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ABSTRACT
Differences in biotic and abiotic characteristics can lead to geographic variation in the
ecology of species and populations. Investigating intraspecific variation over large geographic
extents can provide insights into the ecological drivers of population dynamics, which is
especially important for predicting how future climatic conditions will affect ecological
processes. The snowshoe hare (Lepus americanus) is an excellent species to investigate
geographic variation in ecological dynamics because it has a geographic range that encompasses
a wide range of climates and habitat types. Although the population dynamics of snowshoe hares
in the northern portion of their range are well-studied, information on southern populations is
limited. I investigated the ecology, habitat use, and winter thermal dynamics of snowshoe hares
in Pennsylvania and compared these data to previous research on other hare populations.
From January 2014 – June 2015 I trapped and monitored snowshoe hares to estimate
body condition, survival rates, home range size, and home range overlap. I found that hares in
Pennsylvania had greater body mass in relation to their structural size, higher annual survival,
and larger home ranges than populations from higher latitudes. Home range overlap occurred
frequently and I did not find that hares temporally partitioned their home ranges to minimize
interaction with nearby hares. Also I trapped three snowshoe hares that exhibited uncharacteristic
brown winter coat coloration, indicating potential differences in the winter molt patterns or color
morphs.
Using locations collected from GPS collars I examined snowshoe hare seasonal habitat
use at the stand-level and at fine-scale microhabitats. I determined that during both summer and
winter hares preferred areas of mature scrub oak or conifers and avoided open habitats. At the
population level, hares preferred areas with dense understory vegetation and high canopy
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coverage, although I found substantial individual variability in habitat preferences. My research
highlights the importance of incorporating multiple scales of analysis into habitat use studies, as
well as accounting for individual variation in habitat preferences.
Finally, I investigated geographic differences in snowshoe hares’ responses to winter
temperatures by comparing winter pelage characteristics and heat production between hares in
Pennsylvania and the Yukon, as well as investigated the influence of temperature on resting spot
selection and movement rates. I found that hares from Pennsylvania had shorter and less dense
winter coats than hares from the Yukon and that the Pennsylvania population had less visible
white in their winter coats. Hares in the Pennsylvania population also produced less heat than the
Yukon population, indicating a lower metabolic rate. Snowshoe hares did not select for resting
spots that offered them thermal advantages, but selected locations providing visual obstruction
from predators. Movement rates were associated with ambient temperature, with the lowest
hourly movements occurs at the extreme high (>4 ºC) and low (<-10 ºC) ends of the temperature
range. Results of this research support the suggestion that snowshoe hares have the ability to
adapt to local climatic conditions via their pelage characteristics, metabolism and behavior.
Overall snowshoes hares in Pennsylvania exhibited differences in body condition,
survival, home range sizes, winter pelage characteristics, and heat production than previously
studied populations at northern latitudes, highlighting the importance of understanding southern
populations in order to better describe range-wide patterns. In the face of potential changes in
climate and habitat quality, recognizing potential range-wide variation in population dynamics
will be critical for managing this species, as well as other species with large geographic ranges,
in the future.
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CHAPTER 1:
LATITUDINAL VARIATION IN SNOWSHOE HARE ECOLOGY

Introduction
Latitudinal gradients in biotic and abiotic characteristics lead to broad-scale geographic
variation within species and populations. Investigating intraspecific variation over large
geographic extents can provide insights into the ecological drivers of population dynamics.
Global climate change has the potential to change species distributions (Gottfried et al., 2012),
phenologies (Cotton, 2003; Both et al., 2009), and population dynamics (Sæther et al., 2000;
Helm et al., 2013). Therefore, it is critical to understand current intraspecific geographic
variation in ecological dynamics to gain a better understanding of potential changes under future
conditions.

Body Size and Condition
Latitudinal variation in body size has been well-studied in many taxa. Bergmann’s Rule
states that, within a species, body mass is greater in cold climates compared to warm climates,
leading to latitudinal differences in body mass (Bergmann, 1847). Individuals with a larger body
size have a smaller surface area to volume ratio, resulting in reduced rates of heat loss. Body heat
conservation is advantageous for endotherms because it allows for a reduced lower critical
temperature which in turn can lead to higher survival and fitness in colder climates. Bergmann’s
Rule has been supported within geographically distinct populations of taxa ranging from
woodrats (Neotoma spp.; Brown & Lee, 1969) to birds, such as the cerulean warbler (Dendroica
cerulea; Jones et al., 2005).
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Other mammalian species, however, have shown deviation from Bergmann’s Rule.
Carnivores such as the European stoat have been found to exhibit different body sizes in relation
to prey size and availability, rather than latitude (Erlinge, 1987). Similarly, herbivore body size
may be influenced more by forage quality and availability rather than latitudinal differences in
temperature. Plant productivity varies based on latitude due to differences in growing seasons,
meaning that herbivores further south have a longer period to forage on green vegetation. Geist
(1987) suggests that the duration of available forage decreases body sizes at upper latitudes, as
shown by latitudinal differences in the body mass of New World deer. The largest animals
occurred in populations at middle latitudes where forage is the most abundant, with smallerbodied animals occurring at the highest and lowest latitudes (Geist, 1987).

Survival
Although survival is known to be affected by many factors, several species and taxa
exhibit trends in survival based on latitude. For example, cottontail rabbits (Sylvilagus
floridanus) in Mississippi had higher non-breeding season survival than populations in
Wisconsin (Bond et al., 2001). In the high latitudes of the Arctic, limitations in resources,
especially during the cold winter months, have the potential to alter survival patterns. Nonhibernating endotherms also have to cope with increased energy demands due to cold
temperatures associated with winter in high-latitude environments (Humphries et al., 2005).
Alternatively, populations at a southern range limit might exhibit reduced survival rates due to
sensitivity to changing environmental conditions near southern range limits. For example, moose
(Alces alces) exhibit lower survival near the edge of their range in Minnesota, which has been
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linked with increased winter temperatures above the thermoneutral zone for the species (Lenarz
et al., 2009).

Home Range Size
Home range sizes can vary greatly among individuals within a population and within
populations of a species and can be associated with a range of factors (McLoughlin & Ferguson,
2000). Differences in home range size have been found to be associated with body size, climate,
abundance of food, predation risk and population density. Climate is thought to affect home
range size because of its relationship to productivity and resource availability. With an
abundance of resources, animals may not need to move as far to obtain sufficient energetic
intake. For example, in a range-wide comparison of home range sizes of grizzly bears (Ursus
arctos), annual primary productivity was determined to have a negative effect on home range
sizes, with the largest home ranges occurring in areas with low primary productivity and forage
availability (McLoughlin et al., 1999). Although few studies have examined intraspecific
differences in home range size along a latitudinal gradient, decreases in primary productivity and
growing season in the northern latitudes would likely limit resource availability and thus increase
home range size in comparison to populations in lower latitudes and more temperate climates.

Home Range Overlap
Similar to home range size trends, home range overlap may also be linked to latitude due
to difference in productivity and food availability. Increases in forage have the potential to
increase local population densities. Higher population densities could in turn reduce home range
sizes due to increased territoriality and interactions with conspecifics, or could increase the
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overlap of home ranges within a population. Territoriality is considered to occur at intermediate
levels of resource availability while high and low resource availability does not promote the
formations of territories because animals no longer benefit from excluding neighbors (Maher &
Lott, 2000). For example in a study of grizzly bear home range overlap as a function of
seasonality, high levels of territoriality were associated with intermediate seasonality, which
served as a proxy for habitat quality, whereas a high degree of home range overlap was common
in areas with very high or low habitat quality (McLoughlin, Ferguson & Messier, 2000).
Although many studies have been conducted on a single aspect of latitudinal variation
among populations of the same species, there is a lack of research on how multiple aspects of
ecology can vary within geographically distinct populations. The snowshoe hare (Lepus
americanus) is an excellent species to investigate geographic variation in ecological dynamics
because the species has a geographic range that encompasses a wide range of climates and
environmental conditions. In addition, snowshoe hare populations near the southern edge of their
range are considered to be vulnerable to predicted changes in climate (Burt, 2014). Climate
models predict an increase in minimum winter temperatures as well as decreases in the duration
of winter snow cover (Burakowski et al., 2008; Field, 2014). These environmental changes have
the potential to make snowshoe hare populations more vulnerable to local extinction due to the
species’ specific habitat and thermal requirements. Geographic variation in the ecology of
snowshoe hares needs to be better understood if we are to apply management actions to conserve
this species under future conditions.
In this study, I tested the hypothesis that body size and condition, survival, home range
size, and home range overlap of snowshoe hares differ throughout their range due to differences
in environmental conditions corresponding with latitude. Comparing a southern population of
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snowshoe hares living in Pennsylvania with previously published data from populations
throughout the range of the species, I predicted that 1) snowshoe hare body size and body
condition will increase with latitude, 2) snowshoe hare survival will decrease with latitude, 3)
snowshoe hare home range size will increase with latitude, and 4) a southern population of
snowshoe hares will exhibit high degrees of home range overlap.
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METHODS
Study Area
The study area encompassed approximately 4,050 ha in Tunkhannock and Jackson
townships in Monroe County, Pennsylvania. The majority of the study area was dominated by
xeric oak stands, however, historical changes in fire regimes also resulted in areas of a mosaic of
mesic till barrens dominated by mature scrub oak (Quercus ilicifolia) >2 m tall and pitch pine
(Pinus rigida). Dominant understory species included blueberry (Vaccinium spp.), rhodora
(Rhododendron canadense), teaberry (Gaultheria procumbens), and sheep laurel (Kalmia
angustifolia). Planted stands of mature Norway spruce (Picea abies), red pine (Pinus resinosa)
and European larch (Larix decidua) made up a small portion of the study area.
Portions of the study area have been involved in a prescribed burn program which began
in 2009. The majority of the burning occurred in the summers of 2012, 2013, and 2014 with burn
acreage consisting of 190 ha, 241 ha and 162 ha respectively. The resulting burned patches were
dominated by low scrub oak <1 m tall, blueberry, and bracken fern (Pteridium aquilinum) and
contained very few trees >5 m tall.

Capture and Measurements
I carried out trapping from January–August 2014 and January–June 2015. I initially
placed Tomahawk live traps (Tomahawk Live Trap Company, Hazelhurst, WI) baited with
apples and alfalfa cubes in clusters of 10 traps in areas where the presence of snowshoe hares
was indicated by tracks or pellets. To minimize capture myopathy, I closed or moved traps if a
hare was captured more than two nights in a row.
During winter and spring, it is difficult to distinguish between adult snowshoe hares and
hares that were born during the previous summer (Keith, Meslow & Rongstad, 1968). Snowshoe
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hares are typically reproductively mature and breed following their first winter, so it is not
biologically relevant to separate adults and juveniles during the winter and spring seasons. As
such, I classified all snowshoe hares caught between January and April as adults. Juvenile
snowshoe hares (leverets) that were caught during the late spring and summer were not collared
due to their small size and were not used in analysis.
For each captured hare I recorded sex, body mass, right hind foot length (RHF)
(Appendix A), and coat color (Appendix B). I uniquely marked hares using passive integrated
transponder (PIT) tags (Biomark, Inc., Boise, ID) inserted under the skin near the right shoulder
blade and with numbered Monel ear tags placed on the right ear (National Tag and Band Co.,
Newport, KY). I fit hares >900 g with a VHF transmitter (model M1555, Advanced Telemetry
Systems, Isanti, MN), or a GPS collar equipped with a VHF transmitter (model UltraLITE G10,
Advanced Telemetry Systems, Isanti, MN; model 150mAH SnapTraX Pathfinder, Skorpa
Telemetry, Aberfeldy, Scotland). I scheduled the GPS collars to record a location every 20
minutes. The VHF components of the M1555 ATS collars and Skorpa collars had an 8 hour
mortality sensor for survival monitoring. Since the UltraLITE GPS ATS collars did not have
mortality sensors, we recorded daily bearings for hares from fixed locations within the study
areas. If the bearings were within 10 degrees for three consecutive days, I located the hare to
determine if it was alive. All animals were handled according to a protocol approved by the
Institutional Animal Care and Use Committee (Pennsylvania State University Protocol #43476).
For all analysis I separated data by season according to vegetation structure. Winter, or
leaf-off season, was defined as January through April and summer, or leaf-on season, was
defined as May through August. Although changes in breeding state have the potential to change
behaviors and home ranges, I did not detect any significant changes in home range sizes or
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movement rates based on breeding periods which validated my decision to separate analysis
based on season.

Body Size and Condition
Body condition is often a better measurement of size than body mass because it
incorporates both structural size, which is relatively stable, and body mass, which can fluctuate
based on environmental conditions. Other snowshoe hare studies have calculated body condition
by fitting a population-level regression between body mass and right hind foot length and using
the resulting equation to calculate predicted body masses for each RHF measurement (Bailey,
1968; O’Donoghue & Krebs, 1992; Hodges, 1999). However, this method does not allow for
strong comparisons of condition indexes among different populations. Another method of
calculating a body condition index is to divide the body mass of a hare by the total length of its
RHF to generate a relative index of body condition, which allows for comparisons between
different populations (Keith & Windberg, 1978; Wirsing, Steury & Murray, 2002; Abele,
Wirsing & Murray, 2013; Feierabend & Kielland, 2015).
I calculated body condition indices (g/mm) for both summer and winter by dividing the
body mass of a hare by total length of its RHF. If multiple body mass observations for an
individual hare were recorded over the duration of a season, I averaged the values. To evaluate if
body mass and body condition differed by season and sex, I used a 2-factor analysis of variance
(ANOVA). To assess individual changes in body mass I used a paired t-test on data from 10
hares that I trapped and weighed in both summer and winter.
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Survival
I monitored the survival of collared hares 3-7 times per week. When a mortality was
suspected I located the radiocollar as soon as possible. If a carcass were recovered, I attempted to
determine the cause of death by examining the mortality location for tracks, scat, or damage to
the collar. When the cause of death was not visibly apparent, the carcass was necropsied at the
Animal Diagnostic Laboratory, Pennsylvania State University. I censored hares from survival
analysis if transmitter failure occurred, or if the hare died as a result of capture.
To identify factors potentially important in describing snowshoe hare survival, I created
11 known-fate models in program MARK (White & Burnham, 1999). Models included effects of
sex, calendar month and year, along with interactions of combinations of these parameters. In
addition, I included additive models of S(sex + calendar month) and S(calendar month + year)
and S(calendar month*year + sex). I did not include any individual covariates such as body
condition because I only had measurements of body mass at time of capture. I compared models
using Akaike’s Information Criterion adjusted for sample size (AICc; Burnham and Anderson
2002). I omitted data from the first and last month of the study because few animals were
monitored during these months.

