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INTRODUCTION

Like other aspects of wildlife science, the scope and
sophistication of nutritional analyses have expanded sig-
nificantly in recent years. For example, our expanding
knowledge of the role of plant secondary metabolites as
defenses against herbivory has greatly changed the concept
of food quality for wild herbivores. Also, indirect assess-
ments of diet and nutrition parameters using stable iso-
topes, urine metabolites, and fatty acid analyses are now
relatively common. Fusther, there have been refinements
or new applications of techniques to assess the ecological
energetics and nutritional condition of animals in wild
populations. Overall, our more comprehensive under-
standing of wildlife nutritional ecology has contributed
greatly to efforts to understand foraging strategies of
wildlife species and assess management and ecological
questions via modeling.

Nutritional ecology is the study of the inter-relation-
ships between food resources in the environment and con-
sumptive use of these food resources by wild animals
Consumptive use includes how wild animals procure,
digest, absorb, and metabolize available foods to satisfy
their requirements for health, growth, reproduction, an
activity. In this chapter, we review techniques for under:
standing the nutritional ecology of wildlife and assessing
wildlife habitats and populations from a nutritional per
spective. While the basic principles of nutritional ecolog
are applicable to all species, approaches and techniq
used may vary greatly among taxonomic groups becaus
of the nature of the foods eaten, species’ behavior, or th
feasibility of collecting data in particular environmel
We have strived fo include a wide range of vertebrat
wildlife in our examples and literature sources, and io D
the applicability of individual techniques for different {d
This chapter also covers techniques for both captiy
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wildlife studies and assessments of wild populations.

To understand the nutrition of wild species, a biologist
must integrate information on an animal’s consumptive use
of foods with its requirements for maintenance and pro-
duction. Interactions among nuiritional variables are com-
mon with food consumption and nufrient requirements
influenced by environmental and social factors. This
increases the potential for a complex web of interactions.
Therefore, interpreting nutritional data involves evalnating
it in the larger context of a species’ ecology. This higher
level of synthesis, which often involves modeling, has the
potential to reveal new insights about a species’ nutritional
ecology or change perspectives on the importance of indi-
vidual nutritional factors. Thus, we have briefly reviewed
goals and approaches for studying feeding strategies and
simulation modeling of nutritional ecology.

NUTRITIONAL AND ENERGETIC
REQUIREMENTS

Factors Affecting Energy and Nutrient
Requirements

An important but complex endeavor in wildlife nutri-
tion research is the estimation of energy and nufrient
requirements of animals. Requirements vary with life
fuonctions (maintenance, growth, reproduction), season,
and temperature, and also may be influenced significantly
by physiological adaptations. For example, white-tailed
deer (Qdocoileus virginianus) reduce food and energy
intake in winter as the result of seasonal fluctuations in
hormone production (Silver et al. 1969, Thompson et al.
1973). In addition, nutrient or energy requirements for
diets are sometimes inferactive. For example, the protein:
energy ratio is as important as the protein content of the
diet in affecting performance in poultry (Scott et al. 1982),
and may be the case for wild monogastric species. Rode
and Robbins (2000) showed that maintenance energy
requirements in 2 species of bears (Ursidae) decreased
with increasing protein content (2.3 to 35%) of the diet.
Increasing dietary fiber content also can reduce energy and
protein digestibility and lead to decreased basal metabo-
lism (Veloso and Bozinovic 1993).

Energy expended and nutrients used by an animal can
be for different purposes. The maintenance energy
requirement is the chemical energy required to meet the
costs of basal metabolism, thermoregulation (in
homeotherms), and activity (Robbins 1993). Basal metab-
olism, which is measured under conditions of rest, ther-
moneutrality, and a post-absorptive state, is the energy
required to maintain basic life processes and cellular activ-
ity of an animal. Homeotherms have additional energy
demands to thermoregulate or maintain their body temper-
ature. Other activities necessary for survival of the animal,
such as feeding, predator avoidance, social interactions,
and migration also require energy expenditure simply for
maintenance, Nufrient (e.g., N, minerals) requirements for
maintenance are adequate amounts of nutrient intake to
balance nutrient use in a nonreproductive, adult animal.
Energetic and nutrient requirements for growth and repro-
duction are above and beyond maintenance requirements
because extra energy and nutrients are required to produce
new body tissue (growth) or to produce biomass in off-
spring (reproduction).

