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Many studies have addressed the effects of climate change on species as a

whole; however, few have examined the possibility of sex-specific differences.

To understand better the impact that changing patterns of snow-cover have on

an important resident Arctic mammal, we investigated the long-term (13 years)

phenology of hibernating male arctic ground squirrels living at two nearby

sites in northern Alaska that experience significantly different snow-cover

regimes. Previously, we demonstrated that snow-cover influences the timing

of phenological events in females. Our results here suggest that the end of

heterothermy in males is influenced by soil temperature and an endogenous

circannual clock, but timing of male emergence from hibernation is influenced

by the timing of female emergence. Males at both sites, Atigun and Toolik, end

heterothermy on the same date in spring, but remain in their burrows while

undergoing reproductive maturation. However, at Atigun, where snowmelt

and female emergence occur relatively early, males emerge 8 days earlier

than those at Toolik, maintaining a 12-day period between male and female

emergence found at each site, but reducing the pre-emergence euthermic

period that is critical for reproductive maturation. This sensitivity in timing

of male emergence to female emergence will need to be matched by phase

shifts in the circannual clock and responsiveness to environmental factors

that time the end of heterothermy, if synchrony in reproductive readiness

between the sexes is to be preserved in a rapidly changing climate.

1. Introduction
In Arctic regions, the rate of climate warming is occurring two to three times that

of the global average, and warming has accelerated from 0.15–0.178C decade21

(1961–1990) to 0.3–0.48C decade 21 [1–6]. Concurrent with this environmental

change, there have been significant changes in the geographical distribution,

phenotypes, abundance and the timing of recurring seasonal events (phenology)

of Arctic species [5,7]. Animal and plant phenologies are among the best-studied

traits in response to climate change, and there is now ample evidence that over

the past three decades the phenology of many organisms has advanced in

response to warmer springs [8–10].

Although phenological responses at lower latitudes are primarily related to

changes in temperature, in snow-dominated environments such as the Arctic,

phenology can be more influenced by timing and patterns of snow-cover. For

example, studies on plants have shown that later snowmelt in spring, owing to

increased snow depth, delayed the phenology of flowering, regardless of tempera-

ture [11–14]. In contrast, environments with earlier spring snowmelt are associated

with advanced spring events in plants, mammals and arthropods [15–17].

If species that interact across trophic levels respond differently in their phen-

ology in response to trends in climate change, timing mismatches may occur

between linked trophic levels. Many studies have shown that climate change

has induced mismatches between the timing of breeding in animals and

their food source, which can have negative effects on reproductive success
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([9,18–20]; but see [21,22]). For example, Post & Forschhammer

[23] found that the timing of caribou calving has not kept

pace with the advancement of the plant-growing season in

West Greenland, and they suggest that this divergence has con-

tributed to the observed decline in caribou reproductive

success. Mismatches may also be created between sexes

within a species if males and females use different cues to

time their phenology or respond to climate change different-

ly. Høye et al. [24] found that earlier snowmelt increased

adult body size in wolf spiders but with a skew towards posi-

tive sexual size dimorphism, which may have later effects on

population dynamics.

The arctic ground squirrel (AGS), Urocitellus parryii, is an

excellent species in which to investigate sex-specific pheno-

logical responses to environmental differences, as males

and females display pronounced phenological differences in

annually recurring life-history events [16,25,26]. Ground

squirrels experience distinct events that divide each year

into a long hibernation season, defined by when animals

remain sequestered in their hibernacula, and a conversely

short active season, when animals are active, above-ground

on a daily basis. During hibernation, ground squirrels are

heterothermic, altering their metabolism and body tempera-

ture between long periods (two to three weeks) of torpor

and spontaneous arousals, when euthermic levels of body

temperature briefly (less than 1 day) resume. However,

male but not female ground squirrels return to continuous

euthermy in spring for two to three weeks before first emer-

ging to the surface, since sustained high body temperatures

are necessary for gonadal growth and maturation [27,28]. In

contrast, females end heterothermy three to four weeks

after males and begin euthermia and emerge within 3–4

days. Females re-enter hibernation in August, up to eight

weeks before males [25,26]; this results in active and hiber-

nation seasons that can differ in length between the sexes

by three to four months. There can be relative differences in

annual timing associated with differences in habitat between

populations as well. Using long-term data comparing free-

living female AGS in two nearby populations in northern

Alaska, we have shown that seasonal differences in snow-

cover are associated with significant differences in their

phenology [16,29]. At one site, Atigun, where snowmelt

occurs on average 26 days earlier than the other site,

Toolik, female AGS emerge from hibernation, give birth

and enter hibernation significantly earlier than females

living at Toolik, only 20 km away [16]. Snow-cover in both

autumn and spring may be major factors influencing

female phenology [29].

