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Preface

At the fourth North American Caribou Workshop in St. John’s, Jim Davis suggested that the
next Workshop address the issue of how ecological theory can be applied to practical caribou man-
agement problems. In addition to that theme, we also chose to highlight cooperative caribou man-
agement boards and the conservation and management of woodland caribou.

All of the papers on cooperative management boards stressed that boards must consider both lo-
cal knowledge and information collected by scientists and they must attempt to blend native and
bureaucratic approaches to decision making. A multicultural approach should expose, and there-
fore avoid, the unquestioned or unrecognized biasses which we all have:

Cultural influences have set up the assumptions about the mind, the body, and the
universe whithin which we begin; pose the questions we ask; influence the facts we
seek; determine the interpretation we give those facts; and direct our reaction to these
interpretations and conclusions. (Gunnar Myrdal An American Dilemma 1944).
Cooperative management boards should not only provide an opportunity for users to participate
in the management of the resources that they rely on but also develop better management deci-
sions.

To enlighten caribou researchers to the possibility that «cultural> influences also narrows our
view of the world, we invited Gary Belovsky, Lee Eberhart, and Mitch Taylor, who's experience
was primarily outside the area of caribou research, to apply their expertise in theoretical ecology
to caribou management problems.

As elsewhere, there is a close association between caribou and people in the Northwest Territori-
es. The workshop logo depicted that relationship and maintained our awareness of that fact
throughout the workshop. We were happy to see that the public and interested groups from in
and around Yellowknife took advantage of the opportunity to learn more about caribou biology
and management. The entire second year class of the Renewable Resource Training Program from
the Thebacha Campus of Arctic College in Fort Smith attended and both the Denendeh Conserva-
tion Board and the Beverly and Kaminuriak Caribou Management Board scheduled meetings in
Yellowknife to correspond with this workshop.

These manuscripts were not subjected to peer review and were not edited to scientific content so
that flashes of unbridled brilliance would not be excised by unimaginative and repressive editors.

Doug Heard and Mark Williams.
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Insights for caribou/reindeer management using optimal foraging theory

Gary E. Belovsky

School of Natural Resources and Department of Biology, University of Michigan, Ann Arbor, MI, U.S.A. 48109-1115.

Abstract: Optimal foraging theory is useful to wildlife managers, because it helps explain the nutritional value of diffe-
rent habitats for wildlife species. Based upon nutritional value, the use of different habitats can be predicted, including
how factors such as insect harassment, predation and migration might modify habitat selection. If habitat value and
use can be understood, then changes in habitat availability which are of concern to wildlife managers can be assessed.
Thetheory is used to address diet choice and habitat use of caribou/reindeer. Diet choice is examined in terms of lichen
composition of the diet and is demonstrated to be a function of daily feeding time, food abundance and digestive capaci-
ty. The diet choice model is then used to assess the nutritional profitability of different habitats and which habitat
should be preferred based upon nutritional profitability. Caribou/reindeer use of habitats is demonstrated to be easily
modified by insect harassment and predation which change the nutritional profitability of habitats differentially. The
same type of approach could be used to explain migratory behaviour; however, the needed parametervaluesare unavaila-

ble. The results of this analysis lead one to question some common conceptions about caribou/reindeer ecology.

Keywords: Caribou, reindeer, foraging theory, habitat choice, modelling, habitat preference

Introduction

Modelling the foraging behaviour of herbivores has
been attempted by several ecologists(Westoby, 1974;
Owen-Smith and Novellie, 1982; Stenseth and
Hansson, 1979; Ritchie, 1988; Schmitz, 1990; Belov-
sky, 1978, 1984a, b, 1986 a, b, submitted; Ball, 1990).
In most cases, these models have met with a high de-
gree of predictive success (Belovsky, submitted), but
none have dealt with mammals that normally mi-
grate or are allowed to migrate today (e.g., bison).
Therefore, modelling the foraging behaviour of a
species like caribou/reindeer (Rangifer. tarandus)
thatexhibits migratory behaviour in some populati-
ons might not be amenable to the same considerati-
ons that have been successfully applied to other spe-
cies. In addition, the migratory behaviour of
carbou/reindeer poses some interesting manage-
ment considerations concerning why certain habi-
tatsare chosen within a given locale, why certain ha-
bitats are chosen seasonally, and how changing
conditions (e.g., predator densities, human distur-
bance, etc.) might modify these choices.

Lapply existing models of herbivore foraging that
have proven successful for other species to the diet
choices of caribou/reindeer employing data from
the literature. With the potential value of these mo-
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dels established employing the available caribou/-
reindeer data, I proceed to ask questions about what
habitats these herbivores should utilize seasonally
based on feeding efficiency, insect harassment and
predationemployingother aspects of foraging theo-
ry (Stephens and Krebs, 1986). This analysis provi-
des insights into how changing environmental con-
ditions might affect caribou/reindeer populations
through habitat use in ways which might be of con-
cern to managers.

What is foraging theory and what is its use to
managers?

Foraging theory emerged in the mid-1960’s as an at-
tempt to link animal food choices with population
carrying capacity (MacArthur and Pianka, 1966;
Emlen, 1966). While this field of investigation deve-
loped into one of the few areas of ecology where
mathematical theory and empirical tests were in ac-
cord (Stephen and Krebs, 1986), its successes were
more in the arena of animal behaviour, especially
psychobiology, than population ecology. A few stu-
dies have carried foraging theory into the realm of
population dynamics (Werner, 1977; Werner and
Mittlebach, 1981; Belovsky, 1984a, 1986a) with suc-
cess. Recently, the theory has been specifically ap-
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plied to questions of wildlife management, i.e., win-
ter supplemental feeding of white-tailed deer
(Schmitz, 1990).

How pertinent is the theory to the detailed
investigation of wildlife management
problems?

The theory hasbeen invoked in a number of models
directed towards managing wildlife populations
(e.g., Hobbs ans Swift, 1985; Hobbs and Hanley,
1990) based on predicting carrying capacity and/or
habitat utilitzation. The potential use of such mo-
delsappears to be high; however, some recent studies
appear to have inappropriately applied the theory
(Schmitz and Belovsky, submitted). One concern is
that the detail required for wildlife management
may be beyondthe scope of current foraging theory.
This arises from the inability of any study simulta-
neously to address generality, precision, and realism
(Levins, 1967), as all studies are limited to attaining
two of the three characteristics at any instant. Gene-
rality refers to the model’s applicability to a wide
range of species and conditions; realism refers to the
model’s ability to capture the specific details of a
particular species and environment. Most foraging
models seek generality and precision at the expense
of realism.

Theissue of generality vs. realism is of special con-
cern to wildlife biologists and managers. Because
foraging theory seeks generality at the expense of re-
alism, it becomes very easy for individuals concer-
ned with particular biological details to dismiss the
theory. However, science seeks the general explana-
tion of patterns rather than simply cataloguing spe-
cific details. Stephens and Krebs (1986) point out
that foraging models by their general nature must
simplify and treat many biological details in a per-
functory fashion; these are the same details that are
the focus of a lifetime of research by other scientists
(e.g-,learning behaviour, digestive physiology, etc.).

Foraging models, however, may be of value to
wildlife managers; it depends on the level of detail
in the question being asked. If a manager is concer-
ned with assessing the probability of survival of big
gameanimalstoacertain age or size based upon fora-
gingconditions, then thisquestion isfar too detailed
to be realistically addressed using foraging theory. If
a manager is concerned with gross predictions of
diet choice by a wildlife species in different habitars
to assess the nutritional value of the habitats, or as-
sess potential environmental changes on the species’
nutritional ecology, then foraging theory has value.

8

Foraging theory, which is based upon concepts of
natural selection and behavioral “’plasticity”, may
provide wildlife managers with conceptual insights
to design better management plans based upon the
tlexibility of individuals composing the wildlife po-
pulation. Recently, Keppie (1990) criticized wildlife
studies for their failure to address ecological con-
cepts, so principles might be identified that would
provide a broader application of information to dif-
ferent managementsituations. Keppie(1990) points
out that we have a multitude of specific studies for
wildlife species that are tied to particular locations,
but their ability to provide insights for other sites
and conditions is weak because the studies did not
address conceptual issues that span all sites and con-
ditions.