Home Range
I calculated seasonal home ranges using Brownian bridge movement models (BBMM;
Horne et al. 2007). This method of home range analysis is better suited to the large number of
locations collected by GPS collars as compared to traditional home range estimators that have
been used in previous snowshoe hare studies. Brownian bridge movement models are able to
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incorporate location error associated with GPS technology and address issues of autocorrelation
that result from the short fix intervals between successive locations (Walter et al., 2011).
Rather than conduct seasonal analysis based on calendar dates, I separated GPS locations
into leaf-off or winter season (January – April) and leaf-on or summer season (May – July) to
better represent differences in habitat characteristics. I censored locations during capture events
and post-death when the collar remained stationary at the kill site. I calculated home ranges with
the package BBMM in R (Nielson, Sawyer & Mcdonald, 2011) using a 95% isopleth and to be
able to compare home range statistics to similar studies I calculated a 90% isopleth home range. I
defined core areas of high intensity use within the home ranges as 50% isopleths generated by
the BBMM. The accuracy of the GPS collars was approximately 10 m in all habitat types so a
maximum location error of 10 m was used in analysis. The GPS collars had a fix success of
approximately 80%, so I set the maximum lag time for the model at 180 minutes to eliminate
approximately the longest 1% of time intervals between locations. To compare seasonal changes
in home range, I calculated home ranges using GPS locations from seven hares that had location
data from both winter and summer and compared areas using a paired t-test.

Home Range Overlap
To investigate home range overlap dynamics within the population I used a static
approach to identify the degree of overlap between individual hares, followed by a dynamic
approach to investigate the potential for hares with overlapping home ranges to temporally
partition shared space. Home range overlap was calculated using a Volume of Intersection (VI)
index which calculates the degree of overlap between the utilization distributions of two
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individual animals (Millspaugh et al., 2000). Values near 0 indicate no overlap of utilization
distributions, while values near 1 indicate a complete overlap between two animals.
Once hares with overlapping home ranges were identified, I investigated the potential for
hares with overlapping home ranges to temporally partition shared space to mitigate competition
by calculating two indices of dynamic interactions. Due to differences in performances by
different interaction metrics (Long et al., 2014) , I selected both a point-based approach,
Coefficient of Sociality (CS; Kenward et al. 1993) and a path-based approach, Dynamic
Interaction (DI; Long and Nelson 2013) for analysis and compared results.
The CS metric calculates the mean distance between simultaneous locations and compares
it to the expected mean distance between simultaneous locations, as calculated by taking the
average distance between all locations CS values scale from -1 (avoidance) to 1 (attraction), with
values near 0 indicating no pattern of interaction between two individuals. The DI metric is
calculated by determining individual correlations between turning angles and between point
locations in movement paths. The two correlation statistics are combined into the final DI index
which is an index for the overall correlation in movement paths. Because this index is not
associated with a statistical test for significance, I considered DI values of greater than 0.75 to
indicate significant interaction between individuals.
For all overlap analysis I used the data from 12 male-male and 9 female-male dyads
whose GPS locations occurred simultaneously. There were no overlapping female-female home
ranges to use for analysis. I conducted Volume of Intersection values using package
adehabitatHR in R (Calenge 2015) and dynamic interaction analysis using package WildlifeDI in
R (Long et al., 2014).
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RESULTS
Body Size and Condition
For the Pennsylvania population of snowshoe hares, body mass (Figure 1a) and body
condition (Figure 1b) differed between winter (January – April) and summer (May – July). The
average RHF length was greater for males (13.7 ± 0.10 cm; mean ± SE) than females (13.5 ±
0.10 cm; t = -2.52, df = 71, P = 0.014). Female hares had larger body masses in summer (1917 ±
94 g) compared to winter (1635 ± 35 g; t = -4.72, df = 3, P = 0.018). Male hares did not differ in
body mass between summer (1671 ± 92 g) and winter (1630 ± 25 g; t = -0.70, df = 5, P = 0.517).
However, I did not assess reproductive state, so the gain in body mass for females is likely
because of pregnancies in the spring and summer months. The average body condition index for
females was higher in the summer (14.19 ± 0.66 g/mm) than winter (12.10 ± 0.24 g/mm; t = 4.77, df = 3, P = 0.018). Average body condition for males did not differ between summer (11.98
± 0.58 g/mm) and winter (11.88 ± 0.15 g/mm; t = -0.68, df = 5, P = 0.528).

Figure 1. Average measurements (mean ± SE) of a) body mass and b) body condition
index for Pennsylvania snowshoe hares in winter (n = 68) and summer (n = 14).
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Survival
I monitored 69 snowshoe hares for survival over the duration of the study and recovered
thirty collars from mortality events during this time period. I censored 23 hares from analysis due
to collar failure, or capture myopathy. The primary cause of mortality was predation (73%),
while 17% of deaths were due to non-predation or unknown causes. Only 3 hares, 10% of all
mortalities, were killed by hunters. For predation deaths (n = 22) only, 59% were associated with
mammalian predators, 14% from avian predation, and 27% from an unknown predator.
Snowshoe hare survival was best described by constant survival over all time intervals
and sexes (Table 1). However, S(sex) and S(year) models were within two AICc units. Because
the interaction between month and year did not have a significant influence on survival
estimation, I estimated annual survival by selecting the 12 month interval (April 2014 – March
2015) which had the largest sample size at risk (no. at risk ≥ 16) and using the S(.) model. Using
this method, the annual survival was 0.32 (95% CI = 0.18 – 0.50). Monthly estimates of survival
varied from 0.66 to 1.0 (Table 2), although there was no pattern in the months that had the lowest
survival over the two years.
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Table 1. Model selection results for snowshoe hare survival, Long Pond, Pennsylvania, January
2014 – June 2015.

Model
S(.)
S(sex)
S(year)
S(year*sex)
S(calendar month)
S(calendar month+year)
S(calendar month+sex)
S(month*year+sex)
S(year*month)
S(calendar month*sex)
S(year*month*sex)
a

AICc
1691.81
1693.66
1693.74
1697.29
1697.83
1698.37
1699.67
1707.98
1741.76
1789.53
4547.68

Number of model parameters
Log-likelihood
c
Akaike model weight
b

ΔAIC

0.00
1.85
1.93
5.47
6.02
6.55
7.85
16.17
49.95
97.71
2855.87

ka
1
2
2
4
12
13
13
19
35
24
36

-2lnLb
1689.812
1689.653
1689.733
1689.254
1673.587
1672.083
1673.379
1669.385
1669.744
1740.574
4473.547

Rel.
likelihood
1
0.3969
0.3814
0.0649
0.0494
0.0377
0.0197
0.0003
0
0
0

ωc
0.512742
0.203507
0.19556
0.033277
0.025329
0.01933
0.010101
0.000154
0
0
0
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Table 2. Monthly snowshoe hare survival estimates (Ŝ) based on a constant weekly survival
model, February 2014 – May 2015.
Year
Month
2014
February
March
April
May
June
July
August
September
October
November
December
2015
January
February
March
April
May
a

Ŝ

SE

95% CI

No. at risk

0.84
0.66
0.72
0.88
0.93
0.92
0.92
1.00
1.00
1.00
0.69a

0.15
0.14
0.10
0.08
0.07
0.08
0.08
0.00
0.00
0.00
0.13

0.38 - 0.98
0.37 - 0.87
0.50 - 0.87
0.62 - 0.97
0.64 - 0.99
0.58 - 0.99
0.59 - 0.99
1.00 - 1.00
1.00 - 1.00
1.00 - 1.00
0.40 - 0.88

15
28
34
27
25
22
21
20
18
17
16

0.91
0.94
0.89
0.90
0.85

0.09
0.06
0.07
0.07
0.08

0.55 - 0.99
0.66 - 0.99
0.65 - 0.97
0.68 - 0.98
0.62 - 0.95

24
33
31
29
27

All mortalities from hunter harvest

Home Range
GPS collars collected a total of 52,429 locations over the duration of the study. The
average number of locations per hare was 1,334 and ranged from 118 to 5,256 locations. At the
population level, I found no difference in home range size between males and females, but home
range sizes varied seasonally and individual variation did exist (Table 3). Of the seven hares that
were collared in both winter and summer, 2 females and 1 male increased their home range an
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average of 14.74 ± 4.23 ha from winter to summer. Meanwhile 2 females and 2 males decreased
their home range size an average of 8.26 ± 4.53 ha from winter to summer.

Table 3. Seasonal snowshoe hare home ranges (mean ± SE; 90 – 95% isopleths) and core areas
(50% isopleths) using Brownian bridge movement models, Long Pond, Pennsylvania, January
2014 - June 2015
Sex

Season

95% Isopleth (ha)

90% Isopleth (ha)

50% Isopleth (ha)

Winter

14.77 ± 2.37

10.85 ± 1.85

2.81 ± 0.52

Summer

21.7 ± 3.94

15.30 ± 2.67

3.23 ± 0.38

Winter

16.16 ± 1.78

11.78 ± 1.27

2.82 ± 0.29

Summer

20.18 ± 6.60

15.22 ± 4.71

3.95 ± 1.01

Female

Male

Home Range Overlap
Overlap of home ranges was common in this population of snowshoe hares. Similarity in
home range utilization distribution between pairs of simultaneously collared hares ranged from 0
to 0.57 with an average similarity of 0.18 ± 0.04. There was no difference in home range
similarity between male-male and female-male dyads (t = -0.34, df = 20, P = 0.740).
Snowshoe hares were not found to temporally partition their home range to minimize
interaction with nearby hares, regardless of the sex of the individual animals or degree of
overlap. The average CS statistic was 0.007 ± 0.006 and statistics for individual pairings ranged
from -0.0611 – 0.0584. Given that statistic values for all pairs of individuals were near 0
suggests locations of hares did not indicate attraction or avoidance, but rather the location of one
hare did not affect the location of another.
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Similar to the results of the point-based CS metric, the path-based DI metric also
indicated no interaction between hares with shared home range areas. The average DI statistic
was 0.009 ± 0.007 and all statistics for individual pairs were below the 0.75 criterion indicating
interaction.
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DISCUSSION
Understanding differences and similarities between sub-populations of a species over a
large spatial extent offers insight into spatial patterns of the general ecology of the species. This
is especially true for snowshoe hares because habitats and climate differ widely over the extent
of the species’ range. I found differences in body condition, survival, and home range sizes in a
snowshoe hare population in Pennsylvania compared to previously studied populations from
different latitudes. In addition, although home range overlap has not been analyzed over the
extent of the range of the snowshoe hare, my observed patterns of home range overlap of hares in
Pennsylvania agrees with latitudinal trends of home range overlap in other taxa.
The body size and body condition of snowshoe hares in Pennsylvania was higher than
that of other recorded populations (Table 4). In contrast to Bergmann’s Rule, snowshoe hares in
Pennsylvania, which were the southernmost population with data available, were larger in size
than their northern counterparts. However, other species exhibit the converse to Bergmann’s
Rule where body size is negatively correlated with latitude. For example, southern populations of
the common shrew (Sorex araneus) in Europe have body masses approximately 17% greater
than populations further north (Ochocinska & Taylor, 2003).
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Table 4. Average winter body masses and body condition indexes of snowshoe hare populations

Male
Body
Mass (g)

Female
Body
Mass (g)

Combined
Body Mass
(g)

Male CI
(g/mm)

Female CI
(g/mm)