To understand better the impact future changing patterns

of snow-cover may have on AGS as a species, we investigated

the long-term (13 years) phenology of male AGS living at

each site during similar time periods as our investigations

of females. We compared phenological differences between

the sites in relation to the calendar year, the timing of

snow-cover, and in comparison with the emergence date of

females. We also examined potential relevant ecological and

environmental cues males may use to adjust their phenology.

Lastly, we estimated male body weight within 10 days of

emergence as an index of individual fitness. Because males

engage in intense agonistic interactions during breeding,

with significant fighting, wounding and loss in weight, we

make the assumption that heavier males would be more

successful [30–32].
2. Material and methods
(a) Study area
This study occurred at two nearby sites in northern Alaska, separ-

ated by about 20 km: Toolik Lake (688380 N, 1498380 W; elevation

719 m) and Atigun River (688270 N, 1498210 W; elevation 812 m).

Despite this proximity, physical and biotic conditions differ

between the sites. Atigun is slightly sloping along the northern

bank of the Atigun River. The flora is dominated by a mix of low

growing Salix sp. (less than 30 cm), Dryas octopetala, Rhododendron
lapponicum, Arctostaphylos alpina and Vaccinium uliginosun [16].

Thaw depth of the sandy soil reaches 1–2 m in August, into

which AGS have dug a high density of burrows and nest sites

and hibernacula. The Toolik area is categorized as cotton grass

(Eriophorum) tussock and dry tundra with more than 98 per cent

of the vegetative biomass and productivity attributable to only

10 species [33]. The topography is relatively flat, with gently rolling

hills underlain by rocky soils with a depth of thaw usually less than

1 m [34]. AGS burrows are less dense and more isolated from each

other at Toolik than at Atigun. Entrances of AGS burrows at both

sites are randomly oriented and showed no differences in exposure

to prevailing environmental conditions, such as solar radiation,

shade or wind. Owing to less overwinter accumulation of snow

and high winds that disperse snow, spring snowmelt occurs on

average 26 days earlier at Atigun than at Toolik, and in autumn

snow-cover occurs on average 14 days later at Atigun than at

Toolik. Thus, Atigun has a 44-day longer snow-free period.
(b) Animal trapping and handling
Adult males 2 years or older (73 at Atigun over the past 6 years and

43 at Toolik over the past 13 years) were captured using Tomahawk

live-traps baited with carrot. Traps were set in the early morning

and checked every 1–3 h until closure in the mid-afternoon.

Trapped animals were transported to the Toolik Field Station of

the University of Alaska Fairbanks. Animals were anesthetized

by a 3–5 min exposure to methoxyflurane or isoflurane vapours

and uniquely tagged (ear tags, Monel no. 1; pit tags, AVID

MUSICC), weighed and sexed. To determine fine-scale data on

timing of hibernation and reproduction through the recording of

core body temperature (Tb) [35], a subset of 71 adult males (28 at

Atigun and 43 at Toolik) were abdominally implanted and

explanted 6–12 months later, with temperature-sensitive data log-

gers (modified TidBit Stowaway model TBICU32–05 þ 44, Onset

Computer Corporation; or iButtons, Maxim Integrated, that were

programmed to record core Tb at either 20 or 120 min intervals)

from autumn 1999 through spring 2011 at Toolik and from 2006

to 2011 at Atigun (see [36] for surgical details). The subset of squir-

rels implanted versus captured at Atigun is due to animal care

restrictions on the number of implants per year. Some squirrels

were implanted multiple years, but being implanted once or mul-

tiple times did not affect Tb changes (data not shown). After

surgery, animals were monitored in captivity for 12 h prior to

release at their site of capture.
(c) Phenology measurements
We estimated phenological events from patterns of Tb change

