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Abstract

Emergence mass is highly correlated with immergence mass, but explains about 55% of the variation. There is a 2-
fold difference in body mass among marmot species. Total mass loss during hibernation is correlated with immergence
mass. All measures of mass loss are correlated with each other. Big species may be big because they require the use of
considerable mass during hibernation; however, mass loss is not significantly correlated with the length of hibernation.
Body mass is related to the age of first reproduction and length of the active season. Environmental harshness may provide
a unifying theme that integrates life-history traits and patterns of mass loss. Evidence for environmental harshness is
derived from patterns of female reproduction, mass loss following emergence, variation in home-range size, time of mating,
and reproductive skipping. The major sources of mass loss are maintenance during hibernation, reproduction, social
thermoregulation, and post-emergence environmental stress. The importance of these four sources of mass loss vary among
species and should determine the differences in body mass among species of marmots. Patterns of mass loss are related to
social systems.
Key-words: mass, mass loss, environmental harshness. immergence, emergence, life-history traits.

Peziome

Macca mena cypkos ROCIe CREUKU O08OMGHO MOUHO KODPERUpyem ¢ MAccoli mena nepeo ee nayanom. OOHAKO, CIMamucMuyecKy
sma xoppensyua cocmaenrem npumepHo 55%. B mo oce epema noxazamenu eeca y pazibix 61008 poda Marmota omauyaomcs nNpUMepHo
& 0aa paza. Obwue nomepu eeca 60 6PEMA CHAYKU KOPpeRupyom ¢ Mmaccoti mena cypxos neped 3anezanuem. Bce snauenus nomepu maccol
xoppenupyiom mexcoy coboti. Kpynhvie no pasmepam sudvl A61AI0MCA MAKOBLIMU, NOMOMY 410 OHY SBIHYIHCOEHBL MEPAMb MROZ0 IHEPIUU
60 apems cnsuku. Oonaxo, macca mena He 8ce20a 4emxo KOppeaupyem ¢ npPOOORNCUMETbHOCMbIO CRAYKU. Macca mena 6 3navumesnsrotl
Mepe onpedessiem 603pAcM HACMYNJEHUR DEANbHON NONCEON 3PeOCINU y CYPKOG, d MmaKice OnUHY U NPOCONNCUMENLHOCD AKMUBHOZO
nepuoda 20006020 yuxna. Peskas cmena ycaosuti OKpYNCaIoweti CpeChl MOXCEM HAPYWUMY CONCUBWMULICE PUMM, UIMEHUMb JCUSHEHHbIE
YUKAb U NPUBECMU K UIMEHEHUIO OUHAMUKYU NOMEPL 6eCa. Ovuesudno, ymo Hebnazonpusmmusie Gaxmopsl oxpyxcaiowel cpedst Mozym
UIMEHAMD NOKA3AMENYU PASMHONCEHUR Y CAMOK, NOMEPU MACCHL meaa nocie 661X00a U3 HOP BECHOI, PAMEDSI UHOUBUAYANLHBIX YNACIKOS,
GpeMs PARMHOJICEHUA U Yacmomy paMHoxceruii no zooam. Haubonvwue nomepu 6eca y cypkoa NpOUCX00Am 60 8peMs CNAYKY U3-3a
COYUANbHOU MEPMOPESYARYUU, PASMHONCERUS U CMPECCA NOCIE OKOHUAHUR CHANKY. Cmenens Oeiicmeus smux Gakmopos omaunaemes y
Da3HbIX 6UO0E HCUBOMHBIX U OONHCHO, NO HAUWEMY MHERNIO, onpedensimo pasnuus MACCHl Mena y Pa3Hbix U008 CYPKOS.

Kitoueenie cn06a: macca, nomepu mMaccyi, uamenenua okpyicaroueis cpedbl, NOAGIeHYUe NOCE CRAYKY, JARe2anUe 6 CNAY
0COBEHHOCIY HCUSHEHHO20 YUKAQ.

