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The Earth’s climate is changing at an unprecedented rate and, as ecologists, we are challenged with the difficult task of
predicting how individuals and populations will respond to climate-induced changes to local and global ecosystems.
Although we are beginning to understand some of the responses to changing seasonality, the physiological mechanisms
that may drive these responses remain unknown. Using long-term data comparing two nearby populations (<20 km apart)
of free-living arctic ground squirrels in northern Alaska, we have previously shown that the timing of spring snowmelt
greatly influences their phenology of hibernation and reproduction in a population and site-specific manner. Here, we inte-
grate these site-specific phenologies with body condition, stress physiology, reproductive success and juvenile recruitment
to understand phenotypic selection in the two populations. We found that at the site with relatively late spring snowmelt
and early autumn snow cover: (i) adult females were larger and in better body condition but had significantly higher stress
hormone levels; (ii) females had similar numbers of comparably sized offspring, but offspring had higher stress hormone
levels; and (iii) offspring density was lower just prior to hibernation. Thus, adult females at the two sites appear to use dif-
ferent coping strategies that allow them to maintain reproductive fitness; however, marked shortening of the active season
because of later snowmelt in spring and earlier snow cover in autumn may compromise juvenile recruitment. We discuss
the significance of these findings within the broader context of changing animal-environment relationships.
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Introduction

and their influence on fitness has taken on new urgency as
How organisms interact with their biotic and abiotic envir- climate change is rapidly altering environmental conditions
onments critically influences their survival and reproductive and seasonality (ACIA, 2005; IPCC, 2014). Animal and
success. Understanding these interactions, their mechanisms plant phenologies (recurring seasonal events) are among the
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best-studied response traits to changing environments and
seasonality, and it is now evident that climate change can
result in mismatches, or loss of alignment, between the tim-
ing of animal breeding and food presence and abundance.
This mismatch may translate into negative effects on fitness
and population dynamics (Visser et al., 1998; Parmesan and
Yohe, 2003; Both et al., 2006, 2010; Saino et al., 2011). For
example, in Western Greenland, the timing of caribou
(Rangifer tarandus) calving has not kept pace with the
advancement of the plant growing season and may have con-
tributed to the observed decline in caribou reproductive suc-
cess (Post and Forschhammer, 2008). In the Rocky
Mountains, yellow-bellied marmots (Marmota flaviventris)
have advanced their timing of emergence from hibernation
and weaning of young in response to warming temperatures,
although snowmelt date and thus the beginning of the plant
growing season has not changed (Inouye ez al., 2000; Ozgul
et al., 2010). This has resulted in greater body mass of mar-
mots prior to hibernation, decreased adult mortality and an
increase in population size presumably because marmots are
active for longer (Ozgul ez al., 2010). Although we are begin-
ning to understand some of the behavioral responses to
changing seasonality, the physiological mechanisms which
drive these responses remain largely unknown (Portner and
Farrell, 2008; Meylan et al., 2012; Wingfield, 2013; Sheriff
et al., 2015).

One physiological integrative system that will play a key
role in affecting the ability of animals to cope with changing
environments is the hypothalamic-pituitary-adrenal (HPA)
axis and subsequent secretion of glucocorticoids (Boonstra,
2004; Wikelski and Cooke, 2006; Wingfield, 2008, 2013;
Meylan et al., 2012; Boonstra et al., 2014; Dantzer et al.,
2014). The HPA axis and release of glucocorticoids play a
critical role in how animals integrate, cope with, and respond
to changes and challenges in their environment (Wingfield
et al., 1998; Sapolsky et al., 2000). These hormones are
closely tied to individual performance and fitness, and can be
influenced by a number of environmental factors including
weather, food availability and predation risk (Boonstra
et al., 1998; Romero et al., 2000; Buck et al., 2007; Breuner
et al., 2008; Bonier et al., 2009; Kitaysky et al., 2010,
Clinchy et al., 2013). They are important for shaping the
behavior and morphology of individuals, can alter popula-
tion and community dynamics through their impact on sur-
vival and reproduction, and can have generational
consequences shaping the development and phenotype of off-
spring (Boonstra, 2004, 2013; Meylan et al, 2012,
Satherthwaite et al., 2012; Sheriff et al., 2017). Ultimately,
investigating glucocorticoid levels may provide a key win-
dow into individual health and fitness, and population
dynamic consequences for animals facing a changing
environment.

