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ABSTRACT

Energetic constraints have played a major role in the evolution of 

caribou (Ranaifer tarandus). This thesis discusses several ways in 

which these constraints have affected caribou morphology, physiology and 

behavior through their effects on the physiological condition of caribou. 

A computer model of daily energy budgets was used to simulate energy 

budgets of caribou in late winter, spring migration, and during the month 

of July when caribou may be harassed frequently by insects. Model 

outputs included estimates of metabolizable energy intake, and changes in 

body weight and body composition.

Several of the model inputs, such as fasting metabolic rates and 

activity costs, were measured using captive caribou. The mean energy 

cost for locomotion by adult caribou was the lowest recorded for any 

terrestrial species, and was more strongly related to leg length than to 

body weight. Highly significant (p<0.001) relationships between oxygen 

consumption and heart rates were used to estimate energy expenditures for 

activities from heart rates of caribou ranging within a large enclosure. 

The doubly labeled water method was validated using caribou and reindeer 

as a method for estimating energy expenditures by free-ranging ruminants.

The computer model accurately predicted changes in body weight and

composition in trials with captive caribou. The model predicted fat

losses of approximately 4 kg for pregnant females of the Porcupine Herd

during spring migration. During the insect season, a lactating female

was predicted to be in negative energy balance on all days when insect

harassment occurred for 12 h or longer.

iii
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Variations in input data associated with energy intake had a much 

greater effect on model outputs than did factors associated with energy 

expenditure. Consequently, the optimal range use strategy in the absence 

of other constraints should involve movements to areas where the most 

digestible forages can be obtained and the highest eating rates attained.
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INTRODUCTION

Rangifer tarandus. in terms of its current distribution and 

numbers, is one of the most successful species of large irammals on 

earth. This success has occurred in spite of the harsh environment, 

characterized by large seasonal variability in photoperiod, weather and 

food availability, in which it has evolved. The morphology, physiology 

and behavior of caribou has been structured by this seasonality; to 

fully understand the ecology of this species, we must understand the 

mechanisms by which physical factors such as photoperiod and weather, 

often through their effects on the caribou's food supply, influence the 

survival and productivity of individual caribou.

Energetic constraints have played a major role in caribou evolution, 

as evidenced by the numerous adaptations of caribou for promoting the 

efficient assimilation and conservation of energy. Examples of these 

adaptations are the thick winter pelage (Hammel 1955, Moote 1955), 

nasal heat exchanger (Blix and Johnssen 1983) and counter-current 

circulation in the legs (Irving and Krog 1955), all of which reduce 

energy losses in cold temperatures. The selection by caribou of a 

highly-digestible diet and patches of vegetation of high biomass (White 

and Trudell 1980, White 1983) are examples of adaptations which greatly 

increase energy assimilation. The exact mechanisms by which the 

energetic status of an individual influences its survival or inclusive 

fitness (in sensu Davies and Krebs 1978) have not been established, but 

it has been well documented in Ranaifer and other ruminants that

1
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the growth and survival of neonates are closely linked to the physio

logical status of their mothers, as briefly reviewed below.

Conception and ovulation rates are highly correlated with the body 

condition of the female at the time of breeding in domestic sheep (Ovis 

aries; Edey 1968, Gunn and Doney 1975), red deer and wapiti (Cervus 

elaphus; Mitchell and Brown 1974, Hamilton and Blaxter 1980, Hudson 1981, 

Albon et al. 1983), and reindeer and caribou (Klein and White 1978,

Lenvik 1981, Thomas 1982, Reimers 1983a). The age at which a female 

first breeds is determined in part by the time required to reach some 

critical weight threshold above which the probability of ovulation 

and conception increases considerably (Hamilton and Blaxter 1980,

Albon et al. 1983).

The nutritional status of a female ruminant in the last third of 

gestation can affect calf birth weight, and the early postnatal growth 

of her young is affected by maternal nutrition during early lactation 

(Thomson and Thomson 1953, Kitts et al. 1956, Alexander 1962, Smith 

1965, Russell et al. 1967, Bond and Wiltbank 1970, Varo 1972, Thorne et 

al. 1976, Gibb and Treacher 1980, Jacobsen et al. 1981, Rognmo et 

al. 1983, White 1983, Skogland 1984, White and Luick 1984). Young with 

low birth weights and slow growth rates due to the poor condition and 

(or) lower milk production of their mother have a reduced probability 

of survival (Thomson and Thomson 1953, Varo 1972, Louca et al. 1974, 

Thorne et al. 1976, Verme 1977, Haukioja and Salovaara 1978, Jacobsen 

et al. 1981, Rognmo et al. 1983, Helle and Tarvainen 1984). Undernour

ished mothers nay also have poor maternal instincts (Thorne et al. 1976),
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which can lead to abandonment (Baskin 1983) and other forms of calf 

mortality.

Maternal condition may also influence the future breeding success 

of male offspring, as the competitive ability of males of polygynous 

species during the rut is largely a function of body size and condition. 

Except on very good ranges where compensatory growth can occur, the 

growth of the young during its first year largely determines the age at 

which it reaches its maximum body size, and in some cases, its maximum 

body size (Varo 1972; Mitchell et al. 1976; Clutton-Brock and Harvey 

1978; Prowse et al. 1980; Reimers 1983a; Skogland 1983; L. Mech, 

unpubl. data). The breeding success of males may further depend on 

behavior which increases energy intake and reduces energy expenditure, 

thereby allowing them to attain large body size. Examples of such 

behaviors include the ritualized postures used by caribou bulls during 

the rut to "size each other up" (Lent 1966), which eliminates the need 

for frequent sparring, and the movements of bulls along phenological 

gradients of plant quality, which result in increased rates of energy 

and nutrient assimilation (Lent 1966, Kelsall 1968, Klein 1970, Skogland 

1978, Whitten and Cameron 1980).

Although energetic constraints have been an important factor in 

caribou evolution, the degree to which these constraints are reflected 

in the morphology, physiology and behavior of this species is poorly 

understood. For example, what role does energy metabolism play in the 

characteristic migrations of large herds of barren-ground caribou? 

Kelsall (1968:111) speculated that the impetus for the spring migration
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may be triggered by the same mechanisms described in birds by Farner 

(1955), i.e., that an improvement in the energy balance resulting from 

lower energy requirements and improved feeding conditions as daylength 

increases triggers the migratory "urge". Are the presumably increased 

costs of traveling several hundred kilometers to a separate range 

offset by improved feeding conditions, or do caribou sacrifice an 

optimal energy balance because other pressures, perhaps predation 

(Bergerud 1974, 1980), are stronger? What would be the consequences 

for a caribou population if migration were blocked or delayed for an 

extended period? What is the adaptive significance of the large seasonal 

differences in metabolic rate (McEwan and Whitehead 1970, Nilssen et 

al. 1984a)? These and similar questions regarding the role of energy 

metabolism in caribou ecology need to be addressed if we are to make 

meaningful management decisions regarding predator populations and the 

assessment and mitigation of the effects of industrial development on 

caribou populations.

The primary objective of this study was to investigate the role of 

energy metabolism in several aspects of caribou morphology, physiology 

and behavior. Specifically, my objective was to construct and validate 

a computer simulation model which could be used to predict changes in the 

daily energy status of caribou under various conditions. Model inputs 

included fasting metabolic rates, activity budgets, energy expend

itures for individual activities, eating rates, digestibilities of forage 

species, and environmental conditions such as snow depths and terrain 

features. Model outputs included a detailed accounting of the daily
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energy budget, and changes in body weight and body composition.

In Chapter 1, I present and discuss the results of research on the 

energy metabolism of captive barren-ground caribou (R, t. granti), 

including measurements of fasting and resting metabolic rates, and energy 

expenditures for activities such as grazing, browsing, cratering and 

walking. I also include the results of validation experiments using the 

doubly labeled water method to measure CO2 production by caribou and 

reindeer. These data were either incorporated into the structure of the 

computer model or served as model inputs for simulating daily energy 

budgets.

In Chapter 2, I describe the model and use it to simulate the 

daily energy budgets of caribou during three seasons: late winter, spring 

migration, and the month of July when caribou are harassed by insects,

In practice, the model also could be used for other applications: 

assessing the impacts of various industrial developments on the energy 

status of caribou, investigating alternate herding practices (i.e., 

movements between various ranges) by the domestic reindeer industry, 

estimating the carrying capacity of ranges, and testing hypotheses 

relating to seasonal and inter-herd differences in activity budgets. 

Examples of these latter hypotheses are the statement by Reimers (1980)

that the availability of energy for growth and fattening depends

primarily on the effects of insects, predators and man on activity 

budgets, and the suggestions by Roby (1980) and Boertje (1981) that 

activity budgets and activity patterns reflect the energy status of a

herd and can be used to compare the quality of different ranges.
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CHAPTER 1: METABOLIC RATES

INTRODUCTION

Northern ungulates are characterized by seasonal changes in metab

olism, thermal insulation, food intake, and behavior in response to 

predictable cyclic patterns of climate and food quantity and quality 

(McEwan and Whitehead 1970, White et al. 1981). Rapid growth and 

fattening occur during the short summer and in autumn, when food is 

relatively abundant and nutritious (reviewed by White et al. 1981;

Hudson and Christopherson 1985). The energy stored as fat and protein 

at this time is used during periods of energy deficit which occur 

during the rut (for males) and in winter and early spring. Weight 

stasis or losses of up to 30% of autumn weights occur in winter when 

food quantity and quality are at a minimum.

Seasonal rhythms in energy metabolism have been described for most 

northern ungulates (reviewed by Hudson and Christopherson 1985). High 

metabolic rates in summer are associated with high rates of food intake, 

productive processes such as lactation and antler growth, and weight 

accretion. Seasonal changes in energy metabolism have also been 

attributed to an underlying cyclic rhythm in the basal metabolic rate 

(BMR; terminology follows Hudson and Christopherson 1985); this rhythm 

has been interpreted by Moen (1973) as an adaptive mechanism for 

lowering energy requirements during the winter period of food shortage. 

However, the existence of a seasonal rhythm in BMR for northern ungulate

6
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has not been well established. It is well known that when a ruminant 

is kept on a high plane of nutrition during the weeks preceding a fast, 

its fasting metabolic rate (FMR, an approximation of BMR) will be 

higher than if it had been fed a maintenance or submaintenance ration 

(Marston 1948, Blaxter 1962). Therefore, the high FMR's of northern 

ungulates in summer (e.g., Silver et al. 1969, Weiner 1977, Regelin et 

al. 1985) are confounded by high food intake rates, and may not represent 

a minimum metabolic rate.

Conflicting results have been obtained in the few studies in which 

ruminants were fed the same ration prior to FMR measurements in summer 

and winter. Brockway and Maloiy (1968) found no difference between the 

summer and winter FMR's of a red deer hind kept indoors on a maintenance 

ration. Nilssen et al. (1984b) found no difference between the summer 

and winter FMR's of reindeer fed only 15% of their ad libitum winter 

intake, but their results do not unequivocally refute the existence of 

a cycle in FMR because prolonged starvation causes a depression in 

metabolic rate (Grande et a].. 1958, Kleiber 1975 , 0ritsland 1980) , and 

the same results may not occur when reindeer are kept at energy maint

enance before seasonal measurements. Blaxter and Boyne (1982) recorded 

a seasonal cycle with an amplitude of 14% of the mean FMR of domestic 

sheep. The sheep were kept on a maintenance ration throughout the 

three-year study and, therefore, the results cannot be attributed to 

differences in food intake. Further research on the factors respon

sible for seasonal changes in appetite and metabolic rate is clearly 

needed.
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In addition to seasonal rhythms in energy metabolism, appetite 

and behavior, northern ungulates exhibit daily rhythms of activity 

and energy metabolism. These rhythms include an alternating active/rest 

pattern of activity that involves a series of short-term feeding rhythms 

within a 24-h endogenous rhythm entrained by the prevailing light 

conditions (Thomson 1973, Erriksson et al. 1981). The short-term 

feeding rhythm is often explained on the basis of the "rumen-fill 

theory", which states that food intake by large ungulates on natural 

diets is limited by the rate of digestion (rumen emptying) rather than 

by the rate of food acquisition (reviewed by Baile and Forbes 1974; see 

also Westoby 1974, Van Soest 1982). In winter, most forages are of lower 

quality than in summer, and longer periods of rumination and fermentation 

are required before particles pass from the rumen. In addition, the 

availability of food in winter is usually lower than in summer, requiring 

longer grazing periods to fill the rumen. The endogenous rhythm, and the 

mechanisms by which it is influenced by photoperiod and light intensity, 

is not well understood.

The total daily energy expenditure of a free-ranging ruminant 

can be partitioned into resting metabolism, activity and thermoreg

ulation. Resting metabolism (RMR) includes FMR, the heat increment of 

feeding (Webster 1972), and expenditures associated with growth, 

gestation and lactation. This chapter deals with seasonal changes in 

FMR and RMR and the energy expenditures for activities such as grazing, 

cratering and walking.
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Most measurements of energy expenditures of Ranaifer (e.g., Makarova 

and Segal 1958; Hammel et al. 1962; McEwan 1970; McEwan and Whitehead 

1970; White and Yousef 1978; Nilssen et al. 1984 a,b,c) have been made 

by indirect calorimetry, using respiration chambers or muzzle masks.

This equipment interferes with the mobility and normal behavior of the 

animal, and therefore the applicability of some measurements to free- 

ranging animals is questionable. Furthermore, the energy costs of 

certain activities, such as cratering and browsing, are difficult, if not 

impossible, to measure by conventional respirometry methods. In this 

study I have used two additional methods to measure energy expenditure: 

heart rate telemetry and the doubly labeled water method (Lifson et 

al. 1955). The close agreement between values obtained by remote and 

direct methods indicates that most of the measurements made with closely- 

confined caribou can be extrapolated to free-ranging caribou.

Heart rate is commonly used as an index of energy expenditure in 

research with humans because it is easily measured and the measurements 

do not interfere with the subject's normal activities (Booyens and Hervey 

1960, Bradfield et al. 1969, Acheson et al. 1980). It has also been used 

with ruminants, but some investigators have found poor agreement between 

heart rates of ruminants and energy expenditure; the relationship is 

known to be affected by individual differences, season, time since 

feeding, extent of training of experimental animals, type of activity, 

ambient temperature, excitement or stress, and other factors (Webster 

1967; Brockway and McEwan 1969; Johnson and Gessaman 1973; Hoiter et 

al. 1975, 1976; Robbins et al. 1979). However, other researchers, by
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controlling some of these factors, established relationships which 

predicted energy expenditure from heart rate within 10% for individ

ually-calibrated animals (Yamamoto et al. 1979, Pauls et al. 1981, 

Renecker and Hudson 1983, Nilssen et al. 1984c, Richards and Lawrence 

1984). In this study, I used heart rates to estimate the energy costs 

of activities of individually-calibrated caribou as they ranged within 

a large enclosure.

The CC>2 entry rate method (Young et al. 1969) and the doubly labeled 

water method (Lifson et al. 1955) have also been used to estimate energy 

expenditure by free-ranging animals. Both methods estimate C02 produc

tion, which can be converted to an estimate of energy expenditure by 

applying the appropriate respiratory quotient (RQ; Brody 1945), or in 

the case of the C09 entry rate method, by comparing field measurements 

of C02 production to laboratory measurements made concurrently with 

measurements of VC02 using a chamber. A serious drawback of the C02 

entry rate method is that it involves either the continuous infusion of 

■'■^C-bicarbonate, or a single injection followed by frequent sampling of 

body fluids (White and Leng 1968, Young et al. 1969, Whitelaw et 

al. 1972). The requirement for frequent handling of the animal renders 

the method unsuitable for many field applications.

The doubly labeled water method alleviates some of the problems 

associated with the C02 entry rate method. Doubly labeled water has been 

used to estimate the daily energy expenditure of animals in their 

natural environments and to verify estimates for captive and free- 

ranging individuals generated by additive models (Mullen 1970, Bryant

10
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and Westerterp 1980, Karasov 1981, Williams and Nagy 1984). Results of 

validation studies using humans and small mammals indicate that CC>2 

production, as determined using the doubly labeled water method, is 

generally within 8% of VCC>2 or CO2 production measured by respiratory 

exchange or material balance methods (Nagy 1980, Karasov 1981, Holleman 

et al. 1982a, Schoeller and van Santen 1982, Gettinger 1983). However, 

only one previous validation study has been conducted using an animal 

heavier than 1 kg (Schoeller and van Santen 1982), primarily because of 

the high cost of 18o. In addition, no studies have involved ruminants, 

which differ from monogastric species in that CC>2 produced by gut 

microbes can make a substantial contribution to total CO2 production 

(Hoernicke et al. 1965). This may result in inaccurate estimates of 

CO2 production by ruminants because some of the CO2 produced in the 

ruminoreticulum may be eructated before it equilibrates with the 

remainder of the pool. A further complication with ruminants is the 

relatively large proportion of body water within the alimentary compart

ment. This component of the body water pool equilibrates slowly with 

the rest of the pool, and may again lead to poor results because of 

incomplete equilibration of CO2 and the isotope within the body. As 

part of this study, I conducted the first validation experiments of 

this method with ruminants. I found that the method accurately predicts 

energy expenditure for slowly-growing reindeer and caribou, but over

predicts energy expenditures by rapidly-growing or fattening animals.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



MATERIALS AND METHODS

Animal Care and Training 

The eight caribou used in this study were captured in three groups 

(1980, 1982, 1983) on the calving grounds of the Delta Caribou Herd, 

approximately 110 km south of Fairbanks, Alaska, within one week after 

birth. The calves were hand-reared at the University of Alaska Large 

Animal Research Station in Fairbanks on a formula containing lamb milk 

replacer (Land 'o Lakes, Medicated, Fort Dodge, IA) and egg yolks. The 

amount of formula and daily number of feedings were gradually reduced, 

and the calves were weaned at approximately 17 weeks of age. Prior to 

weaning, the calves also received lichens, willow stems and leaves, 

and green grass. After weaning, the caribou were kept in a 19-ha 

enclosure and had ad libitum access to natural forage and a commercial 

livestock ration (Quality Texture, Fisher Mills, Seattle, WA).

Training began during the first week of captivity. The calves 

were handled often, and by using lichens and milk as rewards, were taught 

to be led on a rope and to walk on a treadmill. Yogurt cups with the 

bottoms removed were placed on the calves' muzzles to introduce them to 

the feel of a muzzle mask. Several of the calves were also used in a 

study (Luick and White 1986) in which they walked on a treadmill and 

placed their heads inside a plexiglass headstall. The caribou are 

referred to in this thesis by two character codes (e.g., Ml, Fl, F2); 

the first letter indicates the sex (M=male) of the caribou.

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Indirect Calorimetry

Energy expenditures were determined by open- and closed-circuit 

indirect calorimetry. The open-circuit system (Fig,, 1) consisted of 

a 9.26 m^ respiration chamber and a custom-built, hydraulic treadmill 

capable of belt speeds of up to 10 kir/h. Expired air was collected 

using either a plexiglass headstall or a gas-tight muzzle mask with a 

triple-J valve (Warren E. Collins, Braintree, MA) as the caribou walked 

or stood on the treadmill, or as it stood or lay in the respiration 

chamber. Outdoor air was drawn through the chamber, headstall or mask 

by a pump and was vented outdoors after the flow rate, temperature, 

relative humidity and composition of the air stream were measured. The 

flow rate (1/min, STP) was measured with a mass flowmeter (Hastings 

model STH-750K, Hampton, VA). A sample of the air stream was dried 

with calcium sulphate (Drierite) and analyzed for 02 (Applied Electro

chemistry model S-3A, Ametek, Pittsburgh, PA), C02 (Applied Electro

chemistry model CD-3A) and CH^ (infrared Industries model 703D, Santa 

Barbara, CA) content. The analyzers were individually calibrated using 

outdoor air and five standard gases. The system was checked at approx

imately 2-3 week intervals by introducing pure nitrogen into the 

airstream at a measured rate; the difference between the predicted and 

actual decline in 02 concentration was consistently less than 0.2%, 

indicating an overall error of less than 3%.

A computer-linked data acquisition system (Kokjer 1981) recorded the 

flow rate, barometric pressure, temperature, humidity and composition of 

the airstream at intervals of 10 sec or longer. A Data General Eclipse

13
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SI40 computer calculated, printed and stored the rates of oxygen consump

tion (VD2), CC>2 and CH4 production (VCC>2 and VCH4), RQ, and energy 

expenditure at each interval. Energy expenditure was calculated by 

multiplying V02 by the energy equivalent of 02 at the measured RQ (Brody 

1945) .

Fasting metabolic rates (FMR) were measured for seven caribou 

during summer and winter following fasts of at least 72 h. A mean VO2 

was calculated from measurements taken during a 10-15 min period; 

measurements did not begin until the caribou had been lying for at 

least 30 min. The lowest mean is reported in cases where several lying 

measurements were made for the same caribou on a given day. The 

concentration of CH4 in the expired air never exceeded 0.001% during 

the measurements. Metabolic measurements with domestic ruminants are 

usually made over a period of several hours (ARC 1980), but similar 

trials with caribou would be of little value because the caribou 

alternate lying bouts with periods of activity, during which they walk 

about the large chamber and paw at the walls. Resting metabolic rates 

(RMR) were recorded as the caribou stood quietly in the respiration 

chamber, on the treadmill, or outdoors, usually within 2 h of feeding.

The energy cost of horizontal and vertical locomotion on the 

treadmill was measured for six caribou in 78 trials. A trial is 

defined as a series of measurements made on the same caribou on one 

day. Each trial lasted 3-4 h, during which a mean VO2 was calculated 

for each of 5-19 treadmill speeds. The caribou were taken directly 

from the enclosure prior to each trial unless they had been intentionally

15
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fasted. VC>2 was calculated at 10 sec intervals. Values obtained 

before VO2 stabilized were discarded. One to five minutes were required 

to reach a steady state, depending on treadmill speed and the previous 

speed. Values calculated during rapid changes in VO2, VCO2 and VCH4 

following the eructation of rumen gases were also discarded. O2 

concentrations usually returned to previous levels within 40-60 sec 

following eructation. VO2 usually was measured several times diring 

each trial as the caribou stood on the treadmill; the caribou was 

allowed to rest for 5-10 min prior to these standing measurements. To 

minimize fatigue or changes in metabolic rate due to several hours of 

fasting, the caribou were rested and fed in an outdoor pen for 15-30 

min periods during trials lasting more than 2 h.

For each trial, the mean VO2 (ml C^/g’h) obtained at each treadmill 

speed was regressed on walking speed (kn/h). The intercept of each 

regression equation is the V02 while standing, i.e., the predicted V02 

when speed is zero (Fancy and White 1985a). The slope of the regression 

line (ml C^/g'km) is the O2 requirement for locomotion in addition to 

that required for standing, also referred to as the net cost of locomo

tion. For each caribou, a single regression equation was developed by 

combining data from all trials. To adjust for differences in VO2 between 

trials caused by differences in feeding levels, photoperiod, and other 

factors, the intercept calculated for each trial was first subtracted 

from each datum before the data were combined with those from other 

trials. The combined net cost of horizontal locomotion, i.e., the slope 

of this combined regression for each caribou, was used in calculations
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of the costs of uphill and downhill locomotion.

The caribou sometimes had difficulty breathing and dissipating 

heat while walking faster than 4 kit/h or running on the treadmill, 

particularly during the winter, and would rarely run for more than 10 min

while wearing the mask. At speeds greater than 4.5 kir/h, VO2 was often

higher than expected based on speed alone because of resistance by the 

animal. For this reason, VO2 measured at speeds above 4.5 kir/h were 

excluded from the calculations of the net cost of locomotion for each 

caribou.

The net energy cost of uphill locomotion for each trial was 

calculated according to Taylor et al. (1972) as:

Eup (kJ/k9’n>) = (sUp ~ 5ievel) ° 20,6 lJ'/rnI °2 (1)
% Slope

where Eap is the energy cost of raising one kilogram of body weight one 

vertical meter (kJ/kg'm), SUp (ml C^/g'km) is the net cost of walking 

uphill determined during each trial, and S^eve^ (ml C^/g'km) is the 

combined net cost of horizontal locomotion for each caribou. The effic

iency with which caribou performed the work of walking uphill was calc

ulated by dividing 9.79 (kJ potential energy stored in a 1 kg object 

raised 1 m) by E^. The efficiency with which potential energy was 

recovered during downhill locomotion was calculated as:

Efficiency (%) = (S1&vp] - Sdown) • 20.6 J/mL Q? (2)
% Slope • 9.79

17
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where Sdown (ml 02/g * km) is the net cost of walking downhill during a 

trial.

Energy expenditure for locomotion in snow at various speeds were 

determined using a closed-circuit systan consisting of a gas-tight muzzle 

mask attached by respiratory tubing to a 120 1 meteorological balloon 

(Warren E. Collins, Braintree, MA). For each speed, the caribou was 

walked on a lead rope at a constant speed over a 200 m course of undis

turbed snow between two persons wearing sncwshoes or boots. Expired air 

was usually collected during the last 100 m of the course, but when 

the caribou was walked at faster speeds (and flow rates were higher), air 

was collected only during the last 50 m of the course. The time taken 

to walk the course and to collect the expired air was timed with a 

stopwatch by a third assistant. Expired air was also collected as the 

caribou stood quietly for 3-5 min during each trial. The air within 

the balloons was analyzed indoors using the gas analysis system described 

above. The volume of air within each balloon was measured using a dry 

gas meter (American Meter Co., Philadelphia, PA) and corrected to 

standard temperature and pressure. A net cost of walking (ml 02/g-km) 

was calculated for each trial by regressing V02 on walking speed as 

described above. The net cost of walking on a packed or plowed trail 

(sinking depth = 0 cm), using the same methods, was subtracted to give 

the relative increase in the net cost of locomotion for a given sinking 

depth.

The relationship between stride frequency (strides/min, 1 stride 

= 4 steps) and walking speed (n/min) was determined for eight caribou

18
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using the treadmill. The slope of the regression line yielded the number 

of strides required to move 1 m. Measurements of brisket (chest) and 

shoulder height (cm) were made on the same days as the stride frequency 

measurements. Each caribou stood on a concrete floor with each pair of 

legs together. A carpenter's level was placed snugly on the shoulder 

hump or iirmediately behind the front legs, and the appropriate heights 

were read from a meter stick held perpendicular to the level.

Heart Rate Telemetry 

Heart rates of six caribou were measured to 1) determine the energy 

costs of activities, such as ruminating, standing, grazing and cratering; 

and 2) determine seasonal changes in the metabolic rate of caribou. A 

heart rate transmitter [J. Stuart Enterprises, Grass Valley, CA; see 

Follmann et al. (1982) for transmitter design] was implanted subcutan

eously adjacent and approximately parallel to the sixth rib of each 

caribou. The transmitters were implanted after immobilizing the animal 

with a mixture of M99 (Etorphine, Lemon Co., Sellersville, PA; given at 

a dose of 1 mg/45 kg) and 20 mg of Rompun (2% xylazine, Haver-Lochart, 

Shawnee, KA). The transmitter was inserted into a pocket beneath the 

skin formed by blunt dissection. Initially, the incision was made at 

the ventral end of the pocket to serve as a drain during healing. 

However, we later found that the transmitters remained in place longer 

if the incision was placed at the dorsal end of the pocket. The 

antagonist diprenorphine (M50-50) was given intravenously after the 

incision was sutured.
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The pulsed audio signals were received by a Telonics (Mesa, AZ)

TR-2 receiver and were either plotted on a chart recorder or counted 

directly. Signal interference due to muscle movement was minimal or 

absent.

An estimated linear relationship between VC>2 (1/min) and heart rate 

(HR, beats/min) was determined for each caribou at several times during 

the annual cycle. VC>2 and HR were measured concurrently once the caribou 

achieved a steady state of 02 consumption while walking or standing 

on the treadmill, or while standing in the respiration chamber. In each 

case, the mean VO2 determined for each speed, or for a 10-15 min period 

when using the respiration chamber, was paired with the mean HR calc

ulated from 30-sec counts. Unless otherwise indicated, the caribou 

were taken directly from the enclosure prior to measurements.

Data from trials on the same caribou conducted within a 4-5 week 

period were combined to develop regression equations for estimating VO2 

from HR for that season. These equations were then used to estimate the 

energy costs of activities of caribou in the enclosure at the same time 

of year. Energy costs of individual activites of caribou in the 

enclosure were expressed as a multiple of the predicted energy cost of 

standing, thereby adjusting for seasonal differences in metabolic 

rate, time of day, and other factors. An energy equivalent of 20.6 

kJ/1 C>2 (Brody 1945) was used to convert VO2 to energy expenditure.

This value was based on an RQ of 0.90 determined from air samples taken 

from caribou while in the enclosure.
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Eight activity categories were recognized: lying with head on the 

ground, lying with head up but not ruminating, lying and ruminating, 

standing, feeding on grain at a trough, grazing (without walking), 

browsing and walking. The energy cost of cratering was determined 

separately (see below). Mean HR's were calculated from 30-sec counts 

taken continuously while the caribou was engaged in each activity. Since 

the VO2/HR equations were based only on steady state conditions, I 

discarded the occasional increased HR's associated with sudden noises or 

movements.

Cratering trials were conducted in March-May 1984 at marked 

locations where hand-picked lichens had been placed the previous 

summer. The depth and density of snow at these sites were measured 

using a meter stick, a 250 cm? steel snow sampler, and a 500 g spring 

scale. Surface hardness of snow was measured perpendicular to the 

surface using either a 0-20 kg spring penetrometer fitted with a 10 cm2 

terminal disc or, in light snow, a 0-5 kg penetrometer with a 100 cm2 

disc. Snow depth remained the same throughout the three month period, 

but the density and surface hardness of the snow increased progres

sively. In late February and early March 1984, the uncrusted snow was 

approximately 30-40 cm deep with a density of 0.14-0.18 g/cir?. This 

snow did not support the weight of the penetrometer fitted with the 100 

cm2 disc. Trials in late March were conducted in melting snow with a 

density of 0.28-0.32 g/cm? and a surface hardness of 40-50 g/cm2.

During April, a thin (<2 cm) crust with a hardness of 1400-1600 g/cm2 

formed; the density of the snow beneath varied between 0.28 and 0.50
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q/cn?. One trial was conducted in snow compacted by a snowmobile; 

snow density was 0.40-0.50 g/cm?, and surface hardness exceeded 2000 

q/cn? . Caribou F2 was unable to break through this crust, and therefore 

data were recorded as the caribou enlarged a small hole begun by us with 

a shovel.

Regression equations relating V02 to HR were developed for two 

caribou, Nos. Ml and F2, using the methods described above. However, 

since the animals were fasted for up to 17 h prior to the beginning of 

the cratering trials to increase their appetite, but were allowed to feed 

during the trials, the VC^/HR equations included data collected when the 

caribou were both fed and fasted. Furthermore, three of the data points 

used in the regressions were calculated while the caribou were lying in 

the respiration chamber.

At the beginning of each trial, a caribou was led to a cratering 

site and allowed to paw and feed for about 10 min before data collec

tion began. The caribou was restrained by a lead rope held loosely by 

an assistant. HR’s and pawing rates (paw strokes/min) were then recorded 

continuously during 1-min intervals for up to one hour. At least once 

during each trial, the caribou was led away frcm the feeding crater and 

a standing HR was recorded for up to 10 min. To increase the pawing 

rate, an assistant often shoveled snow back into the feeding crater as 

the caribou was pawing. Otherwise, the caribou would expose the lichens 

with only a few strokes, and feed for several minutes without cratering. 

(This was undesirable since I was attempting to determine the slope of 

the regression of HR on pawing rate). The reported snow hardness values
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include measurements taken in snow disturbed by shoveling. During 

six of the trials, the caribou was interrupted while cratering, and 

expired air was collected for 0.5-1.0 min using a gas-tight muzzle 

mask. The mean RQ determined from this expired air was 0.82, and I 

therefore used an energy equivalent of 20.19 kJ/1 02 to convert the 

predicted V02 during cratering trials to an energy expenditure.

For each of the 12 cratering trials, I regressed HR on pawing 

rate and, from the slope of the regression line, estimated the number of 

heart beats per paw stroke. The energy cost above standing (J/stroke) 

for each paw stroke was then calculated by multiplying by the slope 

of the regression of energy expenditure on HR (J/beat). The standard 

error of the energy cost per stroke for each trial was calculated from 

the standard errors of the two regression coefficients using the method 

described by Goodman (1960).

Cratering Mechanics

A 16 mm movie camera aided in the study of cratering mechanics. 

Caribou Ml and F2 were filmed from a distance of 3-10 m while pawing in 

light, uncrusted snow or in denser (0.32 g/cm3) snow with a thin crust. 

The film was exposed at 24 frames/sec; therefore, each frame represented 

approximately 0.042 sec. Approximately 30 m of movie film was projected 

frame by frame and the movements analyzed in detail. The displacement 

vectors involved in front limb movements during a pawing stroke were 

calculated using methods described by Thing (1977). The lengths of 

the various limb segments for these two caribou were similar (t-test;
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p>0.50) to those measured on wild caribou carcasses by Thing (1977); I 

therefore used his values for both the lengths and weights of the various 

limb segments in the calculations of energy expenditure. The area of 

the foot used for moving snow was measured directly from photographs of 

the lower foot of each animal taken through a glass plate (Kelsall and 

Telfer 1971).

Doubly Labeled Water Method

The doubly labeled water method for estimating C02 production is 

based on the relative rates of decrease in the concentrations of H2 ®̂0 

and either deuterated water ( % 20) or tritiated water ( % 20) in the 

total body water pool. The oxygen in respiratory C02 equilibrates with 

the oxygen in body water under the accelerating influence of carbonic 

anhydrase (Lifson and McClintock 1966). Thus, the rate of disappearance 

of H21 %  from the body water pool is related to the combined losses of 

C02 and body water, whereas the loss of tritium or deuterium is related 

primarily to water loss alone. C02 production is calculated from the 

difference in the fractional turnover rates of the oxygen and hydrogen 

isotopes and an estimate of the body water pool volume, and can be 

converted to an energy equivalent by applying an appropriate RQ.

Three female caribou (Nos. Fl, F2 and F3) and one female reindeer 

(No. Rl) were used to validate the doubly labeled water method. The 

caribou were kept in the 19-ha enclosure prior to the trials in July and 

August, 1984. At the beginning of each trial, a caribou was weighed and 

urine was sampled opportunistically. Separate weighed doses of ^H20 (11—

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13 mg/kg, 37 MBq/g -^O; New England Nuclear, Boston, MA) and t^-^O (80— 

87 mg/kg, 98.1 atom %; Icon Services, Summit, NJ) were injected into the 

jugular vein. The caribou was then placed into the respiration chamber, 

and its respiratory exchange was measured using the computer-1 inked data 

acquisition system described above. A minimum of seven hours was allowed 

for equilibration of the doubly labeled water with the body water pool 

before the chamber was opened to collect the first urine sample. There

after, the chamber was opened twice daily to collect urine samples and 

to replenish food and water. All urine samples were frozen for later 

analysis.

The rumen-fistulated reindeer (No. RL) was kept indoors and fed an 

§d libitum ration of Quality Texture prior to the experiment in February 

1985. A catheter was placed in each jugular vein two days prior to 

isotope injection. Samples of blood, urine and rumen fluid were 

collected for background determinations, and the isotopes were injected. 

Dosages of and were and 281 mgAg* respectively. VCO2

was measured at 2-min intervals as described above until 268 h post

injection. Blood, urine and rumen fluid samples were obtained at 

approximately 48-h intervals. Blood samples were centrifuged immed

iately. Two drops of concentrated HC1 were added to each sample of 

rumen fluid to slow or stop microbial production of CO2 and the samples 

were placed immediately in crushed ice. The rumen sample was centrifuged 

at -1°C within 30 min. All samples of plasma, urine and rumen fluid 

supernatant were frozen for later analysis.
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Water was recovered from plasma, urine and rumen fluid supernatant 

by vacuum distillation. Water aliquots (1.0 ml) were assayed for ^H20 

specific radioactivity using a liquid scintillation counter. Oxygen-18 

concentrations were measured by mass spectrometry at a commercial labora

tory (Global Geochemistry, Canoga Park, CA); the reported accuracy of the 

mass spectrometric technique for was within 1 part in 10,000 

(P. Mankiewicz, Global Geochemistry, pers. comm.). Background samples 

were analyzed in duplicate.