Résumé

La corrélation entre I masse corporeffe 4 la sortie d’hiibernation et celfe 3 Pentrée en hibernation est Importante, mais
n’explique que 55% de la variation. La masse corporelle des espéces de marmottes varie du simple au double. La perte de masse
corporelle au cours de I'hibernation est en corrélation avec 12 masse corporelle lors de I'entrée en hibernation. Toutes les mesures
de perte de masse corporelle sont en corrélation entre elles. Les espéces pourralent étre de grande taille car elles doivent dépenser
une masse considérable pendant I'hibernation ; cependant, I3 perte de masse n’est pas en corrélation avec la durde de I'hibernation.
La masse corporelle est liée 3 V'ige de la premiére reproduction et 4 12 durée de Iz saison d’activité. La dureté du millev pourrait
fournir Je cadre unificateur, intégrant les traits d’histoire de vie et les canevas de perte de masse corporele. L’importance de /a
sévérité du milieu découle des patrons de reproduction des femelles, des pertes de masse sulvant la sortie d’hibernation, de la
variation de 13 taille du domaine vital, du moment de Faccouplement et des arréts de reproduction. Les principales sources de perte
de polds sont dues 4 l'entretien pendant Ihibernation, [3 reproduction, ia thermorégulation soclafe et 13 pression du milleu aprés la
sortie d’hibernation. L’importance de ces quatre sources de perte de poids varie suivant les espéces et pourrait entrainer les
différences de masse corporelle des espéces. Les patrons de perte de poids sont liés aux systémes sociaux.
Mots clés: masse, perte de poids, dureté du milieu, entrée en hibernation, sortle d’hibernation, traits d’histoire de vie,
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Introduction

Marmots are the largest mammals known to be true hibernators. A major advantage of large body size is
that energy (fat) storage scales directly with mass (M") and the rate that energy (fat) is used at environmental
temperatures below the thermal-neutral zone scales with mass (M®?) (French 1986). Thus, a large marmot can
accumulate absolutely more mass than a small marmot and use the stored mass at a slower rate. Therefore, a
larger marmot could hibernate longer or have more mass available for euthermic activities when food is
insufficient to meet energy requirements after emergence.

Body mass undergoes seasonal changes and follows a circannual rhythm in yellow-bellied marmots,
Mamota flaviventris (Ward & Armitage 1981) and probably in all marmot species (Davis 1976). Minimal body
mass occurs at or near the time of emergence from hibernation and may be used as an index of body size (lean
tissue, which reflects somatic growth). Maximal mass occurs at the time of immergence into hibernation and
includes lean tissue and fat. The difference between the emergence mass and the immergence mass is a measure
of mass use during the hibernation phase of the annual cycle.

We extracted body mass and mass loss data from the literature and calculated measures of mass loss from
immergence and emergence masses and the length of hibernation (Table 1; see caption for Fig. 1 for references).
Although we recognize that mass values may differ for different populations or sub-species of a species, we
ignored these differences. Our goal was to look for broad trends and comparisons among species.

Emergence mass is highly correlated with immergence mass, but this correlation explains only about 55%
of the variation between these two measures of mass (Fig. 1). For example, M. olympus and M. caligata have
larger immergence masses than would be expected from their emergence masses. There is about a 2-fold
difference in body mass among the 13 species included in this analysis. The variation in mass among species and
the variation in the relationship between emergence and immergence masses raises the question of what accounts
for these differences. Specifically, we address issues related to mass loss as measured by the difference between
immergence mass and emergence mass.

Table 1.
Body-mass (g) and mass loss during hibernation for Marmota.
IM = immergence mass, EM = emergence mass.
Mass | % of Loss Mass specific Length of

Species M EM Loss | IM lost | (g/d) | Loss (mg/g IM/d) Hibernation
baibacina 5583 | 3978 | 1605 28.7 7.64 1.37 7.0
bobak 4120 | 2910 | 1210 29.4 5.14 1.25 7.7
caligata 6187 | 3283 | 2904 46.9 13.8 2.23 7.5
camtschatica 4748 | 2900 | 1848 38.9 7.39 1.56 ' 8.2
caudata 3023 | 2631 | 1292 32.9 5.33 1.36 7.6
flaviventris 3431 | 2422 | 1009 29.4 3.90 1.14 7.5
himalayana 6420 | 3445 | 2975 46.3 12.4 1.93 7.5
marmola 3987 | 2825 | 1236 31.0 6.45 1.62 6.5
menzbieri 3760 | 2321 | 1439 38.3 5.99 1.99 8.0
monax 4718 | 3356 | 1362 28.8 10.1 2.14 4.5
olympus 7100 | 3350 [ 3750 52.8 16.7 2.35 7.5
sibirica 3960 | 2550 | 1410 36.5 7.05 1.78 6.6
vancouverensis 5328 | 3899 | 1429 26.8 7.34 1.37 6.5

