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ENERGETICS OF YELLOW-BELLIED MARMOT POPULATIONS'

DeLBERT L. KILGORE, JR.2 AND KENNETH B. ARMITAGE
Division of Biological Sciences, The University of Kansas, Lawrence, Kansas 66045 USA

Abstract. The energy dynamics of 2 colonies of yellow-bellied marmots (Marmota flaviventris)
were studied in the Rocky Mountains of central Colorado in 1969 and 1970. The Intake-Rejecta and
Maintenance-Production models, which included an analysis of seasonal variations in energy flow
parameters, yielded similar estimates of population energy flow.

Colony energy flow ranged from 64.0 to 94.6 kJ- m~2-yr~. Differences between colonies in annual
energy flow can be explained by variations in biomass. Peak energy flow occurred at different times in
the 2 colonies and the timing was related to reproductive conditions.

The marmot populations consumed 94.6 to 119.2 kJ-m™2-yr™, which represented 0.8 to 3.1% of the
aboveground primary production. The efficiency with which the marmot populations exploited the
available net primary production was 2 to 6.4%. Seventy-one to 75% of the energy ingested by the
populations was assimilated; only 77% of the assimilated energy went into maintenance of the
population biomass. Tissue growth efficiency averaged 16.8%, =5x greater than typical homeo-
therms. The production/maintenance ratio averaged 29.6%.

The marked differences in the respiration efficiences, tissue growth efficiencies, and produc-
tion:maintenance ratios between the heterothermic marmot and typical homeotherms suggest that

heterothermy represents a distinct strategy in secondary production.
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INTRODUCTION

There are at least 2 distinct strategies in secondary
production that are related to ‘‘modes’’ of thermoregu-
lation. Mammals and birds use =~98% of assimilated
energy in maintenance, while invertebrates use =~78%
(Golley 1968). The tissue growth efficiency, the ratio
of secondary production to assimilated energy (Koz-
lovsky 1968), of homeotherms is considerably less
than that of poikilothermic invertebrates. However,
further speculation on the significance of this func-
tional distinction between poikilotherms and
homeotherms has been curtailed by lack of informa-
tion on population energetics of organisms not categor-
ically homeotherms or poikilotherms (Golley 1968).

Quantitative information on energy flow in mamma-
lian hibernators, particularly those that store fat versus
food, is scarce despite the contributions of Wiegert
and Evans (1967), Hansen and Reed (1969), and
Haberman and Fleharty (1971). Therefore, the purpose
of the present study was to analyze energy flow in
natural populations of a classical hibernator, the
yellow-bellied marmot (Marmota flaviventris). The
specific question asked was: How does energy flow
through populations of this hibernator differ from that
through populations of nonhibernating mammals?

Information on the life history of yellow-bellied
marmots appears elsewhere (Armitage 1962, 1965,
1974). Of particular importance to this study is that
marmots are social and that they are active, not hiber-
nating, less than half of each year. The term colony
refers to social groups of marmots consisting of 1 or

! Manuscript received 24 January 1977; accepted 1 Septem-
ber 1977.

2 Present address: Department of Zoology, University of
Montana, Missoula, Montana 59812 USA.

more polygamous units and some nonreproductive in-
dividuals (yearlings and young) occupying a cir-
cumscribed habitat (Downhower and Armitage 1971,
Svendsen 1974).

In 1969 and 1970, the energy flow through 2 marmot
colonies in the vicinity of the Rocky Mountain Biolog-
ical Laboratory, located at an elevation of 2,900
metres on the East River in the Elk Mountain Range,
Gunnison County, Colorado, was studied. Marmots in
this area are active in most years from May through
September.

METHODS
The study area

Colonies 1 and 4 (Armitage 1974) occupied portions
of an extensive but discontinuous grassland situated
on the floor of the East River Valley. The species
composition of this alluvial grassland is similar to the
Festuca thurberi community type (Langenheim 1956,
1962), dominated by Bromus richardsonii, Bromus
porteri, and Poa spp. (primarily secunda and alpina).
Also abundant is Potentilla gracilis, Taraxacum of-
ficinale, Stipa lettermanii, Achillea millefolium, Mer-
tensia viridis, Lathyrus leucanthus, Linum lewisii,
Melica spectabilis, and Agoseris glauca. Artemisia
tridentata appears throughout the area but is more
prominent in the southern portion of the valley at
lower elevations. Nomenclature used here is that of
Barrell (1969).

Approach and operational definitions

Because there is no direct method for measuring en-
ergy flow in terrestrial vertebrate populations, energy
flow, defined as assimilated energy (E,), must be esti-
mated from other parameters that can be measured in
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the laboratory or field. The accuracy of estimates ob-
tained in this fashion is questionable. However, the
reliability of energy flow estimates can be enhanced by
including in any predictive model the biotic and non-
biotic factors which affect energy flow parameters,
such that a significant portion of the variation in these
parameters is explained. Probably the most substantial
error in estimating population energy flow results from
inprecise determination of population biomass. This
error is minimal in estimates of energy flow in marmots
as the standing crop of the population can be accu-
rately determined at any time during the active season.

With certain assumptions (Golley 1967) energy flow
(Ep) of a population may be estimated as either the
difference between energy intake (E)) and that lost in
excreta (Epy) in a given time period (The Intake—
Rejecta Model) or as the sum of the energy expended
in maintenance (Eg) of the population biomass and the
net productivity (Ep) of the population (The
Maintenance—Production Model) (Petrusewicz 1967).

Ery is the sum of the energy in feces and urine al-
though energy in the urine could be considered a first-
order loss of assimilated energy. We used the follow-
ing operational definitions (after Petrusewicz 1967):
digested energy is the energy consumed minus the en-
ergy of feces; assimilation energy is digested energy
minus the energy of urine.