Separate estimates of the total body water volume (TEW, ml) were 

made by dilution of ^H20 and H2*®0 in the body water pool. The 

theoretical specific concentration of ^H20 or H2^^0 (Aq , Eq/’ml or atom 

% excess) in the body water pool at injection time (intercept) was 

calculated by regressing the logarithms of the specific concentrations, 

corrected for background, on time after injection (Holleman et al.- 

1982b). TEW was calculated as:

TEW (ml) = Injected Dose / Aq (3)

C02 production (CDP, ml C02/g*h) was calculated from TEW (ml) and 

the fractional turnover rates of ^H20 (k ,̂ h“ )̂ and H2^%) (kQ, h-1) 

using a modification of Equation 34 from Lifson and McClintock (1966), 

which includes corrections for isotopic fractionation effects. By 

applying the appropriate conversion factors and assuming that evaporative 

water loss accounted for 25% of the total water loss (Cameron 1972),

CDP was calculated as:
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CDP (ml CCyVh) = 622.2 • TEW • (kh~k0) - 622.22’TBW* ) *k h
f3’W 4 * f3 *W

where W is body weight in grains, and the factors fj, f2 and f3 are 

isotopic fractionation factors (Lifson and McClintock 1966). The equili

brium vapor pressure ratio of 3h20 to H20 (fj) varies with temperature: 

0.92 at 30 °C and 0.94 at 50 °C (Sepall and Mason 1960). Since air 

temperatures at the lung surfaces are approximately 39 °C, I applied 

a value of f-^O.93. Fractionation factors for H2^®0 vapor (f2=0.99) and 

C^^02 at equilibrium over liquid water at 25 °C (f3=1.039) were used in 

the calculations (Lifson and McClintock 1966). Substituting these 

fractionation factors yields:

CDP (ml CO^g-h) = TEW (598.86 * (kQ-kh) - (8.98*kh)) f5)

W

Statistical Procedures

Statistical comparisons between means were made using Student's t- 

test (Sokal and Rohlf 1969). Unless otherwise indicated, statistical 

significance was evaluated at the 95% confidence interval. Values in 

this thesis are reported as means + 1 SE.

Comparisons between regression lines were made by analysis of 

covariance (Zar 1973, Neter and Wasserman 1974). I first compared the 

lines by the procedure outlined by Neter and Wasserman (1974); if the 

lines differed significantly, I then compared the slopes and elevations
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separately according to Zar (1973). The standard error of the estimate 

for an additional measurement of the independent variable (X, at the mean 

X) was calculated according to Zar (1973) as:

SE^,. = ^ S y . x2 • (1 + 1/n) (6)

where n is the sample size and Sv>x2 is the residual mean square.

28
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RESULTS AND DISCUSSION

Growth Patterns

The captive caribou in this study exhibited a cyclical growth 

pattern typical of R. tarandus and other cervid species (Wood et 

al. 1962, McEwan 1968, Ryg and Jacobsen 1982). Rapid weight accretion 

occurred in summer and, except for the first winter when the caribou 

increased their weights by a mean of 44.5%, a period of weight stasis 

or loss occurred between October and toy for most caribou (Fig. 2).

For example, the 1982 cohort lost, on average, 6.8% of their October 

weights during its second winter, and 4.2% during its third winter.

These losses occurred despite the presence of a high-quality ration ad 

libitum. In contrast, the 1983 cohort gained an average of 4.0% during 

its second winter.

The growth rates of the captive calves during their first year were 

similar to those for wild caribou from the same herd (Table 1). No 

significant differences (t-test; p>0.20) were found between the weights 

of captive and wild caribou of either sex in December (8 months), or 

between the weights of 11-month old captive and wild females. Even at 

44 months of age, females of the two groups had similar weights (t-test; 

p>0.20). McEwan (1968) compared the weights of captive and wild caribou 

from the Beverly Herd in the Northwest Territories of Canada. He also 

reported that the growth rates of captive and wild caribou were similar 

during their first sunnier; however, the wild caribou from that herd lost 

weight during their first winter while the captive caribou gained

29
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Table 1. Body weights (kg; mean + SE) of captive and wild caribou from the Delta Herd, Alaska.

AGE

7 mo. 
n Mean

8 mo. 
n Mean

10 mo. 
n Mean

11 mo. 
n Mean

44 mo. 
n Mean

53+ mo. 
n Mean

Males

Captive 2 66.5 ±0.2 2 69.4 ±1.4 2 70.1 ±1 .6 2 70.1 +1.6 2 126.8 +3.4
Wild 1 61.2 9 70.0 ±2.0 5 61.4 +2.0 1 125.5 7 178.5 ±6.0

Females

Captive 5 62.7 ±2.4 5 63.2 ±2.5 5 64.4 ±2.2 5 66.3 +2.3 4 118.6 +2.8
Wild 6 62.4 ±1 .2 8 62.6 ±1.0 28 61.5 ±1.2 11 62.5 +1.7 7 114.2 +1.4 6 116.4 +3.4



weight. Weight losses by wild caribou in that herd in subsequent 

winters were also greater than those for the captive caribou, and as a 

consequence, the captive caribou attained a larger body size as adults 

(McEwan 1968).

The dominance hierarchy of these captive caribou as of August, 1985, 

closely corresponded to the ranking of body weights (J. Floyd, pers. 

comm.). The only exception was caribou Fl, which ranked third in 

dominance (based on behavioral interactions while competing for food) 

tut fifth in body weight. Caribou Fl was one year older than caribou 

M2 and F4, and her dominance over these larger caribou may have been 

established earlier when she outweighed them.

Fasting and Resting Metabolic Rates

Figure 3 exemplifies the decline in metabolic rate with duration 

of fasting in winter. The data indicate a daily rhythm in the FMR of 

this caribou; the three lowest metabolic rates occurred exactly 24 h 

apart at 2330 h each day. This indicates that differences in the time 

of day at which metabolic measurements are made contribute to the 

variability in metabolic rate.

The mean FMR in winter (October-April) was 403 + 1 9  kJ/kg®*^^*d 

(Table 2; n=10). Thermogenic effects of pre-fast feeding levels were 

considered negligible since body weights were relatively stable for 

several weeks preceding the fasts. This mean value was 5.8% higher 

than the winter FMR of an adult female caribou fasted for 21 d (381 kJ/ 

kgO.75.d), but lower than that for a 9-month-old female fasted for 6 d

32
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Fig. 3

HOURS SINCE EATING
Changes in metabolic rates of caribou F5 in winter during a 4-d fast. The values shown are 
the lowest values recorded for at least 10 min during each 3-h period. The line was fitted 
"by eye" to the means of each set of three adjacent data points.

U><jJ



34

Table 2. Metabolic rates of caribou while lying, following a fast of 
72-80 h.

Month Caribou Weight (kg) Age (mo) RQ FMR (kJ/kg^*^*d)

Summer

June Ml 83.0 25 0.77 683
June M2 69.9 13 0.82 519*
June F4 67.1 13 0.88 670
June F5 56.7 13 0.87 672

July Ml 69.9 14 0.71 649
Summer Mean (+SE) 639 +30

Winter
October F5 82.6 17 0.83 362
November Ml 108.9 30 0.80 354

November M2 95.7 18 0.78 444

November F3 85.3 18 0.81 367
January Fl 93.0 20 0.82 374
January Fl 93.0 20 0.77 371
January F2 101.2 20 0.79 469

February Ml 95.3 21 0.73 356

March Fl 87.1 22 0.86 403

March F2 90.3 22 0.79 528
Winter Mean (+SE) 403 + 19

* fasted for 96 h
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(427 kJ/kg®*75*d; McEwan 1970). Nilssen et al. (1984b) reported a FMR 

(standing position) of 347 kJ/kg^*^^’d) for Norwegian reindeer subjected 

to prolonged undernutrition. If the energy cost of standing is assumed 

to be 16% higher than that while lying (this study; see below), the FMR 

of Norwegian reindeer was 300 kj/kg0*^*d, 25% lower than that for 

barren-ground caribou fed a ration approximating energy maintenance.

The mean FMR for caribou in winter (403 kJ/kg^*^^'d) was similar 

to those reported for other northern ungulates, but 37% higher than the 

interspecies mean (Kleiber 1975). Comparable values for red deer 

(Brockway and Maloiy 1968), white-tailed deer (Odocoileus virginianus: 

Silver et al. 1969), roe deer (Capreolus capreolus: Weiner 1977) and 

moose (Alces alces: Regelin et al. 1985) are 377, 406, 382 and 394 

kJ/kgO’75-d, respectively. The high winter FMR’s of these northern 

ruminants, relative to ruminants in temperate and tropical climates, 

may reflect the metabolic cost of maintaining the biochemical systems 

needed for rapid growth and fat deposition during the short plant 

graving season (Hudson and Christopherson 1985).

Summer FMR's (Table 2) are of questionable value as estimates 

of a minimal metabolic rate because of the carryover thermogenic effects 

discussed earlier. The FMR of caribou M2, measured after a 4-d fast, 

was considerably lower than other values measured after the standard 

3-d fast; this further supports the idea that summer FMR's measured 

after a 72-h fast do not represent the minimal metabolic rate unless the 

animals are fed a maintenance ration prior to the fast.

35
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Metabolic rates of fed caribou while standing in May-September 

were 16% higher than those in October-April (Table 3). If the relatively 

high RMR's measured in October and April are excluded (i.e., if those 

months are considered to be transitional between summer and winter), 

the difference between the mean stunner and winter RMR's would be 27%. 

Other researchers working with Rangifer have reported summer increases 

in RMR of 42% (Segal 1962), 25% (McEwan and Whitehead 1970) and 38% 

(Nilssen et al. 1984a). Summer increases in RMR for other species 

are more variable than those for Rangifer: reported increases are 50% 

for white-tailed deer (Silver et al. 1969), 10% for roe deer (Weiner 

1977), 100% for wapiti (Pauls et al. 1981) and 49% for moose (Regelin 

et al. 1985). Most of these studies involved only a few animals, and 

differences attributable to sample size, methodology, and the physio

logical status of experimental animals may be of greater importance 

than differences between species.

Energy Expenditures for Activity

Highly significant (p<0.001) linear relationships between V©2 and 

HR were found for all six caribou (Figs. 4-6). In 4 of the 13 cases, 

correlation coefficients increased about 1% when exponential equations 

were used, but these small improvements did not justify the transforma

tions. Significant differences were found between the slopes of the 

regression lines (02 pulse, 1 02/beat) between seasons for individual 

caribou, and among caribou within a season (Table 4). For example, the 

02 pulses of four females averaged 69% higher in late winter (March-

36
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Table 3. Metabolic rates of fed caribou while standing.

Month n RMR (kj/kg°*75*d) SE

Sumer
May 45 925.9 15.7
June 22 942.0 26.6
July 13 894.8 77.6
August 7 990 .4 13.4
September 12 841.7 32.5

Summer Mean 99 919.7 14.5
Winter

October 5 817.6 69.0
November 16 742.6 22.0

December 9 750.6 12.2

January 12 729.7 35.9
February 1 577.4
March 8 717.8 23.2

April 21 909.8 44.5
Winter Mean 72 790 .4 18.4
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HEART RATE (beats/min)
Fig. 4. Regressions of V02 on heart rate for caribou in late summer (September) and early winter

(November). Data were recorded as the caribou were standing or walking within 3 h of feeding. £  
The standard error of the estimate is for a new observation at the mean heart rate, expressed 
as a percentage of the mean V02.
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Table 4. Summary of analyses of covariance comparing regression lines relating VC>2 to 
heart rates of caribou.

No. of Degrees of _____ F - VALUES____________
Comparison Lines Freedom Lines1 Slopes2 Elevations

Among individuals, summer 5 4, 202 65.2§ 17.7§ 63.8§

Among individuals during 
summer, excluding Fl 4 3, 136 3.2* 0.8 3.4*

Among individuals, winter 8 7, 241 60.8§ 3.4§ 66.1§

Summer vs. Winter, Caribou Fl 2 1 , 106 128.3§ 1 .2 255.4§

Summer vs. Winter, Caribou F2 2 1, 72 222.3§ 60.1§ 384.6§

Summer vs. Winter, Caribou F3 2 1, 33 18.6§ 1 1 .2s 25.9§

Summer vs. Winter, Caribou F4 2 1, 71 103.5§ 1 1 .6§ 195.4§

January vs. March, Caribou F2 2 1 , 80 26.1§ 8.4+ 43.8§

November vs. April, Caribou F3 2 1, 41 0.8

November vs. April, Caribou F4 2 1, 64 8.0§ 0.2 15.8s

Fed vs. Fasted, Caribou Fl 2 1 , 88 10.7§ 0.5 2 1.0§

1 Test for equality among regressions (Neter and Wasserman 1974:160)
2 Test for equality of slopes and elevations among regressions (Zar 1973)
* p<0.05
t p<0.01 £
§ p<0.001



April) than in late summer (September). Four of the five caribou had the 

same C>2 pulse in summer, but the elevations of the regression lines were 

significantly different (Table 4). The high 02 pulse of caribou Fl in 

summer may be a result of pooling data collected throughout the month of 

September as HR's were decreasing rapidly (Fig. 7).

Significant differences also occurred between the V02/HR relation

ships calculated for the same individual during a season. Although the 

02 pulses of caribou F3 and F4 in November were the same as those calc

ulated six months later, the elevations of the two regression lines 

calculated for caribou F4 were significantly different (Table 4). In 

contrast, the 02 pulse of caribou F2 in March was significantly greater 

than that calculated three months earlier. When I compared regression 

lines from separate days within a 4-5 week period for each caribou, I 

found that in seven of nine cases the caribou had the same 02 pulse among 

days, but in only four of the nine cases did all of the regression lines 

have equal slopes and elevations (Table 5). Seme of this variation can 

be explained by differences in the time since feeding, as fasting 

increases the elevation of the regression line and lowers the range of 

HR's observed for the same activities (Fig. 6).

HR's of caribou decreased sharply during September and October, and 

reached a minimum in January (Fig. 7). Mean HR's of all female caribou 

increased by approximately 15 beats/min during the three weeks preceding 

parturition, then decreased sharply within three days following partur

ition (Fig. 7). The calves of caribou Fl and F2 died of dehydration 

(they were born during a period of warm weather, and did not use the

42
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Table 5. Summary of analyses of covariance comparing regression lines relating V02 to heart 
rates of caribou recorded on different days within a month.

Comparison
No. of 
Lines

Degrees of 
Freedom

F - VALUES
Lines1 Slopes2 Elevations

M2 September 4 3, 38 5.71' 1.4 6 .31

Fl September 5 4, 58 17.0§ 4.0+ 17.3§

F2 September 3 2, 25 1.8

F3 September 2 1, 13 2.4

F4 September 4 3, 42 10.9§ 7.2§ 7.3§

F3 November 2 1 , 21 0.3

F4 November 4 3, 35 13.5§ 1.5 16.5§

F2 January 3 2, 33 7.2§ 3.6* 7.2§

Fl March 4 3, 34 2.4

1 Test for equality among regressions (Neter and Wasserman 1974:160)
2 Test for equality of slopes and elevations among regressions (Zar 1973) 
* p<0.05
+ p<0.01 
§ p<0.001



available shade) within three days of birth; therefore, these females 

lactated for only a few days.

The lowest energy expenditures estimated from HR's occurred when the 

caribou were lying with their heads on the ground (Table 6). The expend

iture while feeding at a trough was 12% higher than that while standing. 

The highest energy expenditures involved locomotion; the energy cost of 

walking was 46% above the cost of standing (Table 6).

The physiological components involved in the relationship between 

V02 and HR can be expressed by the following equation (Morhardt and 

Morhardt 1971):

V02 (1/min) = HR * SV • (A-V) 02 Diff (7)

where HR is in beats/min, SV is the stroke volume (1 blood/beat), and (A

V) 02 Diff is the difference between the 02 concentrations of arterial 

and venous blood (1 02/l blood). Equation 7 can be rearranged to show 

that the volume of 02 consumed per beat, or 02 pulse, is equal to the 

product of SV and (A-V) 02 Diff. If the 02 pulse is constant, or 

varies systematically over a range of HR's, errors in the prediction of 

V02 from HR will be small. This was the case in summer, when only 

slight increases in 02 pulse with HR were observed for four of five 

caribou (Fig. 8). This indicates that variations in 02 requirements 

within the range of HR's observed were met primarily by changes in HR. 

Changes in stroke volume and (or) the arteriovenous 02 difference were 

more pronounced in winter.
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Table 6. Energy costs of activities relative to the cost of standing, as estimated from heart rates of 
caribou

Weight Standing Cost ________________ RATIO2____________________
Caribou Month kg kj/kg*h LHD LHU LR FT GRZ BFW WAR

F l September 100 11 .14 0 .87 1 .0 2 1.00 1.00 1 .3 2

F2 September 105 11 .38 0.93 0 .95 1 .07

F2 September 105 9 .76 0 .72 1 .22 1 .2 2 1 .1 4

F l November 103 11 .64 1 .16 1 .16

F l December 102 10 .97 0 .96 0.93 1 .03 1 .06 1 .45

F2 December 120 9 .02 0 .7 8 0 .89 1 .0 4

F l January 102 7 .0 9 1 .17 1 .6 8

F2 January 120 7 .0 8 1 .0 2 1 .1 8 1 .41

F2 January 120 7 .0 2 0 .77 0 .86 1 .03 1 .36

F2 January 120 7 .6 4 0 .83 0 .88 0 .8 8 1 .1 2 1 .13

F l March 104 10 .1 2 0 .84 0 .92 0 .88 1 .03 1 .23 1 .33

F l March 104 10.83 0 .62 0 .95 0 .9 9 1 .1 4 1 .1 7 1 .23 1 .47

F2 March 120 7 .36 0 .89 0 .91 1 .19 1 .2 5 1 .60
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Table 6 (cont'd)

Caribou Month
Weight

kg
Standing Cost 

kj/kg'h LHD LHU
RATIO2 

LR FT GRZ RFW WAK

Ml April 111 9 .52 0 .77 0.91 1 .10

F2 April 122 8.19 0 .85 0 .97 1.00

F3 April 95 7 .67 0.83 0.90 1 .37 1 .46

F4 April 108 8 .72 0 .89 0 .97

F4 April 108 9 .61 0.91 0 .94 1 .20 1 .2 5

F4 April 108 11 .18 0 .86 0,9.3 0 ,87 1 .06 1 .11 1 .16

Mean Ratios 0.80 0 .91 0 .92 1 .1 2 1 .17 1 .18 1 .46

Standard Errors 0 .0 2 0 .01 0 .02 0 .0 2 0 .0 4 0 .03 0 .04

1 Estimates are based on regressions developed for each caribou at the same time of year as its applica- 
tion.

^ Activity codes are: LHD=lying with the head down; LHU=lying with the head up; LR=lying and ruminating; 
FT=feeding at a trough; GRZ=grazing without walking; BRW=browsing; WAK=walking.
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Because of seasonal differences in 02 pulse, regression equations based 

on pooled data collected in summer and winter, such as those presented 

by Pauls et al. (1981), may be misleading.

Nilssen et al. (1984c) measured V02 and HR of Norwegian (&, t. 

tarandus) and Svalbard (R, t, platyrhynchust reindeer standing or running 

on a treadmill. I recalculated the regression equations presented by 

Nilssen et al. (1984c) for comparison with ny results by assuming mean 

body weights of 89.1 and 76.0 kg for Norwegian and Svalbard reindeer, 

respectively (K. Nilssen, pers. comm.). The slopes of the regression 

lines for Norwegian reindeer (0.033 1 02/beat) and Svalbard reindeer 

(0.030 1 02/beat) in summer were within the range of those calculated 

for caribou (Figs. 4-6), but the elevations for reindeer were lower 

than those for caribou. Consequently, the same HR would be associated 

with a lower V02 for reindeer when compared to caribou. The slope of 

the winter equation for Norwegian reindeer (0.035 1 02/beat) was also 

within the range of those calculated for caribou, but the slope for 

Svalbard reindeer (0.025 1 02/beat) was lower. Some of the differences 

noted above may be explained by the higher treadmill speeds used by 

Nilssen et al. (1984c). Results of studies with humans (Rushmer 1965, 

Davies 1968) and small mammals (Morhardt and Morhardt 1971) indicate 

that as HR approaches a maximum, further increases in V02 are associated 

with only small changes in HR.

The close relationships between V02 and HR suggest that HR telemetry 

could be extremely useful in describing the energetics of wild caribou, 

particularly in summer when variations in 02 requirements are met
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primarily by changes in HR. The pulsed signals can be received several 

kilometers from the transmitter; therefore, it would be possible to 

monitor HR's without influencing the behavior of the caribou. Reasonably 

accurate predictions of VO2 from HR could be made using an equation 

combining data from several caribou. For example, the standard error 

of the estimate calculated from the combined summer data for caribou 

M2, F2, F3 and F4 (Y = -0.242 + 0.020 X; r2 = 0.79; n=144) is within 

10.6% of the mean VC^. Changes in stroke volume and O2 extraction from 

the blood are of greater importance in winter than in summer for 

meeting varying O2 requirements. Because these components differ 

substantially between individuals in winter (Fig. 8), a combined winter 

equation would have a large error component and would be of little value.

The regressions reported here were calculated from data collected 

when both V02 and HR were stable. It is still unclear whether the same 

relationships can be used to estimate V02 from HR's of caribou undergoing 

stress or excitement. Studies are now being conducted at this institute 

to address this question.

Lying and Standing

The relative expenditure of lying with the head up (but not rumin

ating) vs. lying with the head down in the respiration chamber was 

determined on only two occasions because the caribou rarely engaged in 

these activities for the 15-30 min required for accurate measurements. 

V02 increased by 5.0% and 4.6% when the caribou lifted their heads and 

moved them laterally. In contrast, an incremental cost of 13.8% was 

estimated using heart rate telemetry.
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A single paired comparison of V02 when lying with the head up 

vs. lying and ruminating in the chamber resulted in an estimated 2.0% 

increase in V02 during rumination. The relative increase based on HR was

1.1% higher than that while lying with head up. Corresponding estimates 

of 1.0%, 1.6% and 4.8% have been reported for domestic sheep (Osuji

1974), moose (Renecker and Hudson 1983) and wapiti (Pauls et al. 1981), 

respectively.

The relationships between metabolic rate and HR presented by Pauls 

et al. (1981) and Renecker and Hudson (1983) were curvilinear, probably 

because they included data for lying as well as active animals. Studies 

with dogs and humans have found that the mean 02 pulse of inactive 

subjects is lower than that for the same individuals during exercise 

(Warnold and Avidsson Lenner 1977), and that abrupt decreases in stroke 

volume can occur as a subject changes from a lying to standing position 

(Weissler et al. 1957, Chapman et al. 1960, Wang et al. 1960, Rushmer 

1965). These findings suggest that when relationships between V02 and 

HR are developed using only standing and active animals, as in this 

study, they will give unreliable estimates of lying costs. Indeed, the 

predicted 8.7% increase for caribou in the cost of standing relative to 

the cost of lying and ruminating, is only half of that determined from 

22 paired V02 measurements of caribou lying and standing in a respiration 

chamber (16%; Table 7), and is much lower than the incremental cost of 

standing reported for other wild ruminants (Fancy and White 1985a). 

Consequently, the relative costs of lying presented in Table 6 are 

overestimated and should not be used to calculate energy budgets.
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Table 7. Incremental cost of standing over lying. The paired measurements 
for each caribou were made within the same hour as the caribou 
stood and lay (with head up or ruminating) in the respiration 
chamber. Measurements include both fed and fasted values.

Date Caribou
Weight
(kg)

Lying V02 
(ml/g'hy

Standing V02 
(ml/g‘h)

Standina VOo 
Lying V02

1/20/84 Fl 88.5 0.270 0.317 1.174
1/04/84 F2 101.2 0.301 0.304 1.110

2/14/84 Ml 95.3 0.240 0.278 1.158
6/22/84 Fl 87.1 0.520 0.601 1.156
6/23/84 F2 94.3 0.684 0.805 1.176
7/05/85 F2 97.5 0.535 0.649 1.213
7/06/84 F4 84.8 0.599 0.687 1.147
7/07/84 M2 83.0 0.575 0.648 1.127
7/10/84 F2 102.1 0.549 0.643 1.171
7/12/84 F3 78.9 0.684 0.782 1.143
7/14/84 Fl 85.3 0.537 0.597 1 .112

7/14/84 Fl 85.3 0.512 0.590 1.150

7/18/84 Fl 88.5 0.547 0.591 1.080
8/02/84 F2 98.4 0.578 0.661 1.144

8/02/84 F2 98.4 0.551 0.671 1.218
8/03/84 F2 98.4 0.546 0.610 1.117

8/14/84 F3 88.5 0.530 0.642 1.2 11

9/18/84 F4 93.9 0.529 0.610 1.153

10/18/83 Fl 87.5 0.521 0.575 1.104
13/07/84 F4 109.8 0.419 0.522 1.246

11/15/83 Fl 90.7 0.334 0.410 1.228
11/15/83 F2 98.9 0.459 0.586 1.277

Mean 0.501 0.581 1.160
SE 0.025 0.030 0.011
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Grazing and Browsing

Because ruminants spend a large portion of the day grazing and 

browsing, the costs of these activities are a major component of daily 

energy budgets. 1116 estimated 17% increase in the energy cost of grazing 

above standing based on HR's of caribou (Table 6) agrees closely with 

the mean difference of 16% (range 12.3-19.2%; n=4) between V02 of caribou 

standing and feeding in a respiration chamber or headstall. Movements 

of the neck and mouth apparently account for most of the incremental 

cost, as V02 returns to standing values within 30 sec after the end of 

the feeding bout (Fig. 9). The reported incremental costs of grazing 

by wapiti (6.0%; Pauls et al. 1981) and moose (4.6%; Renecker and 

Hudson 1983) are lower than those for caribou, possibly because standing 

costs for those two species are higher than those for caribou (Fancy 

and White 1985a). The mean energy cost of browsing by caribou was 

similar to that for grazing (Table 6); browsing costs of moose and 

wapiti were also similar (2-4% higher) to grazing costs (Pauls et 

al. 1981, Renecker and Hudson 1983).

Cratering

Heart Rate Telemetry Measurements. Energy expenditure was highly 

correlated (p<0.001) with HR for each of the two caribou used in the 

cratering trials (Table 8). The slopes (J/beat) calculated for the two 

caribou were not significantly different (F-test; p>0.50), but when the 

data were combined, the combined slope was lower than either of the 

individually-calculated slopes. This occurred because the range of HR's 

observed for caribou Ml was lower than the range for caribou F2. The
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Fig. 9. Changes in VO2 of caribou F4 upon feeding. The caribou was standing quietly on the 
treadmill before and after lichens were placed into the headstall and eaten.

Ul



55

Table 8. Linear regressions of energy expenditure (J/min) on heart rate 
(beats/min) for individual caribou and for combined data. A11 
slopes are highly significant (pCO.OOl).

Caribou
Weight

(kg) n
Intercept
(J/min)

Slope
(J/beat) SE r2

F2 94-98 64 -4274.6 485.6 38.8 0.72
Ml 85-93 32 -2550.2 512.7 53.6 0.76

Combined 96 49.7 411.7 32.3 0.64
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combined slope was used in the calculations of cratering costs by Fancy 

and White (1985b); in this thesis, however, I present a reanalysis of 

cratering costs based on the individual slopes rather than the combined 

slope.

The activity of the caribou (i.e., lying, standing or walking) had 

no apparent effect on the relationship between energy expenditure and HR 

(Fig. 10), but only three data points were obtained when the caribou were 

lying. Heart rate was associated with 72-76% of the statistical 

variation in energy expenditure.

The energy cost of cratering varied four-fold, depending on snow 

conditions (Table 9). Hie mean energy cost per stroke in light, 

uncrusted snow was 143 J, whereas in compacted snow beneath a snowmobile 

trail, cratering required 567 J/stroke. A thin (<2 cm), hard snow 

crust resulted in only a slight increase in the cost of cratering 

compared to uncrusted snow, because the caribou broke through the crust 

with the first few strokes, exposing the soft snow beneath. However, 

the caribou were apparently unable to smell lichens beneath a hard 

crust, and I often had to break the crust before they would start 

digging. A thicker crust of similar hardness probably also would 

physically prevent them from digging.

The rate of energy expenditure during cratering can be estimated 

for wild caribou using data on pawing rates from field studies and 

my data on the net cost per paw stroke. Thing (1977) reported a mean 

pawing rate of 19.6 strokes/min for wild adult caribou in late winter. 

Davydov (1963) reported a value of 15.5 strokes/min for reindeer digging
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Table 9. Summary of regressions of heart rate (beats/min) on pawing rate (strokes/min). The energy 
expenditure above standing (J/stroke) is given for four different snow types.

Weight Slope Net Energy Cost
Date Caribou (kg) n (beats/stroke) SE^ r2 J/stroke SE

Light, uncrusted snow; density =0.18 g/cm3; hardness <50 g/cm2

2/27 Ml 93.0 6 0.318 0.036 0.96 163.0 25.0
3/3 F2 97.5 14 0.250 0.048 0.69 121.4 25.2
3/10 F2 94.8 13 0.267 0.062 0.62 129.7 31.7
3/11 Ml 90.7 14 0.308 0.043 0.81 157.9 27.4

Mean 143.0 27.3

Melting snow; density = 0.28-0.32 g/cm3; hardness = 40-50 g/cm2

3/30 Ml 87.5 15 0.346 0.059 0.72 177.4 35.3
3/31 F2 94.3 18 0.344 0.082 0.52 167.0 41.9

Mean 172.2 38.6

Crusted Snow; density = 0.28-0 .50; crust hardness = 1400 g/cm2; crust thickness <2 cm

4/2 F2 94.3 20 0.603 0.080 0.76 292.8 45.2
4/4 Ml 85.7 16 0.461 0.102 0.59 236.4 57.6
4/6 F2 94.3 15 0.474 0.110 0.59 230.2 56.3
4/7 F2 94.3 23 0.504 0.098 0.56 244.7 51.3

Mean 264.3 53.9

Compacted snow; density = 0.40-0.50 g/cm?; hardness >2000 g/cm2

4/2 F2 94.3 10 1.168 0.209 0.79 567.2 110.9



in both crusted forest pastures and hard, dense snow in alpine tundra. 

Using these two pawing rates and my value of 264 J/stroke for thinly- 

crusted snow, the net energy expenditure (above the cost of standing) for 

a 90 kg caribou would be 2.7-3.5 kj/kg*h. In light, uncrusted snow these 

same pawing rates would require 1.5-1.9 kJ/kg*h. Ey comparison, the net 

cost of walking at 1 kir/h on a treadmill for these caribou was approx

imately 2.0 kJ/kg*h. Thus, the rate of energy expenditure for caribou 

cratering in loose or thinly-crusted snow is comparable to that during 

a very slow walk.

Makarova and Segal (1958) measured V02 of reindeer at rest and after 

digging for lichens for 2, 10, 30, 60 and 90 min. The increase in V02 

over resting varied considerably between experiments, which may be 

attributed to differences in digging rates and movements of the reindeer 

during the air collection period, as well as to individual variation.

In addition, measurements were made during two winters with different 

snow conditions: light, deep (80-90 cm) snow during the first winter

vs. dense, hard snow less than 35 cm deep during the second winter, yet 

data from both years were combined. Assuming an 02 equivalent of 20.19 

kj/l 02, the net energy expenditure of six reindeer interrupted after 

10 min of cratering was 3.17 kj/kg*h. The ret expenditure after 30 min 

was 2.52 kj/kg*h, and after 90 min was 1.86 kJ/kg*h. Makarova and 

Segal (1958) did not present any pawing rates for these experiments, 

but from data presented elsewhere on the same experiments (Table 27 in 

Segal 1962), I calculated that a reindeer spent 102 sec actively 

digging during a 9-min observation period in deep (80-90 cm), loose
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snow. If each paw stroke required 0.52 sec (Thing 1977, this study), 

the resulting pawing rate would be 21.8 strokes/min. At this pawing 

rate, the estimated net cost of cratering in loose snow for my caribou 

would be 2.1 kJ/kg'h, which is similar to 1.9-2.5 kj/kg’h calculated 

from Makarova and Segal's data.

Formozov (1946), Nasimovitch (1955), Pruitt (1959), Davydov (1963), 

Henshaw (1968) and LaPerriere and Lent (1977) reported that reindeer and 

caribou rarely dig in snow exceeding 50-60 cm in depth. However, 

Makarova and Segal (1958) conducted their work with reindeer cratering 

in loose snow 80-90 cm deep, and Thing (1977) found that caribou dug 

craters in snow drifts up to 75 cm deep. Although caribou and reindeer 

are capable of digging craters exceeding 1 m in loose snow (Skjenneberg 

and Slagsvold 1968, Helle 1980, Vandal and Barrette 1986), the metab

olizable energy obtained from the forage may not compensate for the 

increased energy expenditure. LaPerriere and Lent (1977) concluded 

that caribou select areas of relatively shallow snow for winter feeding 

on at least two levels: broad area and microsite. This selection for 

shallow snow minimizes energy expenditure during foraging since fewer 

strokes are required to expose the forage.

Both crater depths and pawing rates decrease as snow density or 

hardness increase (Skogland 1978). Pruitt (1959) found that caribou 

in the taiga rarely cratered in areas where snow hardness exceeded 

50 g/cm^, whereas Henshaw (1968) reported a similar value of 65 g/cm^. 

However, Henshaw also stated that caribou were capable of breaking 

through a thin crust with a hardness exceeding 6500 g/cm^, and Thing
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(1977) recorded hardness values as high as 9000 g/cm^ in caribou feeding 

areas. The threshold for hardness is apparently determined by the 

force and angle of the hoof against the snow layer, the ability of the 

animal to detect the forage beneath crusted snow, and perhaps, the hunger 

of the animal.

Cratering Mechanics. The net cost per digging movement was 

determined for two snow types by analyzing 11 different sequences of 

movie film, each sequence of 10-17 frames representing one digging 

stroke. An example of the procedure for determining the maximum hoof 

displacement used in the calculations (Table 10) is shown graphically 

in Figure 11, In uncrusted snow having a density of 0.18 g/cm?, the 

mean cost in mechanical energy per digging stroke was 65.3 J. In 

denser (0.32 g/cnP) snow the mean cost per stroke (determined from 

seven film sequences) was 95.9 J. The first digging stroke within a 

pawing series displaced the snow a greater distance, requiring a 

greater energy expenditure than successive strokes within the same 

series (Table 10). The volume of snow moved during the first stroke 

within a series was also higher because approximately 10 cm of the 

metacarpus was used to push snow. The resulting 20% increase in the 

area used for pushing snow increased the cost of the stroke by 7-8% 

over that calculated using only the foot area.

Thing (1977) also estimated cratering costs based on an analysis 

of cratering mechanics using movie films. In early winter when snow 

was light (0.26 g/crr?) and relatively deep (mean=19 cm), the estimated 

cost per stroke was 334 J. In denser (0.32 g/cm?) and shallower (mean=12
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Table 10. Determination of energy expenditure during cratering based on the timing and displacement of 
the limb segments. The amount of time and energy required for the upstroke, downstroke, and 
for pushing the snow is shown.

