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Abstract
Arctic ground squirrels (Urocitellus parryii plesius) of the southwest Yukon Territory
occupy three distinct habitat types: boreal forest, low elevation meadows and alpine areas.
Populations in boreal forest habitat have been shown to be synchronous with the 10-year
snowshoe hare (Lepus americanus) cycle in the region due to shared predators. Relatively little is
known about arctic ground squirrel populations occupying low altitude meadow and alpine
meadow habitat types. Since 2000, populations in the boreal forest have remained low and in
some locations have been extirpated.
The first objective of this study was to investigate the distribution and abundance of
arctic ground squirrels in different habitats over a large spatial scale. Density and relative
abundance data were collected at numerous locations in boreal forest, low elevation meadow and
alpine meadow habitat types. Populations in the boreal forest were found to be extirpated while
those in low elevation meadow habitat contained self- sustaining populations that were
significantly larger. The extirpation of ground squirrels from the boreal forest and continued
persistence of populations in low elevation meadow habitat suggests that the boreal forest may
be functioning as sink habitat and that low elevation and alpine meadows are population sources.
The second objective of this study was to more closely investigate the population
dynamics of arctic ground squirrels in boreal forest, low elevation meadow and alpine meadow
habitats. Survivorship and movement data collected provide empirical evidence for the existence
of source-sink dynamics between low elevation meadow (source) and boreal forest habitat (sink).
The existence of source-sink dynamics between boreal forest and low-elevation meadow habitat
appears to be implicated in the current prolonged low in the 10- year snowshoe hare cycle due to
sustained predation pressure in the boreal forest.
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Chapter 1-Introduction
Understanding the demographic consequences of species occupying different habitats is
necessary for studying how population dynamics operate over large spatial scales (Brown 1984,
Krebs 1985, Kareiva et al. 1990, Pulliam 2000, Breininger et al. 2009). Wildlife populations
often exist in a habitat mosaic producing variation in densities over the landscape. Changes in
local population dynamics through this patchwork could determine the overall population trends.
Census information within a single habitat has been used in the past as the primary metric for
assessing habitat quality. However to be able to distinguish between good and poor quality
habitat types, contemporary habitat selection theories emphasize the need for detailed
demographic data in addition to basic abundance data (Van Horne 1983, Pulliam and Danielson
1991, Dias 1996, Diffendorfer 1998, Johnson 2004, Peery et al. 2006). In addition to density and
abundance data, survivorship, reproduction and movement data are necessary to assess the
population level consequences of habitat quality accurately. Two theories predict the
demographic consequences of habitat selection, the Ideal Free Distribution (IDF) theory
(Fretwell 1972) and the more recently developed Source-sink theory (Pulliam 1988).
The IDF model first described by Fretwell and Lucas (1969) describes a situation
whereby the fitness of populations occupying different habitat types should eventually equalize
thereby compensating for the existence of habitat specific variation in demographic rates. More
recently McPeek and Holt (1992) and Ragnhild et al. (2009) propose that if an individual can
actively select its habitat, there is no reason why a species should remain in a habitat type where
its average fitness over time is compromised. The movement of a species that actively selects a
habitat, moving from an unsuitable area to a suitable one, results in the average fitness in
different habitats becoming equal. Under the IDF model a situation prevails where habitats of
1

varying carrying capacity exist over the landscape rather than the presence of habitat specific
demographic rates.
Source-sink theory, originally described by Holt (1985) but formalized by Pulliam
(1988), on the other hand describes a situation where habitat specific demographic rates can exist
indefinitely. In Source-sink theory, a species occupies at least two different habitat types where a
disparity in demographic rates exists. More specifically, a species occupies source habitat types
and sink habitat types. Source habitat types exist where births outnumber deaths allowing fo r a
surplus of dispersers. Conversely, in sink habitat types, deaths outnumber births and persistence
would not be possible without immigration from nearby source habitats. Accurately indentifying
the presence of source-sink dynamics in wildlife populations necessitates detailed demographic
information (Dias 1996, Diffendorfer 1998, Peery et al. 2006, Perlut et al. 2008). Data on
survivorship, reproduction and movements of a species in different habitat types, ideally over
long-term periods are necessary to accommodate the inherent temporal variation in wildlife
population dynamics. The concept of meta-population dynamics, first described by (Levins
1969), also describes a similar situation where conspecifics occupy spatially segregated habitat
patches that are connected through dispersal; however in Levins’ model, each patch has an equal
likelihood of going extinct in response to stochastic processes.
Although the IDF and the Source-sink theories predict significantly different
demographic outcomes for species occupying a variety of habitat types, similarities do exist
between the two models. For example, both theories assume density dependent population
regulation and dispersal from non-sink habitat types (Diffendorfer 1998). Major differences arise
around the subject of dispersal. IDF theory predicts no net flow of movement between habitat
types whereas Source-sink theory predicts a net flow of dispersers from source habitat types to
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sinks (Diffendorfer 1998). Both theories have been important in guiding our understanding of
spatial and temporal variation in demographic rates and evidence consistent with both theories
can be found in the recent literature.
In this thesis I studied arctic ground squirrels (Urocitellus parryii plesius) in the Kluane
Region, Yukon Territory and present data to determine how ab undance and demography vary
spatially and temporally. Since arctic ground squirrels occupy a range of habitat types in the
Kluane Region, this species is a suitable candidate for investigating abundance in a range of
habitat types and more importantly the landscape level consequences of habitat specific
demographic rates.

Study Area
Arctic ground squirrels were studied in three distinct habitat types (boreal forest, low
elevation meadows and alpine meadows) in the Kluane Region of the Yukon Territory, Canada.
Detailed abundance and demographic data were collected at five locations. In the boreal forest,
data were collected at two 10 ha study sites (~900 m asl [above seal level]) (N 61o 00’ 38’’ W
138o 11’31’’ and N 60o 55’53’’ W 137o 58’25’’) located ~20 km from each other (see Gillis et al.
(2005) . Both boreal forest grids were dominated by white spruce forest and willow thickets with
occasional aspen stands. In low elevation meadow habitat, data were collected in Kluane
National Park and Reserve (KNPR). The 10 ha study site (~800 m asl) was located in the Slims
river valley in south facing meadow habitat surrounded by boreal forest and by the Slims river
delta immediately to the east (N 60o 59’56’’ W 138o 33’31’’). In Alpine meadow habitat, data
were collected at two locations. The first 10 ha alpine meadow study site (~1600 m asl) was
located in KNPR and ~8 km uphill from the low elevation meadow site in south facing alpine
meadow habitat(N 61o 01’06’’ W 138o 37’34’’) . The second 12 ha alpine meadow study site
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(~1800 m asl)(N 61o 10’57’’ W 138o 26’02’’) was located ~30 km from the first alpine meadow
study site and consisted of open, south facing meadow habitat with bare ground and boulder
fields (Gillis et al. 2005).
Study Species
Arctic ground squirrels are a medium-sized burrowing rodent. Throughout the majority of
their range arctic ground squirrels occupy arctic and alpine tundra habitats in Canada, Alaska and
Siberia (Nadler et al. 1974, Nadler 1977). At the more southern extent of their range however
arctic ground squirrels occupy a variety of habitats in addition to alpine meadows, including low
elevation meadows and the boreal forest (Lacey et al. 1997, Karels et al. 2000, Boonstra et al.
2001, Krebs et al. 2001, Gillis et al. 2005).
Arctic ground squirrels spend the majority of their time in hibernation (~8-9 months)
with males emerging first in mid to late April followed closely by females (McLean and Towns
1981, Lacey et al. 1997, Buck and Barnes 1999a). Females are sexually receptive ~ 1 week after
emergence (Lacey et al. 1997). Young are born after a ~25 day gestation period but remain in
the natal den until mid- late June and litter sizes range from 4-7 (Lacey et al. 1997). Juvenile
dispersal occurs in early- mid July and is highly male biased (Lacey 1991, Byrom and Krebs
1999). Hibernation begins in late July and is initiated by adult females, followed by juvenile
females, adult males and finally juvenile males (Green 1977, McLean and Towns 1981). Males
can remain active until mid- late October in some instances (Green 1977).
Arctic ground squirrels have been studied extensively in the boreal forest in the Kluane
region since 1990 (see (Boutin et al. 1995, Hubbs and Boonstra 1997, Byrom and Krebs 1999,
Karels and Boonstra 1999, Karels et al. 2000, Hik et al. 2001, Gillis et al. 2005)) and have been
shown to fluctuate with the 10- year snowshoe hare cycle in response to shared predators. Since
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2000, arctic ground squirrel populations in the boreal forest have remained low and in some
locations have been extirpated (Henry et al. 2007). By contrast, population sizes in alpine
meadows are larger and more stable than those in the boreal forest and appear to be limited by
overwintering conditions rather than by predation (Green 1977, Gillis et al. 2005). Apart from
Green (1977), little information exists for arctic ground squirrel populations in low elevation
meadow habitats.
Arctic ground squirrels in the Kluane region are also culturally significant. First Nation
groups in the region have used arctic ground squirrels as a food and fur source for hundreds of
years and continue this tradition to the present. The discovery of “Long Ago Person Found” in
the Kluane region illustrates the importance of arctic ground squirrels in First Nation culture.
The 500-550 year old body discovered at the foot of a glacier in the region was clothed in arctic
ground squirrel pelts (Dickson et al. 2004). The disappearance of arctic ground squirrels from
traditional hunting areas since 2000 has resulted in co ncern within local First Nation
communities. Traditional capture techniques involved an eagle feather snare placed at the
entrance of the burrow but more modern techniques involve the use of metal traps.

Thesis Overview
In chapter 2 I investigate the patterns of distribution and abundance of arctic ground
squirrels at a number of locations in low meadow, boreal forest and alpine meadow habitats in
the Kluane region. I investigate the prediction that although arctic ground squirrel populations in
the boreal forest are low due to the increased predation pressure associated with the current low
phase of the snowshoe hare cycle, that in nearby low meadow and alpine meadow habitat, arctic
ground squirrels will be relatively abundant. Although there is evidence that populations are
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smaller at low elevations, there are currently no data to determine if this pattern of low density at
low elevation occurs at a larger spatial scale.
In chapter 3 I investigate the population dynamics of arctic ground squirrels in each
distinct habitat type: boreal forest, low elevation meadow and alpine meadow. More specifically
I predict that arctic ground squirrels display habitat specific demographic rates in the Kluane
region and test the hypotheses that (1) High elevation alpine meadow habitats are population
sources that provide individuals to low elevation populatio n sinks or alternatively that (2) Low
elevation habitats are characterized by two distinct habitat units, low elevation meadow (source)
and boreal forest (sink) that display discrete demographic conditions independent of those at
higher elevations.

6

Chapter 2-Habitat Specific Distribution and Abundance of Arctic
Ground Squirrels (Urocitellus parryii plesius) in the
Southwestern Yukon Territory.
Chapter Overview
Wildlife populations often occupy a variety of habitat types, particularly when studied
over large spatial scales and basic con-specific abundance and distribution data in different
habitat types is necessary for scientists and wildlife managers to make informed decisions
regarding the status and viability of wildlife populations at regional scales. Both the Ideal Free
Distribution (IDF) and Source-Sink theories have been developed to explain the spatial
distribution of wildlife populations in different habitat types. Here I study Arctic ground squirrels
(Urocitellus parryii plesius) in the Kluane region of the Southwest Yukon Territory, Canada that
occupy three distinct habitat types; boreal forest, low altitude meadows and alpine meadows to
determine if populations in these different habitats provide evidence for IDF or source-sink
theory. Most studies have focused on arctic ground squirrel populations in boreal forest habitat
and have concluded that abundance is synchronous with the 10- year snowshoe hare (Lepus
americanus) cycle in the region due to shared predators. Relatively little is known about arctic
ground squirrel populations occupying low altitude meadow and alpine meadow habitat types.
Here I assess the current distribution and abundance of arctic gro und squirrels in these three
habitat types and predict that although populations in the boreal forest are likely low due to
increased predation pressures associated with the current low phase of the snowshoe hare cycle,
that in nearby low altitude meadow and alpine meadow habitat, ground squirrels will be
relatively abundant.
Average late summer densities differed significantly among habitat types with 0.38 ±
0.13(1 SE)/ha in boreal forest habitat, 1.25 ±0.22/ha in low altitude meadow habitat and 5.7
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±0.22/ha in alpine meadow habitat. From 2008-2010 when densities measurements were
concurrent, ground squirrels had been extirpated from boreal forest habitat, while densities in
low meadow and alpine meadow habitat were 1.6 ±0.34/ha and 6.1 ±0.7/ha respectively. I also
found major differences in arctic ground squirrel relative abundance in these three habitat types
with 0.1 ±6.2 active burrows/ha in the boreal forest , 64.0 ±5.3 active burrows/ha in low
elevation meadows and 332.3 ±85 active burrows/ha in alpine meadows . The total number of
burrows/ha (active plus inactive) however did not differ between boreal forest and low meadow
habitat (196 ±9 and 225 ±9 total burrows/ha respectively). Alpine meadow habitat contained a
considerably higher density of burrows (681±8 total burrows/ha).
In accordance with my prediction, arctic ground squirrel population size in the boreal
forest remained low compared with populations in nearby low elevation meadow and alpine
meadow habitat. The low densities and abundance of arctic ground squirrels in the boreal forest
is likely due to the recent prolonged low phase of the snowshoe hare cycle because of sustained
predation pressure in this habitat type. The recent extirpation of ground squirrels from the boreal
forest and the persistence of populations in low meadow and alpine meadow habitat suggest that
the boreal forest is sink habitat and that low and high elevation meadows are population sources.