Energy expended for maintenance (Eg) is dependent
on a complex of environmental and behavioral factors.
However, we consider variations in activity of indi-
viduals and in the environmental temperatures to
which individuals were exposed to be the primary fac-
tors affecting the magnitude of Eg.

The energy cost of activity is rarely determined in
studies of energy flow. Instead, a total cost of mainte-
nance is determined either through the measurement
of a daily energy budget (DEB) (Grodzinski and
Gorecki 1967) or by the addition of an activity compo-
nent (constant) to the daily resting metabolism, with or
without consideration for the duration or intensity of
activity (McNab 1963). Metabolism is measured indi-
rectly as O, consumption. The methodology of deter-
mining a DEB is not appropriate for marmots; there-
fore, the second approach was taken. In addition to the
duration of activity, adjustments for the level of activ-
ity were also included. Three levels of activity were
recognized in marmots as these are quantifiable by di-
rect observation. The energy expended at each of
these levels is denoted Em, Eme, and Eng for future
reference and represent, respectively, energy ex-
pended during rest, moderate activity (e.g., foraging),
and locomotion. Maintenance energy at the 3 levels of
activity and at varying air temperatures can be com-
puted as follows:

Em = MreaWt,
Mrest(J'g_lh_l) =a + bT,
Em = (a + bT)Wt;

(1a)
(1b)

since,
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Eme = 1.7Em; )
Ems = Mpkdn
and since,
Moun(m10,km™) = 8.46 W60 + (6.0W°™5)/V
(3a)
Ems = [8.46W%8 + (6.0W°™)/V]kdn, 3b)

where a and b represent, respectively, the Y-intercept
and slope for the relationship between metabolism and
air temperature (T,), W is the body weight (g) of the
animal, t is the total time (h) active at the particular
level of activity, V is the velocity of locomotion
(kilometres per hour), d represents the average dis-
tance run (kilometres), k is a constant for the energy
equivalent of O, (20.9 J/millilitre O, consumed), and n
is the number of times an animal ran distance d. The
relationship between resting metabolism and air tem-
perature, Eq. la, is linear over the range of 5 to 25°C in
marmots (Fig. 1). The constant 1.7 in Eq. 2 is derived
from the effect of ‘‘posture’’ on metabolism (Taylor et
al. 1970). In Eq. 3b, it is assumed that during each
locomotory period marmots traveled a fixed distance
(d); therefore, this equation computes the energy cost
of 1 locomotory period. The value of k in Eq. 3b as-
sumes a respiratory quotient (RQ) of 1. Although the
RQ of running mammals is not known, the error in Eg
resulting from this assumption will be negligible. Equa-
tion 3a relating the energy cost of locomotion to body
weight is from Taylor et al. (1970).

Equations la through 36 are based on the following
assumptions: (1) that heat production resulting from
activity is not available for thermoregulation (Jansky
1962); (2) that the relationship between heat produc-
tion of activity and air temperature is the same as that
for the resting rate of metabolism; and (3) that the
velocity of locomotion in marmots is such that the cost
of running (M,,,) has reached a minimum. For an indi-
vidual marmot on a particular day,

3
ER = 2 Emi'
i=1

Net productivity (Petrusewicz 1967:21) has 2 major
components, that due to reproduction (E;) and that
resulting from growth and fat deposition (Eg). The fol-
lowing equations used to compute net secondary pro-
ductivity of marmot populations are similar to the pro-
duction equations of Petrusewicz and Macfadyen
(1970); however, we modified the equations to include
the net efficiency (E/E,) (¢) of growth and fat deposi-
tion. The use of the net efficiency of growth in calculat-
ing the energy of growth separates maintenance costs
(Er) from costs of converting assimilated energy into
energy of tissues. Neither the energy value of marmot
tissue nor the net efficiency of growth was determined;
instead, values from other rodents were used: energy
value of live-weight tissue of neonates (K,), 4.31 kl/g
(Gorecki 1965), of weanling animals (K,), 6.0 kl/g
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Fi1G. 1. Relationship between unadjusted metabolic rate of

nonfasted marmots at rest and air temperature (Ty). The lines
were fitted by the least-squares method and are described by
the equations included in the figure.

(Kaczmarski 1966), and of yearlings and adults (K3),
6.3 kJ/g (Gorecki 1965); net efficiency of growth of
lean tissue (e,), 50% (Soholt 1973); net efficiency of fat
deposition (e5), 30% was calculated from Kleiber
(1961:292). We assumed that marmots <3 yr old de-
posited fat in the same proportions as woodchucks
when body weight increased linearly (Snyder et al.
1961): adult males 31.4% (c,), adult females 44.1% (cs),
yearling males 14.2% (c3), yearling females 16.8% (c,),
young males 7.5% (c;), and young females 8.3% (cs).
Since June or ‘‘lean’’ weights of adult male and female
marmots 3 yr of age and older are not significantly
different (P > .05), increases in their weight during the
active season are 100% fat. The energy equivalent of
fat is 38.1 kJ/g (K4 (Kaufman and Kaufman 1975). The
summary equation for secondary production of a popu-
lation is:

E,=E; + Eg,
NW)K
where, g, = \NWKd

€y
and
€1 * €1
ci(AW/ADtK 4
+ —————‘ez ,

4

(C))

(AW/At) = b,

LA €y €2 ’

since,
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where, b or (AW/At) is the rate (grams per day) at
which an individual gained weight, t is the number of
days an individual is in a particular life stage, N is the
total number of young born to the population, and W is
the mean birth weight of young (g). E; can be com-
puted for each individual and summed for a population
value. Growth and fat deposition in marmots is linearly
related to time (Armitage et al. 1976).

