered
status since 1987 (United States Fish & Wildlife Service
1993). Knowledge of space use and social organization
in this subspecies is restricted to the results of 2 short-
term radiotelemetric studies suggesting that ‘territory’
size is large (Froehlich 1990, Kreighbaum & Van Pelt
1996). These results suggest that this peripheral popu-
lation may use space differently than populations
located in the core of the species’' range, which pro-
vides important insights into the conservation of this
critically endangered subspecies. Herein, we examine
annual and seasonal spatial dynamics of adult male
and female Mt. Graham red squirrels to determine
how this subspecies differs in space use relative to
other non-imperiled populations of the species in
western North America.

MATERIALS AND METHODS

Study area. We studied Mt. Graham red squirrels in
380 ha of mixed conifer and spruce-fir forest above
3000 m in the Pinaleno Mountains, Graham County,
Arizona, USA, near the Columbine Visitor Center and
Mt. Graham International Observatory. The forest is
dominated by Engelmann spruce and corkbark fir at
highest elevations, with Douglas-fir Pseudotsuga men-
ziesii and Southwestern white pine Pinus strobiformis
occurring more frequently as elevation decreases
(Hutton et al. 2003). Seasonal weather extremes
include heavy winter snowfall from December to April
(maximum depth 1992 to 2003: 156.7 + 22.7 (SD) cm,
range = 57 to 285 cm) and summer monsoon rains July
through September (total accumulation 1996 to 2003:
241.2 + 23.9 (SD) mm, range = 77.8 to 438.1 mm).

Live capture and handling. We trapped Mt. Graham
red squirrels at middens from April 2002 to September
2003. Collapsible single door live traps (Tomahawk
Live Trap, Tomahawk WI: Model # 201) baited with
peanuts or peanut butter were checked every 2 h and
closed to capture each night. Captured squirrels were

transferred to a cloth handling cone (Koprowski 2002)
and fitted with uniquely numbered ear tags (Monel
1005-1, National Band and Tag) with colored ear disks
(1 cm Model 1842, National Band and Tag) for individ-
ual identification. Radiocollars (SOM 2190, Wildlife
Materials International) weighing <5 % of body mass
were fitted to restrained animals and replaced as
needed (approximate life = 1 yr). Our field observa-
tions of all middens in the study area suggested that
>95% of squirrels in this area were fitted with a radio-
collar. Research was conducted under permit from the
University of Arizona's Institutional Animal Care and
Use Committee, USDA Forest Service, Arizona Game
and Fish Department, and the US Fish and Wildlife
Service, Endangered Species Office.

Analyses. We sampled all daylight hours equally
from Fall 2002 to Summer 2003 using simultaneous
radiotelemetric bearings obtained from <100 m of focal
squirrels; only interbearing angles >70° and <110°
were used for biangulations. Observer error was tested
using the same methods to biangulate on a collar at a
known location. Average bearing error was 5.6°
(x4.5° SD), average distance error was 12 m (+6 m SD),
and n = 62 biangulations.

We generated point data from telemetry bearing
data with LOAS (location of a signal: Ecological Soft-
ware Solutions) using the best biangulation estimator.
Points generated from bearing data were entered into
Arcview GIS and combined with data gained from
homing. Home-range data were analyzed in Ranges 6
software (Anatrack). We calculated home-range areas
using minimum convex polygons (MCPs) and fixed
kernel methods and reported both estimates, due to
the popularity of each method, thereby facilitating
intra- and inter-specific comparisons. Ninety-five per-
cent (termed ‘range’) and 50 % kernel (termed ‘core’)
home-range estimates were generated and used to
assess intra- and intersexual overlap. No core area
was apparent when utilization curves were calculated
(Wauters et al. 2001), therefore 50 % kernel estimations
were used as the core to enable comparison with other
studies. Results of overlap analyses for each squirrel
using kernel estimates were entered into a matrix to
calculate total overlap between all squirrels for 3 dyads
(male—-male, male—female, female—female). Space use
and overlap were examined in relation to seasons of
the year, based upon squirrel reproductive and food-
storage behavior (Steele 1998) and plant phenology:
fall = September to November; winter = December to
February; spring = March to May; summer = June to
August. We used the greatest distance from midden
center to most distant radiolocation measured in
Arcview GIS as the maximum distance moved.