Introduction
Understanding the demographic implications of conspecifics occupying different habitats
is necessary for studying how population dynamics operate over large spatial scales and is of
fundamental importance in the field of ecology (Brown 1984, Krebs 1985, Kareiva et al. 1990,
Pulliam 2000, Breininger et al. 2009). Wildlife populations often exist in a habitat mosaic
producing variation in densities over the landscape and changes in local population dynamics
through this patchwork can determine the overall population trends.
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Two theories predict the demographic consequences of habitat selection, the Ideal Free
Distribution (IDF) theory (Fretwell 1972) and Source-sink theory (Pulliam 1988). The IDF
model first described by Fretwell and Lucas (1969)describes a situation whereby the fitness of
populations occupying different habitat types should eventually equalize thereby compensating
for the existence of habitat specific variation in demographic rates. More recently McPeek and
Holt (1992b)and later Ragnhild et al. (2009) propose that if an individual can actively select its
habitat, there is no reason why a species should remain in a habitat type where its average fitness
over time is compromised. In the IDF model a situation prevails where habitats of varying
carrying capacity exist over the landscape rather than the presence of habitat specific
demographic rates.
Source-sink theory, originally described by Holt (1985) but formalized by Pulliam (1988)
on the other hand describes a situation where habitat specific demographic rates can exist
indefinitely. In Source-sink theory, a species occupies at least two different habitat types where a
disparity in demographic rates exists. More specifically, a species occupies source habitat types
and sink habitat types. Source habitat types exist where births outnumber deaths allowing for a
surplus of dispersers. Conversely, in sink habitat types, deaths outnumber births and persistence
would not be possible without immigration from nearby source habitats. Source-sink theory
developed from the concept of meta-population dynamics first described by Levins (1969).
Meta-population theory describes a similar situation where conspecifics occupy spatially
segregated habitat patches that are connected through dispersal. However in Levins’ model, each
patch has an equal likelihood of going extinct in response to stochastic processes. In Source-sink
theory, only sink habitats should experience extinction events.
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Both theories have been important in guiding our understanding of spatial and temporal
variation in demographic rates and evidence consistent with both theories can be found in the
recent literature. Nystrand et al. (2009) studying Siberian jays (Perisoreus infaustus) showed
how the regional population dynamics of a species can vary tremendously depending on the
habitat type occupied. Similarly, Kreuzer and Huntly (2003) studying American pika (Ochotona
princeps) populations in different habitats found evidence for habitat specific demographic rates
and the presence of a source-sink dynamic (Pulliam 1988). A single species that occupies a
variety of habitat types therefore necessitates detailed investigation in all habitats in order to
make accurate conclusions about large scale population dynamics.
Arctic ground squirrels provide the opportunity to investigate the potential for habitat
specific demographic rates and provide support for IDF or Source-sink theory. Arctic ground
squirrels occupy a large geographic range mostly occupied by arctic tundra and alpine areas in
North America and Siberia (Nadler 1977). Arctic ground squirrel populations in arctic tundra and
alpine environments support high densities, remain stable and appear to be limited by predation
and burrow availability (Carl 1971, Green 1977, Buck and Barnes 1999a). In the southern part of
their range however, arctic ground squirrels occupy a variety of habitat types including boreal
forest, low altitude meadows and alpine meadows (Green 1977, Lacey 1991, Krebs et al. 2001,
Gillis et al. 2005). The majority of studies have focused on the population ecology of arctic
ground squirrel populations in boreal forest habitat (Byrom et al. 2000, Karels et al. 2000, Krebs
et al. 2001), but see Gillis et al.( 2005) and Green (1977). Boutin et al. (1995) have shown that
arctic ground squirrel populations in the boreal forest of the southwest Yukon exhibit
synchronous fluctuations with the 10-year snowshoe hare (Lepus americanus) cycle likely due to
shared predators. Arctic ground squirrel populations in the boreal forest have been studied in the
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southwest Yukon since 1990 with densities ranging from 3.3/ha during the snowshoe hare peak
to 0.4/ha during the snowshoe hare low phase (Boutin et al. 1995, Gillis et al. 2005). Since the
majority of studies in the Kluane Region have focused on ground squirrels in the boreal forest,
relatively little is known about ground squirrel populations occupying both low elevation
meadow and alpine meadow habitat types.
Here I assess the current distribution and abundance of arctic ground squirrels by
measuring density and indexing populations in three different habitat types. I measured
population density by extensive live trapping in low meadow and alpine meadow habitat from
2008-2010. Density data were also compiled from Green (1977) studying arctic ground squirrels
in the same low meadow and alpine meadow sites that I used for this study. I compared these
density data to data from Krebs et al. (2009) who studied arctic ground squirrels in boreal forest
habitat. I also used a powder tracking technique to assess arctic ground squirrel relative
abundance in boreal forest, low meadow and alpine meadow habitats in other areas of the Kluane
region. I predict that although density in the boreal forest is likely low due to intense predation
pressure associated with the current low densities of the snowshoe hare (Sheriff et al. 2009),
whereas in nearby low and alpine meadow habitats arctic ground squirrel populations are
relatively abundant.

Methods
Study Species Arctic ground squirrels occupy arctic tundra, alpine areas and the boreal forest
of Canada and Alaska (Nadler 1977). The majority of arctic ground squirrel life history is
occupied by a 8-9 month period of hibernation from late July/early August to late April/early
May (Carl 1971, Lacey 1991). Females breed almost immediately upon emergence in spring and
produce one litter per year approximately 25 days later in mid-May (Green 1977, Lacey 1991,
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Lacey et al. 1997). Juveniles emerge from the natal burrow in mid to late June and begin to
disperse by mid-July. Juvenile arctic ground squirrel dispersal has been shown to be highly male
biased (Byrom and Krebs 1999).

Study Area Arctic ground squirrels were studied in three distinct habitat types (low elevation
meadow, boreal forest, and alpine meadow) in the Kluane Region of the Yukon Territory,
Canada (Figure 1). Detailed density data were collected at four locations. In the boreal forest,
data were collected at two 10 ha study sites (~900 m (asl)[above sea level]) (N 61o 00’ 38’’ W
138o 11’31’’ and N 60o 55’53’’ W 137o 58’25’’) located ~20 km from each other (see Gillis et al.
2005). Both boreal forest grids were dominated by white spruce forest and willow thickets with
occasional aspen stands. In low elevation meadow habitat, data were collected in Kluane
National Park and Reserve (KNPR). The 10 ha study site (~800 m asl) was located in the Slims
River valley in south facing meadow habitat surrounded by boreal forest and by the Slims River
delta immediately to the east (N 60o 59’56’’ W 138o 33’31’’). In Alpine meadow habitat, data
were collected at one location. The alpine meadow study site (~1600 m asl) was located in
KNPR and ~8 km uphill from the low elevation meadow site in south facing alpine meadow
habitat(N 61o 01’06’’ W 138o 37’34’’). Data for the boreal forest were compiled from Krebs et al.
(2001), Gillis et al. (2005) and Krebs et al. (2009). Additional data for low elevation meadow
and alpine meadow habitat were compiled from Green (1977).

Trapping and Handling This research was approved by the University of British Columbia
Animal Care Committee in accordance with the guidelines of the Canadian Council for Animal
Care. In the boreal forest, arctic ground squirrels were live trapped on a 10 ha grid with traps
spaced 30 m apart in a 10x10 array with traps placed at alternate grid stakes. At the low elevation
meadow site, squirrels were trapped on a 9 ha grid with traps spaced 50 m apart in a 5x10 array
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at each grid stake. At the alpine meadow site in KNPR, trapping occurred on a 9 ha grid with
traps placed 50 m apart in a 7x7 array with traps at each grid stake. Squirrels were trapped using
Tomahawk live traps (14 x 14 x 40 cm, Tomahawk live trap Co., Tomahawk, Wisconsin) baited
with peanut butter. Upon capture squirrels were transferred to a mesh bag, tagged with monel
No. 1005-1 tags (National Band and Tag Co., Newport, Kentucky) in both ears (first capture
only), weighed with a Pesola spring scale ( 5g), sexed and measurements of skull width (
0.5mm) were taken.

Density Population density data for all habitat types were obtained by mark-recapture methods.
Each mark-recapture session consisted of 2-6 consecutive days of trapping in late July earlyAugust. Traps were set at 0800 h at each permanent trapping location, checked every 1.5 hours
and closed by 1230 h each trapping day. All density estimates were calculated using the
maximum likelihood (ML) spatial model within program Density 4.4 (Efford 2007, Efford et al.
2009). The ML spatially explicit capture-recapture model in program Density 4.4 was used since
this model seems to provide the most accurate density estimates for small mammals (Krebs et al.
2010).

Relative Abundance We indexed 18 ground squirrel populations throughout a 400,000 ha area
in the Kluane Region. Populations were indexed in boreal forest, low elevation meadow and
alpine meadow to determine how arctic ground squirrels are currently distributed in these
different habitat types. We used a powder tracking methodology described by Hubbs et al.
(2000). The 5x7 cm tiles were placed in all known burrows in a specified area and left for 6hours. The tiles were covered lightly in paraffin based oil and talcum powder. We retrieved the
tiles and determined whether the burrow was active or inactive. If the tile was moved or covered
in soil or tracks, the burrow was considered active. The area of each site indexed was determined
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by recording the GPS coordinates of the corners of the site and then using the computer program
MapSource (Garmin Corporation, 2004) to estimate the area in hectares. The area was used to
calculate an estimate of active burrows/ha and total burrows/ha. In the event of a discrepancy
between the number of tiles deployed and the number of tiles retrieved, the number of tiles
deployed was used in the burrow density calculation and the number of tiles retrieved was used
to determine active burrows density. To minimize bias associated with juvenile emergence in
mid June and variation between sites, all locations were indexed between mid-May and midJune. Since arctic ground squirrel activity is influenced by both time of day and weather, all
indexing was carried out between 0800 h and 1600 h each day and during clear weather
conditions.

Statistical Analyses All data are given as means ± SE. All statistical analyses were calculated
using program JMP v4.0 (SAS institute, Cary, NC). Averaged arctic ground squirrel densities,
burrows/ha and active burrows/ha were analyzed using a one-way ANOVA with Tukey’s posthoc tests. Prior to analysis all data were assessed for normality and homogeneity of variance.
Both density and relative abundance data did not meet the assumptions of normality and were
transformed. A log transformation was applied to the density data and relative abundance data
were square root transformed to meet the assumptions of normality and equal variance.
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Figure 1 Study Area location. Dark circles represent boreal forest study areas, dark
squares represent low meadow study areas and dark triangles represent alpine meadow
study areas. Light grey shading represents areas where both density and relative
abundance measures we re taken.
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Results
Density Yearly late summer densities along with concurrent snowshoe hare densities are
displayed in Figure 2. Average late summer densities differed significantly between all habitat
types. (F2,19 , P > 0.0001) (Figure 3). Densities were lowest in the boreal forest (0.38 ± 0.13/ha)
higher in low meadow (1.25±0.22/ha) and highest in alpine meadow habitat (5.7 ±0.22/ha). This
pattern is evident in both the long term density data and in data from the more recent extensive
trapping in all three habitat types during 2008 and 2009. Densities in the boreal forest did not
recover following the recent snowshoe hare peak in 2006. These populations have been
extirpated from this habitat type. However densities in nearby low meadow habitat remained
stable during this same time period. Densities were 1.4±0.3/ha in 2008 and 1.6±0.34/ha in 2009.
Densities monitored in alpine meadow habitat were 5.0 ±0.57 /ha in 2008 and 6.1±0.7/ha in
2009.