Our objective was to compare the body condition, stress
physiology, reproductive success and recruitment of arctic
ground squirrels (AGS; Urocitellus parryii) living in two
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populations that experience significant differences in the rela-
tionship between snow cover and adult female phenology.
Using long-term data comparing two nearby populations of
free-living AGS in northern Alaska, we have previously
shown that at our Atigun site, where snowmelt occurs on
average 26 days earlier than at our Toolik site, female AGS
emerge from hibernation and give birth significantly earlier
than females living at Toolik, <20 km away (Sheriff et al.,
2011a). However, relative to the timing of when snowmelt
occurs, Atigun females have shifted their phenology of
annual events significantly later; they emerge from hiberna-
tion 2 weeks before snowmelt and give birth 2 weeks after
complete melt, whereas Toolik females emerge from hiberna-
tion 4 weeks before snowmelt and give birth coincident with
complete melt (Sheriff ef al., 2015). Thus, the timing of key
AGS life history events is not synchronous with the environ-
mental differences between the sites. Although AGS are gen-
eralist herbivores and will eat roots, seeds, old berries and
dried leaves in spring, ground squirrels will not dig beneath
snow to access food (Bronson, 1980; Murie and Harris,
1982; Sheriff et al., 2011a; Williams et al., 2014). Thus,
Toolik females face harsher spring conditions than Atigun
females; they must deal with prolonged spring snow cover
and the associated reduction in food availability, having to
sustain their entire pregnancy during this time. Given this sig-
nificant difference in their phenological-environmental rela-
tionship, we predicted that, compared with Atigun females: (i)
Toolik females would be in worse body condition and have
higher glucocorticoid levels; (ii) Toolik females would have
lower fitness, as measured by number of offspring per female
and by offspring condition; and (iii) recruitment (juvenile
density at hibernation) would be lower at Toolik.

Materials and methods

Arctic ground squirrels are distributed across northern
Alaska, Canada, and eastern Siberia and are the northern
most hibernator (Naughton, 2012). They live in generally
well-drained sites in the tundra, the alpine and the meadows
of the boreal forest. They are key prey for many predators,
including golden eagles, hawks, owls, foxes, wolves, weasels,
bears, wolverines and lynx. Their annual cycle includes a
short 3-6 months of above-ground active season with spring
breeding occurring immediately after females emerge from
hibernation in mid to late April (Buck and Barnes, 1999a;
Sheriff et al., 2011a). The breeding season lasts only 2 weeks,
and females exhibit behavioral estrus on only 1 day (Lacey
et al., 1997). Females produce a single litter ~25 days later in
mid to late May, in underground burrows, and young
appear above ground shortly before weaning in late June to
early July (Lacey, 1991). Dispersal occurs 2-3 weeks there-
after, with nearly all males dispersing (~515 m) from their
natal home range and most females remaining within their
natal home range (~120 m from natal burrow; Byrom and
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Krebs, 1999). Adult females enter hibernation as early as late
July, juvenile females enter hibernation in mid to late
September, and juvenile males enter in early October (Sheriff
et al., 2011a). Animals spend the remaining 6-9 months
sequestered in their hibernacula alternating between long
bouts (2-3 weeks) of torpor at core body temperatures as
low as —=2.9°C and short (<1 day) periods of high body tem-
perature (~36°C; Barnes, 1989; Buck er al., 2008). During
this long hibernation, females lose approximately 1g of
body mass per day and emerge from hibernation at their
lowest body condition, having lost approximately 35% of
their body mass including a 66% loss in body fat and a 21%
loss in lean mass (Buck and Barnes, 1999b). Thus, at the
most energetically expensive time (breeding) females are at
their worst body condition.

Our study occurred in 2011 and 2012 at two sites with large
contiguous AGS populations, Toolik Lake and Atigun River.
These sites are separated by approximately 20 km along the
Dalton Highway in northern Alaska (68°N, 149°W). The
topography is similar at both sites, being relatively flat with
gently rolling hills underlain by continuous permafrost with
a seasonal thaw depth of 1-2m (Buck and Barnes, 1999b).
Entrances to burrows at the two sites do not differ in expos-
ure to or shelter from solar radiation, shade or wind.

Arctic ground squirrels are generalist herbivores (Batzli
and Sobaski, 1980; Hobbie ez al., 2017) and, although there
may be vegetation differences between the sites in terms of
plant phenology and composition (albeit slight MJS pers.
obs.; Toolik Environmental Data Center http://toolik.alaska.
edu/edc/), the most pronounced difference between the sites
is the marked food restriction in spring due to prolonged
snow cover throughout AGS pregnancy at Toolik as com-
pared to Atigun (Sheriff et al., 2015). As snow melts at both
sites it creates a mottled patchy environment, where most
areas have snow-free and snow-covered patches. This patchy
environment may present several challenges as AGS must
traverse across snow patches to access snow-free areas, mak-
ing squirrels more vulnerable to predation and increasing
their cost of locomotion. Additionally, at Toolik 100% snow
cover occurs from mid to late September, a critical time for
offspring that are still fattening in preparation for hiberna-
tion (which begins late September—early October). At
Atigun, 100% snow cover usually begins late September—
early October after offspring have entered hibernation
(Sheriff et al., 2015).

The timing of snow cover has been recorded since 2007
using a camera (Campbell Scientific, CC640 Digital Camera)
mounted on a tower facing across each study area that cap-
tures a daily image at solar noon. We assessed the percentage
of area within each image covered with snow from April
15th (prior to first female emergence at either site) until
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October 10th (after offspring entrance into hibernation) for
2011 and 2012 from camera images.