Dispersal of individuals from the populations was
considered a loss of biomass or ‘‘negative produc-
tion.”” The energy equivalent of their biomass was de-
ducted from all calculations of maintenance and pro-
duction subsequent to their departure.

Field studies

The diurnal activity and large size of marmots per-
mits precise determination of their number in a colony
and of their foraging area. Forage sites of individual
marmots were recorded on scaled maps of each col-
ony’s habitat. The total area used for foraging for each
colony was determined by pooling individual forage
sites, connecting these points in a manner as to
minimize the enclosed area (i.e., by forming discrete
isolated areas), and measuring the enclosed areas with
a compensating polar planimeter.

An analysis of primary production and species com-
position of the grassland areas preceded the actual
delineation of the colony feeding areas. Based on
observational data collected in 1968, broad areas sur-
rounding burrow sites of each colony were tentatively
defined as potential feeding areas; these areas were
subsequently divided into square metre grids and sam-
ple plots were selected randomly. The number of sam-
ple plots selected in each area varied with the
heterogeneity of the vegetation, but at both sites
=~().5% of the total area was sampled. During the grow-
ing season the vegetation was frequently sampled by
clipping all the plants within a 0.1-metre? subsample of
each square metre plot. A given subsample was
clipped only once. At the same time, aboveground por-
tions of those species present in the sample plots were
collected, dried to a constant weight, and their energy
value determined as described below. Standing crop
was calculated by extrapolation of the dry weight and
energy data to the composition analysis of the sample
plots. Net primary production was assumed to be the
energy equivalent of the maximum standing crop. This
estimate of net primary production is minimal as it
does not include production consumed by marmots,
insects, or other herbivores (e.g., Microtus mon-
tanus). This source of error probably is small because
insect and small mammal populations were greatly de-
pressed in 1969-1970 (Ehrlich et al. 1972). Also, in-
spection of the sample plots yielded no evidence of
grazing by marmots within any of the 0.1-metre? sub-
samples.

Air temperature within each area was recorded con-
tinuously in shelters positioned 10 centimetres above
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ground surface. Burrow temperatures were measured
periodically by telemetry employing systems de-
scribed by Pauley et al. (1968) and Shirer and Down-
hower (1968). Two transmitters with different carrier
frequencies (27.660 and 27.670 mHz) but with similar
battery life (4 mo) were introduced into the main bur-
row system of each colony. Transmitters were at-
tached to collars on resident marmots; the marmots
removed the collars within the burrow system.

In May or June each marmot was trapped, marked,
weighed, sexed (Armitage 1962), and assigned to the
age category of young, yearling, or adult (Downhower
and Armitage 1971:357). Retrapping occurred at 2-wk
intervals; 70% of the marmots were retrapped at least
twice.

The daily activity patterns of individual marmots
were observed directly from blinds 200 to 400 metres
from the colony. Each colony was observed for at least
5 full days each month from June through September.
During observation periods, which extended from be-
fore sunrise to near dark, the location and activity of
each marmot was recorded at 10-min intervals.

Laboratory studies

Food consumption measurements, from which esti-
mates of energy intake, digested energy, and digestive
efficiency were obtained, were conducted at the
Rocky Mountain Biological Station in 1969 and 1970,
from mid-June to mid-September. Six marmots cap-
tured in early June or July were used each year includ-
ing young, yearlings, and adults of both sexes. These
marmots were maintained in an unheated laboratory
room at near-ambient conditions in separate cages and
provided with fresh vegetation ad libitum for 1 wk
before daily measurements of food consumption and
feces production began.

Following this adjustment period, each marmot was
provided known amounts of Potentilla gracilis,
Taraxacum officinale, Agoseris glauca, and Bromus
richardsonii, in various combinations, twice daily. A
sample of each plant species fed on a particular day
was weighed, dried to a constant weight, and stored
for subsequent determination of energy content. Con-
trols were established at each feeding to correct for
H,O loss in the plant material. Marmots were fed fresh
vegetation for the duration of the measurements in
1969 and 1970 except in late August and September of
1970 when they were fed a commercial rabbit chow.
Water was provided ad libitum only when commercial
chow was used. Each marmot was weighed biweekly.

The total quantity of feces produced by an individual
animal in a 24-h period was collected daily prior to the
morning feeding. If the wet weight of the total sample
was =< 200 g, it was dried to a constant weight at
60 = 5°C (7-11 days) and stored; however, if the wet
weight exceeded 200 g, only a 50 = 5 g (wet weight)
aliquot was dried.
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The energy content (per gram ash-free dry weight) of
both plant and fecal material was determined with a
Parr® 1411 calorimeter. The ash content of both mate-
rials was determined by heating samples at 600°C for 2.h
(A.0.A.C. 1960).

In July 1970, 6 field-captured marmots, weighing
from 0.5 to 3.4 kg, were taken to the laboratory in
Lawrence, Kansas. These marmots were kept at
20° + 3°C, under a 12-h photoperiod and given labo-
ratory chow and water ad libitum. Oxygen uptake and
CO, production of nonfasted, resting marmots were
measured at air temperatures from 5° to 25°C (corre-
sponding to field exposure temperatures, see below)-in
a positive-pressure open-flow system (Depocas and
Hart 1957). The difference between the fractional con-
centration of O, and CO, in the inflow and outflow air
was measured with a Beckman® F3 paramagnetic O,
analyzer and a Beckman® infrared analyzer (model
215A), respectively.

Marmots were placed in metal respirometers,
58.4 x 36.2 X 53.5 centimetres, within a constant
temperature chamber. Each respirometer was
equipped with microswitches for detecting movement.
Dry room air was passed through the respirometers at
flow rates of 5.9 to 8.6 litres/min. Marmots were ex-
posed to the respirometer temperatures for 7 to 9 h
before O, uptake and CO, production were recorded.
Then measurements were recorded continuously until
a steady-state (<5% variation) O, consumption and
CO, production was obtained for 15 min. Steady-state
values could generally be obtained within 30 to 90 min.
Because several 24-h measurements revealed no evi-
dence of a circadian rhythm, all determinations were
obtained between 1400 and 2200 h.