Relative Abundance A total of 18 populations were indexed throughout the Kluane region (5
boreal forest habitats, 6 low elevation meadow habitats, 7 alpine meadow habitats) I found that
the regional densities showed a similar pattern to our intensively live trapped areas (shown
above). The number of active burrows/ha increased from 0.1±5.3 in the boreal forest to 64.0±5.3
in low elevation meadows to 332.3±85.0 in alpine meadows (F 2,17 , P < 0.0001; Figure 4). The
total number of burrows/ha however did not differ between boreal forest (196±9.0) and low
meadow habitat (225±9.0), but alpine meadow habitat contained a considerably higher density of
burrows (681±8.0) (F2,17 , P < 0.01) (Figure 4).
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Figure 2 Density estimates of arctic ground squirrels in three different habitat types in the
Kluane region, Yukon Te rritory. Bars represent 1 SE.(source : 1975-1976 data (Green
1977), boreal data (Krebs et al. 2009, unpubl. )). Snowshoe hare densities from Kre bs et al.
2009, unpubl..
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Figure 3 Average densities of arctic ground squirrels in the Kluane region, Yukon
Territory. Bars represent means ± 1 SE. boreal forest n=12 (1998-2009), low meadow n=4
(1975,1976, 2008,2009), alpine meadow n=4(1975,1976,2008,2009)(source:1975-1976 Green
(1977), boreal forest Krebs et al. (2009,unpubl.)).
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Figure 4 Relative abundance of arctic ground squirrels in different habitat types from
2008-2010 in the Kluane region, Yukon Te rritory. Bars represent 1 SE. boreal forest n=5,
low meadow n=6, alpine meadow n=7.
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Discussion
Both the density data and the regional population index data I collected in this study
show that arctic ground squirrel density and relative abundance was lowest in the boreal forest,
higher in nearby low meadows and highest in alpine meadows. In 2006, ground squirrel
populations in the boreal forest were extirpated. This habitat was subsequently re-colonized by 3
individuals in 2007. This population went extinct again in 2009 (Figure 2). In contrast, densities
measured concurrently in nearby low meadow and alpine meadow habitat in 2008 and 2009 were
significantly greater than those in the boreal forest and were very similar to those reported by
Green (1977) (Figure 2), also studying arctic ground squirrels during the low phase of the
snowshoe hare cycle. The regional abundance data (Figure 4) also displayed a similar pattern to
that of measured density with ground squirrel relative abundance increasing significantly from
boreal forest to low meadow to alpine meadow habitat.
The ecological factors driving these density differences among habitats include predation,
food limitation, burrow limitation, disease, and climatic changes. Top-down limitation is likely
an important factor continuing to limit ground squirrel populations in the boreal forest. For
example, in the boreal forest populations typically exhibit cyclical fluctuations that are positively
correlated with the 8-10 year snowshoe hare cycle, but with a lag of 1-2 years (Boutin et al.
1995, Krebs et al. 2001). This lag is likely due to prey switching (Hubbs and Boonstra 1997).
The increase phase of the hare cycle likely relieves predation pressure on arctic ground squirrels,
a secondary prey species in the boreal forest, given the increasing abundance of the primary prey
species in this habitat type, the snowshoe hare. Ground squirrel population sizes in the boreal
forest started to decline in 1998 likely in response to the concurrent decline in snowshoe hare
abundance and ground squirrels have remained low from 1998 to the present. Snowshoe hare
densities in the boreal forest began to increase again in 2004 with peak densities occurring in
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2006, however these most recent peak was less than half of those observed during the previous
peak in 1998 (0.92 hares/ha in the 2006 peak vs. 1.98 hares/ha in 1998 (Sheriff et al. 2009).
Numerous studies on arctic ground squirrels in the boreal forest have found predation to be a
major limiting factor particularly during times when snowshoe hare densities are low (Hubbs and
Boonstra 1997, Karels and Boonstra 1999, Byrom et al. 2000, Karels et al. 2000, Gillis et al.
2005). The failure of populations to recover in the boreal forest is likely implicated in the recent
sustained low phase of the snowshoe hare cycle. Studies comparing survival rates in boreal
forest, low meadow and alpine meadow habitats will help elucidate the importance of predation
in limiting boreal forest arctic ground squirrel populations.
Although the importance of food limitation in regulating herbivore populations has been
disputed, it is possible that interactions between resource limitation and predation are inhibiting
the recovery of boreal populations. For example in food addition and predator exclusion
experiments, arctic ground squirrel densities increased to 19 times those observed on control
plots (Karels et al. 2000). It is unlikely that food availability in boreal forest habitat has changed
since 1998 when populations started to decline however this needs to be explored further
empirically by examining growth rates and body condition in different habitat types (see
appendix A).
The similar number of burrows in boreal forest and low altitude meadow habitat (196
±9.0 and 225±9.0 respectively) suggests that the availability of burrows is not a limiting factor
for arctic ground squirrels in the boreal forest. The observed density differences between boreal
forest, low meadow and alpine meadow habitats and the negligible difference in the total number
of burrows/ha between the boreal forest and low meadow suggests that burrow availability is
similar and that another process is driving the observed density differences. Although burrow
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limitation can be a significant limiting factor for populations in alpine and arctic tundra (Carl
1971, Batzli and Sobaski 1980), the majority of studies investigating boreal and sub-boreal
ground squirrel populations have not found burrow limitation to be a major limiting factor
(Karels et al. 2000, Sherman and Runge 2002, Greene et al. 2009).
Another potential limiting factor in the boreal forest is disease. During live-trapping of
arctic ground squirrels in previous studies in the Kluane region there were no indications of
disease found in boreal forest populations. Also, given the close proximity of boreal forest
populations to those in nearby low meadow habitats, a disease present in the boreal forest would
likely manifest itself in these low meadow populations, something that was not observed during
this study. Although there is some evidence for the ability of disease to limit ground squirrel
populations (see (Smith and Johnson 1985, Cully et al. 2001)), there has been no indication of
the presence of disease or disease outbreaks in arctic ground squirrel populations in the boreal
forest. Climatic changes are expected to be the most pronounced in the Polar Regions and these
changes may have the capacity to alter arctic ground squirrel population dynamics both directly
and indirectly. Direct effects include the increasing occurrence of winter rain events. Winter rain
events may affect hibernating ground squirrels in two important ways; reducing snowpack and
by directly flooding burrows. Winter rain events in the Kluane region have increased in
occurrence since 2000 (Environment Canada Canadian Climate Normals). Although significant
rain events occurred in winters between 2000 to 2007, there were no major winter rain events
observed during the course of this study from 2008 to 2010. Since arctic ground squirrels
produce yearly litter sizes ranging from 2-6, the time frame of this study should have allowed for
populations in the boreal forest to recover if winter rain was a limiting factor. Winter rain should
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have also affected populations in nearby low meadows but the results from this study suggest
populations have remained stable in this habitat type.
Indirect effects of climatic change on boreal populations include the potential effects that
climatic changes impose on the snowshoe hare cycle. Since populations in the boreal forest have
historically been correlated with changes in the 9-10 year snowshoe hare cycle, changes in this
cycle will presumably have important consequences for arctic ground squirrels in the boreal
forest. Although the factors responsible for explaining the recent prolonged low phase of the
snowshoe hare cycle continue to be investigated (Sheriff et al. 2009), relating climatic variability
to variability in wildlife population dynamics remains challenging (Krebs and Berteaux 2006). A
detailed demographic study in concert with long-term monitoring data in different habitat types
will also help clarify the potential impacts of climate change on arctic ground squirrel population
dynamics.

Conclusion
The persistence of arctic ground squirrels in low and high elevation meadow habitat and
the concurrent extinction of arctic ground squirrels from areas in the boreal forest provide
evidence for the existence of source-sink dynamics. It appears that the boreal forest habitat is
functioning as a population sink that relies on immigration from nearby meadow habitat to
persist, although this needs to be explored further empirically. While density data alone are often
insufficient to assess habitat quality, abundance data collected concurrently over large spatial
scales and in different habitat types can be useful for both scientists and managers to initiate
further, more detailed investigations. This information can be used to make broader ecological
inferences and formulate more specific hypotheses about what factors are driving the population
dynamics of wildlife populations occupying heterogeneous habitat types. Here I show that arctic
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ground squirrel density and abundance varies considerably depending on habitat type. These
findings illustrate the importance of being cautious when interpreting data collected in a single
habitat type and using this data to infer the status of a wildlife population over larger spatial
scales. For example, conclusions about the status of ground squirrels in the Southwest Yukon
based on data collected in boreal forest habitat would be inaccurate in the absence of data
collected in low meadow or alpine meadow habitats. It is apparent that the mechanisms
underlying the large variation in density in boreal forest, low meadow and alpine meadow
habitats need to be further explored empirically and future research should focus on the
demographic processes responsible for these habitat differences.
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Chapter 3-Evidence for Source-Sink Dynamics in the Arctic Ground
Squirrel (Urocitellus parryii plesius)
Chapter Overview
Wildlife populations with large geographic ranges often occupy a variety of different
habitat types and may exhibit variable demographic rates. Variable demographic rates can
manifest themselves between habitat types in the form of source-sink dynamics where
populations in sink habitats would not exist without the addition of migrants from source
habitats. The presence of source-sink population dynamics has important implications for
scientists and managers since the temporal absence of a species from sink habitat may be
expected and not indicative of the status of the wildlife population at larger spatial scales.
Alternatively, trends detected in source habitats will likely be more indicative of real changes
within a wildlife population and justify management concern. Although source-sink population
dynamics are theoretically understood, there is a paucity of empirical evidence for their existence
in wildlife populations.
Arctic ground squirrels (Urocitellus parryii pleisus) occupy a large geographic area in
northern Canada and a variety of habitat types within this area including boreal forest, low
altitude meadows and alpine meadows. Since 2000, populations of arctic ground squirrels in
boreal forest habitat in the southwestern Yukon have remained low and in some instances
become extirpated, whereas those in nearby low altitude meadows and alpine meadows have
remained stable suggesting that this species may exhibit source-sink population dynamics. In this
study I tested the hypothesis that arctic ground squirrels exhibit source-sink population structure
and more specifically that alpine meadow populations function as population sources for both
low altitude meadows and boreal forest habitat. The alternative hypothesis is that low elevation
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habitats are demographically separate from higher altitude alpine habitats and consist of low
altitude meadow habitats (sources) and boreal forest habitat (sinks).
My evidence rejects the first hypothesis and supports the alternative. Active season
survival in the boreal forest was significantly lower than in low altitude meadow and alpine
meadow habitat.(43% vs. 73% and 80% respectively). Overwinter survival was similar among
the three habitat types (65%, 66% and 51% respectively). Radio-collared juveniles born in low
altitude meadow habitat moved significantly further than collared individuals in alpine meadow
habitat (319m vs. 76m). Of the radio collared juveniles in low altitude meadow habitat, 65%
(n=11) moved into boreal forest habitat and of these, 73% (n=8) were subsequently predated.
Conversely, 100% (n=6) of radio collared individuals that remained in low altitude meadow
habitat survived the 38-day tracking period. Boreal forest habitat also exhibited a significantly
lower recruitment rate (juveniles per adult) compared with both low altitude meadow and high
elevation alpine meadow habitat (0.44, 1.14 and 1.41 respectively). Rates of population growth
(lambda (λ)) values calculated in program MARK were 0.68, 0.90 and 0.98 respectively for
boreal forest, low altitude meadow and alpine meadow habitat.
The existence of source-sink dynamics between boreal forest and low-altitude meadow
habitat appears to be implicated in the current prolonged low in the 10-year snowshoe hare
(Lepus americanus) cycle due to sustained predation pressure in the boreal forest. The onset of
the increase phase of the hare cycle is expected to relieve predation pressure on arctic ground
squirrels due to prey switching and allow for the successful re-colonization of boreal forest
habitat. This study provides empirical evidence for the existence of source-sink dynamics in
wildlife populations.
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Introduction
A single species can often occupy heterogeneous habitats resulting in differential
demographic rates (Pulliam 2000). Embedded in the concept of spatial heterogeneity in
demographic rates is source-sink theory which describes a species occupying at least two
different habitat types, sources and sinks (Pulliam 1988, Leibold et al. 2004). In source habitat
types, reproduction exceeds mortality and a surplus of dispersers is produced. Conversely, sink
habitats exist where reproduction is less than mortality and a net flow of conspecific dispersal
from nearby sources is required for persistence in the sink habitat. The source-sink model for
population dynamics (Pulliam 1988) developed in response to a growing literature that provided
evidence for variable demographic rates within the same species occupying different habitats.
The existence of source-sink population dynamics has important implications for our
understanding of wildlife population dynamics and for more practical reasons such as guiding
conservation efforts (Brawn and Robinson 1996, Kristan 2003, Perlut et al. 2008, Kanda et al.
2009). Contrary to balanced dispersal models (McPeek and Holt 1992a, Lemel et al. 1997) where
dispersal is balanced between habitats of different quality resulting in equalized fitness, the
source sink model has provided valuable insight into the mechanisms underlying species
residency in unsuitable habitat types. Source-sink theory has also been used to explain the
existence of meta-populations (Hanski 1998) and to identify the significant impacts that spatial
variation in demographic rates can have on both local and regional population dynamics
(Breininger et al. 2009). Identifying source-sink dynamics has also been important for
prioritizing contemporary conservation efforts designed to protect high quality source habitat for
rare and threatened species (Lampila et al. 2009, Nappi and Drapeau 2009, Schooley and Branch
2009).
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Our ability to effectively demonstrate source-sink dynamics in natural systems however
has been hindered by a paucity of detailed demographic data for populations in different habitat
types (Watkinson and Sutherland 1995, Johnson 2004, Peery et al. 2006). Diffendorfer (1998)
found that in published papers claiming to identify source-sink dynamics, 25 of 28 studies did
not provide data sufficient to test the source-sink model. Density data alone is often inadequate
to differentiate between sources and sinks since it is difficult to distinguish habitats with a low
carrying capacity from sink habitats (Dias 1996, Brooks 1997). Instead, differences in density,
survival, reproduction and movements among habitats are needed to properly identify sourcesink dynamics in wild animal populations.
Arctic ground squirrels (Urocitellus parryii plesius) in the southern part of their range
occupy three distinct habitat types; boreal forest, low elevation meadows and alpine meadows,
and thus are an excellent candidate to investigate the potential for source-sink population
dynamics. Arctic ground squirrels have been studied extensively in the boreal forest in the
Kluane region since 1990 (see Boutin et al. (1995), Hubbs and Boonstra (1997), Byrom and
Krebs (1999), Karels and Boonstra (1999), Karels et al. (2000), Hik et al. (2001), Gillis et al.
(2005)) and have been shown to fluctuate with the 10-year snowshoe hare cycle in response to
shared predators (Boutin et al. 1995). Since 2000, arctic ground squirrel populations in the boreal
forest have remained low and in some locations have been extirpated (Chapter 2, Gillis et al.
2005). Conversely, populations in alpine meadows appear to be larger and more stable than those
in the boreal forest and limited by overwintering conditions rather than predation (Green 1977,
Gillis et al. 2005). Little information exists for arctic ground squirrel populations in low
elevation meadow habitat. This study is the first to compare arctic ground squirrel demographic
rates in three different habitat types; boreal forest, low meadow and alpine meadow.
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Here I compared three habitat types (boreal forest, low meadow and alpine meadow) to
assess whether arctic ground squirrel populations in the Kluane Region exhibit demographic
characteristics indicative of source-sink population dynamics. More specifically I investigate the
following hypotheses: (1) High elevation alpine meadow habitats function as population sources
that provide individuals to low elevation population sinks and alternatively (2) Low elevation
habitats are characterized by two distinct habitat units, meadow (source) and boreal forest (sink)
that display discrete demographic conditions independent of those at higher elevations.