Techniques Used with Captive Wildlife

Energy requirements of captive animals can be estimat-
ed by measuring energy expenditure or by using feeding
trials. Nutrient requirements usually are calculated
through feeding trials. Nutrient or emergy requirements
have been quantified for relatively few wild species, and
even less is known about suboptimal tolerances. Because
diets of suboptimal guality are probably common in wild
populations, understanding the effects of nuirient intake
over a range of suboptimal levels is important,

Feeding Trials and Energy Requirements

A feeding trial approach involves placing an animal on
diets of differing levels of digestible or metabolizable ener-
gy intake and measuring the energy level necessary to
maintain body weight, The most common approach is to
vary the amount of food offered to captive animals and to
plot weight change versus energy intake. Regression
analysis is used and the point on the regression line where
body weight change equals 0 is taken as the energy
requirement for maintenance (Ullrey et al. 1970),
Variations on this method include altering the amount of
food given to each animal untif weight stabilizes (Kgiver et
al. 1984) or, taking as an estimate, the energy intake level
for a time period when weight change was stable (<1-2%)
(Case and Robel 1974, Williams and Kendeigh 1982).
Maintenance requirements estimated in this way are
greater than basal metabolic rate because the animal is
thermoregulating and conducting some activities, but will
generally be less than the maintenance requirements of a
free-ranging animal (Robbins 1993). Caution is necessary
if body mass is used as the only criterion for energy or
nutrient balance because, as the composition of body tissue
changes, the energy density of additional lost body mass
changes. For example, the energy density of lipid tissue is
about 8-9 times that of muscle. ‘

Feeding THals and Nutrient Requiremenis

Nutrient requirements, especially nitrogen (or protein),
are measured primarily through feeding trials. The nitro-
gen requirement for maintenance is digestible nitrogen
intake that produces tissue nitrogen balance (TNB) equal
to 0. Tissue nitrogen balance (also called nitrogen reten-
tion) equals 0 when nitrogen intake is equal to excretion of
endogenous and indigestible or nonmetabolizable nitrogen
plus assimilated nitrogen for normal tissue replacement
(e.g., hair replacement). Nitrogen is lost from the body as
either endogenous urinary nitrogen (EUN) or metabolic
fecal nitrogen (MEFN). Endogenous urinary nitrogen is the
excreted nitrogen resulting from normal metabolism and is
a constant proportion of metabolic body mass (Mouild and
Robbins 19818). It is normally expressed as a rate
(mg/day or mg/kgd7/day). Metabolic body mass is body
mass (in kg) raised to the 0.75 power. This conversion is
based on the scaling relationship between body mass and
metabolic rate in mammals. Metabolic fecal nitrogen con-
sists of microbes, digestive enzymes, mucus, and gastroin-
testinal epithelial cells accumulated during digestion and is
proportional to feed intake (Mould and Robbins 19815}
Except during periods of substantial adult tissue growth
(e.g., molt), nitrogen costs for adult growth are small and
generally ignored (Maynard et al. 1979), Metabolic fecal
nitrogen and EUN can be measured in mammals, and their
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sum is a minimal estimate of maintenance nitrogen
requirements (Mould and Robbins 19815). Separate esti-
mates of MFN and EUN cannot be readily obtained for
birds because fecal matter and uric acid mix in the cloaca
and are excreted together.

A commonly used alternative approach for estimating
nutrient requirements is to relate nutrient intake to nutrient
balance using a balance trial. Expetimental diets contain-
ing varying levels of a particular nuteient (N, Na, Ca, K, P)
are fed to capfive animals to produce varying levels of
nulrient intake, For nitrogen balance trials, experimental
diets must contain sufficient energy to maintain energy
balance; otherwise part of urinary nitrogen may result from
tissue catabolism and inflate estimated nitrogen require-
ments (Maynard et al. 1979, Carl and Brown 1985). Food
intake and feces and urine production are measured during
a collection period. After the nutrient of interest in the
food, feces, and urine is measured, balance is calculated as
nutrient ingested (intake) — mnutrient excreted (used)
expressed in units of g or mg/metabolic body mass/day,
Minimal nuirient requirements can be estimated as the x-
intercept of the regression of nuirient balance versus nutei-
ent intake (Felicetti et al. [2000] provide an example with
nitrogen requirements in porcupines [Erethizon dorsar-
wn]), much the same as it is with energy requirements,

The balance method to quantify nutritional intake and
use is not new as it was initially used in animal science
prior to 1860 (Schueider and Flatt 1975). Limitations of
balance trials have been ‘discussed by several authors
{Hegsted 1976, Jeejeebhoy 1986, Young 1986). The major
criticism is that balance studies typically produce high esti-
mates of retention because of the difficulty in quantifying
all excretory materials and, thus, requirements are underes-
timated (Hegsted 1976, Young 1986). For zero balance
(intake = excretion) to represent a valid estimate of main-
tenance requirements, all dietary intake and excretory
outgo must be measured. Another assumption for zéro bal-
ance to accuralely estimate the maintenance requirement is
for zero balance to be associated with good health
(Jeejeebhoy 1986). Those who have critically appraised
the balance technique conclude that nutritional balance
studies provide useful and important data on nutrient
requirements and changes in nutrient metabolism under
varying physiological states (Young 1986). The limita-
tions of the technique should be recognized and further
investigation into its utility is suggested (Young 1986,
Murphy 1993). Once requirements are estimated, addi-
tional feeding trials should be conducted to test their valid-
ity.

