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Summary: Most species of ground-dwelling squirrels are hibernating seasonal breeders that repro-
duce under environmental and climatic constraints. Hibernators pass 5-8 months in underground
hibernacula each year by subsisting on body fats stored during previous summer. Activation of the
hypothal amic-hypophyseal -gonadal axis takes place following terminal arousal from torpor, gonadal
recrudescence occurs post-hibernation, sometimes including a pre-emergence period when the animal
isstill sequestered in the hibernaculum, and mating takes place shortly after emergence from hiberna-
tion. Litters are born underground and first emerge above ground when about 4-5 week old. Among
rodents, ground-dwelling squirrels are reported to have the highest reproductive energy demandsfrom
mothers. The gonadal steroid feedback to gonadotropin releaseis absent in femalesand in malesitis
inoperative during breeding season but functions during reproductive quiescence. I ncreased testoster-
onelevelscoincidewith vernal reproductive activities, but progesteronelevelsin both parousand non-
parous females remain elevated in summer and decline in autumn and winter. Variable degrees of
reproductive suppression, which may also involve stress-mediated reproductive inhibition along with
other mechanisms, are reported for some ground-dwelling species. Circannual cycles of these animals
simulate natural photoperiods, but unlike other seasonal breeders, ground squirrels cannot be entrained
to constant changes in photoperiod, rather run free for less than 365 days. This paper discusses the
salient features of reproductive biology of the ground-dwelling squirrels in relation to hibernation,
stress and photoperiodism.
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Family Sciuridae of the order Rodentiain-
cludes ground-dwelling squirrels of subfamily
Sciurinae represented by Spermophilus (ground
squirrels; GSs), Marmota (marmots), Tamias
(chipmunks) and Cynomys (prairie dogs) genera.
Most species of ground-dwelling squirrels are
obligate hibernators and seasonal breeders that
livein diverse habitats and they exhibit remark-
able physiological adaptationsto seasonal envi-
ronmental factors. Ground-dwelling squirrelsex-
hibit avariety of social systems and mating sys-
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tems, and some engage in cooperative breeding
[1-2]. Research on sciurids has focused on
behavioral ecology [3-5], behavioral endocrino-
logy [6-12], circannual cycles[13-15] and hiber-
nation [16-18]. One species of marmots (wood-
chuck; M. monax) isused in biomedical research
as amodel for several human conditions, such
as hepatitis, primary hepatocellular carcinoma,
obesity and vascular diseases [19-21]. Ground-
dwelling squirrels can be potential subjects for
physiological research on the pubertal processes
of non-seasonal breeders because, as seasonal
breeders, they experience gonadal recrudescence
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on an annual basis. However, scientificinforma
tion regarding the reproductive biology of the
ground-dwelling squirrelsisfragmentary, though
some aspects such as mating behavior are well-
studied. Therefore, this paper attempts to syn-
thesize the available information on various as-
pects of reproductive biology of sciurids and
explores related factors that may directly or in-
directly affect their reproduction.

Hibernation in ground-dwelling squirrels

With a few exceptions most species of
ground-dwelling squirrels are obligate hiberna-
torsthat spend autumn, winter, and part of spring
each year in underground hibernacula. Some spe-
cies aestivate in summer. Incidence of hiberna-
tion differsamong closely related species; for ex-
ample, the white-tailed prairie dog (Canis
leucurus) is adeep obligate hibernator, whereas
the black-tailed prairie dog (C. ludovicians) isa
facultative hibernator at high altitudes and lati-
tudes, with other populations never exhibiting
hibernation [22-25]. In arctic GSs adult females
enter in hibernaculaduring July, adult malesand
juvenile females during August and September
and juvenile malesduring October. Within aspe-
cies, different age and sex classes usually start
and terminate hibernation at different times; for
example, adult males emerge from hibernation
before adult females in amost all species and
juveniles enter hibernation later than adults
[26,27]. Chipmunks, which start hibernation later
than GSsand marmots, also rely on cached food,
whereasall other ground-dwelling squirrelsgen-
erally rely on body fat stores[28]. Lateentry into
hibernation may not necessarily berelated to food
intake always as juvenile Richardson's GSs (S
richardonii) do not hibernate until October but
still depend on fat rather than seeds [3]. In cap-
tivity, lack of food and low temperature are the
major inducers of hibernation and, if imposed
late during their normal hibernation period, do
not trigger hibernation in captive animals [29]
indicating that hibernation is an adaptive re-
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sponseto low temperatures and food shortagein
free living conditions. However, in the wild, in
some species such as Richardson's GSs and
Anatolian GSs (S xanthoprymnus); certain co-
horts start hibernation in June and July when food
is plentiful and temperatures are still increasing
[3] indicating the role of some other inducing
factors.