Methods
Study Species Arctic ground squirrels occupy arctic tundra, alpine areas and the boreal forest
of northwestern Canada and Alaska (Nadler 1977). The majority of arctic ground squirrel life
history is occupied by an 8-9 month period of hibernation from late July/early August to late
April/early May (Carl 1971, Lacey 1991). Females begin to breed almost immediately upon
emergence in spring and produce one litter/year around 25 days later in mid-May (Green 1977,
Lacey 1991, Lacey et al. 1997). Juveniles emerge from the natal burrow in mid/late June and
begin to disperse in mid-July. Juvenile arctic ground squirrel dispersal has been shown to be
highly male biased (Byrom and Krebs 1999).

Study Sites Arctic ground squirrels were studied in three different habitat types at five locations
in the Kluane Region, Yukon Territory (Figure 5). More specifically they were studied at two
locations in the boreal forest, one in low elevation meadow habitat and two in alpine meadow
habitat. In the boreal forest, data were collected at two 10 ha study sites (~900 m asl [above sea
level] (N 61o 00’ 38’’ W 138o 11’31’’ and N 60o 55’53’’ W 137o 58’25’’) located ~20 km from
each other (see Gillis et al. 2005). Both boreal forest grids were dominated by white spruce forest
and willow thickets with occasional aspen stands. In low elevation meadow habitat (~800 m asl),
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squirrels were studied in the Slims River valley in Kluane National Park and Reserve (KNPR),
Yukon Territory, Canada. The low elevation meadow study site is located in south facing
meadow habitat surrounded by boreal forest and by the Slims River delta immediately to the east
(N 60o 59’56’’ W 138o 33’31’’). The first 12 ha alpine meadow study area (~1800 m asl) (N
61o 10’57’’ W 138o 26’02’’) was located ~30 km from the second alpine meadow study site in
KNPR and consisted of open, south facing meadow habitat with bare ground and boulder fields
(see Gillis et al. 2005). The second alpine meadow study area (~1600 m asl) was located in
KNPR and ~8 km uphill from the low elevation meadow site in south facing alpine meadow
habitat (N 61o 01’06’’ W 138o 37’34’’). Data for the boreal forest were compiled from Krebs et al.
(2001), Gillis et al. (2005) and Krebs (2009, unpublished data). Data for low elevation meadow
and alpine meadow habitat for 1975-1976 were compiled from Green (1977). Data for the first
alpine meadow study area was compiled from Gillis et al.(2005).
All study areas lie within the rain shadow of the St. Elias Mountains and therefore the
climate is characterized by cool, dry weather conditions (total annual precipitation ~280 mm,
average annual temperature -3.8o C;(Environment Canada Canadian Climate Normals).

Trapping and Handling This research was approved by the University of British Columbia
Animal Care Committee in accordance with the guidelines of the Canadian Council for Animal
Care. In the boreal forest, arctic ground squirrels were trapped on two 10 ha grids with traps
spaced 30 m apart in a 10x10 array with traps placed at alternate grid stakes. At the low elevation
meadow site, squirrels were trapped on a 9ha grid with traps spaced 50 m apart in a 5x10 array
with traps at each grid stake. At the first alpine meadow site, squirrels were trapped on a 12 ha
grid with traps spaced 50 m apart in a 7x7 array with traps at each grid stake. At the alpine
meadow site in KNPR, trapping occurred on a 9 ha grid with traps placed 50 m apart in a 7x7
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array with traps at each grid stake. Squirrels were trapped using Tomahawk live traps (14 x 14 x
40 cm, Tomahawk live trap Co., Tomahawk, Wisconsin) baited with peanut butter and
transferred to a mesh bag, tagged with monel No. 1005-1 tags (National Band and Tag Co.,
Newport, Kentucky) in both ears, weighed with a Pesola spring scale ( 5g), sexed and
measurements of skull width ( 0.5mm) were taken.

Survival Female arctic ground squirrel survival was divided into active season and overwinter
survival. Active season survival was calculated as the proportion of females caught in the spring
trapping session that were re-caught in the fall trapping session. Over-winter survival was
calculated as the proportion of females caught in the fall trapping session that were re-caught
following spring. Only female ground squirrels were used in the survival analysis derived from
trapping records because disappearance of males could not be distinguished from death vs.
dispersal.

Juvenile Survival and Dispersal Radio telemetry was used to calculate active season
survival and dispersal distances for juvenile arctic ground squirrels at both study areas in KNPR
during the 2009 active season. A total of 34 juvenile arctic ground squirrels (17 low elevation
meadow site, 17 alpine meadow site) were fitted with expandable 5g radio collars (PD-2C
transmitters, Holohil Systems Limited, Carp, Ontario). Radio collars were fitted 1 week after
emergence from the natal den and squirrels were located twice per week throughout the active
season at each study site until late August. Travel distances were determined using a handheld
GPS unit (Garmin GPSmap60cx, Olathe, Kansas) and measured as the straight line distance from
the location of capture at emergence to late August when juveniles have finished dispersal
(Green 1977, Lacey 1991, Byrom and Krebs 1999). To determine what habitat type juvenile
arctic ground squirrels were moving to, the habitat type that was occupied during the last 3
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locations for an individual in late August was used. To determine the habitat type for radio
collared individuals that died, the habitat occupied for the last 3 locations was used.

Recruitment To compare recruitment between habitat type, an index was used and calculated
as the ratio of juveniles to adult females captured in the fall trapping session of each year.

Population Growth Rate (λ) Population growth rates from fall to fall were calculated for
each habitat type using reverse-time Pradel models (Pradel 1996) in program MARK v6.1(White
and Burnham 1999). Program MARK uses binary mark-recapture data to estimate survival rates,
recapture probabilities and population growth rates (λ). Habitat specific mark-recapture data
from fall trapping sessions was used and data were pooled for both sexes. For all models,
survival (φ) and lambda (λ) were modeled as time-dependant while recapture probability (p) was
time constrained. Since time constraints on survival (φ) and lambda (λ) values generally do not
make biological sense and fully time dependant models result in the first and last λ values being
inestimable (Franklin 2002), constraints were only placed on recapture probabilities. For further
explanation of Pradel models in program MARK see Franklin (2002).

Statistical Analyses All data are given as means ± SE. All statistical analyses were calculated
using program JMP v4.0 (SAS institute, Cary, NC). Active season survival, overwinter survival
and the ratio of juveniles to adults were analyzed using a one-way ANOVA with Tukey’s posthoc tests. Prior to analysis all data were assessed for normality and homogeneity of variance and
either transformed or analyzed using non-parametric methods if these assumptions were not met.
Juvenile dispersal distances did not meet the assumptions of normality and equal variance and
were therefore analyzed using non-parametric methods. Survival (38-day) estimates for radio
collared juvenile arctic ground squirrels were calculated using the Kaplan-Meier procedure
(Pollock et al. 1989).
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Figure 5 Study area location. Circles represent boreal forest trapping grids, squares
represent low meadow trapping grids and triangles represent alpine meadow grids.
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Results
Survival Female arctic ground squirrels in the boreal forest survived poorly (43% ±5, n=18
years) over the 4 month active season compared to female arctic ground squirrels in both low
elevation meadow (73% ±10, n=4 years) and alpine meadow habitats (80% ±8, n=7 years)(F2,28 ,
P=0.001)(Figure 6). No significant differences were observed in overwinter survival between
habitat types (F2,26 , P=0.23) (Figure 7) although female arctic ground squirrels appear to survive
better in boreal forest (65% ±5, n=16 years) and low elevation meadow (66% ±9, n=4 years)
habitats than in alpine habitats (51% ±8, n=6 years).

Juvenile Survival and Dispersal A total of 34 juveniles were radio collared in the summer of
2009. Kaplan-Meier 38-day survival estimates were calculated first for all males and females
pooled and then for males only (Figures 8 and 9). Overall juveniles and male juveniles survived
poorly in low elevation meadow habitat compared to alpine meadow habitat (all juveniles: 50%
low vs. 92% high, log-rank test; χ2=5.50, df=1, P=0.02, n=29). When juvenile males are
analyzed separately, the difference in survival between late summer survival in low and alpine
meadow habitats is accentuated (male survival: 40% low vs. 90% high, log-rank test; χ2 =5.16,
df=1, P=0.02, n=20). Radio collared juveniles in low elevation meadow habitat also moved
farther (Figure 10) than those in alpine meadow habitat (low meadow 319 m ±71 vs. alpine
meadow 76 m ±71, Mann-Whitney U test, χ2 =10.40, df=1, n=27, p=0.001). Sixty- five percent (8
males, 3 females) of juveniles in low elevation meadow habitat moved to boreal forest habitat
and 73% of these were subsequently predated. Predation by either northern goshawk (Accipiter
gentillis) or red-tailed hawk (Buteo jamaicensis) accounted for 100% of the mortalities in the
boreal forest. All 6 individuals (3 male, 3 female) that remained in meadow habitat survived the
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entire 38 day period from July 12th -August 19th . Radio collared juveniles in both low meadow
and alpine meadows showed no movements between these habitats.