Snow Maximum
Density Displacement (cm) Time Required (sec) Energy Expenditure (J/sec) Net Cost
(g/cm ) Hoof Snow Up Down Push Up Down Push (J)

0.18 69.4 64.0 0.250 0.333 0.250 54.4 40.9 43.4 80.9
67.2 59.6 0.250 0.333 0.250 52.7 39.6 37.6 75.7
46.4 15.9 0.125 0.333 0.125 72.8 27.3 5.4 48.4
49.6 57.0 0.208 0.208 0.208 46.8 46.8 41.4 56.2

0.32 88.8 52.0 0.333 0.375 0.208 52.3 46.4 61.2 113.2*
86.0 40.0 0.292 0.417 0.208 57.8 40.4 36.2 95.2'-
70.4 39.2 0.333 0.375 0.167 41.5 36.8 43.3 86 .l1

0.32 83.4 47.4 0.250 0.333 0.167 65.4 49.1 63.3 103.7^
72.8 35.1 0.250 0.375 0.167 57.1 38.1 34.7 81.2

0.32 78.2 53.2 0.292 0.333 0.208 52.5 46.1 64.1 101.72
70.8 20.7 0.292 0.417 0.167 47.6 33.3 12 .1 65.8

^ series of three consecutive paw strokes 
series of two consecutive paw strokes

(T\to
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ULNA «• RADIUS

Fig. 11. Example of the graphical procedure used to determine the 
maximum displacement of the hoof during cratering. Tt̂ e ̂  
displacement vectors for each limb segment (i.e., a, b, c) 
were determined from the lengths of the limb segments and 
the maximum angle between the positions of the segments.
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cm) crusted snow in late winter, the estimated cost per stroke was 

166 J. Thing did not include the movements of the humerus and scapula 

in his analysis of displacement vectors, but did include the weights 

of these limb segments in his calculations. I also excluded the 

movements of these segments from my analyses since it was not possible 

to determine accurately their positions from the films. However, I 

used only the weights of the hoof, metacarpus and ulna-radius segments 

in ny calculations. Recalculating Thing's values for comparison, I 

found that his net cost per digging stroke in light, uncrusted snow 

(81.2 J) is 24% higher than the value I calculated for similar snow 

with a lower density (65.3 J). Thing's value for denser, crusted snow 

(158 J) was 65% higher than my estimate for snow of the same density 

(95.9 J). The time required for one stroke in the lighter snow was 

similar for the two studies (0.51 vs. 0.53 sec), but caribou in my 

study had a smaller hoof displacement. The mean time required for one 

stroke in the denser snow by caribou in my study was 0.67 sec, as 

compared to only 0.43 sec in Thing's study.

Differences in snow hardness between the two studies may explain 

the higher cost calculated from Thing's data for the denser snow.

The wind-packed snow in Thing's study broke into pieces as the caribou 

used a "chopping" stroke, whereas in ny study the caribou quickly broke 

through the thin crust and used a sweeping movement of the limb to push 

the underlying loose snow. The higher energy cost determined by Thing 

was probably due to the timing of the downward stroke, which required 

only 0.04 sec, whereas in my study 0.38 sec was required for the
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downstroke. By comparing these data it is evident that the "chopping" 

movement used by caribou to break through crusted snow requires a much 

higher expenditure of energy than the sweeping movement used in loose 

snow of the same density.

By comparing the estimated costs of cratering determined from 

an analysis of cratering mechanics with those determined by heart rate 

telemetry, it is possible to estimate the efficiency with which chemical 

energy is converted to mechanical energy during cratering. Muscular 

efficiency is determined by dividing the rate at which muscles perform 

work (work = force x distance) by the rate at which they consume 

metabolic energy (Taylor and Heglund 1 9 8 2 ). The mean cost of cratering 

in light, uncrusted snow as determined from cratering mechanics was 

65 .3  J/stroke (Table 1 0 ), indicating a muscular efficiency of 46%. In 

denser, crusted snow, the efficiency was 36%. Since the maximum 

efficiency of vertebrate striated muscles is about 25% (Hill 1950,

Taylor 1 9 8 0 ), these values indicate that elastic energy is being stored 

and recovered during the activity. In the present analysis of cratering 

mechanics, I made a number of simplifying assumptions which decreased 

the estimated costs. For example, in my calculations I excluded 

movements of the humerus and scapula, and changes in the center of mass 

of the animal. However, muscles consume energy not only when they 

shorten and perform mechanical work, but also when their length remains 

unchanged as they stabilize joints (Taylor and Heglund 19 82 ). As a 

caribou craters, the stationary front limb may be expending metabolic 

energy above that required for standing (i.e., because the front of the

65
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body is being supported by only one limb), and yet little mechanical 

work is being performed by that limb. Therefore, the efficiency values 

calculated above are subject to considerable error, and should not be 

used to demonstrate the importance of elastic energy during cratering. 

However, in general these results suggest that caribou have evolved an 

energetically-efficient mechanism for obtaining food from beneath the 

snow.

Horizontal Locomotion on Hard Surfaces

The energy cost of horizontal locomotion on a treadmill was 

determined for six caribou ranging in body weight from 83 to 124 kg.

In 57 of the 59 trials, I found a highly significant (p<0.001) linear 

relationship between VC>2 and walking speed. The overall net cost of 

locomotion for each caribou, calculated from the combined net VO2 from 

all trials, ranged from 0.068 to 0.095 ml C^/g'km (Fig. 12). When 

treadmill speeds greater than 4.5 kn/h were included in the regression 

analysis, the net cost of locomotion was, on average, 6.3% higher than 

those shown in Figure 12. Walking speed accounted for 80-92% of the 

variation in VC^.

A pronounced curvilinear relationship was found between VO2 and 

walking speed in several trials. Hoyt and Taylor (1981) and Parker 

et al. (1984), working with horses and elk, respectively, also found 

such a curvilinear relationship within each gait. Consequently, within 

each gait there is an energetically-optimal speed, i.e., for which the 

amount of oxygen consumed while moving a given distance is minimal (Hoyt 

and Taylor 1981). This energetically-optimal speed, which was determined
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Fig. 12. Regressions of net V02 (i.e., VO, in addition to standing) on walking speed for six caribou. 

The slope of each line is the net cost of horizontal locomotion (ml 02/g*km). Data for 
speeds greater than 4.5 krr/h were excluded from the regression analyses. The standard 
error of the estinate is for a new observation at the mean walking speed, expressed as a 
percentage of the mean V02.



by finding the minimum of a least-squares polynomial line fitted to the 

data, was between 3.0 and 4.1 krr/h for four of the six caribou. (The 

fitted line for the other two caribou did not have a mimimum within the 

range of walking speeds). However, within the range of 2.0 to 4.5 

kn/h, which includes the walking speeds observed for wild caribou 

(Duquette 1984; Fancy, unpubl. data), the departure from linearity was 

very slight.

The energy cost of walking predicted from HR's of caribou Ml,

Fl and F2 was 46% higher than the standing metabolic rate. From V02 

measurements for these three caribou while walking on the treadmill 

(n=407), I determined that the metabolic rate of these caribou would 

be 46% above the standing rate when they walked at 3.4 kn/h. I did 

not measure walking speeds of caribou in the enclosure, but a walking 

speed of 3.4 kn/h is within the range of energetically-optimal walking 

speeds and therefore appears reasonable.

Taylor et al. (1970) published an allometric equation relating 

the net cost of locomotion to body weight for several mammalian species. 

This equation has recently been updated using data from 62 avian and 

mammalian species, including several species of African ungulates (Taylor 

et al. 1982). The published equation can be rearranged such that the net 

cost of locomotion (S, ml C^/g’km) for any biped or quadruped can be 

predicted by:

S = 0.533-W"0-316 (8)
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where W is body weight in kilograms.

Barren-ground caribou have the lowest net cost of locomotion of any 

terrestrial species studied (Fig. 13). The net cost of locomotion for 

caribou F4 (0.068 ml C^/g’km) was 44.6% lower than that predicted by 

Equation 8. In contrast to the others, this caribou appeared extremely 

calm when walking on the treadmill and rarely moved her head or neck 

while walking. The species with the next lowest net cost of locomotion 

is the wildebeest (Connochaetes taurinus: Taylor et al. 1982), which is 

also noted for its migratory habit (Pennycuick 1979). The low energy 

costs of locomotion for these two species suggests that selection for 

locomotion efficiency has occurred in species undertaking long migra

tions.

Differences in the net cost of locomotion, which may in part be 

attributable to differences in leg length and migratory habits, also 

exist among subspecies of Rangifer (Fig. 13). Svalbard reindeer, which 

have relatively short legs and a sedentary habit, have a net cost of 

locomotion that is 24% higher than that predicted by Equation 8 (Nilssen 

et al. 1984c). The net cost of locomotion for semi-domestic reindeer, 

which have leg lengths (Thing 1977) and daily movement distances 

intermediate between those of Svalbard reindeer and barren-ground 

caribou, is intermediate between those two subspecies (White and Yousef 

1978, Nilssen et al. 1984c). Nilssen (1984) concluded that "there is 

nothing to substantiate the hypothesis that evolution of migratory 

behaviour has improved the economy of locomotion in cervids". However, 

he incorrectly assigned data for domestic reindeer (White and Yousef
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Fig. 13. Log-log plot of the net cost of locomotion vs. body weight for several species of domestic 
and wild ungulates. The interspecies line was calculated as w (Taylor et al. 1982).
The species represented by the symbols are as follows: DG=desert gazelle; S=domestic sheep; 
WT=white-tailed deer fawns; E=elk; RD=red deer; SV=Svalbard reindeer; NR=Norwegian reindeer; 
R=Alaskan reindeer; W^il debees t; WB=waterbuck; ED=eland; ZC=Zebu cattle; P=pony; CW=danestic -j 
cow; H=horse. See Fancy and White (1985a) for data sources. °



1978) to caribou, and did not recognize that the interspecies line to 

which White and Yousef compared their data (Taylor et al. 1970) differed 

from the interspecies line to which he compared his own data (Taylor et 

al. 1982).

Theoretically, the net cost of locomotion for geometrically-similar 

animals is a function of the number of strides required to move a given 

distance; this (strides/unit distance) scales as where W is body

weight in kilograms (Schmidt-Nielsen 1984). The amount of oxygen 

consumed by each gram of muscle per stride is independent of body 

weight for animals moving at "physiologically-equivalent" speeds 

(Heglund et al. 1982), and therefore the oxygen required to move a 

given distance should also scale as W“® .

Animals with long legs will require fewer steps to move a given

distance than animals with short legs (Fig. 14), and it can again be

shewn theoretically that leg length in geometrically-similar animals 

scales as *̂ 3 (Schmidt-Nielsen 1984) . Although all animals are not 

geometrically-similar, the assumption appears to be reasonable for 

comparisons within a species, or within certain other taxonomic groups. 

For example, Alexander et al. (1979) found that the mean length of the 

limb bones of 37 species of irammals ranging in size from a shrew to an 

elephant scaled as close to the predicted value of

The number of strides required to move 1 m by each of the eight

caribou was determined on several occasions by regressing stride 

frequency on treadmill speed (Fig. 14). Similar measurements were made 

on three of these same caribou by Luick and White (1986) when the
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caribou were only a few months old. The relationship between the 

number of strides/m (Y) and body weight (W, kg) calculated from 26 

paired measurements of caribou ranging in weight from 23 to 141 kg was:

Y (strides/m) = 2.365 • W-®*-^ (9)

The exponent (-0.32) in Equation 9 is not significantly different 

(p>0.05) from the theoretical value of -0.33 reported by Schmidt- 

Nielsen (1984). The mean difference between the actual value of Y 

(strides/m) for each caribou, and the value predicted by Equation 9, 

was 0.52%.

A stronger relationship (mean difference between actual and 

predicted values = 0.16%) was obtained when Y was expressed as a 

function of brisket height (H, cm), which is an index of leg length:

This equation was based on 21 brisket heights ranging from 51 to 72 cm 

[Luick and White (1986) did not measure brisket heights of calves].

Thus, for caribou one year of age or older, leg length is a better 

predictor of the net cost of locomotion than is body weight. The net 

cost of locomotion for individual caribou changed little once their legs 

approached their maximum lengths in their second year, even though their 

body weights continued to increase (Fig. 15). A similar relationship 

between the net cost of locomotion and brisket heights of wapiti and mule

Y (strides/m) = 703.85 • H (10 )
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deer can be seen in Figures 2 and 3 of Parker et al. (1984). The net 

cost of locomotion for those species decreased during the period of rapid 

leg growth, but changed little once the animals reached the body weight 

at which their leg lengths approached a maximum. Individual differences 

in walking costs in Figure 15 are attributable in part to walking style 

(e.g., walking with head held low and steady vs. frequent head and neck 

movements while walking) and the degree to which each caribou cooperated 

during the measurements.

Vertical Locomotion

Hie energy cost of uphill locomotion is higher than that for 

movement over the same horizontal distance because energy is expended 

for work against gravity. Conversely, downslope movements are ener

getically less expensive because gravitational potential energy is 

partially recovered as kinetic energy during descent (Taylor et al.

1972). The energy cost of uphill locomotion for caribou, expressed as 

the energy required to lift one kilogram one vertical meter, averaged 

22.6 (+1.3 SE) kJ/kg*m (n=9) for slope angles of 4.9 and 6.0 degrees 

(mean efficiency = 44.5%; Table 11). This is slightly lower than the 

mean of 24.0 kJ/kg*m for reindeer and six other species of ungulates 

(Fancy and White 1985a). The cost for uphill locomotion (kj/kg*m) has 

been found to be independent of body weight and the angle of ascent for 

the moderate slope angles used thus far. Ungulates expend the same 

amount of energy per unit of weight for uphill locomotion regardless of 

size (Taylor et al. 1972); thus, a small animal will expend less total 

energy climbing a given slope than will a large animal. However,
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Table 11. Energy expenditures by caribou for uphill locomotion. The relationship between VO2 and
treadmill speed for each trial (X, krrv/h) is expressed by the equation Y=a + bx, where Y is V02 
(ml/g*h), a is the estimated VO2 while standing (ml/g*h), and b is the net cost of locomotion 
(ml 02/g'km). The standard error of an additional estimate of V02 at the mean X is presented 
as a percent of the mean V02.

Caribou
Weight
(kg)

Ascent 
Angle (°) Equation SEb

SEest 
(% of Y) r2 n

Efficiency 
kJ/kg*m (%)

Ml 116.1 6.0 Y=0.618 + 0.221 X 0.025 20.4 0.93 8 26.29 37.2
M2 100.2 6.0 Y=0.529 + 0.226 X 0.019 16.5 0.97 7 25.70 38.1
Fl 103.4 4.9 Y=0.470 + 0.167 X 0.007 12.0 1.00 4 20.84 47.0
F3 87.1 4.9 Y=0.380 + 0.187 X 0.017 22.7 0.96 8 24.72 39.6
F3 91.6 4.9 Y=0.528 + 0.191 X 0.020 24.0 0.97 5 25.69 38.1
F4 104.3 6.0 Y=0.516 + 0.200 X 0.013 16.0 0.98 7 25.90 37.8
F4 102.5 4.9 Y=0.567 + 0.134 X 0.008 8.7 0.98 10 16.00 61.2
F4 105.2 4.9 Y=0.397 + 0.149 X 0.011 20.9 0.95 11 19.63 49.9
F4 107.0 4.9 Y=0.515 + 0.146 X 0.019 27.0 0.94 6 18.90 51.8

Mean 22.63 43.3
SE + 1.28

cr»



Reichman and Aitchison (1981) presented data to support their hypothesis 

that large animals will pick steeper ascents than small animals as the 

terrain becomes steeper, as the more vertical path may be less costly 

than an extensive detour over a flat (level) trail.

Caribou recovered 6.0 (+0.4) kJ/kg*m while walking down slopes 

of -4.0 to -5.6 degrees (mean efficiency = 61.5%; Table 12). The 

reported values for other ungulates range from 0.96 to 7.36 J/kg*m 

(mean=4.67; Fancy and White 1985a). Parker et al. (1984) found that 

downslope efficiencies of elk and mule deer decreased with increasing 

body size, and others have reported that the efficiency decreases as 

the angle of descent becomes steeper (Margaria et al. 1963, Yousef et 

al. 1972, Raab et al. 1976, Cohen et al. 1978, White and Yousef 1978).

In this study, I found no relationship (p>0.25) between downslope 

efficiency and either angle of descent or body weight within the small 

range of angles and body weights investigated.

LQCQmotifln-in. .Snaw

Hie presence of a snow cover for much of the year throughout the 

distributional range of R. tarandus has had a profound effect on the 

evolution of this species, including its morphology, physiology and 

behavior (Formosov 1946, Nasimovitch 1955, Pruitt 1959, LaPerriere and 

Lent 1977, Skogland 1978, Telfer and Kelsall 1984). Snow influences both 

energy intake and energy expenditure by restricting forage availability, 

increasing the energy costs of foraging, altering habitat selection and 

movement patterns between foraging areas, and increasing the energy costs 

of locomotion.
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Table 12. Energy expenditures by caribou for downhill locomotion. The relationship between V02 and
treadmill speed for each trial (X, km/h) is expressed by the equation Y=a + bx, where Y is VO2 
(ml/g*h), a is the estimated V02 while standing (ml/g"h), and b is the net cost of locomotion 
(ml 02/g* km). The standard error of an additional estimate of V02 at the mean X is presented 
as a percent of the mean V02.

Caribou
Weight

(kg)
Descent 

Angle (•) Equation SEb , SE§st  ̂(% O f Y) r2 n
k j  Efficien 

Recovered (%)

Ml 116.6 5.3 Y=0.545 + 0.063 X 0.008 12.2 0.90 9 5.45 55.7
M2 103.9 5.3 Y=0.515 + 0.060 X 0.004 6.0 0.97 9 7.96 81.3
M2 102.5 5.6 Y=0.534 + 0.062 X 0.018 22.9 0.74 6 7.08 72.3
Fl 88.5 4.2 Y=0.384 + 0.060 X 0.008 14.8 0.90 9 6.09 62.2

Fl 93.0 4.9 Y=0.337 + 0.061 X 0.010 24.0 0.92 5 4.95 50.6

Fl 103.4 4.9 Y-0.490 + 0.060 X 0.008 14.5 0.95 5 5.20 53.1
F2 101.2 4.2 Y=0.318 + 0.075 X 0.009 18.4 0.94 6 5.80 59.2
F2 100.2 4.9 Y=0.328 + 0.077 X 0.005 7.5 0.98 7 4.46 45.6
F2 121.6 5.3 Y=0.496 + 0.063 X 0.009 15.7 0.87 9 7.28 74.4
F3 96.6 5.3 Y=0.556 + 0.059 X 0.004 5.5 0.98 7 5.91 60.4

Mean 6.02 61.5
SE + 0.35 + 3.6

CO



Parker et al. (1984) have recently investigated the energetics 

of locomotion in snow by mule deer and elk. They found that sinking 

depth and speed of travel are the most important factors influencing 

locomotion costs. Sinking depth is determined by properties of the 

snow cover and by the characteristics of the animal. In light, soft snow 

or melting snow, the hoof penetrates to the ground, and the snow depth 

will have a major influence on the energy costs of locomotion. The 

ability of the snow to support the animal is determined by its hardness, 

a reflection of the degree of bonding between the snow crystals. In 

most types of snow, hardness increases with snow density and decreases 

with snow temperature (Gold 1956, Coady 1974).

Two important characteristics of the animal which influence the 

costs of locomotion in snow are brisket height and foot loading. Foot 

loading is calculated as body weight divided by the total foot area 

contacting the snow (Kelsall and Telfer 1971). If snow hardness consist

ently exceeds foot loading, the animal will be supported by the snow or 

will sink in to only a fraction of the snow's total depth.

The effects of sinking depth and walking speed on locomotion costs 

of caribou in snow were similar to those found for mule deer and elk by 

Parker et al. (1984). Linear relationships between VC>2 and walking speed 

were found for caribou walking in snow of various depths, densities and 

hardnesses (Fig. 16). Consequently, the net energy cost to travel a 

given distance in snow was independent of walking speed, as found for 

locomotion on hard surfaces. The slope of the regression line relating 

V02 and speed (net cost of locomotion) increased with sinking depth.
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Fig. 16. Regressions of VO2 on walking speed for caribou walking 
in uncrusted snow of various depths.
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The cost of locomotion in snow, when compared to the cost of walking on 

a plowed or packed trail, increased exponentially as sinking depths 

approached brisket height (Fig. 17). Locomotion costs were greatly 

increased when the caribou broke through a surface crust.

In uncrusted snow, the locomotion cost relative to sinking depth is 

similar for caribou, elk, mule deer and white-tailed deer when sinking 

depths are <60% of brisket height (Fig. 17). As snow depths approach 

brisket height, however, locomotion costs are higher for caribou than for 

these other species. In deep snow, the longer legs of elk result in 

lower locomotion costs compared to caribou because the sinking depth for 

elk, relative to brisket height, is lower. On the other hand, caribou 

may sink into the snow to a lesser extent than other species because of 

their lower foot loading (Table 13).

With the exception of musk deer, caribou have the lowest foot 

loading of any ungulate (Table 13). Species with the lowest foot 

loadings have lateral metapodial digits (d-;w claws) which increase the 

surface area of the foot. Within a species, females and young animals 

tend to have lower foot loadings and may therefore be at an advantage 

under crusted snow conditions. The survival value of this advantage, 

however, depends on the frequency of occurrence and duration of snow 

with these characteristics, and the need of the animal to travel 

through it (Coady 1974).

Dense snow or snow with a thin crust increases the drag on the legs 

or body while walking and causes the animal to lift its legs higher.

These awkward movements interfere with the efficient storage and recovery
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Table 13. Foot loadings of wild ungulates.

83

Species Foot Loading (g/cm2) Reference

Musk deer (Moschus moschiferus) 80-120 Nasimovitch 1955
Caribou, calves 125 Thing 1977
Caribou, yearlings 139-142 This study
Caribou, adults 150 Thing 1977
Caribou, adults 158-183 This study
Caribou, adult cows 190 Telfer and Kelsall 1984
Chamois (RuDicapra sp.t 200 Nasimovitch 1955

Mule deer 259-3501 Parker et al. 1984
Elk, calves 305-4272 Parker et al. 1984
Moose, calves 317 Coady 1974
Dali's sheep (Ovis dalli) 330 Telfer and Kelsall 1984
Biqhorn sheep (Ovis candadensis) 360 Telfer and Kelsall 1984
Roe deer 300-600 Nasimovitch 1955
Moose, Asiatic 400-500 Nasimovitch 1955
Moose, adult cows 432-593 Coady 1974

White-tailed deer 490 Telfer and Kelsall 1984
Moose, calf 512 Nasimovitch 1955

White-tailed deer 520 Kelsall and Telfer 1971
Elk, adult cows 646-676 Kelsall and Telfer 1971
Moose, adults 650 Telfer and Kelsall 1984
Elk, adults 660 Telfer and Kelsall 1984
Moose, adult bulls 710 Kelsall and Telfer 1971
Moose, adults 701-789 Kelsall 1969

Bison (Bison bison) 720 Telfer and Kelsall 1984

Pronqhorn (Antilocapra americana) 720 Telfer and Kelsall 1984
Elk, adults 780 Kelsall and Telfer 1971
Bison, adults 920 Kelsall and Telfer 1971

^ Foot loadings predicted as 46 for body weights of 34-63 kg.
2 Foot loadings predicted as 35 kg^ for body weights of 76-149 kg.
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of elastic energy during a stride, resulting in a substantial increase 

in the cost of walking (Fig. 17). For example, the net cost of loco

motion for one trial in crusted snow which almost supported the caribou's 

weight before collapsing was 568% greater than that without snow.

Doubly Labeled Water Method Validation

TBW estimates determined using ^H20 were significantly higher (t- 

test; p<0.01) than TBW as determined using for all trials (Table

14). ^H20-based estimates of TBW exceeded those based on dilution

by 6-11% for caribou and 13-15% for the reindeer. There were no signif

icant differences between estimates of TBW nor the fractional turnover 

rates of 3H20 and H21%  derived from samples of blood, urine and rumen 

fluid (Analysis of Covariance; p>0.10; Fig. 18, Table 14).

Small differences in background levels of were found between

the three body fluids. The concentration of H2 -̂®0 in rumen fluid 

(0.19717 atom %) was 0.07% higher than that of blood (0.19702 atom %) 

and 0.11% higher than urine (0.19695 atom %). These small differences 

in background levels substantially affected the results of subsequent 

calculations of CDP (Table 15). For example, when the background level 

of in blood was substituted for that measured in rumen fluid, CDP

calculated from post-inject ion rumen samples and the dilution

space was 16.1% higher than that based on blood samples. When the 

measured background levels of H^-^O were used, CDP calculated from 

rumen samples was 21.1% higher than that calculated from blood samples. 

Thus, a 0.07% difference in background levels of resulted in a 5%
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Table 14. Total body water volumes (TBW) and fractional turnover rates (k  ̂and kQ) of female caribou 
and reindeer, determined with and H2 0.

Animal
Weight
(kg) Season

Body
Fluid

h20 h 218o

TBW Ratio

V
TBW (ml) kh O ’- 1 , ±£>E) TBW (ml)

1;GO '1f ±SE) h2180

FI 89.2 Summer Urine 66280 -0.00865 (.0004) 59819 -0.01067 (.0003) 1.108

F2 103 Summer Urine 77742 -0.01000 (.0003) 73295 -0.01175 (.0007) 1.061

F3 87.1 Summer Urine 68614 -0.00792 (.0004) 61710 -0.00949 (.0003) 1 .112

R1 57.6 Winter Urine 42833 -0.00406 (.0002) 38060 -0.00521 (.0002) 1.125

R1 57.6 Winter Blood 41812 -0.00415 (.0001) 37077 -0.00530 (.0001) 1.128

R1 57.6 Winter Rumen 43560 -0.00398 (.0001) 37903 -0.00534 (.0001) 1.149
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Fig. 18. Concentrations of tritiated water and Oxygen-18 water in
samples of blood, urine and rumen fluid of reindeer Rl, and 
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Table 15. Comparisons of VCO2 with CO2 production (CDP). Calculations are based on the dilution
space.

Body vco2 (ml/g*h; + SE) CDP (ml C02/g*h) Difference

Animal Fluid Measured Adjusted"*- Egn. 5 Adjusted2 (%)

Fl Urine 0.596 (0.003) 0.643 0.759 0.773 20.2

F2 Urine 0.589 (0.002) 0.622 0.680 0.684 10.0

F3 Urine 0.559 (0.003) 0.593 0.615 0.622 4.9
Rl Urine 0.398 (0.001) 0.435 0.430 0.449 3.2

Rl Blood 0.398 (0.001) 0.435 0.422 0.440 1 .1

Rl Rumen 0.398 (0.001) 0.435 0.511 0.528 21.4

1 includes losses of C02 in urine and CH4

2 corrected for 2H losses in CH4, losses of HOO3- and CO32- in urine, and a 2% overestimate of 
TBW

CO-J



difference in CDP. This example of the sensitivity of the method to 

small differences in isotope concentrations is specific to this situ

ation, and a higher dose of H21 ®0 would have reduced this type of error 

since the difference between concentrations in post-injection

samples and background samples would have been increased (Nagy 1980). 

However, reindeer R1 received three times the dosage of ^1^0 given to 

the other animals, and the length of the trial exceeded two half

times. The cost of higher dosages would be excessive in most studies 

with large ruminants; therefore, the sensitivity of the method to small 

errors must be recognized, and special care must be taken to eliminate 

all possible sources of error.

Mean V d>2 for caribou as determined by respiratory exchange ranged 

from 0.559 to 0.596 ml CC^/g’h (Table 15). The twice-daily disturbances 

to obtain urine samples and to replenish food and water did not have 

any obvious effect on VC02. Mean RQ's were 0.90, 0.90 and 0.89 for 

caribou FI, F2 and F3, respectively. The caribou frequently walked 

about the chamber during their active periods, and two of the caribou 

became more active as the trial progressed (Fig. 19). In contrast, 

reindeer R1 rarely walked about the chamber and had a less variable 

pattern of VCO2 (Fig. 19)• Mean voo2 of reindeer R1 was 0.398 ml 

CC^/g’h and the mean RQ was 0.88.

Differences between the summer (caribou) and winter (reindeer) 

trials in VCO2 ?in<̂ CDP can be largely attributed to seasonal effects. 

Seasonal changes in metabolic rate, voluntary food intake, water 

turnover and the proportion of water contained within the alimentary
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Fig. 19. 00? expiration rates (3-h means) of caribou and reindeer during the doubly labeled water
method validation trials.
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tract are consistent with the need to alternately increase production 

and fat deposition and reduce energy losses (McEwan and Whitehead 

1970, Cameron 1972, Cameron and Luick 1972, Cameron et al. 1975).

Higher water transfer rates in summer are related to increased evap

orative water losses, plus increased water losses in feces and urine 

resulting from higher levels of food and water intake (Cameron et 

al. 1982) .

CC>2 Expiration Rates

The doubly labeled water method estimates total C02 production, 

whereas the respiratory exchange method measures C02 expiration. VC02 

measurements are lower than total C02 production because a fraction of 

the C02 produced by body tissues or microbes in the digestive tract 

does not exit the body as C02 gas, but is reduced to CH^ and (or) 

excreted in urine as bicarbonate salts and urea. In addition, C02 may 

be incorporated into bone, antlers and other tissues (White and Leng 

1968, Corbett et al. 1971, Whitelaw et al. 1972, Czerkawski 1975,

Poyart et al. 1975).

VC02 measurements were adjusted for losses of C02 in CH^ and urine 

to allow for comparisons between values derived by the two methods 

(Table 15). The rate of C02 reduction to CH4 was calculated by assuming 

that each liter of CH^ represents one liter of reduced C02 (Czerkawski

1975). Losses of 002 by reduction to CH^ were 4.6-6.9% (caribou) and 

8.2% (reindeer) of VC02. since urine volume was not measured in these 

trials, I could not calculate the quantity of C02 excreted in urine; 

therefore, I assumed that C02 losses in urine were 1% of VC02 (Whitelaw

90
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The amount of CX>2 incorporated into body tissues in excess of CO2 

losses from those tissues (net deposition) was unknown, and no adjust

ments to VOO2 were made for such losses. Reindeer R1 maintained 

constant body weight throughout the trial and for at least a month 

before and after the trial, and it is unlikely that there was a major 

net contribution of CO2 to its tissues. However, the trials with 

caribou occurred in summer as the caribou were gaining body weight and 

growing antlers. Bones and antlers constitute the largest single pool 

of CO2 in the body, and there is a continuous exchange of HCO3- and 

C O ^ - ions between these tissues and blood (Whitelaw et al. 1972). 

Although no changes in body weights of two of the caribou were detected 

during the 3-day trials, net uptake of OO2 for growth processes probably 

did occur.

VCC^'s measured during these validation trials were comparable to 

other measurements for caribou presented above. The mean VCO2 for the 

summer (caribou) trials was 46% higher than that for the winter (rein

deer) trial. Most of this difference can be attributed to a seasonal 

effect, since the metabolic rates of caribou in July-August were 36% 

higher than those in January-February (Table 3). Part of the remaining 

difference between the summer and winter trials can be explained by 

activity levels, since all three caribou were more active than the 

reindeer while in the chamber.

CQ2 Pr0(3uct;3L<?n Rates

Lifson and McClintock (1966) and Nagy (1980) evaluated six assump-
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tions associated with the doubly labeled water method. These assumptions 

are discussed in order as they relate to my validation experiments with 

caribou and reindeer.

Assumption 1: body water volume remains constant during the experim

ent. Because of the short duration of the trials, large changes in TBW 

probably did not occur. Only one of the animals used in my experiments 

had a change in body weight during the trials, and the difference was 

only 1.4 kg (1.6% of initial body weight). As discussed by Nagy (1980), 

the small fluctuations in TBtf that may have occurred during the trials 

had an insignificant effect on CDP determinations.

Assumption 2: rates of water transfer and CO2 production are 

constant through time. Errors introduced by variable rates of water 

transfer and CO2 production were also minor. VCO2 varied through time 

during the summer experiments but was quite stable during the winter 

trial (Fig. 19). However, if TBW is constant during a trial, fluctu

ations in VC02 will not affect the accuracy of measuring CDP (Nagy 1980).

Assumption 3: the isotopes label only the ^ 0  and CO2 in the body. 

Some incorporation of and ^H into nonaqueous body substances probably 

did occur. Other studies have found that the ^ ^ 0  dilution space 

consistently overestimates TBW because of the incorporation of into 

nonaqueous body compounds and other factors such as isotopic fraction

ation (Robertshaw 1982). Overestimates of TBW of from 4 to 15% have 

been reported for mammals (Carnegie and Tulloh 1968, Sheng and Huggins 

1979, Nagy 1980). Sheng and Huggins (1979) concluded that only 0.5

2.0% of the overestimation could be attributed to hydrogen exchange,
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whereas Culebras and Moore (1977) estimated the maximum systematic 

error to be 5.2% of TBW. Schoeller et al. (1980) discussed the routes 

of nonaqueous exchange of oxygen and concluded that the dilution

space may overestimate TEN by only 1%. Lifson et al. (1955) found that 

the H2-*-% space in mice was 2% higher than TBW as measured by dessica- 

tion.

In this study, 3H20-based estimates of TBW for the validation trials 

were 6-15% higher than those determined with FI2330 (Table 15). Lower TBW 

estimates obtained using H2180 probably resulted from lower fractionation 

of H23®0 relative to F̂120 and to lower rates of isotopic exchange. I 

found that the concentration of H2180 in rumen water 9 h post-injection 

was 99.5% of that measured in blood, whereas the concentration of ^H20 

in rumen water was only 93.8% of that in blood. This indicates that 

but not ^ 2°, had equilibrated with the body water pool by 9 h 

post-injection. One explanation for this may be the rapid cycling of 

via saliva between the blood and the rumen. Because of the 

more rapid equilibration of FI2180, losses of isotope via the lungs and 

urine before equilibration were smaller than those for 3H20.

I used the I^38© dilution space as an estimate of TBW to calculate 

CDP. To correct for the probably over estimation of TBW, I applied 

a correction factor of -2% to the adjusted CDP rates (Table 15).

Assumption 4: %  and -*-®0 are lost only in the form of water and 

CC>2. Losses via other routes may occur without causing errors in the 

measurement of CDP if the isotopes are lost in the ratio of two 3H to 

one 1 % ,  because the difference between the turnover rates of the two
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isotopes remains unchanged (Lifson and McClintock 1966, Nagy 1980).

Lifson and McClintock (1966) and Nagy and Costa (1980) determined that 

errors resulting from losses of exchangable 2H and in urine and 

feces, and in nonexchangable components of nitrogenous excretory 

products, were minor in small mammals. Presumably, these losses 

contributed insignificant error to our calculations. The pelleted 

ration fed to the caribou and reindeer in our experiments contained a 

relatively high percentage of minerals, some of which were excreted as 

HCO3- and CC^2-. These salts contain a disproportionately high amount 

of relative to 2H, and their excretion nay have introduced errors 

into CC>2 production calculations approaching the +1% cited by Nagy 

(1980). Therefore, CDP estimates (Table 15) were reduced by 1% to 

correct for this error. In addition, an unknown quantity of KCO3- 

and CO32- salts was deposited in growing bones and antlers during the 

summer trials.

Corrections for losses of 2H in CH4 increased CDP by 2-4% (Table

15). These corrections were based on evidence from isotope-labelling 

experiments indicating that two of the hydrogen atoms in CH4 are derived 

directly from carbohydrates, whereas the other two are derived from 

hydrogen gas through an intermediate which is in equilibrium with solvent 

water (Czerkawski 1975). Losses of 2H via CH4 expiration increase k^ but 

do not affect k0, and therefore result in lower estimates of CDP. The 

effect of 2H losses in CH4 on CDP was calculated from the CH4 production 

rate for each animal, assuming that the specific concentration of 2H in 

expired CH4 (per hydrogen atom) was half of that in water (Czerkawski

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Assumption 5: specific concentrations of 3H20 and H2180 leaving the 

body are the same as those in body water. Differences in specific 

concentrations of 3H20 and H2^®0 in blood, urine and rumen fluid were 

small (Fig. 18), but as discussed earlier, even small differences can 

affect CDP by several percent. I have corrected for isotopic fraction

ation effects, but the corrections may not be valid for nonequilibrium 

processes or biological systems (Nagy 1980). If no corrections for 

isotopic fractionation had been made, CDP would have been higher by

11.0-13.7% for the summer trials and 8.7-9.8% for the winter trial.