Combined
CI (g/mm)

a

1403

1550

N/A

10.1

11.1

N/A

Alberta

N/A

N/A

1350

N/A

N/A

N/A

Pease et al. 1979

Alberta

1390

1425

N/A

N/A

N/A

N/A

Rowan and Keith
1959

Idaho

N/A

N/A

N/A

N/A

N/A

8.51

Wirsing et al. 2002

Manitobaa

1115

1240

N/A

N/A

N/A

N/A

Murray 2002

Ontario

1205

1279

N/A

N/A

N/A

N/A

Ontario

1373

1485

N/A

N/A

N/A

N/A

Pennsylvania

1630

1635

N/A

11.9

12.1

N/A

Gigliotti 2016

Yukon

N/A

N/A

1398

N/A

N/A

N/A

Sheriff et al. 2009

Yukona

1337 1546

1334 –
1550

N/A

10.6

10.9

N/A

Boonestra et al.
1998

Location
Alaska

a

Reference
Feierabend and
Kielland 2016

Whittaker and
Thomas 1983
Newson and DeVos
1964

Annual body mass and body condition data rather than winter only

Bergmann’s rule is believed to reflect the benefits of heat retention due to animals having
a lower surface area to volume ratio at high latitudes, but heat conservation via increased surface
area-volume ratio might not be as important for species that are well-adapted to cold
temperatures. Hares are active throughout the winter and do not utilize behavioral strategies such
as group huddling, burrowing or food caching as a means of coping with cold temperatures.
However, hares in northern populations have been found to reduce energy expenditure in the
winter by increasing pelage insulation, reducing their lower critical temperature and reducing
their metabolic rate (Sheriff et al., 2009a, 2009b). Thus, a reduced surface area-volume ratio
might not offer substantial benefits for heat retention compared to other adaptations. Compared
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to northern populations, a southern population of hares was found to have less dense winter
pelage and lower heat production (Chapter 3). Therefore, southern hares might have more to gain
from heat retention due to a larger body size than their northern counterparts.
Range-wide differences in snowshoe hare body mass and body condition also may be due
to the amount of available forage and milder winter conditions in the southern portion of the
range. Southern latitudes have longer growing seasons and a greater diversity of available forage.
Hares in Pennsylvania might be able to reach large body masses and better condition indexes
because they have a longer summer to obtain nutrients and better food quality. For example, the
body size of fox squirrels (Sciurus niger) is found to differ by latitude, potentially as a result of
differences in forage quality and availability (McNab, 1971). Individuals in southern populations
are larger and primarily feed on long-leaf pine cones while individuals in northern populations
are smaller and feed on acorns and smaller nuts, which are less abundant.
I was unable to detect any trends in annual survival based on latitude, although
differences in cyclic characteristics made comparison difficult. Snowshoe hares at northern
latitudes undergo characteristic 8 – 10 year population cycles that are a function of forage
abundance, predator abundance and physiology (Krebs et al., 1995), while southern populations
are thought to be non-cyclic or weakly cyclic (Hodges, 2000; Wirsing et al., 2002). The annual
survival of hares in Pennsylvania (0.32) was similar to that of populations at northern latitudes in
the increase phase of cycles and greater than survival estimates from populations in the decline
or stable phase (Table 5). This suggests that either the Pennsylvania population is cyclic and is in
the increase phase of the cycle, or that the population is non-cyclic but has a high annual survival
rate.
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Table 5. Annual snowshoe hare survival rates from North American populations
Location
Population Trenda Survival Rate
Alaska
D/S
0.17
Alaska
I
0.12 - 0.29
Alaska
D/S
0.08
Alberta
I
0.35
Alberta
D/S
0.17
Alberta
I
0.6
Alberta
D/S
0.32
Alberta
D/S
0.33 - 0.58
Colorado
I
0.45
Colorado
D/S
0.10 - 0.20
Idaho
D/S
0.19
Minnesota
I
0.41
Minnesota
D/S
0.26
Montana
D/S
0.22
Montana
D/S
0.096 - 0.42
Oregon
U
0.2
Pennsylvania
U
0.32
Wisconsin
U
0.16
Yukon
I
0.22
Yukon
D/S
0.02
* Adapted in part from Murray (2003)
a
D/S: Declining/stationary; I: Increasing

Reference
Wolff 1980
Feierabend and Kielland 2015
Feierabend and Kielland 2015
Keith and Windberg 1978
Keith and Windberg 1978
Windberg and Keith 1976
Windberg and Keith 1976
Brand et al. 1975
Dolbeer and Clark 1975
Ivan et al. 2014
Wirsing 2002
Green and Evans 1940
Green and Evans 1940
Adams 1959
Griffin and Mills 2009
Abele et al. 2013
Gigliotti 2016
Sievert and Keith 1985
Krebs et al. 1986
Krebs et al. 1986

Without long-term data from Pennsylvania I am unable to conclusively determine the
cyclic nature of the population. However, other species display latitudinal differences in
population cycles and associated survival rates. For example, microtine rodents (Microtus spp.)
in Scandinavia exhibit strong population cycles at more northern latitudes while southern
populations are either non-cyclic or weakly cyclic. Specialist predators contribute to the cyclic
characteristics of northern population while a suite of generalist predators at southern latitudes
stabilize vole population cycles (Hanski, Hanssont & Henttonent, 1991). However, in study of a
non-cyclic vole population there was considerable inter-annual differences in survival, making it
difficult to compare survival estimates to those of cyclic populations (Agrell et al., 1992).
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Regardless of cyclic characteristics, it is still possible to compare relative seasonal
survival across populations. I did not detect a seasonal pattern in snowshoe hare survival (Table
3). The lowest survival in 2014 occurred in March and April, which supports the hypothesis that
hares are at greater risk of predation during molting periods when there is a high risk of the
hares’ coats not matching the color of their surroundings. During 2014 snow cover persisted well
into April, meaning that hares undergoing their spring molt beginning in March experienced
some level of coat mismatch. However, this same pattern of low survival rates in spring did not
occur in 2015 even though winter snow cover duration was relatively similar. This is in contrast
to a population of hares from Alaska that exhibited strong seasonal trends in survival with the
lowest survival consistently occurring in the spring and fall (Feierabend & Kielland, 2015).
These periods coincide with the seasonal molts of snowshoe hares and thus the times when hares
are most at risk of coat color mismatch, which has been determined to decrease weekly
snowshoe hare survival by 7% (Zimova, Mills & Nowak, 2016).
Snowshoe hares in Pennsylvania exhibited large home ranges in both winter and summer
(Table 3). Hares in Pennsylvania had winter home ranges that were 96% larger than home ranges
of hares in Alaska (5.81 ± 0.75 ha) and summer home ranges that were 278% larger than home
ranges of hares in Alaska (2.94 ± 1.23 ha in 2010 to 5.14 ± 1.53 in 2011; Feierabend & Kielland,
2014). I did not compare home range estimates from other populations because home range
estimates using traditional VHF collars and locations have been shown to have decreased
accuracy compared to estimates using locations from GPS collared animals (Walter, Onorato &
Fischer, 2015).
Although I only had two populations to compare, the differences in the home ranges of
these populations contradict the hypothesis that home range size should increase with increasing
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latitude. The Alaska population of hares experience shorter growing seasons than the
Pennsylvania population, which would correspond with decreased forage availability and thus
larger home range sizes.
The difference in body mass between Pennsylvania snowshoe hares and northern
populations might influence home range sizes. Hares near the southern edge of their range
exhibited higher body masses and better body conditions than hares further north (Table 4).
Species with larger body sizes are considered to have larger home range sizes due to their need
for greater amounts of forage (McNab, 1963). This relationship held true when examining
intraspecies variation in home range sizes using geographically distinct populations of coyote,
lynx and black bear (Gompper & Gittleman, 1991).
Differences in habitat composition may also play a role in the larger home range sizes in
Pennsylvania compared to Alaska. The Alaska study took place in a habitat containing a mixture
of conifer and early successional deciduous stands. Hares were found to optimize benefits of
different stand types by moving between different habitat types on a daily basis (Feierabend &
Kielland, 2014). Although the Pennsylvania study area was also composed of a matrix of habitat
types, there were large recently-burned areas that were avoided by hares, which fragmented the
areas of preferred habitat (Chapter 2). Hares might compensate for this fragmentation by
increasing their use in the surrounding matrix of preferred habitat. Similar effects of
fragmentation on home range sizes have been recorded in other species. For example willow tits
(Parus montanus) were found to increase home range sizes to compensate for areas of forest that
included fragmentation from clearcutting (Siffczyk et al., 2003).
Snowshoe hares in Pennsylvania exhibited a high degree of home range overlap but did
not temporally partition their home range in any way to avoid or encounter other hares. Due to
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the limited data on home range overlap in other populations of snowshoe hares, I am unable to
make any conclusions about latitudinal trends in home range overlap or home range partitioning.
Hares in the Yukon have also been found to exhibit high degrees of home range overlap with an
average of 24.2 – 25.3% of an individual’s home range overlapping with an adjacent home range
(Burton & Krebs, 2003), which is similar to the 18% home range overlap I found in the
Pennsylvania population. However, the average home range size of this population was much
smaller (3.43 – 5.73 ha) than the home ranges of the Pennsylvania population (Table 3) and was
calculated using VHF telemetry rather than frequent GPS locations, which makes comparison
difficult. On the other hand, captive hares and wild hares in a food addition study in the Yukon
exhibited aggressive behaviors and a dominance hierarchy, indicating the potential for social
interactions to play an important role in space-use dynamics (Graf, 1985), which was not
supported by my findings in Pennsylvania.
Regardless of the degree of snowshoe hare home range overlap in other populations, the
lack of territoriality in the Pennsylvania populations agrees with patterns of home range overlap
in other taxa. When resources availability is very high or low, home range overlap is generally
also high because individuals do not have much to gain from defending a territory (Maher &
Lott, 2000). In California, male pronghorns have been found to lack territoriality during droughts
when food is patchy, likely because of the high energetic cost to defend an established territory
(Maher, 1994). There was high understory density within the home ranges of most of the hares in
Pennsylvania (Chapter 2), suggesting that forage availability was high during the time of this
study. Therefore, defending a territory would not have been beneficial to the hares. At other
latitudes where resources are in moderate abundance, territoriality might be more common in
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hares, while populations with limited resource might also exhibit high degrees of home range
overlap.
The results of this study indicate range-wide differences in the ecology of snowshoe
hares and offer insight into ecological drivers of population dynamics. Snowshoe hare
populations exhibited different latitudinal patterns in body condition and home range sizes than
would be expected based on ecological theory, but followed predicted trends in home range
overlap. Seasonality, habitat quality and habitat competition may all play a role in driving trends
in body mass, home range sizes, and territoriality although future work should focus on
examining other species that show latitudinal trends opposite than would be expected. In the face
of potential changes in climate and habitat quality, recognizing potential range-wide variation in
population dynamics will be critical for managing species in the future. By gaining insight into
ecological drivers of population dynamics it might be possible to predict how future conditions
will affect ecological processes and management actions can be developed based on these
predictions.
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CHAPTER 2:
MULTI-SCALE SEASONAL HABITAT USE OF SNOWSHOE HARES IN
NORTHEASTERN PENNSYLVANIA

Introduction
Habitat use is an important driver of species distributions and population dynamics.
However, when a species occurs across a large geographic area, characteristics of habitats can
vary greatly due to geographic differences of resource availability or climate. For species that
occupy large geographic extents or migrate large distances, it is important to understand habitat
preferences in all areas of their range to optimize local or range-wide management (Law &
Dickman, 1998; Sawyer et al., 2009b). Investigating range-wide habitat preferences also is
important because global climate change has the potential to alter species distributions as well as
habitat preferences. For example, butterfly species in Britain were found to have restricted niche
breadth at the edge of their range characterized by colder winter climates as compared to
locations with milder winters (Oliver et al., 2009). Similarly, polar bears have been found to shift
their summer habitat use and denning sites because of the decrease of summer sea ice, which has
been linked to climate change (Rode et al., 2015).
In addition to understanding geographic variation in habitat use, it is important to
investigate habitat use on several geographic scales. Habitat use can be analyzed on several
scales including geographic range (first order; Johnson 1980), placement of home ranges in an
available landscape (second order; Johnson 1980), and within the home range of an individual
animal (third order; Johnson 1980). In addition, habitat use can focus on broad scale
characteristics such as habitat type as well as fine scale characteristics such as vegetation
structure and abundance. Multi-scaled habitat use has been found to better represent patterns of
resource selection than single-scale analysis (Boyce, 2006; Meyer & Thuiller, 2006). For
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example, elk in Wisconsin were found to place home ranges on the landscape level based on the
proximity of wolf territories and roads, but forage availability was an important driver of habitat
use within home ranges (Anderson et al., 2005).
The snowshoe hare (Lepus americanus) offers a rare opportunity to investigate resource
selection across multiple scales because it occupies a large geographic extent and although the
habitat relationships of hares in the northern portion of their range are well studied, there is a
lack of information on the dynamics of populations near the southern extent of their range.
Southern populations are considered to exhibit different population dynamics than northern
populations due to differences in habitat types, predator abundances, and climatic conditions
(Hodges, 2000). To best manage snowshoe hare populations throughout the extent of their range,
it is important to first gain an understanding of habitat relationships of snowshoe hares near the
southern edge of their range. In addition to investigating landscape level characteristics that
influence snowshoe hare habitat selection, it is important to investigate seasonal changes in
snowshoe hare habitat use and fine-scale stand characteristics that might be important for this
species in the southern extent of its range.
At northern latitudes snowshoe hares typically occupy boreal forests characterized by
consistent winter snow cover and low winter temperatures. In these studied populations, hares
have been found to prefer young forest stands with dense sapling regeneration, characteristic of
early and mid-successional stands (Litvaitis, Sherburne & Bissonette, 1985; Griffin & Mills,
2009; Ivan, White & Shenk, 2014). The thick understory vegetation of these areas offers highquality forage and reduced visibility from predators.
Hares in northern populations have also been found to be associated with stand edges,
particularly when adjacent patches contain beneficial forage or cover (Conroy, Gysel &
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Dudderar, 1979; Ferron & Ouellet, 1992; Lewis et al., 2011). In addition, GPS data from hares in
Alaska indicates that hares tend to move frequently between adjacent habitat patches several
times a day to maximize the benefits of predator protection in dense conifer stands and abundant
vegetation in nearby early successional stands (Feierabend & Kielland, 2014). This suggests the
importance of multiple vegetation types within optimal hare habitats.
Habitat use studies of northern snowshoe hare populations have indicated differences in
habitat use among seasons. Hares in northern populations tend to occupy denser habitats during
the winter months, but use open habitats more frequently during the summer (Wolff, 1980;
Ferron & Ouellet, 1992). During the summer, dense habitats have more shade, which limits the
vegetation growth of the area, thus restricting forage availability. Snowshoe hares have been
found to switch their diets from bark and twigs found in areas of dense vegetation during the
winter to forbs, grasses and leaves that are typically found in areas of more sunlight during the
summer (Litvaitis et al., 1985). Other studies suggest that these movements into open areas are
due to the dispersal of young hares born in the summer months and are not a result of forage
availability or predator avoidance (Adams, 1959; Belovsky, 1984). Understanding seasonal
changes in snowshoe hare habitat use is important for optimizing habitat management. If hares
select different areas or habitat types based on seasonality, it would be important to incorporate
all seasonally-important areas in management decisions.
Snowshoe hares also have been found to alter their habitat use based on management
activities or habitat disturbances. Prescribed burning and timber harvesting have often been used
to create areas with dense regenerating vegetation. Because hares often are associated with areas
of dense vegetation, they will frequently avoid newly-cleared or burned areas (Ferron, Potvin &
Dussault, 1998; Bellefeuille et al., 2001). However, hares have been found to eventually