Arctic ground squirrels were captured using live-traps
(Tomahawk Live Trap Co., Tomahawk, Wisconsin) baited
with carrot. Adult females were captured 10-14 days after
conception at mid-gestation (early to mid-May) which we
term gestation, and at weaning (early to mid-July); juveniles
were captured at weaning, and prior to entering hibernation
(early to mid-September) which we term pre-hibernation.
Adult females were not trapped prior to entering hibernation
as this can occur as early as late July and continue into late
August, making standardization of timing difficult at a popu-
lation level. Phenological differences between the sites were
accounted for and, thus, AGS at Toolik were captured 6-10
days after those at Atigun. At each time point, we estimated
population density via mark-recapture methods on 6 ha grids
with stations spaced 20 m apart in a 15 x 10 m array and
traps at alternate stations. Traps were set at 0800-1000 h
depending upon season, and checked every 2h, with no
more than 4 capture sessions per day per site, and a total of
eight capture sessions per site over a 3-day period. Upon first
capture, AGS were weighed with a Pesola spring scale (+5 g),
assessed for sex and ID, measured for zygomatic arch width
(+ 0.5 mm; as an index of body size), and assessed for repro-
ductive condition. Upon initial capture, new individuals were
uniquely ear-tagged (Monel #1 and a unique 4-color combin-
ation). A fecal sample, for later determination of cortisol
metabolite levels, was collected only from individuals cap-
tured in the first session of the day and who had not been
captured within the previous 48 h. These grids were placed
within the larger contiguous populations at both sites.

‘Body condition’ was estimated from 86 adult females (31
from Toolik and 55 from Atigun) and 112 juveniles (41
from Toolik and 71 from Atigun) as the residuals of body
mass (g) regressed on zygomatic arch width (a reliable estimate
of skeletal size; Schulte-Hostedde ez al., 2005) with simple lin-
ear regression using ordinary least squares. Schulte-Hostedde
et al. (2005) assessed techniques for determining body condi-
tion and report that this method performs best. ‘Reproductive
output’ was estimated as the number of offspring per adult
female (calculated from the density of each when young first
appeared above ground). ‘Recruitment’ was estimated as the
density of young-of-the-year (juveniles) at pre-hibernation. All
density estimates were calculated using the maximum likeli-
hood spatial model within the program Density version 5.02
using all the default parameters (Efford er al., 2009). This
model has been used to estimate AGS population density previ-
ously (Werner ez al., 2015).

We used an enzyme immunoassay to measure fecal cortisol
metabolite (FCM) concentrations (reflecting glucocorticoid
levels) from 41 adult females (18 from Toolik and 23 from
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Atigun) and 61 juveniles (24 from Toolik and 37 from
Atigun), validated specifically for use with AGS (see Sheriff
et al., 2012 for details). FCM values represent one of the least
invasive measures of physiological stress and have been widely
used in wild animals (Sheriff et al., 2011b; Dantzer et al.,
2014). FCM values reflect free (unbound to corticosteroid bind-
ing globulin) glucocorticoid levels found in the blood (Sheriff
et al., 2010; Fauteux et al. 2017) that an individual has experi-
enced over a specific time period (Palme et al., 2005), 4-12 h in
AGS (Sheriff et al., 2012). Thus, FCM values provide an inte-
grated measure of circulation glucocorticoid levels, better
reflecting the average physiological state of the individual as
compared with blood samples, that provide a point-in-time
sample (Sheriff et al., 2011b). FCM values have been used to
investigate the influence of both predictable (changes in season,
reproductive status, etc.) and unpredictable stressors (predation
risk, food limitations, competition) in a wide variety of free-
living animals (reviewed in Sheriff et al., 2011b; Dantzer et al.,
2014). Although it is often assumed that individuals with high-
er FCM levels have reduced fitness, it is important to appre-
ciate that, as with any measure of physiological stress, the
FCM—fitness relationship likely forms a bell shaped curve
with greater levels potential increasing an individual’s ability
to cope with a particular stressor to a certain threshold at
which point greater levels reduce fitness (Selye, 1936). Thus,
FCM levels are best suited to provide insights into how indi-
viduals cope with a particular stressor and should be paired
with actual fitness measures (sensu Dantzer et al., 2014).

In this study fecal samples were obtained within 2 h of
capture, thus the stress of capture would not have affected
measured FCM levels (Sheriff et al., 2012). Further, although
human disturbance may increase FCM values, trapping and
sampling procedures were similar between sites and this
potential disturbance likely did not affect potential site differ-
ences in FCM levels. Further, AGS are highly re-trappable
(even within the same session), indicating humans and traps
are not perceived as much of a threat. Upon collection in the
field, feces were immediately placed on wet ice, transported
back to the Toolik Field Station, and frozen at —20°C within
7 h of collection. Samples were transported on dry ice to the
University of Toronto where they were lyophilized (LabConco,
Missouri, USA) and homogenized. Following extraction with
80% methanol (50 + 3mg feces with 1 ml), FCMs were
measured as outlined by Sheriff ez al. (2012) using the
11-oxoetiocholanolone-EIA developed by Mostl et al. (2002).
Intra-assay and inter-assay coefficient of variation (CV) were
15.3% and 14.6%, respectively (n = 22 plates).