Assumption 6: labeled or unlabeled water or C02 in the environment 

does not enter the animal via respiratory or skin surfaces. Both water 

vapor and C02 were inhaled by the caribou and reindeer during the valida

tion trials. This probably had an insignificant effect on CDP determina

tions since the turnover rate of chamber air (ca. 30 min in this study) 

was rapid compared to the turnover of isotopes in the body (Table 14) 

(Lifson and McClintock 1966, Nagy 1980).

Application to Ruminants

Differences between the adjusted VC02 and CDP values were 1-3% for 

reindeer R1 in winter, and 5-20% for caribou in summer (Table 15).

None of these differences were statistically significant (p>0.05), but 

a 20% overestimate of VC02 may be unacceptable in some applications.

Part of the differences in suimner can be attribute! to the net deposition 

of 3h, 1 %  and unlabeled C02 in growing antlers and other tissues. The 

greatest difference (20%) occurred with the only animal that had a
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measurable weight gain during the trials.

Both CDP and VCO2 were affected by CH4 production. For reindeer 

Rl, losses of 3H in CH4 increased CDP by 7.6-7.7%, whereas losses of 

CO2 by reduction to CH4 were 8.2% of VCO2. Because the adjustments to 

VCC>2 and CDP partially offset each other, the difference between values 

derived by the two methods would have been smaller by only 0.5-0.6% if 

CH4 production had not been measured. Similarly, for caribou, adjust

ments to CDP and VCO2 for CH4 production increased the difference between 

methods by only 0.8-1.9%. Therefore, in field situations where CH4 

production is unknown, only minor errors will be introduced into CDP 

determinations.

The high cost of the oxygen isotope may limit the use of the doubly 

labeled water method in large animal research. The cost of 11̂ 30 in this 

study was $70 per gram, and thus the cost to inject a caribou was ca. 

$580. Although the greatest differences between CO2 production rates 

estimated by the two methods were found for the animals given the lowest 

dosages of H2180, the H2180 concentrations in the final samples were 

still at least 250 times higher than the resolution of the mass spectrom

eter techniques used, and higher dosages may not have improved the 

results. The advantage of using a higher dosage of in this

situation would be to lessen the effects of variations in background 

concentrations; however, the costs to eliminate the effects of this 

variation would be prohibitive.

My results indicate that samples of either blood or urine can 

be used to measure isotope concentrations. Isotope concentrations
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in rumen fluid may differ from the rest of the body water pool because 

of slower equilibration, dilution by ingested food or water, and local 

production of CO2 by rumen microbes. Young (1970) also found that rumen 

fluid sometimes contained low and variable isotope concentrations when 

compared to blood and urine. Urine may be superior to blood as a source 

of body water since urine may give an integrated value over time and it 

is probably less responsive to transient changes in CO2 production caused 

by handling and taking blood samples (Young et al. 1969, Whitelaw et 

al. 1972).

Provided corrections are made for isotopic fractionation and 

exchange, CH^ production, and losses of ^H, -*■% and unlabeled CO2 in 

urine, the doubly labeled water method appears to be a reasonably 

accurate method for measuring C02 production rates by caribou and 

reindeer during periods of slow growth. However, CDP may be substan

tially overestimated during the summer growth season. Further studies 

are needed to identify and quantify sources of error introduced into 

CDP determinations when using rapidly growing animals.
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CHAPTER 2: SIMULATION OF DAILY ENERGY BUDGETS

INTRODUCTION

The annual cycle of caribou behavior can be divided into several 

seasons based on differences in aggregation behavior and movements. The 

most consistent event of the annual cycle in both space and time is 

parturition. Spring migration to the calving grounds from the winter 

range may begin as early as March or as late as May, depending on the 

average timing of spring green-up within a particular herd's range and 

the snow conditions in a given year (Kelsall 1968, Skoog 1968, Roby 

1978, Thompson 1978). Late snows in some years may delay or shorten 

the spring migration (Kelsall 1968, Skoog 1968, Bergerud 1974). Calves 

are usually born just before the initiation of the plant growing 

season; this timing results in lactation coinciding with the availability 

of high quality forage and maximizes the period available for growth 

and fattening, thereby increasing the calves' probability of survival 

during their first winter. In most herds, 90% or more of the calves 

are born within a two-week period (Lent 1964, Skoog 1968, Bergerud 

1974).

Following parturition, small nursery bands gradually coalesce into 

larger groups. During warm, windless days following the emergence of 

insects, severe harassment of caribou by mosquitos (Aedes spp.) may 

cause caribou to form rapidly-moving aggregations sometimes containing 

tens of thousands of caribou (Kelsall 1968, Skoog 1968, Roseneau and
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Curatolo 1975). Daily movement distances during periods of insect 

harassment are usually greater than at any other season (Roby 1978; 

Boertje 1981; L. Pank, U.S.F.W.S., unpubl. data).

In some herds, the latter stages of the mosquito season are 

overlapped by a period during which caribou are severely harassed by 

oestrid flies, including the warble fly (Oedemaaena tarandi) and the 

nose-bot fCephenomyia trompe). Caribou harassed by oestrid flies may 

react violently, or they nay stand motionless for several hours with 

their muzzles near the ground in an attempt to avoid parasitism by the 

flies. Individual caribou or small groups often seek relief from the 

flies on windy ridges or gravel floodplains (Skoog 1968, White et 

al. 1975, Roby 1978, Fancy 1983).

The fall migration, which may be triggered by the first heavy 

snowfall (Kelsall 1968, Bergerud 1974), varies considerably in both 

timing and the routes followed. The rut may occur before or during the 

fall migration (Skoog 1968, Bergerud 1974). Movements and group sizes 

tend to decrease once the caribou reach wintering areas.

A pronounced seasonality in photoperiod, climate, and food quantity 

and quality occurs within the distributional range of caribou. Caribou 

respond to these changes by altering their foraging behavior, activity 

patterns and metabolism. Perhaps the two most contrasting seasons of the 

annual cycle from the standpoint of energy metabolism and behavior are 

the late winter (i.e., March-April) and insect harassment (late June- 

early August) seasons. In late winter, food intake is relatively low, 

movements are localized, metabolic rates are near their lowest of the
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year, and caribou must sometimes supplement their daily energy intake 

with energy from stored fat and protein in order to meet maintenance 

requirements. In contrast, the insect season is characterized by a 

demand for a high level of food intake, a high level of activity 

associated with insect-avoidance movements and intensive feeding, a 

relatively high metabolic rate, the relatively high energy demands of 

lactation in females, and the need to replenish fat and protein reserves 

for the coming winter. Spring can be viewed as a transition period 

between these two extremes; the abrupt changes in metabolism and 

behavior from winter to summer occur during or just after the spring 

migration (Roby 1978, Duquette 1984, Chpt. 1).

In this chapter, I describe simulations of the energy budgets of 

caribou during the three seasons discussed above: late winter, spring 

migration and the insect season. The simulations were based on data 

from several studies of wild caribou, as well as data I collected using 

captive caribou (Chpt. 1). Data for the late winter simulations were 

collected primarily by Boertje (1981, 1984, 1985a,b) during his study 

of the nutritional ecology of the Denali Caribou Herd in central 

Alaska. Boertje collected data on diet composition, activity budgets, 

movements, and terrain and snow conditions. The Denali Caribou Herd, 

which currently numbers 2500 caribou (K. Whitten, ADF&G, pers. comm.), 

normally winters in two areas which Boertje referred to as the western 

and eastern wintering areas. The data used in the simulations were 

collected primarily in the eastern wintering area in the Stampede Hills 

west of Lignite and Healy, Alaska. Boertje (1981:46) described this
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area as being "extremely windswept, thus curtailing the need for 

extensive cratering by foraging caribou."

The simulations of spring migration will focus on the Porcupine 

Caribou Herd of northwestern Alaska and the Yukon. This international 

herd of at least 150,000 caribou (K. Whitten, ADF&G, pers. comn.) 

migrates twice-annually between (1) wintering areas in the central 

Yukon Territory (Fig. 20) and in Alaska on the south slope of the 

Brooks Range, and (2) calving areas on the coastal plain of Alaska and 

the Yukon Territory. Migrations occur within three broad corridors; 

these have been referred to as the Richardson, Old Crow and Chandalar 

routes (Roseneau and Curatolo 1975, Thompson 1978). The Richardson 

Route extends north along the axis of the Richardson Mountains in the 

eastern Yukon from the drainages of the Wind, Bonnet Plume and Snake 

rivers to the mouths of Fish Creek and the Blow River on the Arctic 

Coastal Plain; thence northwest along the Barn and British Mountains to 

the Alaska-Yukon border. The Old Crow Route extends north from the Hart, 

Blackstone and Ogilvie river drainages through the Keele Range, across 

the Old Crow Flats, joining the Richardson Route in the vicinity of 

the western Barn Mountains (Fig. 20). Caribou migrating along the 

Chandalar Route follow river drainages and ridges from the Chandalar 

River drainage north or northeast to the calving grounds on the Beaufort 

Sea coast. Each of these routes is approximately 600 km long each way, 

depending on the specific wintering and calving areas used. Snow 

conditions each year are a major factor in determining which of the 

migration corridors will be used, and the timing of the movements
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Fig. 20. Locations of the primary winter ranges and spring migration 
routes of the Porcupine Caribou Herd in the Yukon Territory 
(adapted from Thompson 1978).
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(Roseneau and Curatolo 1975, Thompson 1978, Duquette 1984). Historical 

records and the distribution and orientation of Kutchin caribou fences 

suggest that these migration corridors have changed little during the 

last 200 years (Warbelow et al. 1975, Thompson 1978) .

Data which can be used as model inputs to simulate the energetics 

of spring migration of the Porcupine Herd are available from several 

sources. Studies in the 1970's associated with the construction of a 

natural gas pipeline and the Dempster Highway within the range of the 

Porcupine Herd provided detailed information on herd distribution and 

movements. Duquette (1984) studied the spring migration of caribou along 

the Chandalar Route and collected information on the timing of migration, 

movement rates, activity budgets, and diet composition. More recently, 

detailed information on the exact routes followed by individual caribou 

has been collected using satellite telemetry. Eight caribou from the 

Porcupine Herd were fitted with satellite transmitters in April, 1985 as 

part of a joint project between the U.S. Fish and Wildlife Service and 

the Alaska Department of Fish and Game (L. Pank, U.S.F.W.S.; W. Regelin, 

ADF&G; pers. comm.). The locations of these caribou were monitored up 

to six times daily using TIROS-N satellites and the ARGOS Data Collection 

and Platform Location System (Pank et al. 1985) throughout the spring 

migration, calving and insect harassment seasons. I simulated the 

daily energy budgets of two of these caribou cows which migrated from 

, ,the Arctic Village area in Alaska to their calving locations near the 

Arctic Coast.
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Simulations of the insect season were based on data from the 

Central Arctic Herd, which ranges between the Colville and Canning rivers 

on the Arctic Slope of Alaska (Cameron and Whitten 1979). The movements 

of this herd of approximately 15,000 caribou (K. Whitten, ADF&G, pers. 

comm.) in late June and July are strongly influenced by weather through 

its effects on the densities and activities of mosquitos and oestrid 

flies. In this study, I emphasized harassment by mosquitos because the 

annual occurance of oestrid flies, and the responses of caribou to fly 

harassment, are less predictable than for mosquitos (pers. obs.).

On warm days with little wind following the emergence of insects, 

caribou move rapidly to coastal sand dunes and river deltas where 

cooler temperatures, sea breezes and a lack of mosquito breeding 

habitat result in lessened harassment by insects. When cooler temp

eratures or higher winds reduce mosquito activity farther inland, 

caribou disperse to preferred feeding areas (White et al. 1975, Fancy 

1983). Studies by White et al. (1975), Roby (1978), White and Trudell 

(1980) and Trudell and White (1981) formed the data set for simula

tions of the daily energy budgets of caribou during periods of insect 

harassment.
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MATERIALS AND METHODS

Modeling Procedures 

The first steps in the development and application of the computer 

model were the construction of a conceptual model (Fig. 21), based on 

information from the literature and concepts developed during the 

research reported in Chapter 1, and the conversion of this conceptual 

model to a FORTRAN program. The model was programmed in FORTRAN 77 on 

a Data General SI40 Eclipse computer, using the simulation control 

language SIMCON (Hilborn 1973) to facilitate input and output opera

tions. The SIMCON package allowed me to alter and examine the value of 

any variable during model execution, and had routines for summarizing 

and plotting model outputs. I programmed the model as a set of determ

inistic difference equations which operated on a one-day time step; 

thus, all rate parameters have the implied time dimension of day-1.

The next step was to test the model's ability to accurately predict 

changes in body weight and body composition under a variety of situa

tions. Between April 14 and June 13, 1985, I conducted validation 

trials using captive caribou kept in separate 143 m^ pens at the Large 

Animal Research Station in Fairbanks. The four females calved during 

the trials, and thus the validation trials included the periods of late 

gestation, parturition and early lactation. The purpose of the trials 

was to measure a number of key model inputs and outputs so that I could 

compare model predictions to measured values. As detailed below, I 

measured the daily dry matter intake of each caribou, as well as dry
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Fig. 21. Conceptual model for determining the daily energy budgets 
of caribou.
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matter digestibility, activity budgets, standing VO2, changes in body 

weight, and changes in body composition (using ^ O ) . The model was 

run using some of the data collected during the trials as inputs (e.g., 

dry matter intake and digestibility, starting weights and body composi

tion, birth weights of calves, activity budgets), and the predicted 

changes in body weight and fat weight were compared to measured values.

The model predictions were in reasonable agreement with the measured 

values. The final step was to simulate energy budgets during late 

winter, spring migration and the insect season using the input data 

described previously, and to describe and interpret model outputs.

Val idatjc>n..Trj.als 

Five caribou, four pregnant females and one male, were used in the 

validation trials. Four of these caribou received an ad libitum ration 

of Quality Texture livestock ration (QTX), whereas caribou F4 received 

approximately 70% of the mean ad libitum intake of the other caribou in 

order to increase the range of conditions under which the model was 

tested. The caribou were fed QTX for several months prior to the start 

of the trials and were accustomed to the pens and experimental protocol 

for one week before data collection began on April 20.

Dry matter intake over 3-d periods was determined for each caribou 

by weighing the orts every third day and freeze-drying portions to 

determine moisture content. The apparent dry matter digestibility of 

the diet was determined twice during the 54-d trials by collecting all 

feces from two or three of the caribou during 3-d periods and comparing
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the total fecal output (dry weight) to dry matter intake. The energy 

content of QTX was measured by oxygen bomb calorimetry (J. Blanchard, 

unpubl. data).

Activity budgets were determined for each caribou on six occasions 

by continuously observing their activities throughout a 24-h period. The 

activity of each caribou was classified into one of four categories: 

lying, standing, feeding (while stationary or walking <1 kn/h) or 

walking. The activities of all five caribou were monitored simultan

eously by an observer in an observation tower and changes in activity 

were recorded using a portable computer with a built-in clock (Epson 

HX-20, Torrance, CA) . At the end of each session, the data were 

transferred to a main-frame computer for analysis of the total time 

spent in each activity. The distance walked by each caribou was 

calculated from the time spent walking and an assumed mean walking 

speed of 3.5 kn/h (Chpt. 1).

VC>2 of each caribou while standing quietly was measured every third 

day throughout the trial using the gas analysis system described in 

Chapter 1. Measurements based on expired air collected with a plexiglass 

headstall were recorded at 10-sec intervals throughout a 10- to 20-min 

period between 0900 and 1100 Alaska Daylight Time (ADT). Caribou Fl 

refused to place her head inside the headstall, and the growth of Ml's 

antlers prevented the use of the headstall during the last half of the 

trial; a gas-tight muzzle mask and meteorological balloons were therefore 

used to collect expired air from these caribou.
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Each caribou was weighed every third day at approximately 0900-1000 

hours. To detect changes in body composition during the trials, ^H20 was 

injected on three occasions (April 24, May 29 and June 10) and urine was 

sampled for 2-12 d following injection. The caribou had access to food 

and water at all times during the trials because I did not want to 

interfere with their normal feeding and activity patterns. Water was 

lyopholized from the urine and analyzed for radioactivity as described 

in Chapter 1. The total body water volume (TBW) was computed from the 

intercept of the regression equation relating the natural logarithms of
3 .
H20 specific activities in each sample to the time since injection 

(Chpt. 1). The slope of this regression equation is the fractional rate 

constant (k ,̂ d-1) of ^H20 (Holleman et al. 1982b).

As discussed in Chapter 1, the ^h2o dilution space may overestimate 

TBW by 4-15%, whereas the H2180 space exceeds TBW by only 1-2%. The 

doubly labeled water validation trials and the ^H20 trials were similar 

in that caribou had access to both food and water at all times during the 

trials. Therefore, on the basis of the doubly labeled water trials, the 

calculations of body composition included the assumption that the % 20 

space overestimates TBW by 12%.

Prediction equations relating body composition to TBW as estimated 

using ^H20 have not been developed for caribou or reindeer. Rather than 

using a single, untested procedure for estimating changes in body fat of 

caribou from TBW, I decided to compare six different procedures. Each 

procedure used the same TBW value, calculated as described above with a 

correction of -12%. The six procedures were as follows:
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Procedure 1. Searle (1970) presented equations for predicting the 

body composition of domestic sheep aged 3 d to 18 mo. The equation used 

was:

Fat (kg) = 0.01 - 1.05X + 0.90Y (12)

where X is the - ^ O  dilution space (kg) and Y is body weight (kg).

Searle (1970) deprived his animals of food and water during his experi

ments, and therefore he found that the - ^ O  space overestimated TBW by 

only about 6%. To make my data comparable to Searle1s, the space 

for caribou used in Equation 12 (X) was calculated from TBW by another 

equation presented by Searle (1970):

X (kg) = 1.087 • TBW + 0.01 (13)

Procedure 2. Robbins et al. (1974) developed regression equations 

relating body composition to the ingesta-free body weight (IFBW) of 

white-tailed deer ranging in weight from 6 to 67 kg. I calculated IFBW 

(kg) using the equation (Robbins et al. 1974):

IFBW (kg) = e (0*9928 ’ ln W " °-0771) (14)

where W is total body weight (kg). I then determined the ingesta-free 

water content (IEWC) of the body following the method described by Torbit 

et al. (1985a), assuming a mean ingesta water concentration of 87.15%. 

[This ingesta water concentration is within the range (86.7%-87.2%;
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n=5) reported by Staaland et al. (1984) for Rangifer fed a concentrate 

ration]. Total fat was predicted by the equation (Robbins et al. 1974):

Ill

Fat (kg) = 80.0 - (1.08 • IrWC) (15)

Procedure 3 . Foot and Greenhalgh (1970) developed an equation for 

predicting body fat from TBW of female domestic sheep. I used their 

equation:

where Y is body weight (kg) and X is TBW (kg).

Procedure 4. Russell et al. (1982) also developed equations for 

predicting fat weight from TBW of domestic ewes. I used their equation:

where Y and X are again body weight and TBW, respectively.

Procedure 5. J. Huot (Ministere du Loisir, de la Chasse et de la 

Peche, Quebec) provided me with unpublished body composition data from 

65 caribou of the George River Herd in northern Quebec. The data 

included total weights, ingesta-free body weights, and the proportion of 

fat, protein and water in the IFBW of caribou collected in April, October 

and December. I estimated IFBW from live weight for caribou in my 

study using an equation calculated from George River caribou collected

Fat (kg) = 0.892Y - 1.034X - 2.6 (16)

Fat (kg) = 0.835Y - 0.992X - 0.97 (17)
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in April:

IFBW (kg) = 0.751 ' Y + 4.138 n=30 r2=0.99 (18)

I then calculated the ingesta-free water content of the body as above, 

assuming a mean ingesta water concentration of 87.15% (Torbit et al. 

1985a). The fat content of the body was calculated from the relationship 

between the proportion of fat and water in the ingesta-free body (Huot, 

unpubl. data):

% Fat = -1.120 • % Water + 81.01 n=35 r2=0.92 (19)

Procedure 6. The final procedure was based on changes in body 

solids between the - ^ O  trials. I assumed that any change in body 

solids (i.e., body weight minus TBW) between trials was the result of 

changes in the weights of fat and protein reserves. Large changes in 

alimentary solids should not have occurred because the quantity and 

quality of the diet was similar throughout the validation trials.

Changes in fat stores were assumed to account for 61.86% of the changes 

in the weights of body solids; this factor is calculated from the ratio 

of 0.73:0.27 for the relative contribution of fat and protein to energy 

requirements (Torbit et al. 1985b).

Changes in body fat between April 24 and May 29, and between May 29 

and June 10, were calculated by each of the six procedures. The fat 

changes calculated by Procedure 5, the only procedure based on caribou
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data, were similar to those calculated by Procedures 1, 3 and 4; the 

results calculated by Procedure 5 were used as model inputs during the 

validation runs.

An important input variable in the model is the FMR, which is 

calculated each day by linear interpolation between three values provided 

as inputs. The FMR of a caribou has not been measured in April or May; 

therefore, I used the mean of two measurements made in March (466 

kj/kg°•75; Table 2) as the FMR on day 1 of the trial, and the mean of 

three measurements made after 3-d fasts in June (675 kJ/kg0*^5) as the 

FMR on June 12, the final day of the simulations. I assumed that the FMR 

reached the June value at the time of parturition in late May; this 

assumption is based on the abrupt increases in heart rates of female 

caribou at parturition (Fig. 7) and the sudden increase in energy 

requirements associated with the onset of lactation (ARC 1980, White 

and Luick 1984).

Caribou F4 received only 70% of the ad libitum intake of the other 

caribou; because of her lower plane of nutrition, we should expect her 

FMR to be lower than the other caribou (Marston 1948, Blaxter 1962, 

Nilssen 1984). I used the lower of the two March FMR's as the starting 

FMR for caribou F4, and again used 675 kJ/kg^*^5) for the FMR on the 

final day of the simulation. I arbitrarily used a value of 600 kJ/ 

kgO.75) for the FMR at parturition.
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MODEL DESCRIPTION

Metabolizable Energy Intake 

The daily metabolizable energy intake (MEI, kJ/kg^*^5) can be 

calculated in the model by one of two methods: (1 ) by providing the dry 

matter intake (DMINTAKE, kg) and gross energy content of the diet as 

model inputs (as in the case of the validation trials), or (2) by 

providing the gross energy content of different forage species (GECONT, 

kJ/g) as model inputs and calculating dry matter intake from the time 

spent eating (TIMEEAT, min), eating rates for various forage species 

(EATRATE, g DM/min), and diet composition (COMP, proportion). TIMEEAT 

is calculated from total foraging time and the ratio of eating time 

(i.e., time spent actually ingesting food) to foraging time (EAT2LOOK, 

proportion). In either case, gross energy intake is multiplied by 

digestibility and metabolizability factors to determine MEI. Dry 

matter digestibility (DIGEST, proportion) is input for each forage 

species, whereas metabolizable energy is calculated from digestible 

energy using the following equation modified from Moe et al. (1972):

ME (MJ/kg) = (0.96 • DE) - 1.13 (20)

where DE is digestible energy in MJ/kg. This equation was used because 

the commonly-assumed factor of 0.82 times digestible energy under

estimates the true metabolizable energy content of highly-digestible 

diets (Moe et al. 1972, Van Soest 1982). The contribution of each
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forage class to the diet, and the dry matter digestibility for each 

forage class, are used to calculate a weighted mean dry matter digest

ibility (DMD, proportion) for the diet.

Maintenance Energy Requirement

The metabolizable energy requirement for maintenance (REQMAINT, 

kJ/kgO’75) is calculated by summing the fasting metabolic rate (FMR), 

heat increment of feeding (HI), costs for thermoregulation (THERMREG), 

and daily activity costs (ACTCOSTS). The units for all of these 

variables are kJ/kgO*75 (see Table 16). The fasting metabolic rate is 

calculated by linear interpolation between two or more values provided 

as model inputs. The heat increment, which includes the heat of 

fermentation, the work of digestion and the metabolism of the end 

products of digestion (ARC 1980), is calculated from MEI and the 

efficiency of using metabolizable energy for maintenance (EFFMAINT; ARC 

1980:80). EFFMAINT is calculated from the equation (ARC 1980):

EFFMAINT = (0.35 • qm) + 0.503 (21)

where qm is the metabolizability (proportion) of the gross energy 

content of the diet. HI is calculated as:

HI (kJ/kg0-75) = (1.0 - EFFMAINT) • MEI (22)
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Table 16. Description and units of variables and constants used in the model. All 
rates have the implied time dimension of day .

Name Description Units

ACTCOSTS Daily cost of activity kj/kg0,75

BIRTHWT Calf weight at birth kg
CARIBOUWT Predicted weight of a caribou fetus kg

CCRTR Incremental cost of cratering over standing proportion

CFAT Proportion of fat replaced by water proportion
CFEED Incronental cost of feeding over standing proportion

CME Ratio of metabolizable energy to digestible energy proportion

COMP Composition of diet (array) proportion

COSTKM Energy cost of net locomotion kJ/g*km

CSTAND Incronental cost of standing over lying proportion
CWT Ratio of conceptus weight to fetus weight
cx Multiple of activity costs

DAY Day of simulation (l=first day) days
DAYSPREG Days since conception days

DIGEST Dry matter digestibility of a forage (array) proportion
DISTWALK Daily distance walked km

DMD Dry natter digestibility proportion
DMINTAKE Daily dry matter intake kg 116
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Table 16 (cont'd)

Name Description Units

DOWNHILL Meters descended each day m

EATRATE Eating rate for a forage (dry matter) g/min

EAT2LOOK Ratio of time spent eating to total foraging time proportion
EB Daily energy balance kJ

ECMILK Daily energy output in milk kj

ECRTR Daily cost of cratering kj/kg0*75

EFEED Daily cost of foraging kj/kg0*75

EFFLACT Efficiency of using ME for lactation proportion

EFFMAINT Efficiency of using ME for maintenance proportion
EFFPROD Efficiency of using ME for growth and fattening proportion

EGEST Daily cost of gestation kj/kg0-75

ELYE Daily cost of lying (zero) kJ/kg0*75

ELACT Daily cost of lactation kj/kg0*75

EREC Energy recovered during downhill locomotion kj/kg0-75

ESTAND Daily cost of standing kj/kg0-75

EWALK Daily cost of walking kJ/kg0*75

EWALKH Daily cost of horizontal locomotion kJ/kĝ * *7^

EWALKUP Daily cost of uphill locomotion kj/kg0*75

FATLEPT Ratio of fat weight to total body weight proportion
FAIWT Weight of fat reserves kg
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Table 16 (cont'd)

Name Description Units

FETUSWT Predicted weight of a reindeer fetus kg

FMR Fasting metabolic rate kj/kg0,75

FOODX Multiple of MEI kj/kg0*75

GECONT Gross energy content of a forage (array) kJ/g DM

GFAT Daily gain or loss of fat g
GLEAN Daily gain or loss of lean tissue g
GPRTN Daily gain or loss of dry protein g

GROSS IN Daily dry matter intake of measured ration kg DM

HI Heat increment of feeding kj/kg0,75

MEI Daily metabolizable energy intake kj/kg0 *75

NSPP Number of forage species in the diet unitless

PCTBREAK Ratio of distance walked while breaking trail to
total distance walked per day proportion

PCTCRTR Proportion of day spent cratering proportion

PCTFAT Proportion of energy derived from fat metabolism proportion

PCTFEED Proportion of day spent feeding proportion

PCTLYE Proportion of day spent lying proportion

PCTPRTN Proportion of energy derived from protein metabolism proportion

PCTSTAND Proportion of day spent standing proportion

PCIWALK Proportion of day spent walking proportion

POSITION Position of caribou in single-file line unitless
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Table 16 (cont'd)

Name Description Units

REQMAINT Daily energy requirement for maintenance kj/kg0’ 75

REQPRQD Energy available for growth and fattening kj
SNOWSINK Sinking depth in snow cm

SNOWX Multiple of energy cost of walking (in snow)

STAND Cost of standing for 24 h kJ/kg0*75

THERMREG Cost of thermoregulation (zero) kg/kg®*7^

TOTALWT Live weight kg
UPHILL Meters ascended each day m

V02 Oxygen consumption while standing ml 02/g’h
vo2prod Oxygen consumption for growth and fattening ml 02/g*h
WATERWT Weight of seasonal water accumulation kg
WTCONCPT Weight of conceptus kg

WTLEAN Weight of lean body excluding WATEMT and WTCONCPT kg

WT75 Metabolic body weight kg0,75
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Costs for thermoregulation are set to zero in the model because 

adult caribou rarely experience temperatures below their lower critical 

temperature (-30°C to -40°C; White and Yousef 1976, Nilssen et al. 1984a) 

or above their upper critical temperature (+35°C; Yousef and Luick 1975).

Activity Costs. The total daily cost of activity is calculated from 

the time spent in each activity and the energy costs of each activity 

(Chpt. 1). The energy cost of lying is set to zero in the model because

activity costs are added to the fasting metabolic rate, which is measured

while the caribou are lying. The energy cost of standing (ESTAND, 

kj/kg0*75) is calculated from energy cost of standing for 24 h (STAND, 

kJ/kgO*75) and the proportion of the day spent standing (PCTSTAND):

ESTAND = STAND * PCTSTAND (23)

where

STAND = CSTAND * FMR (24)

The costs of cratering and walking vary with snow depths and 

topography. If snow is absent or shallow (<10 cm), the energy cost 

of cratering is set to zero and the cost of feeding (without walking) is 

calculated as:

EFEED (kJ/kg0-75) = CFEED • STAND • PCTFEED (25)
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where CFEED is the incremental cost of feeding over standing (1.18;

Chpt. 1). If a snow layer of 10 cm or deeper is present, EFEED is 

calculated in the same way but the cost of cratering (ECRTR, kJ/kg^'7 )̂ 

is calculated from the incremental cost of cratering over standing 

(CCRTR) and the proportion of the day spent cratering (PCTCRTR):

ECRTR = CCRTR * STAND ■ PCTCRTR (26)

The energy cost of walking on a horizontal, firm surface (EWALKH, 

k J / k g O ,75) is calculated from the distance walked (DISTWALK, km) , the net 

cost of horizontal locomotion (COSTKM, kj/g*km), and the total weight and 

metabolic weight (WT75, kg®*7 )̂ of the caribou. The energy cost of 

standing (during the period of walking) is added to this net cost of 

walking to give the total cost of walking on a horizontal surface:

EWALKH = (DISTWALK * COSTKM•TOTALWT/WT7 5) + (PCTSTAND•STAND) (27)

If no changes in elevation occur during locomotion, the cost of 

walking (EWALK) is set equal to EWALKH. If vertical locomotion is 

involved, the total cost of walking is adjusted based on the vertical 

meters climbed or descended. For uphill locomotion, the mean cost of 

lifting one kilogram one vertical meter (21.17 kj/kg*m; Chpt. 1) is 

multiplied by the meters climbed (UPHILL, m):

EWALKUP = (UPHILL • 21.17 • TOTALWT) / WT75 (28)
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where EWALKUP is in kJ/kgO*75. Energy recovered during descent is 

calculated from the potential energy stored while lifting one kilogram 

one meter (9.79 kj/kg*m), the mean efficiency of recovering this 

potential energy during descent (62.4%; Chpt. 1), and the meters 

descended (DOWNHILL, m):

EREC (kj/kg0’75) = (9.79 * 0.624 • DOWNHILL * TOTALWT) / WT75 (29)

The energy cost of walking in snow is calculated from the caribou's 

sinking depth (SNCWSINK, cm) and its relative position to other caribou 

when walking single-file through the snow (POSITION). Studies with 

reindeer by Duquette (1984) and myself (Chpt. 1; unpubl. data) indicate 

that the first 12 caribou walking along a trail expend additional energy 

to break the trail, whereas the cost of walking in the broken trail by 

the remaining caribou is approximately the same as that for walking on 

a snow-free surface. Therefore, if POSITION is less than 13, the net 

cost of walking (CQSTKM, kj/g*km) is increased by a factor (SNCWX) 

calculated from my snow-locomotion data:

COSTKM = COSTKM • SNOWX (30)

where

SNOWX = (0.02416 • e,063S) +1.0 n=17 (31)

(Note that where the same variable appears on both sides of an equation, 

the previous day's value is substituted into the right side of the
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equation). Although caribou utilize packed trails to reduce energy 

expenditure for locomotion, they must also break their own trail when 

feeding individually or in small groups. No data are available to 

determine what proportion of the total distance walked in winter is 

associated with individual feeding trails as opposed to packed trails.

The model includes a variable (PCTBREAK) which can be altered to 

evaluate the effects of breaking a trail in snow on energy expenditure. 

The daily cost of locomotion (EWALK, kj/kg8*75) is calculated as:

EWALK = EWALKH + EWALKUP - EREC (32)

The total daily cost of activity (ACTOOSTS, kj/kg8*75) is calculated 

by suirming the individual costs of each activity:

ACTCOSTS = ELYE + ESTAND + ECRTR + EFEED + EWALK (33)

Gestation and Lactation Requirements 

The energy requirement for gestation (EGEST, kj/kg8'7 )̂ is calc

ulated from an equation for caribou presented by Robbins and Moen (1975) 

and data on the efficiency of energy retention in the conceptus (ARC 

1980):

EGEST = BIRTHWT • 7.5 • 4.184 • e^0*0226* ^ -1*6198) ^ ^

where BIRTHWT (kg) is the weight of the calf at birth, 7.5 is the energy 

requirement per kilojoule of conceptus deposited (13.3% efficiency; ARC
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1980:88), 4.184 converts kcal to kJ, and DAY is the number of days since 

conception.

The energy requirement for lactation during the first two weeks 

following parturition is calculated as:

ELACT (kJ/kg0*75) = (ECMILK / EFFLACT) / WT75 (35)

where ECMILK is the energy content of the milk produced each day (7900 

kJ; Luick and White 1971), and EFFLACT is the efficiency of using metab

olizable energy for milk production (0.65 for a highly-digestible diet; 

0.84 if body reserves are metabolized for milk production; ARC 1980:93). 

The higher efficiency (0.84) is used whenever the caribou has a negative 

energy balance.

The energy cost of lactation after the first two weeks is calculated

from the volume of milk produced each day, and the energy content of

milk. These values were calculated from the equations (White et 

al. 1975, White and Luick 1984):

VOLUME (ml/d) = 2180 • e"0,0116 ’ M E  (36)

ECMILK (kJ/ml) = 12.09 - (0.003 • VOLUME) (37)

where AGE is the age of the calf in days. The value of ECMILK calculated 

by Equation 37 is substituted into Equation 35 to calculate ELACT 

after the first two weeks of lactation.
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Growth and Fattening 

The daily energy balance (EB, kj) is calculated by subtracting the 

energy requirements for maintenance, gestation and lactation from 

metabolizable energy intake:

If there is an energy deficit, body fat and protein are catabolized as 

described below. In the case of an energy surplus, fat and protein are 

added to the body reserves. Since metabolizable energy is used for 

production with a lower efficiency than for maintenance (ARC 1980), the 

energy available for growth and fattening (REQPROD, kj) is reduced by a 

factor equal to the difference between the two efficiencies:

REQPROD = EB • (1.0 - EFFMAINT + EFFPROD) (39)

The efficiency of using metabolizable energy for growth and fattening 

(EFFPROD, proportion) is calculated from the metabolizability of the 

diet (ARC 1980:84):

where qm is again the metabolizability (proportion) of the gross energy

EB = (MEI - REQMAINT - EGEST - ELACT) • WT75 (38)

EFFPROD = (0.78 • qm) + 0.006 (40)
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content of the diet. During lactation, EFFPROD is calculated as 95% of 

EFFLACT as recommended by ARC (1980:91). The energy available for 

growth and fattening is added to the caribou's protein and fat reserves 

as described below under Changes in Body Reserves.