recorded by the temperature loggers implanted in free-living

squirrels, validated by Williams et al. [35]. As shown in figure 1,

we determined (a) the time of euthermy: the date (in spring)

each male returned to and remained at high, normal levels of Tb

(36–378C), but without circadian patterns; (b) emergence from

hibernation: the date male’s Tb displays clear diurnal cycles indi-

cating resumption of daily above-ground activity; (c) entrance

into hibernation: the date (in autumn) male’s daily Tb cycles sig-

nificantly decreased in amplitude and lost diurnal entrainment;

http://rstb.royalsocietypublishing.org/


40

active season c d

hibernation

heterothermy

a b

co
re

 b
od

y 
te

m
pe

ra
tu

re
 (

°C
)

30

20

10

0

May June July Aug Sep Oct Nov Dec Jan Feb Mar Apr May
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(d) beginning of heterothermy: the first date male’s Tb declined to

less than 308C for over 24 h.
(d) Environmental cues
We assessed the relationship between two environmental cues, soil

temperature and snow-cover, and phenology. We chose these as the

most likely available cues to males because: (i) males remain seques-

tered within a nest in their burrow 1 m below-ground for six to eight

months during hibernation prior to spring emergence and soil

temperature is an environmental cue they are exposed to, and

(ii) snow-cover limits food availability; thus males may use snow

conditions to time emergence in spring or entrance in autumn.

Soil temperature was measured using high-resolution temp-

erature loggers (Hobo Pro Series Temp, ONSET; accuracy

+0.168C) at each site. Loggers recorded temperature every 4 h

from thermistor probes placed at the bottom of a 1 m-deep plastic

pipe, backfilled with sand and tamped firm (see [34] for details).

For each site, soil temperatures were calculated for day (24 h

average) corresponding to the beginning of spring euthermy of

males and the day of the penultimate arousal. Soil temperatures

were compared by year and if they influence arousal we expect

equivalencies in temperature patterns near the time of arousal.

The extent of snow-cover was quantified from images acquired

daily at solar noon from 2007 to 2011 using a camera (Campbell

Scientific, CC640 Digital Camera System mounted inside a Pelco

EH4700 Environmental Enclosure) mounted on a tower facing

across each of the study areas. To describe differences in snow-

cover among years and between the two sites, we recorded the

day each site was first 100 per cent snow-free and remained so for

at least 3 days in spring and the day each site was first 100 per

cent snow-covered and remained snow-covered for at least 3 days

in autumn.
(e) Statistics
To test for phenological differences and body weight differences

between the sites we used ANOVAs (year � site) or (site). Gen-

eral linear models were used to test the relationship between

the timing of entrance into hibernation and heterothermy (inde-

pendent variables) and euthermy (dependent); emergence from

hibernation (independent variable) and entrance into hibernation

(dependent); female emergence (independent variable) and male

emergence (dependent); snowmelt date (independent variable)

and emergence (dependent); snow-cover date (independent vari-

able) and entrance (dependent). A Kruskal–Wallis ANOVA by

Ranks (for non-parametric comparisons) was used to test
whether soil temperature was similar when AGS became euther-

mic. A GLM was then used to assess the relationship between

soil temperatures (independent variable) and the timing of

euthermy (dependent variables). We also used a GLM to test

how soil temperature varied across years and between sites.

Models were run at both a landscape level, inclusive of individu-

als from both sites, and within a site, inclusive of individuals

from each site. The assumption of normality was tested with

Shapiro–Wilks test, and the assumption of homogeneity of vari-

ances was tested with Levene’s test. All statistics were performed

using the software package STATISTICA v. 10. All data are expres-

sed as means+1 s.e., unless otherwise stated. p-Values were

included for all analyses and considered significant if p , 0.05;

however, may still be biologically relevant if p , 0.1.
3. Results
(a) Phenology
We found no consistent directional trends across years in the

timing of male phenology; however, there was an effect of

year on the date males became euthermic and when they

entered hibernation (euthermy: F5,36 ¼ 2.62, p ¼ 0.04; entrance:

F5,39¼ 5.16, p ¼ 0.0009; figure 2). Comparing Atigun and

Toolik, there was no difference in the date when males ended

heterothermy and became euthermic in spring (F1,28¼ 0.50,

p ¼ 0.48) or entered hibernation in autumn (F1,28 ¼ 2.42, p ¼
0.13; figure 2). However, males at Atigun consistently emerged

from hibernation on average 8 days earlier than those at Toolik

(F1,35 ¼ 15.27, p ¼ 0.0004; figure 2).