Rectal temperature of marmots was measured at the
termination of each metabolism experiment. A tele-
thermometer rectal probe was inserted into the colon
to a depth of 15 centimetres in adults and yearlings, 10
centimetres in young.

Statistical treatment of data

Energy flow variables were standardized for varia-
tions in animal weight. When significant relationships
between these weight-specific variables and body
weight existed, the significance of independent vari-
ables (i.e., sex, age, season) was determined with mul-
tivariate analysis of covariance; otherwise, significant
effects of the independent variables on the mensurable
energy flow variables were determined with multiple
designs of analysis of variance. The significant inde-
pendent variables were incorporated into multiple re-
gression equations. Statistical significance was as-
sumed when P < .05.

The univariate analyses followed the methods of
Sokal and Rohlf (1969) while the multivariate analyses
were portions of the BMD package of biomedical pro-
grams (Dixon 1968).
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TaBLE 1. Dry weight and energy content of the aboveground
living vegetation in areas (1 and 4) occupied by colonies
1 and 4, respectively. The values are means + the standard
error of the mean. Energy content of the standing crop
was computed using the joules/ash-free gram dry weight of
individual plants

No.
of m?
plots Standing crop
sam-
Date pled g/m? kJ/m?
Area 1
28 June 1970 10 201.6 = 28.0 3492.4 = 427.6
14 July 1970 10 247.5 = 28.3 3827.1 = 366.1
Area 4
6 June 1969 15 215.5 = 18.1 4745.5 = 528.4
13 June 1969 15 206.1 = 19.5 4891.1 = 433.9
28 June 1969 15 280.2 = 20.3 8138.3 = 1526.3
16 July 1969 15 348.0 = 26.5  11727.3 + 1765.2
9 August 1969 15 4579 = 36.8  11567.1 = 1874.9

RESULTS AND DISCUSSION
Energy available to the colonies

The growing season in the East River Valley gener-
ally extends from early June to mid-August (Barrell
1969). The mean dry weight of the aboveground stand-
ing crop of the living vegetation (grams per square
metre) increased as the season progressed (Table 1).
The peak standing crops were used as the minimal
estimates of the aboveground net primary production
(Odum 1960). The differences between the standing
crops at similar times of the year generally reflect the
quantitative differences in the vegetation of the 2
areas. The average energy value of the green vegeta-
tion was 20.79 kJ/g ash-free dry weight.

In contrast to the continuous increase in the mean
dry weight of the standing crop, the energy content
(kilojoules per square metre) tended to stabilize in the
second half of the growing season (Table 1) because of
seasonal variation in the energy content of the domi-
nant species and from changes in the species composi-
tion. Although the difference between the means on
the sample dates in area 1 was not significant
(P > .05), there were statistically significant differ-
ences between the means in area 4 (P < .001).

The aboveground net primary production (NP) of
the vegetation was 38.28 GJ-ha™ yr™' (1 gigajoule
[GJ] = 10° joules) in area 1 and 117.28 GJ-ha ! yr™!in
area 4. About 40% of the occupied area was used for
feeding: 5,789 m? by colony 1 and 7,710 m? by colony
4. Assuming that 100% of the aboveground production
in the feeding areas was accessible to marmots, the
production available (AP) to the marmots in colonies 1
and 4 was 22.2 GJ/yr and 90.4 GJ/yr, respectively. If
the production consumed by the marmots (1.5 GJ per
season by colony 1 and 1.84 GJ per season by colony
4) is added to the above values, the energy available to
the colonies during their active season was 23.7 GJ and
92.3 GJ, respectively.
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Fi1G. 2. Seasonal variation in the standing crop of col-
onies 1 and 4. The means are based on the mean weight of all
nonhibernating individuals during the week intervals. We as-
sumed that young were born on 15 June (30 days prior to their
appearance above ground), that the average birth weight was
35 g (J. W. Koeppl, personal communication), and that the
preweening growth rate of young was 0.014 kg/day.

Colony dynamics

Population number and standing crop .—The stand-
ing crop of marmot populations varies seasonally be-
cause of immigration, emigration, and reproduction.
Population density remains relatively constant until
June when the young are born. Most yearlings disperse
(Armitage and Downhower 1974). These fluctuations
in number are related to the social behavior of mar-
mots (Armitage 1975).

Seasonal changes in standing crop of colony 4 (Fig.
2) reflect these changes in population number.
Biomass increased to a peak of 15.9 kg on 2 July, when
the colony consisted of 3 adults (1 male, 2 females), 4
yearlings (1 male, 3 females) and 5 young (3 males, 2
females). The standing crop declined when 3 yearlings
emigrated on 10 July; 1 yearling emigrated on 2 August
but returned for 2 days in September. Two adults en-
tered hibernation on 16 September; the postpartum
adult female and the young remained active until 23
September. The mean standing crop of colony 4 was
13.3 kg or 0.7 g/m?. Density is based on the area used
by the colony, ‘‘colony home range,”” which was 1.94
ha.