During 5 to 8 months (mo) of hetero-thermy
season, ground-dwelling squirrels conserve en-
ergy by lowering body temperaturesto near am-
bient soil temperatures; in some situations fall-
ing as low as “2°C [30,31]. Before entering hi-
bernation, brown adipose tissue and metabolic
machinery increase2-3 fold [32,33]. During hi-
bernation, bouts of torpor (deep hypothermia; 80-
90% of hibernation period) are periodically in-
terrupted by intervals of spontaneous arousals
(normal body temperature) of afew hours (hrs)
[34]. Many physiological and cellular processes
including respiration, digestion, renal metabo-
lism, mitosis, tranglation and immune function
are arrested during hibernation [35,36]. Evenin
the non-hibernating state, ground-dwelling squir-
rels tolerate hypoxia and ischemia better than
non-hibernating animals [37]. Heart rate de-
creases to 1% of the euthermic state during tor-
por, yet the heart recovers without fibrillation to
beat normally during each inter-bout arousal
[38,39] with remarkable property of
neuroprotection fromischemiaand hypoxiaeven
when cerebral blood flow decreases 80—90%
during torpor [18,37,40]. However, after hiber-
nation ground-dwelling squirrelsexhibit reduced
performancein hippocampal -dependent memory
tasksincluding adiminished ability to recognize
previously familiar squirrels, though they retain
theability to recognizelittermates and other close
kin [41-43]. Such remarkable properties of hi-
bernators even in the absence of environmental
cues may be attributed to their molecular genet-
ics [44] which make them physiologically dis-
tinguished from non-hibernatorsto copewith an
environment with high carbon dioxide and low
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oxygen levels.

Increased secretion of testosterone (T) at the
end of heterothermy is associated with earlier
emergence of adult males from hibernation than
subadult males or adult females. Furthermore,
much higher incidence of hibernation in captiv-
ity by femalesthan by malesindicatesthat T may
have ahibernation-related rolein ground-dwell-
ing squirrels [45]. In several other hibernating
mammals, such as hamsters, implantation of T-
filled silastic capsules inhibits torpor [46]. In
castrated golden-mantled GSs (S. lateralis), the
administration of high T concentration (compa-
rableto those of intact males at the end of hiber-
nation season) prevents entry into hibernation
while moderate concentrations of T reduce tor-
por duration [47]. Furthermore, castration 1-3
week (wk) after terminal arousal from torpor can
reinstate hibernation in this species [48]. It has
been opined that a T-independent mechanism
may trigger arousal from torpor but T-dependent
processesareinvolved in reinstating torpor at the
endof an arousal period [47]. Thyroid hormone
and prolactin (PRL) also beginto rise around the
time of terminal arousal fromtorpor [11] and may
affect the transition from hibernation to active
life and subsequent reproductive activities.

Hibernationisawell-regulated processand
many partsof brain appear to beinvolvedin con-
trolling seasonal heterothermy. The suprachias-
matic nucleus (SCN) of the hypothalamuswhich
isacircadian pacemaker also affects hibernation
but in adifferent manner. In the golden-mantled
GSs, metabolic activities in the brain decrease
markedly as animals enter torpor, whereas meta-
bolic activitiesincrease in the SCN and ablation
of the SCN increases duration of torpor bouts
and hibernationincidence [17]. Withinthebrain,
turnover of norepinephrine, dopamine, serotonin,
thyrotropin-releasing factor and endorphin de-
creases during hibernation but vasopressin,
enkephalin and histaminelevelsincrease. Hista-
minergic neurons found in many parts of brain
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areinvolved intheregulation of hibernation such
as hippocampus and brainstem reticular forma-
tion[49]. Melatonin circadian rhythm isthought
to be involved in timing hibernation in the
ground-dwelling squirrels [50]. Such observa
tions suggest that the regulation of hibernation
involves complex neural pathways intricately
linking many aspects of animal physiology un-
der an endogenous oscillator that time seasonal
activities under environmental constraints.