29
recolonize burned areas, although previous research indicated variability in the timing of this
process. An occupancy study following a fire in Alberta indicated that hares began using burned
areas 5 years post-burn (Keith & Surrendi, 1971). Other studies have found that a much longer
time period is needed for hares to begin significantly using burned habitats. In lodgepole pine
stands in Glacier National Park in Montana, stands 17–19 years post-burn supported more hares
than stands 11–13 years post-burn and unburned stands (Cheng, Hodges & Mills, 2015). In
another study in Quebec, peak snowshoe hare browsing was found to occur 50–60 years post-fire
(Allard-Duchêne et al., 2014). Although variability in post-fire habitat use by snowshoe hares
exists, in areas with fire-adapted vegetation, prescribed burning still might be a valuable
management tool for the creation and maintenance of preferred snowshoe hare habitats.
Hare populations in Pennsylvania are near the southernmost edge of the species’ range
and are thought to serve as a genetic link between populations on either side of the Allegheny
Mountains and between other states in the mid-Atlantic region (Steele et al., 2010). This
important genetic factor, as well the species’ sensitive habitat requirements has led the
Pennsylvania Game Commission to list the snowshoe hare as a species of maintenance concern.
In addition, historical hunter harvest records in the state suggest that the range of the snowshoe
hare in the state has contracted since the mid-to-late twentieth century, likely as a result of
changes in habitat quality and decreased winter snowpack (Diefenbach, Rathbun & Vreeland,
2005).
Broad-scale snowshoe hare occupancy in the state has been found to be associated with
northern hardwood stands with high stem density, particularly areas with high abundance of
species such as black cherry (Prunus serotina), red maple (Acer rubrum), sugar maple (Acer
saccharum), white ash (Fraxinus americana), tulip poplar (Liriodendron tulipifera), cucumber
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magnolia (Magnolia acuminata), northern red oak (Quercus rubra) and yellow birch (Betula
alleghaniensis) (Scott & Yahner, 1989). However, multi-scaled habitat relationships of
snowshoe hares in the state have not been studied.
My objectives for this study were 1) to investigate seasonal stand-level resource selection
of snowshoe hares in a managed habitat in Pennsylvania and 2) to investigate fine-scale seasonal
drivers of snowshoe hare habitat use.
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METHODS
Study Area
The study area encompassed approximately 4,050 ha in Tunkhannock and Jackson
townships in Monroe County, Pennsylvania (Figure 1). This area was dominated by scrub oakpitch pine barrens, which occur on glacial mesic till soils rather than the xeric sandy soils
commonly associated with barrens communities (Latham et al., 1996; Eberhardt & Latham,
2000). The unique vegetative community of this area pre-dates European settlement in
Pennsylvania and has historically relied on high-severity fires to maintain the vegetation
structure (Latham et al., 1996). Indigenous tribes and European settlers set fires in order to
increase and maintain fruiting plants and trees, which provided a reliable source of food (Abrams
& Nowacki, 2008).
Historically, fire in these areas has also played an important role in maintaining habitat
and forage for a variety of early-successional associated mammal and bird species. In particular,
scrub oak (Quercus ilicifolia) is an important plant species for providing dense cover and forage
in the form of foliage and acorns. Fire has been found to play an important role in the
regeneration of scrub oak. Two years following a prescribed burn, scrub oak foliage production
was found to increase by a factor of seven (Hallisey & Wood, 1976). In addition, the nutritional
value of the scrub oak increased, with the weights of crude protein, calcium, phosphorous,
potassium and magnesium in the scrub oak foliage all increasing post-burn (Hallisey & Wood,
1976).
Changes in fire regimes have changed the structure of the vegetation in the barrens of this
area. In the late 1950’s forest fire suppression programs in Pennsylvania restricted the burning of
this area. As a result, over 70% of the barrens habitat succeeded into fire-intolerant oak or red
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maple forests with limited mid-level vegetation (Maurice et al., 2004). Further fire suppression
in the area also has the potential to alter patch sizes, shapes, species composition and loss of seed
banks (Maurice et al., 2004).
In an effort to restore and maintain historical scrub oak-pitch pine barrens, portion of the
study area have been involved in a prescribed burn program which began in 2007. Prior to
burning, these areas had well-developed canopies and lacked substantial scrub oak and other
understory vegetation. The burn program focuses on removing undesirable vegetation and
creating early successional habitat of barrens-associated species, followed by the long-term
maintenance of these areas. The majority of the burning occurred in the summers of 2012, 2013,
and 2014 with burn acreage consisting of 190 ha, 241 ha and 162 ha respectively. At the time of
this study, the burned patches were dominated by low scrub oak <1 m tall, blueberry (Vaccinium
spp.), and bracken fern (Pteridium aquilinum) and contained very few trees >5 m tall.
The remainder of the study area was comprised of older stands of scrub oak >2 m tall and
pitch pine (Pinus rigida), as well as dry oak stands. Dominant understory species included
blueberry, rhodora (Rhododendron canadense), teaberry (Gaultheria procumbens), and sheep
laurel (Kalmia angustifolia). Planted stands of mature Norway spruce (Picea abies), red pine
(Pinus resinosa) and European larch (Larix decidua) made up a small portion of the study area.
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Figure 1. Map of dominant habitat types within the snowshoe hare study area, Long Pond,
Pennsylvania.
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Capture and Measurements
I carried out trapping from January–August 2014 and January–June 2015. I initially
placed Tomahawk live traps (Tomahawk Live Trap Company, Hazelhurst, WI) baited with
apples and alfalfa cubes in clusters of 10 traps in areas where the presence of snowshoe hares
was indicated by tracks or pellets. To minimize capture myopathy, I closed or moved traps if a
hare was captured more than two nights in a row.
During winter and spring, it is difficult to distinguish between adult snowshoe hares and
hares that were born during the previous summer (Keith et al., 1968). Snowshoe hares are
typically reproductively mature and breed following their first winter, so it is not biologically
relevant to separate adults and juveniles during the winter and spring seasons. As such, I
classified all snowshoe hares caught between January and April as adults. Juvenile snowshoe
hares (leverets) that were caught during the late spring and summer were not collared due to their
small size and were not used in analysis.
For each captured hare I recorded sex, body mass, right hind foot length (RHF) and coat
color. I uniquely marked hares using passive integrated transponder (PIT) tags (Biomark, Inc.,
Boise, ID) inserted under the skin near the right shoulder blade and with numbered Monel ear
tags placed on the right ear (National Tag and Band Co., Newport, KY). I fit hares >900 g with a
VHF transmitter (model M1555, Advanced Telemetry Systems, Isanti, MN), or a GPS collar
equipped with a VHF transmitter (model UltraLITE G10, Advanced Telemetry Systems, Isanti,
MN; model 150mAH SnapTraX Pathfinder, Skorpa Telemetry, Aberfeldy, Scotland). The GPS
collars were scheduled to record a location every 20 minutes. All animals were handled
according to a protocol approved by the Institutional Animal Care and Use Committee
(Pennsylvania State University Protocol #43476).

35
Vegetation Data
To investigate stand level snowshoe hare resource selection I used existing shapefiles
created by the Pennsylvania Game Commission through a combination of aerial photography and
ground-truthing. Using these shapefiles I created 30 × 30 m raster cells based on the dominant
vegetation type. I grouped stand types into 4 broad categories: mature scrub oak, conifer, open
(including stands 1 – 6 years post-burn), and hardwood.
Mature scrub oak stands included limited trees in the canopy and were dominated by
scrub oak 1.5 – 2 m tall. Although these stands might not be mature in the successional
definition, I use the term “mature” to differentiate these areas from stands of young, regenerating
scrub oak. Conifer stands included canopies of Norway spruce, red spruce, or red pine and
contained very low levels of understory vegetation. Open areas were stands that had undergone
prescribed burning in the past 6 years and were characterized by low (< 1 m) regenerating
vegetation. I also included planted food plots and natural fields in this category, although these
comprised a very low proportion of the open habitat type. Finally, hardwood stands had canopies
of oak or maple and understories of low vegetation including rhodora and blueberry. During the
winter hardwood stands had low canopy cover because of the lack of foliage. I also used the
stand shapefile to investigate the importance of stand edges to snowshoe hare habitat use by
creating 1 × 1 m raster cells of distance to edge using the Euclidean distance tool in ArcMap 10.1
(Environmental Systems Research Institute, Redlands, CA USA).
To study the fine-scale habitat associations of snowshoe hares, I measured vegetation
characteristics in a subsection of the study area that contained areas of use and non-use by hares.
I randomly placed a grid with 50 × 50 m squares within the boundaries of the study area using
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ArcMap 10.1 and the center point of each grid cell was used as the vegetation sampling plot
centers. I sampled plots only when leaves were absent (January–April).
From the center point of each grid cell, I measured horizontal understory density in 0.5 m
increments in height ≤2 m using a vegetation profile board positioned 10 m from the center point
in each cardinal direction (Nudds 1977). I grouped densities into three density classes based on
coverage of the board (Low = 0-20%, Medium = 21-80%, High=81-100%) and I calculated total
understory density by averaging the sum of all density measurements (0-2 m high) in each
direction. I measured canopy cover by taking a hemispherical photo directly overhead the center
point and analyzing the photos using Gap Light Analyzer Version 2.0 (Institute of Ecosystem
Studies, Millbrook, NY, USA). Within a 10 m radius of the plot center, I counted all trees greater
than 1 m in height and used these values to calculate the number of trees per hectare.

Patch Characteristics
I conducted landscape metrics analysis within the home ranges of individual hares using
the stand shapefile. I calculated the average percentage of the four habitat categories, patch size,
edge density, and perimeter-to-area ratio within home ranges for winter and summer using the R
package SDMTools (VanDerWal et al., 2014). I also analyzed seasonal changes in of within
home range patch sizes and edge densities for each specific habitat type.

Stand Level Resource Selection
I analyzed snowshoe hare resource selection on the stand level using a second order
negative binomial resource selection function (NB RSF). The NB RSF estimates intensity of use
while addressing issues of temporally correlated locations associated with a frequent GPS
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location collection schedule (Nielson & Sawyer, 2013). The response variable is the number of
locations within defined habitat units and covariates of interest can be summarized for each
habitat unit.
I defined the stand-level seasonal analysis extent by calculating a 95% kernel density
estimate (KDE) with reference bandwidth selection (href) using all locations from all hares in
either winter or summer in R with the package adehabitat (Calenge, 2006). This approach of
defining analysis extent allowed for areas of differing use intensity while excluding areas
spatially inaccessible to hares. I also excluded areas with no probability of use such as large
bodies of water or urbanized habitats. I did not find any shifts in home ranges or movement rates
in response to breeding seasons therefore I conducted stand level analysis both in leaf-off or
winter (January – April) and leaf-on or summer (May – August). The analysis extent varied by
season based on the spatial extent of hare GPS locations taken during each season.
Over the analysis extent I systematically placed a grid of non-overlapping circular habitat
units with 25 m radii and the number of locations per hare was counted within each unit. I
selected this radius size to capture the spatial variability of habitat types within the study area,
while still being large enough to include multiple hare locations within each unit. The radius of
the sampling units was greater than the estimated GPS location error (~10 m), so I did not take
this error into account.
For each habitat unit I summarized the stand-level raster files. I determined the dominant
habitat type based on the habitat type with the highest percentage of raster cells. I also calculated
the average distance of each habitat unit to the nearest stand edges using the distance raster. To
help with model convergence I normalized the distance to edge measurements by subtracting
each measurement from the mean and dividing by the standard deviation. To include habitat
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units with centers that fell near the analysis boundary in our analysis, I included raster cells that
fell beyond the analysis extent.

Fine-Scale Resource Selection
To investigate fine-scale vegetation characteristics influencing patterns of winter
snowshoe hare habitat use, I used both a second-order (placement of home ranges within
available habitat) and third-order (habitat selection within the extent of a home range) negative
binomial resource selection function. This allowed me to identify areas important to the general
location of hare home ranges, as well as important characteristics within home ranges of
individual hares.
I systematically placed 378 circular sampling units with 25 m radii within the vegetation
sampling grid. I created 50 × 50 m raster cells from measurements taken in our vegetation grid
and summarized these values for each sampling unit. My covariates of interest included: 1)
percent canopy cover, 2) total percent understory cover, and 3) trees per ha. I estimated
correlation between all co-variates using a Pearson product-moment correlation statistic to
determine if any could be excluded from analysis.
Since this analysis was conducted on a smaller area, I used a subset of individual hares
that occupied the extent of the vegetation grid. I conducted second order analysis using a zeroinflated negative binomial resource selection function, whereas I used a negative binomial
resource selection function for the third order analysis due to the lack of zero counts.
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Analysis
I calculated the ZINB RSF using program R using the zeroinfl function within package
pscl (Zeileis, Kleiber & Jackman, 2008) and the NB RSF using the R package MASS (Venables
& Ripley, 2002). In all models I included an offset term of the natural log of total locations per
hare to model frequency of use rather than the count of locations within each habitat unit.
For both the stand-level analysis and the fine-scale analysis, I treated the individual hare,
rather than each location, as the experimental unit because of the large number of relocations per
hare and to include individual variation in the models. To obtain population-level models, I
averaged parameter estimates and standard errors across individual animals for each model
(Thomas & Taylor, 2006; Sawyer, Kauffman & Nielson, 2009a) and weighted parameter
estimates and standard errors based on the number of locations of each individual hare. For each
parameter estimate I calculated the 85% confidence interval (Arnold, 2010). I compared the
models by summing the individual animal model AIC values for a given model and selecting the
model with the lowest total AIC value. For the fine-scale analysis, I used the best-fit populationlevel model to create a predictive surface across all habitat units. Using the values of relative use,
I classified habitat units into three equal categories of high, medium and low use. I calculated
average vegetative characteristics in each of the three categories and used the high use category
as a reference for assessing snowshoe hare preferences (Sawyer et al., 2009a).
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RESULTS

Patch Characteristics
Snowshoe hare home ranges contained a mixture of habitat types. During both winter and
summer all home ranges contained at least two habitat types, with 87% of home ranges
containing 3 or more habitat types. However, the proportion of habitat types within hares’ home
ranges varied. During both winter and summer, home ranges were comprised predominately of
mature scrub oak and conifer stands (Table 1). There was no difference in mean patch size, edge
density, or perimeter-to-area ratio between summer and winter home ranges (Table 1).