During the validation trials, I measured the standing V02 (ml 

02/g*h) of each caribou at three-day intervals for comparison with 

model predictions. In the model, V02 is calculated from the incremental 

cost of standing over lying (CSTAND, proportion), the fasting metabolic 

rate (FMR), the heat increment (HI) and the requirements for gestation 

and lactation, corrected for the energy retained in the conceptus or 

secreted in milk:

V02 = (((CSTAND * FMR) + HI + (EGEST • 0.87) + (ELACT *

(1 - EFFLACT))) * WT75) / (TOTALWT * 494.4) (41)

The constant 494.4 converts the units from kj/kg^,7^*d to ml 02/g’h.

If the caribou has a positive energy balance, V02 is increased by the

energy lost due to the lower efficiency of growth and fattening relative

to maintenance (V02PR0D, ml 02/g*h):

V02PR0D = (EB - REQPROD) / (20.6 • 24.0 * TOTALWT) (42)

where the constants 20.6 and 24.0 represent J/ml 02 and hours/day, 

respectively.
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Changes in Body Reserves 

Few data on the composition of gains and losses in body weight are 

available for caribou and reindeer; consequently, it is necessary to rely 

on data from studies conducted with other wild cervids or domestic 

ruminants to convert energy surpluses or deficits to changes in body 

weight and composition. The most relevant study is probably that by 

Torbit et al. (1985b) on the differential losses of fat and protein by 

mule deer during winter; they found that protein catabolism accounted for 

23-29% of the energy losses of deer fed a submaintenance ration. Several 

studies with adult ruminants have found that the composition of weight 

gains and losses are similar (ARC 1980), and in the absence of specific 

data for Rangifer. I have assumed this to be the case for caribou. The 

model assumes that 27% of the energy content of weight gains or losses 

is contributed by the deposition or catabolism of body protein, whereas 

73% of the energy is associated with fat reserves (Torbit et al. 1985b). 

The energy content of fat used in the model is 39.75 kJ/g, whereas the 

energy content of protein (dry) is 23.85 kJ/g (van Es 1977). Thus, the 

number of grams of protein (GPRTN) and fat (GFAT) added or subtracted 

from the body reserves is calculated as;

GPRTN = PCTPRTN • EB / 23.85 (43)

and

GFAT = PCTFAT * EB / 39.75 (44)
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where PCTPRTN and PCTFAT are set to the values 0.27 and 0.73, respect

ively. The main site of protein deposition is in muscle, which contains 

29% protein and approximately 71% water (van Es 1977). The weight of 

lean tissue to be metabolized (GLEAN, g) is therefore calculated from the 

weight of protein to be catabolized by the equation:

GLEAN = GPRTN / 0.29 (45)

The changes in fat or lean tissue weight are then added or subtracted 

from the body reserves, as discussed below.

If the weight of fat reserves falls below one percent of TOT AIM1, 

any energy deficit is met entirely by protein catabolism (Torbit et 

al. 1985b). Because of the lower efficiency of protein metabolism 

relative to fat metabolism, animals relying entirely on their protein 

reserves lose weight rapidly and may only be able to survive for a few 

weeks unless an energy balance can be restored (Cahill 1970, Torbit 

1981, Huot 1982).

Changes in Body Weight

The total weight of the caribou (TOTAIM1, kg) is partitioned in the 

model into four components: the weight of fat reserves (FATWT), lean 

body weight (WTLEAN) , conceptus weight (WTCONCPT) and the weight of the 

additional accumulation of water in winter (WATERWT; Cameron et al.

1975). The weight of the alimentary tract, other than the weight of
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the seasonal accumulation of water, is included in WTLEAN. At the 

beginning of each time step, the metabolic body weight (WT75) is 

calculated from TOTALWT by:

The weight of the fat reserves is adjusted each day by adding or 

subtracting GFAT:

WTLEAN is similarly adjusted by the value of GLEAN.

The weight of the conceptus is calculated from the number of days 

since conception (DAY), the equations for fetal development presented by 

Roine et al. (1982), and my data on caribou birth weights and maternal 

weight losses at parturition. Roine et al. (1982) measured body weights 

and dimensions of 348 reindeer fetuses at various stages of development 

and 20 newborn calves; they presented two equations for predicting the 

weight of the fetus on any given day during gestation. During the first 

76 days of gestation, the weight of the fetus can be calculated as 

(Roine et al. 1982):

FETOSWT (kg) = (-0.00036-DAY3) + (0.053-DAY2) - (1.58-DAY)

WT75 = TOTAIM0 -75 (46)

FATWT = FATWT + (GFAT / 1000.0) (47)

- 0.000096 (48)
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Between day 77 and day 220 (the date of parturition assumed in the model)

I used the equation:

FETUSWT = (6.05254*10-8-DAY4) - (3.06828*10-5*DAY3) +

(0.05719-DAY2) - (0.44743‘DAY) + 12.43291 (49)

I generated this equation using a least-squares polynomial fit program 

from data presented in Table 1 of Roine et al. (1982), because the 

equation they presented apparently is incorrect. (Their published 

equation predicts a fetus weight of 864 kg on day 220). The weight of 

a caribou fetus was calculated from this predicted weight for a reindeer 

fetus using:

CARIBCXJWT = FETUSWT • (BIRTHWT / 5.89) (50)

where BIRTHWT is the weight of a caribou calf at birth (kg) and 5.89 

is the predicted weight of a reindeer calf on day 220. The weight of the 

total conceptus (i.e., including amniotic fluid, fetal cotyledons, etc.) 

is calculated from the fetus weight of a caribou by multiplying by the 

factor CWT, which was calculated from the birth weights of four caribou 

calves and the weight losses of their mothers at parturition. At 

parturition, WTCONCPT is subtracted from TOTAIWT and set to zero.

The variable WTLEAN includes the weight of most of the body water 

pool, including the gut water component. An additional variable,

WATEKWT, has been added in an attempt to model seasonal changes in the 

weight of the body water pool. Cameron et al. (1975) reported that
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nonpregnant reindeer in winter nay accumulate body water weighing 

nearly 15% of body weight, while body weight itself remains fairly 

constant. Much of this additional water is thought to be stored in the 

alimentary tract (Cameron et al. 1975). I have attempted to model 

these poorly-understood changes in body water during winter by assuming 

a water-conservation mechanism as body fat and protein are catabolized.

As fat is catabolized during periods of energy deficit (i.e., when GFAT 

is negative), a fraction of the fat is replaced with water (Farrell 

1970):

WATERWT = WATERWT - (GFAT • CFAT / 1000.0) (51)

where CFAT is the proportion of fat replaced by water.

Similarly, as lean tissue is catabolized, the water associated 

with the catabolized protein is added to WATEfWT:

WATERWT = WATERWT - (GLEAN • 0.71 / 1000.0) (52)

where 0.71 is the assumed water fraction in muscle (van Es 1977). When 

protein is deposited, the associated water is transferred from WATERWT 

to WTLEAN, again assuming that muscle tissue contains 29% protein and 71% 

water. Finally, WATERWT is constrained between zero and 15% of TOTALWT. 

Ihis water-conservation mechanism is invoked only during the winter and 

spring simulations; WATERWT is set to zero for the simulations of the 

insect season.
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Seasonal Simulations

Separate versions of the model were used to simulate energy 

budgets during late winter, spring migration and the insect season. By 

using several versions, computer manory is used more efficiently, and 

the model is kept to a manageable size; the conceptual model (Fig. 21) 

remains unchanged. The versions provide several options for calcula

ting eating rates, adjusting activity budgets based on known distances 

walked each day, and storing input data.

Late Winter

To simulate daily energy intake during late winter, I grouped 

Boertje's (1981:30) data on diet composition into five forage cate

gories: lichens, mosses, graminoids, forbs (primarily Equisetum spp.) 

and other (primarily Vaccinium vitis-idaea and mushrooms). Boertje 

based his diet composition estimates on field observations of foraging 

caribou and an analysis of fecal pellets. Boertje (1984) discussed the 

shortcomings of fecal pellet analysis, but in the absence of better 

data, I have used his estimates without attempting to correct for 

biases caused by the differential digestibility of various forage types 

(Boertje 1984, Duquette 1984). To calculate eating rates (g DM/min) 

for each forage category, I used Trudell and White's (1981) relationships 

between.jsting rate and plant biomass for each forage category, and 

biomass estimates for sedge tussock shrub tundra (the predominant 

vegetation community on the eastern wintering area; F. Dean, unpubl.
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data; R. Boertje, pers. comm.) made by G. Shultz (Klein et al. 1983:33; 

G. Shultz, pers. comm.). One exception is that the eating rate for 

lichens, the predominant winter forage class, was based on an arbitrar

ily-selected biomass of 50 g/m2 rather than the 7 g/m2 listed in Klein 

et al. (1983). Shultz's estimates were based on randomly-selected plots 

which included bare ground and litter, whereas caribou are likely to 

select patches of lichens with higher biomass (White 1983). On the 

winter range of the nearby Nelchina Herd, the mean lichen biomass on 31 

above-timberline plots was 365 g/m2 (Alaska Game Commission 1957); this 

indicates the wide range of lichen biomass which may be available to 

caribou in central Alaska.

The dry matter digestibilities for each forage category were based 

on 23-h in vivo digestibilities (White and Trudell 1980); this time 

period corresponds to the rumen turnover time of reindeer in winter 

(White and Trudell 1980:520) and should therefore give better estimates 

of digestibility than the more commonly used 48-h in vivo or in vitro 

digestibilities (Trudell et al. 1980).

I calculated the energy costs of activity from Boertje1s (1981:88) 

late winter activity budgets and the activity costs in Chapter 1. 

Boertje used separate categories for the activities of cratering and 

searching for food during grazing periods; therefore, I equated his 

value for feeding time to the time spent eating (EAT2LOOK = 1.00). 

Because of the windswept nature of the eastern wintering area of the 

Denali Herd, I arbitrarily assumed that the caribou expended additional 

energy for breaking a trail in snow for only 33% (1.7 km/d) of the
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daily walking distance. This value is based on Boertje's (1981) 

estimate that caribou spent 53% of the day feeding, and my assumption 

that most of this feeding involved slow movements (i.e., <1 kn/h) along 

individual feeding trails. The sinking depth in snow when breaking 

trail was assumed to be only 15 cm because of the windswept nature of 

the area. Finally, I assumed that the caribou ascended and descended 

50 m each day while foraging and walking.

Spring jfogratipn

The simulations for spring migration focused on two pregnant cows 

tracked by satellite as they migrated along the Chandalar Route between 

May 1 and June 10, 1984. I used the activity budgets calculated by 

Duquette (1984) for caribou moving along the Chandalar Route in 1982 in 

the simulations because the timing of caribou movements in 1982 were 

similar to those for the two satellite-tracked caribou. However, I 

adjusted the activity budgets by two different methods to account for 

differences in the daily distance traveled. The distance traveled and 

change in elevation each day was determined for each of the two caribou 

by plotting the satellite locations (1-5 locations per day) on topo

graphic maps, and plotting a route between these locations by assuming 

that the caribou followed the course of least topographical resistance 

(Kelsall 1968) consistent with a direct route between the locations. The 

proportion of the day spent walking was calculated from the distance 

walked and an assumed walking speed of 4.0 km/h (Duquette 1984). The 

proportion of the day spent lying, standing and feeding was then calc

ulated from the remaining time using the relative proportions calculated
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by Duquette (1984). Duquette found that 15% of the feeding period was 

spent searching for food and cratering; therefore, I assigned 15% of 

the feeding time to cratering (the energy costs of cratering and 

walking slowly, as when searching for food, are similar).

An alternate method (referred to as the weighted method, and 

emphasized in this thesis) used to adjust the activity budgets was 

based on Duquette's observation that increases in walking time were 

counterbalanced by reductions in the time spent lying. That is, the 

proportion of the day spent standing and feeding remained relatively 

constant, and caribou reduced their lying time when traveling long 

distances. I observed a similar pattern during the validation trials 

(see below), although a slight depression in feeding time also occurred 

when the caribou increased their walking time. The adjustments to the 

activity budgets by this alternate approach were similar to the first 

method (i.e., the proportional method), except that 80% of any increase 

in the amount of time spent walking was balanced by a reduction in the 

time spent lying, and 20% of the increase was balanced by a reduction 

in feeding time.

The activity budgets of the caribou on the calving grounds were 

based on unpublished data from the Yukon Game Branch (D. Russell, 

pers. comm.). Diet composition and eating rates were based on the study 

by Kuropat (1984) on the calving grounds of the Western Arctic Herd; 

similar estimates of diet composition (i.e., 77% Eriophorum. 13% 

lichens) on the calving grounds of the Porcupine Herd were reported by 

Thompson and McCourt (1981).
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Insect Season

The simulations of the insect season were based primarily on the 

work of White et al. (1975). They described three levels of insect 

harassment and developed relationships between the harassment level, and 

ambient temperature and wind speed. I used weather records from Prudhoe 

Bay (Deadhorse airport) for July 1981 to estimate the number of hours 

each day when insect harassment was severe, mild or absent.

White et al. (1975) classified the vegetation in the Prudhoe Bay 

area into five habitat types; for each type, they measured the diet 

composition of experimental reindeer feeding in that type, plant 

biomass, eating rates, digestibilities, and the proportion of caribou 

observed that used that habitat type during the three levels of insect 

harassment. They also calculated activity budgets and mean movement 

rates for caribou during each level of insect harassment. The original 

model was modified to allow for movements between the five habitat 

types with associated changes in eating rates, activity budgets and 

movement rates during each level of insect harassment.

I used two methods to calculate eating rates during the insect 

season. The first method, which I will refer to as the esophageal 

collection method, is based on White et al.'s (1975) data obtained with 

esophageal-fistulated reindeer. They tethered reindeer in each of 

the five habitat types and measured eating rates (g DM/min) and the 

composition of the collected material. One problem with this data set 

is that eating rates are highly dependent on plant biomass (Trudell and 

White 1981), and the biomass imnediately adjacent to the coast where
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their measurements were made is lower than that measured on preferred 

feeding areas further inland (Walker and Webber 1979, Walker 1985).

For this reason, I have used a second method to calculate eating 

rates based on relationships between eating rates and plant biomass for 

several forage types (Trudell and White 1981) and estimates of plant 

biomass on the Arctic Slope (Oldemeyer et al. 1978, Webber 1978, Trudell 

and White 1981). I calculated a mean eating rate for each habitat type 

from the eating rates for individual forage types (e.g., Salix spp., 

lichens, forbs); the latter eating rates were weighted by their propor

tional contribution to the esophageal collections for each habitat 

(White et al. 1975). This approach could not be used to calculate the 

eating rate in the sand dune habitat, because the esophageal collections 

made there were within a stand of Salix spp. that was not characteristic 

of the habitat. Bare ground and gravel cover 65% of the sand dune 

type, and I have therefore assumed an eating rate of 2.00 g/min in this 

type.

The dry matter digestibilities used in the eating rate calculations 

were based on summer in vivo digestibilities presented in White and 

Trudell (1980:520). White and Trudell reported rumen turnover times of 

11 h for most forage types, and 14 h for graminoids and lichens. I used 

their 10 h in vivo estimates for herbaceous dicots and deciduous shrubs, 

and calculated 14-h digestibilities for graminoids, evergreen shrubs 

and lichens by linear interpolation between 10-h and 23-h values. All 

estimates of digestibility were increased by 5% to account for additional 

digestion in the abomasum and intestines (R. White, unpubl. data).
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RESULTS AND DISCUSSION

Validation Trials 

The validation trials occurred at a time of year when caribou 

undergo major changes in body weight, metabolic rate and food intake.

The four females underwent large changes in body weight as a result of 

the growth of the conceptus, the weight loss at parturition, and the 

mobilization of body reserves during late gestation and early lactation.

A 45% increase in FMR occurred between April and June (Table 2). Major 

changes in activity budgets also occurred during the trials: caribou Fl 

and F2 created 30-cm deep ruts along the fence lines as they walked up 

to 50 km/d (60% of the day was spent walking) during the two-week period 

preceding parturition (Figs. 22 and 23). An abrupt change in water 

metabolism also occurred during the trials, as food intake increased and 

the caribou switched from eating snow to drinking liquid water. Because 

of the complex changes in metabolism and large changes in body weight 

occurring at this time, model weaknesses should be more apparent for 

April and May than for any other time of the year.

Despite these complexities and the experimental error associated 

with the input data, model predictions were extremely close to measured 

values over the duration of the trials. Highly significant (p<0.01) 

correlations were found between predicted and measured body weights and 

changes in fat reserves (as estimated by Procedure 6) of the five caribou 

(Fig. 24).

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PE
RC
EN
T 

OF 
DA
Y

139

APRIL MAY JUNE
Fig. 22. Activity budgets for caribou Ml and Fl during the validation 

trials, April 20 - June 12, 1985. Results are based on 
24 h continuous observations made on six occasions.
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. Activity budgets for caribou F2, F3 and F4 during the 
validation trials, April 20 - June 12, 1985. Results are 
based on 24 h continuous observations made on six occasions.
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BODY WEIGHT <kg>
R2=0.96 N*18

P < 0.001

80 90 100 110 120 130
MEASURED

Fig. 24. Correlations between measured and predicted body weights and changes in weights of fat 
reserves for five caribou during the validation trials. Hie statistical significance of the 
correlation between predicted and measured body weights (n=18) is based on every 15th body 
weight because body weights of each caribou within a shorter interval are autocorrelated 
[Durbin-Watson test; p<0.05; Neter and Wasserman (1974)].
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The results of the three - ^ O  trials are summarized in Tables 

17 and 18. The short duration of the third - ^ O  trial (June 10-12) 

resulted in relatively high standard errors for k^, but for each caribou 

there was a progressive increase in k^ with time. The estimates of fat 

weight determined by the six procedures were highly variable, despite the 

use of the same TBW estimate in each of the calculations (Table 18).

More consistent results were obtained when changes in fat between 

trials were calculated, but large differences between the estimates 

still remained. Procedure 6 (based on changes in body solids) yielded 

what was probably the most reliable estimate of changes in fat reserves. 

The predictions made by the other procedures were usually in the same 

direction (positive or negative changes in fat), but of slightly 

greater magnitude than the estimate based on body solids. Large 

changes in gut water during the trial (Cameron et al. 1975; Huot, 

urijoubl. data) were probably responsible for the overestimation of 

changes in fat weight by the other procedures.

The conversion of the daily energy balance in the model to changes 

in the weights of body components is based on the partitioning of energy 

losses between fat and protein in a 0.73:0.27 ratio (see above). An 

alternative approach would be to develop a regression equation for 

predicting the energy content of weight changes from body weight. I 

chose the first approach because I wanted to partition the total weight 

of the caribou among several body components and to keep track of the 

weight of the fat reserves; however, as a check on this approach, I also 

developed the regression equation mentioned above and compared the two
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Table 17. Results of three trials conducted during the validation 
trials to determine changes in body composition.

CARIEOU
ikIAL
DATE

WEIGHT
(kg)

xrw
(kg)

PmCriNT 
BODY WATER kh (+SE )1

Ml 4/26 111.15 75.19 67.64 -0.00547 (.00019)
5/29 108.65 71.93 66.20 -0.00598 (.00113)
6/10 112.45 83.47 74.23 -0.01153 (.00502)

Fl 4/26 105.90 67.53 63.76 -0.00380 (.00020)
5/29 94.30 65.21 69.16 -0.00519 (.00044)
6/10 89.80 57.71 64.26 -0.01220 (.00 239)

F2 4/26 126.55 76.04 60.09 -0.00468 (.00038)
5/29 109.10 72.77 66.70 -0.00722 (.00038)
6/10 107.05 73.56 68.71 -0.00717 (.00353)

F3 4/26 102.70 68.13 66.34 -0.00706 (.00040)
5/29 88.00 59.33 67.42 -0.00760 (.00025)
6/10 84.85 56.73 66.86 -0.00802 (.00331)

F4 4/26 113.85 76.48 67.18 -0.00398 (.00010)
5/29 96.15 68.08 70.81 -0.00680 (.00018)
6/10 93.70 68.96 73.60 -0.00719 (.00191)

1 fyj is the fractional rate constant of tritium
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Table 18. Predicted weights of fat reserves and changes in fat weight 
between tritiated water trials as predicted by each of six 
procedures. Changes in fat weight between trials, as predicted 
by the model, are also shown for each caribou.

PREDICTED FATWT (kg) CHANGE (kg)
CARIBOU PROCEDURE 4/24 5/29 6/12 4/24-5/29 5/29-6/12

Ml 1 14.22
2 9.79
3 18.80
4 17.26
5 9.72
6

model

FI 1 18.24
2 17.52
3 22.04
4 20.47
5 13.83
6

model

F2 1 27.11
2 10.49
3 31.66
4 29.27
5 21.88
6

model

F3 1 14.67
2 16.53
3 18.56
4 17.20
5 10.43
6

model

F4 1 15.17
2 8.68
3 19.87
4 18.23
5 10.57
6

model

15.69 5.94 + 1.47 - 9.75
13.05 0.98 + 3.26 -12.07
19.94 11.40 + 1.14 - 8.54
18.40 10.12 + 1.14 - 8.28
11.24 1.55 + 1.52 - 9.69

+ 0.47 - 4.79
- 1.39 - 1.50

10.44 14.96 - 7.80 + 4.52
18.80 26.44 + 1.28 + 7.64
14.08 17.83 - 7.96 + 3.75
13.08 16.77 - 7.39 + 3.69
6.55 11.13 - 7.28 + 4.58

- 5.74 + 1.86
- 5.78 - 1.20

15.14 12.39 -11.97 - 2.75
12.19 11 .12 + 1.70 - 1.07
19.48 16.83 -12.18 - 2.65
17.95 15.45 -11.32 - 2.50
10.69 8.05 -11.19 - 2.64

- 8.77 - 1.76
- 8.12 - 1.85

11.49 1.91 - 3.18 - 9.58
24.51 17.80 + 7.98 - 6.71
14.55 5.63 - 4.01 - 8.92
13.66 5.16 - 3.54 - 8.50
7.78 0 - 2.65 - 7.78

- 3.65 - 0.34
- 2.85 - 1.56

8.83 5.62 - 6.34 - 3.21
15.90 14.69 + 7.22 - 1 .2 1
12.77 9.68 - 7.10 - 3.09
11.78 8.86 - 6.45 - 2.92
4.91 1.84 - 5.66 - 3.07

- 5.75 - 2.06
- 7.48 - 1.60
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results. To develop the regression equation I used body composition 

data provided by J. Huot (Ministere du Loisir, de la Chasse et de la 

Peche, Quebec) for 65 caribou from the George River Herd. I first 

calculated the total caloric content of the ingesta-free body of each 

caribou using the energy equivalents of 39.75 and 23.85 kJ/g for fat and 

dry protein, respectively. Fran these data I then regressed the energy 

content of changes in ingesta-free body weight (kJ/g) on ingesta-free 

body weight. Using this equation, a loss of 1 kg for a 100 kg (ingesta- 

free weight) caribou would represent 34.92 MJ. This value differs by 

less than 3% from the 33.02 MJ result derived by the approach used in the 

model, suggesting that the ratio of fat to protein used in the model 

(0.73:0.27) also applies to caribou.

Hie simulation run for caribou Fl exemplifies the close agreement 

between model predictions and measured values. Caribou Fl weighed 104.0 

kg at the start of the trial (Table 19; see Appendix A for input data 

used for other caribou), and gave birth to a 6.35 kg calf on day 28 of 

the trial (May 18). The initial FATWT of 13.83 kg was based on the 

estimate by procedure 5 (procedure 6 can only be used to predict 

changes in FATWT, not absolute weights). The model predicted changes 

in FATWT of -5.74 and +1.86 kg between April 24 and May 29, and May 29 

and June 10, respectively, as compared to values of -5.78 and -1.20 as 

estimated by changes in body solids. A comparison of measured and 

modeled changes in TOTAIWT and VO2 is shown in Figure 25. Similar 

comparisons for the other caribou are presented in Appendix B. Figure 

25 also shows the model predictions of TOTALWT if the water associated
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Table 19. Input values used to simulate daily energy budgets of caribou 
Fl during the validations trials, April 20 - June 12, 1985. 
See Appendix A for input data for the other four caribou.

INPUT VARIABLE OR CONSTANT VALUE SOURCE

TCTAIWT 104.00 measured

FA1WT 13.83 • ^ O  trial; proc. 5
CWT (ratio, conceptus:fetus weight 2.07 measured
Calving Date (May 20) 28 observed
DAYSPREG 193 220 d gestation

BIRTJWT 6.35 mss Su r £cl
DMD (dry matter digestibility, QTX) 0.73 measured, mean

PCTFAT (fat contribution to energy loss) 0.73 Torbit et al. 1985b
PCTPRTN 0.27 Torbit et al. 1985b

CFAT (replacement of fat with water) 1.00 assumed
CSTAND (incremental cost of standing) 0.16 measured; Chpt. 1

CFEED (incremental cost of feeding) 1.18 measured; Chpt. 1

COSTKM (net cost of walking; kJ/g*km) 1.648 measured; Chpt. 1
FMR (day 1) 466.0 measured; Chpt. 1

(at parturition) 675.0 see text

(day 54) 675.0 measured; Chpt. 1

ECMILK (energy content of milk; kJ/d) 7900.0 Luick and White 1971

EFFLACT (efficiency of ME for lactation) 0.65 ARC 1980
SNOWSINK (sinking depth in snow) 0 measured

Vertical meters climbed and descended 0 measured

Daily Dry Matter Intake - measured; see Figure 25

Activity Budgets - measured; see Figure 22
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A P R I L  MAV JUNE
Fig. 25. Comparison of measured (solid lines) vs. predicted changes 

in body weight and standing VO? for caribou Fl during the 
validation trials. The lower line in the top figure shows 
the predicted body weight if water associated with catab
olized fat and protein is not retained.
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with catabolized fat and protein is not retained. Accurate predictions 

of body weight trends are clearly dependent on this assumption of water 

retention in late winter. Daily changes in dry matter intake during 

the trial did not have any obvious effect on either TOTALWT or VO2 

(Fig. 25). Caribou FI's calf died of dehydration and exposure four 

days after parturition; therefore, lactation costs were calculated for 

only four days of the simulation.

The partitioning of the total energy requirements of caribou Fl and 

F2 throughout the trial are shown in Figure 26. Caribou F2 had a 

negative energy balance on each day of the trial; the energy deficit 

was particularly high during the week preceding parturition and during 

lactation. The total energy requirement for maintenance and gestation 

was 1.9 times FMR at the beginning of the simulation; the total energy 

requirement (including lactation costs) increased to 2.3 times FMR at 

parturition, then decreased to 1.5 times FMR at the end of the trial.

The daily cost of activity was only 11% of the total energy requirement 

at the beginning and end of the trial, but activity accounted for 27% 

of the total requirement during the week preceding parturition when she 

walked approximately 50 km/d. A similar trend was found for caribou 

Fl: the total requirement was 1.8 times FMR on day 1 and 2.1 times FMR 

at parturition; it then decreased to 1.5 times FMR on day 54. Activity 

costs increased from 10% of the total at the start and end of the trial 

to 25% at parturition. On the day following parturition, activity 

accounted for only 4.6% of the total requirement.
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Fig. 26. Simulated partitioning of total energy requirements between 
the fasting metabolic rate, heat increment, and the costs 
of activity, gestation and lactation for caribou FI and F2 
during the validation trials.
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The predicted energy partitioning for the other three caribou is 

shown in Figure 27. In each case, FMR and the heat increment of feeding 

account for most of the total requirement. Activity costs rarely 

exceeded 15% of the total, except during the week or two preceding 

parturition when the females paced up and down the fence lines.

Lactation costs for the four females were 59%-67% of FMR (18%-24% of 

total requirement) during the few days before their calves died.

The model incorporates several poorly-understood processes which 

have important effects on its predictive capability. Among these are (1) 

the relationship between FT® and plane of nutrition, (2) the accumulation 

of water in the alimentary tract during winter, and (3) the partitioning 

of energy gains and losses between protein and fat reserves. The uncert

ainty regarding seasonal rhythms in FMR and the effect of food intake 

prior to a fast on FMR measurements were discussed in Chapter 1. No 

study involving wild ruminants has removed the effects of variations 

in food intake throughout the year before making seasonal comparisons of 

FMR. Nevertheless, there is little doubt that seasonal changes in plane 

of nutrition have a major influence on the FMR of caribou. In other 

ruminants, a high plane of nutrition has been shown to increase the 

weights and energy requirements of metabolically-active internal organs 

such as the stomach, intestines and liver (Koong et al. 1985), and a 

direct relationship between rate of growth and FMR has been established 

(Ledger and Sayers 1977, Webster 1978, ARC 1980). However, the length 

of time that a caribou must be on a different plane of nutrition before 

FMR changes is unknown. For example, if caribou were restricted to
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Fig. 27. Simulated partitioning of total energy requirements between 

the fasting metabolic rate, heat increment, and the costs 
of activity, gestation and lactation for caribou Ml, F3 and 
F4 during the validation trials.
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sparsely-vegetated areas for several days because of an extended period 

of insect harassment, would the resulting low intake levels lead to a 

lowered FMR? During the rut when mature bulls drastically reduce their 

food intake, is there a consequent lowering of the FMR, and does a 

delay in the subsequent increase in FMR once feeding resumes explain 

their ability to rapidly fatten after the rut? These questions, and 

the overall importance of seasonal rhythms in energy metabolism, point 

to the need for additional studies of metabolic rate under conditions 

of controlled food intake.

Cameron et al. (1975) first reported on a seasonal accumulation of 

water in the alimentary tract of reindeer during late winter. They 

discussed the adaptive significance of a large water pool in the rumen 

as a buffer against fluctuations in body temperature associated with 

eating frozen forages and snow. Additional support for this seasonal 

accumulation of water is provided by the body composition data for the 

George River Herd (Huot 1986; Huot, unpubl. data) and the Kaminuriak 

Herd (Dauphine 1976), and from the results of my validation trials. I 

found a significant (F=4.57; 3, 59 df; p<0.01) difference between 

regression lines [both the slopes and elevations of the lines differed 

significantly (p<0.01)] predicting ingesta weight from body weight for 

George River caribou collected in October, December and April. The 

predicted ingesta weight for a 90 kg caribou in April was 18.3 kg, 

compared to 15.4 kg in December and 16.9 kg in October. Assuming that 

the water content of the ingesta is independent of ingesta weight 

(Cameron et al. 1975, Torbit et al. 1985a), this indicates a higher
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alimentary water volume in late winter. Dauphine (1976:59) measured a 

decrease in the fat reserves of pregnant females of the Kaminuriak Herd 

between April and June, but the body weights of these females (minus 

the weight of the conceptus) increased by 2 kg during the same period. 

During the validation trials, I found a highly significant correlation 

between measured and predicted changes in body weight (Fig. 24), but 

the predictions are based on the assumption that water associated with 

catabolized fat and protein is retained in late winter. Without this 

assumption, there would be poor agreement between the model predictions 

and actual changes in body weight (Fig. 25). Thus, there is support 

from several sources for a seasonal change in the size of the gut water 

pool. These changes have important implications for the interpretation 

of body weight data, but the pattern of water accumulation and loss is 

poorly understood. Eleven years ago, Cameron et al. (1975) pointed out 

the need to develop equations for predicting body composition of 

Rangifer from isotope dilution data; my results once again demonstrate 

the importance of such equations for understanding the nutritional 

physiology of this species.

Energy surpluses or deficits are apportioned in the model between 

body reserves of protein and fat in the ratio of 0.27:0.73. This ratio 

is based on trials with mule deer fed a submaintenance ration (Torbit et 

al. 1985b) and its use resulted in reasonable predictions of changes in 

body composition diring the validation trials. However, the caribou were 

most frequently in a negative energy balance during those trials; it is 

possible that protein and fat are deposited in a different ratio when
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caribou are in a positive energy balance. Furthermore, a higher 

proportion of protein may be deposited in young, growing caribou, or in 

adults in early summer compared to late summer and fall (Robbins et 

al. 1974, ARC 1980). These uncertainties again indicate the need for 

additional studies of body composition in Rangifer.

Seasonal Simulations

Late Winter

The simulated energy budgets for the late winter period are based 

on the input data shown in Tables 20 and 21. The simulated daily metab

olizable energy intake (MEI) for a 100-kg caribou in late winter was 

806-816 kJ/kg®*75. The simulated dry matter intake was 2.43 kg/d, 

including 1.5 kg of lichens. These winter estimates of dry matter intake 

are lower than others for caribou and reindeer in similar areas of 

central Alaska. Holleman et al. (1971) used fallout radiocesium 

burdens in Nelchina Herd caribou to derive a lichen intake estimate of 

3.0 kg DM/d in winter. Holleman et al. (1979) used esophageal-fistulated 

reindeer grazing on natural pasture at Cantwell, Alaska to derive 

intake estimates. Based on their data, a 100-kg caribou would consume 

3.16 kg lichens/d. They found that lichens constituted 86% of the diet 

of their reindeer, and thus the total intake for a 100-kg caribou would 

be 3.63 kg.

The simulation for the late winter period predicts a slightly 

negative energy balance on all days, although the increasing energy 

requirements for gestation cause the daily energy balance to decrease
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Table 20. Input values used to simulate daily energy budgets of the Denali caribou herd in late winter 
(March 1 - April 15).

Variable Lichens Mosses Graminoids Forbs Other1 Reference

Composition (%) 0.62 0.10 0 .11 0.07 0.10 Boertje (1981:30)

Eating Rate (g DM/ndn) 3.0 3.0 3.3 8.8 3.0 Trudell and White (1981)2

Digestibility (%) 0.720 0.116 0.525 0.693 0.693 White and Trudell (1980)2

Energy Content (kJ/g) 19.00 18.45 19.92 18.74 21.67 Pegau 1968, Miller 1976

1 Other category includes evergreen shrubs (7%), mushrooms (2%) and deciduous shrubs (1%).

2 Eating rates calculated from plant biomass estimates on sedge tussock shrub tundra, as given in
Klein et al. 1983; eating rate for lichens is based on a biomass of 50 g/m2 (see methods).

3 Digestibilities based on 23-h in vivo digestibilities of White and Trudell 1980; values have been
increased by 5% to account for digestion in abomasum and intestines (White, unpubl. data).
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Table 21. Input values used to simulate daily energy budgets of Denali 
Herd caribou in late winter (March 1 - April 15).

Variable Value Reference

TCTALWT 100 kg assumed
FATWT 10 kg Huot, unpubl. data
FMR (day 1) 466 kJ/kgO*75 Table 2

(day 46) 466 kJ/kg0-75 Table 2
PCTFAT 0.73 Torbit et al. 1985b
PCTPRTN 0.27 Torbit et al. 1985b

CFAT 1.00 assumed
CSTAND 0.16 Chpt. 1
CFEED 1.18 Chpt. 1
CCRTR 1.25 Chpt. 1

COSTKM 1.648 J/g*km Chpt. 1
DAYSPREG 137 assumed calving date May x
BIRTHWT 7.0 kg assumed
CWT 2.0 assumed; Chpt. 1

EAT2L00K 1.00 Boertje (1981)
PCILYE 0.42 Boertje (1981:88)
PCTFEED 0.53 Boertje (1981:88)
PCTSTAND 0.02 Boertje (1981:88)
PCTCRTR 0.01 Boertje (1981:88)
DISTWALK 5.1 krrv/d Boertje (1981:107)
UPHILL 50 n/d assumed
DOWNHILL 50 n/d assumed
SNOWSINK 15 cm assumed; Boertje (1981)

PCTBREAK 0.33 assumed
POSITION 15 assumed _
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throughout the simulation. The model predicts a 1-kg loss in FA1WT and 

a 1.8 kg increase in TOTAIWT over the 46-d simulation. The contribution 

of the fasting metabolic rate, heat increment of feeding, activity costs 

and gestation costs to the total daily energy expenditure are 56.1%, 

30.8%, 9.4% and 3.7%, respectively, on March 1. By April 15, these 

components accounted for 53.0%, 28.7%, 8.9% and 9.4%, respectively, of 

the total energy requirement.