Body mass cycle

Ground-dwelling squirrels exhibit annual
variable seasonal body mass cycle (marmots
weigh several kg whereas small Spermophilus
species such as 13-lined GS weigh less than 250
0). In hibernating species of ground-dwelling
squirrels, body weight increases 25-100% over
the active season and then declines by 25-50%
during hibernation [19,51]. There isless dispar-
ity in emergence weights between males and fe-
males, but males gain weight more rapidly and
achieve higher peaks than do females irrespec-
tive of sex differences in gonadal hormone se-
cretion [52,53]. Mgjority of studieshave utilized
captive sciurids to understand the mechanisms
of body mass cycle. Ad libitumfed golden-man-
tled GSsalso exhibit acircannual rhythmin body
mass due almost entirely to fluctuations in fat
reservoirs in captivity [54]. However, in gona-
dectomized golden-mantled GSs, estrogen (E)
treatment during both mass gain and mass loss
phases reduces the amplitude of annual cycle
[15]. In captive woodchucks, food intake and
respiratory quotient correlate with free thyroxin
(T,) levels[S5] and T, levelsare highest in spring,
which then decline in summer, are at nadir in
early autumn, and increase slightly in early win-
ter. Coincidentally, PRL levels also increase in
late winter and early spring which is associated
withincreaseinrelativefood intake[11]. Onthe
other hand, high leptin concentrations are asso-
ciated with decrease in food intake [12], and
leptin administration disrupts circannual rhythm
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of feeding behavior and body weight gainin arc-
tic GSs [44,56,57]. Since animals face much
more complicated situation in the wild than in
captivity, it can be assumed that circannual cy-
cle of body massis regulated by an endogenous
oscillator by interacting with many sensory and
physiological processes. Yet the neuroendocrine
mechanisms of such an oscillator arenot yet fully
understood.

Mating

In the ground-dwelling squirrels, mating
systems are usually either monogamous or
polygynous but polyandry does exist. Generally,
more socia species such as hoary marmots (M.
caligata), Vancouver Island marmots (M.
vancouverensis) and Olympic marmots (M.
olympus) are monogamous with only a few
populations exhibiting polygyny whilein others
such aswoodchucksand yellow-bellied marmots
(M. flaviventris) relatively lower sociality is as-
sociated with polygyny [58]. Group sizemay also
influence mating pattern as in hoary marmots
smaller groups usually consist of amonogamous
pair, whereas polygyny is prominent in larger
groups[59]. It isthought that monogamy ismore
likely to occur in resource-limited habitats and
where the reproducing pair may suppress repro-
duction of the other members of the group, pre-
sumably for the sake of warming juveniles dur-
ing hibernation [60].

In smaller species, both sexes of ground-
dwelling squirrels achieve sexual maturity as
yearlings. However, in larger species of
Spermophilus and in Cynomys and Marmota,
males often do not breed until 3 or 4 yearsof age
and females may not breed until at least 2 years
of age (Michener, pers com). Among marmots,
Vancouver Iland marmot, Olympic marmot, and
hoary marmot attain sexual maturity at threeyears
of age[61-63] while sexual maturity isachieved
earlier by yellow-bellied marmots[64] and later
by golden marmots (M. caudata) [4]. Like many
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other mammals, ground-dwelling squirrels ex-
hibit variable degree of cooperative breeding. In
alpine marmots (M. marmota), males help in
warming and thus increasing offspring survival
during hibernation. Inthese animals, mothers can
produce more sons when hel pers are needed but
have unbiased sex ratio of the offspring when
helpersare present [65]. On the other hand, black-
tailed prairie dogs, which are the most socially
integrated among the ground-dwelling squirrels,
exhibit the least cooperative breeding [66].

Adult malesemerge from hibernation acou-
ple of wk earlier than females in most species
[45] which providestimefor testicular recrudes-
cence and spermiogenesisto be completed by the
time females emerge from hibernation and this
maximizes their mating opportunities in a
polygynous system [28,34]. Gonadal recrudes-
cence in both sexes takes place after terminal
arousal from torpor; in some species, males re-
main sequestered in the hibernaculum after ter-
minal arousal, so recrudescence occurs in the
post-hibernation pre-emergence period and is
energetically expensive because males are still
exposed to cold soil temperatures [34]. In some
species such as Richardson’s GSs, after emerg-
ing from hibernation, males exhibit a dynamic
territoriality depending on the availability of
estrous females which are receptive for a short
period after emerging from hibernation [67,68].
Most ground-dwelling squirrelsare monoestrous
[69,70] and induced ovulators[71] with the estrus
period varying from afew hrsto 27 days depend-
ing on mating opportunities[70,72,73]. However,
in free living conditions, estrus period usually
remains very short. Ovulation occurs within 10-
36 hrs post-copulation and mated femal estermi-
nate estrus within 12-72 hrs [6,71]. The long
estrus period and induced ovulation may serve
to ensure optimum reproductive success by in-
creasing mating chances [6]. Mating seasonsin
spring last for 1-4 wk depending on the species
and year [14,34,71], and gestation period in vari-
ous ground-dwelling squirrel speciesranges be-
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tween 23 and 40 days. Females give birth to a
singlelitter during March to June, depending on
the species and geographic location [6,7,29,
65,74-76], and pups are weaned after 4-6 wk. In
adults of both sexes, gonadal regression occurs
during summer [14,34,51].