In relation to the timing of spring snowmelt and winter

snow-cover, we found that males at Atigun became euther-

mic and emerged from hibernation closer to the time

of snowmelt than those at Toolik (euthermy: F1,6 ¼ 17.64,

p ¼ 0.006; emergence: F1,6 ¼ 11.98, p ¼ 0.01; figure 2). At

Atigun, males became euthermic and emerged 45+6 days

and 26+ 5 days, respectively, before snowmelt. At Toolik,

males became euthermic and emerged 73+ 5 days and

46+ 7 days, respectively, before snowmelt. Conversely, at

Atigun, males entered hibernation long before the time

of snow-cover compared with those at Toolik (F1,8 ¼ 7.71,

p ¼ 0.02). At Atigun, males entered hibernation 19+5 days

before snow-cover, while those at Toolik entered hibernation

2+ 4 days before snow-cover.
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In relation to female phenology, at Atigun, males became

euthermic closer to when females emerged from hibernation

compared with males at Toolik (F1,12 ¼ 10.01, p ¼ 0.008;

figure 2). At Atigun, males became euthermic 29+ 3 days

before females emerged. At Toolik, males became euthermic

39+ 2 days before females emerged. However, we found no

difference in the timing of when males emerged compared

with females between the two sites (F1,12 ¼ 0.71, p ¼ 0.42).

At Atigun and Toolik, males emerged 11+1 days and

13+ 2 days, respectively, before females emerged.
date of female emergence (day of year)

da
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f 

m

110 115 120 125 130 135105

70
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Figure 4. The date of male emergence (square) was significantly related to
the date of female emergence at two nearby sites in northern Alaska, Atigun
(filled symbols) and Toolik (open symbols). But there was no relationship
between the date males became euthermic (triangle) and the date of
female emergence.
(b) Ecological and environmental cues
We found significant but weak relationships between when

male AGS entered hibernation and first became heterothermic

in autumn and when they became euthermic in spring, when

combining data from both sites (entrance: b ¼ 0.28, F1,65 ¼

5.39, p ¼ 0.02, r2 ¼ 0.08; heterothermy: b ¼ 0.38, F1,65¼ 10.79,

p ¼ 0.002, r2 ¼ 0.14; figure 3) and within each site (Atigun

entrance: b ¼ 0.35, F1,25¼ 3.44, p ¼ 0.07, r2 ¼ 0.12; hetero-

thermy: b ¼ 0.32, F1,25¼ 2.81, p ¼ 0.10, r2 ¼ 0.10; Toolik

entrance: b ¼ 0.27, F1,38¼ 2.97, p ¼ 0.09, r2 ¼ 0.07, hetero-

thermy: b ¼ 0.44, F1,38 ¼ 9.03, p ¼ 0.005, r2 ¼ 0.19; figure 3).

Conversely, we found no relationship between when males

emerged from hibernation in spring and when they entered

hibernation in autumn either combining sites (b ¼ 20.08,

F1,13¼ 0.09, p ¼ 0.76) or within each site (Atigun b ¼ 20.34,

F1,4¼ 0.52, p ¼ 0.51; Toolik b ¼ 0.38, F1,7 ¼ 1.17, p ¼ 0.32).

Combining data from both sites, we found a correlation

between the timing of female emergence and male emergence

(b ¼ 0.70, F1,12 ¼ 11.33, p ¼ 0.006, r2 ¼ 0.49), but no relation-

ship between female emergence and the date of male
euthermy (b ¼ 0.05, F1,12 ¼ 0.03, p ¼ 0.87; figure 4). Within

each site, we found no relationship between female emer-

gence and the date of male euthermy (Atigun b ¼ 20.16,

F1,3 ¼ 0.07, p ¼ 0.80; Toolik b ¼ 0.20, F1,7 ¼ 0.29, p ¼ 0.61) or

emergence (Atigun b ¼ 20.00, F1,3 ¼ 0.00, p ¼ 1.00; Toolik

b ¼ 0.37, F1,7 ¼ 0.15, p ¼ 0.70).