All data are presented as mean + SE, unless otherwise stated.
All statistics were performed using the software package
STATISTICA 10. Because individual ground squirrels could
not be tracked throughout the entire study, individual ID was
tested as a covariate. The latter was found to be non-
significant and was dropped from the models. The assumption
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of normality was tested with Shapiro-Wilks test, and the
assumption of homogeneity of variances was tested with
Levene’s test. For data that met the assumptions we used a 3-
way ANOVA (site x date X year). For data that did not meet
the assumptions a Kruskal-Wallis non-parametric test was
used; no interaction effects could be tested. Comparisons of
the means were considered significant if P < 0.05.

Results

In the two springs combined, Atigun females emerged on
April 22nd + 2 days, 4 days before 50% snowmelt and
18-23 days before complete snowmelt, whereas Toolik
females emerged on April 30th + 2 days, 20-25 days before
50% snowmelt and 30-35 days before complete snowmelt
(Fig. 1). At Toolik first onset of snow cover occurred

A Spring
A
100
80 -
60 -
40
B 20
2
5
9 0 R e e
2 SN P PH DV PP HE SO
ZENel & “
)
(=]
3
5 B Autumn
§ Ag Tr ATy
T 100 1
~
80 A
60 1
40 A
20 Va \
0 R T -
S Q Q Q
‘)Ry ) L)/%Q‘ N
Vv

Figure 1: Percent of ground covered with snow at our Atigun (light
blue) and Toolik (dark red) sites in 2011 (solid lines) and 2012 (hashed
lines) in northern Alaska. (A) In spring, Atigun females (light blue, A)
emerged from hibernation on April 22 +2 d and Toolik females (red,
T) on April 30 + 2 d (average of both years). (B) In autumn, Atigun
female offspring (light blue, Af) entered hibernation on September 12
+2 d and male offspring (light blue, Ay) on October 1 + 5 d and at
Toolik female offspring (red, T) entered hibernation on September 18
+2 d and male offspring (red, Tyy) on October 5 + 4 d, respectively.
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Figure 2: The body metrics (mean + SE) of adult female arctic
ground squirrels at Atigun (light blue) and Toolik (dark red) sites in
northern Alaska: (A) body size (zygomatic arch width) and (B) body
condition index (the residuals of mass regressed over body size) at
mid-gestation (10-14 d after conception) and weaning.

between September Sth and 15th and covered between 25%
and 50% of the ground, snow cover occurred again
September 20-25th and by September 30th 65-90% of the
ground was covered. At Atigun, first onset of snow cover
occurred September 28th and by September 30th 90% of the
ground was covered (data in 2011 were not collected past
September 15th due to camera malfunction, however, no
snow cover had occurred by this point).

Body size

We found an effect of site (F; 75 = 16.05, P < 0.0001), date
(F17¢8 = 9.55, P = 0.003) and year (F;,5 = 13.51, P <
0.0001), but no interaction effects (P > 0.05). Atigun females
were smaller than Toolik females (zygomatic width = 36.2 +
0.3mm vs. 37.9 + 0.3 mm, respectively; Fig. 2A). At both
sites, females were smaller at the ~mid-point of gestation
than at weaning (zygomatic width = 36.3 + 0.3 vs. 374 +
0.3 mm, respectively) and were smaller in 2011 than in 2012
(zygomatic width = 36.0 + 0.3 vs. 37.5 + 0.3 mm, respect-
ively; Fig. 2A).

Body condition index

We found an effect of site (F; 75 = 4.32, P = 0.04) and of
date (Fq73 = 20.54, P < 0.0001), but not of year (Fy 75 =

Research article

2000 .
Atigun

W Toolik
1600

1200
800
4004 o
I
0

Gestation Weaning Gestation Weaning
2011 2012

Fecal Cortisol Metabolites (ng/g)

Figure 3: The glucocorticoid levels (fecal cortisol metabolites ng/g,
mean + SE) of adult female arctic ground squirrels at mid-gestation
(10-14 d after conception) and at weaning at Atigun (light blue) and
Toolik (dark red) sites in northern Alaska.

0.22, P = 0.64) and an interaction effect between year*date
(F1,78 = 4.69, P < 0.03) but no other interaction effect (P >
0.05). Average body condition of Atigun females was 2.5
times lower at gestation and 1.5 times lower at weaning than
of Toolik females (Fig. 2B). At both sites, body condition
increased from gestation to weaning (Atigun: —33.7 to 58.8,
Toolik: 9.8 to 84.5, respectively; Fig. 2B). The interaction
effect of year*date occurred because females had better ges-
tation body condition but poorer weaning body condition in
2011 than in 2012 (Fig. 2B).

Fecal cortisol metabolites

We found an effect of site (Z = —3.43, df = 23, 18, P =
0.0006) and date (Z = 2.91, df = 21, 20, P = 0.004), but not
year (Z =-1.25,df =23, 18, P = 0.21). Average FCM levels
of Atigun females were 4.5 times lower at gestation and 1.5
times lower at weaning than Toolik females (Fig. 3). At both
sites, FCM levels increased from gestation to weaning
(Atigun: 233 + 47 ngl/g to 942 + 201 ng/g, Toolik: 1025 +
212 nglg to 1366 + 163 ng/g; Fig. 3).