The annual cycle of heterothermy has pro-
found effects on endocrine and reproductive sys-
tems, and females tend to optimize litter size to
their physical condition and social circumstances
[77]. Thus, time management affects reproduc-
tive output of sciuridsasearly emerging females
mate earlier and have larger litters with more
male offspring. Late-reproducing females tend
to wean their offspring at a younger age in an
effort to preparefor hibernation [78]. Higher re-
productive investment of females than that of
males may lead to low overwinter survival or a
delayed estrus in the next season [6,29]. Mater-
nal reproductive investment during lactation
among rodents is reported to be quite high for
sciurids [75], especially for yearlings [79]. In
alpine marmots and golden marmots, the amount
of food resourcesisdirectly related to the number
of offspring weaned [80]. In wild popul ations of
arctic GS(S parryii), addition of food isreported
to increase the percentage of females that lac-
tate, increase litter size and population density
[81-84].

Hypothalamic-hypophyseal-gonadal axis

In ground-dwelling squirrels, elevation in
[uteinizing hormone (LH) is associated with the
onset of the breeding season [34]. In captive
golden-mantled GSs, peak LH concentrationsare
higher and earlier in males than in females with
LH levels peaking during spring and summer and
then declining to low or undetectable levelsdur-
ing autumn and winter. Infemales, hypothalamic-
hypophyseal-gonadal (HPG) axis runs indepen-
dent of gonadal steroid feedback. Thus, castra-
tion during early lifeleadsto an early risein LH
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secretion, but an equivalent phenomenon does
not occur in gonadectomized females. This sex
difference can be reversed by neonatal
androgenization of females [53,85]. In males,
testicular negative feedback to LH isinoperative
during breeding season but works during rest of
the year. Plasma LH levels persistently elevate
within a few days after bilateral orchidectomy,
whether performed before or after breeding sea-
son in adults. Gonadectomy of prepubertal (2.5
mo old) male GSsleadsto arelatively brief peak
in plasma LH which is followed by restoration
of near baseline levelsfor 3 mo whereasthereis
a more sustained elevation of LH in older ani-
mals after gonadectomy [86]. Thus, sex steroid
imprinting in ground-dwelling squirrels appears
to involve some unique aspects especially in de-
velopment of gonadal feedback to gonadotropins.
In woodchucks, administration of pregnant mare
serum gonadotropin and human chorionic gona-
dotropin in combination for four wk markedly
stimulatestesticular growth (increasein volume,
diameter and luminal area of seminiferous tu-
bules) and restores spermatogenesis in the re-
gressed testes. Such ahormonal stimulation aso
resultsinasignificant risein serum T levelsand
testicular T content (without changing Leydig cell
number), which isalso associated with amarked
increase in epithelial height in accessory repro-
ductive glands [87]. Similarly, estrus can be in-
duced in sexually quiescent woodchucks by ex-
ogenous administration of gonadotropins [70].
Activation of gonadotropin secretion in hibernat-
ing juvenileground-dwelling squirrelsisdelayed
upto 1 mothanin juvenilesthat could not hiber-
nate when housed under identical conditions[46].
These observations shows that ground-dwelling
squirrels have evolved annual rhythm of HPG
axis under selection pressures of cold and food
shortage that works under an endogenous oscil-
lator to time seasonal reproductive activitiesina
harsh environment where spells for active life
are just enough for juvenile growth before their
first hibernation.
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Testicular cycle