Recruitment Boreal forest habitat contained significantly fewer juveniles to adult females
(0.44, SE±0.18, n=9 years)than both low meadow(1.14 ±0.11, n=4 years ) and alpine
meadow(1.41 ±0.26, n=10 years) habitat types (F 2,22 , P=0.01) (Figure 11)

Population Growth Rate (λ) Estimates of population growth rates (λ) from fall to fall were
0.68 ± 0.2 (n=9 years), 0.90 ± 0.21(n=1 year) and 0.98± 0.13 (n=1 year) for boreal forest, low
meadow and alpine meadow habitats respectively. Population growth rates recorded from 19751976 at the same low meadow and alpine meadow study areas were 1.1 and 1.0 respectively.
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Figure 6 Fe male arctic ground squirrel active season survival. Bars respresent 1 SE.
Source: boreal forest data ( Krebs 2009, upubl.), low meadow/alpine meadow data 19751976 (Green 1977), alpine meadow data 2000-2002 (Gillis et al. 2005).
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Figure 7 Fe male arctic ground squirrel overwinter survival. Bars represent 1 SE. Source:
boreal forest (Krebs 2009 upubl.), low meadow/alpine meadow 1975-1976 (Green 1977),
alpine meadow 2000-2002 (Gillis et al. 2005).
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Figure 8 Kaplan-Meier 38-day survival curves for all radio collared juvenile arctic ground
squirrels. (50% survival low vs. 92% alpine, log-rank test; χ2=5.50, df=1, P=0.02, n=29).
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Figure 9 Kaplan-Meier 38-day survival curves for radio collared juvenile male arctic
ground squirrels. (40% survival low vs. 90% alpine, log-rank test; χ2=5.16, df=1, P=0.02,
n=20).
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Figure 10 Distance moved by radio collared arctic ground squirrels in low elevation
meadow and alpine meadow habitat. Bars re present 1 SE. (low meadow 319 m vs. alpine
meadow 76 m, Mann-Whitney U test, χ2=10.40, df=1, n=27, p=0.001).
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Figure 11 Recruitment rate (juveniles:adults) of arctic ground squirrels in three habitat
types. Bars represent 1 SE. Source: boreal data (Krebs et al. 2009, unpubl.), low
meadow/alpine meadow 1975-1976 (Green 1977), alpine meadow 2000-2002 (Gillis et al.
2005).
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Discussion
My results support the hypothesis that arctic ground squirrels exhibit habitat specific
demographic rates and that low elevation habitats appear to be characterized by two distinct
habitat units, low meadow (source) and boreal forest (sink). Surprisingly, the demography of
populations in low elevation meadows was more similar to alpine meadows than nearby boreal
forests. Boreal forest arctic ground squirrel populations are smaller (Chapter 2) and experience
demographic characteristics indicative of sink habitat types. The extirpation of ground squirrels
from the boreal forest(Chapter 2, Gillis et al. 2005), poor active season survival, low recruitment
rates, immigration from nearby low elevation meadow habitat and population growth rates <1.0
provide convincing evidence that the boreal forest functions as sink habitat for arctic ground
squirrels.
Conversely, nearby arctic ground squirrel populations in low elevation meadow habitat
appear to be stable and self sustaining and appear to function as population sources for
populations in the boreal forest. Juveniles in this study moved from low elevation meadow
habitat into boreal forest habitat which suggests that low elevation meadows have the capacity to
support a nearby population sink. These findings also validate ideas presented by Gillis et al.
(2005) suggesting that boreal forest populations are functioning as population sinks and that
nearby meadow habitats may provide the immigrants required to sustain arctic populations in the
forest.
Alpine meadow habitats support higher densities of arctic ground squirrels, exhibit
higher active season survival rates and survive poorly overwinter compared with arctic ground
squirrels in low elevation habitats. Animal movement data provides no support for the hypothesis
that alpine meadow populations supplement low elevation populations. Radio-collared arctic
ground squirrels in alpine meadow habitat moved very little suggesting that long distance
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dispersal events between high and low elevations are rare and not sufficient enough to supply
individuals to low elevation habitats.

Survival
The survival data suggests that active season is the most important limiting factor for
arctic ground squirrels in the boreal forest. The poor active season survival of adult female arctic
ground squirrels in the boreal forest compared to low elevation meadow habitat, the movement
of radio-collared juveniles from low meadow habitat into nearby boreal forest habitat and the
subsequent high incidence of predation, all suggest that top-down pressures are inhibiting the
recovery of boreal forest arctic ground squirrel populations. Increased predation in the boreal
forest is likely due to a number of factors including a reduced ability to detect and avoid
predators in boreal forest habitat, a higher abundance of predators, the current prolonged low of
the snowshoe hare (Lepus americanus) cycle and hence lack of alternative prey; and by the small
ground squirrel population sizes themselves in this habitat type.
First, a small ground based herbivore requires good visibility to detect and avoid
predators and communicate the presence of a predator to conspecifics. Both low elevation and
alpine meadow habitats allow for increased predator detection (Gillis et al. 2005) as they are
dominated by small grasses and forbs. Boreal forest habitats in the Kluane region are dominated
by white spruce trees and other tall shrubs that likely reduce the ability of arctic ground squirrels
to detect and evade predators (Karels and Boonstra 1999). Increased shrub density in the boreal
forest has also been observed over the last 15 years (Krebs pers.comm), likely in response to
climatic changes. Indeed, numerous other studies on ground squirrels and closely related marmot
species have shown that habitats with reduced visibility result in increased predation rates,
increased vigilance behavior and lower reproductive rates thereby facilitating high extinction
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probabilities (Sharpe and Van Horne 1998, Byrom et al. 2000, Gillis et al. 2005, Blumstein et al.
2006, Ricankova et al. 2006, Mateo 2007). Hik et al. (2001) studying arctic ground squirrels in
the same area found that squirrels in the boreal forest were more stressed than those living in
open meadow habitats and that this difference in stress was likely indicative of increased
predation risk in boreal forest habitat. They also suggest that these differences in stress can result
in important demographic consequences such as reduced survival and recruitment in this habitat
type. Data collected in this study and by Gillis et al. (2005) also show that reduced active season
survival and reproductive rates are indicative of this habitat type. Byrom and Krebs (1999) also
found that predation was responsible for 97% of juvenile arctic ground squirrel mortality in the
boreal forest.
A second important factor influencing increased predation is simply that there are more
predators in boreal forest habitat (Hik et al. 2001, Gillis et al. 2005). In addition to the dominant
predators found in meadow habitats (red fox (Vulpes vulpes), golden eagles (Aquila chrysaetos),
grizzly bear(Ursus arctos)), predators in the boreal forest also include the northern harrier
(Circus cyaneus), red-tailed hawk, northern goshawk, great horned owl (Bubo virginianus)
Canada lynx (Lynx canadensis) and coyote (Canis latrans) (Krebs et al. 2001). Given the close
proximity of boreal forest habitat to low meadow habitat it is probable that a number of these
species prey on arctic ground squirrels in low meadows as well. However the enhanced ability of
squirrels in low meadow habitat to detect predators likely increases their ability to evade
predation.
In the boreal forest arctic ground squirrel populations typically exhibit cyclical
fluctuations that are positively correlated with the 8-10 year snowshoe hare cycle, but with a lag
of 1-2 years (Boutin et al. 1995, Boonstra et al. 2001, Krebs et al. 2001) and this lag is likely due
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to prey switching (Hubbs and Boonstra 1997). Arctic ground squirrel population sizes in the
boreal forest started to decline in 1998 (Chapter 2) in response to the concurrent decline in
snowshoe hare abundance, since ground squirrels are an alternative prey species, and have
numbers have remained low from 1998 to the present. Snowshoe hare densities in the boreal
forest began to increase again in 2004 with peak densities occurring in 2006, however the
densities in 2006 were less than half of those observed during the previous peak in 1998 (0.92
hares/ha in the 2006 vs. 1.98 hares/ha in 1998 (Sheriff et al. 2009). During the increase and peak
phases of the hare cycle the ability of arctic ground squirrels to successfully move from meadow
habitat (source) into the boreal forest (sink) is likely facilitated by the increased abundance of the
primary prey species in this habitat type, the snowshoe hare. During the low phase of the hare
cycle however, the ability of arctic ground squirrels to colonize areas in the boreal forest is likely
inhibited by intense predation. Boonstra et al. (2001) found that during the decline and low phase
of the snowshoe hare cycle that the proportion of arctic ground squirrel in the diets of lynx,
coyote, red fox, great horned owl and northern harrier all increased. Interestingly, the proportion
of arctic ground squirrel in the diet of the dominant ground squirrel predators observed in t his
study, the northern goshawk and the red-tailed hawk, appears to remain relatively constant
throughout all phases of the snowshoe hare cycle. Therefore, the increased predation by typical
hare predators during the decline and low phases of the hare cycle coupled with sustained
predation pressure from northern goshawks and red-tailed hawks is likely inhibiting the reestablishment of arctic ground squirrel populations in the boreal forest.
Lastly, arctic ground squirrels live in a network of social groups located in close
proximity that consist of various females and usually one territorial male. Specialized alarm calls
for both avian based and terrestrial predators within these social groups of ground squirrels
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notify nearby members of impending threats. In meadow habitats, individuals can likely detect
predators from further away and notify other members in the population sooner than individuals
in the boreal forest. The enhanced ability of arctic ground squirrels in low elevation meadows to
detect predators likely facilitates the persistence of low elevation meadow populations when
compared to squirrels in the boreal forest. The importance of group vigilance behavior or the
“many eyes” hypothesis in social animals has been well documented in the literature (Caraco et
al. 1980, Kildaw 1995, Lima 1995, Roberts 1996, Fairbanks and Dobson 2007). The small
populations in the boreal forest are therefore unlikely to detect predators as well as in meadows
increasing their probability of extirpation in this habitat, a process that is possibly facilitated by
an Allee effect (Allee 1931).
Although differences in arctic ground squirrel active season survival are pronounced and
likely driving the population dynamics between habitat types, overwinter survivorship appears to
also be an important limiting factor in all habitat types. Indeed, overwinter survivorship has been
shown to be an important limiting factor for a number of hibernating rodents given a typical 8-9
month/year hibernation period (Murie and Boag 1984a, Schwartz et al. 1998, Buck and Barnes
1999a, Karels et al. 2000). The physiological demands associated with hibernation and variation
in overwintering conditions make arctic ground squirrels in all three habitat types particularly
susceptible to mortality during this life history stage. Changes associated with climatic warming
may have pronounced effects on arctic ground squirrel persistence and the effects that winter rain
events and warmer temperatures may have on overwinter survivorship needs to be further
explored. The similar overwinter survivorship of arctic ground squirrels in all three habitats
during this study however, suggests that overwintering conditions may not be the most
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immediate factor explaining the decline of arctic ground squirrels in the boreal forest and also
that predation rather than food limitation is driving the observed differe nces in demography.

Juvenile Survival and Dispersal
During this study, the downward migration of arctic ground squirrels from alpine
meadows to lower elevation habitats was not observed providing evidence to temporarily reject
the hypothesis that high elevation habitats function as population sources to low elevation
population sinks. Another study investigating arctic ground squirrel dispersal in alpine meadow
habitats also found no evidence for “downhill” migration (Gillis 2003). The movement of radio
collared juveniles from low elevation meadow habitat into boreal forest and the subsequent high
rate predation does however provide further evidence for the hypothesis that low elevation
habitat may be characterized by two discrete units, sources (low elevation meadows) and sinks
(boreal forest). Since adult females move very little (Karels and Boonstra 2000), the successful
colonization of boreal forest is hinged upon the dispersal of juvenile arctic ground squirrels from
low elevation meadow source habitats. During the increase and peak phase of the snowshoe hare
cycle when hares comprise the majority of the diet for low elevation predators, the likelihood of
successful boreal forest colonization by juvenile arctic ground squirrel dispersing from low
meadow habitats would likely increase thereby providing an opportunity for populations in the
boreal forest to re-establish. As previously discussed, during the decline and low phases of the
snowshoe hare cycle it appears that successful colonization is inhibited by increased predat ion
pressures.

Recruitment
The low recruitment rates observed in the boreal forest compared to those in low
elevation meadow and alpine meadow habitat, suggest that arctic ground squirrel populations in
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the boreal forest are either reproducing less, having smaller litter sizes, exhibiting lower juvenile
survival or that potential recruits from nearby low meadow habitats are not able to successfully
re-colonize boreal forest habitat. A combination of these factors is likely responsible for the
observed low recruitment rates in the boreal forest and apart from the causation; boreal forest
habitat contains fewer juvenile arctic ground squirrels than low and alpine meadow habitat types.
Unfortunately, determining litter sizes and reproductive success for arctic ground squirrels is
difficult since females are known to share natal dens (Lacey 1991). Data from this study
however, show that juvenile active season survival in boreal forest habitat is lower than in low
elevation meadow and alpine meadow habitats due exclusively to predation and that individuals
moving from low meadow into the boreal forest are at high risk of predation, further inhibiting
population growth in boreal forest habitat types.
Habitat specific recruitment rates are indicative of source-sink population dynamics and
low recruitment rates have been used to identify sink populations in a variety of plant and animal
studies (Eriksson 1996, Gundersen et al. 2001, Bruna 2003, Caudill 2003, Perlut et al. 2008). The
low recruitment rates observed in boreal forest habitat in this study provide further support for
the hypothesis that the boreal forest functions as sink habitat for arctic ground squirrels.