Combining data from both sites, we found a correlation

between the timing of snowmelt and the date squirrels

emerged from hibernation (b ¼ 0.64, F1,6¼ 4.23, p ¼ 0.08,
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r2 ¼ 0.41), but not the date squirrels became euthermic

(b ¼ 20.45, F1,6¼ 1.49, p ¼ 0.27; figure 5a,b). Within each

site, we did not find a relationship between snowmelt and

euthermy (Atigun b ¼ 20.62, F1,2 ¼ 1.26, p ¼ 0.38; Toolik

b ¼ 0.59, F1,2 ¼ 1.09, p ¼ 0.41) or emergence (Atigun

b ¼ 20.29, F1,2 ¼ 0.17, p ¼ 0.72; Toolik b ¼ 20.04, F1,2 ¼

0.00, p ¼ 0.96). There was no landscape level, data from both

sites, relationship between the timing of snow-cover and

the date squirrels entered hibernation (b ¼ 0.23, F1,8 ¼ 0.45,

p ¼ 0.52) or became heterothermic (b ¼ 0.30, F1,8¼ 0.77,

p ¼ 0.41; figure 5c,d). At Atigun, we found no relationship

between the timing of snow-cover and the date squirrels

entered hibernation (b ¼ 20.46, F1,3 ¼ 0.80 p ¼ 0.44) or

became heterothermic (b ¼ 20.75, F1,3 ¼ 3.77, p ¼ 0.14). At

Toolik, we found a trend between the timing of snow-cover

and the date males entered hibernation (b ¼ 0.76, F1,3 ¼ 4.17,

p ¼ 0.10, r2 ¼ 0.58) and became heterothermic (b ¼ 0.82,

F1,3¼ 6.00, p ¼ 0.09, r2 ¼ 0.67; figure 5c,d).

We found that soil temperatures differed significantly

(across years at each site) on the date males became euthermic

(Atigun H5,27 ¼ 23.21, p ¼ 0.0003; Toolik H8,37 ¼ 31.95,

p ¼ 0.0001) and during the penultimate arousal of hiberna-

tion (Atigun H5,32 ¼ 26.26, p ¼ 0.0001; Toolik H8,42 ¼ 34.00,

p , 0.0001).When males became euthermic, soil temperatures

ranged from 217.64+ 0.158C at Atigun in 2007 to 29.32+
0.398C at Toolik in 2001. However, we did find a significant

relationship between the time males became euthermic and

soil temperatures at their penultimate bout (b ¼ 21.37,

F1,35 ¼ 2.43, p ¼ 0.02, r2 ¼ 0.45), and a slight trend between

the timing of euthermy and soil temperatures at the time of

euthermy (b ¼ 20.76, F1,35 ¼ 1.69, p ¼ 0.11, r2 ¼ 0.37).

There was no site or year effect for any of the relationships

( p . 0.05). Thus, although soil temperatures were signifi-

cantly different at the time of euthermy, when soil
temperatures were warmer AGS became euthermic earlier

(figure 6). Overall, we found no yearly directional trend in

average March soil temperatures at either site (Atigun:

F1,4 ¼ 3.76, p ¼ 0.12; Toolik: F1,8 ¼ 0.03, p ¼ 0.86) and no

difference in March soil temperatures between the two sites

(F1,14 ¼ 0.004, p ¼ 0.95).

(c) Male body weight
We found a significant effect of year (F4,95¼ 3.75, p ¼ 0.007)

and site (F1,95¼ 9.33, p ¼ 0.003) with male body weight at

emergence, and no interaction (F4,95¼ 0.36, p ¼ 0.84). Since

spring 2007, male body weight at emergence has declined by

approximately 15 per cent or 100 g at both sites (figure 7). How-

ever, consistent across the years, males at Toolik are 7 per cent

heavier in spring than at Atigun, averaging 682+16 g versus

635+9 g, respectively (figure 7).
4. Discussion
(a) Phenology
The timing of annual events of reproduction, moult, fatten-

ing and hibernation or migration, among others, in the life

history of a species is the result of sequencing of physiologically

linked events, trade-offs in partitioning benefits between

parents and offspring, and optimization to match availability

of environmental resources to organismal need [37,38]. In sea-

sonal environments with restricted growing seasons, animals

must anticipate the availability of food in timing migration or

hibernation to appropriately initiate reproductive readiness.