Table 1. Patch characteristics (mean ± SE) within snowshoe hare home ranges in winter (n = 30)
and summer (n = 8), Long Pond, Pennsylvania, 2014 –2015.
Season

% Scrub
Oak

% Conifer

% Open

% Hardwood

Mean Patch
Area (ha)

Edge Density
(m/ha)

PerimeterArea Ratio

Winter

42.1 ± 3.8

41.7 ± 3.7

3.2 ± 0.9

12.9 ± 3.5

16.12 ± 3.32

292 ± 28

1.9 ± 0.2

Summer

37.9 ± 9.8

33.3 ± 10.2

13.4 ± 7.6

15.2 ± 12.0

25.25 ± 9.96

210 ± 64

1.6 ± 0.4

In addition, during winter and summer the average size of mature scrub oak patches
(0.0022 ± 0.0003 ha; mean ± SE) and conifer patches (0.0027 ± 0.0004 ha) contained in hares’
home ranges were larger than open patches (0.0003 ± 0.000 ha) and hardwood patches (0.0012
±0.0005 ha). During the summer, hares continued to use similar sized patches for all habitat
types with the exception of mature scrub oak, which were larger than the patches used in the
winter (Figure 2a). Within home ranges, edges were common due to the high interspersion of
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multiple habitat types and mature scrub oak and conifer edges had the highest densities in both
summer and winter (Figure 2b).

Figure 2. Average (mean ± SE) a) patch area and b) edge density of specific habitat types within
home ranges of snowshoe hares in winter (n = 30) and summer (n = 8), Long Pond,
Pennsylvania, 2014–2015.

Stand Level Resource Selection
For winter stand level analysis, I used locations from 30 GPS-collared hares. The number
of locations per hare ranged from 118 to 3,663 with the mean number of locations per hare being
1,166 (SD = 917). The summer stand level analysis included locations from 8 GPS-collared
hares with the number of locations per hare ranging from 355 to 4,309. The mean number of
locations per individual hare was 1,779 (SD = 1281). Zero counts comprised 94.7% of winter
habitat units and 94.3% of summer habitat units, indicating that a zero-inflated model was
appropriate for analysis in both seasons.
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During both winter (Table 2) and summer (Table 3), stand-level snowshoe hare habitat
use was best described by general vegetation category and distance to stand edge. Individual
variation in habitat selection was present (Figure 3) but on the population level during the winter,
areas of mature scrub oak and conifer had high intensity of use, whereas open areas and
hardwood stands were avoided by hares (Table 4). Hares continued to use areas of mature scrub
oak in the summer, but there was no difference in the intensity of use between mature scrub oak
and either conifer or hardwood stands (Table 5). In summer there was variability in individual
selection preferences (Figure 4) but, similar to winter, hares did not use open areas during the
summer. The distance to stand edge was a predictor for snowshoe hare habitat use in winter
(Figure 5). During winter, hares selected areas located near stand edges, with relatively no use
occurring in areas > 80 m away from a stand edge. There was no effect of distance to edge
during summer.

Table 2. Model selection results for winter stand-level snowshoe hare resource selection models,
Long Pond, Pennsylvania, 2014–2015.

Model
Distance to edge + habitat type
Habitat type
Distance to edge
Intercept only
a

AIC
27741.37
28036.49
29048.41
29333.5

Log-likelihood
Akaike model weight
c
Number of model parameters
b

ΔAIC
0.00
295.12
1307.04
1592.13

-2LnLa
27727.37
28024.49
29040.41
29327.50

Rel. likelihood
1.00
0.00
0.00
0.00

ωb
1.00
0.00
0.00
0.00

kc
7
6
4
3
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Table 3. Model selection results for summer stand-level snowshoe hare resource selection
models, Long Pond, Pennsylvania, 2014–2015.
Model
Distance to edge + habitat type
Habitat type
Distance to edge
Intercept only

AIC
8844.719
8919.631
9554.383
9659.688

AICΔ
0.00
74.91
709.66
814.97

-2LnLa
8830.72
8907.63
9546.38
9653.69

Rel. likelihood
1.00
0.00
0.00
0.00

ωb
1.00
0.00
0.00
0.00

kc
7
6
4
3

a

Log-likelihood
Akaike model weight
c
Number of model parameters
b

Table 4. Parameter estimates and associated 85% confidence intervals from winter stand-level
zero-inflated negative binomial resource selection models averaged from individual models of
snowshoe hares (n = 30) in Long Pond, Pennsylvania, 2014–2015. Mature scrub oak is the
reference level.

Covariate
Intercept
Conifer
Open
Hardwood
Distance to edge

Estimate
-7.952
-1.107
-7.165
-1.161
-0.942

SE
0.807
0.965
1.262
0.964
0.148

85% CI
Lower
Upper
Limit
Limit
-9.14479
-6.75951
-2.53446
0.32064
-9.0314
-5.29934
-2.58629
0.26457
-1.16034
-0.72268
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Figure 3. Individual variability in winter stand-level snowshoe hare resource selection parameter
estimates (n = 30) for a) mature scrub oak, b) conifer, c) open, and d) hardwood. The dashed
lines indicate the weighted population average of parameter estimates.

Table 5. Parameter estimates and associated 85% confidence intervals from summer stand-level
zero-inflated negative binomial resource selection models averaged from individual models of
snowshoe hares (n = 8) in Long Pond, Pennsylvania, 2014 – 2015.

Covariate
Intercept
Conifer
Open
Hardwood
Distance to edge

Estimate
-9.009
-1.717
-9.955
-1.385
-0.627

SE
2.321
1.182
3.920
3.008
0.414

85% CI
Lower
Upper
Limit
Limit
-12.7617
-5.25702
-3.62899
0.19411
-16.29279
-3.61751
-6.24788
3.47856
-1.29714
0.04218
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Figure 4. Individual variability in summer stand-level snowshoe hare resource selection
parameter estimates (n = 8) for a) mature scrub oak, b) conifer, c) open, and d) hardwood. The
dashed lines indicate the weighted population average of parameter estimates.

Figure 5. Relative winter habitat use by snowshoe hares (n=30) as a function of distance to stand
edges; shaded region represents 90% CI.; Long Pond Pennsylvania, 2014–2015.
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Fine-Scale Resource Selection
I conducted fine-scale second order and third order winter habitat selection analysis using
locations from 24 hares. The number of locations per hare ranged from 116 to 2,529 and the
mean number of locations per individual hare was 857 (SD = 701). Zero counts comprised
87.3% of the habitat units at the second order, indicating that a zero-inflated model was
appropriate for analysis. Zero counts only comprised 18.5% of habitat units within the home
ranges of individual hares so a zero-inflated model was not necessary for third order analysis.
The extent of analysis contained canopy cover ranging from 5.8% - 92.9% and a mixture of low,
medium and high density understory vegetation (Figure 6).

Figure 6. Proportion of available a) canopy cover and b) understory density within the sampled
fine-scale vegetation grid, Long Pond, Pennsylvania, 2014–2015.

Fine-scale predictors of habitat use varied based on the scale of analysis. Second order
resource selection analysis indicated that during winter snowshoe hare habitat use was best
described by canopy cover, understory density and tree density (Table 6). In particular,
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understory cover was an important variable for describing snowshoe hare winter habitat use, with
hares selecting areas with low understory density (< 20% visual obstruction) less than areas with
> 21% visual obstruction (Table 7). Areas classified as high use had an average canopy cover of
57.1% ± 1.6% and an average of 257 ± 14 trees per ha. Understory density in high use areas was
45% high density, 55% medium density and did not contain any areas of low understory density.
However, when the same analysis was conducted at the third order (within the home
range of individual hares), canopy cover best described snowshoe hare habitat use (Table 8).
Considerable variation existed among individual hare selection within home ranges, with some
hares preferring high canopy cover, some hares preferring areas of low canopy cover and some
hares exhibiting no preferential selection (Figure 7).

Table 6. Model selection results for second order winter fine-scale snowshoe hare resource
selection models, Long Pond, Pennsylvania, 2014–2015.

AIC

ΔAIC

-2LnLa

Rel. likelihood

ωb

kc

14082.51

0.00

14066.51

1.00

0.998

8

14094.99

12.48

14084.99

0.00

0.002

5

14099.16

16.65

14085.16

0.00

0.000

7

Canopy cover

14125.15

42.64

14117.15

0.00

0.000

4

Understory density

14131.28

48.77

14119.28

0.00

0.000

6

Intercept only

14136.02

53.51

14130.02

0.00

0.000

3

Trees per hectare

14137.64

55.13

14129.64

0.00

0.000

4

Model
Trees per hectare + Canopy
cover + Understory density
Trees per hectare + Canopy
cover
Canopy cover + Understory
density

a

Log-likelihood
Akaike model weight
c
Number of model parameters
b
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Table 7. Parameter estimates and associated 85% confidence intervals from winter second order
fine-scale zero-inflated negative binomial resource selection models averaged from individual
models of snowshoe hares (n = 24) in Long Pond, Pennsylvania, 2014 – 2015.

Covariate
Intercept

Estimate
-5.960

SE
0.384

85% CI
Lower
Upper
Limit
Limit
-6.53213
-5.38759

Canopy cover

0.008

0.006

-0.00125

0.01749

Trees per hectare

-0.001

0.001

-0.00186

0.00028

Low understory
density (<20% dense)

-2.920

1.094

-4.54905

-1.29045

High understory
density (>81% dense)

0.246

0.237

-0.10667

0.59917

Table 8. Model selection results for third order winter fine-scale snowshoe hare resource
selection models, Long Pond, Pennsylvania, 2014–2015.

Model
Canopy cover

AIC
7348.92

ΔAIC
0.00

-2LnL
7340.92

Rel.
likelihood
1.00

Trees per hectare + Canopy
cover + Understory density

7354.36

5.44

7338.36

0.07

0.056

8

Canopy cover + Understory
density

7354.79

5.86

7340.79

0.05

0.045

7

Intercept only

7354.79

5.86

7348.79

0.05

0.045

3

Trees per hectare

7361.76

12.84

7353.76

0.00

0.001

4

Understory density

7362.07

13.15

7350.07

0.00

0.001

6

Trees per hectare + Canopy
cover

7373.11

24.18

7363.11

0.00

0.000

5

a

Log-likelihood
Akaike model weight
c
Number of model parameters
b

a

ωb
0.851

kc
4
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Figure 7. Individual variability in third order snowshoe hare relative use as a function of canopy
cover (n = 24). The red line indicates the weighted population average.
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DISCUSSION