While foraging theory has been invoked by wildli-
fe biologists working with caribou/reindeer (e.g.,
Kuropat and Bryant, 1980; White, 1983; Skogland,
1984), it has not been applied critically to assess the
theory’s predictive value. This is not unusual; the
majority of studies that invoke foraging theory have
failed to test it quantitatively for the species being
examined (Stephensand Krebs, 1986; Belovsky, sub-
mitted). The only caribou/reindeer study that at-
tempted to test a foraging model quantitatively was
Skogland’s (1984) study of reindeer in Norway. Un-
fortunately, a mathematically inconsistent foraging
model (Stenseth and Hansson, 1979) was applied to
the problem (Belovsky, 1984a). Additionally, serio-
us problems in parameter estimation can be identi-
fied; it appears that food types may have been mea-
sured in a manner inappropriate to the modelling
approach (i.e. food abundance), and digestibility va-
lues for lichen and non-lichen food types are not in
accord with most literature values (see Table 3). The-
refore, the apparently successful predictions of the
model must be questioned.

Below Iapply aforaging model to address whether
caribou/reindeer choose food types consistent with
the theory. Since the needed parameter values must
begleaned from the literature, and none were collec-
ted specifically to meet the requirements of the theo-
ry, some caution must be exercised in interpreting
these results. Finally, the model is extended to exa-
mine habitat use patterns by caribou/reindeer.

The basic foraging model

Diet choice by mammalian herbivores has been pre-
dicted fora wide range of herbivore speciesand envi-
ronments using the optimization technique called
linear programming with more success than any ot-
her model yet applied (Belovsky, submitted). The

Rangifer, Special Issue No. 7, 1991



validity of these models has been questioned
(Hobbs, 1990; Hanly, 1980), but no better alternati-
ve has been presented and most of the criticisms are
as questionable as the points raised against the fora-
ging models (Belovsky, 1990).

Linear programming is an optimization techni-
que that explicitly includes constraints (limits) to ac-
tions. The constraints define a combination of acti-
ons that are feasible, 1.e., sets of actions that do not
violate the constraints. Linear programming then
employs various mathematical algorithms (e.g.,
Simplex) that identify the combination of actions
which maximizes or minimizes some goal within
these constraints (Intriligator, 1972). This methodo-
logy is based upon the assumption that constraints
can be written as linear functions.

From previous studies of mammalian herbivores,
four classes of constraints can be considered: digesti-
ve processing, feeding time, nutritional require-
ments, and food toxicity. Justification of these con-
straints and how they are constructed are discussed
by Belovsky (1984a, 1986a). How these constraints
will be applied to caribou/reindeer using data from
the literature are discussed below.

To develop a foraging model for caribou/reindeer,
one detailed data set (White and Trudell, 1980a, b;
Trudell and White, 1981) will be employed extensi-
vely, because it provides more of the needed parame-
ters than any single study and presents these for spe-
cific habitats. Diet choices will be examined for late
July in two distincts habitats, high-centre polygons
and lake margins, that caribou/reindeer must choo-
se between at this time. The diet will be defined in
terms of two food categories, lichens and non-
lichens (e.g., shrubs, grasses, forbs, and sedges). The-
se two habitats are of interest given the seasonal and
daily movements of caribou between them (White
and Trudell, 1980a, b; Trudell and White, 1981,
White et al., 1975; White, 1983), and the special inte-
restin lichen consumption by caribou given its poor
nutritional value (Klein, 1970).

Digestive processing of plant tissuesis often consi-
dered to constrain the amount of plant food that an
herbivore can ingest in some fixed period (e.g., day)
(Westoby, 1974). This requires knowledge of the abi-
lity of digestive organs to hold food (capacity:
mass/day) and the rate at which digesta passes
through these organs (turnover: times filled/day).
Capacity multiplied by the number of times this ca-
pacity can be filled provides a simple estimate of the
animal’s ability to process foods. This digestive pro-
cessing ability is differentially utilized by the con-
sumption of different foods that fill this capacity to
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varying extent (bulkiness: capacity filled/mass of
food intake).

Digestive capacity might be defined either in
terms of wet or dry mass. Hobbs (1990) argues that
digestive processing ability should be measured in
terms of dry, rather than wet, mass, and that bulki-
nessshould be measuredin terms of cell wall content
(%/g-dry mass). However, using a digestive con-
straint based on dry mass in a linear programming
model, Hobbs (1990) was unable to predict mamma-
lian herbivore diets, as has been regularly found in
other studies (Belovsky, 1990). There are physiolo-
gical reasons and data to use dry matter and cell wall
content (Hobbs, 1990; Belovsky, 1990), but there
also are contrary physiological feasons and data to
use wet mass (Belovsky, 1990). Therefore, choosing
between these conflicting explanations for digestive
capacity is not possible, and begs additional and re-
designed physiological studies, but constraints ba-
sed upon wet mass successfully predict mammalian
herbivore diet choices in linear programming mo-
dels (Belovsky, 1990).

The problem of defining the digestive capacity
constraint based on dry vs. wet mass can be partially
addressed using data for reindeer (Table 1). It can be
demonstrated that daily food intake (g-dry/day/kg)
isasignificant negative function of food wet mass to
dry mass, while cell wall content, measured as % {i-
ber, is negatively correlated with intake, but not sig-
nificantly. Therefore, wet mass appears to be a better
basis for measuring the digestive constraint based
upon thislimited information, and was employed to
construct the diet choice model presented here.

Table 2 presents the summary of data on cari-
bou/reindeer that was used to construct a digestive
constraint. Bulkiness (g-wet/g-dry) of the non-
lichen foods in the two habitats differs, because the
species composing those available in the lake margin
tend to have a higher water content.

Feeding time seldom will encompass a complete
24 hr day, because animals are restricted in their fee-
ding activity to time periods when digestive proces-
sing ability is not exceeded, thermal physiology 1s
not limiting, and other activities are not being con-
ducted (e.g., insect harassment, predator avoidance,
mating, etc.). This feeding time is utilized different-
ly in the acquisition of each of the foods (cropping
time: min/g-dry). The parameter values for thiscon-
straint appear in Table 3.

For mammalian herbivores, digestive fill and ther-
mal physiology seem to be most important in deter-
mining feeding time (Belovsky, 1986a). This may be
the case for caribou/reindeer, as well. An important
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Table 1. Daily food intake as a function of food bulk and
cell wall contents using data from Syrjili et al.

1983.
Parameter Coefficient  t-value P
Constant 27.19 8.23 0.004
Bulk -2.35 -4.52 0.02
Cell wall content -0.15 2.1 0.13

Regression N=6, r=0.94, F=10.47, P <0.044

point is that thermal physiology may not limit acti-
vity via the animal being stressed to near lethal le-
vels; rather activity may be limited by physiological
changes relative to some set point chosen by the ani-
mal, and to times when activity may be least costly
in terms of energy expended for thermoregulation
(Belovsky, 1981, 1984b; Schmitz, in press). Winter
feeding activity is often ascribed to heat loss limits
(Gaare et al., 1975), but is summer activity limited
by thermal physiology?

Caribou/reindeer may be able to tolerate environ-
mental conditionsthatlead to heat gains to the same
extent as African ungulates, but to do so they must
?work’ harder at thermoregulation (Yousef and
Luick, 1975), and they do demonstrate heat stress
(Ryg, 1975). While insect harassment clearly re-
strictsfeedingactivity on warm and still days(White
etal.,1975;Helleand Aspi, 1983; Wright, 1980), the-
se weather conditions also lead to greater thermal
stress. Therefore, without better studies, these two
factors, insect harassment and heat stress, cannot be
separated in explaining reduced summer activity.

This dilemma 1s further reinforced since caribou
move towards the sea on warm, still days to escape
insects (White et af., 1975), but the coast will also
provide thermally less stressful summer conditions,
L.e., cooler and windier.

Cropping time (min/g-dry) should be a function
of food abundance and distribution (Belovsky,
1986a), a prediction upheld for caribou/reindeer
(Trudelland White, 1981; White and Trudell, 1980a;
Skogland, 1980, 1984). However, Trudell and White
(1981) argue that daily feeding time is limited by
croppingrate, 1.c., a constant intake of food that just
satisfies nutritional requirements is sought, with
the result that feeding time declines as food becomes
more abundant. This can be explicitly tested using
foraging theory and isthe predicted outcome for the
foraging goal called feeding time minimization (see
below).