The pattern of seasonal change in standing crop of
colony 1 differs markedly from that in colony 4 (Fig.
2). No young were produced in colony 1in 1969; there-
fore, there were no yearlings in the colony in 1970. The
colony consisted of 4 adults (1 male, 3 females) until 15
June when 3 young (1 male, 2 females) were born.
Biomass increased to a maximum of 17.4 kg on 10
September. The adult male and nonreproductive
females hibernated between 11-17 September. The
adult female with the litter was active until 23 Septem-
ber, while the young remained active until 5 October.
The mean standing crop of colony 1 was 12.0 kg or
0.9/g m? (colony home range was 1.27 ha).
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TABLE 2. Growth coefficients (b) of captive and free-ranging
marmots in kilograms/day. The field marmots are those in
colonies 1 and 4 in both 1969 and 1970

Field Captive
Sex b N2 b N2

Adult 38 015 (12:5 .011  (25:3)
Adult ? @ (without litters) .013  (17:4) .006 (15:2)
Adult @ ? (with litters) .005 (9:3)

Yearling 88 .013 (5:4) .013 9:1)
Yearling @ ? 009 (10:5)  .010  (19:2)
Young 33 017 (29:6) .020 “:1
Young 292 014 (397 011 (18:2)

2 (number of observations: number of animals).

Growth .—Free-ranging and captive marmots gained
weight at a nearly constant rate during the active sea-
son with the exception of some adults and yearlings
who initially lost weight following confinement and of
some free-ranging adults who lost weight prior to
hibernating. The loss of weight by free-ranging animals
is uncommon and is associated with mortality during
hibernation (Armitage et al. 1976). Weight gain was not
partitioned into fat deposition or production of other
new tissue.

Free-ranging marmots in the 3 age groups gained
weight at similar rates (Table 2). Growth rates of males
and females were similar, except that females produc-
ing litters gained weight significantly slower (P < .05)
than their nonreproductive counterparts.

The growth rates of captive marmots were not signif-
icantly different (P > .05) from those of free-ranging
animals, except captive adult females gained weight
significantly slower (P < .05) than nonbreeding free-
ranging females (Table 2).

Population energy flow

Intake-Rejecta model: Er = E; — Ery.—Energy in-
take (kilojoules per kilogram per day) of captive
yellow-bellied marmots varied with age and sex of the
animal and with season (Table 3). Within each age
group, males generally have higher intake than females
and there is a decline in energy intake in September. A
similar seasonal trend in food consumption was ob-
served in captive woodchucks (Fall 1971).

Body weight is negatively related (P < .001) to
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weight-specific energy intake in the total sample; con-
sequently, young marmots have a higher intake per
unit weight than adults. The same relationship exists
within adults (P < .01) and yearlings (P < .001) but
not within young. The sexual and seasonal differences
in mean energy intake within adults (body weight dif-
ference adjusted by analysis of covariance) are statis-
tically significant (P < .001). Within yearlings, only
seasonal differences were significant (P < .001). The
mean energy intake of young males (1651.0 mJ-kg™!
day™) did not differ significantly (P > .05) from that of
young females (1417.5 kJ-kg™ day™). Season did not
significantly affect the energy intake of young animals.

The above analysis of energy intake of captive mar-
mots was used to generate the following multiple re-
gression equations to predict E; of free-ranging mar-
mots:

Adult males, E; = 1090.52 — 390.76W + 3.89D;

Adult females, E; = 671.80 — 202.96W + 0.76D;
Yearlings, E; = 333.41 — 1.35D;
Young, E; = 355.83.

In these equations, W is body weight in kilograms and
D is the number of days past 1 June. Only the indepen-
dent variables that were significantly related to
weight-specific energy intake, i.e., b; > 0, were in-
cluded in these equations.

The energy ingested by an individual marmot on a
particular day was predicted from its body weight,
which was obtained from an allometric equation relat-
ing weight to time. Energy values so obtained were
summed for the colony by age group and month (Kil-
gore 1972). The total energy intake of colony 1 in 1970
was 1512.9 MJ (1 megajoule = 10° joules) and that of
colony 4 in 1969 was 1835.9 MJ.

The ratio between energy digested (intake minus the
energy lost in feces) and energy intake represents the
efficiency of digestion (Petrusewicz and Macfadyen
1970). Digestive efficiency decreased with progression
of the season, except in young males (Table 4). Diges-
tive efficiency varies with energy intake and with body
weight (Petrusewicz and Macfadyen 1970). Digestive
efficiency was positively (P < .001) correlated with
total energy intake (kilojoules per day) and negatively
(P < .05) correlated with body weight for all individu-
als considered together or within each age group.

TABLE 3. Weight-specific energy intake (kilojoules per kilogram per day) in captive ye}low~bellied marmots. The values are
means + the standard error of the mean; data for 1969 and 1970 are pooled. Sample sizes for the means are the numbers in

parentheses. N is the number of animals in each category

August

September

Sex N June July
Adult 38 3 662.3 = 65.7 (18) 1133.9 = 43.1 (51)
Adult 2% 2 545.6 = 48.1 (17) 894.5 + 75.3 (17)
Yearling 838 1 1230.1 = 98.7 (10) 1079.1 = 66.5 (26)
Yearling ? ¢ 2 944.3 + 90.4 (14) 1256.9 = 33.9 (40)
Young &3 1 1243.5 + 208.8 (3)
Young ? 2 2 929.7 = 188.3 (3)

1278.6 = 45.6 (23)
1082.8 + 26.4 (31)
1066.9 = 66.1 (20)
1106.7 = 44.4 (31)
1768.2 + 128.0 (20)
1707.1 = 100.8 (12)