Studying the habitat preference of snowshoe hares in Pennsylvania offered insight into
habitat relationships near the southern edge of this species’ range. Because the study area
contained unique vegetative communities that are not found throughout the range, understanding
snowshoe hare habitat preferences within this area offers useful information for future
management. In addition, I found that hares selected for different habitat characteristics
depending on the scale of analysis, highlighting the importance of examining habitat use across
multiple scales.
Snowshoe hares in Pennsylvania selected for areas of conifers and areas of mature scrub
oak near the edge of stands. There were no strong seasonal differences in habitat preferences,
with hares using patches with similar characteristic in both winter and summer (Table 1).
Previous research has not found scrub oak to be an important determinant of snowshoe hare
habitat use, but this habitat type is not found throughout the majority of the range of the
snowshoe hare. However, in other parts of the hare’s range plant species with similar vegetative
form, such as willow saplings (Salix spp.) and speckled alder (Alnus incana subsp. rugosa), are
understory species that are associated with preferred snowshoe hare habitats (Pietz & Tester,
1983; Ewacha, Roth & Brook, 2014). Regardless of species, dense shrubs offer visual protection
from predators and a source of forage. The importance of a dense understory is highlighted by
the fact that the only significant predictor of winter habitat use in our fine-scale analysis was
understory cover, with hares avoiding areas with < 20% visual obstruction (Table 7). In addition,
hares were found to select for resting sites in areas with high understory density and canopy
cover, but did not select for areas offering thermal advantages, suggesting that vegetation
structure is an important determinant of fine-scale habitat use (Chapter 3).
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Similar to the findings of this study, hares have been found to be associated with coniferdominated forests in Wyoming (Berg et al., 2012), Wisconsin (Buehler & Keith, 1982),
Colorado (Dolbeer & Clark, 1975; Ivan et al., 2014), Utah (Dolbeer & Clark, 1975), Alaska
(Feierabend & Kielland, 2014), Washington (Lewis et al., 2011), Maine (Litvaitis et al., 1985),
Nova Scotia (Orr & Dodds, 1982), Minnesota (Pietz & Tester, 1983), and the Yukon (Strong &
Jung, 2012). However, the exact composition of conifer species present in all of these studies
varies, and the benefits to hares might differ by species. For example, lodgepole pine (Pinus
contorta) is a nutritious source of forage (Wirsing & Murray, 2002), while black spruce is
typically avoided as forage due to the trees producing unpalatable resins (Bryant & Kuropat,
1980). In general, conifer stands offer dense canopy cover which helps hares avoid avian
predators. In Alaska, hares trapped in black spruce stands were found to have higher survival
than hares trapped in deciduous stands (Feierabend & Kielland, 2015).
The spatial arrangement of conifer stands may also be important to snowshoe hare habitat
preference. In general, conifer stands had high canopy cover and limited understory vegetation.
However, natural canopy gaps may create areas within the conifer stands that have higher
understory abundance. In Quebec, natural canopy gaps in black spruce stands were found to have
areas of high understory browse density compared to areas with closed canopies and hares
obtained most of their winter browse from these gaps (Hodson, Fortin & Bélanger, 2010). In my
study area, small patches of mature scrub oak adjacent to conifer stands might play a similar role
to canopy gaps by providing high abundances of browse, while still allowing the hares to access
the dense canopies of the conifer stands as a means of predator avoidance.
Regardless of season, hares in Pennsylvania did not select for open areas (Table 4, Table
5), including areas that underwent prescribed burns in the past 1–6 years, likely because these
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areas did not offer beneficial resources to hares. Open areas lacked any sort of visual obstruction
from predators and do not have high amounts of forage. Similarly, hares selected against
hardwood stands in the winter (Table 4). During winter hardwood trees do not have foliage
which limits the canopy cover and increases avian predation risk. The understory of the
hardwood stands were variable but usually only contained smaller ericaceous plants such as
blueberry (Vaccinium spp.) and sheep laurel (Kalmia angustifolia) which do not provide high
abundances of winter forage in the form of foliage, but still offer woody browse during the
winter. In contrast, once trees and understory plants leaf out in spring and summer hardwood
stands offer greater canopy cover as well as green forage, likely leading to increased use in
summer. Similarly, hares in Minnesota and Washington were found to avoid open areas (Pietz &
Tester, 1983; Lewis et al., 2011). In a study of owl predation on hares in the Yukon region of
Canada, owls were more likely to kill snowshoe hares in areas with low tree and shrub cover
compared to areas with higher vegetation density (Rohner & Krebs, 1996). Similarly, predation
rates on snowshoe hares has been found to be higher in areas with low understory density
compared to areas with dense understories (Sievert & Keith, 1985).
I found that hares frequently used multiple habitat types (Figure 2), which is consistent
with research on hare habitat use in Alaska (Feierabend & Kielland, 2014). By selecting home
ranges that include more than one habitat type, hares are able to maximize the advantages that all
habitats provide them. In a habitat matrix including mature scrub oak and conifers, hares are able
to benefit from the forage and understory cover of scrub oak as well as the dense canopies of
conifer stands. In addition, movement between habitat types might be linked to diel cycles,
because hares have been found to select for areas with dense vegetation during the daytime when
they are typically less active (Feierabend & Kielland, 2014).
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I found edge use was an important driver of snowshoe hare habitat use (Figure 5). The
specific type of edge might be important to understanding snowshoe hare habitat preferences.
For example, an edge of an open area might act as a barrier for movement but animals might use
areas in dense habitat directly adjacent to an open area. On the other hand, an edge between a
conifer stand and a mature scrub oak stand might offer connectivity between two beneficial
habitats. Within hare home ranges, most stand edges were either associated with conifer or
mature scrub oak stands, suggesting the importance of these two edge types (Figure 2). Because
hares were found to prefer multiple stand types within their home ranges, these stand
intersections function as providing contiguous optimal habitat within these areas of high use.
However, the strong preference for hares to use areas nearby stand edges might be confounded
by the fact that the study area was comprised of many small stands and therefore most areas
available to the hares were nearby a stand edge. The average distance from a stand edge was 35.0
± 0.2 m and only 10% of the study area was located more than 80 meters from a stand edge.
Future research could include habitats with larger stands to investigate habitat use when more
variability in distances from stand edges is available.
This study highlights the importance of investigating habitat use on different spatial and
temporal scales. At the population level, vegetation characteristics played an important role in
explaining the location of hare home ranges on the landscape-level, but there was little influence
of structural characteristics on areas of intense use within home ranges. This suggests that on the
landscape level hares are selecting for general areas with high canopy cover and understory
cover, but within home ranges there is no selection. Hares selected microhabitats of dense
understory vegetation and high canopy cover within their home ranges when they rested for
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extended periods of time (Chapter 3), but still use all available areas, likely because of the need
to move throughout the extent of their home ranges to obtain adequate forage in winter.
Although other snowshoe hare studies have incorporated both stand-level and fine-scale
parameters of interest in habitat use analysis (Ferron & Ouellet, 1992; Hodson et al., 2010; Berg
et al., 2012; Ewacha et al., 2014) or have looked at broad vegetation types within hare home
ranges (Feierabend & Kielland, 2014), to date this is the first study that analyzed snowshoe hare
habitat use in relation to stand-level and fine-scale characteristics at both the second order and
third order. The frequent GPS locations obtained from this study offer greater insight into habitat
use that cannot be gained from traditional track and pellet surveys or VHF triangulation. My
research also highlights the importance of incorporating inter-animal variation into resource
selection analysis. Although at the population-level, several of our parameter estimates were not
strong predictors of habitat use, this was a result of averaging the parameter estimates of
individual animals. For example, fine scale analysis at both the second and third order indicated
canopy cover was an important predictor of habitat use for individual hares where some
individuals preferred dense canopies and others preferred open canopies. However, when
individual estimates were averaged, canopy cover was not an important predictor of habitat use.
If this analysis were only conducted on the population level by pooling the locations of all
animals, many co-variates would be deemed as unimportant to predicted habitat use, when in
reality there is considerable variation in the importance of these variables in predicting habitat
use among individuals.
My research suggests the importance in planning habitat management activities based on
observed patterns of snowshoe hare habitat use. In both winter and summer, snowshoe hares did
not use open areas, including areas that have recently (≤ 6 yr) undergone prescribed burning.
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Although these large areas were burned to provide early-successional habitat for hares and other
early-successional associated species, after 6 years they are still not being used by snowshoe
hares due to the lack of dense understory vegetation. The lack of use in recently burned areas
agrees with research conducted at northern latitudes showing that hares do not use stands
immediately after fires and might not significantly re-occupy burned areas up to several decades
post burn (Allard-Duchêne et al., 2014; Cheng et al., 2015). However, differences in
successional rates might lead to differences in re-occupation times. The success of any future
prescribed burns need to be examined on a longer time scale to evaluate the effectiveness of
burns in creating preferred hare habitat.
In addition, very few reserve trees were maintained during the prescribed burning process
in my study area, so the resulting stands had little vertical heterogeneity. The burned scrub oak
was still in the process of maturing, so it did not yet provide sufficient overhead cover to offer
concealment from predators. Because canopy cover was an important predictor of snowshoe hare
habitat use for some hares in both winter and summer, even when scrub oak has grown to full
height there still may not be sufficient canopy cover for hares. It could be beneficial to approach
future prescribed burns in an experimental framework by altering the amount of basal area
retained as reserve trees in separate burn units and assessing snowshoe hare habitat use in
relation to canopy cover as the understory regenerated.
An experimental approach also could be helpful in learning more about the response of
hares to different spatial arrangement of habitat treatments. I found that hares preferred areas
near stand edges and utilized several different habitat types, indicating that interspersion of small
habitat patches are important for hares. Future research could focus on creating different
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treatment patch sizes and monitoring subsequent snowshoe hare habitat use to determine the
optimal habitat configuration of prescribed burns or timber harvesting.
This study also provides baseline data for any studies that may be carried out in the future
in Pennsylvania or with other southern hare populations. In particular, it would be beneficial to
continue to monitor snowshoe hare habitat use in relation to the burned stands on the study area.
Because the vegetation in these areas is still regenerating, it would be useful to have a better
understanding of how long it take for hares to begin using these areas again. Although research
has been conducted on post-fire snowshoe hare habitat use in other areas of the country, the
scrub oak-pitch pine habitat is unique to the northeastern United States and likely regenerates
differently in terms of length of time and species composition and structure, leading to
differences in post-fire habitat use.
The results of this study contribute to a greater understanding of snowshoe hare habitat
relationships throughout the extent of their range. Even though snowshoe hares occupy different
forest types and exhibit different population dynamics based on their geographic location,
populations usually select for areas with high vegetation cover, indicating the range-wide
importance of this habitat factor. By concentrating on structural determinants of optimal hare
habitats rather than general forest type or dominant species, management strategies can be
developed over the diversity of forests types over the extent of the hare’s range to create and
maintain habitat for this species.
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CHAPTER 3:
GEOGRAPHIC VARIATION IN WINTER THERMAL DYNAMICS OF SNOWSHOE
HARES
Introduction
Global climate change is rapidly altering winter conditions and changes in winter
temperatures and snow cover are predicted to become more pronounced in the future (IPCC,
2014). Changes in winter temperature and snowfall have the potential to disrupt energy balances,
phenology, and community dynamics of terrestrial mammals (Walther et al., 2002; Williams,
Henry & Sinclair, 2014). High latitude populations are the most vulnerable to climate change
because these areas are expected to experience the greatest changes in winter conditions (Post et
al., 2009; IPCC, 2014). In addition, changes in winter conditions may be especially problematic
for animals adapted to harsh, cold winters. Understanding variability in responses to winter
temperature could potentially offer insight into the ability of species to respond to future changes
in winter conditions.
During the winter in cold climates, non-hibernating endotherms account for heat losses
associated with cold temperatures by undergoing changes in physical condition, physiology or
behavior. Mammals may undergo seasonal pelage changes in response to cold winters. Coldadapted mammals such as the wolverine (Gulo gulo), gray wolf (Canis lupus), and red squirrel
(Sciurus vulgaris) have been found to increase insulation in winter by increasing the thickness of
their pelage (Hart, 1956). In addition to exhibiting physical pelage changes, cold-adapted
endotherms can undergo physiological changes to account for low winter temperatures.
Mammals have been found to reduce their lower critical temperature during winter (Sheriff et al.,
2009a) as well as increasing their metabolic rates with decreasing ambient temperatures
(Anderson & Jetz, 2005).
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Behavioral modification can also be used as a means of dealing with cold winter
temperatures. Non-burrowing mammals might be able to select thermally-advantageous
microhabitats as a means of reducing energetic demands related to low temperatures (Chappell,
1980; Litvaitis et al., 1985; Humphries et al., 2005). For example, cottontails regularly use
burrows during the winter, but have still been found to select for areas with dense vegetation
compared to the surrounding landscape when active to potentially help regulate their body
temperature at low ambient temperatures (Althoff, Storm & Dewalle, 1997). In addition, research
has shown that cold-adapted mammals such as the arctic reindeer reduce the amount of time
spent moving at low ambient temperatures (Loe et al., 2007).
With the potential for further changes in winter conditions in the future, adaptations that
allow animals to endure low temperatures might no longer be beneficial. The snowshoe hare
(Lepus americanus) is an excellent species to investigate the potential for species to alter winter
adaptations in response to climate change because hares are active during the winter and winter
temperatures and snow cover currently vary greatly over the extent of their range. While other
small mammals utilize burrows, food caching, hibernation or group huddling as means of coping
with cold temperatures (Pauls, 1978; Merritt, 1986; Prestrud, 1991), snowshoe hares are
susceptible to low ambient temperatures because they do not use these thermoregulatory
strategies and they are active at night when temperatures are typically the lowest (Keith, 1964;
Feierabend & Kielland, 2014).
I tested the hypotheses that the thermal dynamics of snowshoe hares differ throughout
their range due to differences in climate and that snowshoe hare winter movement rates and
habitat selection are related to ambient temperature. I predicted that 1) snowshoe hares near the
southern edge of their range would have less dense winter pelage and lower winter heat
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production than a northern population and 2) snowshoe hares would select for resting locations
that offer a thermal advantage during winter and decrease their movement rates at extreme low
and high temperatures to cope with low winter temperatures.
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METHODS
Study Area
The study area encompassed approximately 4,050 ha in Tunkhannock and Jackson
townships in Monroe County, Pennsylvania. The majority of the study area was dominated by
xeric oak stands, however, historical changes in fire regimes also resulted in areas of a mosaic of
mesic till barrens dominated by mature scrub oak (Quercus ilicifolia) >2 m tall and pitch pine
(Pinus rigida). Dominant understory species included blueberry (Vaccinium spp.), rhodora
(Rhododendron canadense), teaberry (Gaultheria procumbens), and sheep laurel (Kalmia
angustifolia). Planted stands of mature Norway spruce (Picea abies), red pine (Pinus resinosa)
and European larch (Larix decidua) made up a small portion of the study area. From January –
March of 2014 and 2015 temperatures fluctuated from an average daily minimum of -11.76 ºC to
an average daily maximum of 0.83 ºC.
Data was also collected in the Kluane region of the Yukon in March 2007. This study
area was a boreal forest characterized by constant winter snow cover and winter temperatures
ranging from daily minimums of -29.4 ºC to daily maximums of -12.6 ºC. Sheriff et al. (2009a
,b) provided more details about the study area.

Capture and measurements
I carried out trapping in Pennsylvania from January–August 2014 and January–June
2015. I placed Tomahawk live traps (Tomahawk Live Trap Company, Hazelhurst, WI) baited
with apples and alfalfa cubes in clusters of 10 traps in areas where the presence of snowshoe
hares was indicated by tracks or pellets. To minimize capture myopathy, I closed or moved traps
if a hare was captured more than two nights in a row.
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For each captured adult hare I recorded sex, body mass, right hind foot length (RHF), and
coat color. I uniquely marked hares using passive integrated transponder (PIT) tags (Biomark,
Inc., Boise, ID) inserted under the skin near the right shoulder blade and with numbered Monel
ear tags placed on the right ear (National Tag and Band Co., Newport, KY). I fit hares >900 g
with a VHF transmitter (model M1555, Advanced Telemetry Systems, Isanti, MN), or a GPS
collar equipped with a VHF transmitter (model UltraLITE G10, Advanced Telemetry Systems,
Isanti, MN; model 150mAH SnapTraX Pathfinder, Skorpa Telemetry, Aberfeldy, Scotland).
The GPS collars were scheduled to record a location every 20 minutes. All animals were
handled according to a protocol approved by the Institutional Animal Care and Use Committee
(Pennsylvania State University Protocol #43476) and collars were removed upon completion of
the project.

Pelt Characteristics
I cut pelts approximately 12 x 12 cm in size from the dorsal portion of naturally-deceased
snowshoe hares during the winter months (January – March). I mounted the pelts on wooden
boards and froze them for at least 1 month before further processing. To measure the length of
hairs, I removed 12 guard and 12 downy hairs from each pelt at the base of the hair follicle and
measured them under a dissecting scope. I then shaved the hairs on the pelt to approximately 0.5
mm and measured the density (hairs/cm2) of guard and downy hairs in a 1-cm2 area under a
dissecting scope. These data were compared with measurements taken from the winter pelts of 6
snowshoe hares and autumn pelts of 6 snowshoe hare from the Kluane region (Sheriff et al.,
2009a).
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To determine the relative prevalence of visible white of the snowshoe hares’ winter
pelage, I took pictures of 3-cm2 areas on the preserved pelts using a 12.1 megapixel Canon
PowerShot SX130 camera. I then converted pictures to binary pixels and analyzed the percentage
of visible white using program ImageJ (Rasband, 2012).