Testes are fully regressed before ground-
dwelling squirrelsenter hibernation, and in many
species gonadal maturation is amost complete
by the time they emerge from hibernation but a
few species exhibit poorly devel oped gonads on
emergence[34]. Inlaboratory conditions, testicu-
lar recrudescence is observed in the absence of
hibernation, with testisenlargement and T secre-
tion independent of food and light deprivation
[45]. At the start of heterothermy in golden-man-
tled GSs, seminiferous tubules are small, with-
out a lumen and the germinal epithelium con-
sists of only spermatogonia and Sertoli cells.
Reproductive maturation in this group during
heterothermy consists of slight increase in go-
nadal mass but there is no spermatogenesis be-
yond the pachytene stage[34,46] Usually, within
a few days after the terminal arousal from tor-
por, gonadotropin and androgen levels increase
leading to rapid testis growth with the comple-
tion of meiosis and spermiogenesis. In this pre-
emergence period, plasmaT levelsare moderate
but sufficient to maintain spermatogenesis. Af-
ter emergencefrom hibernation, T levelsincrease
to concentrations that may be necessary for re-
productive behavior and mating. Nearly 10 wk
post-hibernation, gonadotropins and androgen
return to near basal levels, spermatogenesis
ceases, and testes are regressed [46,51]. How-
ever, in captive woodchucks, thereis atransient
hypertrophy and hyperplasia of interstitial cells
after the breeding season [45]. Whereasin many
species such as CaliforniaGSs (S beecheyi) and
golden-mantled GSs, T levels remain high only
during the mating season, T levelsin arctic GSs
are high both at the mating period and at the end
of the summer [27]. It is postulated that high T
levels mediate aggressive behavior for intra-
sexual mating competition and are associated
with defending territoriesin late summer. Inarc-
tic GSs, the adrenal gland rather than the testis
appears to produce higher quantities of T under
corticotropin stimulation and non scrotal males
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exhibit high T levels[27].

Persistent T levelsonly elevate near theend
of heterothermic season and not during inter-bout
arousals when T levels increase marginally, in-
dicating that testicular maturation in ground-
dwelling squirrels starts at the end of hiberna-
tion and peaks during post-torpor pre-emergence
period under an endogenous oscillator. Such a
mechanism may involveincreased T responsive-
ness or a decrease in sensitivity of feedback in-
hibition of LH by T during the last part of
heterothermy [46]. In golden-mantled GSs, go-
nadotropin stimulation of androgen secretion
does not occur at torpid temperatures in vitro
[88]. Thereis some circumstantial evidence that
reduction in torpor frequency (longer inter-bout
arousal) during the hibernation season advances
testicular development [ 34]. Furthermore, expo-
sition to warmer temperatures (30°C) during late
hibernation leads to earlier sexual maturation
[89]. On the other hand, in captive golden-man-
tled GSs, precocious cooling (20 wk exposure at
6°C in the fall) results in earlier onset of
pigmented scrotum and descended testes com-
pared with the controls. The precocious cold ex-
posure also appears to affect circannual rhythm
as in some animals enlarged descended testes
persist for more than ayear [90].

Threshold levels of body fats appear to be
permissive for testicular growth. Juvenile male
golden-mantled GSsprevioudy held at 23°C and
fed a high-fat diet then underwent hibernation,
weighed more and exhibited higher plasma T
levels than the chow-fed controls following hi-
bernation [91]. High concentrations of leptin
have an inhibitory and low leptin levels have
stimulatory effect on gonadotropin secretion. A
possible role of leptin in the seasonal reproduc-
tiveactivitiesin the ground-dwelling squirrelsis
evident from studies of woodchucks in which
serum concentrations of leptin are very low when
gonadal recrudescence starts and increases dur-
ing gonadal regression [12]. Captive ground
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squirrels tolerate low temperatures better than
marmots during hibernation [4,16], and male
yearling woodchucks are not a significant com-
ponent of the breeding population unlike golden-
mantled GSs, in which T levels are similar in
captiveyearlings and adults[92]. However, spe-
cies differences in body mass may also contrib-
uteto thisfeature. Histaminergic activitiesin the
brainincrease during hibernation, may be at some
point histamine modul ates the circannual oscil-
lator's trigger of gonadal recrudescence, as in
reptiles, histamine can increase or decrease T
production at low or high concentration, respec-
tively [93]. Taken together, ground-dwelling
squirrelsdisplay some unique physiological traits
of testicular recrudescence which permit them
to prepare for vernal activities before the com-
mencement of breeding season in extremely
harsh environment and processing of tempera-
ture-related sensory information appears to be
much complicated in these animals.