Because of the large variability in plant biomass available on the 

winter range (Alaska Game Conmission 1957; Klein et al. 1983; G. Shultz, 

unpubl. data), estimates of daily metabolizable energy intake (MEI) 

are probably much less reliable than those for daily energy expenditur

e. In Figure 28, I show the effect of changes in MEI on the mean daily 

energy balance (MJ), the mean daily gain in fat reserves (g), and the 

overall change in body weight (kg) when energy expenditure (except for 

the heat increment, which is a function of MEI) is held constant. The 

model predicts an average daily energy balance near zero when the MEI is 

7.5% higher than the simulated value. The replacement of mobilized fat 

reserves with water is responsible for the shallower slope of the weight- 

change curve when the mean energy balance is negative (Fig. 28).

Boertje (1981, 1985a) calculated dry matter intake and MEI of Denali 

Herd caribou in winter from estimates of energy expenditure and the 

assumption that caribou mobilize 47 g fat/d. Boertje used a separate 

data set and a different methodology for calculating dry matter intake, 

but his estimate of 2.5 kg/d for a 107 kg caribou in winter was similar 

to the model prediction of 2.4 kg/d for a 100-kg caribou. However, his
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Fig. 28. Summary of model outputs when daily metabolizable energy 
intake (kj/kg0*75) is altered, but energy expenditures 
other than the heat increment are held constant. Energy 
maintenance is predicted when MEI is 7.5% higher than the 
MEI simulated from model inputs (806-816 kj/kg^*7^*d; MEI 
multiple = 1 .0).
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estimates of energy requirements and MEI differed from my estimates.

Using the best data available at the time of his study, Boertje (1981) 

calculated an energy requirement of 637 kj/kg®*7^*d for a 105 kg pregnant 

female in late winter. This value is 23% lower than ny estimate of 830 

kj/kgO*75*d. Boertje based his calculations on a winter RMR of 505 

kj/kg0*75*d (Makarova and Segal 1958, McEwan 1970), which is considerably 

lower than the model estimate (836 kj/kg^,7-**d) , and is below the range 

of RMR's I measured in March and April (Table 3). The differences 

between RMR's measured by McEwan and those in this study may be largely 

a result of differences in food intake. McEwan1s (1970) caribou (80 

and 90 kg, respectively) ate only 1.3 and 1.4 kg DM/d, whereas my 

caribou in late April had a mean dry matter intake of 2.3 kg DM/d. The 

predicted intake for a Denali Herd caribou in late winter, consuming a 

diet of similar digestibility and energy content as my captive animals, 

is 2.4 kg/d; therefore, the model estimates of RMR are probably closer 

to the true RMR of a Denali Herd caribou than is McEwan1s (1970) or 

Makarova and Segal's (1958) estimates. The effect of differences in 

food intake between McEwan's caribou and mine can be partially eliminated 

by using factors of FMR for comparisons. McEwan and Whitehead (1972) 

reported that the digestible energy intake of a pregnant caribou during 

the last third of pregnancy was 2.0 times FMR, which is similar to the 

multiple of 2.1 times FMR predicted by the model.

Spring Migration

'Hie migration routes followed by the cwo adult cows of the Porcupine 

Herd in spring 1984 are shown in Figure 29. Caribou F74 was collared on
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Fig. 29. Routes followed by two satellite-tracked cow caribou during 
spring migration in 1984. Each caribou calved near the 
location indicated for 30 May. Routes are based on unpub
lished data of L. Pank (U.S.F.W.S.) and W. Regelin (ADF&G).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



April 15, 1985 (L. Pank, U.S.F.W.S.; W. Regelin, ADF&G; pers. comm.).

She was one of 12 caribou in an isolated group located to the southeast 

of the majority of the herd in Alaska. Between May 1 and May 10 she 

moved an average of only 3.2 kir/d within an area along the east fork of 

the Chandalar River, 60 km north of Venetie. Between May 11 and May 31, 

she traveled an average of 24.2 kn/d, sometimes ascending and descending 

several hundreds of meters each day (Fig. 30). The greatest distance she 

traveled in one day was 39.3 km. On May 19, she reached an area near 

Helmut Mountain previously occupied by several thousand caribou (L. Pank, 

pers. comm.), and presumably followed a system of packed trails during 

the remainder of migration. Between June 1 and June 9, she moved only 

2.7 km/d. Based on her movements, I have assumed that she calved on June 

3 near the Jago River, 55 km inland from the coast.

Caribou F76 (Fig. 29) was collared on April 16. Approximately 40 

caribou were in the same group as F76 when she was collared. Several 

thousand caribou were also present in the same drainage, and a well-worn 

trail system from the southwest was visible. Between May 1 and May 12 

she averaged only 9.4 kn/d within an area 30 km north of Arctic Village. 

She began directed movements on May 13, and averaged 17.3 km/d (36 kn/d 

maximum) between May 13 and May 29. She reached an area in the Yukon 

near Herschel Island (15 km inland) on May 30, and moved an average of 

only 3.0 kn/d between May 30 and June 10. I again assumed on the basis 

of her movements that she calved on June 3.

The input data used to simulate the daily energy budgets of caribou 

F74 between May 1 and June 10 are shown in Tables 22 and 23. Similar
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Table 22. Input values used to simulate daily energy budgets for caribou 
F74 during spring migration, May 1 - June 10.

INHJT VARIABLE OR CONSTANT VALUE SOURCE

163

TOTAEWT

FAIWT
CWT (ratio, conceptus:fetus weight)
Calving Date (June 3)
DAYSPREG
BIRTHWT

PCTFAT
PCTPRTN
CFAT
CSTAND

CFEED
COSTKM

FMR (day 1)
(at parturition)
(day 40)

ECMILK
EFFLACT (positive energy balance) 

(negative energy balance)
SNOWSINK (May 1-30)

POSITION
PCTBREAK (May 1 - 19)

(May 20-30)
PCTLYE (May 1-12)

(May 12-25)
(May 25-June 1)
(June 2-10)

90.0 assumed
8.0 assumed

2.0 assumed; Chpt. 1
34 assumed

187 220 d gestation
6.0 assumed

0.73 Torbit et al. 1985b

0.27 Torbit et al. 1985b

1.00 assumed
0.16 measured; Chpt. 1

1.18 measured; Chpt. 1
1.648 measured; Chpt. 1

540.0
675.0
675.0

Chpt. 1, Validation Runs 
Chpt. 1 
Chpt. 1

7900.0 Luick and White 1971
0.65
0.84

ARC 1980 
ARC 1980

20 Duquette 1984

1-12 L. Pank, pers. comm.
0.41
0.33

assumed
assumed

0.297 Duquette 1984
0.388 Duquette 1984
0.147 Duquette 1984
0.375 Yukon Game Branch,

unpubl. data
Duquette 1984 and 
Yukon Game Br., unpubl.
Duquette 1984 and 
Yukon Game Br., unpubl.

PCTSTAND (4 periods above) .017,.013,.005,.058 

PCTFEED (4 periods above) .644,.529,.668,.547

DISTWALK, UfflILL and DOWNHILL (estimated from satellite locations and
topographic maps)
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Table 23. Input values used to simulate daily energy budgets of caribou F74 and F76 during spring 
migration in 1984.

Variable Sedges^-
Dryes,

Vaccinium
Deciduous

Shrubs Eguisefcwn Lichens Mosses

o
Composition (%)

(May 1 - May 25) 
(May 25 - June 2) 
(June 3-10)

0.03
0.05
0.75

0.05
0.03

0.19
0.21
0.05

0.04
0.05
0.10

0.62
0.58
0.10

0.07
0.08

Eating Rate (g DM/min)^ 
(May 1 - June 2) 
(June 3-10)

3.23
2.60

3.22 5.17
5.00

8.58
8.18

3.54
2.84

2.76

Digestibility (%)4
(May 1 - June 2) 
(June 3-10)

0.420
0.640

0.378 0.693
0.693

0.809
0.809

0.725
0.725

0.116

Energy Content (kJ/g) 4 19.87 21.67 21.09 18.74 19.00 18.45

1 Primarily Carex prior to June 2, and Eriphorum floral parts cifter June 2; Duquette 1984 and Kuropat
1984.

2 Composition from Duquette 1984 and Kuropat 1984.
3 Eating rates calculated from estimates of plant biomass along migration routes (Oldemeyer et al. 1978;

Trudell and White 1981; D. Russell, Can. Wildl. Serv., pers. comm.) and from data in Kuropat 1984 
for the calving grounds.

4 Digestibilities based on 23-h in vivo digestibilities except for Eriophorum floral parts in early
June (Kuropat 1984; in vitro digestibility). !



input data were used for caribou F76, except that PCTBREAK was constant 

at 0.33 throughout migration (F76 traveled with large groups and 

presumably followed packed trails), and the horizontal and vertical 

distances moved each day were different. Furthermore, because adjustm

ents were made to daily activity budgets based on the distance walked 

each day, the simulated energy intake and expenditure for the two 

caribou also differed.

Figure 30 summarizes the daily energy budgets for caribou F74 in 

relation to the distance walked each day. This analysis is based on the 

weighted method for adjusting activity budgets in which increases in 

walking time are compensated for primarily by reducing the time spent 

lying. For the period May 1-10 before F74 began directed movements to 

the calving grounds, the model predicts that her daily MEI was slightly 

higher than her total energy requirements (mean energy balance = +23.9 

kj/kg0*75*d). From May 11 to May 31, she had a negative energy balance 

each day (mean = -378 kj/kg0*"75) and mobilized 4.4 kg of fat. Because 

of the growth of the fetus and the retention of water associated with fat 

and protein catabolism, she gained 2.6 kg of body weight during this 

period. Activity costs ranged from 8% to 26% (mean = 18.8%) of the 

total daily requirement during this period of directed movements. Once 

she reached the coastal plain, the low availability of food and the high 

costs of lactation resulted in an even greater energy deficit. The mean 

energy balance between June 1-10 was -391 kJ/kg0*75.a, and the model 

predicts an additional fat loss of 1.8 kg during this 9-d period. The 

predicted weight of caribou F74 on June 10 after calving was 78.9 kg.
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The predicted daily dry matter intake decreased from 2.98 kg/d 

between May 1 and 10 to approximately 2.41 kg between May 11 and 31; dry 

matter intake on the calving grounds was 2.60 kg/d. These intakes were 

associated with a mean MEI of 1125, 892-and 964 kj/kg®*^, respectively. 

The weighted mean dry matter digestibility was 65% (66.8% on the calving 

grounds).

If the activity budgets are adjusted proportionately rather than by 

the weighted method, the model predicts a greater overall loss of body 

weight and condition. For example, the predicted weight on June 10 using 

the proportional method is 75.5 kg, compared to 78.9 kg for the weighted 

method. The overall mean daily energy balance is 16% lower than that 

calculated by the weighted method. The mean daily cost of activity is 

similar for the two methods: 166 kj/kg®*^5 (proportional method) versus 

172 kg0*75; thus, the differences in energy balances result primarily 

from differences in feeding time. The weighted method for adjusting 

activity budgets is supported by observations of both wild and captive 

caribou (Duquette 1984; Figs. 22 and 23), and was therefore used in 

the remainder of the simulations.

The route followed to the calving grounds by caribou F76 was 130 km 

shorter than that followed by F74. In the simulations, F76 lost only 3.4 

kg of fat between May 11 and 31, compared to 4.4 kg for caribou F74. The 

mean daily energy balances for F76 during the periods May 1-10, May 11

31 and June 1-10 were -40, -294 and -412 kJ/kgO'75.^ respectively. The 

model predicts a body weight on June 10 of 80.7 kg for F76, of which 2.4 

kg is fat. Dry matter and ME intake during the three periods are similar
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to those for F74: 2.92 kg (1101 kJ/kg®*^) during May 1-10, 2.49 kg (923 

kj/kg0*75) during May 11-31, and 2.13 kg (937 kJ/kg^*^5) during June 1

10.

There are few data in the literature to either support or refute the 

daily energy balances and body weight changes predicted by the model 

during migration and early lactation. Overwinter weight losses on the 

order of 8 to 10 kg for a 100 kg female caribou or reindeer have been 

documented by a number of researchers (Skoog 1968, Druri 1970, Dauphine 

1976, Huot 1986, Chpt. 1), but the timing of these weight losses cannot 

be ascertained from the data. For example, Skoog (1968) reported an 8 

kg loss for 3-5 year old females between October-December and April-June, 

but it is impossible to determine whether losses occurred before, during 

or after spring migration. Dauphine (1976) reported that pregnant 

females rapidly mobilized their fat reserves between April and June. 

However, the June sample contained both pregnant and lactating cows, and 

therefore losses occurring during early lactation cannot be separated 

from losses occurring during migration. Kelsall (1968:41) claimed that 

caribou are usually lean by the end of migration, but he did not present 

data which I could use to pinpoint the timing of fat losses. Luick et 

al. (1980) stated that lactating reindeer continue to lose weight until 

35-55 d post-partum. Weight losses by my captive caribou (Fig. 1) 

occurred between December and April, whereas during April and May, most 

of the caribou (both males and pregnant females) increased in weight. 

Thus, although there is some support for the model predictions of a 3-4 

kg loss of fat during migration, followed by an additional 2 kg fat loss
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during early lactation, there is no way to confirm these predictions with 

existing data.

Energetic constraints may play an important role along with 

predation in setting the limits of optimal sizes of caribou groups 

during late winter and spring migration. Through group association, 

individuals can reduce their energy expenditure because the costs of 

breaking trail are shared with other individuals, and individuals may 

be able to devote more time to foraging and less to vigilance. In 

groups of fewer than approximately 12 caribou, all individuals will 

expend energy for breaking trails in snow when travelling single file, 

whereas in larger groups, some caribou will be able to travel the 

packed trail without incurring these extra costs (Duquette 1984; this 

study). This suggests that the lower limit to optimum size in areas 

where snow hinders movements may be close to 12 caribou.

In large groups, individuals may need to travel greater distances 

each day and increase their searching time because other caribou will 

remove nearby forage and compact the snow (Thing 1977, Helle and Aspi 

1983). Furthermore, large groups are more likely to contain dominant or 

aggressive individuals which may displace other caribou from feeding 

craters (Shea 1979, Vandal and Barrette 1986). It also would be advan

tageous for wolves to remain with large groups and to use the caribou 

trails for hunting and energy conservation. On the other hand, during 

migration, caribou continually move to new areas and the effects of local 

forage depletion and snow compaction become less important. Mean group 

sizes in excess of 100 caribou have been reported during migration
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(Duquette 1984). Once the caribou reach the calving grounds, they are 

less constrained by snow conditions and topographical features, and 

groups are considerably smaller than during migration (Kelsall 1968, 

Duquette 1984).

As a means of estimating the energy savings of group association,

I repeated the simulation for caribou F74 assuming she traveled alone and 

had to break a trail (sinking depth = 40 cm) until she reached the 

coastal plain. The model predicted a fat loss of 6.1 kg between May 

11-31; her predicted weight on May 31 was 91.7 kg, compared to 94.5 kg 

predicted when she traveled with a group and followed packed trails for 

most of the migration. The cost of activity was as high as 38% of the 

total daily requirement under this scenario. Because walking costs 

increase exponentially with increasing snow depths (Fig. 17), the cost 

of breaking a trail for only a few kilometers in deep snow (e.g., 60

cm) may exceed the costs of walking tens of kilometers on a packed 

trail or wind-blown ridge, and extensive movements through deep snow 

would be energetically prohibitive. For example, the model predicts 

that if caribou F74 traveled alone and sank 60 cm into the snow, she 

would need to mobilize over 1 kg of fat each day during the period May 

13-17 at the beginning of her migration, compared to about 220 g/d when 

traveling with a group of 12 caribou. These simulations were based on 

the assumption that walking speed and distance traveled each day was 

the same in all snow depths. In deep snow, caribou would probably 

reduce their speed, thereby lowering the rate of energy expenditure, 

and may travel shorter distances and (or) increase feeding time during
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migration. However, deeper snow may also cause searching and cratering 

time to increase, and daily MEI may be lower than when snow is shallow. 

Although many of the assumptions used in these examples are questionable, 

the scenarios indicate the major effect that group association can have 

on energy budgets.

Kelsall's (1968:111) speculation that the impetus for migration may 

be triggered by an improvement in the energy status of caribou in late 

winter is not supported by the model predictions. In fact, energy 

balances become increasingly negative throughout late winter because of 

the increasing requirements for gestation and the increasing FMR. There 

is considerable evidence, on the other hand, that the timing of migration 

is strongly influenced by snow conditions and a hesitancy by caribou to 

break a trail in deep snow (Pruitt 1959, Lent 1966, Kelsall 1968,

Bergerud 1974, Duquette 1984).

The migrations of lead groups of caribou along the Richardson Route 

in two or more separate "waves" or fronts are a good example of the 

influence of snow conditions on the timing of migration. The first wave 

usually consists of caribou which wintered in the Richardson Mountains 

where there is ready access to wind-blown ridges; these caribou are free 

to move north as soon as they are intrinsically prepared, usually in late 

March to early April (Thompson 1978). The second wave consists of 

caribou which wintered in the Olgilvie Mountains and other areas south 

of the Peel River. Deep snows in the vicinity of the Peel River may 

delay the movements of this second wave by as much as a month, but by 

moving greater distances each day, they may still arrive on the calving
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grounds at nearly the sane time as the first wave. For example, in 

1972 caribou in the first wave traveled a mean distance of 6 kny'd after 

leaving the southern Richardson Mountains on March 21, whereas the 

second wave in 1973 did not leave the winter range until May 13, but 

travelled 44 kny'd (Thompson 1978).

The migration route through the Richardson Mountains from south of 

the Peel River to calving areas in Alaska is the longest route (approx

imately 677 km) regularly used by Porcupine Herd caribou (Thompson 

1978). I simulated the daily energy budgets of a pregnant female 

following this route, using data for the second wave of caribou which 

migrated along the Richardson Route in 1973 (Thompson 1978). The 

simulations are based on the assumptions that activity budgets, diet 

composition, eating rates and the date of parturition were the same as 

those for caribou F74, but they assume that deeper snow (sinking depth 

= 40 cm) was encountered between May 1 and 16 when the caribou was 

south of the Richardson Mountains (Table 24). Between May 1 and 12 

when the caribou was south of the Peel River, the model predicted a 

mean energy balance of 95 kj/kg®*^5*d. Between May 13 and June 1, 

during directed movements to the calving grounds, the model predicted a 

loss of 5.9 kg of fat for this caribou; this compares to a loss of 4.4 

kg of fat for caribou F74 during approximately the same period. The 

predicted weight of the cow following the Richardson Route was 73.4 kg 

on June 10, compared to 78.9 kg for caribou F74. Activity costs for 

the Richardson Route caribou ranged between 14% and 32% of the total 

daily energy requirement.
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Table 24. Input values used to simulate daily energy budgets for caribou 
migrating along the Richardson Route from the Peel River 
Drainage, May 1 - June 10. All input values not shown below 
are the same as those for caribou F74 as shown in tables 22 
and 23.

INPUT VARIABLE OR CONSTANT VALUE SOURCE

SNOWSINK (May 1-16) 40 assumed
(May 17-23) 20 assumed
(May 24-June 10) 5 assumed

POSITION 20 assumed
PCTBREAK (May 1-16) 0.33 assumed

(May 17-23) 0.20 assumed
(May 24-June 10) 0.33 assumed

PCTLYE (May 1-12) 0.297 Duquette 1984
(May 12-31) 0.388 Duquette 1984
(June 1-10) 0.375 Yukon Game Branch, 

unpubl. data
PCTSTAND (3 periods above) .017 ,.013,.058 Duquette 1984 and 

Yukon Game Br., unpubl.
PCTFEED (3 periods above) .644, .529,.547 Duquette 1984 and 

Yukon Game Br., unpubl.

DISTWALK (May 1-12) 5.0 Thompson 1978
(May 13-23) 43.6 Thompson 1978
(May 24-June 2) 15.7 Thompson 1978

UPHILL
(June 3-10) 
(May 1-12 and

3.0 assumed

May 24-June 10) 50 assumed

ECWNHILL
(May 13-23) 
(May 1-12 and

300 assumed

May 24-June 10) 50 assumed
(May 13-23) 300 assumed
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By delaying the initiation of migration and then moving long 

distances each day, the caribou which followed the Richardson Route 

arrived on the calving grounds in poorer physical condition than if she 

had left earlier and shared the costs of breaking a trail in the deep 

snow of the Peel River valley. The reduction in time available for 

feeding, and the subsequent reduction in energy intake during migration, 

could not be fully compensated for by storing additional reserves prior 

to the start of migration because food availability in late winter is 

low, and the process of storing and catabolizing fat and protein is 

inefficient.

Insect Season

Tables 25 and 26 list the input data used to simulate the daily 

energy budgets of a lactating cow caribou from the Central Arctic Herd 

during July 1981. The eating rates in Table 26 were calculated by the 

biomass method (see Materials and Methods). Based on weather records 

from Deadhorse airport, periods of severe mosquito harassment occurred 

on 11 days in July 1981, while mild harassment occurred on 24 days 

(Fig. 31). The frequency and duration of periods of insect harassment 

in 1981 were apparently representative of those occurring in most 

years; for the fours years 1970-1973, the average number of days in 

July when severe harassment occurred was 10, while mild harassment 

occurred on 22 days (assuming that all days with severe harassment 

contained periods of mild harassment; White et al. 1975:160).

Based on the input data in Tables 25 and 26, the model predicts that 

a lactating caribou weighing 90 kg on July 1 would lose 4.5 kg of body
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Table 25. Input values used to simulate daily energy budgets of Central 
Arctic Herd caribou during the insect season (July) in 1981.

Variable Value Reference

TOTAIWT 90 kg assumed
FAIWT 5 kg assumed
FMR (July 1) 675 kj/kg0*75 Table 2

(July 31) 675 kj/kg0*75 Table 2

PCTFAT 0.73 Torbit et al. 1985b
PCTPRTN 0.27 Torbit et al. 1985b
CFAT . 0 assumed
CSTAND 0.16 Chpt. 1

CFEED 1.18 Chpt. 1
COSTKM 1.862 J/g*km Chpt. 1; 13% incr. for tundra

DAYSPREG 245 assumed calving date June 5
EAT2L00K 1.00 White et al. 1975
UPHILL 0 assumed
DOWNHILL 0 assumed

PCTLYE (insects absent) 
(insects mild) 
(insects severe)

0.33
0.18
0.07

White et al. 1975

PCTSTAND (absent) 
(mild) 
(severe)

0.01
0.09
0.15

PCTFEED (absent) 
(mild) 
(severe)

0.53
0.43
0.31
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Table 26. Input values used to simulate daily energy budgets of the Central Arctic Herd during the 
insect season (July 1 - July 31) in 1981.

Variable
Erionhorum
Marsh

Drvas/
Snowbed

Duoontia
Meadow

Carex
Marsh

Sand
Dunes Reference

Eating Rate (g Dentin) 5.54 3.80 5.65 5.54 2.00 Trudell and White 19811

Digestibility^ (%) 0.497 0.440 0.535 0.548 0.575 White and Trudell 1980^

Energy Content (kj/g) 20.22 19.94 19.15 19.54 20.77 Miller 1976^

Proportional Use by Caribou
Insects absent 0.482 0.211 0.163 0.144 0.000 White et al. 1975; see methods
Insects mild 0.496 0.179 0.125 0.000 0.200
Insects severe 0.310 0.112 0.078 0.000 0.500

1 Weighted by the composition of forage in esophageal collections within each habitat type.

2 Digestibilities based on 10-h and 14-h in vivo digestibilities.
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JULY 1981

Fig. 31. Effect of harassment by insects on total energy expenditures, metabolizable energy intake • 
(MEI), and activity costs for a lactating female. The number of hours of mild (open bars) 
and severe (hatched bars) harassment by insects on each day in July 1981 is shown. The ' 
stippled areas indicate periods when the caribou had a negative energy balance. 176



weight during July, including 1.5 kg of fat. A negative energy balance 

is predicted for all days when mild harassment occurs for a period 

exceeding 12 h; a negative energy balance also occurs on all days when 

harassment is severe. Conversely, a positive energy balance is predicted 

for any day with fewer than 12 h of mild harassment. The mean energy 

balance for the 31-d simulation is -2.53 MJ/d.

Figure 31 shows the effects of insect harassment on energy intake 

and expenditure. The total daily energy expenditure ranges from 2.04 

to 2.17 MJ/kgO’75, which represents a multiple of 3.0-3.2 times FMR. 

Activity costs range from 155 to 524 kj/kg0*^^, or 7% to 24% of the 

total daily requirement. The values for several of the days with 

extended periods of harassment are probably unrealistically high 

because I have assumed that caribou continue to walk at a mean rate of 

1.36 (mild) or 3.14 (severe) km/h. The simulated mean distance walked 

during July was 30 km/d, and distances as high as 73 km were predicted. 

These distances are not unreasonable when compared to the movements of 

the two satellite-tracked caribou (F74 and F76) in July 1984. The mean 

distances moved by these caribou between July 1-15 were 23 and 16 km/d, 

respectively, and distances as great as 70 km/d were recorded. However, 

caribou may move to beaches or windy locations, or stand in water, 

where the level of insect harassment is reduced, rather than continue 

walking throughout the period of harassment. Because of lower average 

temperatures and higher winds within a few kilometers of the coast 

(Walker and Webber 1979; Walker et al. 1980; Walker 1985; J. Dau, 

pers. comm.), the levels of insect harassment near the coast are lower
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than those further inland. However, it should be noted that whenever 

caribou move to relief areas where vegetation is sparse or absent, the 

consequent reduction in energy intake may have a greater effect on the 

daily energy balance than would the increased activity costs associated 

with insect harassment further inland where forage biomass is higher 

(Walker 1985).

In an attempt to determine the effects of insect harassment on 

energy budgets, I repeated the simulation setting the number of hours of 

mild and severe harassment each day to zero. Under this scenario, 

a lactating cow would gain 4 kg of body weight, including 1.3 kg of fat, 

during July. She would have a positive energy balance on all days, with 

an average balance of +2.4 MJ/d.

A positive energy balance is predicted for all but five days for a 

nonlactating female (Fig. 32). The model predicts a 3.3 kg increase in 

fat reserves of such females in July. However, this assumes that the 

eating time and eating rates of nonlactating and lactating females are 

the same, whereas the grazing intensities (i.e., the proportion of the 

grazing period spent ingesting food) of lactating females may be higher 

than those for males or nonlactating females (White et al. 1975:171). 

Because of a lack of data on eating times and rates for lactating vs. 

nonlactating females, I did not include these differences in the simula

tions. Nevertheless, the model indicates a substantial effect of 

lactation on energy budgets in July.

The eating rates for the Eriophorum marsh, Dupontia meadow and Carex 

marsh based on the esophageal method were only half of those calculated
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by the biomass method, whereas the eating rate for the Dryas heath/snow- 

bed type was 85% of that calculated by the biomass method,, The esopha

geal-based values might be viewed as being representative of eating 

rates for caribou confined to coastal habitats with low plant biomass. 

Given these low eating rates, the model predicts that a lactating cow 

harassed by insects would deplete her fat reserves within two weeks, 

and would then rapidly lose weight as protein is catabolized to meet 

daily energy requirements. The model further predicts a weight loss of 

47 kg during July; thus, a caribou could not survive under these 

conditions. In the absence of insects, the model still predicts an 

unacceptably-high weight loss of 34 kg, with the depletion of the 

initial 5 kg of fat within 20 days. The FMR of a lactating cow under

going food restriction over a period of several weeks would probably 

decrease, and she would likely reduce her milk production before 

allowing her body condition to deteriorate (White 1983, Skogland 

1985). Therefore, the body reserves of a lactating female restricted 

to a low biomass area would not be depleted as rapidly as these scenarios 

might suggest. Nevertheless, the model suggests that caribou must move 

to inland feeding areas where plant biomass is higher if they are to 

maintain or add to their body reserves. The need for Central Arctic 

Herd cows to reduce their milk production so as not to seriously 

deplete their energy reserves, with a subsequent reduction in growth 

rates of calves during their first summer, may be an important cause of 

the smaller body size of adult caribou in the arctic herds when compared 

to other herds in Alaska.
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Weather conditions during July may have long-lasting effects on the 

growth, survival and future reproductive success of calves. If insect 

harassment seriously reduces the physiological status of a cow by 

decreasing feeding time and increasing expenditure, the resulting 

decrease in milk production (White 1983, White and Luick 1984, Oftedal 

1985) may lower the growth rate of the calf and lead to reduced body 

size (Varo 1972; Reimers 1983b; Helle and Tarvainen 1984; Skogland 

1983). Calves born in summers with extended periods of insect activity 

are less likely to survive their first winter because they may not be 

able to build up adequate energy reserves (Haukioja and Salovaara 1978, 

Helle and Tarvainen 1984, Eloranta and Nieminen 1985). Calves with 

low birth weights because of the small size or poor condition of their 

mother during late gestation (Varo 1972, Jacobsen et al. 1981, Rognmo et 

al. 1983, White 1983, Skogland 1984) will be particularly susceptible to 

the effects of severe insect harassment.

The energy costs of thermoregulation in July may be greater than in 

any other month. The lower critical temperature may be as high as 5°C 

in late July after the lactating cows have molted their winter coats 

(White and Yousef 1976, Nilssen et al. 1984a), and caribou may need to 

expend additional energy for thermoregulation during subfreezing weather. 

Heat dissipation during warm weather is more likely to be a problem 

during July. Zhigunov (1968) claimed that reindeer frequently suffer 

from diseases caused by irregular feeding and overheating during pieriods 

of insect harassment. However, Yousef and Luick (1975) found that 

reindeer could tolerate ambient temperatures to 30°C before measureable
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increases in VO2, heart rate or rectal temperature occurred, and 

concluded that reindeer are as heat tolerant as some desert ungulates. 

Johnsen et al. (1985) also concluded that reindeer possess effective 

avenues for heat dissipation by way of the respiratory tract (i.e., 

panting) and body surfaces. Bergerud (1974) concluded that caribou in 

Newfoundland seek out the shade of trees to escape insects rather than 

to find lower temperatures. These studies suggest that observations of 

caribou in summer standing in the shade of buildings or pipelines (Roby 

1978, Fancy 1983), or on ice floes and aufeis, may be related more to 

insect avoidance than to heat stress.

Sensitivity Analysis 

The sensitivity of the model to variations in the input data was 

tested by increasing the value of each input variable by 10% (while 

holding all other inputs constant) and observing the effect on key model 

outputs. This exercise was conducted for the model variations used to 

simulate the validation trials and spring migration. Simulations using 

the validation trial variation were run for both nonproductive and 

productive (i.e., gestating, lactating) caribou for a 54-d period 

beginning on April 20. Table 27 shows the default input values used, 

and the effect of a 10% increase in each value on the average daily 

energy balance, the average daily change in fat reserves, and the total 

change in body weight. When the default values were used as inputs, 

the nonproductive caribou had a mean energy balance of -3208 kj/d and 

lost, on average, 59.9 g of fat each day. The total weight loss over
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Table 27. Analysis of the sensitivity of the model to variations in the 
input data. The effects of a 10% increase in each input 
value, relative to the default values, on the mean daily energy 
balance, mean daily fat loss, and overall weight change are 
shown. The results are expressed as the percent difference 
between the output with and without the 10% change in each 
variable.

VARIABLE DEFAULT VALUE

PERCENT CHANGE WITH 10% INCREASE 

ENERGY BALANCE FAT CHANGE WEIGHT

NON-PRQDOCTIVE CARIBOO
DMD 0.73 +89.5 +83.1 +2.9
FMR 466,675,675 -68.8 -66.3 -1.5
Dry Matter Intake 2 .8 +61.2 +56.6 +1.8

TOTAEWT 120.0 -55.1 -52.9 +8.9

PCTFAT/PRTN 0.73/0.27 - 0.5 -10.7 +1.0

CSTAND 0.16 - 4.7 - 4.5 -0.1

COSTKM 1.792 - 3.7 - 3.5 -0.1

CFEED 1.18 - 2.9 - 2.7 -0.1

PRODUCTIVE CARIBOO
DMD 0.73 +25.3 +25.0 +10.5
FMR 466,675,675 -17.1 -17.1 - 7.2

Dry Matter Intake 2 .8 +17.0 +16.9 + 7.1
TOTAIWT 120.0 -15.7 -15.7 + 8.3
PCTFAT/PRTN 0.73/0.27 - 2.3 -12.6 + 5.5
BIRTHWT 6.99 - 1.8 - 1.8 - 1.4

CSTAND 0.16 - 1.2 - 1.2 - 0.5

COSTKM 1.792 - 1.0 - 0.9 - 0.4
CFEED 1.18 - 0.7 - 0.7 - 0.3
CWT 2.07 + 0.1 + 0.1 - 0.7
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the 54-d simulation was 1.5 kg. The productive female had an average 

daily energy balance of -10,935 kJ/d and lost an average of 200.8 g 

fat/d. The weight of the conceptus at parturition on day 32 was 13.1 

kg; therefore, the final body weight of 95 kg represented a loss of 12 

kg of maternal tissues and 13 kg of conceptus.

The ranking of the sensitivities of the variables was similar for 

the nonproductive and productive caribou, but the absolute differences 

(expressed as a percent of the changes resulting from the default inputs) 

differed considerably. The daily energy balance and daily fat loss were 

most sensitive to variations in dry matter digestibility, followed by 

FMR, dry matter intake, and the total weight of the caribou. A 10% 

increase in the starting weight of the nonproductive caribou had the 

greatest effect on its final weight; the most sensitive variables were 

then dry matter digestibility, dry matter intake, and FMR. For the 

productive caribou, a 10% increase in the dry matter digestibility had 

a greater effect on the final weight than did a 10% increase in the 

initial weight. Hie third most sensitive variable was FMR, followed by 

dry matter intake.

A similar ranking of variable sensitivities resulted from the 

simulations of spring migration (Table 28). A 10% increase in dry 

matter digestibilities again had a major effect on the selected model 

outputs. In fact, a 10% increase in DIGEST had a much greater effect on 

outputs than a 10% increase in MEI, which resulted in only a 21.3% 

increase in the mean energy balance, and a 5.3% increase in body weight. 

The model is more sensitive to incremental changes in the gross energy
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Table 28. Analysis of the sensitivity of the model to variations in the 
input data for simulations of spring migration for caribou 
F74. The effects of a 10% increase in each input value, 
relative to the default values, on the mean daily energy 
balance, mean daily fat loss, and overall weight change are 
shown. The results are expressed as the percent difference 
between the output with and without the 10% change in each 
variable.

PERCENT CHANGE WITH 10% INCREASE

VARIABLE DEFAULT VALUE ENERGY BALANCE FAT CHANGE WEIGHT

DIGEST see Table 23 +30.87 +28.13 +7.31
GECONT see Table 23 +24.22 +21.84 +6.06

FMR 540, 675, 675 kj/kg° *75 -22.25 -17.80 -7.29
TOTAIWT 90.0 kg -19.84 -15.40 +6.79

EATRATE see Table 23 +18.54 +16.46 +4.58
EAT2LOOK 0.83 +15.59 +13.53 +3.79
BIRTHW 6.0 kg - 3.73 - 3.50 -1.59

PCTPRTN/FAT 0.27/0.73 + 0.57 + 4.65 -1.57
CSTAND 0.16 - 2.70 - 2.53 -0.70
COSTKM 1.648 J/g»km - 2.45 - 2.41 -0.67

ECMILK 7900 kJ/d - 1.96 - 1.94 -0.53
CFEED 1.18 - 1.87 - 1.73 -0.48

CWT 2.00 - 0.45 - 0.44 -0.74
CFAT 1 .001 + 0.36 + 0.36 +0.10

SNCWSINK 20 cm - 0.33 - 0.32 -0.10

CCRTR 1.25 - 0.28 - 0.25 -0.07

decreased by 10%
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content of the diet, eating rates for each forage species, and grazing 

intensity (EAT2L00K) than it is to variables associated with activity.