They do so through the use of proximate cues of changing

day length that directly stimulate responses in photoperiodic

species or indirectly through seasonal entrainment of animals
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with endogenous, circannual rhythms. However, in environ-

ments where climate change is rapidly altering the timing of

when food is available, organisms that use photoperiod to

time spring reproduction may experience mismatches between

when they are prepared to breed and when resources are

available to support that reproduction.

Critical to male reproductive success across many taxa is

primary access to females. In AGS, the male that first consorts

with a newly emerged female fathers 90 per cent of the young

within her litter in this multi-male mating system [31]. In

response to changing climate, males must adjust their phen-

ology in a manner that will not disrupt the breeding

synchrony between the sexes. Previously we have shown that

Atigun females emerge earlier in response to earlier spring

snowmelt. Here, we found no difference in the duration

between male and female emergence between Atigun and

Toolik; males have adjusted their timing to emerge 12 days

before females at both sites (figure 2). However, we found

no difference between sites in the date when males become

euthermic in spring (figure 2). Thus, to emerge 12 days prior

to females, males at Atigun shorten the time they spend euther-

mic while remaining in their burrows before emerging from

hibernation. This may represent a trade-off between physiologi-

cal and behavioural preparation for breeding. The time after

males emerge to the surface, but prior to female emergence,

may be critical for males to locate and scent mark female bur-

rows and for male–male interactions that can define access to

females when they emerge. At this time, males can be often

seen standing next to each other or leaning on one another,

and intense male–male agonistic behaviour occurs in the pres-

ence of females in spring [32]. In many other species, males

engage in pre-breeding activities, such as sexual displays,

songs or combat, nuptial gift gathering, nest building, etc.

There is potential for large consequences if the cues males use
to time, these activities differ from those females use to time

breeding. That males at both Toolik and Atigun conserve a

full 12 days of above-ground activity prior to the appearance

of females suggests an importance for these social interactions.

Although male AGS are maintaining the time between

their emergence and that of females, they are not adjusting

the time they become euthermic; males at both sites become

euthermic at the same time of year regardless of the timing

female emergence (figure 2). A shortening of the euthermic

period may mean that Atigun males have to begin expending

energy on above-ground male–male interactions before they

are fully spermatogenic and fertile. Male ground squirrels

resume euthermy early in spring but remain in their burrows

while they undergo reproductive maturation, including

gonadal growth and the establishment of spermatogenesis,

physiological and endocrinological processes that are inhib-

ited by the low tissue temperatures of torpor. For example,

in the golden-mantled ground squirrel, Callospermophilus
lateralis, there is little to no testicular growth and no advance-

ment of spermatogenic stage during heterothermy (low Tb

during hibernation) [27]. Sequential testicular biopsies

found that only over the first three weeks of euthermy do

testes enlarge, seminiferous tubules expand, and primary

spermatocytes divide, mature into elongated spermatids

and spermiation occurs. If male AGS have the same develop-

mental time-course, Atigun males would be infertile when

they emerge only after 15 days of euthermy. In addition,

because male gonads begin regression after 30 days of begin-

ning euthermy [39], a mismatch between males and females

would also occur if females delay their breeding as opposed

to advancing it.

The timing of entrance into hibernation may be as critical

for male reproductive success as the timing of spring euthermy

and emergence. To become reproductively mature, owing to

the energetics of remaining at high Tb and the necessity

to reach and maintain a suitable body size, males rely on a

food cache in spring [28]. Because of the extremely low food

availability in spring, males gather the cache and reach a

threshold body size in autumn [40]. Thus, one would predict

that in areas with prolonged autumns and delayed onset of

winter snow-cover, such as at Atigun, male AGS would

remain active longer. However, we found that males enter

hibernation on a similar calendar date between the two sites

(figure 2), even though snow-cover occurs much later at

Atigun. Males at Atigun enter hibernation approximately 19

days before complete snow-cover. Alternatively, the active
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season at Toolik is constricted by snow-cover and males

enter hibernation only 2 days before complete snow-cover.