Ovarian cycle

In ground-dwelling squirrels, elevated se-
rum E levelsduring pre-estrus and estrus are as-
sociated with increase in vagina cornification
and leukocyte infiltration [6]. Once animals be-
come anestrus, E levels drop after aweek post-
estrus [ 70]. Besides inducing behavioral estrus,
E also maintains copulatory neuroendocrine re-
flexes. Unmated females exhibit a prolonged
estrus. In many ground-dwelling squirrels, the
presence of males and mating stimuli consider-
ably influence estrus, presumably because of in-
duced ovulation. In Spermophilus species, fe-
mal eswithout accessto males have significantly
higher E levels during estrus and metestrus
phases than those with accessto males|[6]; how-
ever, normally all females in free-living
populations do have accessto malesand usually
all mate shortly after they enter estrus. In wood-
chucks, ovulation of 6-10 ovais followed by a
marked increase in serum progesterone (P) lev-
els[71]. In pregnant woodchucks, the number of
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uterine implantations is never more than the
number of corpora lutea (CL) and transcornual
embryo migration is prevented by a duplex cer-
vix. The CL are larger afterwards than during
pregnancy and persist 3-4 mo postpartum along
with elevated serum Plevel sindependent of suck-
ling. Less than 25% subadult (<2 years old) fe-
mal es become pregnant and, asyearlings (1 year
old), they have several small CL [74,94]. Non-
parous females which luteinize spontaneously,
like parousfemales, have elevated Plevelsinlate
spring and early summer [14]. Progesterone lev-
els are higher and rise approximately 2 wk ear-
lier in non-parous adult woodchucksthanin non-
parous yearlings, whereas P levels in adult and
yearling CaliforniaGSs (which are sexually ma-
ture) rise smultaneously but yearlings exhibit
lower Plevelscompared to adultsthroughout the
breeding cycle. Whereas high P tends to inhibit
lactogenesisin other rodents, it appearsunlikely
in ground-dwelling squirrels since P levels are
highest during | actation and healthy offspring are
weaned [95].

Though P profile of alpine marmots and
yellow-bellied marmots is similar to that of
woodchucks, in alpine marmots there is a tran-
sient decrease in P levels soon after parturition,
followed by recovery after several hours[7]. In
the prairie dogs which are monoestrous sponta-
neous ovulators[96], the CL remains active and
P levels are high for 14 wk in the breeding sea-
son. In unmated black-tailed prairie dogs, which
are monoestrous spontaneous ovulators, P con-
centration increase spontaneously within 2 weeks
of estruswhich are maintained for 8-10 wk. How-
ever, Plevels are relatively lower than those of
pregnant and postpartum females [96]. In the
thirteen-lined GSs (S. tridecemlineatus) which
maintain secretory CL for at least 2 months post-
partum, the placenta is unable to provide P re-
guired to maintain pregnancy as ovariectomy of
pregnant females results in fetal resorption or
abortion [95]. In apine marmots, peripheral re-
laxin concentrations increase significantly dur-
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ing the early part of pregnancy indicating itspri-
macy in implantation rather than in parturition
in this species[7]. In primates relaxin secretion
is aso high during first trimester of pregnancy
and low in the third trimester, whereas in pigs
and ratsitslevels are associated with parturition
[97]. Thus, the selection pressuresfor optimizing
female reproduction in the ground-dwelling
squirrels haveled to the evolution of many char-
acteristicswith species-specific repertoires such
as monoestrus reproductive cycles, persistent
high P level s after parturition and even capabili-
tiesto adjust sex ratios of offspring, making these
animalsdistinct from other groups of mammals.