A 10% increase in the total daily cost of activity altered the mean 

energy balance by only -5.4%, and body weight by only -1.5%.

These rankings indicate the relative importance of factors assoc

iated with energy intake (e.g., dry matter digestibility, eating rates) 

to the energy budgets of caribou. In fact, the two most important 

components of energy expenditure, FMR and the heat increment of feeding, 

are inextricably tied to energy intake and can be altered through the 

use of different feeding strategies. Through selective feeding, 

caribou are able to increase digestibilities and eating rates substan

tially. For example, White (1983) reported that selective grazing by 

reindeer in summer increased dry matter digestibility by 14% and dry 

matter intake by 27%. Because of the multiplier effect of these intake 

parameters on production (White 1983), selective grazing in this 

situation led to a 268% increase in daily weight gain. The implications 

of such effects on energy budgets and, ultimately, survival and produc

tivity, are discussed in the following section.
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Caribou have evolved numerous adaptations which promote efficient 

energy assimilation and retention and enable them to survive in a hostile 

environment. They retain heat during extreme cold by means of a thick 

winter pelage (Hammel 1955, Moote 1955), nasal heat exchange and low 

respiration rates (Blix and Johrisen 1983, Langman 1985, Johnsen et 

al. 1985), counter-current circulation in the legs (Irving and Krog 1955) 

and a large gut water pool which buffers against body temperature 

fluctuations when eating frozen forages and snow (Cameron et al. 1975). 

Caribou are one of the few species adapted to a lichen diet, and they 

have evolved an efficient mechanism for obtaining lichens from beneath 

the snow (Fancy and White 1985b). As a result of their relatively long 

legs and the structure of elastic elements within them, barren-ground 

caribou have the lowest net cost of locomotion of any terrestrial 

vertebrate studied (Fancy and White 1985a; Chpt. 1). Their long legs 

and low foot loadings, and their habit of following packed trails, 

greatly reduce the costs of travel in snow (Chpt. 1).

The numerous morphological, physiological and behavioral adaptations 

of caribou that are associated with the efficient assimilation and 

retention of energy have evolved because individuals possessing those 

traits had better survival, and produced more offspring which survived 

to reproduce than did individuals without them. Thus, throughout the 

evolution of this species, energy has been an important factor affecting 

the reproductive success of individuals and the dynamics of caribou 

populations. The effects of the physiological status of an individual
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on its productivity are often subtle, and are not easily studied in 

wild populations. They are most evident in simpler systems where the 

animals are restricted to relatively small ranges and predators are 

absent (e.g., Reimers 1983b, Skogland 1984), or where they are very 

pronounced as when winter die-offs and poor recruitment follow a hard 

winter (Kelsall 1968, Wallmo and Gill 1971, Miller 1974, Bos 1975). The 

increased susceptibility of calves to predation and other forms of 

mortality as a consequence of low birth weights or slow growth rates is 

poorly understood, in part because it is so difficult to measure.

Our knowledge of the role of energy metabolism in the reproductive 

success of individuals can help us to understand some of the movements 

and other behaviors of caribou. Because of the influence of maternal 

body condition on conception, calf birth weight, milk production, and 

ultimately, calf survival, the optimum strategy for a female caribou is 

presumably one which results in the best average body condition during 

late gestation and early lactation throughout her reproductive years.

The maternal investment (e.g., through energy partitioning to the fetus 

during gestation, or energy input to milk production) in each year's 

calf is constrained by the cow's need to maintain her own body condition 

for survival and future reproduction. However, if her investment in a 

particular calf is too low, its reduced chances for survival or reduced 

reproductive success may vitiate her efforts.

An important result of the seasonal simulations and sensitivity 

analyses is the relative importance of forage digestibility and eating 

rates to energy budgets. A 10% increase in forage digestibility during
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migration will increase the mean energy balance by 31%, whereas a 10% 

increase in activity costs lowers the energy balance by only 5%. Because 

of the powerful effect of intake parameters on energy budgets, and the 

low costs of locomotion in comparison, the optimal pattern of range use 

in the absence of other constraints should involve movements between 

areas where the most digestible forages can be obtained in sufficient 

quantity. During winter, lichens are the most digestible forage 

available; most winter ranges are characterized by high lichen biomass 

and relatively soft or shallow snow, conditions which result in higher 

eating rates and reduce the energy costs of obtaining forage. However, 

lichens are deficient in protein and minerals, and caribou cannot 

sustain rapid growth and milk production on a predominantly lichen diet 

(Jacobsen and Skjenneberg 1975, Holleman et al. 1979, Rognmo et al.

1983). The optimal range use strategy during the period of lactation 

and rapid growth therefore becomes one of moving to areas where highly- 

digestible forages containing high amounts of nitrogen and minerals can 

be obtained. The predominant suirmer forages, particularly during the 

early growth stages, are both highly digestible and contain the necessary 

nutrients (Klein 1970, Chapin et al. 1980). By following phenological 

gradients (Lent 1966, Klein 1970, Skogland 1978, Whitten and Cameron 

1980), caribou maximize their intake of metabolizable energy and 

nutrients and optimize their energy budgets.

A notable exception to this optimum movement pattern for the arctic 

herds is the early arrival of pregnant cows on the calving grounds prior 

to the initiation of most plant growth. The simulations for the
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Porcupine Herd indicate that cows may mobilize several kilograms of fat 

during the first weeks of lactation despite the high digestibility of the 

diet, because the availability of forage at that time is low. Lent 

(1980) reported that the calving grounds of the Porcupine and Western 

Arctic herds are located in areas of early snow meltoff; floral heads 

of Eriophorum vaginatum emerge at snowmelt and provide a rich source of 

nitrogen and phosphorus for cows during late gestation and early 

lactation (Kuropat and Bryant 1980). However, in some herds such as 

the Central Arctic, Bathurst and Beverly herds, calving may occur 1-3 

weeks prior to the initiation of plant growth (Kelsall 1968, Whitten 

and Cameron 1980, Fleck and Gunn 1982). Thus, at a time when require

ments for energy, nitrogen and other nutrients are high, cows of the 

latter herds place themselves in areas of forage availability where they 

undoubtedly must draw on body reserves to meet energy and nutrient 

deficits.

An alternate strategy would be for cows to calve gn route to the 

summer range. Caribou calves are precocious and able to follow their 

mothers within hours of birth. However, they are extremely vulnerable 

to predators and the many hazards of travel (e.g., fast rivers, deep 

slush, steep embankments) during their first weeks of life, and their 

energy requirements for locomotion are much higher than those for 

adults (Luick and White 1986). Because it would be disadvantageous 

for the calves to move lcng distances during their first few weeks, the 

calving area should be located where the risk of predation is relatively 

low, and where the opportunity for rapid growth of the calf, and rapid
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repletion of maternal energy and nutrient reserves, is most favorable 

throughout the period of reduced mobility in early summer.

What are the important attributes of the calving grounds of the 

arctic herds? Fleck and Gunn (1982) concluded that one of the few 

consistent characteristics of the calving grounds of the Beverly,

Bathurst and Kaminuriak herds was their varied topography. Along with 

the higher latitude of the calving grounds, varied topography results 

in the prolonged availability of vegetation in the early stages of 

growth. This allows the cows to sustain the high costs of lactation 

and yet maintain or add to their own reserves; it also promotes the 

rapid growth of calves once they begin to forage on their own. However, 

the calving grounds of the Central Arctic and Teshekpuk herds are 

relatively flat (R. Cameron, pers. comm.), and thus varied topography 

is not characteristic of all calving grounds in the arctic. Another 

important attribute of the calving grounds and adjacent suircner ranges 

is the short period of insect harassment and the availability of insect 

relief habitat. Insect emergence is delayed relative to other areas of 

the herds' ranges, and after emergence, cool, windy weather which reduces 

harassment by insects is frequent. The simulations of the insect 

season indicate the important influence of insect harassment on energy 

budgets of lactating cows.

When the digestibility and nutrient content of these summer 

forages declines at the end of the growing season (Whitten and Cameron 

1980), lichens again become the most digestible forage and most available 

source of energy, and movements to areas of high lichen biomass with
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snow conditions favorable for their extraction are adaptive.

The computer model developed in this thesis has proven to be a 

useful tool for predicting changes in the energy status of individual 

caribou under various scenarios, and for understanding the adaptive 

significance of some of the morphological, physiological and behavioral 

traits of this species. It has helped to identify data gaps and 

weaknesses, and to prioritize future research efforts by identifying 

those input parameters and model components which have the greatest 

effect on energy budgets. For example, the model has shown the import

ance of factors related to energy intake on energy budgets; it has also 

shown the need for additional studies of body composition and water 

metabolism, particularly in late winter and spring. However, the model 

is a gross simplification of a complex system, and it contains a large 

number of variables, each having associated with it some degree of 

uncertainty and experimental error. Many of the calculations incorporate 

poorly-understood processes and arbitrarily-selected values. Thus, the 

predictions of the model, despite the close agreement of the model 

outputs to results of the validation trials, must be viewed cautiously 

until they are verified by field research. The model is simply a 

summary of current knowledge of the energy metabolism of caribou and 

other ruminants, and as such, it must be continually updated as new 

information becomes available. The iterative approach of model refine

ment, hypothesis generation and testing, and additional model refinement, 

should lead to further insights into the ecology of this remarkable 

species.
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The important findings of this study, listed in the order of their

presentation in this thesis, can be summarized as follows:

1. The growth patterns of the seven captive caribou were characteristic 

of those for other northern ruminants, i.e., rapid growth in summer 

followed by slow growth or weight losses in winter. The caribou 

voluntarily reduced their food intake and lost weight during winter 

despite the availability (ad libitum) of a high-quality ration.

2. The metabolic rate of a caribou undergoing a 4-d fast in winter 

exhibited a daily rhythm with the lowest values occurring at 2330

h each day. Some of the variability in energy expenditure reported 

in this and other studies can therefore be attributed to time-of-day 

effects.

3. The mean FMR in winter (n=10) was 403 + 19 kj/kg®*^5*d, similar to 

those reported for other northern ruminants but 37% higher than 

the interspecies mean.

4. The mean FMR in summer was 59% higher than in winter, but the summer 

FMR's were confounded with the carryover thermogenic effects of a 

high plane of nutrition prior to the 3-d fasts.

5. Metabolic rates of fed, standing caribou in May-September (n=98) 

were 27% higher than those in November-March (n=46). The high 

summer metabolic rate of caribou is interpreted as an adaptation 

for rapid growth and fattening during the shortest plant growing 

season encountered by ruminant species.

6. Highly significant (p<0.001) relationships between V02 and heart 

rate (HR) were found for individually-calibrated caribou in summer
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and winter. The relationship varied seasonally and differed between 

individuals during the same season. VO2 could be predicted from HR 

to within 10% of the mean VO2 for 9 of the 13 caribou/season combin

ations. HR's recorded for caribou feeding on grain at a trough 

decreased sharply in September and October, reached their lowest 

values in January, increased sharply at parturition, then increased 

throughout summer.

7. The relationship between VO2 and HR for each individual was used at 

the same time of year to estimate energy expenditures for various 

activities as the caribou ranged within a 19-ha enclosure. The 

estimated costs of feeding at the trough, grazing,- browsing and 

walking were 12%, 18%, 18% and 46% higher than the cost of standing, 

respectively.

8. During summer, variations in O2 requirements were met primarily by 

altering HR, whereas in winter, changes in stroke volume and the 

extraction of O2 from the hlood assumed greater importance. Changes 

in stroke volume as caribou changed position from lying to standing 

probably accounted for the poor performance of HR as a predictor of 

the energy costs of lying.

9. The incremental cost of standing over lying, measured in a respira

tion chamber (n=22), was 16%.

10. The cost of feeding in a respiration chamber or headstall was, on 

average, 16% higher than the cost of standing. Movements of the 

neck and mouth apparently accounted for most of the increased 

costs since VO2 returned to the standing values within 30 sec of the
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end of the feeding bout.

11. The energy cost of cratering was 143 J/stroke in light, uncrusted 

snow; 264 J/stroke in snow with a thin crust; and 567 J/stroke in 

dense snow compacted by a snowmachine. A 90-kg caribou cratering

in thinly-crusted snow at 15.5-19.6 strokes/min would expend 2.7-3.4 

kj/kg*h in addition to the cost of standing. This rate of energy 

expenditure (29%-37% higher than that while standing) is comparable 

to the net cost of walking at 1-1.5 kn/h. A comparison of metabolic 

and mechanical energy used for cratering indicated that caribou 

have evolved a very efficient mechanism for obtaining food buried 

beneath the snow layer.

12. Barren-ground caribou have the lowest net cost for locomotion of any 

terrestrial species studied. The net cost of locomotion ranged from

0.068 to 0.095 ml 02/g*km. The net cost for caribou F4, which was 

the lowest of the six caribou studied, was 45% lower than the 

interspecies line. Highly significant (p<0.001) linear relation

ships between V02 and walking speed were found for six caribou, 

indicating that the net cost of walking a given distance is 

independent of walking speed. Leg length was superior to body 

weight as a predictor of walking costs for a given individual. 

Differences in the walking costs between subspecies of Rangifer

can be explained on the basis of leg length and differences in 

migratory habits.

13. Ihe mean cost of lifting one kilogram of body weight one vertical 

meter was 22.6 +1.3 kJ/g*m for slope angles of 4.9* to 6.0* ; this
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value was slightly lower than the mean measured for reindeer and six 

other species of ungulates. Caribou recovered 6.0 +0.4 kj/g*m 

during descent (slope angles 4.2°- 5.6*) for an average efficiency 

of 62%.

14. The net cost of locomotion in snow increased exponentially with 

sinking depth. Walking costs in crusted snow were often much higher 

than those in uncrusted snow in which the sinking depth was similar.

15. The doubly labeled water method appears to be a reasonably accurate 

method for measuring CC>2 production by caribou and reindeer in 

winter when growth rates are low, but the method may overestimate 

CO2 production by rapidly growing or fattening ruminants. The net 

deposition of -*H, -*■% and unlabeled CO2 in antlers and other growing 

tissues account for part cf the overestimation of CO2 production by 

the method in summer.

16. A computer simulation model for calculating daily energy budgets of 

caribou was developed, tested in trials with captive caribou, and 

used to simulate the daily energy budgets of wild caribou during 

late winter, spring migration and the insect season. Validation 

trials were conducted between April 20 and June 12, 1985 using five 

caribou kept in individual pens and fed measured amounts of food. 

Highly significant (p<0.01) correlations between predicted and 

measured body weights and changes in fat reserves were found for the 

five caribou.

17. The total energy requirements of two pregnant females were 1.8-1.9 

times FMR on April 20, 2.1-2.3 times FMR during the first days of
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lactation in mid-May, then decreased to 1.5 times FMR by June 12.

The calves of both females died shortly after parturition and 

therefore this final multiple of FMR does not include the costs of 

lactation. Activity costs usually accounted for less than 10% of 

the total requirement, but increased to 25% during the week 

preceding parturition when these females walked up to 50 kn/d.

18. Accurate predictions of changes in body weight during late winter 

and spring were dependent on the assumption that water associated 

with fat and protein catabolism is retained. This concept is based 

on previous work with reindeer and is supported by body composition 

data from the Kaminuriak and George River caribou herds.

19. Energy budgets during late winter (March 1-April 15) were simulated 

for a pregnant female from the Denali Caribou Herd in central 

Alaska. The model predicted a 1 kg loss of fat during this 

period, but total weight increased by 1.8 kg because of the 

growing conceptus and retention of water. The model predicts a ME 

intake of 806-816 kJ/kg®*^^*d and a dry matter intake of 2.4 kg/d 

for a 100-kg caribou. The contribution of FMR, the heat increment 

of feeding, activity costs and gestation costs to the total daily 

requirement on March 1 were 56%, 31%, 9% and 4%, respectively. On 

April 15, these components represented 53%, 29%, 9% and 9%, 

respectively, of the total requirement.

20. Energy budgets during spring migration were simulated for two 

pregnant females from the Porcupine Herd. These females were 

tracked by satellite from their wintering areas near Arctic Village,
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Alaska, to the calving grounds on the Beaufort Sea coast. Caribou 

F74 began directed movements on May 13 and averaged 17.3 kiry'd (36 

km/d maximum) between May 13-29. During this period, the model 

predicted a loss of 4 kg of fat and an energy balance of -378 

kj/kg0*7 5*d. Daily activity costs ranged from 8% to 26% of total 

daily requirements. An additional loss of 1.8 kg of fat was 

predicted during the period of June 1-10 while on the calving 

grounds. Similar trends in energy budgets and changes in body 

reserves were predicted for caribou F76 which followed a route 130 

km shorter than that used by F74.

21. Optimum group sizes during winter and migration may be constrained

by both predation and energetics. Caribou in groups share the

energy costs of breaking trail and are able to devote more time to 

foraging and less to vigilance than solitary individuals. However, 

individuals in large groups may need to travel further in winter and 

increase feeding time because of local forage depletion and snow 

compaction by other caribou, and wolves may remain with large 

groups and use caribou trails for hunting and energy conservation. 

During migration, forage depletion and snow compaction are of 

lesser importance because caribou constantly move to new areas,

and the energetic constraints on large group sizes are relaxed.

22. The energy savings associated with traveling with other caribou and

using packed trails in the snow were estimated by repeating the 

simulations for caribou F74, but assuming that she broke a trail in 

40 cm of light snow until she reached the coastal plain. This
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scenario resulting in a loss of 6 kg of fat between May 11-31, 

compared to 4.4 kg when she traveled with a group. If a sinking 

depth of 60 cm or crusted snow conditions were simulated, the model 

predicted a loss of over 1 kg of fat per day during migration.

23. Groups which delay the initiation of migration but compensate by 

moving longer distances each day arrive on the calving grounds in 

poorer condition than those leaving earlier. The reduction in 

foraging time and energy intake associated with longer daily 

distances traveled cannot be compensated for by storing additional 

reserves prior to the start of migration, because food availability 

is low and the process of energy storage and mobilization is 

inefficient.

24. Daily energy budgets during the insect season were simulated for a 

90-kg lactating female from the Central Arctic Herd using weather 

data for July 1981 to predict the levels and duration of insect 

attack. A negative energy balance was predicted on all days when 

mild harassment by insects occurred for 12 h or longer, and on all 

days when severe harassment occurred. The model predicted a weight 

loss of 4.5 kg during July, including a 1.5 kg loss of fat. The 

total daily energy requirement was 3.0-3.2 times FMR; activity costs 

ranged from 7% to 24% of the total requirement. If insects were 

absent in July, the same lactating cow would gain 4 kg, including 

1.3 kg of fat, and have a positive energy balance on all days.

25. A positive energy balance is predicted for all but five days for a 

nonlactating adult female in July 1981. Fat accounted for 3.3 kg
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of a simulated weight gain of 10 kg. The lower size of arctic 

caribou is hypothesized to result from the shorter plant growing 

season, and the inability of adult females to maximize the supply 

of nutrients to the growing fetus, and to maximize milk produc

tion, because energy must be conserved for future reproductive 

efforts and survival.

26. Variations in input data associated with energy intake (e.g., dry 

iratter digestibility, eating rates, grazing intensity) had a much 

greater effect on key model outputs than did factors associated with 

energy expenditure. Consequently, the optimal range use strategy 

in the absence of other constraints should involve movements to 

areas where the most digestible forages can be obtained and the 

highest eating rates attained.

200

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LITERATURE CITED

Acheson, K.J., I.T. Campbell, O.G. Edholm, D.S. Miller and M.J. Stock. 
1980. The measurement of daily energy expenditure - an evaluation 
of some techniques. Amer. J. Clinical Nutr. 33:1155-1164.

Alaska Game Commission. 1957. Forage requirements and range use—  
Nelchina caribou herd. Completion Rept., Fed. Aid Wildl. Restora
tion Project W-3-R-11, Job No. 1. Juneau, AK.

Albon, S.D., B. Mitchell and B.W. Staines. 1983. Fertility and body 
weight in female red deer: a density-dependent relationship. 
J. Anim. Ecol. 52:969-980.

Alexander, G. 1962. Energy metabolism in the starved new-born lamb. 
Austr. J. Agr. Res. 13:144-164.

Alexander, R.McN., A.S. Jayes, G.M.O. Maloiy and E.M. Wathuta. 1979. 
Allometry of the limb bones of mammals from shrews (Sorex) to 
elephant (Loxodonta). J. Zool., Lond. 189:305-314.

ARC (Agricultural Research Council). 1980. The nutrient requirements 
of ruminant livestock. Commonwealth Agricultural Bureaux, Slough, 
England. 351 pp.

Baile, C.A. and J.M. Forbes. 1974. Control of feed intake and regula
tion of energy balance in ruminants. Physiol. Rev. 54:160-214.

Baskin, L.M. 1983. The causes of calf reindeer mortality. Acta Zool. 
Fennica 175:133-134.

Bergerud, A.T. 1974. The role of the environment in the aggregation, 
movement, and disturbance behavior of caribou, p. 442-584 In: V. 
Geist and F. Walther (eds.), Behavior of ungulates and its relation 
to management. IUCN Publ. New Series Vol. 2, No. 24, Morges, 
Switzerland.

Bergerud, A.T. 1980. A review of the population dynamics of caribou and 
wild reindeer in North America, p. 556-581 In: E. Reimers, E. Gaare 
and S. Skjenneberg (eds.), Proc. Second Intern. Reindeer/Caribou 
Symp., R^ros, Norway.

Blaxter, K.L. 1962. The energy metabolism of ruminants. Springfield,
111.: C.C. Thomas. 332 pp.

Blaxter, K.L. and A.W. Boyne. 1982. Fasting and maintenance metabolism 
of sheep. J. Agric. Sci. Camb. 99:611-620.

201

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



202

Blixf'A.S. and H.K. Johnsen. 1983. Aspects of nasal heat exchange in 
resting reindeer. J. Physiol. 340:445-454.

Boertje, R.D. 1981. Nutritional ecology of the Denali caribou herd. 
M.S. thesis, University of Alaska, Fairbanks. 294pp.

Boertje, R.D. 1984. Seasonal diets of the Denali caribou herd, Alaska. 
Arctic 37:161-165.

Boertje, R.D. 1985a. An energy model for adult female caribou of the 
Denali Herd, Alaska. J. Range Manage. 38:468-473.

Boertje, R.D. 1985b. Seasonal activity of the Denali Caribou Herd, 
Alaska. Rangifer 5:32-42.

Bond, J. and J.N. Wiltbank. 1970. Effect of energy and protein on 
estrus, conception rate, growth and milk production of beef 
females. J. Anim. Sci. 30:438-444. '

Booyens, J. and G.R. Hervey. 1960. The pulse rate as a means of 
measuring metabolic rate in man. Can. J. Biochem. and Physiol. 
38:1301-1309.

Bos, G.N. 1975. A partial analysis of the current population status of 
the Nelchina caribou herd. p. 170-180 In: D.R. Klein and R.G. White 
(eds.), Proc. First Intern. Reindeer/Caribou Symposium, Biol. 
Papers, Univ. Alaska Spec. Rept. No. 1. 551 pp.

Bradfield, R.B., P.B. Huntzicker and G.J. Fruehan. 1969. Simultaneous 
comparisons of respirometer and heart-rate telemetry techniques as 
measures of human energy expenditure. Amer. J. Clin. Nutr. 22:696
700.

Brockway, J.M. and G.M.O. Maloiy. 1968. Energy metabolism of the red 
deer. J. Physiol. 194:22-24.

Brockway, J.M. and E.H. McEwan. 1969. Oxygen uptake and cardiac 
performance in the sheep. J. Physiol. 202:661-669.

Brody, S. 1945. Bioenergetics and grcwth. New York: Hafner. 1023 pp.

Bryant, D.M. and K.R. Westerterp. 1980. The energy budget of the house 
martin (Delichon urbicat. Ardea 68:91-102.

Cahill, G.F., Jr. 1970. Starvation in man. New England J. Med. 
282:668-675.

Cameron, R.D. 1972. Water metabolism by reindeer, Rangifer tarandus. 
Ph.D. thesis, University of Alaska, Fairbanks. 98 pp.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



203

Cameron, R.D. and J.R. Luick. 1972. Seasonal changes in total body 
water, extracellular fluid and blood volume in grazing reindeer. 
Can, J. Zool. 50:107-116.

Cameron, R.D. and K.R. Whitten. 1979. Seasonal movements and sexual 
segregation of caribou determined by aerial survey. J. Wildl. 
Manage. 43:626-633.

Cameron, R.D., R.G. White and J.R. Luick. 1975. The accumulation 
of water in reindeer during winter, p. 374-378 In: D.R. Klein and 
R.G. White (eds.), Proc. First Intern. Reindeer/Caribou Symposium, 
Biol. Papers, Univ. Alaska Spec. Rept. No. 1. 551 pp.

Cameron, R.D., J.R. Luick and R.G. White. 1982. Water turnover in 
reindeer: some environmental implications, p. 189-194 In: Use of
tritiated water in studies of production and adaptation in 
ruminants. Vienna: Intern. Atomic Energy Agency.

Carnegie, A.B. and N.M. Tulloh. 1968. The in vivo determination of body 
water space in cattle using the tritium dilution technique. Proc. 
Aust. Soc. Anim. Prod. 7:308-313.

Chapin, F.S., III, D.A. Johnson and J.D. McKendrick. 1980. Seasonal 
movement of nutrients in plants of differing growth form in an 
Alaskan, USA, ecosystem: implications for herbivory. J. Ecol. 
68:189-210.

Chapman, C.B., J.N. Fisher and B.J. Sproule. 1960. Behavior of stroke 
volume at rest and during exercise in human beings. J. Clinical 
Invest. 39:1208-1213.

Clutton-Brock, T.H. and P.H. Harvey. 1978, Mammals, resources and 
reproductive strategies. Nature 273:191-195.

Coady, J.W. 1974. Influence of snow on behaviour of moose. Natur. 
Can. 101:417-436.

Cohen, Y., C.T. Robbins and B.B. Davitt. 1978. Oxygen utilization by 
elk calves during horizontal and vertical locomotion compared to 
other species. Comp. Biochem. Physiol. 61A:43-48.

Corbett, J.L., D.J. Farrell, R.A. Leng, G.L. McClymont and B.A. Young. 
1971. Determination of the energy expenditure of penned and grazing 
sheep from estimates of carbon dioxide entry rate. Br. J. Nutr. 
26:277-291.

Culebras, J.M. and F.D. Moore. 1977. Total body water and the exchang- 
able hydrogen. I. Theoretical calculation of the nonaqueous 
exchangable hydrogen in man. Am. J. Physiol. 232:R54-R59.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



204

Czerkawski, J.W. 1975. Some stoichiometric relations and their value 
in rumen studies, p. 55-63 In: Tracer studies on non-protein 
nitrogen for ruminants. Vienna: Intern. Atomic Energy Agency.

Dauphine, T.C., Jr. 1976. Biology of the Kaminuriak population of 
barren-ground caribou. Part 4: Growth, reproduction and energy 
reserves. Can. Wildl. Serv. Rept. Ser., No. 38. 71pp.

Davies, C.T.M. 1968. Limitations to the prediction of maximum oxygen 
intake from cardiac frequency measurements. J. Appl. Physiol. 
24:700-706.

Davies, N.B. and J.R. Krebs. 1978. Introduction: Ecology, natural 
selection and social behaviour, p. 1-22 In: J.R. Krebs and N.B. 
Davies (eds.), Behavioural ecology, an evolutionary approach. 
Sunderland, MA: Sinauer. 494pp.

Davydov, A.F. 1963. On the processes of muscular activity in reindeer 
during procurement of feeds from under the snow. Trans, from 
Russian by Israel Prog. Sci. Trans., Cat. No. 1860, Jeruselum. 8pp.

Druri, S.M. 1970. Some adaptive features of reindeer under polar condi
tions. Bull. Moscow Soc. Nat. 75:28-31.

Duquette, L.S. 1984. Patterns of activity and their implications 
to the energy budget of migrating caribou. M.S. thesis, University 
of Alaska, Fairbanks. 95pp.

Edey, T.N. 1968. Bodyweight and ovulation rate in sheep. Proc. Aust.- 
Soc. Anim. Prod. 7:188-191.

Eloranta, E. and M. Nieminen. 1985. Calving of the experimental 
reindeer herd in Kaamanen during 1970-84. Fourth Intern. Reindeer 
/Caribou Symp., Whitehorse, Yukon (abstract).

Erriksson, L., M. Kallqvist and T. Mossing. 1981. Seasonal development 
of circadian and short-term activity in captive reindeer, Rangifer 
tarandus. Oecologia 48:64-70.

Fancy, S.G. 1983. Movements and activity budgets of caribou near oil 
drilling sites in the Sagavanirktok River floodplain, Alaska. 
Arctic 36:193-197.

Fancy, S.G. and R.G. White. 1985a. The incremental cost of activity, 
p. 143-159 In: R.J. Hudson and R.G. White (eds.), Bioenergetics of 
wild herbivores. Boca Raton, Fl: CRC Press. 314 pp.

Fancy, S.G. and R.G. White. 1985b. Energy expenditures of caribou while 
cratering in snow. J. Wildl. Manage. 49:987-993.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



205

Farner, D.S. 1955. The annual stimulus for migration: experimental and 
physiological aspects. In: A. Wolf son (ed.), Recent studies in avian 
biology. Urbana, 111: Univ. Illinois Press.

Farrell, D. 1970. Undernutrition in grazing sheep. Ph.D. thesis, 
University of New England, Armidale, Australia. 266 pp.

Fleck, E.S. and A. Gunn. 1982. Characteristics of three barren-ground 
caribou calving grounds in the Northwest Territories. N.W.T. 
Wildlife Service, Prog. Rept. No. 7. 158 pp.

Follmann, E.H., A.E. Manning and J.L. Stuart. 1982. A long-range 
implantable heart rate transmitter for free-ranging animals. 
Biotelemetry and Patient Monitoring 9:205-212.

Foot, J.Z. and J.F.D. Greenhalgh. 1970. The use of deuterium oxide 
space to determine the amount of body fat in pregnant Blackface 
ewes. Br. J. Nutr. 24:815-825.

Formozov, A.N. 1946. Snow cover as an integral factor of the environ
ment and its importance in the ecology of mammals and birds. 
Trans, from Russian, Occas. Publ. No. 1, Boreal Inst., Univ. 
Alberta, Edmonton. 141pp.

Gettinger, R.D. 1983. Use of doubly-labeled water for
determination of HjO flux and CO? production by a mammal in a humid 
environment. Oecologia 59:54-5T.

Gibb, M.J. and T.T. Treacher. 1980. The effect of ewe body condition 
at lambing on the performance of ewes and their lambs at pasture. 
J. Agric. Sci. Camb. 95:631-640.

Gold, L.W. 1956. The strength of snow in compression. J. Glaciol. 
2:719-725.

Goodman, L.A. 1960. On the exact variance of products. J. Amer. Stat. 
Assn. 55:708-713.

Grande, F., J.T. Anderson and A. Keys. 1958. Changes of basal metabolic 
rate in man in starvation and refeeding. J. Appl. Physiol. 12:230
238.

Gunn, R.G. and J.M. Doney. 1975. The interaction of nutrition and body 
condition at mating on ovulation rate and early embryo mortality in 
Scottish Blackface ewes. J. Agric. Sci. Camb. 85:465-470.

Hamilton, W.J. and K.L. Blaxter. 1980. Reproduction in farmed red deer.
1. Hind and stag fertility. J. Agr. Sci. Camb. 95:261-273.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



206

Hammel, H.T. 1955. Thermal properties of fur. Amer. J. Physiol. 182: 
369-376.

Hammel, H.T., T.R. Houpt, K.L. Anderson and S. Skjenneberg. 1962. 
Thermal and metabolic measurements on a reindeer at rest and in 
exercise. Arctic Aeromedical Lab. Rept. AAL-TDR-61-54. Seattle, 
Wash. 34pp.

Haukioja, E. and R. Salovaara. 1978. Summer weight of reindeer 
(Ranaifer tarandus) calves and its importance for their future 
survival. Rep. Kevo Subarctic Res. Stat. 14:1-4.

Heglund, N.C., M.A. Fedak, C.R. Taylor and G.A. Cavagna. 1982. 
Energetics and mechanics of terrestrial locomotion: IV. Total 
mechanical energy changes as a function of speed and body size in 
birds and mammals. J. Exp. Biol. 97:57-66.

Helle, T. 1980. Habitat and food selection of the wild forest reindeer 
(Rangifer tarandus fennicus Lonn.) in Kuhmo, eastern Finland, with 
special reference to snow characteristics. Rept. Res. Inst. North. 
Finland, Univ. Oulu, Series A, 2:1-28.

Helle, T. and J. Aspi. 1983. Effects of winter grazing by reindeer on 
vegetation. Oikos 40:337-343.

Helle, T. and L. Tarvainen. 1984. Effects of insect harassment on 
weight gain and survival in reindeer calves. Rangifer 4:24-27.

Henshaw, J. 1968. The activities of the wintering caribou in north
western Alaska in relation to weather and snow conditions. 
Int. J. Biometeor. 12:21-27.

Hilborn, R. 1973. A control system for FORTRAN simulation programming. 
Simulation 20:172-175.

Hill, A.V. 1950. The dimensions of animals and their muscular 
dynamics. Science Progr. 38:209-230.

Hoernicke, H.,W.F. Williams, D.R. Waldo andW.P. Flatt. 1965. Composi
tion and absorption of rumen gases and their importance for the 
accuracy of respiration trials v?ith tracheostomized ruminants, 
p. 165-178 In: K.L. Blaxter (ed.), Energy metabolism. New York: 
Academic Press.

Holleman, D.F., J.R. Luick and F.W. Whicker. 1971. Transfer of radio
cesium from lichen to reindeer. Health Physics 21:657-666.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



207

Holleman, D.F., J.R. Luick and R.G. White. 1979. Lichen intake 
estimates for reindeer and caribou during winter. J. Wildl. 
Manage. 43:192-201.

Holleman, D.F., R.G. White and D.D. Feist. 1982a. Seasonal energy and 
water metabolism in free-living Alaskan voles. J. Mairmal. 63:293
296.

Holleman, D.F, R.G. White and J.R. Luick. 1982b. Application of the 
isotopic water method for measuring total body water, body composi
tion and body water turnover, p. 9-32 In: Use of trititated water 
in studies of production and adaptation in ruminants. Vienna: 
Intern. Atomic Energy Agency.

Holter, J.B., W.E. Urban, Jr., H.H. Hayes and H. Silver. 1976. 
Predicting metabolic rate from telemetered heart rate in white
tailed deer. J. Wildl. Manage. 40:626-629.

Holter, J.B., W.E. Urban, Jr., H.H. Hayes, H. Silver and H.R. Skutt. 
1975. Ambient temperature effects on physiological traits of white
tailed deer. Can. J. Zoology 53:679-685.

Hoyt, D.F. and C.R. Taylor. 1981. Gait and energetics of locomotion in 
horses. Nature 292:239-240.

Hudson, R.J. 1981. Agricultural potential of the wapiti. Univ. Alberta 
Feeder's Day Rept. 60:80-86.

Hudson, R.J. and R.J. Christopherson. 1985. Maintenance metabolism, 
p. 121-142 In: R.J. Hudson and R.G. White (eds.), Bioenergetics of 
wild herbivores. Boca Raton, Fl.: CRC Press. 314 pp.

Huot, J. 1982. Body condition and food resources of white-tailed deer 
on Anticosti Island, Quebec. Ph.D. thesis, Univ. Alaska, Fair
banks. 240 pp.

Huot, J. 1986. Evaluation of several indices for predicting total 
body fat of caribou. McGill Subarctic Res. Paper 40:157-175.