Nutritional requirementsare the maintenance ne-
eds of an individual required to ensure survival. The
maintenance requirements provide a set point
against which discretionaryadditionalintake by the
forager can be compared. The additional intake can
be allocated to growth, storage (i.e., fat) or reproduc-
tion. Three potential nutritional requirements are
frequently listed for caribou/reindeer: energy, pro-
tein, and sodium.

Energy is the ultimate limiting factor in all ecolo-
gical systems, and this is the best understood aspect
ofanimal nutrition. The foraging model mustinclu-
de the individual’s energy requirements to survive
in the environment and how different foods satisfy
this requirement (gross energy content x digestibili-

Table 2. Development of the digestive capacity constraint for a 70 kg female caribou/reindeer. L is lichen intake
(g-dry/day) and NL is non-lichen intake (g-dry/day).

Parameter

References

Rumen/reticulum contents (g-wet) = 11293 In (mass in kg)-35703

N =25 =096,P <0.001

Fraction of rumen/reticulum contents that is food = 0.29
1.68 X’s/day

Turnover of rumen/reticulum in both habitats =

Bulk - lichen: 2.54 g-wet/g-dry
non-lichen: high centred polygon: 1.66 g-wet/g-dry

lake margin: 2.05 g-wet/g-dry

Staaland er 4. 1979,
Egorov 1965

White and Gau 1975
White and Trudell 1980a, b

Staaland et «/. 1986,
Syrjdld ez al. 1980, Valtonen 1980

Batzli et 4l. 1981,
A. Rodgers unpublished

Batzli et al. 1981, A. Rodgers
unpublished

Constraint: high centred polygon habitat 5980 g-wet/g-dry = 2.54L. + 1.66 NL

lake margin habitat

5980 g-wet/g-dry = 2.54L + 2.05NL
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Table 3. Development of the feeding time constraint for a70 kg female caribou/reindeer. L is lichen intake (g-dry/day)

and NL is non-lichen intake (g-dry/day).

Parameter

References

Feeding time: high centred polygon - 305 min/day
lake margin - 373 min/day
Cropping time: lichen: 0.08 min/g-dry

non-lichen: 0.15 min/g-dry

White and Trudell 1980a, b
White and Trudell 1980a, b

White and Trudell 1980a, b,
Trudell and White 1981

White and Trudell 1980a, b,
Trudell and White 1981

Constraint: high centred polygon habitat 305 min/day = 0.18L + 0.15 NL
lake margin habitat 373 min/day = 0.08L + 0.15NL

ty). Theenergy constraint valuesare presented in Ta-
ble 4. This does not imply that energy is limiting to
survival, since other nutrients might limit survival
and adequate energy is acquired along with other
nutrients.

Proteinis often considered important to the nutri-
tion of herbivores, because plant tissue is frequently
low in protein, especially proteins composed of the
essential amino acids required by animals. This is of
special concern for caribou/reindeer, because of
their habit of frequently consuming large quaniti-
ties of lichens that are low in protein (Klein, 1970).
The protein constraint values are presented in Table
4. Aswith energy, protein may notbe limiting survi-
val, but adequate intake might be acquired along
with other nutrients.

Sodium is often in low concentrations in plant tis-
sue, especially in areas that have been glaciated and
are located far from oceanic salt impaction (Botkin
etal., 1973; Belovsky and Jordan, 1981). Recent stu-
dies indicate that caribou/reindeer may experience
and exhibit sodium deprivation in the summer
months (Staaland ez 4., 1983; Staaland and Jacob-
sen, 1983; Staaland ez /., 1980; Staaland ez 4Z., 1981).
The sodium constraint values are presented in Table
4. Again, sodium might not be limiting survival, but
adequate amounts are acquired along with other
nutrients.

Food toxicity from plant secondary compounds
isoften considered an important aspect of herbivore
diet choice (Freelandand Janzen, 1974). Many plant
secondary compounds(e.g., tannins) may reduce di-
gestibility so their impact isincorporated in the nut-
ritional constraints (Belovsky and Schmitz, 1991).
However, plant secondary compounds that are po-
tentially toxic to the herbivore must be explicitly
built into the foraging model (Belovsky and
Schmitz, 1991).

Rangifer, Special Issue No. 7, 1991

Lichens are known to contain many potentially
toxic compounds (Rundel, 1978; Burkholder and
Evans, 1945; Burkholder et 4l., 1944). The impor-
tance of plant secondary compounds in caribou/re-
indeer foraging strategies has been argued (Kuropat
and Bryant, 1980, 1983; Bryant and Kuropat, 1980).
A constraint based on the ingestion of one of these
compounds, pulvinic acid, is presented in Table 5.
Pulvinic acid, a toxin peculiar to lichens, was em-
ployed because all of the necessary aspects of its acti-
ons on mammals (LD50 and concentration in
plants) could be found in the literature (Rundell
1978).

Foraginggoals are the outcome of foraging behavi-
our favoured by natural selection. This outcome
could be determined either by the forager’s variable
behaviour (*’plastic” response) or genetically fixed
behaviour ("’ hard-wired” response). In the first case,
selection would operate upon the flexibility in beha-
vioral responses and learning ability of individuals,
while in the latter case selection would operate di-
rectly upon an individual’sforaging behaviour (e.g.,
a set of fixed diet choices). Most mammalian herbi-
vores demonstrate a wide range of foraging behavio-
urs (“plastic” response) and selection may operate
on the ability to be flexible (Ritchie, 1990). In fora-
ging theory, these foraging behaviours are often vie-
wed to achieve two alternate goals: feeding time mi-
nimization and nutrient maximization (Belovsky,
1986a; Stephens and Krebs, 1986).

Feeding time minimization is the goal when the
forager’s fitness increases more with time spent in
activities other than feeding (e.g., hiding from pre-
dators, mating, etc.). Because an individual must at-
tain all of its nutritional requirements, this goal
would have the forager attain these requirements in
the least time spent foraging, so more time is availa-
ble for other activities.
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Table 4. Development of the nutritional requirements for a70 kg female caribou/reindeer. Lislichen intake (g-dry/day)
and NL is non-lichen intake (g-dry/day).

Parameter References

Energy:
maintenance metabolism = 4646 kcal/day Holleman er a/. 1980, Young and McEwan 1975,
McEwan and Whitehead 1970, Steen 1968
gross energy content:

lichen = 4.36 kcal/g-dry Holleman ez a/l. 1979, McEwan and Whitehead 1970
non-lichen = 5 kcal/g-dry McEwan and Whitehead 1970

dry matter digestibility:
lichen = 46% Russell and Martell 1984, Jacobsen and Skjenneberg

1975, Person et a/ 1975, 1980a, b, White ez a/. 1984,
Thomas and Kroeger 1981, Thomas er al. 1984,
Staaland ez 4/. 1983, Luick 1972.

non-lichen = 54% Person et al. 1975, 1980a, b, White and Trudell 1980b,
White et al. 1975, Thomas and Kroeger 1981, Thomas
et al. 1984, Staaland et al. 1983, Luick 1972, White er 4l
1975.
Constraint:
4646 kcal/day = 2.01L + 2.70NL
Protein:
Maintenance requirement = 115 g/day Steen 1968, McEwan and Whitehead 1970,
Holleman et 4l. 1980

Protein content:
lichen = 2.8% Person et al. 1980b, Wales ez al. 1975, White et al. 1984,
Pullianen 1971

non-lichen:
high centred polygon = 14% Scotter 1972, Staaland et al. 1983, Luick 1972
lake margin = 14.6% Scotter 1972, Staaland er /. 1983, Luick 1972

Constraint:
high centred polygon: 115 g/day =< 0.028L + 0.14NL
lake margin: 115 g/day =< 0.028L + 0.146NL

Sodium:
Maintenance requirement = 1.1 g/day Staaland er /. 1981
Sodium content:
lichen = 0.03% Staaland et al. 1981, 1983, Staaland and Jacobsen,
Luick 1972
non-lichen:
high centred polygon = 0.05%  Staaland er 4. 1981, 1983, Staaland and Jacobsen,
Luick 1972
lake margin = 0.04% Staaland er 4/ 1981, 1983, Staaland and Jacobsen,
Luick 1972

Constraint: high centred polygon: 1.1 g/day < 0.0003L + 0.0005NL
lake margin: 1.1 g/day =< 0.0003L + 0.0004NL
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Nutrient maximization is the goal when the fora-
ger’s fitness increases more with the additional inta-
ke of some nutrient that limits survival and repro-
duction, than time spent in nonfeeding activities.
The nutrient most frequently addressed in foraging
theory is energy, but could be protein, sodium, etc.,
or even minimization of toxin intake.