Population Growth Rate (λ)
Population growth rates provide support for the hypothesis that the boreal forest is
functioning as a sink habitat type (i.e. λ< 1). Data collected over a 10 year period during all
phases of the snowshoe hare cycle, show that population growth rates (λ) in this habitat types
rarely exceed 1.0 with an average value of 0.68. Although the population growth rates presented
here for both low elevation meadow and alpine meadow habitat only contain growth rates (λ)
calculated in MARK for a one year period (2008-2009), when simplified population growth rates
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(nt+1 /nt ) are calculated using data from Green (1977), who studied arctic ground squirrels at the
same low elevation meadow and alpine meadow locations used for this study, rates of 1.0 or >1.0
are observed. It is difficult to interpret what has occurred between this 35 year time period
(1975-2010) in both of these low elevation meadow and alpine meadow habitat types, however
the persistence of arctic ground squirrels in these meadow habitat types and the simultaneous
extirpation of ground squirrels from the boreal forest (Chapter 2), provides convincing evidence
that the boreal forest is functioning as sink habitat for arctic ground squirrels.

Conclusion
My results presented here provide empirical support for the hypotheses tha t arctic ground
squirrels exhibit habitat specific demographic rates and display characteristics indicative of
source-sink population dynamics. Low elevation habitat appears to be characterized by two
discrete habitat units; low elevation meadow habitat (sources) and the boreal forest (sink). The
downward migration of arctic ground squirrels from alpine meadow habitat to low elevation
habitats was not observed and therefore the alternative hypothesis that alpine meadow habitats
function as population sources to low elevation sinks can be temporarily rejected. The sourcesink dynamics associated with low elevation habitats (low meadows and boreal forest) appears to
be implicated in the recent prolonged low in the snowshoe hare cycle. The relative absence of
snowshoe hares from low elevation habitats has resulted in sustained predation pressures on an
important alternative prey species at low elevations, the arctic ground squirrel. The structural
characteristics associated with low elevation meadow habitat like ly facilitate enhanced predator
detection and avoidance compared to boreal forest habitat allowing for the sustained presence of
arctic ground squirrel populations in low meadows. The onset of the increase phase of the
snowshoe hare cycle expected over the next few years is therefore expected to relieve predation
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pressure in low elevation ground squirrel habitat and allow for arctic ground squirrel populations
to temporarily re-establish themselves in the boreal forest via dispersal from nearby meadow
habitat as observed in this study. Scientists and managers studying arctic ground squirrels should
therefore focus on the more stable populations found in low elevation and alpine meadow
habitats to better monitor temporal changes in this species.
Future research should focus on the genetic relatedness of arctic ground squirrels in low
meadow, alpine meadow and boreal forest habitat to further determine the level of connectivity
between these habitat types. Experimental tests for source-sink dynamics could involve the
isolation of arctic ground squirrels in both low meadow habitat and boreal forest habitat and
subsequent monitoring of population persistence.
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Chapter 4-Summary and Future Research Direction
The primary objectives of my research were:
1) To determine the distribution and abundance of arctic ground squirrels in different habitat
types in the Kluane Region of the Yukon.
2) To assess whether arctic ground squirrels exhibit habitat specific demographic rates
indicative of source-sink dynamics.
The major findings of this research were:
1) Arctic ground squirrel density and relative abundance differed significantly among three
habitat types; boreal forest, low elevation meadow and alpine meadow. Average densities
in these habitat types were 0.38 ± 0.13(1 SE)/ha in the boreal forest, 1.25 ±0.22/ha in low
elevation meadow and 5.7 ±0.22/ha in alpine meadow habitat. At the completion of this
study in 2010, arctic ground squirrels were absent from boreal forest trapping grids.
2) Arctic ground squirrel populations in northwestern Canada displayed population
dynamics indicative of source-sink dynamics. Low elevation meadow habitat appears to
function as a population source while boreal forest habitat exhibited demographic
characteristics indicative of a sink habitat type. The existence of source-sink dynamics
between these habitat types appears to be implicated in the 10 year snowshoe hare cycle
in the region. During the low phase of the snowshoe hare cycle, the dispersal of juveniles
from low elevation meadow habitat to boreal forest habitat is impeded by intense
predation pressures by species using arctic ground squirrels as alternative prey in the
absence of snowshoe hares and by more generalist predator species. The onset of the
increase phase of the snowshoe hare cycle in 2011-2013 should relieve predation
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pressures on dispersing juveniles and thereby facilitate the successful re-colonization of
boreal forest habitat.
The findings of this study suggest the following future research would be useful for increasing
our understanding of arctic ground squirrel demography in the Kluane region:
1) Analysis of the genetic relatedness of arctic ground squirrels in boreal forest, low
elevation meadows and alpine meadows to further elucidate the poss ible genetic
consequences of the source-sink dynamics observed in this study.
2) Demographic comparison during the increase and peak phase of the snowshoe hare cycle.
3) Experimental isolation of populations in low elevation meadows and the boreal forest
and subsequent monitoring of population persistence.
4) Comparative analysis of body weight/condition upon emergence of hibernation and
through the active season to determine if differences in food availability and
overwintering conditions exist between habitat types.
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Appendix A
Effect of Habitat Type on Body Weight and Condition in Arctic ground
squirrels (Urocitellis parryii plesius ).
Introduction
Differences in body weight and body condition between populations of conspecifics have
important implications for survivorship, reproduction and disease immunity in wildlife
populations. Both body weight and body condition relate to the energetic state of an individual
and have important fitness consequences. For species that hibernate, body weight at
emergence/immergence and spring body condition are important determinants of overwinter
survivorship, reproductive success and susceptibility to disease. Not surprisingly, the positive
relationship between body mass/condition and overwinter survivorship in hibernating mammals
has been well documented in the literature (Armitage et al. 1976, Young 1976, Armitage 1981,
Murie and Boag 1984b, Neuhaus 2000). Variation in body mass and condition is also implicated
in the reproductive success of hibernating mammals. Individuals that weigh more at immergence
and emergence of hibernation and that emerge in superior spring body condition reproduce more
frequently and have larger, more successful litters (Rieger 1996, Eva et al. 1999, Neuhaus 2000).
Individuals in better body condition also appear to have an increased resistance to disease. For
example, plague has been found to be the major factor responsible for the decline of black-tailed
prairie dog populations in North America and individuals in superior body condition comprised a
significant majority of survivors (Pauli et al. 2006). Regardless of the mechanism, differences in
body weight and condition between wildlife populations can have important population level
consequences and facilitate the habitat specific demographic rates indicative of source-sink
dynamics. Source-sink theory, originally described by Holt (1985) but formalized by Pulliam
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(1988), was developed to explain the existence of habitat specific demographic rates in wildlife
populations. In source-sink theory, a species occupies at least two different habitat types where a
disparity in demographic rates exists. More specifically, a species occupies source habitat types
and sink habitat types. Source habitat types exist where births outnumber deaths allowing for a
surplus of dispersers. Conversely, in sink habitat types, deaths outnumber births and persistence
would not be possible without immigration from nearby source habitats
In this chapter I compare body weight and body condition of arctic ground squirrel
(Urocitellus parryii plesius) populations in two different habitat types in source and sink habitat
types in the boreal region of northern Canada. Arctic ground squirrels in this region occupy a
variety of habitat types including the boreal forest, low elevation meadows and alpine meadows.
Arctic ground squirrels in boreal forest habitat typically fluctuate with the 10-year snowshoe
hare cycle in the region due to prey switching (Boutin et al. 1995). During the increase and peak
phases of the hare cycle, the snowshoe hare comprises the primary prey species. However,
during the decline and low phases of the snowshoe hare cycle, arctic ground squirrels become an
important alternative prey species resulting in a 1-2 year lagged population decline. Upon the
initiation of the increase phase of the hare cycle, ground squirrel numbers in the boreal forest
typically increase again due to relieved predation pressure. Conversely, populations in nearby
low elevation meadow habitats and at higher elevation in alpine meadows are larger and appear
to remain stable (Chapter 2, Green 1977, Gillis et al. 2005). At the onset of the snowshoe hare
decline in 1999, arctic ground squirrel populations in the boreal forest expectedly declined but
have recently gone extinct while populations in low elevation meadow and alpine meadow
habitats have persisted (Chapter 2). A study comparing demographic rates in all three habitat
types found evidence that arctic ground squirrel populations in the southwest Yukon Territory
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display source-sink dynamics where low elevation meadow habitats appear to function as
population sources for boreal forest population sinks (Chapter 3). In this chapter I explore
components of arctic ground squirrel fitness in source and sink habitat by comparing populations
in boreal forest and low elevation meadow habitat to determine if arctic ground squirrels in sink
habitat (boreal forest) weigh less and are in poor body condition compared with ground squirrels
in source habitat (low elevation meadow). More specifically I test the following hypotheses: (1)
arctic ground squirrels in boreal forest habitat weigh less at emergence in spring and immergence
into hibernation in fall than ground squirrels in low elevation meadow habitat and that (2) arctic
ground squirrels in boreal forest habitat are in poor body condition compared to ground squirrels
in low elevation meadow habitat.
Methods
Study Species Arctic ground squirrels occupy arctic tundra, alpine areas and the boreal forest of
northwestern Canada and Alaska (Nadler 1977). The majority of arctic ground squirrel life
history is occupied by an 8-9 month period of hibernation from late July/early August to late
April/early May (Carl 1971, Lacey 1991). Females begin to breed almost immediately upon
emergence in spring and produce one litter/ year around 25 days later in mid-May (Green 1977,
Lacey 1991, Lacey et al. 1997). Juveniles emerge from the natal burrow in mid/late June and
begin to disperse in mid-July. Juvenile arctic ground squirrel dispersal has been shown to be
highly male biased (Byrom and Krebs 1999).
Study Area Arctic ground squirrels were studied in two distinct habitat types, boreal forest and
low elevation meadow habitat in the Kluane Region of the Yukon Territory, Canada. In the
boreal forest, data were collected at two 10 ha study sites (~900 m asl [above seal level]) (N 61o
00’ 38’’ W 138o 11’31’’ and N 60o 55’53’’ W 137o 58’25’’) located ~20 km from each other (see
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Gillis et al. 2005). Both boreal forest grids were dominated by white spruce forest and willow
thickets with occasional aspen stands. In low elevation meadow habitat, data were collected in
Kluane National Park and Reserve (KNPR). The 10 ha study site (~800 m asl) was located in the
Slims River valley in south facing meadow habitat dominated by grasses and surrounded by
boreal forest and by the Slims River delta immediately to the east (N 60 o 59’56’’ W 138o 33’31’’).
Data for the boreal forest were compiled from Krebs (2009, unpublished data).
Trapping and Handling This research was approved by the University of British Columbia
Animal Care Committee in accordance with the guidelines of the Canadian Council for Animal
Care. In the boreal forest, arctic ground squirrels were trapped on 10 ha grids with traps spaced
30m apart in a 10x10 array with traps placed at alternate grid stakes. At the low elevation
meadow site, squirrels were trapped on a 9 ha grid with traps spaced 50 m apart in a 5x10 array
at each grid stake. Squirrels were trapped using Tomahawk live traps (14 x 14 x 40 cm,
Tomahawk live trap Co., Tomahawk, Wisconsin) baited with peanut butter and transferred to a
mesh bag, tagged with monel No. 1005-1 tags (National Band and Tag Co., Newport, Kentucky)
in both ears, weighed with a Pesola spring scale ( 5g), sexed and measurements of skull width
( 0.5mm) were taken.
Body weight and condition Average body weight was calculated for adult female ground
squirrels upon emergence in spring (early- mid May) and just prior to hibernation in late summer
of each year(early- mid August) . Adult female spring (mid-May) body condition was calculated
by comparing the residuals of body mass regressed on zygomatic arch width (skull width).
Statistical analyses.- All data are given as means ± SE. Emergence and immergence weights
were analyzed using a two sample t-test. All statistical analyses were calculated using program
JMP v4.0 (SAS institute, Cary, NC). Prior to analysis all data were assessed for normality and
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homogeneity of variance and either transformed or analyzed using non-parametric methods if
these assumptions were not met. To determine the body condition of adult female arctic ground
squirrels, I obtained the residuals of body mass (g) regressed on skull width (body mass=skull
width) using simple linear regression. In a recent review assessing various methods o f
determining body condition, the ordinary least squares regression method to obtain residuals
performed best(Schulte-Hostedde et al. 2005). This method of assessing body condition using the
residuals of body mass regressed on skull size has also been used by various other ground
squirrel researchers (Dobson and Michener 1995, Karels 2000) to assess female spring body
condition. I then used this metric of body condition in a second model to investigate the effects
of habitat and season on adult female arctic ground squirrel body condition (body condition=
habitat).
Results
Body weight Arctic ground squirrels in both habitat types emerged in spring at a low body mass
and accumulated mass before immergence into hibernation. Adult female arctic ground squirrels
in low elevation meadow habitat were significantly heavier in spring (437 g ±11) than squirrels
in the boreal forest (405 g ±7).(df=55, t=2.40, P=0.02). No differences were detected in adult
female body weight in fall (df=42, t=0.07, P=0.94) (Figure 1). Average fall body weights were
520 g ±15 in low elevation meadow habitat and 519 g ±13 in the boreal forest (Figure 1).
Body condition The first model using adult female body weight regressed on skull width was
significant (y=11.05x+26.23, r2 =.10, n=69, F=6.57, P=0.01). The second regression model using
the residuals of body mass regressed on skull width (body condition = habitat) was also
significant (r2 =.11, n=69, F=6.1, P=0.01). The results of the regression analysis are displayed in
figure 2 Based on these two models, female arctic ground squirrels in boreal forest habitat are in
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inferior body condition at emergence in spring than squirrels in low elevation meadows (df=68,
t=2.47,P=0.01).
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Figure A1Adult female arctic ground squirrel spring and fall body mass. Bars represent 1 S E (S pring:437 g low meadow,
405 g boreal forest. Fall: 520 g low meadow, 519 g boreal forest; t-test: df=55, t=2.40, P=0.02)
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Figure A2 Adult female arctic ground squirrel spring body condition. Bars represent 1 S E (low meadow: 20.5 g, boreal
forest: -11.0 g; t-test: df=68, t=2.47,P=0.01)
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Discussion
Body Weight
These results show that adult female arctic ground squirrels in sink habitat (boreal forest)
weigh significantly less at emergence than squirrels in source habitats (low elevation meadows)
although by the onset of immergence into hibernation the observed body weight deficit between
these habitat types has been recouped. The demographic implications of low emergence weight
include low reproductive success, small litter sizes and increased overwinter survival since
lighter individuals are unlikely to bear the energetic costs of reproduction. Indeed, low
emergence mass in ground squirrels has been implicated in longer periods to ovulation, later
weaning dates and smaller litter sizes (Millesi et al. 1999). Reiger (1996) also showed that the
emergence weight of adult female Unita ground squirrels (Spermophilus armatus) was positively
correlated with litter mass and litter size. Similarly Neuhaus (2000) studying Columbian ground
squirrels (Spermophilus columbianus) showed that females that were lighter at emergence did
not reproduce and were more likely to lose their litters but showed increased overwinter survival.
These findings support those presented in Chapter 3 which show increased overwinter survival
and a lower number of juveniles per adult females in the boreal forest compared to low elevation
meadow habitats. The ability of arctic ground squirrels in the boreal forest to recoup the adult
female weight deficit observed in spring also suggests that differences in resource availability
may not be driving the source-sink dynamics observed between low elevation meadow and
boreal forest habitat types. Although, large-scale experimental research on arctic ground
squirrels in boreal forest habitat found that food addition increased densities to 4-7 times those
observed on control plots (Karels et. al. 2000), it appears that in this study, differences in food
availability may be negligible between habitats and may not be a factor driving the source-sink
dynamics observed in this species. It appears that ground squirrels in the boreal forest were able
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to gain enough mass so that by the onset of hibernation squirrels in both habitats weighed nearly
the same.
Body Condition
These body condition results support the hypothesis that arctic ground squirrels in sink
habitat (boreal forest) emerge in poor spring body condition compared to squirrels in source
habitat (low elevation meadows). Differences in female ground squirrel body condition can have
pronounced population level consequences directly by reduced survivorship and indirectly
through reduced reproductive rates. Dobson and Michener (1995) studying Richardson’s ground
squirrels found that females in better body condition produced larger litter sizes. Similarly,
Dobson et al. (1999) studying Richardson’s ground squirrels (Spermophilus richardsonii) found
that females in superior body condition produced more young and that females from these larger
litter sizes. Individuals in poor body condition can also be more vulnerable to predation,
particularly if the species is a secondary prey item that is more difficult to capture than a primary
prey species. Wirsing et al. (2002) studying red squirrels in Idaho (Tamiasciurus hudsonicus) in
a system where snowshoe hares are also the primary prey species that red squirrels in poor body
condition were more intensely predated. Arctic ground squirrels in the boreal forest, which are
also a secondary prey item in the boreal forest and where snowshoe hares also represent the
dominant prey species, are in poor body condition and experience higher rates of active season
mortality due to predation (Chapter 3). In Columbian ground squirrels, the closets relative of the
arctic ground squirrel, females in superior body condition also have more successful and heavier
litters that exhibit increased survival (Skibiel et al. 2009) These findings are also supportive of
those data for arctic ground squirrels, that show increased densities, recruitment and survival
rates in source habitats for females that are in superior body condition (Chapters 2 and 3)
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The difference in adult female spring body condition observed here appear to be
implicated in overwinter weight loss since squirrels in both habitat types weight nearly the same
at immergence into hibernation. Arctic ground squirrels in boreal forest habitat may experience
higher physiological demands associated with hibernation resulting in poor spring body
condition and the suppressed demographic traits discussed above may manifest themselves
through the source-sink dynamics observed in this species. For hibernating ground squirrels, soil
temperature increases with snow depth and is negatively correlated with overwinter weight loss
(Buck and Barnes 1999b). Differences in hibernacula quality between habitat types may
therefore be responsible for the differences in spring body condition observed in this study.
Karels (2000) studying arctic ground squirrels on the same grids in the boreal forest at Kluane
found that open areas comprised 23% of the habitat in the boreal forest and that ground squirrels
targeted these areas for hibernation since snow accumulation was greater and soil temperatures
were warmer. Since boreal forest habitat is dominated by spruce trees and open areas comprise a
small proportion of available habitat, a lack of high quality hibernacula in the boreal forest
habitat may be responsible for the observed differences in spring body condition. Also, female
ground squirrels move very little and tend to use the same burrows throughout their lifespan
(Byrom and Krebs 1999). Since densities in the boreal forest are already low and females re-use
hibernacula in close proximity, the consequences of an individual occupying a poor quality
hibernaculum in the boreal forest are much greater than in low elevation meadow habitats.
Conversely, since low elevation meadow contain higher densities, very few trees and are
dominated by open areas the availability of quality hibernacula is likely greater, reducing the
energetic costs of hibernation resulting in the observed superiority in female spring body
condition in this habitat type.
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Conclusion
The observed differences in adult female arctic ground squirrel emergence weight and
spring body condition are likely implicated in the source-sink dynamics observed between arctic
ground squirrels in the boreal forest and low elevation meadow habitats. Low emergence weight
and inferior body condition has been shown to be associated with reduced reproductive output
and reduced active season survival, demographic traits that are characteristic of arctic ground
squirrels in boreal forest habitat. A limited availability of high quality hibernacula, resulting in
increased physiological demands associated with hibernation, may be responsible for the
observed differences in adult female spring body condition. It is likely that the increased
predation pressure in boreal forest habitat in concert with inferior overwintering conditions are
responsible for the source-sink dynamics observed between low elevation meadow and boreal
forest habitats. Future work should compare hibernacula location and quality and associated
survivorship between low elevation meadow and boreal forest habitat.