Reproductive suppression and stress

Ground-dwelling squirrels exhibit variable
degree of reproductive suppression. However, in
most Spermophilus species, reproductive sup-
pression is amost absent in females as all fe-
maleswean litters. In apine and golden marmots,
onefemalereproduces per social group, whereas
in yellow-bellied marmots (M. flaviventris) re-
productive suppression is low [98]. In such
ground-dwelling species, subordinates are de-
barred from reproductive opportunities by domi-
nant individuals. Dominant males, which are
usually territorial, attack unrelated subordinate
males, and in some large species dominant fe-
males frequently behave agonistically with sub-
ordinate females [99]. In sciurids, infanticide is
exhibited by both the sexes but in some species
it isapredominant male behavior [100] whichis
more common in black-tailed prairie dogs and
golden marmots [101]. Maestaking over ater-
ritory or social group may kill the progeny of the
looser [102]. In the majority of ground-dwelling
squirrels, there is a significant skewing of sex
ratios among adultsin favor of femaleswhichin
breeding animals further intensifies as asignifi-
cant number of breeding males die immediately
after the breeding [103] owing to stressful in-
tense competition for access to females.
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Ground-dwelling squirrelsface avariety of
stressors that may affect their reproduction.
Chronic stress may be due to unpredictable de-
creased food supply, socia status, population
density, habitat quality and predation[8,104]. In
anine-year study of wild arctic GSs, removal of
predators significantly improved litter size and
percentage of females that lactated and weaned
litters[81] besidesincreasing population density
[105]. Sources of acute stressinclude attempted
infanticide, agonism during mating competition,
low food availability, and exposure to unfamil-
iar locations and conspecifics during natal or
breeding dispersal [8]. Adrenal glands of
Belding's GSs (S beldingi) are largest about 1
month after emergence from hibernation then
decrease sharply afterwards [8]. Captive Euro-
pean GSs (S. citellus) show low glucocorticoid
(GC) levelsafter hibernation, followed by anin-
crease during and after reproduction [106]. On
the other hand, chipmunks have low GC levels
during the mating period, highest levels during
lactation, and GC levels are again low in sum-
mer when juveniles emerge and enter the above-
ground population [107]. Alarm calling in re-
sponseto predatorsin marmotsisassociated with
higher concentrations of fecal GC metabolites

9.

Stress is known to activate the hypo-
thalamic-pituitary-adrenal (HPA) axisleading to
increased body metabolism. Thus an exhaustive
metabolism as a result of intense chronic stress
may cause infertility, inhibition of growth, and
impaired resistance to diseases. In male arctic
GSs, which undergo stressful intrasexual com-
petition, reproduction increases mortality, with
50% of adult malesdying soon after breeding. In
this species, adult breeding males exhibit the
highest levels of free cortisol, the lowest maxi-
mum cortisol binding capacity and a very poor
immune response compared with populations
with low stress. Stressed animals also have low
hematocrit and fewer white blood cells, but more
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eosinophils than animals with less stress
[108,109]. The conventional dogma for stress-
mediated reproductive suppression focuses on
HPA-HPG nexus emphasi zing that reproductive
inhibition precedes release of corticotropin re-
leasing hormone and & endorphin which suppress
gonadotropin releasing hormone (GNRH) secre-
tion. Peripherally, GCs suppress androgen pro-
duction by affecting action of gonadotropins on
sex steroid-producing cells and by decreasing
pituitary responsivenessto GnRH. Such mecha
nismsmay participatein pubertal delay, suppres-
sion of ovulation, blocks to implantation and
spontaneous abortion [10].

However, therole of HPA axisin stress-me-
diated reproductive suppression remains obscure.
Anincreasein T levelsin arctic GSs following
ACTH injection suggests that natural stressors
such as aggression may augment T levels rather
than suppressing it. Juvenile male arctic GSsin
mid-August face chronic stress associated with
dispersal but still their T levelsare elevated [27].
In male yellow-pine chipmunks, T levelsdecline
and GC levels tend to peak after the mating pe-
riod. Though exogenous T significantly reduces
plasmaGC |levelsin post-reproductive male chip-
munks, the ability to increase GC levelsin re-
sponse to trap-related stressor remains intact,
even when T levels are high [110]. Therefore,
besideswell established mechanismsof suppress-
ing reproductive metabolism by increased HPA
activity, speciesdifferencesdo exist to challenge
thisgeneralization. Furthermore, itiswell estab-
lished that during early postnatal life, whereas
high GC levelsadversely affect behavioral learn-
ing, moderately elevated GC levelssignificantly
improves associative and spatial learning in ro-
dentsincluding sciurids; juvenile squirrelslearn
appropriate anti-predation behaviors soon after
emergence from natal burrow, atime when they
have to face stress from predators and infanti-
cidal conspecifics [104].
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Circannual rhythms