Nutritient maximization is usually seen as the ex-
pected goal when the intake of nutrients determines
reproductionandsurvival, so that population densi-
ty would increase with greater food intake by indivi-
duals. However, feeding time minimization does
not imply that food availability is not important to
individual survival and reproduction, and popula-
tion density. A feeding time-minimizer’s fitness in-
creasesif morefoodisavailable, even though food in-
take per se isnot limiting, because acquistion of nut-
ritional requirements in less time makes more time
available for other fitness-increasing activities. The-
refore, to argue that food availability is only impor-
tant to nutrient maximizers is Incorrect.

The above observation means that clear distinct-
ions between food limitation, predator limitation,
etc., of populations is not easy to assess. For exam-
ple, if predation is limiting an animal’s fitness, then
we might expect the animal to be a time minimizer,
because it may be more exposed to predators while
foraging and need to spend more time hiding from
predators. The forager and its population would be-
nefit, greater fitness, when food is more abundant,
since nutritional requirements will be obtained in
less time which means less time exposed to preda-
tors. If exposure to predators does not increase with
foraging, then there would be no benefit provided
by a time-minimizinggoal and the forager would al-
ways be a nutrient maximizer, even when predators
reduce survival and reproduction. Thisis even more
apparent when we realize that these foraging goals
are endpoints along a continuum.

The above distrinctions between fitness limits are
important for caribou/reindeer. First, caribou/-
reindeer are known to have their survival and repro-
duction limited in some regions by nutrition (e.g.,
Adamczewski et al., 1987, 1988; Leader-Williams,
1980, Skogland, 1985a, b; Roby, 1980). Other stu-
dies claim predation to be the principle limit to cari-
bou populations, 1.e., more food would not increase
populations (Bergerud, 1980). From the above dis-
cussion, claims of predator limitation may not im-
ply that food is unimportant to the caribou/rein-
deer population. This is why other investigators
have argued that food availability and predation or
insect harassment may be important at the same
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time (Reimers, 1980; Haber and Walters, 1980; Hel-
le and Aspi, 1983). Therefore, assessing the impor-
tance of food to caribou/reindeer populations, even
when predators are abundant, cannot be accomplis-
hed without careful analysis of caribou/reindeer
feeding behaviour and their foraging environment.
The simulatenous importance of food and preda-
tion to populations has been most evident in studies
using foraging theory applied to bluegill (Lepomis
macrochirus) in the presence and absence of their
predator, the largemouth bass (Micro%?tems salmoi-
des) (Werner, 1985). These basic ecological studies
have forced sporttishery managers and aquacultu-
rists to reevaluate their assessment of food limitation
versus predator limitation. The same problem must
be addressed for caribou and the foraging model de-
veloped below may provide some insights.

Solving the foraging model

Using the constraint equations developed in Tables
2-5, a graphical representation of the linear pro-
gramming foraging model can be developed (Fig. 1).
The graphical portrayal illustrates how the different
constraints restrict the caribou/reindeer’s diet choi-
ces in the two environments to define a feasible set
of diets: these are the diet combinations of lichens
and non-lichens that satisfy the constraints. The to-
xin constraint for pulvinic acid in lichens was incor-
rect or not operating, since it is apparent that cari-
bou/reindeer consume a diet containing more
lichen than expected from the toxin constraint.
Most likely, the caribou/reindeer are better at deto-
xitying the pulvinic acid than rodents upon which
the LD50 was based (Rundell, 1978). These results
indicate the need for better measures of toxicity be-
fore the importance of secondary compounds can
be quantitatively assessed via foraging models (sensu
Belovsky and Schmitz, 1991).

The linear programming model can be used to sol-
ve for the two potential goals: feeding time minimi-
zation and nutrient maximization (Intriligator,
1972). The predicted diets are crude, since the model
parameters were not measured to satisfy the foraging
model’s criteria(e.g., cropping rates were not measu-
red instantaneously, g-dry/min for individual food
types, but by food intake measured using fistulated
animals, g-dry/longer time period, which can inclu-
de behaviours other than foraging and can combine
the intake of both food types). Nonetheless, certain
possibilities can be identified.

1) If energy is the only limiting nutrient require-
ment, then atime-minimizing diet would consist of
100% lichensin both habitats(Point 1 in Fig. 1A, B),
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Fig. 1. The graphical representation of the linear programming diet.model for caribou/reindeer is presented for the
high-centre polygon habitat (a) and the lake margin habitat (b). The letters along the x-axis identify the con-
straints (Tables 1-4) (P is protein, E is energy, T is feeding time, N is sodium, D is digestive processing), and the
flat line paralle] to the x-axis is labelled TOXIN for secondary compounds. Each graph presents the observed
dietand 3 solutions to the model (ignoring the toxin constraint, see text): 1) the time-minimized diet based only
onan energy requirement; 2) the time-minimized diet based on energy and protein requirements; 3) the energy-
maximized diet, ignoring the sodium requirement (see text).

but the observed dietsare 56% in the high-centre po-
lygon and 14% in the lake margin habitats. Therefo-
re, either there are other nutrient requirements not
satisfied along with energy requirements, or the ca-
ribou/reindeer are not time minimizers.

2) If energy and protein are limiting nutrients,
then a time-minimizing diet would consist of
77-79% lichens in the two habitats (Point 2 in Fig.
1A, B). Again this is very different from the obser-
ved diets, indicating that the caribou/reindeer do
not act as time minimizers or other nutrient con-
straints are operating.

3) The energy-maximizing diet consists of 57%
lichens in the high-centre polygon and 22% lichens
in the lake margin habitats (Point 3 in Fig. 1A, B).
Both of these values are very close to those observed.
Without detailed information on the diet samples
which are not provided in the studies (White and
Trudell, 1980a), a statistical comparison cannot be
made. Nevertheless, it appears that these animals
could be energy maximizers. But what about the
maximization of other nutrients? It cannot be pro-
tein because a diet composed of 100% non-lichens
would be predicted by protein maximization. This
indicates that caribou/reindeer do not appear to be
maximizing protein intake in anticipation of con-
sumption of low-protein lichens during winter.
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Thus, the idea that protein limits caribou populati-
ons (Klein, 1970) is brought into question. This lea-
ves maximization of sodium intake as the only
other possibility.

4) Using the sodium constraint, we find that the
caribou/reindeer in either habitat cannot attain
their minimum requirement measured in summer
(Staaland et al., 1981). The energymaximizing diet
in this case also maximizes sodium intake, so either
energy or sodium intake could be the goal. How-
ever, if sodium is in such short supply, how do the
caribou/reindeer acquire adequate amounts of sodi-
um in the summer? Possibly, this is achieved by the
consumption of small amounts of aquatic vegeta-
tion that is high in sodium content (Staaland and Ja-
cobsen, 1983), as found for moose (Alces alces) (Be-
lovsky, 1978).

It would be useful to determine the reliability of
the model’s predictions, given the confidence inter-
vals of the model’s parameters (sensitivity analysis).
This can be done using Monte Carlo simulations
(Belovsky, 1984b, submitted). However, most of the
confidence limits for the parameters are not repor-
ted. Therefore, asensitivity analysis could not be at-
tempted.

Anadditional evaluation of the model can be per-
formed by making qualitative predictions about

Rangifer, Special Issue No. 7, 1991



how diet composition will change with food deple-
tion (White and Trudell, 1980a, b). White and Tru-
dell (1980a, b) tethered caribou/reindeer in a small
area for 3 days (314 m?) and the abundance of non-
lichens was depleted more than lichens over this pe-
riod. If a caribou/reindeer is a nutrient-maximizer
(energy or sodium), it should: a) consume less li-
chens as feeding time increases, and b) consume
more lichens as the more nutritious, in terms of
energy, non-lichens decrease in abundance. Thefirst
prediction isaffirmed by comparingdietsin the two
habitats. The second prediction also is affirmed. If
the caribou/reindeer were time minimizers, the diet
(77-79% lichens) would not have changed.