Heat Production
To investigate geographic differences of heat flux of snowshoe hares, I measured pelage
temperatures by attaching ibutton temperature sensors (model DS1921G-F5, Maxim Integrated
Products Inc., San Jose, CA) to the GPS collars of 8 snowshoe hares. The ibuttons were
scheduled to take readings every hour and were placed on tabs that extended approximately 4 cm
posteriorly from the collar and rested directly on the pelage between the shoulder blades of the
hare. The data collected by these ibuttons represent an indirect measurement of the body
temperature of hares because the recorded temperatures are influenced by heat flux of the hares
as well as the ambient temperature. Pelage temperature data were collected from January –
March 2015. In addition, similar data were collected on 6 hares at the Kluane site in March 2007.
To compare differences in pelage temperature between the Pennsylvania and Kluane
populations, I binned ambient temperatures by 5 degree increments and calculated the mean
pelage temperature based on each range of ambient temperatures.

Resting Spot Selection
Because of the frequent locations collected by the GPS collars, I was able to identify
areas where individual hares rested for an extended period of time. I defined a resting place as a
cluster of successive GPS locations that spanned at least 1 hour and were within 10 m of each
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other. I analyzed GPS locations and extracted cluster locations using a Space Time Permutation
Scan Statistic (STPSS) in the program SaTScan (Kulldorff et al., 2005).
I took measurements at identified clusters to determine if snowshoe hares chose resting
spots due to structural or thermal characteristics. I selected a random subset of 24 identified
resting spots to deploy ibutton temperature sensors programmed to take temperature
measurements every 2 hours. The ibuttons were placed in unsealed plastic bags and suspended
approximately 25 cm above the ground. For comparison purposes, I also randomly selected 28
locations to deploy additional ibutton sensors. I compared daily minimum, maximum, and mean
temperatures among resting points and random points using t-tests.
I measured vegetation characteristics at 95 snowshoe hare resting spots and 378 available
locations. From the center point of each sampling location, I measured horizontal understory
density in 0.5 m increments in height ≤2 m using a vegetation profile board positioned 10 m
from the center point in each cardinal direction (Nudds 1977). I grouped densities into three
density classes based on coverage of the board (Low = 0-20%, Medium = 21-80%, High=81100%) and I calculated total understory density by averaging the sum of all density
measurements (0-2 meters high) in each direction. I measured canopy cover by taking a
hemispherical photo directly overhead the center point and analyzing the photos using Gap Light
Analyzer Version 2.0 (Institute of Ecosystem Studies, Millbrook, NY, USA).
To determine potentially important structural characteristics for snowshoe hare resting
locations, I used a logistic regression resource selection function in which I compared the
characteristics of used resting locations with the characteristics of a random sample of available
locations. I included canopy cover and total understory cover as covariates. I compared models
using Akaike’s Information Criterion (AIC; Burnham and Anderson 2002).
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Movement Rates
I investigated the potential for snowshoe hares in Pennsylvania to alter behavior based on
thermal factors. Using successive GPS locations, I calculated the distance that individual hares
moved between successive 20-minute GPS fixes. I then summed the total distance moved per
hour and excluded any time periods with missing locations. These distances were then associated
with ambient temperature, hourly precipitation, and wind speed data collected at a weather
station approximately 5 km from the study area using the R package weatherData (Narasimhan,
2014).
Consistent with other studies, aggregating movement rates based on the time of day
indicated that the snowshoe hares were nocturnal with very low movement rates during the hours
of 0600 - 1600. Therefore, I only used nighttime movements which were classified as occurring
after sunset and before sunrise. Sunset and sunrise times were considered on a daily basis using
the R package RAtmosphere (Teets, 2003).
Since environmental factors such as precipitation and windspeed have been found to alter
the movement patterns of small mammals, I only used times when windspeed was < 7 mph and
there was no recorded precipitation to attempt to isolate the effects of temperature on movement
rates. Contrary to other studies (Gilbert & Boutin, 1991; Griffin et al., 2005), moon phase was
not found to have an effect on snowshoe hare movement rates (L. Gigliotti, personal
observation), so all moon phases were included in the movement analysis.
I selected 4 models to potentially explain the relationship between temperature and
movement based on energetic principles. A linear relationship between movement rate and
temperature was not considered due to the assumption that there is some limiting distance that a
hare is able to travel in an hour, regardless of temperature and that there is likely an upper
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temperature threshold above which point the hares become heat stressed. The models that were
considered were an intercept only model, a quadratic temperature model, a third-order
temperature model, and a fourth-order temperature model. Models were compared using
Akaike’s Information Criterion (AIC; Burnham and Anderson 2002).

66
RESULTS
Pelt Characteristics
Winter pelage characteristics differed between hares from Pennsylvania and Canada
(Figure 2). Differences existed in guard hair length (t = 5.4, df = 11, P <0.001), downy hair
length (t = 6.5151, df = 11, P < 0.0001) and downy hair density (t = 16.88, df = 11, P < 0.001),
whereas guard hair density did not differ between populations (t = 1.88, df = 11, P = 0.087).
Pennsylvania guard hairs were 32% less dense (95.42 hairs/cm2, SE = 13.45) than Kluane guard
hairs (141.50 hairs/cm2, SE = 21.41) and 20% shorter (34.57 mm, SE = 1.35) than Kluane guard
hairs (43.19 mm, SE = 0.69). Similarly, the length of Pennsylvania downy hairs were 23%
shorter (19.76 mm, SE = 0.76) than Kluane downy hairs (25.64 mm, SE = 0.38) and the average
downy hair density from Pennsylvania samples was 58% less dense (3295.14 hairs/cm2, SE =
95.73) than that of the Kluane samples (7,788.83 hairs/cm2, SE = 266.63). The percent of visible
white in the pelage also differed between populations (t = -3.05, df = 9, P = 0.014).While Kluane
pelage samples were an average of 99.09% (SE = 0.50, n = 4) white, Pennsylvania pelage
samples exhibited greater variability in pelage coloration and were 83.05% (SE = 3.88, n = 7)
white on average.
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Figure 1. Pelage characteristics of snowshoe hares from Yukon, Canada in winter (n = 6) and
autumn (n = 6) and Long Pond, Pennsylvania in winter (n = 7). a) Mean guard hair length; b)
Mean guard hair density; c) Mean downy hair length; d) Mean downy hair density.
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Heat Production
Heat exchange differed between hares from Pennsylvania and hares from Canada (Figure
2). The pelage temperature of the Kluane hares was an average of 18.4 (SE = 0.2) ºC warmer
than the ambient temperature whereas the pelage temperature of the Pennsylvania hares was only
9.33 (SE = 0.07) ºC warmer than the ambient temperature on average.
The change in pelage temperature as a function of ambient temperature also differed
between the populations. In the Kluane population, the change in pelage temperature was
relatively proportional to the change in ambient temperature until the ambient temperature
dropped below -20 ºC, at which point the rate of change in pelage temperature was greater than
the change in ambient temperature. For the Pennsylvania hares, changes in pelage temperature
were not proportional to changes in ambient temperature. For every 5 Cº decrease in ambient
temperature, the pelage temperature of the hare decreased an average of 3.5 Cº, leading to greater
differentials between pelage temperature and ambient temperature at the lowest temperatures.

Figure 2. Mean winter pelage temperature as a function of ambient temperature for hares from
Yukon, Canada (n = 6) and Long Pond, Pennsylvania (n = 8).
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Resting Spot Selection
Snowshoe hares did not preferentially select resting locations based on thermal
characteristics. Resting places did not differ from a random sample of locations for daily
maximum temperatures (t = 0.409, df = 7124, P = 0.683), daily minimum temperatures (t =
1.083, df = 7124, P = 0.279) and daily mean temperatures (t = 0.077, df = 7124, P = 0.939).
However, snowshoe hares did preferentially select resting locations based on structural
characteristics. Resting spot selection was best described by canopy cover and understory density
(Table 1). Resting locations exhibited greater canopy cover (t=5.2946, df= 472, p < 0.001) and
understory cover (t= 4.4206, df=472, p<0.001) than available locations.

Table 1. Model selection results for snowshoe hare winter resting spot characteristics, Long
Pond, Pennsylvania.
Rel.
a
Model
AIC
ΔAIC -2LnL
likelihood
ωb
Canopy cover + Understory density
450.04
0
440.04
1
0.949487
Canopy cover
455.91
5.87
451.91
0.053131
0.050447
Understory density
469.24
19.2
461.24
6.77E-05
6.43E-05
Intercept only
476.49 26.45
474.49
1.8E-06
1.71E-06
a

Log-likelihood
Akaike model weight
c
Number of model parameters
b

kc
5
2
4
1
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Movement Rates
Movement analysis was conducted using 1,797 hourly nighttime movement rates. The
winter movement rates of snowshoe hares in Pennsylvania were related to ambient temperature
(Figure 3) and were best described by a fourth-order interaction with temperature (Table 2).
Across all temperatures the mean hourly distance moved was 191.30 m, although considerable
variability existed at different temperature ranges.
At low temperatures (-25 ºC to -10 ºC) movement rates stayed relatively consistent with
hares moving an average of 157.7 meters per hour. From -10 ºC to 3 ºC hourly movement rates
increased with temperature with maximum movement rates occurring when the ambient
temperature was -2 ºC to 3 ºC. In this temperature range hares moved an average of 239.3 meters
per hour. At the upper range of ambient temperatures (4 ºC to 8 ºC) movement rates decreased to
an average of 151.9 meters per hour.

Table 2. Model selection results for modelling in influence of winter ambient temperature on
snowshoe hare movement rates, Long Pond, Pennsylvania.
Model
Fourth-order temperature
Third-order temperature
Quadratic temperature
Intercept only
a

AIC
22686
22695
22715
22759

Log-likelihood
Akaike model weight
c
Number of model parameters
b

ΔAIC
0
9
29
73

-2LnLa
22676
22687
22711
22757

Rel. likelihood
1
0.011109
5.04E-07
1.41E-16

ωb
0.989013
0.010987
4.99E-07
1.39E-16

ka
5
4
2
1
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Figure 3. Relationship between snowshoe hare winter hourly movement rates and ambient
temperature, Long Pond, PA. Shaded area represents 90% CI around the best fit model.
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DISCUSSION
Snowshoe hares exhibited variability in responses to winter temperature regulation. Hares
in Pennsylvania had shorter and less dense winter pelage compared to hares from Canada,
corresponding to the higher winter temperatures that hares face near the southern edge of their
range. Previous research shows that heat flux and insulation are related to hair length and density
(Hart & Tener, 1965; McClure & Porter, 1983), so the differences in coat characteristics of the
southern population offer lower levels of insulation. These differences would also likely
correspond to a higher lower critical temperature compared to northern populations. Although
more insulative pelage would be beneficial to hares at lower latitudes during periods of belowaverage temperatures, in general it would likely be detrimental due to the potential for heat stress
during periodic warm spells during the winter. Because the average winter temperature in
Pennsylvania is -10 ºC to -0 ºC, ambient temperatures outside of this range would likely cause
thermal stress. Hares facing variable winter conditions would be better off with less insulative
pelage and instead coping with periods of low temperatures using flexible behavioral
modifications.
The fact that Pennsylvania hares exhibited more variability in winter coat coloration than
the Kluane hares is likely because their guard hares were shorter and less dense, thus allowing
the downy hairs to show through more often. However, the higher amounts of brown in the
winter coats of the Pennsylvania also might correspond with differences in molt phenology.
During January 2014 two snowshoe hares were trapped that exhibited brown winter coat
coloration and an additional brown hare was trapped in January 2015 (L. Gigliotti, personal
observation). This atypical winter coloration suggests that variation in the timing of the fall and
spring molts might be present in this population. The hares in the Pennsylvania population that
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exhibited lower amounts of white pelage in the winter might have initiated their spring molt
earlier than expected. Previous research suggests that the spring molt initiation date is fixed and
based on photoperiod, but there is plasticity in the rate of the spring molt, which is related to
snow cover conditions (Mills et al., 2013). However, at lower latitudes variability in snow cover
and temperature might lead to differences in molt dynamics.
The heat produced by snowshoe hares also differed based on geographic location. At
similar ambient temperatures the Kluane snowshoe hares produced more heat than the
Pennsylvania hares, indicating a higher metabolic rate. This agrees with the work of Anderson
and Jetz (2005) suggesting that mass-corrected field metabolic rate has a lower bound that
increases with latitude. It would also be detrimental for the Pennsylvania hares to have as high a
metabolic rate as the Kluane hares, given that the average winter temperature is approximately
10 ºC higher in Pennsylvania.
However, even though hares in Pennsylvania experience higher ambient winter
temperatures, they still need to respond to energetic challenges from cold temperatures because
they do not burrow or hibernate. The study period (2014 – 2015) included periods of
temperatures as low as -27 ºC and likely below the lower critical temperature for the population.
Therefore, it would be advantageous for snowshoe hares in Pennsylvania to exhibit behavioral
modifications associated with habitat selection or movement rates in order to compensate for
fluctuations in winter temperatures.
Snowshoe hares selected resting locations based on structural characteristics, but these
resting locations did not offer any thermal advantages to the hares. At the landscape level, hares
are typically associated with stands with high stem density and dense canopies and understories
(Wolff, 1980; Orr & Dodds, 1982; Litvaitis et al., 1985; Ferron & Ouellet, 1992) and this pattern
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is consistent with characteristics of importance for resting spot selection. The higher canopy
cover and understory of the resting spots likely offer visual protection from avian and
mammalian predators. The high understory density of these resting spots also likely provides
adequate forage for the hares. During the winter, hares need to constantly feed due to the low
caloric content of available food in winter (Pease, Vowles & Keith, 1979; Sinclair, Krebs &
Smith, 1982) so it would be beneficial for hares to rest in locations that provided enough forage
for them to not need to move.
The fact that hares did not select areas with higher ambient temperatures might suggest
that temperature is not the only important factor in microhabitat selection. For example, areas
with high canopy cover likely offer protection from wind and precipitation which would be
beneficial for hares. In addition, there might not be any microhabitats that do in fact offer
thermal advantages. Unlike at upper latitudes where hares have been found to utilize snow caves
formed by bending willows (Sheriff et al., 2009b), there might be a lack of microhabitats
offering similar thermal benefits in the specific mixed scrub oak habitat of the Pennsylvania
study area.
My observed patterns of winter movement rates also suggest that hares might alter their
behavior to account for changes in temperature in a location where winter temperatures vary
considerably. Regardless of temperature, hares never completely stop moving during the
nighttime due to their need to gain calories through constant foraging. It has been estimated that
hares need to consume approximately 300 g of forage daily during the winter to maintain
appropriate energy reserves (Pease et al., 1979). During the winter hares typically forage on
twigs, bark and other woody vegetation that are less nutritious than summer vegetation, which
means that hares need to consume more forage in the winter to meet their caloric needs.