Mass Loss ,

Total mass loss during hibernation is correlated with immergence mass (Fig. 2). This correlation explains
83% of the variation between the two variables. The rate of mass loss, measured as g/day, the specific rate of
mass loss, measured as mg/g immergence mass, and the percentage of the immergence mass lost are significantly
correlated with total mass loss and with each other (r varied from 0.74 to 0.94; p varied from 0.003 to <0.0001).
This pattern of relationships suggests that the big species are big because they require the use of considerable
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mass during hibernation.
Therefore, we ask the question, is mass loss correlated with the length of hibernation ? No measure of

mass loss is significantly correlated with the length of hibernation (Table 2). It seems most likely that the length
of hibernation is a factor in mass loss, but that factors other than the use of energy for maintenance during the

torpor cycle are important.
Table 2.

Correlations between measures of mass or mass loss
and the length of hibernation (months). IM = immergence mass.

r p
immergence mass -0.016 0.96
Emergence mass -0.348 0.25
Total mass loss 0.192 0.54
% IM lost 0.368 0.22
mg/giM/day -0334 0.27
Mass loss (g/day) -0.140 0.66

Possibly, mass loss is related to life-history traits. Larger species have longer developmental time and
disperse later. These processes are related to length of the active season (Armitage 1981). Emergence mass, as a
measure of body size, is poorly correlated with the length of the active season (Fig. 3). However, a pattern
emerges when considering the age of first reproduction. M. monax is the only species that reproduces at age 1.
Although the emergence mass of M. monax is among the largest among the species of marmots, the length of the
active season is the longest (Fig. 3), which provides sufficient time to reach reproductive maturity in the first year
of life. Five species begin reproduction at age 2. M. caudata caudata may breed at age 2, but M. caudata aurea
does not breed before age 3 (Blumstein & Arnold, unpubl. data). Species first reproducing at age 2 have the
smallest emergence masses; if large, they have a longer active season (e.g., M. marmota and M. sibirica). The
remaining species are the larger marmots with a short to moderately long active season and first reproduce at age
3. M. baibacina stands out as an exception to the pattern; it is the largest species with a moderately long active
season and breeds at age 2. However, 2-year old pregnant females are rare (Zimina 1978) and in some

populations maturity occurs at age 3 (Bibikov 1996).

Table 3.
Orthogonally rotated factor scores of traits related to mass and mass loss.
Only those traits with factor scores > 0.5 are included.
Traits Factors
1 2 3 4
Immergence mass (IM) 0.802 0.573
Total mass loss 0.956
% of IM lost 0.900
Mass loss (g/day) 0.953
Specific mass loss (mg/giM/day) 0.888
Length of active season -0.939
Length of hibernation 0.939
Age of first reproduction 0.743
Skip reproduction 0.661 0.553
Emergence mass 0.939
Litter size 0.949
Time of breeding 0.902
% explained 39.9 30.5 13.0 9.8

The frequency of reproduction of female marmots varies (Armitage 1996) as does the timing of breeding
(Bibikov 1996). We asked the question how are various reproductive traits related to body mass and the length
of hibernation ? A factor analysis of 12 traits produced four interpretable factors that explained 93.2% of the
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variation (Table 3). Factor 1 included the measures of mass and mass loss and was designated a mass factor.
Factor 2 was designated a time factor as it included the length of hibernation and age of first reproduction. Skip
reproduction (one or more years elapses between successful breeding by an adult female) loaded more heavily on
this factor than on the other factors and appears to be a function of how frequently litters are produced by a
female. Emergence mass characterizes factor 3 and we designate it the emergence mass factor. Skip
reproduction and immergence mass also loaded on this factor. Time of breeding (prior to or after emergence)
and litter size loaded on factor 4. We designated factor 4 a breeding factor. The factor analysis suggests that a
complex interplay among the traits may account for body size (mass) and mass loss. For example, skip
reproduction loaded on factors 2 and 3, which suggests that skipping reproduction may be a function of the
interaction of body mass and length of active (or hibernation) season. Environmental harshness is one factor that
may provide a unifying theme that integrates all life-history traits.