In the ground-dwelling squirrels, annual
changes in body mass, hibernation, and repro-
duction are governed by temperature-compen-
sated circannual rhythmswhich are not actually
derived from, but rather synchronized or en-
trained by, the photoperiodic cycle [111]. Thus,
under natural photoperiodic conditions, acircan-
nual rhythm last for 12 mo but under constant or
mani pul ated photoperiodsit may last for lessthan
12 moi.e. run free[13]. Such rhythms are diffi-
cult to precisely describe because it is often not
feasible to isolate animals (which usually have
short life spans) fromall environmental variables
that influence cycle[15]. Entrainable circannual
rhythmsare also reported for serum PRL, T, and
leptin in captive woodchucks [11,12]. Whereas
block (constant) changesin photoperiod such as
persistent long/short days and transition from
long days to short days cannot perturb the cir-
cannual cycle, photoperiods involving daily
changes that simulate natural photoperiods pre-
vent free running [11]. In woodchucks, transi-
tion from Northern Hemisphere (boreal) to the
Southern Hemisphere (austral) photoperiods
leads to approximately 6 mo phase advanced
entrainment in the body weight and gonadal cy-
clesafter 28 mo [14]. In contrast, circannual cy-
clesin several speciesof non-sciurid rodentssuch
ashamsters, voles, sheep, deer, ferrets, and mink
are highly dependent on the photoperiod
zeitgeber. In these rodents circannual cyclesare
readily desynchronized by neutral photoperiod,
or phase-shifted or re-entrained by block changes
in photoperiod [51, 112].

In the ground-dwelling squirrels, seasonal
circadianvariationsin locomotor activity too are
regulated by a circannual clock which is neither
dependent on nor influenced by concurrent
changesin secretion of gonadal hormones[113].
In golden-mantled GSs kept in constant light at
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22°C for several years, the circadian locomotor
rhythm does not corresponds exactly to photope-
riod, but islessthan 24 hrsin summer and greater
than 24 hrs during winter and the seasonal pat-
terns recur at 10.5 mo interval [114]. Seasonal
changes in the duration of nocturnal melatonin
secretion appear to be necessary to produce such
phase delays required to entrain the circannual
clock to a period of 12 mo [115]. In marmots,
during extremely short photoperiods (8L:16D
and 4L:20D), plasma melatonin levels remain
highlonger. The pineal gland may also influence
body temperature regulation through the daily
melatonin secretory profile [50] and aterations
in circannual rhythms have been reported in
golden-mantled GSsupon lowering temperatures
in the fall and spring [90]. Whereas, melatonin
treatment in late summer phase shifts reproduc-
tive and body mass rhythms of juvenile female
GSs durably; it is ineffective if carried out in
spring [114].

Conclusion

Reproduction isacostly exercisefor hiber-
nating species of ground-dwelling squirrels
whose annual cycle of activity and hibernation
ischaracterized by reproduction shortly after the
end of the lengthy heterothermal period. Asis
typical of most mammals, malesincur the stress
of intra-sexual competition and femalesincur the
stress of gestation and lactation. Hibernation has
aprofertility effect and hibernators must prepare
for the upcoming heterothermic period after they
have completed reproductive activities for the
season. Whereas gonadotropins are pro-repro-
ductive hormones, prolactin, leptin, and gonadal
steroids aso haverolesin hibernation-reproduc-
tion nexus in sciurids. Different species of
ground-dwelling squirrels exhibit variable de-
grees of reproductive suppression and stress-
mediated mortality. Ground-dwelling squirrels
exhibit annual variable seasonal body mass, re-
productive and endocrine cycles constituting cir-
cannual rhythms that are not derived, rather en-
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trained by natural photoperiod unlike most of
other seasonal breeders. Thefragmentary knowl-
edge of the reproductive biology of the ground-
dwelling squirrels provokes quests in many ar-
eas such as the mechanisms underlying gonadal
recrudescence, hibernation-reproduction nexus,
roleof adrenal and HPA axisin reproduction, and
mechanismsof circannual rhythms. Some unique
aspects of HPG axis such as sex steroid feed-
back to gonadotropin secretion in ground-dwel |-
ing squirrels make them useful modelsfor study-
ing neuroendocrine mechanisminvolved in neu-
ral plasticity leading to GnRH neuron matura-
tion/ activation. Unique endocrinological obser-
vations such as persisting elevated postpartum P
levels and the notion that adrenals may produce
T under pituitary stimulation in arctic GSs in-
vites further investigations. Ground-dwelling
squirrels can also be a good model to study the
mechanisms by which GCs inhibit responsive-
ness of pituitary cellsto GhRH which appearsto
beinfluenced by sex steroids. In Pakistan Hima-
layas, Karakuram and Hindukush ranges provide
habitat to two species of marmots (Himalayan
marmot and golden marmot) which can be use-
ful modelsfor behavioral and physiological stud-
ies.
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