Fromthe model, we can reach several conclusions,
assuming that the parameter values are adequate to
build a foraging model. First, the caribou/reindeer
appear to be nutrient-maximizers. Second, the lake
margin habitat is superior (1.13 times) to the high-
centre polygon habitat from an energy intake per-
spective, and more so based on dry matter intake
(1.33 times). Third, the major difference between
the two habitats is due to differences in feeding time.
Fourth, because the caribou/reindeer at these sites
are nutrient-maximizers, this suggests that they
would have greater survival and reproduction if food
were more abundant, assuming that the observed fe-
edingtimesreflect the maximum values for these ha-
bitats (see below).

The above points illustrate the importance of the
feeding time constraint to developing a foraging mo-
del. Trudelland White (1981) originally argued that
the difference in feeding time for the two habitats is
due to the animal’s maintaining a set nutritional in-
take which results in less time spent feeding when
food is more abundant. Their argument is equiva-
lent to a time-minimizing goal. Because the obser-
ved goal is energy maximization, we should seek ex-
planationsfor the observed feeding time differences
elswhere (e.g., insect harassment, predators, ther-
mal environment, etc.). Furthermore, it is very diffi-
cult to attribute feeding time differences to differen-
ces in food abundance, when the measures of
different food abundances are based upon different
seasonsand habitats (Trudell and White, 1981). This
means that many other factors that affect feeding
time will be changing concurrently with food
abundance.

Additional support for the foraging model is pro-
vided by solving it for caribou/reindeer at other si-
tes where their diet and daily feeding time are
known (see Fig. 2). This is done assuming that all
model parameters presented in Tables 2-4 are the
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same for these other sites, except for feeding time.
The observed diets for these 6 additional sites are
predicted very well (r = 0.98, Fig. 2), which illustra-
tes the robustness of the model. The importance of
feeding time is also reaffirmed, since it alone is va-
ried in the diet model; feeding time in itself can ex-
plain the proportion of the diet composed of lichen
very well (r = -0.96, N = P < 0.01), but not as well
as the model. An interesting pattern emerges in Fig.
2. All the predicted diets contain more lichens than
observed, this might arise if the toxins in lichens
(Rundell, 1978) lead to reduced ingestion.

Habitat choice, predation and insect
harassment

Foraging theory applications developed experimen-
tally with fish (reviewed in Werner, 1985; Werner
and Mittlebach, 1981; Werner and Gilliam, 1984;
Gilliam and Fraser, 1987) can be used to address ha-
bitat use by caribou/reindeer. In the absence of na-
tural enemies, a forager, whether an energy maximi-
zer or time minimizer, will have its fitness
determined by its energy intake rate (energy/time).

OTHER DIET STUDIES WITH
FEEDING TIME
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Fig. 2. The comparison of the predicted and observed
proportion of the caribou/reindeer diet composed
of lichens for 6 studies (squares: Wright, 1980;
Skogland, 1984; Martell et al., 1985, White et /.,
1975) is presented. The studies used to develop the
linear programming diet model are also presented
(triangles: White and Trudell, 1980 a, b).
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With the greatest energy intake rate, a time-
minimizer will satisfy itsenergy requirementsin the
least time, while an energy-maximizer will acquire
the greatest energy intake in available feeding time.
In this case, foragers, when presented with a variety
of habitats, should choose to use the habitat that
provides the greatestfitness. However, if natural ene-
mies have an appreciable influence on an individu-
al’s fitness, then habitat selection based on energy
intake rate can be modified, but energy intake rate
will always be important. ‘

The above conclusions are based upon the as-
sumption that the habitat is neither depleted during
the period of observation by the individual or by
other individuals using the habitat during the same
period. However, as the food becomes depleted, the
individuals will distribute themselves according to
the Ideal Free Distribution (Fretwell and Lucas,
1970; Fretwell, 1972). In the Ideal Free Distributi-
on, individuals move or distribute themselves be-
tween habitats to maximize their fitness. Therefore,
the second-best habitat in terms of fitness will be
used only after a certain depletion of the best habitat
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Fig. 3. The seasonal change in energy intake rate for cari-
bou/reindeer in two habitatsis presented. The op-
timum switching between habitats based upon
energy intake rate is depicted. The relationship is
adapted from White’s (1983) representation of dry
matter intake, and the linear programming diet
model’s conversion of dry matter intake into ener-
gy intake per minute.
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or a certain accumulation of individuals within the
best habitat. The outcome is that the best habitat
will contain more individuals or more time will be
spent in it, and all habitats utilized will be equally
depleted, i.e., provide equal fitness.

Assuming that natural enemies do not apprecia-
bly influence fitness, we can make some predictions
about shifts in habitat use over the summer for cari-
bou/reindeer, using White’s (1983) seasonal compa-
rison of habitats based upon food intake. Because
daily food intake (g-dry) overestimates differences
between the lake margin and high-centre polygon
habitats (see above), daily food intake was converted
into daily energy intake. To control for differences
in daily foraging time, so the nutritional value of the
two habitats can be compared, the energy intake
(kcal/day)isdivided by daily feeding time (min/day)
to compute a rate of energy intake (kcal/min). The
habitats are compared in Fig. 3 based on the rate of
energy intake. The high-centre polygon would be
used in May, then the lake margin would be used in
mid-July, and then the high-centre polygon would
be used again starting in late-August. At any one
time, if a habitat cannot accommodate all individu-
als or is depleted, the other habitat would then be
used. Energy intake rate declines because cropping
rates (g-dry/min) decline, which reduces food intake
and/or changes the diet so more of the less nutriti-
ous food types are ingested.

Aspredictedabove, caribou in late-July preferenti-
ally use the lake margins (proportion of animal-
hours spent in the habit relative to the proportion
ofarea)(White and Trudell, 1980a, b). This preferen-
ce is not absolute (only one habitat used), since the
caribou also use the high-centre polygons, and this
use occurs before the food in the lake margins is de-
pleted. Therefore, caribouappear to utilize the high-
centre polygons more frequently than expected, gi-
ven energy intake rates. What other explanations
might be invoked to explain this greater than expec-
ted use of the high-centre polygon habitat? Two po-
tential causes could be insect harassment and pre-
dation.

Insect harassment reduces a caribou/reindeer’s
daily feeding time (White ez af,, 1975; Helle and
Aspi, 1983; Wright, 1980). White ezal. (1975) exami-
nereducedfeedingtime asafunction of theintensity
of insect harassment, and the habitats where insects
are most abundant. This study indicates: a) insect
harassment is greater in the lake margins than the
high-centreb)insect harassmentincreases as air tem-
perature rises and wind speed declines; ¢) at modera-
te levels of harassment, feeding time declines by 27%
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Fig. 4. The comparison between the energy intake ratesin
July for caribou/reindeer in two habitats, where
one habitat (LM: lake margin) has higher biting in-
sect abundances. The lake margin energy intake
rate must fall below the horizontal line before the
other habitat (HC: high-centre polygon) will be
used. This occurs at moderate and worse levels of
insect harassment in the lake margin habitat.

and at high levels of harassment the decline is 42%.
The observed feeding times used in the foraging mo-
del cannot be attributed to insect harassment. First,
the observed feeding times are not influenced by in-
sect harassment, since White and Trudell (1980a, b)
claim that the measures of feeding time were made
on days of minimum harassment. Second, if harass-
ment were important, we would expect less feeding
time in the lake margin, not more as observed.
Using the above observations for reduced feeding
time in the lake margin habitat, the foraging model
can be solved using the reduced feeding time. At mo-
derate and high levels of harassment, the caribou
should prefer the high-centre polygon habitat, since
energy intake rate (kcal/min) there becomes greater
than in the lake margin habitat (Fig. 3). Therefore,
insect harassment can influence habitat choice by
moditying nutritional return. This may be the rea-
sonwhy the caribou do not demonstrate anabsolute
preference for the lake margin during summer.
Predation could also operate in a similar manner
to insect harassment by reducing an individual’s fee-
ding time due to the need to spend time being vigi-
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lant for predators (Limaez al., 1985). Reimers (1980)
makes this claim for wolves and human hunters on
caribou/reindeer. Roby (1980) compared cari-
bou/reindeer feeding time at two sites, one with
wolves and the other without wolves. He found gre-
aterfeeding time in the presence of wolves; however,
this study compared two very different sites (Alaska
vs. Greenland). To investigate these assertions, there
must be much greater control over site differences
that also might influence feeding time. Therefore,
these data are not definitive, nor are there adequate
data for other ungulates inhabiting open habitats in
the presence and absence of predators.