Environmental Harshness

Environmental harshness, or environmental severity, is not readily defined and can include factors such as
environmental temperature, rainfall (drought), predation risk, social stress, and length of the growing season
(Barash 1989). In this paper we focus on physical factors, such as length of winter, snow cover, and air
temperature that affect survival and reproduction. Because climatic records for the habitats of most species of
marmots are unavaiable, we examine five features of marmot biology for evidence of environmental harshness.

The first set of evidence derives from reproduction. Reproductive females accumulate far less fat (M.
baibacina, M. sibirica) than barren females, embryos may be reabsorbed in bad years (M. baibacina, M.
caudata), good feeding in one year makes possible breeding in the following year (M. camtschatica), drought
affects reproduction and survival (M. bobak, M. flaviventris), and reproduction may occur in successive years
only if the litter is small (M. marmota) (Table 4). Not only do these reproductive characteristics suggest a harsh
environment, they also suggest an environment that may vary among years in degree of harshness.

Table 4.
Evidence for environmental harshness based on reproductive characteristics.

M. marmota Can reproduce in successive years if litter no more than two Bonesi et al 1996

M. caudata Up to 48% of embryos reabsorbed when emergence condi- Zimina 1978,
tions are poor; e.g., a cold spring; in one year no young M. Blumstein, Arnoid

c. aurea emerged in the 15 social groups studied - unpubl. data

M. bobak Accumulates fat more rapidly in moist years; more juvenile Shubin 1963, Zimi
mortality during hibernation following drought na 1978

M. sibirica Reproductive females accumulate 4149 of fat, barren fema- | Zimina 1978

les 747g at hibernation

M. baibacina | 25% of all embryos reabsorbed in bad years, occurs in one- | Zimina 1978
half of the females; reproductive females accumulate 525g,
barren females, 1100g of fat at hibernation

M. flaviventris | Summer drought results in high mortality of juveniles and Armitage 1994
reproductive females in subsequent hibernation

Mass loss following emergence suggests environmental harshness. Such loss typically occurs when post-
emergence weather conditions are stressful; e.g., snow cover or cold, snowy weather (Table 5). Mass loss
probably is associated with the lack of new forage, which would be especially severe during prolonged snow
cover.

Home range areas vary widely among species of marmots from as little as 0.13 ha to 13.8 ha (Table 6).
Some evidence suggests that the variation in home range size reflects variation in resource availability. The
vegetation biomass is much less for those species that have large home ranges (Table 6). However, not all plant
species are palatable to marmots and marmots probably select some subset of the available vegetation (Frase &
Armitage 1989). The home range must be of sufficient size to provide sufficient palatable food and burrows for
the individual or family group. Thus, group size may be associated with home-range size. Interestingly, some
evidence suggests that group size is not directly related to home-range area. First, home-range size may not vary
much between years when group size varies and home-range size may not be related to group size (Blumstein &
Foggin 1997). Second, the average adult member of a M. camtschatica family would have 3.7 ha of the 13.0 ha
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average family home range (calculated from Mosolov & Tokarsky 1994). By contrast, the average adult member
of a M. flaviventris matriline would have about 0.15 ha. When the population of M. flaviventris increases, the
average home range size does not, but the overlap in home ranges is directly related to population density
(Armitage 1975). Even if the M. flaviventris matriline home range triples, it would still be much smaller than that
of M. camischatica. This comparison suggests that large home ranges occur where food is of poor quality and/or
scanty. Scattered or low quality food resources suggest another way in which a species’ environment may be
harsh.

Table 5.
Evidence for environmental harshness based on mass loss after emergence.
M. monax Lose mass (300g in females) for 6 weeks Snyder et al. 1961
M. flaviventris Rare, usually begins gaining mass Armitage 1996
M. caligata, May lose mass for several weeks in years of heavy snow Barash 1989
M. olympus
M. bobak Especially when snow cover lasts or cold, snowy weather | Zimina 1978
Qccurs
M. sibirica Use fat Bibikov 1996
M. marmota Typically lose mass for about 2 weeks when ground snow | Arnold per. com.
: covered
M. caudata Lose mass for up to two weeks Barash 1989
M. baibacina Lose mass and use fat for 2-2.5 months Bibikov 1996
M. camtschatica | Pronounced use of fat reserves Bibikov 1996
Table 6.