840.6 = 39.3 (46)
674.5 = 54.0 (25)
1083.7 + 65.3 (12)
645.2 = 45.2 (15)
1091.2 = 229.7 (2)
1369.8 = 77.8 (42)
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TABLE 4. Digestive efficiency (energy digested/energy intake X 100) of caged yellow-bellied marmots. The values are
means * the standard error of the mean and the numbers in parentheses are the sample sizes for the means. The means are

unadjusted for variations in energy intake (kJ/day) and body weight

Sex June July August September
Adult 33 78.86 = 1.43 (10) 84.19 = 1.81 (10) 56.34 = 5.40 (9) 43.52 £ 6.04 (10)
Adult 99 82.01 =245 (9 79.89 = 2.63 (9) 70.12 = 5.12 (9) 4527 = 5.67 (9)
Yearling & & 73.05 = 3.30 (9) 75.59 = 1.49 (10) 75.01 = 3.66 (10) 62.73 = 6.81 (9)
Yearling @ 72.69 = 2.26 (10) 82.12 + 1.08 (10) 68.33 * 5.45 (10) 50.87 = 8.24 (10)
Young 33 79.08 = 8.67 (2) 78.06 = 2.22 (10) 84.74 = 16.70 (2)
Young @9 64.13 = 4.78 (3) 48.58 = 6.31 (9) 36.71 = 5.02 (19)

Analysis of covariance revealed that digestive effi-
ciency was significantly affected by season (adults and
yearlings, P < .05) and sex (yearlings, P < .05;
young, P < .001) (Kilgore 1972).

Energy intake (Ep, body weight (W), and time (D)
were included in multiple regression equations to pre-
dict digestive efficiency (DE) in free-ranging marmots:

Adults, DE = 126.55 + 0.02E;

— 18.17W — 0.37D;
Yearling males, DE = 55.84 + 0.05E;;
Yearling females, DE = 58.50 + 0.06E; — 0.29D;
Young males, DE = 66.31 + 0.04E;;

Young females, DE = 84.05 + 0.08E; — 0.70D.

The portion of E; digested was determined daily and
summed by age group and month (Kilgore 1972). Col-
ony 1 digested 72% or 1091.6 MJ of the 1512.9 MJ
ingested; colony 4 digested 76.5% or 1404.5 MJ of the
1835.9 M1J ingested.

The proportion of digested energy excreted in the
urine of free-ranging or captive marmots was esti-
mated from urine production and urinary nitrogen
excretion in nonhibernating woodchucks (Marmota
monax). Active, nonfasted woodchucks lost 0.5 g uri-
nary N-kg'-day~! (Benedict and Lee 1938); hence, we
assumed that the average marmot (2.36 kg) excreted
1.18 g N daily. Since >90% of the urinary N excreted
by woodchucks is in urea and since the energy equiva-

lent of urea is 22.6 kJ/g (Kleiber 1961:262), the average
marmot lost 26.7 kJ/day in urine. The urinary energy
lost by colony 1 during the active season was 19.5 MJ.
Colony 4 lost 23.7 MJ.

Seasonal energy flow based on this model was
1071.9 MJ in colony 1 and 1380.3 MJ in colony 4 (Table
5). These energy flow quantities represent 71% and
75% of the energy ingested by the colonies, respec-
tively.

Maintenance-Production model, Er, = Ey + Ep.—
The daily activity pattern of marmots is temperature
dependent (Armitage 1962, 1965; Travis and Armitage
1972). The temperature near ground level in areas 1
and 4 varied from —4 to 28°C and from —8 to 29°C,
respectively, but marmots were never aboveground
when the temperature was <1.2°C or >26.4°C. Air
temperature rarely reaches 25°C. Burrow tempera-
tures varied from 8.6 to 11.5°C. Mean burrow tempera-
ture, lagging the seasonal increase in air temperature
by =1 mo (Kilgore 1972), increased from 9.0°C in June
to 11.3°C in late August, then declined to 9.3°C in late
September and 9.1°C in early October.

The weight-specific metabolic rate of nonfasted
marmots at rest (M. of Eq. 1a) is inversely propor-
tional to air temperature <25°C (Fig. 1). When the
metabolic data for all individuals are adjusted for the
significant relationship between body weight and
weight-specific metabolic rate (P < .001) and the sig-
nificant (P < .001) first-order interaction between

TABLE 5. Summary of seasonal energy flow in 2 populations of yellow-bellied marmots. Colony home ranges: colony 1, 1.272

ha; colony 4, 1.945 ha

Colony 1 Colony 4
Models and parameters MJ kJ/m? % MJ kJ/m? %
Intake—Rejecta model
Intake (Ep 1512.9 119.2 100.0 1835.9 94.6 100.0
Feces (Ey) - 421.3 33.1 27.8 431.8 22.2 23.5
Urine (Ey) 19.7 1.7 1.3 23.8 1.3 1.3
Energy flow (Ep) 1071.9 84.5 70.9 1380.3 71.1 75.2
Maintenance—Production model
Maintenance (Eg) 704.6 55.2 58.7 771.9 39.7 62.3
Production (E) 496.2 39.2 41.3 466.9 24.1 37.6
Growth (Eg) 492.9 38.9 41.0 461.4 23.8 37.2
Reproduction (E,) 3.3 0.25 0.3 5.4 0.25 0.4
Energy flow (Ep) 1200.8 94.6 100.0 1238.9 64.0 100.0
Mean energy flow 1136.4 89.5 1309.5 67.4
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age-sex groups and air temperature (i.e., the dissimi-
larity of slopes), the differences between age-sex
groups and between air temperatures are significant
(P < .05). Adjusted metabolic rates of males are lower
than those of females; those of adult females are lower
than those of young females (P < .05). In calculating
Em: (Eq. 1b) for yearling females and young males the
regression equations of their sexual counterparts were
used. No animals became torpid; minimal body tem-
perature was 36.1°C.

The metabolic rate of nonfasted adult and yearling
marmots is =70% of that predicted from body weight.
For example, the metabolic rate of a 2.5 kg nonfasted
marmot should approximate 13.8 J-g7'-h™' (Kleiber
1961:212, 274; Benedict and Lee 1938); however, the
observed mean value (at 20°C) was 9.6 J-g=!-h™L,

Colony 1 expended 92.7% of Eg while the animals
were at rest (Ep,) above and below ground (Table 6);
similarly colony 4 expended 92% of Eg at rest.