Inaddition to decreased feeding time due to incre-
ased vigilance, predation can cause additional chan-
ges in foraging behaviour. If bealthy individuals are
killed (non-compensatory predation sensu Erring-
ton, 1956), predators reduce an individual’s expec-
ted fitness through increased mortality. This effect
of predation can be easily incorporated into foraging
theory using linear programming and has been em-
pirically tested using fish (Gilliam and Fraser, 1987;
Gilliam, 1990). When presented with two habitats,
asisthe case investigated here, a set of simple predic-
tions can be made based upon the ratio of mortality
rate to energy intake rate:

1) if the forager can move between both habitats
quickly (close proximity), then

a) the forager will only use the habitat with the
highest energy intake rate, if it also has the lowest
mortality rate (minimum ratio of mortality to
energy intake rate);

b) if 1a is not the case and the forager seeks a set
nutritional intake, the forager will feed in both
habitats; this is accomplished by preferentially
utilizing the habitat with the lowest mortality to
energy intake ratio, but spending sufficient time
in the other habitat to attain the set nutritional
intake (non-feeding time will be spent in the ha-
bitat with the lower mortality, i.e., refuge);

2) if the forager cannot move easily between both
habitats (not close proximity), then

a) it will spend all of its time in the habitat with
the lowest ratio of mortality to rate of energy in-
take, if it can attain its set nutritional intake in

this habitat;

b) if the set nutritional intake cannot be attained
in the above habitat, but can be obtained in the
other habitat, the animal will ignore the ratio of
mortality rate to energy intake rate (i.e., select the
habitat based solely on energy intake rate).
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We know from the diet model that the caribou/
reindeer do not forage to attain a set energy intake,
because they are energy maximizers; therefore, case
1b and 2b can be discounted. This distinction is im-
portant, because the only condition left is selecting
one habitat that minimizes the ratio of mortality
rate to energy intake rate (cases 1a, 2a). This observa-
tion does not preclude the use of one of these habi-
tats (or others) as refuges when the caribou are not
feeding, which is observed (White and Trudell,
1980a, b). How much greater would the mortality
rate due to predation have to be for acaribou/reinde-
er toshiftitsuse of the lake margin to the high-centre
polygon?

Wolves would have to be 14% more effective as
predatorsinthe lake marginsthanin the high-centre
polygon to make the ratio of mortality rate to ener-
gy intake rate equal for the two habitats. This would
eliminate any preference for the two habitats and il-
lustrates how small a difference in predation is nee-
ded to cause habitat shifts. If the caribou avoided the
habitat that provides a greater energy intake rate be-
cause of predation, the potential for food limitation
of their population would be enhanced. Perhaps the
killing of prey by predators is far less important to
limiting prey populations than the ability of preda-
torsto enhancefood limitation for their prey. Intere-
stingly, Bergerud (1980) lists the caribou used in the
foraging model (Western Arctic herd) as being limi-
ted by wolf predation.

Is there any evidence that wolves have differential
predatory impacts on caribou in the two habitats?
Miller (1982) argues that caribou are cautious when
in areas of dense willow and brush, fearing ambush
by a predator. Crisler (1956) and Kelsall (1968) indi-
cate that caribou are more vulnerable to ambush by
wolves, than to pursuit inthe open. Shrubsare much
more abundant in the high-centre polygon habitat,
perhaps making wolf predation more effective the-
re. Therefore, caribou may be more vulnerable in
the high-centre polygon habitat.

The potentially greater predation risk in the high-
centre polygon habitat may be the reason for the lo-
wer feeding jtime observed there, if the caribou
spend more time being vigilant. If the caribou could
increase their foraging time in the high-centre poly-
gonin the absence of wolves, they might have a grea-
ter energy intake rate there than in the lake margin
habitat and might preferentially use the polygon ha-
bitat. The.lake margin habitat is preferentially used
by the caribou. Caribou might prefer the lake mar-
gin because of its greater energy intake rate in the
presence or absence of predators, but they might use
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the high-centre polygon habitat less than the lake
margin, because of predation. Without better data
(mortality rates, and energy intake ratesin the absen-
ce and presence of predation), this type of scenario
cannot be evaluated, but will have important conse-
quences for caribou management.

Migratory behaviour of caribou/reindeer is often
attributed to the individuals’ search for better food
resources (Kuropat and Bryant, 1980; Wihitten and
Cameron, 1980; Skogland, 1980; Tyler and Oerits-
land, 1989). This can be addressed using the same ap-
proaches developed above, where the energy intake
rates for habitats thatare far apart are compared after
incorporating the amortized energy costs of migra-
tion. If the costs include reduced feeding time, this
can be incorporated by discounting the energy gains
obtained in each habitat after migration. Tyler and
Oeritsland (1989) found that, during migration, dai-
ly feeding time is reduced by 21%. If the costs inclu-

‘de increased mortality due to predators or exhaus-

tion, this can be incorporated as was done above by
using the ratio of mortality rate to energy intake rate.
If the migratory benefit is in reproduction above
that provided by better nutrition, this can be consi-
dered, but reproduction becomes the currency and
energy intake will have to be converted into repro-
ductive units. Anattempt to perform such an analy-
sis for migrating African ungulates was provided by
Fryxell er al. (1988).

The data necessary to evaluate migratory behav-
iour are unavailable, but if they were, one could eva-
luate the impacts of reduced migration on caribou
populations. This i1s an important management
question given that migration routes are being dis-
rupted and distinct habitats that are seasonally used
are disappearing.

Conclusions

The utility of foraging theory to address questions
about caribou/reindeer ecology is apparent from
the above discussion.Ido not wish toimply that the
analyses that I presented above are definitive, becau-
se the available data were not collected to meet the
parameter criteria of foraging models. These criteria
include measurements made at the same site where
the feeding studies were conducted, and over the
time frame required for the constraints (e.g., instan-
taneous cropping rates onasingle food type, see abo-
ve). However, the results do illustrate the potential
that the theory provides in understanding cari-
bou/reindeer ecology. These ecological questions
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are not only of scientific interest, but they have im-
portant implications for mznagement decisions.

I used the linear programming diet choice model
to investigate interactions (trade-offs) between dige-
stive physiology, feeding time/food abundance,
nutritional requirements and toxins, and the diet
choice model was built into habitat selection mo-
dels to investigate interactions between food intake,
insect harassment, and predation. The results raise
more questions than possibilities eliminated. For
example, the foraging model only examined two
food categories: lichens and non-lichens. Can the
foraging model explain the variable intake of the
plants composing the non-lichen category: grasses,
sedges, forbs and shrubs? For example, the habitat
choice model demonstrated how predator avoidan-
ce might reduce feeding time. Is feeding time redu-
ced in the presence of predators or do other factors
such as thermal physiology restrict feeding time
more? Thesearebutafew of the questionsemerging.

Based upon foraging theory some basic explana-
tions of caribou/reindeer ecology must be questio-
ned. These include: feeding time being limited by
food abundance (e.g., Trudell and White, 1981),
summer food abundance and quality not being im-
portant (e.g., Reimers, 1980), and wolf predation,
rather than food, limiting caribou populations (e.g.,
Bergerud, 1980). Rather than seeking a single expla-
nation, the interactions between factors should be
investigated (e.g., food and predation sensu Haber
and Walters, 1980). Clearly, food limitation is not
necessarily the simple observation of starving ani-
mals or overgrazed range, as sometimes claimed
(Bergerud, 1978, 1980), and a better understanding
of nutritional ecology is needed before other factors
(e.g., predation) can be designated the most impor-
tant limit to caribou/reindeer populations.