75
However, at low temperatures hares were found to have lower hourly movement rates. At
these times, increased foraging might be too energetically-costly and thus the hares favor lower
movement rates to conserve energy. The highest hourly movement rates occurred in the range of
winter average temperatures in Pennsylvania (-10 ºC to -0 ºC), likely corresponding to the
thermoneutral zone for this population. On the other end of the temperature spectrum, snowshoe
hares in Pennsylvania had the lowest hourly movements at the highest ambient temperatures. The
reasons for this change in movement behavior might be twofold. First, the hares would not be as
thermally stressed at higher temperatures, resulting in less of a need to increase energy
consumption. Second, despite the fact that hares in Pennsylvania have less insulative winter
coats than hares further north their winter pelage still likely offers high levels of insulation
compared to their summer coats. On the occasional warm day in winter, the hares potentially
become heat-stressed because their winter coats are more appropriate for colder temperatures,
thus making it necessary for them to move less.
The differences in movement rates due to ambient temperature might also relate to
habitat selection. Although hares still need to forage regardless of temperatures, they seem to
restrict movement to conserve energy at lower temperatures. They might be selecting for less
productive habitats, but that require less movement to reach. At higher temperatures hares might
be able to select for more productive habitats or widely-spaced food resources because they are
able to expend more energy on movement.
The results of this study show that differences do exist in the physical and physiological
characteristics of snowshoe hares based on geographic location and offer insight into differential
methods of coping with cold winter temperatures. Despite the fact that hares near the southern
edge of their range have lower levels of pelage insulation and produce less heat than hares at
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higher latitudes, they still need to account for larger variation in winter temperatures than
northern hares. At lower latitudes where temperatures can fluctuate greatly throughout the
winter, it would be more beneficial for hares to respond to energetic challenges in ways that
allow for plasticity throughout the winter, rather than with a static approach such as insulation
that does not allow for flexibility over a large range of ambient temperatures.
The difference in snowshoe hare winter thermal dynamics suggests that if winter
temperatures continue to rise as predicted, snowshoe hares at northern latitudes might be able to
adapt their pelage characteristics and metabolism to cope with the higher or more variable
temperatures. Behavioral plasticity also plays an important role in the winter temperature
relationships of snowshoe hares and is especially useful as a flexible means of temperature
regulation. Unlike changes seasonal changes in pelage insulation or metabolic rate, changing
movement rates or habitat selection offer a means of thermoregulation that offer flexibility based
on temperature fluctuations.
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APPENDIX A: Characteristics of snowshoe hares trapped and monitored in Long Pond, Pennsylvania,
January 2014 – June 2015

Hare ID

PIT Tag

Ear Tag

Sex

E1
E2
E3
E4
E5
E6
E7
E8
E9
E10
E11
E12
E13
E14
E15
E16
E17
E18
E19
E20
E21
E22
E23
E24
E25
E26
E27
E28
E29

630
629
569
646
616
654
602
659
651
601
614
643
581
596
656
589
664
660
653
N/A
649
648
647
604
640
635
615
631
625

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
226
250
275
249
248
274
247
240
231
229
225
232
269
281

M
F
M
M
M
M
M
F
M
F
M
M
F
F
M
M
M
M
F
F
M
F
F
M
M
M
F
F
F

Weight
(g)
1440
1620
1610
1790
1730
1820
1710
1700
1620
1650
1750
1960
1480
2030
1520
1740
1780
1530
1700
1640
1660
1560
1890
1340
1570
1520
1880
1910
1970

RHF
(cm)
13.2
13.4
12.75
14.5
13.8
13.25
13.75
13.4
13.75
13.8
14
14.6
13
13.1
13.2
13
14
13.5
13.5
13
13.9
14.5
14
13.1
13.4
13.9
14
13.9
13.6

Capture Date
1/20/2014
1/22/2014
1/25/2014
1/28/2014
1/28/2014
1/30/2014
1/31/2014
2/4/2014
2/11/2014
2/11/2014
2/11/2014
2/12/2014
2/12/2014
2/25/2014
2/27/2014
3/4/2014
3/11/2014
3/11/2014
3/15/2014
3/15/2014
3/15/2014
3/16/2014
3/16/2014
3/18/2014
3/22/2014
3/22/2014
3/22/2014
3/26/2014
3/27/2014

Collar
Type
VHF
VHF
VHF
VHF
VHF
VHF
GPS
VHF
VHF
VHF
VHF
VHF
VHF
VHF
VHF
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
VHF
GPS
GPS
GPS

Last date
known alive
6/16/2014
3/13/2014
3/24/2014
3/4/2014
1/30/2014
2/11/2014
6/30/2014
2/12/2014
3/20/2014
5/24/2014
6/23/2014
6/25/2015
2/20/2014
4/30/2015
8/8/2014
1/29/2015
4/18/2014
3/18/2014
4/28/2015
4/10/2014
6/25/2015
3/23/2014
2/11/2015
5/13/2014
9/3/2014
6/6/2015
6/11/2014
6/27/2014
10/16/2014

Date removed
from analysis
6/16/2014
3/15/2014
3/24/2014
3/11/2014
1/30/2014
2/17/2014
7/1/2014
2/12/2014
3/21/2014
5/26/2014
6/24/2014
6/25/2015
2/20/2014
5/1/2015
8/21/2014
1/30/2015
4/20/2014
3/20/2014
4/29/2015
4/14/2014
6/25/2015
3/24/2014
2/12/2015
5/14/2014
9/8/2015
6/6/2015
6/15/2014
6/30/2014
10/24/2014

Fate
Dropped collar
Avian predation
Trapping injury
Collar strangulation
Dropped collar
Unknown cause of death (non-predation)
Predation in trap
Capture myopathy
Mammalian predation
Mammalian predation
Unknown predation
Survived
Dropped collar
Collar battery died
Unknown predation
Unknown cause of death (non-predation)
Collar battery died
Unknown cause of death (non-predation)
Collar battery died
Mammalian predation
Survived
Unknown cause of death (non-predation)
Capture myopathy
Unknown predation
Collar battery died
Trapping injury
Collar battery died
Unknown predation
Collar battery died
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Hare ID

PIT Tag

Ear Tag

Sex

E30
E31
E32
E33
E34
E35
E36
E37
E38
E39
E40
E41
E42
E43
E44
E45
E46
E47
E48
E49
E50
E51
E52
E53
E54
E55
E56
E57
E58
E59

634
583
617
627
603
595
638
613
628
618
620
568
588
582
623
N/A
N/A
605
637
590
592
566
577
574
624
672
570
572
645
645

266
235
261
214
251
270
290
267
260
222
203
295
210
300
273
223
285
215
253
287
242
244
219
288
218
183
272
213
254
284

M
F
F
F
F
M
F
M
F
F
M
M
F
M
F
M
M
F
F
F
M
F
F
F
M
M
M
M
F
F

Weight
(g)
1540
1660
1630
1320
1750
1740
1810
1820
1710
1740
1470
1570
2060
1630
1290
1710
1460
1330
1620
1310
1600
1390
1560
1330
1530
1560
1970
1560
1720
1830

RHF
(cm)
13.8
13.5
13.3
13
14.1
13.7
13.7
13.8
13.8
13.5
13
13.5
14
13.75
12.6
13.7
13.1
13.5
13.5
12.9
14
13.8
13.4
13.2
14.1
14
14.4
13.5
14
14

Capture Date
3/27/2014
4/1/2014
4/1/2014
4/1/2014
4/1/2014
4/1/2014
4/1/2014
4/2/2014
4/3/2014
4/10/2014
4/11/2014
4/18/2014
4/18/2014
5/29/2014
1/15/2015
1/21/2015
1/21/2015
1/22/2015
1/22/2015
1/23/2015
1/30/2015
2/4/2015
2/6/2015
2/10/2015
1/23/2015
2/11/2015
1/22/2015
2/11/2015
2/11/2015
2/12/2015

Collar
Type
GPS
VHF
VHF
VHF
VHF
VHF
VHF
VHF
VHF
VHF
GPS
VHF
VHF
VHF
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS

Last date
known alive
4/23/2014
4/14/2014
11/10/2014
4/14/2014
4/1/2015
12/22/2014
6/10/2015
4/27/2014
4/17/2014
12/22/2014
3/9/2015
2/27/2015
4/28/2014
12/22/2014
2/12/2015
6/4/2015
2/10/2015
4/27/2015
2/6/2015
1/24/2015
2/13/2015
6/25/2015
6/17/2015
5/10/2015
3/2/2015
2/19/2015
6/4/2015
6/25/2015
5/27/2015
6/25/2015

Date removed
from analysis
4/27/2014
4/17/2014
12/18/2014
4/17/2014
4/2/2015
12/26/2014
6/20/2015
4/28/2014
4/21/2014
12/26/2014
3/10/2015
2/28/2015
4/29/2014
12/26/2014
2/15/2015
6/4/2015
2/11/2015
4/28/2015
2/7/2015
1/25/2015
2/13/2015
6/25/2015
6/17/2015
5/14/2015
3/10/2015
2/20/2015
6/4/2015
6/25/2015
5/29/2015
6/25/2015

Fate
Collar battery died
Mammalian predation
Unknown predation
Mammalian predation
Collar battery died
Hunter harvest
Survived
Mammalian predation
Mammalian predation
Hunter harvest
Avian predation
Collar battery died
Unknown predation
Hunter harvest
Unknown cause of death (non-predation)
Survived
Capture myopathy
Avian predation
Trapping injury
Collar battery died
Capture myopathy
Survived
Survived
Unknown predation
Mammalian predation
Capture myopathy
Survived
Survived
Mammalian predation
Survived
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Hare ID

PIT Tag

Ear Tag

E60
E61
E62
E63
E64
E65
E66
E67
E68
E69
E70
L1a
L2a
L3a

N/A
691
626
N/A
N/A
686
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

252
118
211
193
286
121
283
208
206
277
237
289
212
228

a

Weight
(g)
M
1550
M
1880
M
1610
M
1460
M
1610
F
1550
M
1680
F
1530
F
1830
F
2170
M
1540
N/A N/A
N/A 680
N/A 550
Sex

RHF
(cm)
13.8
14.5
13.5
13.6
14
13.8
14.5
12.8
13.5
13.8
13.3
7.9
9.9
9.4

Capture Date
2/13/2015
2/18/2015
1/23/2015
3/10/2015
3/17/2015
2/12/2015
3/19/2015
3/20/2015
5/1/2015
5/11/2015
6/17/2015
6/3/2015
6/18/2015
6/24/2015

Collar
Type
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
GPS
None
None
None
None

Last date
known alive
5/30/2015
5/25/2015
6/25/2015
4/23/2015
6/16/2015
6/24/2015
6/24/2015
6/12/2015
6/12/2015
6/12/2015

Date removed
from analysis
5/31/2015
5/26/2015
6/25/2015
4/24/2015
6/16/2015
6/24/2015
6/24/2015
6/12/2015
6/12/2015
6/15/2015

Fate
Collar battery died
Unknown predation
Survived
Mammalian predation
Survived
Survived
Survived
Survived
Survived
Mammalian predation
Not included in analysis
Not included in analysis
Not included in analysis
Not included in analysis

Leverets born in 2015; not collared or included in analysis
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APPENDIX B. Winter coat coloration of snowshoe hares trapped in Long Pond,
Pennsylvania, January 2014 – March 2014 and January 2015 – March 2015.
Hare
ID
E1
E2
E3
E4
E5
E6
E7
E8
E9
E11
E12
E13
E14
E15
E16
E17
E18
E44
E45
E46
E47
E48
E49
E50
E51
E53
E54
E55
E56
E57
E58
E59
E60
E62
E63
E64
Total
Percent

Capture
Date
1/20/2014
1/22/2014
1/28/2014
1/28/2014
1/28/2014
2/5/2014
1/31/2014
2/4/2014
2/11/2014
2/11/2014
2/12/2014
2/12/2014
2/25/2014
2/28/2014
1/20/2015
3/13/2014
3/13/2014
1/15/2015
1/21/2015
1/21/2015
1/22/2015
1/22/2015
1/23/2015
2/7/2015
2/4/2015
2/10/2015
1/23/2015
2/11/2015
2/11/2015
2/11/2015
2/11/2015
2/12/2015
3/10/2015
3/12/2015
3/10/2015
3/17/2015

All Brown
Pelage
0
0
0
0
1
0
1
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3
0.08

Brown
Ears
1
1
0
0
0
0
0
0
0
1
1
1
1
1
0
1
1
1
0
1
1
1
1
1
1
1
0
1
1
1
1
0
1
1
1
1
25
0.69

BrownRinged Eyes
0
1
0
1
1
0
1
0
1
1
1
1
1
0
1
0
0
1
1
1
0
1
1
0
1
0
1
N/A
0
1
1
0
0
0
0
1
20
0.57