The relatively small proportion of the maintenance
energy that can be attributed to moderate activity
(Eme) and locomotion (E ;) (Table 6) is a direct reflec-
tion of the absolute time marmots were aboveground
and active. Individual marmots averaged 16% of any
24-h period or 230 min aboveground (the maximum
time in both colonies was 500 min), but were engaged
in some form of activity (moderate or locomotion)
<50% of this time. We assumed animals rested when
underground. In all age groups, except adults of col-
ony 1, aboveground time and activity increased as the
season progressed and then decreased preceding
hibernation; the time adults of colony 1 were above-
ground progressively declined with time. There were
similar seasonal patterns (Kilgore 1972) in the dis-
tances traversed by marmots during locomotory
periods (d values: Eq. 3b).

The secondary production of colonies 1 and 4 was
496.2 MJ and 466.9 MJ, respectively (Table 5). Growth
and fat deposition in marmots accounted for =99% of
the population production (99.3% in colony 1 and
98.8% in colony 4).

Energy flow during the active season was 1200.8 MJ
in colony 1 and 1238.9 MIJ in colony 4.

COMPARISON OF MODELS AND POPULATIONS
Energy flow in active season

Estimates of colony energy flow (MJ per active sea-
son) based on the 2 independent models are similar
(Table 5). The difference between estimates is 10.7%
in colony 1 and 10.2% in colony 4. Considering the
errors inherent in these predictive models, it would
appear that either model provides a reasonable esti-
mate of population energy flow.

The agreement between estimates is partially pre-
determined. Because predictions of the energy flow
parameters in both models are directly based on body
weight, they should yield similar results. More impor-
tantly, the independently derived estimates should be
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TaBLE 6. Proportions (%) of the seasonal maintenance
energy of colonies 1 and 4 (704.6 MJ and 771.9 MJ, re-
spectively) that can be attributed to the 3 activity levels

Location and

activity level Colony 1 Colony 4
Aboveground
Rest 8.0 8.2
Moderate activity 6.5 7.5
Locomotion 0.8 0.5
In burrow
Rest 84.7 83.8

reasonably accurate as they are based on populations
of known size and biomass and as variations in the
energy flow parameters resulting from a number of
independent variables were incorporated in the mod-
els.

The clumped distribution of marmots imposes limi-
tations on the significance of energy flow expressed
per unit area. However, if colony home range is used,
mean energy flow was 67.4 and 89.5 kJ per m? per
season (Table 5). Daily energy flow during the 1969
and 1970 seasons was, respectively, 0.50 and 0.67
kJ/m?2.

The 22.1 kJ/m? difference between colonies 1 and 4
in mean energy flow (Table 5) results primarily from
the difference in standing crop of the 2 populations.
The mean seasonal biomass per unit area of colony 1
was 9 X 107* kg/m® while that of colony 4 was
7 x 107, Expressed per unit biomass the energy flow
of both colonies is nearly identical (colony 1: 99.6
MlJ/kg, colony 4: 96.2 MJ/kg).

The peak energy flow in colony 1 occurred in Au-
gust, while that of colony 4 occurred in June. This
difference in time of the peak energy flow results from
seasonal changes in biomass of the populations (Fig. 2)
which are related to the reproductive performance of
the population in the previous year (Armitage and
Downhower 1974). The primary difference in the pat-
terns of standing crop is the presence of yearlings. In
1969 no young were produced in colony 1; hence, there
were no yearlings in 1970. The pattern of energy flow
and standing crop of colony 4 is probably more repre-
sentative of marmot colonies in general (Armitage and
Downhower 1974).

Annual energy flow

There is a marked contrast between energy flow in
marmot colonies during the active season and that in
hibernation. Because marmots do not consume food
during hibernation, only a modified form of the
Maintenance-Production model is applicable.

Energy use during hibernation may be estimated
from loss of body weight. Colonies 1 and 4 lost 8.25 kg
and 7.52 kg during mean hibernating periods of 239 and
242 days, respectively. We assume that the partition-
ing of weight loss is similar to that of hibernating arctic
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TABLE 7. Summary of annual energy flow in 2 populations of yellow-bellied marmots. See Table 5 for colony home ranges

Colony 1 Colony 4
Model and parameter MJ kJ/m? % MJ kJ/m? %
Maintenance—Production model
Maintenance (Eg) 917.1 72.0 76.4 964.4 49.8 77.8
Production (E,) 283.7 22.4 23.6 274.1 14.1 22.1
Growth (Eg) 280.3 22.2 23.3 268.6 13.8 21.7
Reproduction (E,) 3.3 0.25 0.3 54 0.25 0.4
Energy flow (Ep) 1200.8 94.6 100.0 1238.9 64.0 100.0

ground squirrels (Spermophilus parryi); i.e., 62% as
lipid and 9% as protein (Galster and Morrison 1975).
Using energy equivalents of 38.1 kJ/g for lipid and 23.8
kJ/g for protein (Kleiber 1961:125), we estimate that
colony 1 expended 212.5 MJ and colony 4, 192.5 MJ as
Eg during hibernation. The values are 30% and 25% of
the maintenance energy expended during the active
season and emphasize the considerable energy savings
that otherwise would be expended for maintenance if
the animals were normothermic throughout the year.

There is no difference between seasonal (Table 5) and
annual energy flow (Table 7); however, proportional
relationships differ. Annual secondary production in
colony 1 represents only 23.6% of the total energy flow,
but 41.3% of the seasonal energy flow. Less than 2.0%
of E, was used as E, (Table 7); most small mammals use
>50% as E, (Petrusewicz and Hansson 1975).