Evidence for environmental harshness based on home range area. Data for vegetation biomass,
measured as mean dry mass of aboveground herbaceous vegetation at peak growth, from
Holmes 1984, except for M. caudata aurea from Blumstein & Foggin 1997.

Home range area Vegetation bio
Species (ha) mass _(g/m?) Reference
M. monax 0.6-0.7 (predispersal) Ferron & Ouellet 1989
1.3 Meier 1985
M. flaviventris 0.13-1.0 383 Armitage 1975
M. olympus 2.0 206 Barash 1973
M. caligata 13.8 117 Holmes 1979
M. vancouverensis 3.0 Heard 1977
M. marmota 1.4-5.7 Sala et al 1992
2.6 Arnold 1993b
M. caudata aurea 3.1 22-51 Blumstein 1996
M. camtschatica 13.0 Mosolov & Tokarsky 1994

Many species of marmots mate before emergence and some development may also occur before
emergence (Table 7). Presumably, mating and development occur before emergence because conditions above
ground are unfavorable for activity and the burrow provides a less stressful standard operative temperature
(Melcher et al 1990). Mating requires that the animals be euthermic. Euthermy requires a high expenditure of
energy, at least a 20-fold increase above the energy used in torpor.

This use of energy is supplied by fat accumulated the previous summer and as a consequence,
considerable mass loss occurs at this time and this mass loss is reflected in the emergence mass.

If the environment is harsh so that a female that breeds in one year does not have sufficient time and
resources to permit reproduction the following year, the female may skip reproduction for one or more years.
Many female M. flaviventris reproduce annuaily (Armitage 1984), but in a high altitude population where snow
cover persists much later, no female reproduced in successive years (Johns & Armitage 1979). Many species
typically skip one year (Table 8); these species, except M. olympus, are relatively smaller. Females may skip two
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or more years; these species, except M. caudata and M. menzbieri, are the larger marmots. M. menzbieri may
skip reproduction because it has one of the shortest active seasons. By contrast, M. monax, one of the larger
marmots, has the longest active season and reproductive skipping does not occur.

Table 7.
Evidence for environmental harshness from hibernation and the time of mating
for species of Marmota.
After Emergence monax (Snyder & Christian 1960); flaviventris (Armitage 1965); caligata

(Holmes 1884); olympus (Barash 1973), vancouverensis (Nagorsen
1987); marmota (Armold 1990)

Before Emergence baibacina, sibirica (Zimina 1978)

Development Before | bobak, birth may occur (Zimina 1978); broweri, young born 1-2 weeks la-
Emergence ter (Rausch & Bridgens 1989); camtschatica, young half-developed (Ka-
pitonov 1963); caudata, young half-developed (Zimina 1978)

Table 8.
Evidence for environmental harshness from reproductive skipping in the genus Marmota.
Usually One Year Often Two or More Years
bobak (Rymalov 1994) baibacina (Bibikov 1996)

marmota (Arnold 1993b) caligata (Holmes 1984)

olympus (Barash 1973) camtschatica (Yakolev & Shadrina 1996)
sibirica (Bibikov 1996) caudata (Blumstein & Arnold, pers. com.)
menzbieri {Bibikov 1996)

vancouverensis (Bryant 1996)

Social Thermoregulation

Social thermoregulation has been demonstrated only in M. marmota (Arnold 1993b). However, social
thermoregulation is likely to be widespread given that most species hibernate in groups (Bibikov 1996). Social
thermoregulation is costly; mass loss increases with increased group size when juveniles are present. When
juveniles are absent, mass loss decreases with increased group size (Armold 1993b). Thus, the benefits and costs
of group hibernation depend on group composition.

Summary of Mass Loss

There are four major sources of mass loss: (1) maintenance during hibernation, (2) reproduction,
especially when initiated before emergence, (3) social thermoregulation, and (4) post-emergence environmental
stress. The importance of these four sources varies among the species of marmots. All species must meet
maintenance costs of hibernation; these costs form the basis of mass loss and determine the minimal mass needed
at immergence. All other sources of mass loss require additional mass beyond that required for basic
maintenance. We predict that these additionat needs will primarily determine the differences in body size, as
measured by mass, among species of marmots.