We tested data for normality with Kolmogorov-
Smirnov tests and transformed data as necessary using
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In, logyg + 1 and arcsine root. We conducted 2-way
ANOVAs using season and sex or dyad as main effects
and included interaction terms in SPSS (version
14.0.0.245: 2005). We compared home-range estimates
using Wilcoxon tests.

RESULTS
Home-range size estimators

Thirty-three squirrels had >20 points from Fall 2002
to Summer 2003 (mean = 105.50 + 62.1 [SD] points
ind.”!). Core and range kernels were slightly larger
than core and range MCPs (core: Wilcoxon T = 7.155,
n =68, p <0.0001, median difference = 0.28 ha; range:
Wilcoxon T = 2.273, n = 68, p = 0.012, median differ-
ence = 0.086 ha). The magnitude of difference is
relatively small, and both estimators produce similar
values and detail identical trends.

Home-range size

Male core and ranges were similar to females except
during summer when cores and ranges were enlarged
(Fig. 1). Seasonality, but not sex, had a main effect
observed for core and ranges using either the kernel or
MCP estimators (Table 1).
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Fig. 1. Tamiasciurus hudsonicus grahamensis. Difference in

the mean (+SD) 50% core and 95% home-range areas of

male and female Mt. Graham red squirrels in the Pinaleno

Mountains, April 2002 to December 2003, across seasons; de-

termined using fixed kernel and minimum convex polygon
(MCP) estimators

Distance moved

The maximum distance from the midden at which a
squirrel was located was 923 m for a male squirrel and
796 m for a female squirrel. Both males and females
were located further from their middens in summer
than in any other season (Fig. 2), with no effect of sex
evident (Table 1).

Interindividual home-range overlap

Core and range overlap between female squirrels
was minimal during all seasons; however, intermale
and intersexual overlap increased markedly during
summer at both spatial scales (Fig. 3). Seasons again
demonstrated a strong influence on core and range
overlap (Table 1), whereas a main effect of sex was
also evident for ranges. The complexity of interactions
between sex and season is evident from annual pat-
terns of variation where intermale and intersexual
dyads vary with season, whereas females lack a sea-
sonal pattern (Fig. 3).

DISCUSSION

Home ranges in this endangered peripheral popula-
tion were 3 to 10 times greater than reported for other
populations of red squirrels (Zirul & Fuller 1970,
Rusch & Reeder 1978, Price et al. 1986, Wells 1987,
Boutin & Schweiger 1988, Klenner 1991, Becker et al.
1998). The reason for this striking difference is
unclear. Territory size in red squirrels appears to be
related to energetic requirements of the territory
holder (Smith 1968), suggesting that habitat quality
on Mt. Graham is poor compared to other locations.
While density can be a misleading indicator of habitat
quality (Van Horne 1983), densities on Mt. Graham
are among the lowest reported for red squirrels, per-
haps due to poor habitat quality (United States Fish &
Wildlife Service 1993). Home-range size in a popula-
tion of the nearest non-endangered subspecies of red
squirrel — Tamiasciurus hudsonicus mogollonensis
approximately 110 km to the north—is significantly
smaller than for Mt. Graham red squirrels, despite
similar forest characteristics and food availability
(Leonard 2006).

The pattern of substantial seasonal changes in
home-range size was identical for both male and
female Mt. Graham red squirrels, and intersexual
overlap in home ranges was considerable, especially
during summer. Because sexual dimorphism in body
size is minimal in red squirrels (Boutin & Larsen
1993, Koprowski 2005b), differential metabolic needs
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Table 1. Results of 2-way ANOVAs regarding factors

influencing the space use by Mt. Graham red squirrels Tami-

asciurus hudsonicus grahamensis. Probability values (p) are

in bold for significant (p < 0.05) effects. MCP: minimum
convex polygon

Dependent variable and factors  df F P
Kernel 50 % core area (n =69, R* = 0.444)
Sex 1,60 0.934 0.338
Season 3,60 18.726  0.001
Sex x Season 3,60 1.125 0.346
Kernel 95 % range area (n =70, R*=0.378)
Sex 1,60 1.156  0.287
Season 3,60 14.672 0.001
Sex x Season 3,60 0.872 0.461
MCP 50 % core area (n =66, R? = 0.395)
Sex 1,56 0.851  0.360
Season 3,56 15.329 0.001
Sex X Season 3,56 1.039 0.382
MCP 95 % range area (n =70, R? = 0.380)
Sex 1,60 0.608  0.439
Season 3,60 15.255 0.001
Sex X Season 3,60 0.863  0.465
Maximum distance moved (n =70, R*=0.383)
Sex 1,60 2.514 0.118
Season 3,60 14.939 0.001
Sex x Season 3,60 0.788  0.505
Overlap of kernel 50 % core area  (n = 140, R? = 0.480)
Dyad 2,126  0.830 0.438
Season 3,126  31.523 0.001
Dyad x Season 6,126 4,770  0.001
Overlap of kernel 95% core area  (n = 140, R? = 0.594)
Dyad 2,126  5.115 0.007
Season 3,126 45.135 0.001
Dyad x Season 6,126 8.185 0.001