69

References
Allee, W. C. 1931. Animal aggregations. A study in general sociobiology. University of Chicago
Press, Chicago, Illinois.
Armitage, K. B. 1981. Sociality as a life- history tactic of ground squirrels. Oecologia 48:36-49.
Armitage, K. B., J. F. Downhower, and G. E. Svendsen. 1976. Seasonal Changes in Weights of
Marmots. American Midland Naturalist 96:36-51.
Batzli, G. O., and S. T. Sobaski. 1980. Distribution, Abundance, and Foraging Patterns of
Ground Squirrels near Atkasook, Alaska. Arctic and Alpine Research 12:501-510.
Blumstein, D. T., A. Ozgul, V. Yovovich, D. H. V. Vuren, and K. B. Armitage. 2006. Effect o f
predation risk on the presence and persistence of yellow-bellied marmot (Marmota
flaviventris) colonies. Journal of Zoology 270:132-138.
Boonstra, R., S. Boutin, A. Byrom, T. Karels, A. Hubbs, K. Stuart-Smith, M. Blower, and S.
Antpoehler. 2001. Chapter 9 in Ecosystem dynamics of the boreal forest. Oxford
University Press.
Boutin, S., C. J. Krebs, R. Boonstra, M. R. T. Dale, S. J. Hannon, K. Martin, A. R. E. Sinclair, J.
N. M. Smith, R. Turkington, B. M., A. E. Byrom, F. I. Doyle, C. Doyle, D. S. Hik, L.
Hofer, A. H. Hubbs, T. J. Karels, D. L. Murray, V. Nams, M. O'Donoghue, C. Rohner,
and S. Schweiger. 1995. Population changes of the vertebrate community during a
snowshoe hare cycle in Canada's boreal forest. Oikos 74:69-80.
Brawn, J. D., and S. K. Robinson. 1996. Source-sink population dynamics may complicate the
interpretation of long-term census data. Ecology 77:3-12.
Breininger, D. R., J. D. Nichols, G. M. Carter, and D. M. Oddy. 2009. Habitat-specific breeder
survival of Florida Scrub-Jays: inferences from multistate models. Ecology 90:31803189.
Brooks, R. P. 1997. Improving habitat suitability index models. Wildlife Society Bulletin
25:163-167.
Brown, J. H. 1984. On the relationship between abundance and distribution of species. The
American Naturalist 124:255.
Bruna, E. M. 2003. Are plant populations in fragmented habitats recruitment limited? tests with
an amazonian herb. Ecology 84:932-947.
Buck, C. L., and B. M. Barnes. 1999a. Annual cycle of body composition and hibernation in
free- living arctic ground squirrels. Journal of Mammalogy 80:430-442.
_____. 1999b. Temperatures of hibernacula and changes in body composition of arctic ground
squirrels over winter. Journal of Mammalogy 80:1264-1276.
Byrom, A. E., T. J. Karels, C. J. Krebs, and R. Boonstra. 2000. Experimental manipulation of
predation and food supply of arctic ground squirrels in the boreal forest. Canadian
Journal of Zoology 78:1309-1319.
Byrom, A. E., and C. J. Krebs. 1999. Natal dispersal of juvenile arctic ground squirrels in the
boreal forest. Canadian Journal of Zoology 77:1048-1059.
Caraco, T., S. Martindale, and H. R. Pulliam. 1980. Avian flocking in the presence of a predator.
Nature 285:400-401.
Carl, E. A. 1971. Population control in arctic ground squirrels. Ecology 52:395-413.
Caudill, C. C. 2003. Empirical evidence for nonselective recruitment and a source sink dynamic
in a mayfly metapopulation. Ecology 84:2119-2132.

70

Cully, J. F., E. S. Williams, and M. R. Willig. 2001. Interspecific comparisons of sylvatic plague
in prairie dogs. Journal of Mammalogy 82:894-905.
Dias, P. C. 1996. Sources and sinks in population biology. Trends in Ecology & Evolution
11:326-330.
Dickson, J. H., M. P. Richards, R. J. Hebda, P. J. Mudie, O. Beattie, S. Ramsay, N. J. Turner, B.
J. Leighton, J. M. Webster, N. R. Hobischak, G. S. Anderson, P. M. Troffe, and R. J.
Wigen. 2004. Kwaday Dan Ts'inchi, the first ancient body of a man from a North
American glacier: reconstructing his last days by intestinal and biomolecular analyses.
The Holocene 14:481-486.
Diffendorfer, J. E. 1998. Testing models of source-sink dynamics and balanced dispersal. Oikos
81:417-433.
Dobson, F. S., and G. R. Michener. 1995. Maternal traits and reproduction in richardson's ground
squirrels. Ecology 76:851-862.
Efford, M. G. 2007. Density 4.0: Software for Spatially Explicit Capture-Recapture. Department
of Zoology, University of Otago, Dunedin, New Zealand. Available at
http://www.otago.ac.nz/density.
Efford, M. G., D. L. Borchers, and A. E. Byrom. 2009. Density estimation by spatially explicit
capture-recapture:likelihood-based methods. In Modelling demographic processes in
marked populations. Springer, New York.
Eriksson, O. 1996. Regional dynamics of plants: a review of evidence for remnant, source-sink
and metapopulations. Oikos 77:248-258.
Eva, M., H. Susanne, G. E. Lammina, and P. D. John. 1999. Reproductive decisions in female
european ground squirrels: factors affecting reproductive output and maternal investment.
Ethology 105:163-175.
Fairbanks, B., and F. S. Dobson. 2007. Mechanisms of the group-size effect on vigilance in
Columbian ground squirrels: dilution versus detection. Animal Behaviour 73:115-123.
Franklin, A. B. 2002. Exploring ecological relationships in survival and e stimating rates of
population change using program MARK. In: Wildlife, land and people: priorities for the
21st century. Proceedings of the second international wildlife management congress. The
Wildlife Society, Bethesda.
Fretwell, S. D. 1972. Populations in a seasonal environment. Princeton University Press,
Princeton, NJ.
Fretwell, S. D., and H. L. Lucas. 1969. On territorial behavior and other factors influencing
habitat distribution in birds. Acta Biotheoretica 19:16-36.
Gillis, E. A. 2003. Breeding dispersal, male mating tactics and population dynamics of arctic
ground squirrels. PhD, University of British Columbia, Vancouver.
Gillis, E. A., D. S. Hik, R. Boonstra, T. J. Karels, and C. J. Krebs. 2005. Being high is better:
effects of elevation and habitat on arctic ground squirrel demography. Oikos 108:231240.
Green, J. E. 1977. Population regulation and annual cycles of activity and dispersal in the arctic
ground squirrel. University of British Columbia, Vancouver, BC, Canada.
Greene, E., R. G. Anthony, V. Marr, and R. Morgan. 2009. Abundance and habitat associations
of Washington ground squirrels in the Columbian Basin, Oregon. The American Midland
Naturalist 162:29-42.
Gundersen, G., E. Johannesen, H. P. Andreassen, and R. A. Ims. 2001. Source-sink dynamics:
how sinks affect demography of sources. Ecology Letters 4:14-21.
71