Why do males at Atigun not take advantage of the prolonged

autumn by remaining above-ground longer with the potential

of increasing their cache and body size, and increasing their

competitive advantage the following spring? One possibility

is that the advantages of remaining on the surface are out-

weighed by the increase in risk of predation. Both et al. [41]

suggest that phenological adjustments may be driven by

changes in lower trophic levels but may also be explained by

predator avoidance. If individual AGS males remain on the

surface longer than the average of all males they may increase

their risk of predation. Our methods do not allow us to deter-

mine whether males engage in this strategy but are then preyed

upon (and not re-captured) or whether males do not engage in

this strategy at all. Alternatively, males may not take advantage

of the prolonged autumn at Atigun, because the date they enter

hibernation constrains when they become euthermic in spring.

We found a positive relationship between the date males enter

hibernation and when they become euthermic in spring; males

that enter hibernation later become euthermic later (further

discussed below; figure 3). Males that end hibernation late

may miss breeding opportunities [31].
(b) Ecological and environmental cues
Many non-tropical animals rely on day length to regulate the

coarse timing of their annual rhythms, rather than reacting

to environmental conditions as they happen [42–44]. How-

ever, other environmental cues also may be important for

fine-tuning when breeding occurs. Experimental evidence

suggests a strong influence of both food availability and

winter snow-insulation, for example, on reproductive timing

in photoperiodic collared-lemmings [45]. Alternatively, other

species use an endogenous circannual clock to regulate

annual cycles [44]. For example, under constant conditions

with no changes in daylength or temperature, captive equator-

ial African stonechats displayed circannual rhythmicity in their

reproductive capacity and moult that persist for up to 10 years

[46]. However, because under constant conditions circannual

clocks free-run with periods usually less than 12 months, infor-

mation from the environment is required for animals to remain

entrained to the calendar year [47]. Lee & Zucker [48] demon-

strated that changing photoperiod during summer may

provide enough stimulus to roughly synchronize circannual

rhythms of weight gain in hibernating golden-mantled

ground squirrels. However, in environments experiencing

rapid climate change that includes changes in the timing of

food availability in spring, animals that are primarily depend-

ent on photoperiod to time reproduction may become

desynchronized with periods of optimal food availability.

Here, we assessed whether the timing of snowmelt or

spring soil temperature may be associated with the timing

of when hibernating male AGS return to euthermy each

spring. We found no relationship between the timing of

snowmelt and euthermy (figure 5a). Furthermore, we found

that although soil temperatures differed significantly at the

time of euthermy among years, there was a negative relation-

ship between spring soil temperature and the time males

became euthermic; the warmer the soil temperature in

spring the earlier males emerged (figure 6). Thus, although

there is no across year warming trend in spring soil tempera-

tures at either site, males may have the ability to adjust the
timing of euthermy in a warming environment. This is in con-

trast to results in Williams et al. [49] for female AGS, which

appear unresponsive to spring soil temperatures. However,

the difference between the studies may relate to the time

when soil temperature was assessed. Here, we demonstrate a

relationship in soil temperatures during the penultimate

bout; Williams et al. [49] did not investigate soil temperatures

at this time. We also found a significant positive correlation

between when males entered hibernation and became hetero-

thermic in autumn and the time they became euthermic in

spring; the earlier males enter hibernation in autumn the

earlier they emerge in spring (figure 3). Previously, we demon-

strated that autumn may be important in influencing the

timing of spring phenological events in female AGS [29].

Environmental cues in autumn are also important in other

species and are associated with the onset of winter migration

[50] and breeding in numerous ungulates [51,52]. AGS, seques-

tered in their burrow below the surface for six to eight months

of the year, may use a combination of spring soil temperature

and an endogenous clock mechanism set the previous

summer or autumn to time when they become euthermic.

The timing of male euthermy is related to the date they

emerge from hibernation and become active on the surface;

however, males at Atigun emerge sooner after they become

euthermic (figure 2). Thus, males at each site may use other

cues, or respond to cues differently, to set their euthermic–

emergence timing relationship. At a landscape level, we

found a relationship between the timing of male emergence

and snowmelt, and between the timing of male emergence

and female emergence (figures 4 and 5b). However, these

relationships were not significant at a local, within-site, level.