do not likely explain the sex difference in overlap.
Differential increases occur at a time of year when
females are most likely to enter into estrus (Lair
1985, Koprowski 2005b), suggesting that home range
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Fig. 2. Tamiasciurus hudsonicus grahamensis. Mean (+SE)

of the maximum distance moved (m) by Mt. Graham red

squirrels from the midden, April 2002 to December 2003.
Sample size is given at the base of each bar

expansion is, in part, influenced by availability of
mates. Female tree squirrels are in estrus for <1 d
during a breeding season of 2 to 4 mo. As a result,
females are relatively asynchronous, and males ap-
pear to monitor reproductive status by olfaction (Lair
1985, Gurnell 1987, Arbetan 1992, Becker 1993, Ko-
prowski 1993a,b, Steele & Koprowski 2001). As many
as 34 males (Goodrum 1961) can be attracted to a
female from <500 m about 5 d before estrus (Thomp-
son 1977), and the immediate operational sex ratio
(Dearborn et al. 2001) is heavily male biased with
intense mate competition. Seasonal increases of such
magnitude in home range for both sexes have not
been previously reported for red squirrels. Home
ranges of male tree squirrels Sciurus, however, are
often larger during breeding seasons, due to mate
searching (Koprowski 1998).

Home ranges may be constrained through most of
the year by a paucity of food that has a clumped distri-
bution. During fall, winter and spring, squirrels need to
invest energy in defending larderhoards at middens
(Gurnell 1984), and food supplies are concentrated at
cone-bearing trees and the midden. In summer,
cached food stocks are depleted and new, widely dis-
persed, food sources such as mushrooms and ripening
cones become available (Ferron et al. 1985). This may
explain the increase in female range during summer
and, in conjunction with mate searching, may account
for the large summer home ranges as males greatly
expand home ranges.

Differential overlap between the sexes through the
year provides further evidence for the influential role
of food and mate resources on spatial dynamics (Emlen
& Oring 1977, Lott 1991, Boag & Wiggett 1994, Wolff &
Peterson 1998). Territoriality is the most common social
system of red squirrels (Smith 1968, Davis 1969, Kemp
& Keith 1970, Rusch & Reeder 1978, Gurnell 1983,
Boutin & Schweiger 1988, Koprowski 1998). Male Mt.
Graham red squirrels had discrete cores in all seasons
except for summer, when males traveled widely with
considerable interindividual overlap likely to locate
scarce females. Female Mt. Graham red squirrels min-
imized overlap during all seasons including summer
despite an overall increase in summer ranges; thus,
intrasexual territoriality was retained throughout the
year as observed in Eurasian red squirrels Sciurus vul-
garis (Wauters & Dhondt 1992, Wauters et al. 2001).
These results support a view of social systems as
variable within a species in response to environmental
factors (Lott 1991). Seasonal and sex-specific reduction
in territoriality emphasizes the need to understand
sex-specific strategies more fully in conservation
(Koprowski 1998).

The large home ranges, reduced territoriality, and
considerable distances traversed by Mt. Graham red
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Fig. 3. Tamiasciurus hudsonicus grahamensis. Mean (+SD)

percent overlap of male and female Mt. Graham red squir-

rel 50% core and 95% home-range areas in the Pinalefio
Mountains, April 2002 to December 2003

squirrels must be considered in the scale of conserva-
tion strategies developed for this endangered sub-
species. In addition, this study indicates that space use
is another biological metric that may differ between
core and peripheral populations, creating challenges
to their conservation. Such unpredictable results in
peripheral populations (Lawton 1993, Vucetich &
Waite 2003, Rushton et al. 2006) that may require re-
evaluation of the spatial scale of conservation efforts
underscore the need for detailed study of endangered
species, rather than solely relying on comparative data
from substitute species (Caro et al. 2005) or core popu-
lations.
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