Hanski, I. 1998. Metapopulation Ecology. in Oxford University Press
Oxford, UK.
Henry, J. D., C. J. Krebs, E. Hofer, A. J. Kenney, and T. Heakes. 2007. The Kluane Ecological
Monitoring Project Annual Report 2006/2007.
Hik, D. S., C. J. McColl, and R. Boonstra. 2001. Why are arctic ground squirrels more stressed
in the boreal forest than in alpine meadows? Ecoscience 8:275-288.
Holt, R. D. 1985. Population dynamics in two-patch environments: Some anomalous
consequences of an optimal habitat distribution. Theoretical Population Biology 28:181208.
Hubbs, A. H., and R. Boonstra. 1997. Population limitation in arctic ground squirrels: effects of
food and predation. Journal of Animal Ecology 66:527-541.
Johnson, D. M. 2004. Source-sink dynamics in a temporally heterogeneous environment.
Ecology 85:2037-2045.
Kanda, L. L., T. K. Fuller, P. R. Sievert, and R. L. Kellogg. 2009. Seasonal source-sink
dynamics at the edge of a species' range. Ecology 90:1574-1585.
Kareiva, P., A. Mullen, and R. Southwood. 1990. Population dynamics in spatially complex
environments: theory and data [and discussion]. Philosophical Transactions: Biological
Sciences 330:175-190.
Karels, T. J. 2000. Reproduction, hibernation and population regulation of arctic ground squirrels
(Spermophilus parryii plesius). Ph.D., University of Toronto, Toronto.
Karels, T. J., and R. Boonstra. 1999. The impact of predation on burrow use by arctic ground
squirrels in the boreal forest. Proceedings: Biological Sciences 266:2117-2123.
_____. 2000. Concurrent density dependence and independence in populations of arctic ground
squirrels. Nature 408:460-463.
Karels, T. J., A. E. Byrom, R. Boonstra, and C. J. Krebs. 2000. The interactive effects of food
and predators on reproduction and overwinter survival of arctic ground squirrels. Journal
of Animal Ecology 69:235-247.
Kildaw, S. D. 1995. The effect of group size manipulations on the foraging behavior of blacktailed prairie dogs. Behav. Ecol. 6:353-358.
Krebs, C. J. 1985. Ecology. The experimental analysis of distribution and abundance 3rd edition.
Harper and Row, New York.
Krebs, C. J., and D. Berteaux. 2006. Problems and pitfalls in relating climate variability to
population dynamics. Climate Research 32:143-149.
Krebs, C. J., R. Boonstra, S. Gilbert, D. Reid, A. J. Kenney, and E. J. Hofer. 2010. Running
Head: Comparison of density estimators for small mammals. Canadian Journal of
Zoology.
Krebs, C. J., S. Boutin, and R. Boonstra. 2001. Ecosystem Dynamics of the Boreal Forest.
Oxford University Press.
Krebs, C. J., E. Hofer, M. O'Donoghue, V. Loewen, T. Jung, S. Gilbert, M. Oakley, S. Taylor, T.
Pretzlaw, L. Lorocque, R. Boonstra, S. Boutin, and A. J. Kenney. 2009. The community
ecological monitoring program annual report.
Kreuzer, M. P., and N. J. Huntly. 2003. Habitat-specific demography: evidence for source-sink
population structure in a mammal, the pika. Oecologia 134:343-349.
Kristan, W. B. 2003. The role of habitat selection behavior in population dynamics: source-sink
systems and ecological traps. Oikos 103:457-468.

72

Lacey, E. A. 1991. Reproductive and dispersal strategies of male arctic ground squirrels
(Spermophilus parryii plesius). Ph.D., University of Michigan.
Lacey, E. A., J. R. Wieczorek, and P. K. Tucker. 1997. Male mating behaviour and patterns of
sperm precedence in Arctic ground squirrels. Animal Behaviour 53:767-779.
Lampila, S., R. Wistbacka, A. Makela, and M. Orell. 2009. Survival and population growth rate
of the threatened siberian flying squirrel (Pteromys volans) in a fragmented forest
landscape. Ecoscience 16:66-74.
Leibold, M. A., M. Holyoak, N. Mouquet, P. Amarasekare, J. M. Chase, M. F. Hoopes, R. D.
Holt, J. B. Shurin, R. Law, D. Tilman, M. Loreau, and A. Gonzalez. 2004. The
metacommunity concept: a framework for multi- scale community ecology. Ecology
Letters 7:601-613.
Lemel, J.-Y., S. Belichon, J. Clobert, and M. Hochberg. 1997. The evolution of dispersal in a
two-patch system: some consequences of differences between migrants and residents.
Evolutionary Ecology 11:613-629.
Levins, R. 1969. Some demographic and genetic consequences of environmental heterogeneity
for biological control. . Bulletin of Entomological Research 15:237-240.
Lima, S. L. 1995. Back to the basics of anti-predatory vigilance: the group-size effect. Animal
Behaviour 49:11-20.
Mateo, J. 2007. Ecological and hormonal correlates of antipredator behavior in adult Belding’s
ground squirrels (Spermophilus beldingi). Behavioral Ecology and Sociobiology 62:3749.
McLean, I. G., and A. J. Towns. 1981. Differences in weight changes and the annual cycle of
male and female arctic ground squirrels. Arctic 34:249-254.
McPeek, M. A., and R. D. Holt. 1992a. The Evolution of Dispersal in Spatially and Temporally
Varying Environments. The American Naturalist 140:1010.
_____. 1992b. The evolution of dispersal in spatially and temporally varying environments. The
American Naturalist 140:1010-1027.
Millesi, E., S. Huber, L. Everts, G. , and J. Dittami, P. 1999. Reprod uctive decisions in female
european ground squirrels: factors affecting reproductive output and maternal investment.
Ethology 105:163-175.
Murie, J. O., and D. A. Boag. 1984a. The relationship of body weight to overwinter survival in
columbian ground squirrels. Journal of Mammalogy 65:688-690.
_____. 1984b. The relationship of body weight to overwinter survival in columbian ground
squirrels. Journal of Mammalogy 65:688-690 CR - Copyright &#169; 1984 American
Society of Mammalogists.
Nadler, C. F., R. I. Sukernik, R. S. Hoffmann, N. N. Vorontsov, C. F. Nadler Jr, and I. I.
Fomichova. 1974. Evolution in ground squirrels--I. Transferrins in holarctic populations
of Spermophilus. Comparative Biochemistry and Physiology Part A: Physiology 47:663681.
Nadler, C. F. a. H., R.S. 1977. Patterns of evolution and migration in the arctic ground squirrel
(Spermophilus parryii). Canadian Journal of Zoology 55:748-758.
Nappi, A., and P. Drapeau. 2009. Reproductive success of the black-backed woodpecker
(Picoides arcticus) in burned boreal forests: Are burns source habitats? Biological
Conservation 142:1381-1391.

73

Neuhaus, P. 2000. Weight comparisons and litter size manipulation in columbian ground
squirrels (Spermophilus columbianus) show evidence of costs of reproduction.
Behavioral Ecology and Sociobiology 48:75-83.
Nystrand, M., M. Griesser, S. Eggers, and J. Ekman. 2009. Habitat-specific demography and
source;sink dynamics in a population of Siberian jays. Journal of Animal Ecology
79:266-274.
Pauli, J. N., S. W. Buskirk, E. S. Williams, and W. H. Edwards. 2006. A plague epizootic in the
black-tailed prairie dog (Cynomys ludovicianus) J Wildl Dis 42:74-80.
Peery, M. Z., B. H. Becker, and S. R. Beissinger. 2006. Combining demographic and countbased approaches to identify source-sink dynamics of a threatened seabird. Ecological
Applications 16:1516-1528.
Perlut, N. G., A. M. Strong, T. M. Donovan, and N. J. Buckley. 2008. Grassland songbird
survival and recruitment in agricultural landscapes: implications for source-sink
demography. Ecology 89:1941-1952.
Pollock, K. H., S. R. Winterstein, C. M. Bunck, and P. D. Curtis. 1989. Survival analysis in
telemetry studies: the staggered entry design. The Journal of Wildlife Management 53:715.
Pradel, R. 1996. Utilization of capture-mark-recapture for the study of recruitment and
population growth rate. Biometrics 52:703-709.
Pulliam, H. R. 1988. Sources, sinks, and population regulation. The American Naturalist
132:652.
_____. 2000. On the relationship between niche and distribution. Ecology Letters 3:349-361.
Pulliam, H. R., and B. J. Danielson. 1991. Sources, Sinks, and Habitat Selection: A Landscape
Perspective on Population Dynamics. The American Naturalist 137:S50-S66.
Ragnhild, M., M. Atle, L. Leif Egil, H. Øystein, and A. Gunnar. 2009. Density dependent and
temporal variability in habitat selection by a large herbivore; an experimental approach.
Oikos 118:209-218.
Ricankova, V., Z. Fric, J. Chlachula, P. Stastna, A. Faltynkova, and F. Zemek. 2006. Habitat
requirements of the long-tailed ground squirrel (Spermophilus undulatus) in the southern
Altai. Journal of Zoology 270:1-8.
Rieger, J. F. 1996. Body size, litter size, timing of reproduction, and juvenile survival in the unita
ground squirrel, Spermophilus armatus. Oecologia 107:463-468.
Roberts, G. 1996. Why individual vigilance declines as group size increases. Animal Behaviour
51:1077-1086.
Schooley, R. L., and L. C. Branch. 2009. Enhancing the area-isolation paradigm: habitat
heterogeneity and metapopulation dynamics of a rare wetland mammal. Ecological
Applications 19:1708-1722.
Schulte-Hostedde, A. I., B. Zinner, J. S. Millar, and G. J. Hickling. 2005. Restitution of masssize residuals: validating body condition indices. Ecology 86:155-163
Schwartz, A. O., K. B. Armitage, and D. Van Vuren. 1998. A 32- year demography of yellowbellied marmots (Marmota flaviventris). Journal of Zoology 246:337-346.
Sharpe, P. B., and B. Van Horne. 1998. Influence of habitat on behavior of townsend's ground
squirrels (Spermophilus townsendii). Journal of Mammalogy 79:906-918.
Sheriff, M. J., C. J. Krebs, and R. Boonstra. 2009. The sensitive hare: sublethal effects of
predator stress on reproduction in snowshoe hares. Journal of Animal Ecology 78:12491258.
74

Sherman, P. W., and M. C. Runge. 2002. Demography of a population collapse: the northern
Idaho ground squirrel (Spermophilus brunneus brunneus). Ecology 83:2816-2831 CR Copyright &#2169; 2002 Ecological Society of America.
Skibiel, A. L., F. S. Dobson, and J. O. Murie. 2009. Maternal influences on reproduction in two
populations of Columbian ground squirrels. Ecological Monographs 79:325-341.
Smith, G. W., and D. R. Johnson. 1985. Demography of a townsend ground squirrel population
in southwestern Idaho. Ecology 66:171-178.
Van Horne, B. 1983. Density as a misleading indicator of habitat quality. The Journal of Wildlife
Management 47:893-901.
Watkinson, A. R., and W. J. Sutherland. 1995. Sources, sinks and pseudo-sinks. Journal of
Animal Ecology 64:126-130.
White, G. C., and K. P. Burnham. 1999. Program MARK: survival estimation from populations
of marked animals. Bird Study 46:120-138.
Young, R. A. 1976. Fat, Energy and Mammalian Survival. Amer. Zool. 16:699-710.

75