Reproductive output

The number of offspring/female at weaning was similar
between the sites (Fig. 4 inset). Atigun females averaged 0.2
offspring/female fewer in 2011, and 0.1 offspring/female
more in 2012 than Toolik females. Because of a higher adult
female density (>1ind/ha), juvenile density was higher at
Atigun than at Toolik in both years of the study (2011: >
1.25 offspring/ha more, 2012: > 2 offspring/ha more at
Atigun than Toolik; Fig. 4).

Body size

We found an effect of year (Z = 8.39, df = 52, 60, P <
0.0001) and date (Z = 2.66, df = 66, 46, P = 0.008), but not
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Figure 4: Arctic ground squirrels offspring density (mean + SE) at
weaning and at recruitment (pre-hibernation in early September) at
Atigun (light blue) and Toolik (dark red) sites in northern Alaska. Inset
shows number of offspring per adult female at weaning at Atigun
(light blue) and Toolik (dark red).
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Figure 5: The body metrics (mean =+ SE) of arctic ground squirrel
offspring at Atigun (light blue) and Toolik (dark red) sites in northern
Alaska: (A) body size (zygomatic arch width) and (B) body condition
index (the residuals of weight regressed over body size) at weaning
and at pre-hibernation.

site (Z = -0.02, df = 71, 41, P = 0.98). Thus, we found no
difference in offspring body size between the two sites at
either weaning or pre-hibernation (Fig. 5A). Offspring were
smaller at weaning than just before they entered hibernation
(zygomatic width = 31.9 + 0.3mm vs. 37.1 + 0.3 mm,
respectively; Fig. 5A). Offspring were smaller in 2011 than
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Figure 6: The glucocorticoid levels (fecal cortisol metabolites, ng/g,
mean + SE) of arctic ground squirrel offspring at weaning in early July
and at pre-hibernation in September at Atigun (light blue) and Toolik
(dark red) in northern Alaska.

in 2012 (zygomatic width = 33.2 + 0.6 mm vs. 35.1 =
0.4 mm, respectively; Fig. SA).

Body condition index

We found an effect of year (Z = 4.78, df = 52, 60, P <
0.0001) and date (Z = —3.07, df = 66, 46, P = 0.002), but
not site (Z = 0.26, df = 71, 41, P = 0.80). Thus, we found
no difference in offspring body condition between the two
sites at either weaning or pre-hibernation (Fig. 5B).
Offspring body condition increased from weaning to pre-
hibernation (=32.2 + 9.9 vs. 37.1 + 9.8, respectively;
Fig. 5B). Offspring were in better body condition in 2011
than in 2012 (32.4 + 12.9 vs. —22.6 + 8.3, respectively;
Fig. SB).

Fecal cortisol metabolites

We found an effect of site (Fy 53 = 39.24, P < 0.0001) and
date (Fy 53 = 23.85, P < 0.0001), but not year (F; 53 = 0.32,
P = 0.57), an interaction effect of site*date (F; s3 = 21.04,
P < 0.0001), but no other interaction effects (P > 0.05).
Atigun offspring averaged 3 times lower FCM levels than
Toolik offspring: at weaning levels were 1.5 times lower and
at pre-hibernation levels were 4.5 times lower in Atigun off-
spring than in Toolik offspring (Fig. 6). FCM levels increased
from weaning until just prior to hibernation; however, these
differences were driven by offspring at Toolik not by those at
Atigun (offspring FCM levels from weaning to pre-hibernation;
Atigun (7 = 19, 18): 415 + 62 ng/g to 454 + 54 ng/g, Toolik
(mn=12,12): 720 + 100 ng/g to 2137 + 335 ng/g, respectively;
Fig. 6).

Recruitment

We found that the density of juveniles (individuals/ha) at
pre-hibernation was greater at Atigun than at Toolik, par-
ticularly in 2012 (2011: 1.17 % 0.37 vs. 0.85 + 0.33; 2012:
1.89 + 0.46 vs. 0.19 + 0.13, respectively; Fig. 4). We also
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found from weaning to hibernation juvenile density decreased
54% at Toolik but only 44% at Atigun.

Discussion

We investigated how marked differences in the relationship
between seasonality (timing of snowmelt in spring and snow
cover in autumn) and phenology affected the body condition,
stress physiology and reproductive success of adult females,
and the subsequent recruitment of juveniles just prior to
hibernation in two nearby AGS populations in northern
Alaska. Because female squirrels living at Toolik experienced
prolonged spring snow cover and hence lower food availabil-
ity during pregnancy relative to those at Atigun (Fig. 1), we
predicted that: (i) Toolik females would be in poorer body
condition and have higher FCM levels (indicative of gluco-
corticoid levels); (ii) that they would have lower reproductive
fitness; and (iii) that juvenile recruitment would be lower.
However, we found that: (i) adult females at Toolik were lar-
ger and in better body condition but had significantly higher
FCM levels during pregnancy and at weaning compared to
Atigun females (Figs 2 and 3); (iia) the number of offspring
produced per adult female and offspring body size and con-
dition was similar between the two the sites (Figs 4 and 5);
(iib) offspring FCM levels were higher at Toolik than at
Atigun at weaning (by 1.5 times) and pre-hibernation (by 4.5
times), and levels nearly tripled in Toolik offspring from
weaning to pre-hibernation whereas in Atigun offspring
levels remained constant (Fig. 6); and (iii) juvenile density at
hibernation was lower at Toolik than Atigun, and from
weaning to hibernation density decreased 54% at Toolik but
only 44% at Atigun (Fig. 4), indicating that recruitment is
lower at Toolik. While this study demonstrates correlative
results among phenotypic and life history traits between two
populations of AGS that have a significantly different
phenological-environmental relationship, we believe our
findings may point to possible mechanistic relationships of
how organisms can cope with and respond to environmental
change. Below we discuss why our predictions did not match
our results and discuss the significance of our findings within
the broader context of climate change.