To make these types of comparisons, we need bet-
ter data on wildlife. This will involve the manipula-
tion and control of environmental conditions.
When factors are not controlled, or at least measu-
red for comparison (e.g., interplay between digesti-
vephysiology, thermoregulation, insect harassment
and predatory risk in determining daily feeding
time), it becomes very difficult to ascribe causality.
Iwasable to formulate the diet choice modelfor cari-
bou/reindeer because of awide range of data already
available, and even more importantly, the innovati-
ve experimental methods employed by Trudell and
White (White and Trudell, 1980a, b; Trudell and
White, 1981). These experimental methods are a
first step toward eventually being able to distinguish
amongalternative explanationsfor feeding time, ha-
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bitat usage, and a host of other caribou/reindeer at-
tributes critical to effective management.

While ecologists such as myself are thrilled by the
ability to predict quantitatively the biological de-
tails that represent species, populations and com-
munities, this type of detailed understanding is just
as critical for good management. Mautz (1978) ar-
guesthat our ability to manage is limited by the wea-
kestlink in our knowledge. Whilethisisin part true,
Iwould also argue that we need to ask whether more
detailed observations must be accumulated, or grea-
ter understanding might be achieved by developing
and testing concepts; this is the dilemma of generali-
ty vs. realism.

Conceptual understanding might enable a mana-
ger to answer a priori how habitat changes, restric-
ted migration, increased predator densities, etc.,
might affect the nutritional status of caribou/rein-
deer, and subsequently, their population densities.
Even with detailed knowledge of species’ biology, a
manager might not be able to address these ques-
tions without a conceptual framework. Foraging
theory provides this type of general conceptual fra-
mework with which fairly robust and valuable pre-
dictions can be made using the minimum of detailed
information. The elegance of these general and mi-
nimal models in comparison to more complex ap-
proaches (e.g., simulation models) is that the under-
lying explanations are more easily identified, and
can then be experimentally tested, so the model can
be verified and validated (Jeffers, 1982).
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Models of ungulate population dynamics

L. L. Eberhardt.

2528 W. Klamath Ave., Kennewick, Washington, U.S.A. 99336.

Abstract: A useful theory for analyzing ungulate population dynamics is available in the form of equations based on
the work of A. J. Lotka. Because the Leslie matrix model yields identical results and is widely known, it is convenient
to label the resulting equations as the ”Lotka-Leslie”” model. The approach is useful for assessing population trends
and attempting to predict the outcomes of various management actions. A broad list of applications to large mammals,
and two examples specific to caribou are presented with a simple spreadsheet approach to calculations.

Keywords: Modelling, ungulates, Leslie matrix model, Lotka-Leslie model

Introduction

The material presented here was prepared for a
workshop session having the theme “’Incorporating
ecological theory into research design”. The major
issue in modelling ungulate population dynamics is
the lack of suitable field data. We never have enough
dataand frequently delude ourselves that in any de-
fensible way. This lack of good data leads me to be
very pessimistic about many aspects of what seems
to pass as ecological theory these days. A few years
ago some of these concerns were suggested in a note
about testing hypotheses (Eberhardt 1988a).

The Lotka-Leslie model
There isabody of theory that fits the overall theme
ofincorporating theory into practice very well inde-
ed, and that has been neglected in practice. This is
the theory developed by A.J. Lotka about 80 years
ago, which underlies modern studies of demogra-
phy. Another expression of the same general appro-
ach was presented by P. H. Leslie in two papersin the
1940’s (Leslie 1946, 1948). Calling the underlying
theory the “Lotka-Leslie model”” provides a useful
reminder of the equivalence of the two approaches.
To justify such a label, one needs to review a little
background. Lotka’s approach was via continuous
mathematics, no doubt inspired by the need to ac-
commodate the human habit of reproducing at any
season of the year. His principal result was thus ex-
pressed as an integral equation. On the other hand,
Leslie used matrix algebra, and thus considered
events at discrete points in time, so that the repro-
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ductive elements in this model are often described
as averages or approximations.

Inasmuch as caribou (and many other wildlife
species) give birth only ina short time interval each
year, it is possible to avoid many of the complicati-
ons of the usual demographic analyses. L. C. Cole
(1954) developed the necessary equations for such a
discrete approach. It turns out the principal equati-
onisthesameasthat widely used asan approximati-
on to Lotka’s equation, which cannot be solved di-
rectly in its integral form. Hence, for species like
caribou, thereisasimpleand direct approach in disc-
rete mathematics.

Cole thus provided a very useful formulation and
his paper should get more attention in textbooks
than usually is the case. Actually, it does get cited
quite a bit for another aspect. Probably it is worth-
whileto digress here,and mention thatissue, in view
of the suggestion that we should consider “’the de-
mographic parameters that are most influential in
terms of caribou numbers”. That can be done very
simply - adult female survival is the most important
such feature. This is readily demonstrated, and there
likely are now a dozen papers in the recent literature
addressing that point. I have had occasion to stress
it in two papers (Eberhardt and Siniff 1977; Eber-
hardt et al. 1982), both of which deal with species
(marine mammals and feral horses) having repro-
ductive and survival rates somewhat similar to those
of caribou.

Feral horses, however, start giving birth much ear-
lier in life than marine mammals, and thus illustrate
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animportantsecondary feature of population dyna-
mics, i.e., appreciably higher population growth ra-
tes are possible when habitat conditions permit first
births at age 2 rather than at age 3. Cole was intri-
gued by this feature and described it for the range of
species from bacteria to large mammals. On such a
scale, the age of first reproduction does indeed have
animpressive effect on population growth rates, and
academic types thus often tend to stress that aspect.
Hence we need to remember that caribou are notin-
sects, and that much of the population dynamics
material found in textbooks is derived from data on
1nsects.

Returning to the main theme here, the Leslie mat-
rix approach starts with a listing (a vector) of the
number of individualsin discrete age classesand pro-
jects that listing to produce a new such listing one
or more units of time in the future, adding in gains
from reproduction and losses due to mortality. Re-
calling that we are dealing with a species that gives
birth in ashort time period each year, it is most con-
venient to suppose that the youngest individual in
a given population is almost one year of age in the
initial listing (age vector). The next observation of
the population is made one year later, so that the sur-
vivors of the initial population are a year older, and
the youngest is again just under one year old. Conse-
quently, the reproductive elements in the matrix
which projects the population forward are the pro-
duct of a birth rate and survival for the first year of
life.

In contrast, Lotka’s formulation treats the popu-
lation just after births take place, and thus is formu-
lated somewhat differently, leading to a good deal of
confusion in the ecological literature. Fortunately,
anyone who can make simple calculations with any
of the many spreadsheet” programs now available
for personal computers can readily dispose of this
confusion by simply calculating the two approa-
ches. However, one further feature of the underly-
ing theory needs to be mentioned first.

Thisis the “’stable age distribution” which is pro-
duced if one projects a population having virtually
any initial age structure sufficiently far forward in
time. The underlying theory shows that not only
will the population age structure attain a given
form, but that the population will change ata con-
stant rate as that ”stable’ age structure is attained.
Unfortunately, details of the time required to appro-
ach the stable state and the nature of that approach
depend on the initial age structure and are usually
expressed via the calculus of complex domains. Prac-
tically speaking, however, one can avoid most of the-
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secomplications by doing some spreadsheet calcula-
tions to evaluate the effects of various realistic initial
age structures. The theory does, however, give us an

equation “’characterizing” the Leslie matrix appro-
ach (the “’characteristic polynomial”), that can be
compared with Lotka’s equations.

For the present, we need only note that the stable
age distribution can easily be computed by a simple
equation derived by Lotka. Once thishasbeen done
in a spreadsheet, it is then a simple matter to project
thisage distribution forward in time, using the same
reproductive and survival rates as used in Lotka’s
equations, but proceeding by the rules underlying
Leslie’s matrix approach. Doing this in a spread-
sheet yieldsexactly the same population growth rate
as that predicted by Leslie’s matrix approach, provi-
ding one retains fractional ’animals” in the calcula-
tions. Rounding off to the nearest whole individual,
as happensin reality, provides a useful reminder not
to use many decimal places in expressing a popula-
tion growth rate.

Using the Lotka-Leslie model

Thus far, we have considered the elements of a theo-
ry of population mathematics established by demo-
graphers in some 80 years of research and applica-
tion. (Books by Keyfitz (1968) and Pollard (1973)
describe details, history, and applications to human
populations; Eberhardt (1985) described some ap-
plications to wildlife populations). Some immedia-
te questions are, ”What good is it to wildlife mana-
gers?”, and “Why isn’t it used more in wildlife
management?”’