Irving, L. and J. Krog. 1955. Temperature of the skin in the arctic as 
a regulator of heat. J. Appl. Physiol. 7:355-364.

Jacobsen, E. and S. Skjenneberg. 1975. Seme results from feeding 
experiments with reindeer, p. 95-107 In: D.R. Klein and R.G. White 
(eds.), Proc. First Intern. Reindeer/Caribou Symposium, Biol. 
Papers, Univ. Alaska Spec. Rept. No. 1. 551 pp.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



208

Jacobsen, E.f K. Hove, R.S. Bjarghov and S. Skjenneberg, 1981. Supple
mentary feeding of female reindeer on a lichen diet during the last 
part of pregnancy. Acta Agric. Scand. 31:81-86.

Johnsen, H.K., A. Rognmo, K.J. Nilssen and A.S. ELix. 1985. Seasonal 
changes in the relative importance of different avenues of heat loss 
in resting and running reindeer. Acta Physiol. Scand. 123:73-80.

Johnson, S.G. and J.A. Gessaman. 1973. An evaluation of heart rate as 
an indirect monitor of free-living energy metabolism, p. 44-54 
In: J.A. Gessaman (ed.), Ecological energetics of homeotherms. 
Monograph Series No. 20. Logan, Utah: Utah State Univ. Press.

Karasov, W.H. 1981. Daily energy expenditure and the cost of activity 
in a free-living mammal. Oecologia 51:253-259.

Kelsall, J.P. 1968. The migratory barren-ground caribou of Canada. 
Can. Wildl. Serv. Monogr. No. 3. Ottawa: Queen1 s Printer. 339pp.

Kelsall, J.P. 1969. Structural adaptations of moose and deer for snow. 
J. Mammal. 50:302-310.

Kelsall, J.P. and E.S. Telfer. 1971. Studies on the physical adaptation 
of big game for snow. p. 134-146 In: A.O. Haugen (ed.), Proc. snow 
and ice in relation to wildlife and recreation symp., Iowa Coop. 
Wild. Res. Unit, Iowa St. Univ., Ames. 280pp.

Kitts, W.D., I.McT. Cowan, J. Bandy and A.J. Wood. 1956. The immediate 
post-natal growth in the Columbian black-tailed deer in relation to 
the composition of the milk of the doe. J. Wildl. Manage. 20:212
214.

Kleiber, M. 1975. The fire of life: an introduction to animal ener
getics. Huntington, New York: Krieger. 453pp.

Klein, D.R. 1970. Tundra ranges north of the boreal forest. J. Range 
Manage. 23:8-14.

Klein, D.R. and R.G. White (eds.) . 197 8. Parameters of caribou
population ecology in Alaska. Biol. Papers of the Univ. Alaska, 
Spec. Rept. No. 3. 49 pp.

Klein, D.R., R.D. Boertje and G.A. Schultz. 1983. A study of caribou 
range use and potential in and near Denali National Park and Pre
serve. Unpubl. rept. to National Park Service, Fairbanks, Alaska. 
37 pp.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



209

Kokjer, K.J. 1981. Remote data acquisition utilizing standard time- 
share computer ports, p. 429-445 In: Proc. 14th Intern. Conf. on 
Systems Science, Honolulu. Vol. 2.

Koong, L.J., C.L. Ferrell and J.A. Nienaber. 1985. Assessment of 
interrelationships among levels of intake and production, organ size 
and fasting heat production in growing animals. J. Nutr. 115:1383
1390.

Kuropat, P.J. 1984. Foraging behavior of caribou on a calving ground 
in northwestern Alaska. M.S. thesis, Univ. Alaska, Fairbanks.
95 pp.

Kuropat, P.J. and J.P. Bryant. 1980. Foraging behavior of cow caribou 
on the Utukok calving grounds in northwestern Alaska, p. 64-70 In: 
E. Reimers, E. Gaare and S. Skjenneberg (eds.), Proc. Second 
Intern. Reindeer/ Caribou Symp., Rpros, Norway.

Langman, V.A. 1985. Nasal heat exchange in a northern ungulate, the 
reindeer (Rangifer tarandus). Respir. Physiol. 59:279-287.

LaPerriere, A.J. and P.C. Lent. 1977. Caribou feeding sites in relation 
to snow characteristics in northwestern Alaska. Arctic 30:101-108.

Ledger, H.P. and A.R. Sayers. 1977. The utilization of dietary energy 
by steers during periods of restricted food intake and subsequent 
realimentation. J. Agric. Sci. Camij. 88:11-26.

Lent, P.C. 1964. Calving and related social behavior in the barren- 
ground caribou. Ph.D. thesis, Univ. Alberta, Edmonton. 220 pp.

Lent, P.C. 1966. Calving and related social behavior in barren-ground 
caribou. Zeit. Tierpsychol. 6:701-756.

Lent, P.C. 1980. Synoptic snowmelt patterns in arctic Alaska in
relation to caribou habitat use. p. 71-77 In: E. Reimers, E. Gaare 
and S. Skjenneberg (eds.), Proc. Second Intern. Reindeer/ Caribou 
Symp., R/ros, Norway.

Lenvik, D. 1981. Momenter til diskusjon omkring individmerking av
rein. Ordforande, konferens i Aktuella rennaringsfragor, Arvidsj- 
aur. 22 pp. Cited in Reimers (1983b).

Lifson, N. and R. McClintock. 1966. Theory of use of the turnover rates 
of body water for measuring energy and material balance. J. 
Theoret. Biology 12:46-74.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



210

Lifson, N., G.B. Gordon and R. McClintock. 1955. Measurement of total 
carbon dioxide production by means of D2^*b. J. Appl. Physiol. 
7:704-710.

Louca, A., A. Mavrogenis and M.J. Lawlor. 1974. Effects of plane of 
nutrition in late pregnancy on lamb birth weight and ini'1 k yield in 
early lactation of Chios and Awassi sheep. Anim. Prod. 19:341-349.

Luick, B.R. and R.G. White. 1986. Oxygen consumption for locomotion by 
caribou calves. J. Wildl. Manage. 50:148-152.

Luick, J.R. and R.G. White. 1971. Food intake and energy expenditure 
of grazing reindeer, p. 103 In: J. Bowan (ed.), The structure and 
function of the tundra ecosystem. U.S. Tundra Biome Program, 
Progr. Rep. Vol. 1.

Luick, J.R., R.G. White and R.D. Cameron. 1980. Utilization of plasma 
glucose for energy metabolism and for the synthesis of milk fat and 
milk casein by the lactating reindeer, p. 311-323 In: E. Reimers, 
E. Gaare and S. Skjenneberg (eds.), Proc. Second Intern. Reindeer/ 
Caribou Symp., R/ros, Norway.

Makarova, A.R. and A.N. Segal. 1958. Physiological characteristics of 
the winter grazing of the reindeer. Opyt Isucheniya Regulyatsii 
Fisiologicheskii Funktsii 4:29-35. Trans, from Russian by Can. 
Wildl.Serv., Ottawa.

Margaria, R., R. Cerretelli, P. Aghemo and G. Sassi. 1963. Energy cost 
of running. J. Appl. Physiol. 18:367-370s

Marston, R.H. 1948. Energy transactions in the sheep. I. Basal heat
production and the heat increment. Aust. J. Sci. Res. Ser. B, 1:93
129.

Mattfeld, G.F. 1974. The energetics of winter foraging by white-tailed 
deer: a perspective on winter concentration. Ph.D. thesis, State 
Univ. New York, Syracuse. 306 pp.

McEwan, E.H. 1968. Growth and development of the barren-ground
caribou. II. Postnatal growth rates. Can. J. Zool. 46:1023-1029.

McEwan, E.H. 1970. Energy metabolism of barren-ground caribou.
Can. J. Zool. 48:391-392.

McEwan, E.H. and P.E. Whitehead. 1970. Seasonal change in the energy 
and nitrogen intake in reindeer and caribou. Can. J. Zool. 48:905
913.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



211

McEwan, E.H. and P.E. Whitehead. 1972. Reproduction in female reindeer 
and caribou. Can. J. Zool. 50:43-46.

Miller, D.R. 1976. Biology of the Kaminuriak population of barren- 
ground caribou. Part 3: Taiga winter range relationships and diet. 
Can. Wildl. Serv. Rept. Series No. 36, Ottawa. 42 pp.

Miller, F.L. 1974. Biology of the Kaminuriak population of barren- 
ground caribou. Part 2: Dentition as an indicator of sex and age; 
composition and socialization of the population. Can. Wildl. Serv. 
Rep. Ser. No. 31. 88 pp.

Mitchell, B. and D. Brown. 1974. The effects of age and body size on 
fertility in female red deer (Cervus elaphus L.). Proc. Intern. 
Congress Game Biol. 11:89-98.

Mitchell, B., D. McGowan and I.A. Nicholson. 1976. Annual cycles of 
body weight and condition in Scottish red deer, Cervus elaphus. 
J. Zool.(Lond.) 180:107-127.

Moe, P.W., W.P. Flatt and H.F. Tyrrell. 1972. Net energy value of feeds 
for lactation. J. Dairy Sci. 55:945-958.

Moen, A.N. 1973. Wildlife ecology. San Francisco: Freeman. 458 pp.

Moote, I. 1955. The thermal insulation of caribou pelts. Text. Res. 
J. 25:832-837.

Morhardt, J.E. and S.S. Morhardt. 1971. Correlations between heart rate 
and oxygen consumption in rodents. Amer. J. Physiol. 221:1580-1586.

Mullen, R.K. 1970. Respiratory metabolism and body water turnover rates 
of Perocmathus fortnosus in its natural environment. Comp. Biochem. 
Physiol. 32:259-265.

Nagy, K.A. 1980. COo production in animals: analysis of potential 
errors in the doubly labeled water method. Amer. J. Physiol. 238 
(Reg. Int. Comp. Physiol. 7):R466-R473.

Nagy, K.A. and D.P. Costa. 1980. Water flux in animals: analysis 
of potential errors in the trititated water method. Amer. J. 
Physiol. 238 (Reg. Int. Comp. Physiol. 7):R454-R465.

Nasimovich, A.A. 1955. The role of the regime of snow cover in the life 
of ungulates in the USSR. Akad. Nauk. SSSR, Moskva. Trans, from 
Russian by Can. Wildl. Serv., Ottawa. 430 pp.

Neter, J. and W. Wasserman. 1974. Applied linear statistical models. 
Homewood, 111.: Irwin. 842 pip.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



212

Nilssen, K.J. 1984. Factors affecting energy expenditure in reindeer. 
Ph.D. thesis, University of Troms0, Tromsjzf, Norway.

Nilssen, K.J., J.A. Sundsfjord, and A.S. Blix. 1984a. Regulation 
of metabolic rate in Svalbard and Norwegian reindeer. Am. J. 
Physiol. 247 (Reg. Int. Comp. Physiol. 16):R837-R841.

Nilssen, K.J., J.A. Sundsfjord and A.S. Blix. 1984b. Metabolic rate and 
serum T3 and PT4 concentrations during prolonged food restriction 
in summer and winter adapted Svalbard and Norwegian reindeer. Acta 
Physiol. Scand. (submitted; in Nilssen 1984) .

Nilssen, K.J., H.K. Johnsen, A. Rognmo and A.S. Blix. 1984c. Heart rate 
and energy expenditure in resting and running Svalbard and Norwegian 
reindeer. Amer. J. Physiol. 246 (Reg. Int. Comp. Physiol. 15):R963- 
R967.

Oftedal, O.T. 1985. Pregnancy and lactation, p. 215-238 In: R.J. Hudson 
and R.G. White (eds.), Bioenergetics of wild herbivores. Boca 
Raton, Fl: CRC Press. 314 pp.

Oldemeyer, J.L., D.E. Biggins, C.J. Breckenridge and S. Machida. 1978. 
Caribou habitat studies on the Arctic National Wildlife Range. 
Annual Prog. Rept., Denver Wildl. Res. Center, Denver.

0ritsland, N.A. 1980. Physiological functions pertinent to modelling 
energy balance at the population level, p. 350-354 In:E. Reimers, 
E. Gaare and S. Skjenneberg (eds.), Proc. Second Intern. Reindeer- 
/Caribou Symp., R^ros, Norway.

Osuji, P.O. 1974. The physiology of eating and the energy expenditure 
of the ruminant at pasture. J. Range Manage. 27:437-443.

Pank, L.F., W.L. Regelin, D. Beaty and J.A. Curatolo. 1985. Performance 
of a prototype satellite tracking system for caribou. In: R.W. 
Weeks and F.M. Long (eds.), Proc. Fifth Intern. Conf. Wildl. Bio- 
telem., Chicago, Illinois.

Parker, K.L., C.T. Robbins and T.A. Hanley. 1984. Energy expenditures 
for locomotion by mule deer and elk. J. Wildl. Manage. 48:474-488.

Pauls, R.W., R.J. Hudson and S. Sylven. 1981. Energy expenditure 
of free-ranging wapiti. Univ. Alberta Feeders Day Report 60:87-91.

Pegau, R.E. 1968. Reindeer range appraisal in Alaska. M.S. thesis, 
Univ. Alaska, Fairbanks. 130 pp.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



213

Pennycuick, C.J. 1979. Energy costs of locomotion and the concept of 
"foraging radius", p. 164-184 In: A.R.E. Sinclair and M. Norton- 
Griffiths (eds.), Serengeti: Dynamics of an ecosystem. Chicago: 
Univ. Chicago Press.

Person, S.J., R.E. Pegau, R.G. White and J.R. Luick. 1980. In vitro and 
nylon bag digestibilities of reindeer and caribou forages. 
J. Wildl. Manage. 44:613-622.

Poyart, C.F., A. Freminet and E. Bursaux. 1975. The exchange of bone 
C02 in vivo. Respiration Physiol. 25:101-107.

Prowse, D., J. Trilling and J.R. Luick. 1980. Effects of antler removal 
on mating behavior of reindeer, p. 528-536 In: E. Reimers, E. Gaare 
and S. Skjenneberg (eds.), Proc. Second Intern. Reindeer/Caribou 
Symp., Rjriros, Norway.

Pruitt, W.O., Jr. 1959. Snow as a factor in the winter ecology of the 
barren-ground caribou (Ranaifer arcticus). Arctic 12:159-179.

Raab, J.L., P. Eng and R.A. Waschler. 1976. Metabolic cost of grade 
running in dogs. J. Appl. Physiol. 41:532-535.

Regelin, W.L., C.C. Schwartz and A.W. Franzmann. 1985. Seasonal energy 
metabolism of adult moose. J. Wildl. Manage. 49:388-393.

Reicbman, O.J. and S. Aitchison. 1981. Mairmal trails on mountain 
slopes: optimal paths in relation to slope angle and body weight, 
toer. Nat. 117:416-420.

Reimers, E. 1980. Activity pattern: the major determinant for growth 
and fattening in Ranaifer. p. 466-474 In: E. Reimers, E. Gaare and
S. Skjenneberg (eds.), Proc. Second Intern. Reindeer/Caribou Symp., 
R^ros, Norway.

Reimeis, E. 1983a. Reproduction in wild reindeer in Norway. Can. J.
51ool. 61:211-217.

Reimers, E. 1983b. Growth rate and body size differences in Rangifer. 
a study of causes and effects. Rangifer 3:3-15.

Renecker, L.A. and R.J. Hudson. 1983. Winter activity budgets of free- 
ranging moose, using a calibrated heart rate index, p. 187-211 In: 
Proc. 4th Intern. Conf. Wildl. Biotelemetry, Halifax, Nova Scotia.

Richards, J.I. and P.R. Lawrence. 1984. The estimation of energy 
expenditure from heart rate measurements in working oxen and 
buffalo. J. Agric. Sci. Camb. 102:711-717.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



214

Robbins, C.T. and A.N. Moen. 1975. Uterine composition and growth in 
pregnant white-tailed deer. J. Wildl. Manage. 39:684-691.

Robbins, C.T., A.N. Moen and J.T. Reid. 1974. Body composition of
white-tailed deer. J. Anim. Sci. 38:871-876.

Robbins, C.T., Y. Cohen and B.B. Davitt. 1979. Energy expenditure by 
elk calves. J. Wildl. Manage. 43:445-453.

Robertshaw, D. 1982. Potential errors in the technique for estimating 
total body water using trititated water, p. 33-42 In: Use of
tritiated water in studies of production and adaptation in rumin
ants. Vienna: Intern. Atomic Energy Agency.

Roby, D.D. 1978. Behavioral patterns of barren-ground caribou of the 
Central Arctic herd adjacent to the Trans-Alaska Oil Pipeline. 
M.S. thesis, Univ. Alaska, Fairbanks. 200 pp.

Roby, D.D. 1980. Winter activity of caribou on two arctic ranges, 
p. 537-544 In:E. Reimers, E. Gaare and S. Skjenneberg (eds.) , 
Proc. Second Intern. Reindeer/Caribou Symp., R^ros, Norway.

Rognmo, A., K. Markussen, E. Jacobsen, H.J. Grav and A.S. Blix. 1983. 
Effects of improved nutrition in pregnant reindeer on milk quality, 
calf birth weight, growth and mortality. Rangifer 3:10-18.

Roine, K., M. Nieminen and J. Timisjarvi. 1982. Foetal growth in the
reindeer. Acta Vet. Scand. 23:107-117.

Roseneau, D.R. and J.A. Curatolo. 1975. A comparison of the movements 
and distribution of the Porcupine herd, 1971-1977. Unpubl. rept. to 
Canadian Arctic Gas Study Ltd. by Renewable Resources Consulting 
Services, Ltd.

Rushmer, R.F. 1965. Control of cardiac output, p. 644-659 In: T.C. Ruch 
and H.D. Patton (eds.), Physiology and biophysics. Philadelphia: 
Saunders. 1242 pp.

Russell, A.J.F., J.M. Donly and R.L. Reid. 1967. The use of biochemical 
parameters in controlling nutritional state in pregnant ewes, and 
the effect of undernourishment during pregnancy on lamb birth- 
weight. J. Agric. Sci. Camb. 68: 351-358.

Russell, A.J.F., J.Z. Foot and D.M. McFarlane. 1982. Use of tritiated 
water for estimating body composition in grazing ewes. p. 45-56 In: 
Use of tritiated water in studies of production and adaptation in 
ruminants. Vienna: Intern. Atomic Energy Agency.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



215

Ryg, M. and E. Jacobsen. 1982. Seasonal changes in growth rate, feed 
intake, growth hormone and thyroid hormones in young male reindeer 
(Ranaifer tarandus tarandus). Can. J. Zool. 60:15-23.

Schmidt-Nielsen, K. 1984. Scaling: why is body size so important? 
Cambridge: Cambridge Univ. Press. 241pp.

Schoeller, D.A. and E. van Santen. 1982. Measurement of energy expend
iture in humans by doubly labeled water method. J. Appl. Physiol. 
Resp. Environ. Exercise Physiol.) 53:955-959.

Schoeller, D.A., E. van Santen, D.W. Peterson, W. Dietz, J. Jaspan 
and P.D. Klein. 1980. Total body water measurement in humans with 
0 and H labeled water. Amer. J. Clin. Nutr. 33:2686-2693.

Searle, T.W. 1970. Body composition in lambs and young sheep and its 
prediction in vivo from trititated water space and body weight. 
J. Agric. Sci. Camb. 74:357-362.

Segal, A.N. 1962. The periodicity of pasture and physiological 
functions of reindeer, p. 130-150 In: Severnyiolen'v Karel'skoi 
ASSR. Akad. Nauk. SSSR, Moskva. Trans, from Russian by Can. 
Wildl. Serv., Ottawa. 179 pp.

Sepall, 0. and S.G. Mason. 1960. Vapor/liquid partition of tritium in 
tritiated water. Can. J. Chem. 38:2024-2025.

Sheng, H. and R.A. Huggins. 1979. A review of body composition studies 
with emphasis on total body water and fat. Amer. J. Clin. Nutr. 
32:630-647.

Shea, J.C. 1979. Social behavior of wintering caribou in northwestern 
Alaska. M.S. thesis, Univ. Alaska, Fairbanks. 112 pp.

Silver, H., N.F. Colovos, J.B. Holter and H.H. Hayes. 1969. Fasting 
metabolism of white-tailed deer. J. Wildl. Manage. 33:490-498.

Skjenneberg, S. and L. Slagsvold. 1968. Reindriften og dens Natur- 
grunnlag. Oslo, Norway: Scandanavian Univ. Books, Universitetsfor- 
laget. 332 pp.

Skogland, T. 1978. Characteristics of the snow cover and its relation
ship to wild mountain reindeer (Ranaifer tarandus tarandus L.) 
feeding strategies. Arctic and Alpine Res. 10:569-580.

Skogland, T. 1983. The effects of density dependent resource limitation 
on size of wild reindeer. Oecologia 60:156-168.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



216

Skogland, T. 1984. The effects of food and maternal conditions on fetal 
growth and size in wild reindeer. Rangifer 4:39-46.

Skogland, T. 1985. The effects of density-dependent resource limitation 
on the demography of wild reindeer. J. Anim. Ecol. 54:359-374.

Skoog, R.O. 1968. Ecology of the caribou (Rangifer tarandus gtapti) in 
Alaska. Ph.D. thesis, Univ. uaiif., Berkeley. 720 pp.

Smith, I.D. 1965. The influence of level of nutrition during winter and 
spring upon oestrous activity in the ewe. World Rev. Anim. Prod. 
4:95-102.

Sokal, R.R. and F.J. Rohlf. 1969. Biometry. San Francisco: Freeman. 
776pp.

Staaland, H., E. Jacobsen and R.G. White. 1984. The effect of mineral 
supplements on nutrient concentrations and pool sizes in the alimen
tary tract of reindeer fed lichens or concentrates during the 
winter. Can. J. Zool. 62:1232-1241.

Taylor, C.R. 1980. Mechanical efficiency of terrestrial locomotion: a 
useful concept? p. 235-244 In: H.Y. Elder and E.R. Trueman (eds.), 
Aspects of animal movement. Cambridge: Cambridge Univ. Press.
250 pp.

Taylor, C.R. and N.C. Heglund. 1982. Energetics and mechanics of 
terrestrial locomotion. Ann. Rev. Physiol. 44:97-107.

Taylor, C.R., K. Schmidt-Nielsen and J.L. Raab. 1970, Scaling of 
energetic cost of running to body size in mammals. Amer. J. 
Physiol. 219:110 4-1107.

Taylor, C.R., S.L. Caldwell and V.J. Rowntree. 1972. Running up and 
down hills: some consequences of size. Science 178:1096-1097.

Taylor, C.R., N.C. Heglund and G.M.O. Maloiy. 1982. Energetics and 
mechanics of terrestrial locomotion. I. Metabolic energy consumption 
as a function of speed and body size in birds and mammals. J. Exp.- 
Biol. 97:1-21.

Telfer, E.S. and J.P. Kelsall. 1984. Adaptation of some large North 
American mammals for survival in snow. Ecology 65:1828-1834.

Thing, H. 1977. Behavior, mechanics and energetics associated with 
winter cratering by caribou in northwestern Alaska. Biol. Papers 
Univ. Alaska, No. 18. 41 pp.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



217

Thomas, D.C. 1982. The relationship between fertility and fat reserves 
of Peary caribou. Can. J. Zool. 60:597-602.

Thompson, D.C. 1978. Spring migration of the Porcupine caribou herd in 
relation to the proposed Dempster lateral pipeline route. Unpubl.- 
rept. to Foothills Pipe Lines (Yukon) Ltd. by Renewable Resources 
Consult. Serv. Ltd. 70 pp.

Thompson, D.C. and K.H. McCourt. 1981. Seasonal diets of the Porcupine 
caribou herd. Amer. Midi. Nat. 105:70-76.

Thomson, B.R. 1973. Wild reindeer activity. Hardangervidda: 1971. 
Rept. from the Grazing Project of the Norwegian IBP Committee, 
Trondheim, Norway. 76 pp.

Thomson, W. and A.M. Thomson. 1953. Effect of diet on milk yield of the 
ewe and growth of her lamb. Brit. J. Nutr. 7:263-274.

Thorne, E.T., R.E. Deam and W.G. Hepworth. 1976. Nutrition during 
gestation in relation to successful reproduction in elk. J. Wildl. 
Manage. 40:330-335.

Torbit, S.C. 1981. In vivo estimation of mule deer body composition. 
Ph.D. thesis, Colorado State Univ., Fort Collins. 98 pp.

Torbit, S.C., L.H. Carpenter, A.W. Alldredge and D.M. Swift. 1985a. 
Mule deer body composition —  a comparison of methods. J. Wildl. 
Manage. 49:86-91.

Torbit, S.C., L.H. Carpenter, D.M. Swift and A.W. Alldredge. 1985b. 
Differential loss of fat and protein by mule deer during winter. 
J.Wildl. Manage. 49:80-85.

Trivers, R.L. 1972. Parental investment and sexual selection, p. 136
179 In: B. Campbell (ed.), Sexual selection and the descent of man. 
Chicago: Aldine. 378 pp.

Trudell, J. and R.G. White. 1981. The effect of forage structure
and availability on food intake, biting rate, bite size and daily 
eating time of reindeer. J. Appl. Ecol. 18:63-81,

Trudell, J., R.G. White, E. Jacobsen, H. Staaland, K. Ekern, K. Kildemo 
and E. Gaare. 1980. Comparison of some factors affecting the in 
vitro digestibility estimate of reindeer forages, p. 262-273 In: 
E. Reimers, E. Gaare and S. Skjenneberg (eds.), Proc. Second 
Intern. Reindeer/Caribou Symp., R^ros, Norway.

van Es, A.J.H. 1977. The energetics of fat deposition during growth. 
Nutr. Metab. 21:88-104.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3

Van Soest, P. 1982. Nutritional ecology of the ruminant. Corvallis, 
Oregon: 0 & B Books. 374 pp.

Vandal, D. and C. Barrette. 1986. Snow depth and feeding interactions 
at snow craters in woodland caribou. McGill Subarctic Res. Paper 
40:199-212.

Varo, M. 1972. Investigations on the possibilities of reindeer breeding
II. J. Sci. Agr. Soc. Finland 44:234-248.

Verme, L.J. 1977. Assessment of natal mortality in Upper Michigan 
deer. J. Wildl. Manage. 41:700-709.

Walker, D.A. 1985. Vegetation and environmental gradients of the 
Prudhoe Bay region, Alaska. USA CRREL Rept. No. 85-14, Hanover, New 
Hampshire. 239 pp.

Walker, D.A. and P.J. Webber. 1979. Relationships of soil acidity and 
air temperature to the wind and vegetation at Prudhoe Bay, Alaska. 
Arctic 32:224-236.

Walker, D.A., K.R. Everett, P.J. Webber and J. Brown. 1980. Geobotan- 
ical atlas of the Prudhoe Bay region, Alaska. USA CRREL Rept.
No. 80-14, Hanover, New Hampshire. 69 pp.

Wallmo, O.C. and R.B. Gill. 1971. Snow, winter distribution, and 
population dynamics of mule deer in the central Rocky Mountains, 
p. 1-15 In: A.O. Haugen (ed.), Proc. sncw and ice in relation to 
wildlife and recreation symp., Iowa Coop. Wild. Res. Unit, Iowa 
St. Univ., Ames. 280pp.

Wang, Y., R.J. Marshall and J.T. Shephard. 1960. The effect of changes 
in posture and of graded exercise on stroke volume in man. 
J. Clin. Invest. 39:1051-1061.

Warbelow, C., D.G. Roseneau and P. Stern. 1975. The Kutchin caribou 
fences of northeastern Alaska and the northern Yukon. Chpt. 4 In: 
R.D. Jakimchuk (ed.), Studies of large mammals along the proposed 
Mackenzie Valley gas pipeline route from Alaska to British Colum
bia. Arctic Gas Biol. Rept. Ser., vol. 32. 129 pp.

Warnold, I. and R. Arvidsson-Lenner. 1977. Evaluation of the heart rate 
method to determine the daily energy expenditure in disease: a study 
in juvenile diabetics. Amer. J. Clin. Nutr. 30:304-315.

Webber, P.J. 1978. Spatial arid temporal variation of the vegetation and 
its production, Barrow, Alaska, p. 37-112 In: L.L. Tieszen (ed.), 
Vegetation and production ecology of an Alaskan arctic tundra. New 
York: Springer Verlag. 686 pp.

218

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



219

Webster, A.J.F. 1967. Continuous measurement of heart rate as an 
indicator of the energy expenditure of sheep. Brit. J. Nutr. 
21:769-785.

Webster, A.J.F. 1972. Act of eating and its relatin to the heat 
increment of feed in ruminants, p. 42-48 In: Bioenergetics Intern
ational Symposium on Environmental Physiology. Amer. Soc. Exp. 
Biol., Dublin.

Webster, A.J.F. 1978. Prediction of the energy requirements for growth 
in beef cattle. World Rev. Nutr. Diet. 30:189-226.

Weiner, J. 1977. Energy metabolism of the roe deer. Acta Theriol. 
22:3-24.

Weissler, A.M., J.J. Leonard and J.V. Warren. 1957. Effects of posture 
and atrophine on the cardiac output. J. Clin. Invest. 36:1656-1662.

Westoby, M. 1974. An analysis of diet selection by large generalist 
herbivores. Amer. Natur. 108:290-304.

White, R.G. 1983. Foraging patterns and their multiplier effects on 
productivity of northern ungulates. Oikos 40:377-384.

White, R.G. and R.A. Leng. 1968. Carbon dioxide entry rate as an index 
of energy expenditure in lambs. Proc. Aust. Soc. Anim. Prod. 7:335
341. "

White, R.G. and J.R. Luick. 1984. Plasticity and constraints in the 
lactational strategy of reindeer and caribou. Symp. Zool. Soc. 
London 51:215-232.

White, R.G. and J. Trudell. 1980. Habitat preference and forage 
consumption by reindeer and caribou near Atkasook, Alaska. Arctic 
and Alpine Res. 12:511-529.

White, R.G. and M.K. Yousef. 1976. Energy metabolism in reindeer:
normal seasonal patterns and adaptations to arctic life. Meeting
of the Nordic Council for Wildlife Research, R/zSros, Norway,
October 25-27.

White, R.G. and M.K. Yousef. 1978. Energy expenditure of reindeer
walking on roads and on tundra. Can. J. Zool. 56:215-223.

White, R.G., B.R. Thomson, T. Skogland, S.J. Person, D.E. Russell, 
D.F. Holleman and J.R. Luick. 1975. Ecology of caribou at Prudhoe 
Bay, Alaska, p. 151-201 In: J. Brown (ed.), Ecological investi
gations of the tundra biome in the Prudhoe Bay region. Biol. Papers 
Univ. Alaska, Spec. Rept. No. 2. 215 pp.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



220

White, R.G., F.L. Bunnell, E. Gaare, T. Skogland and B. Hubert. 1981. 
Ungulates on arctic ranges, p. 397 -483 In: L.C. Bliss, O.W. Heal and 
J.J. Moore (eds.), Tundra Ecosystems: a comparative analysis. IBP 
Vol. 25, Cambridge: Cambridge Univ. Press. 813 pp.

Whitelaw, F.G., J.M. Brockway and R.S. Reid. 1972. Measurement of 
carbon dioxide production in sheep by isotope dilution. Quart. J. 
Exper. Physiol. 57:37-55.

Whitten, K.R. and R.D. Cameron. 1980. Nutrient dynamics of caribou 
forage on Alaska's arctic slope, p. 159-166 In: E. Reimers, E. Gaare 
and S. Skjenneberg (eds.), Proc. Second Intern. Reindeer/Caribou 
Symp., R^ros, Norway.

Williams, J.B. and K.A. Nagy. 1984. Daily energy expenditure of 
savannah sparrows: comparison of time-energy budget and doubly- 
labeled water estimates. The Auk 101:221-229.

Wood, A.J., I.McT. Cowan and H.C. Nordon. 1962. Periodicity of growth 
in ungulates as shown by the genus Odocoileus. Can. J. Zool. 40: 
593-604.

Yamamoto, S., J.A. McLean and A.J. Downie. 1979. Estimation of heat 
production from heart-rate measurements in cattle. Brit. J. Nutr. 
42:507-513.

Young, B.A. 1970. Application of the carbon dioxide entry rate 
technique to measurement of energy expenditure by grazing cattle, 
p. 237-241 In: A. Schurch and C. Wenk (eds.), Energy metabolism of 
farm animals. Zurich: Juris Druck and Verlag.

Young, B.A., R.A. Leng, R.G. White, C.L. McClymont and J.L. Corbett. 
1969. Estimation of energy expenditure from measurements of carbon 
dioxide entry rate. p. 435-443 In: K.L. Blaxter, J. Kielanowski and 
G. Thorbek (eds.), Energy metabolism of farm animals. Newcastle- 
upon-Tyne: Oriel Press.

Yousef, M.K. and J.R. Luick. 1975. Responses of reindeer, Rangifer 
tarandus. to heat stress, p. 360-367 In: J.R. Luick, P.C. Lent, 
D.R. Klein and R.G. White (eds.), Proc. First Intern. Reindeer/ 
Caribou Symposium, Biol. Papers of the Univ. Alaska, Spec. Rept. 
No. 1. 551 pp.

Yousef, M.K., D.B. Dill and D.V. Freeland. 1972. Energetic cost of 
grade walking in man and burro, Equus asinus: desert and mountain. 
J. Appl. Physiol. 53:337-340.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



221

Zar, J.H. 1973. Using regression techniques for prediction in homeo- 
therm bi©energetics, p. 115-133 In: J.A. Gessaman (ed.) , Ecological 
energetics of homeotherms. Monograph Series, No. 20. Logan, 
Utah: Utah State Univ. Press.

Zhigunov, P. 1968. Reindeer husbandry. 2nd Ed. Jeruselum: Israel 
Program for Scientific Translations. 343 pp.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX A. Input data used to simulate the energy budgets of captive 
caribou during the validation trials, April - June, 1985.
See Table 16 for explanations of variables and data sources.
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CARIBOU

VARIABLE OR CONSTANT Ml F2 F3 F4

TOTAIWT (kg) 109.0 123.0 99.0 113.0
FAJWT (kg) 9.72 21.88 10.43 10.57
CWT (%) 0 2.04 1.83 1.82

Calving Date (day of trial) 0 30 27 36

DAYSPREG 0 191 194 185
BIRTIMT (kg) 0 9.50 6.80 7.71
DMD (%) 0.73 0.73 0.76 0.73

PCTFAT (%) 0.73 0.73 0.73 0.73
PCTPRTN (%) 0.27 0.27 0.27 0.27
CFAT (%) 1.00 1.00 1.00 1.00

CSTAND (%) 0.16 0.16 0.16 0.16
CFEED (%) 1.18 1.18 1.18 1.18
COSTKM (kJ/g*km) 1.792 1.936 1.751 1.401
FMR (day 1) 466 466 466 403

(parturition or day 38) 675 675 675 600
(day 54) 675 675 675 675

ECMILK (kJ/day) 0 7900 7900 7900

EFFLACT (%) 0.65 0.65 0.65 0.65
Vertical Meters Walked 0 0 0 0

SNOWSINK (cm) 0 0 0 0

Activity Budgets - as measured during trials 
Daily Dry Matter Intake - as measured during trials
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APPENDIX B. Comparison of measured (solid lines) vs. predicted
changes in body weight and standing VO2 for caribou Ml 
during the validation trials. Dry matter intake (DMI) 
did not have any obvious effect on either body weight or
vo2.
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APPENDIX C. Comparison of measured (solid lines) vs. predicted
cha nges in body weight and standing V02 for caribou F2 
during the validation trials. The lower line in the top 
figure shows the predicted body weight if water associated 
with catabolized fat and protein is not retained.
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APPENDIX D. Comparison of measured (solid lines) vs. predicted
changes in body weight and standing VO2 for caribou F3 
during the validation trials.
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APPENDIX E. Comparison of measured (solid lines) vs. predicted
changes in body weight and standing VC>2 for caribou F4 
during the validation trials.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