At Toolik, females emerged from hibernation to a snow-
covered environment approximately 1 month prior to com-
plete spring snowmelt, whereas at Atigun, females emerged
to a partially snow-covered environment, 2 weeks prior to
complete melt. Thus, the entire gestation period (~26 days)
of Toolik females occurred prior to complete snowmelt,
whereas Atigun females gave birth 2 weeks after complete
melt. Given that access to food is limited for AGS by snow
cover and females do not cache food, we expected Toolik
females to be in worse condition in spring. Previously, we
have shown that Toolik females lose mass for the first 1-2
weeks following emergence (we do not have data on Atigun
females; Buck and Barnes, 1999a). We found, however, that
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Toolik females were larger and in better body condition than
those at Atigun during pregnancy (10-14 days after emer-
gence at mid-gestation) and at weaning. Ozgul et al. (2010)
also found in another hibernator, the yellow-bellied marmot,
that earlier emergence relative to snowmelt date resulted in
larger individuals. The authors suggest this is due to a great-
er amount of time animals had to grow during their active
season. In our system adult females are active on the surface
for a similar amount of time between the sites, 119 + 2 d/yr
at Toolik and 123 + 3 d/yr at Atigun (Sheriff et al., 2011a)
and thus we cannot attribute the larger size and better body
condition of Toolik females to a longer growing or active
season. If anything Toolik females have a more limited abil-
ity to invest in growth given that they emerge and go
through gestation with relatively reduced food availability.
Previously, we have found that, independent of sex, over
time AGS increase mass, such that a 3-year-old weighs more
than a 2-year-old; although we do not have morphometric
data on size (Buck and Barnes, 1999a). Thus, one possible
explanation is that females we sampled at Toolik are older
than those we sampled at Atigun.

Toolik females also had significantly higher glucocorticoid
levels (as indicated by FCM levels) during pregnancy and at
weaning compared to those at Atigun. There are two non-
exclusive explanations for these elevated levels. First, gluco-
corticoids play a principle role in mobilizing energy reserves,
such as glucose (Boonstra et al., 1998; Sapolsky et al.,
2000). Hence, it is possible that Toolik females had elevated
glucocorticoid levels to facilitate gluconeogenesis, tissue
catabolism and mobilization of internal reserves to meet the
demands of the growing offspring in a poor environment,
whereas Atigun females can meet their demands by foraging.
Increased glucocorticoid levels may also stimulate foraging
and increase feeding efficiency (Montanholi et al., 2013),
and thus aid Toolik females in food intake during foraging.
Second, a number of external factors can also influence indi-
vidual glucocorticoid levels including inclement weather
(Romero et al., 2000), reduced food availability (Kitaysky
et al., 2010) and increased predation risk (Clinchy er al.,
2013). For example, Sheriff et al. (2012) found no clear, sin-
gle explanation for different glucocorticoid hormone patterns
among AGS populations living in the southwestern Yukon.
They hypothesized that glucocorticoid levels were influenced
by a combination of differences in seasonal climate, adverse
weather, density and visibility (a proxy for predation risk). It
is likely that Toolik females also face a combination of fac-
tors in spring. The prolonged snow cover and reduced food
availability throughout pregnancy could: (i) cause females to
have elevated glucocorticoid levels to increase gluconeogen-
esis and internal energy mobilization, (ii) increase their
glucocorticoid levels in response to a food restricted spring
environment and (iii) force them to engage in riskier foraging
behavior, as they roam further from the safety of their bur-
rows in search of foraging areas. Although we do not have
quantifiable data, red foxes and birds of prey are very often
seen at both sites and there are active fox dens nearby both
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sites, thus we predict that the number of predators is very
similar between the sites and, as such, greater foraging activ-
ity likely increases the potential for predation. An indivi-
dual’s physiological state may have a great impact on their
ability to cope with and respond to changes in the environ-
ment (Boonstra ef al., 1998; Wingfield et al., 1998). It may
also provide a good indication of an individual’s overall
health (Romero, 2004; Dantzer et al., 2014). Generally,
those individuals with higher glucocorticoid levels are con-
sidered to be experiencing poor and unpredictable environ-
mental conditions, and to be in worse condition and have
reduced reproduction and survival (Wingfield et al., 1998;
Romero, 2004; Buck et al., 2007; Dantzer et al., 2014; but
see Bonier et al., 2009).