Mass Loss and Social Systems

Marmots live in four types of social systems that we define based on summer and winter social groups
(Fig. 4). M. monax females live solitarily and several females may live within the home range of one male. We
designate this pattern diffuse harem polygyny in which females and males are not socially integrated and solitary
hibernation occurs. Although the percentage of mass lost during hibernation is low, this loss occurs in four
months and daily mass loss is relatively high (Table 1); total loss is greater than that of M. flaviventris, M.
caudata, M. marmota, and M. bobak. Woodchucks from a more northerly population with longer hibernation and
a shorter active season lost 36.9% (Fig. 4) of their mass (Ferron 1996). M. monax relies on its large size and
long active season to accumulate sufficient fat for hibernation and early post-emergence activity.
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In M. flaviventris, females form social groups in the summer to which an adult male attaches to form a
harem (Armitage 1991). In this concentrated harem polygyny, males are not integrated into the social group.
Hibernation typically is solitary although females in the same matriline may hibernate together and juveniles
hibernate as a group (Armitage, unpubl. data, Lenihan & Van Vuren 1996). At higher elevations, all yellow-
bellied marmots hibernated socially (Johns & Armitage 1979). Thus, group hibernation in this species is
facultative for adults, but may be obligatory for the more vulnerable juveniles. Mass loss is relatively low; thus
we predict that their environments are less harsh than those of most other species and that social thermoregulation
does not occur, but facultative group hibernation may provide benefits in some environments.

Concentrated harem polygyny occurs in M. olympus and M. caligata where females live somewhat
independently during the summer in association with a territorial male (Barash 1989). All are somewhat socially
integrated and hibernate as a group. Mass loss is high, both as a percentage of body mass and as total mass lost
(Fig. 2). A social group may have either young or yearlings but not both (Barash 1989). We predict that social
thermoregulation occurs in these species, and that the parents bear the cost by losing considerable mass during
hibernation. Thus, these two species are among the largest marmots, which make possible the accumulation of
sufficient fat for maintenance, social thermoregulation, and post-emergence loss (Table 5).

The remaining species are organized into family groups that are socially integrated in the summer and
hibernate as a group. Although monogamy is the prevailing mating system, polyandry may occur in those species
that retain non-breeding, adult males in the family group; e.g., M. marmota (Amold 1990), M. bobak, and M
baibacina (Rymalov 1994), M. caudata (Blumstein & Amold pers. com.). All species in this group lose a high
percentage of their mass during hibernation. We predict that social thermoregulation occurs in most, if not all, of
these species. Some species lose additional mass because reproduction is initiated before emergence. Mass may
be lost post-emergence because of unfavorable weather conditions (Table 5). Reproductive skipping
characterizes all of these species.

Conclusions
Heavy energy demands are met by a large body size that permits the accumulation of absolutely more fat

and the use of the fat relatively more slowly. Thus, larger species are larger because they both accumulate and
use more fat in the annual cycle. Species with high mass loss reduce their frequency of reproduction and delay
the age of first reproduction. In order to fully understand the mass cycle of marmots, we need to partition out the
various sources of mass loss: maintenance during hibernation, social thermoregulation, pre-emergence
reproduction, and post emergence maintenance and reproduction. This analysis requires laboratory studies of the

annual cycle of energy use.

We predict that when the costs of hibernation maintenance are measured for all species under identical
conditions, larger species will lose relatively less mass than smaller species. We also predict that the largest
species live where environmental harshness is more severe. We predict that species that initiate reproduction
before emergence use more mass than those that initiate reproduction post-emergence. In those species that
hibernate in social groups, we predict mass loss will be less than in those that hibernate singly. However, social
thermoregulation of juveniles will lead to relatively large mass loss. Furthermore, mass loss will be related to
group size and the age structure of the population (e.g., see Arnold 1993b). We predict that patterns of mass loss
will vary within a species based on environmental harshness, e.g., marmot populations at lower elevations or
latitudes will lose less mass and skip reproduction less frequently than populations at higher elevations or
latitudes. Finally, we predict that marmots from populations within a species will be larger at higher elevations

or latitudes than at lower elevations.
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