Because of the similar time interval between male and female

emergence regardless of site (12 days) we believe that female

emergence is a strong cue males use to time their emergence.

But the questions remains, how would an AGS male antici-

pate female emergence? Males may engage in a bet-hedging

strategy with respect to female emergence by timing their

emergence to coincide with a long-term average of female

emergence in a given area. A critical consideration is that

males are using two different cues (spring soil temperature

and an endogenous clock versus female emergence) to set

the timing of their euthermy and their emergence (respect-

ively). Because these cues do not have the same relationship

between the two sites (i.e. soil temperature is not different

between Toolik and Atigun, but snowmelt, and thus female

emergence are significantly different), there may be severe con-

sequences to sequential patterns and length of phenological

stages and thus to male reproductive success. This may be a

general theme among animals, and it may be very important

to understand all the cues used to time the complete set of phe-

nological events and how climate change is affecting them.

On average, males entered hibernation at the same time at

both sites, but there was considerable variation across the years

(figure 2). We found no significant relationship between any

ecological or environmental factor and male’s entrance, with

the exception of snow-cover date at Toolik, where snow-

cover comes very early in the year (figure 5c,d). However,

even with little snow-cover, males at Atigun entered hiber-

nation at a similar time and even earlier in some years than

males at Toolik. Studies on hibernators have found that ani-

mals will only enter hibernation after a certain body mass is

attained [53]; however, hibernators may begin preparation

for hibernation months prior to entrance [54]. Thus, the
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timing of entrance into hibernation may be related to a complex

interaction of local environmental conditions in autumn, body

condition and an endogenous clock set weeks or months prior

to entrance. In migratory species, complex interactions may

also occur in timing their departure date and considerations

may also include the number of broods possible per summer

and the length and location of migration [50].

(c) Body size
How environmental change impacts adult size, a key life-

history trait, may be highly variable among species and

between sexes. In wolf spiders, Høye et al. [24] found that

both males and females increased in size in association

with earlier snowmelt, but that females grew more. Here,

we found the opposite; male AGS at Atigun, where spring

conditions occur earlier, weighed less than Toolik males

(figure 7). These differing responses may be due to the differ-

ent spring activity patterns between the species. In wolf

spiders, activity begins after snowmelt and earlier snowmelts

may lead to increased body size by lengthening the active

season of spiders, increasing food availability, and possibly

allowing for an additional moult [24]. In AGS, an earlier

snowmelt increases male’s active season by only 8 days and

does not change the time that they become euthermic and

begin feeding in spring or when they enter hibernation. How-

ever, in areas with an earlier snowmelt, AGS emerge to an

environment with increased food availability, which may in

effect rescue poor-conditioned individuals. Clearly, it is

important to understand how climate-induced seasonal vari-

ation will influence life histories of animals prior to making

predictions on how it will impact body condition.
5. Conclusion
Because of the inherently different life-history strategies of

males and females, resulting in different selection pressures,
the two sexes will probably respond differently to sustained

changes in environmental conditions. Furthermore, their phe-

nological response to change may differ if the timing of

seasonal events is set by different environmental cues. We

show that males emerge from hibernation 12 days before

females, which may be important for males to assess compe-

tition, acquire breeding territories and locate females.

However, in areas with earlier snowmelt males spend less

time sequestered in the burrows at high body temperature

prior to emergence; thus they emerge at an earlier stage of

reproductive maturation, and may be less physiologically

prepared for breeding when females first emerge. The

timing of when males return to high body temperature in

spring is influenced by spring soil temperatures and an

endogenous circannual clock set the previous summer

through photoperiodic entrainment, while emergence date

appears to be flexible relative to female emergence date. Con-

versely, in females the return to high body temperature and

timing of emergence, which occur nearly at the same time,

does not seem to be affected by spring soil temperature [49]

and may be influenced by the timing of spring snowmelt

and winter snow-cover [29]. Given that reproduction relies

on appropriate interactions between the sexes and this is

the driving force behind all biological decisions, understand-

ing how climate change will impact each sex and their

interactions is of critical importance.
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