Our results appear paradoxical given that Toolik females
are in better condition based on their weight and size, but in
worse condition based on their FCM levels. Although we
cannot rule out age as a possible factor influencing female
weight and size, we suggest that the environments AGS
experience may be driving factors in the differences we
found. The later snowmelt and poorer environment Toolik
females face in spring may have selected for larger more
robust phenotypes, i.e. smaller females in poor body condi-
tion may simply not survive in such an environment. Earlier
snowmelt at Atigun may allow small, poor condition females
to survive and reproduce because of the better spring envir-
onment and greater access to food. This is supported by the
fact that our smallest females at Toolik had zygomatic arch
sizes of 34 (2 females) and 35 mm (2 females), whereas the
smallest females at Atigun had arch sizes of 30 (1 female), 31
(1 female), 32 (2 female), 33 (4 females), 34 (2 females), 35
(6 females). However, emerging to a poor spring environ-
ment coupled with the energetic and food requirements of
breeding, females support litters that reach up to 166% of
their body mass (Reed, 1993) and much of the energy to sup-
port these litters comes from the immediate ingestion of food
(Kiell and Millar, 1980), all possibly result in Toolik females
having elevated FCM levels.

We found that individual Toolik and Atigun female ground
squirrels weaned a similar number of offspring of similar size
and condition. Although much of the energy to support
reproduction comes from foraging (Kiell and Millar, 1980),
we suggest that AGS at the two sites may have different
breeding strategies. At both sites, body condition and FCM
levels increased from gestation to weaning, yet the body con-
dition of Toolik females only increased to 75% that of
Atigun females, and their FCM levels increased to 135%
that of Atigun females in 2011. Thus, females at Toolik may
tend towards a capital breeding strategy and rely more on
internal reserves to support their developing offspring. In
contrast, females at Atigun may tend toward an income
breeding strategy, where most of their energetic needs for
breeding are derived from foraging. Although it may be

Conservation Physiology - Volume 5 2017

questioned why Atigun females do not forage more, get big-
ger and have more offspring, we suggest there is likely a
trade-off between the amount of time spent foraging and the
risk of predation. It may be a better strategy to minimize risk
and live to breed again next year. Survival differences of
AGS between the sites remain unknown.

Reproduction can be compromised by glucocorticoid hor-
mone levels (Sheriff et al., 2009), yet we found that female
glucocorticoid levels (as indicated by FCM levels) did not
seem to affect reproduction at either of our sites.
Glucocorticoid levels may modulate female’s ability to
mobilize energy differently and cope with the environment.
We did find, however, that in 2012 Toolik females had
extremely high FCM levels during gestation and their repro-
ductive success was reduced. The number of weaned off-
spring decreased by >1.5 individuals per female and those
that weaned had a lower body condition (relative score of 35
in 2011 vs. =114 in 2012). In comparison, at Atigun in 2012
the number of weaned offspring per female decreased by
only 0.6 individuals, and the body condition of offspring
increased (relative score of —49 in 2011 vs. =19 in 2012).
Thus, we suggest that glucocorticoid hormones may play
vital roles in allowing AGS to cope with differences in their
phenology-environment relationship, yet if AGS encounter
stressors that greatly increase hormone levels it may com-
promise their reproduction.

We found that the patterns of FCM levels in offspring dif-
fered between the sites. At weaning, Toolik offspring had
similar FCM levels in 2011, but significantly higher levels in
2012 compared to Atigun offspring. At pre-hibernation,
Toolik offspring had FCM levels 3 times higher than they
had at weaning; whereas Atigun offspring had FCM levels
that remained constant and relatively low across these time
periods. Given that prior to weaning offspring remain
sequestered in their natal burrow and have little experience
with the above ground environment, the significantly higher
FCM levels in Toolik offspring compared to Atigun offspring
at weaning in 2012 may have resulted from the elevated
maternal stress during gestation and lactation of adult
females at Toolik. Maternal glucocorticoids can influence
offspring glucocorticoid levels through a number of mechan-
isms including pre-natal changes to the offspring’s epigen-
ome and post-natal changes to maternal behavior and
offspring care (Meaney et al., 2007; Love et al., 2013; Sheriff
et al., 2017).

The elevated levels of FCMs during pre-hibernation in
Toolik offspring may reflect their need to fatten and prepare
for hibernation in a quickly deteriorating environment. On
average female offspring enter hibernation mid-September
and males in early October (Sheriff ez al., 2011a); however,
in early September (when sampling occurred) Toolik was
already 25-50% snow covered, reducing offspring’s access
to food. In addition to restricted food access in a poor
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environment, Toolik offspring may then have also needed to
expose themselves to riskier situations and engage in danger-
ous foraging behavior—all of which could increase their
FCM levels. Conversely, Atigun offspring would not have
needed to engage in such risky foraging behavior since, in
early September, Atigun was only 0-5% snow covered.
Thus, offspring stress physiology likely result from the indir-
ect and direct influence of their environment; indirectly in
spring via their mother’s experience with her environment,
and directly in autumn in response to their own experience
with the environment.