I suspect that the answer to the second question
liesin part in my initial one-word statement of what
matters most, i.e., data. A reasonably short answer
can be provided for the first question by considering
the kinds of observations collected in wildlife stu-
dies and what is done with them. Mostly, one sees
a lot of ratios calculated and discussed in general
terms and relative to similar ratiaos from other pla-
ces and times, such as age ratios, sex ratios, young-
adult ratios, and the like. The other common ele-
ment is some measure of population trend, along
with harvest data. If the trend changes somehow,
then we try to interpret it 1n terms of the auxiliary
information provided by the various ratios. Too fre-
quently, the results of such interpretations are not
very convincing nor very helpful in deciding what
to do next.

In my view, the advantage of a theory of populati-
on dynamics is that it provides a framework within
which the available data can be analyzed and inter-

25



preted. Whether the analysis is very helpful in ma-
nagement seems to me mostly a matter of the com-
pleteness and quality of the information available
for agiven population. The essential ingredients are
survival and reproductive rates, from which one can
estimate an expected rate of increase or decrease, sub-
ject to the requirement that the stable age distributi-
on holds. In my experience this is not a very impor-
tant restriction, as can be demonstrated by
experimenting with changes in age structure in a
spreadsheet model of the kind described previously
here. However, this optimistic view does not extend
to estimating survival rates from single samples of
age structure data. Such estimates are quite sensitive
to fluctuations in age structure.

Ideally, one would be able to confirm the findings
of an analysis based on censuses or an index of some
kind. In practice, it often turns out that some essen-
tial rate is not available, such as first-year survival. It
is then possible to use the model to estimate the mis-
sing item of information.

How can the Lotka-Leslie model be used in real-
life management? One obvious way isjust asa means
to understanding what’s going on in a population.
Trend data provide a sufficient basis for manage-
ment only as long as nothing changes, and no chan-
ge in management action is contemplated. Sex and
age ratios usually defy interpretation unless one also
has the results of a Lotka-Leslie type of analysis, in

Table 1. Some applications of the Lotka-Leslie model.

which case the ratios are likely not to be of much in-
terest, anyhow. Table 1 lists some applications of
this kind of analysis in practice, but is limited to ca-
ses in which T have had some direct experience.

Some caribou examples

The next question is ’how does one obtain the ne-
cessary data?” Reproductive rates are not too diffi-
cult to obtain. The difficult part, of course, is obtai-
ning survival data. One way is via radiotelemetry,
but thisapproach is very expensive, even for species
withamorelimited range than caribou. THe alterna-
tive is to use age structure data. The usual approach
is to estimate survival from a single age structure
sample. If the populationis changing, onehastocor-
rect for that fact, using an independent estimate of
therate of change. An example is the data for the Ge-
orge River herd given by Messier ez al. (1988: Table
5). Their approach involves fitting a smoothed fre-
quency curve, and yields a steadily declining survi-
val rate, which seems somewhat doubtful, on the ba-
sis of experience with other large mammals. A
problem is that the age frequency curve should dec-
line throughout, but does not in this case. An alter-
native is to use a subset of age classes in which survi-
valislikely tobe nearly constant (say, age 3 to age 12),
and the Chapman-Robson “segment” method
(Robson and Chapman 1961) to the original data,
and correct for changing population size by multi-

Species Application

Reference

Whitetailed deer

Feral horses
Devising management strategies
Bowhead whales
and impact of Eskimo harvests

Hawaiian monk
seals

Searching for causes of persisting
low levels after decline

Fur seals Appraising population decline

and continuing low levels
Grizzly bears Assessing decline and future

prospects (Yellowstone N. Park)

Elk Evaluating population trends

Caribou Further studies of decline in
Nelchina herd

Sea otters Impact of Exxon Valdez oil spill

Pacific walrus

Planning and assessing impact of antlerless harvests

Assessing population growth rates.

Evaluating role of delayed maturity

Impacts of harvests on population

Eberhardt (1969)

Eberhardt et al. (1982)
On-going
Breiwick et al. (1984)

On-going
Eberhardt (1981, 1990)

Knight and Eberhardt
(1985)

McCorquodale et al. (1988)

Eberhardt and Pitcher
(submitted)

On-going
On-going
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plying by N (cf. Eberhardt 1988b). This gives an
unadjusted rate of 0.837 (S.E. = 0.016), which beco-
mes 0.837 (1.11) = 0.929 on correction. Some allo-
wance for senescence is needed to construct a survi-
vorship curve, and might be obtained by fitting the
curves described in Eberhardt (1985).

A second example isavailable in data presented by
Thomas and Barry (1990a). These authorsalso smo-
othed age data by fitting a quadratic, using pooled
age data from 6 successive years (1981-1986). Trend
data were not available, and it was indicated that ’a
review of the survey data suggests little change has
occurred since 1967”. It may then be appropriate to
pool the age data for the 6 years. This was done by
summing the data of Table 3 of Thomas and Barry
(1990a) along diagonals, i.e. entries of the same age-
class; the data of Table 3 were arranged by cohorts.
Using the first 10 age-classes reported and the
Chapman-Robson segment method as above, gives
s =0.852(S.E. = 0.012). An alternativeisto calculate
survival rates for each year. In this example, the aver-
age of the yearly survival rates is virtually that of the
pooled data. Because a constant population size is
assumed, no correction for population growth is ne-
eded (i.e., we assume \ = 1.0).

Adultsurvivalforthe Beverly herd is thusappreci-
ably less than for the George River herd, as might be
expected. An immediate question is whether these
rates can somehow be checked from the data at
hand. Because population trend data were used to
correct the apparent survival rates calculated from
the age data (explicitly for the George River herd
and implicitly for the Beverly herd) it does not, at
first glance, seem sensible to use the Lotka-Leslie

model to also calculate a rate of increase. However,
it can be argued that such a calculation does provide
some evidence as to internal consistency. This is be-
cause the age structure depends only on survivor-
ship, and not on reproductive rates. That is, the sta-
ble age structure is calculated as(cf. Eberhardt 1985:
998):
cx = RAXIx (1

where B = 1/ ¥ N*l.. Reproductive rates do, of co-
urse, influence population growth, but do so by de-
termining Afrom solution of the ”Fuler equation’”:

1=Y N*, mx (2)

where I, = survival to age x, and m, = female births
per female of age x, age of first reproduction is deno-
ted by a, and w represents the last age considered.
Calculating N from the observed survival and re-
productive rates thus can provide some evidence of
the internal consistency of the data. Rather than at-
tempting to fit a curve to represent senescence, one
can use an approximation assuggested by Eberhardt
(1985: 1007), but some extra terms are added here to
take into account lower reproductive rates in the
firstfew age classes. Messier ez al. (1988: Table 5) give
my values of 0.06 for age 2, 0.35 for age 3 and 0.40
for agesolderthan 3. If we truncate at age 12 (to com-
pensate for senescence), calculations of A can be car-
ried out in aspreadsheet model. Messier et al. (1988:
Table5) give survival to age 1as0.71,and 0.99 for age
1toage 2. Inasmuch asitappears unlikely that survi-
val in a younger age class would be so much higher
than that of adults, the rate calculated above is used
here from age 1 onwards, so that I, = 0.5(0.929%1),
One can then calculate values of eq. (1] in a spread-

Table 2. Entries for a spreadsheet model for eq. (1), based on data from Thomas and Barry (1990a, 1990b).

Age my 1, A X, my N %l Cx Sy
0 1 1 0.2242 0.63
1 0.63 0.63038 0.14133 0.8
2 0.06 0.504 0.03028 0.50461 0.11313 0.852
3 0.36 0.42941 0.15487 0.43018 0.09645 0.852
4 0.43 0.36586 0.1577 0.36673 0.08222 0.852
5 0.43 031171 0.13444 0.31265 0.0701 0.852
6 0.43 0.26558 0.11461 0.26653 0.05976 0.852
7 0.43 0.22627 0.09771 0.22722 0.05094 0.852
8 0.43 0.19278 0.0833 0.19371 0.04343 0.852
9 0.43 0.16425 0.07101 0.16514 0.03702 0.852
10 043 0.13994 0.06054 0.14078 0.03156 0.852
11 0.43 0.11923 0.05161 0.12002 0.02691 0.852
12 0.43 0.10158 0.044 0.10232 0.02294 0
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