The difference between active season and annual
energy flow emphasizes the problem of treating all
weight increase as production. Fat deposition is treated
as production; its subsequent use then must be consid-
ered negative production. The calculation of an annual
budget eliminates the problem of negative production.
However, monthly or seasonal budgets reveal patterns
of resource utilization that are obscured or missed when
only annual budgets are calculated. To whatever degree
fattened marmots are prey (or die from other causes),
the production is passed on to other trophic levels.
Thus, there seems to be no easy alternative when de-
scribing energy budgets of animals that store energy as
body tissue except to consider weight loss as negative
production (Eg > E,).

Comparisons with other mammals

Direct comparisons of population energy flow will
not answer the question of how energy flow in popula-
tions of hibernators differs from that in nonhibernating
mammals since population energy flow is a function of
population density and size of individuals. However,
comparisons of ratios between annual energy flow pa-
rameters should elucidate differences between popula-
tions of classical hibernators and nonhibernating
mammals, if differences exist. Of particular interest is
the efficiency with which the populations utilize the
primary production, assimilate ingested energy, and
convert assimilated energy into production.

The efficiency with which marmot populations used
the net aboveground primary production (E/NP) was
0.8% (94.6/11728 kJ-m~2-yr! x 100) and 3.1%
(119.2/3828 kJ-m~2-yr=' x 100). These values are
within the range of efficiencies reported for other mam-
mal populations (Chew and Chew 1970).

Because only a fraction of the net primary production
is available to most species populations, a more mean-
ingful ratio is the efficiency with which a population
utilizes the available net primary production (AP),
(E/AP). The efficiency of marmot populations in
exploiting AP was 2% (1836.0 MJ/92.3 GJ x 100) and
6.4% (1512.9 MJ/23.7 GJ x 100), which is comparable
to the efficiencies of nonhibernating mammal popula-
tions of similar density and utilizing similar foods
(Chew and Chew 1970, Golley et al. 1975).

The relatively low E/AP efficiency of marmot popu-
lations suggests that population density in marmots is
not strictly limited by food. Nevertheless, Downhower
and Armitage (1971:363) postulated that the number of
young produced by each female each year is determined
by the availability of food during gestation. They rea-
soned that limited food forced marmots to increase their
home range thereby increasing the frequency of agonis-
tic encounters between adult females, which adversely
affect their reproductive success.

Our results do not support this postulate. During
gestation, colonies 1 and 4 ingested only 1 to 2% of the
net primary production available to them, assuming
that the forage area was 5,789 m?for colony 1and 7,710
m? for colony 4. Even if marmots restricted their ac-
tivities to 0.1 of this area, they would still ingest only 10
to 21% of the live standing crop of area 4 on 6 June. If
the available net production had been only the lowest
standing crop value recorded in the 2 areas and popula-
tion E; had remained the same, a maximal efficiency of
only 40.5% can be realized. These data suggest that
even when the standing crop of vegetation is low, popu-
lation density in marmots is probably not restricted by
availability of food. However, at higher elevations
where snow cover persists much longer, reproductive
success of individual females, but not population den-
sity, may be limited by AP (Andersen et al. 1976).

The assimilation efficiency (E#/E;) of marmot popula-
tions, 71% (1071.9/1512.9 MJ x 100) and 75% (1380.3/
1836.0 MJ x 100), is similar to that of other rodents, but
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higher than the mean of grazing herbivores (Grodzinski
and Wunder 1975). In contrast, phytophagous inverte-
brates assimilate only 25 to 35% of the energy they in-
gest (Wiegert and Evans 1967).

Homeotherms characteristically use 98% of their as-
similated energy in maintenance (Egr/Er), while
poikilotherms use <90% (Golley 1968; McNeill and
Lawton 1970). Marmot populations expended 76%
(917.1/1200.8 MJ x 100) and 78% (964.4/1238.9
MIJ x 100) of their assimilated energy in maintenance.
Tissue growth efficiency (Ep/Er) (Kozlovsky 1968) of
marmots, 23.6% (283.7/1200.8 MJ x 100) and 22.1%
(274.1/1238.9 MJ x 100), exceeds the 1.5 to 2.5% re-
ported for mammalian herbivores (Wiegert and Evans
1967; Chew and Chew 1970), but is considerably less

than that of herbivorous insect populations, 37 to 429%™

(Wiegert and Evans 1967). The ecological growth effi-

ciency (EA/Ep (Kozlovsky 1968) of marmot popula- —+

tions, 18.8% (283.7/1512.9 MIJ x 100) and 14.9%
(274.1/1835.9MJ x 100), also exceedsthe 1.7%t03.1%
of nonhibernating mammals (Chew and Chew 1970).
The production/maintenance ratio in marmots,
30.9% (283.7/917.1 MJ x 100) and 28.4% (274.1/964.4
MIJ x 100), greatly exceeds the 1.1 to 3.0% typical of
homeotherms and lies within the 4.3% to 42.8% range
for long-lived poikilotherms (McNeill and Lawton
1970).

The marked differences in the respiration efficien- =+

cies, tissue growth efficiencies, and production/
maintenance ratios between the heterothermic marmot
and typical homeotherms suggest that the adaptive
strategy of some hibernators includes shifting energy
from respiration into production. This shift may be
possible because respiration is less than that predicted
from body weight. The production/maintenance ratios
calculated for the active season only are 70.4% (496.2/

704.6 x 100) and 60.5% (466.9/771.9 x 100). These=+

values support the suggestion that a lowered
metabolism permits a greater proportion of assimilated
energy to be used in production.

Several authors formulated equations relating pro-
duction and respiration ratios to modes of thermoregu-
lation (e.g., Golley 1968; McNeill and Lawton 1970). If,
using the equations formulated by McNeill and Law-
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substantially differ from those in nonhibernating mam-
mals.
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