We found that pre-hibernation juvenile density was lower
and that there was a 10% greater reduction in density from
weaning to hibernation at Toolik compared with Atigun.
This was particularly evident in 2012, when pre-hibernation
density at Toolik was 0.19 juvniles/ha, only 25% of that at
weaning, whereas at Atigun the pre-hibernation density was
1.89 juveniles/ha, almost 70% of that at weaning. At wean-
ing in 2012, Toolik offspring were in significantly worse con-
dition and had significantly higher FCM levels, which may
have affected their propensity to disperse and their survival
(although we do not know the exact fates of juveniles who
disappeared off of our trapping grids). Juvenile dispersal in
AGS occurs in the first few weeks of July and is sex-specific;
studies in the Yukon have shown that females are highly
philopatric and disperse approximately 120 m, and males
disperse approximately 500 m from the natal area (Byrom
and Krebs, 1999). During this time juveniles, regardless of
sex, lose significant mass (Buck and Barnes, 1999a); how-
ever, little is known about how an individual’s stress physi-
ology may influence dispersal. In other vertebrates,
glucocorticoid levels have been shown to alter juvenile dis-
persal. For example, in willow tits (Parus montanus) experi-
mental increases in glucocorticoids increased dispersal
propensity (Silverin, 1997), and in the common lizard
(Lacerta vivipara) experimental increases in both maternal
and juvenile glucocorticoids alter juvenile dispersal (Meylan
et al., 2004). This has been suggested as an adaptive mechan-
ism increasing offspring movement out of poor habitats
(Meylan and Clobert, 2005). Adult density is likely unrelated
to the potential greater dispersal of Toolik offspring, given
Atigun density is higher than Toolik (see Reproductive out-
put in Results).

The low recruitment and large reduction in Toolik off-
spring density in 2012 may also be driven by decreased off-
spring survival. In 2012, Toolik offspring were in poor body
condition and may have needed to spend more time foraging,
increasing their susceptibility to predation (AGS are primary
prey for nearly all arctic mammal and avian predators).
Additionally, their poor start may have been exacerbated by
the poor environment at Toolik, where winter snow begins
to accumulate and reduce food availability earlier in the
active season. Clearly, the interaction AGS have with their
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environment likely plays an important role in recruitment of
offspring, and as environments change in the spring (altering
maternal condition) or in the autumn (altering the ability of
offspring to prepare for hibernation) recruitment is likely to
be greatly affected.

Understanding the potential physiological mechanisms and
their fitness consequences that allow animals to cope with
rapid environmental changes has been cited as one of the
biggest challenges of current biology (Wingfield, 2008, 2013;
Németh ez al., 2013). Our study is one of the first to inte-
grate marked differences in the relationship between animal
phenology and snow cover regimes, with associated differ-
ences in foraging opportunities, body condition and stress
physiology, reproductive success and recruitment. Our study
provides insights into the consequences of changing relation-
ships between animals and their environment. We make the
following recommendations for future research:

(1) There is accumulating recent evidence that in addition to
directional trends and regime shifts, climate-induced
environmental changes will include a large increase in
extreme weather events (Easterling et al., 2000; Benison
and Stephenson, 2004), which can greatly compromise
an individual’s survival and reproductive success and,
thus, population abundance (Wingfield ez al., 2011,
2017; Lane et al., 2012; Krause et al. 2016; Williams
et al., 2017). We suggest that in the face of climate-
induced changes in the relationship between animals and
their environment, we must understand that animals that
may seemingly be able to adapt strategies to cope with
environmental regime shifts may be pushed near the
limits of their ability to cope, reducing their perturbation
resistance potential (Wingfield et al., 2011).

(2) We suggest there is a critical need to also investigate
climate-induced changes to autumn conditions. Most
studies on environmental change focus on spring
conditions, however, we have shown that autumn
conditions and the timing of new snow cover influences
the spring phenology of both adult male and female
AGS (Sheriff e al., 2013, 2015). Here we show that
offspring stress physiology and recruitment may also be
influenced by autumn conditions and the onset of snow
cover. If climate warming, for example, prolongs autumn
conditions and delays the onset of snow cover, it could
allow offspring more time to prepare for winter, increase
recruitment and relax the urgency of early breeding.

(3) We provide evidence to support the growing notion that
to properly assess the impact of seasonal differences in
environmental conditions it is critical to link the animal’s
response to multiple fitness metrics (sensu Wingfield,
2013). Further, because many estimates of vulnerability
are often related to survival, we suggest that we may be
underestimating potential climate-induced impacts on
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populations; i.e. estimates of impacts on survival provide
evidence of conditions that are immediately lethal,
however, more subtle impacts on reproduction and
recruitment may be just as critical and over time
contribute greatly to local extirpation.

In conclusion, to better understand how animals may
cope with and respond to abiotic stressors in their changing
environment, ecologists will need to examine changes at
both the individual and population levels; appreciating that
predictions based on findings from one level may not trans-
late to another. As we show here, females living in the poorer
environment were bigger and in better body condition, had
higher stress hormone levels, yet had similar reproductive
output as females living in a better environment; at the popu-
lation level, the poorer environment may have the potential
to limit recruitment.
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