A variant of the balance technique to measure nutrient
requirements is to examine the relationship between nutri-
ent intake and vse and to identify the point at which the
slope changes in this relationship. Raubenheimer and
Simpson (1994) provided a general approach to the study
of nutritional processes that involved discriminating the
various compartments to which ingested nutrients are allo-
cated. The most basic form of a nutrient budget for nutri-
ent r over time 7 is

L=R+D),,

where I is nutrient intake, R is nutrient retained, and D is
nutrient dissociated, or not retained, during the defined

NUTRIENT EXCRETION

v

IT2

INTAKE (D)

Fig. 1. Plot of nutrient intake vs. nutrient excretion, where line A is
where intake = excretion, and line C represents a decrease in nutrient use
efficiency with increases in intake (adapied from Raubenheimer and
Stmpson 1994),

time period. Plots of these components, especially of
intake on the x axis and use (D) on the y axis allow explo-~
ration of nutritional efficiencies (Fig. 1, line A represents
intake = use). A key element of the model of
Raubenheimer and Simpson (1994) is their expectation
that efficiency of use of a nutrient should be maximal when
intake is below requirements and that it should decrease
thereafter (Fig. 1). The level of intake at which this change
in slope occurs has been termed the nutrient target
(Raubenheimer and Simpson 1994) or, alternatively, the
requirement. Because of obligatory endogenous losses
necessarily addéd to nutrients dissociated, line C (Fig. 1) is
a closer representation of a mineral budget, with the point
where intake equals use (IT2),being the predicted require-
ment. This model has strong deductive support becanse
the notion of a physiological requirement implies that
nuirient dissociation will increase once the intake require-
ment has been reached (Raubenheimer and Simpson
1994). It is axiomatic that nutrient intake and use remain
in long-term balance at varying rates of intake (Guyton and
Hall 1996) in adult, nonreproductive mammals. For exam-
ple, net retention or depletion of sodium could result in
severe physiological alterations, such as extracellular
expansion or reduction, acid-base imbalance, and electro-
chemical abnormalities.

Grasman and Hellgren (1993) estimated phosphorus
requirements in white-tailed deer by modeling phosphorus
excretion (y) as a function of phosphmus intake (x) using
an exponential model (y = ae’™). Requirements were
assumed to be where intake equalled excretion, and these

+ estimates were supported by data collected concomitantly

on endocrine, physiologic, and performance (body mass,
feed intake) responses to varying phosphorus intake,
Estimates of nitrogen (Murphy 1993, Asleson et al. 1996)
and sodium (Hellgren and Pitts 1997) requirements for
maintenance were measured by similar approaches.

Calorimetry

Energy expenditure can be measured directly through
heat production by an animal, a technique termed direct
calorimetry. Although this method is technologically fea-
sible, it has not been widely used for wildlife species
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Fig. 2. Energy expenditure measured for American woodcock (Scolopax minor) walking on a treadmill in a respiration chamber (photograph by W, M.
Vander Haegan).

because indirect measures are easier and more economical
(Mautz 1978). Indirect calorimetry measures energy
metabolism from estimates of O, consumption or CO; pro-
duction, Sampling the volume and composition of expired
air is required to estimate energy expenditure by this tech-
nigue, which requires animals be confined to sealed cham-
bers through which atmospheric air is pumped (Fig. 2),
placing face masks on experimental animals that route
expired air into sensors of sampling bags, or using tracheal
fistulas (Mautz 1978, Robbins 1993). Chambers are usu-
ally used for small species (<1 kg) with masks primatily
restricted to large mammals (Robbins 1993). The method
is indirect because O, consumption/CO, production is
equivalent to a given amount of energy expenditure
depending on which substrate (fat, protein, or carbohy-
drate) is being metabolized. The énergy equivalent of con-
sumed O, is less variable than respired CO,; therefore,
measurement of Q, consumption is preferred (Robbins
1993). '

The difficulty of collecting gases expelled from an ani-
mal in a free-ranging state restricts measurement of ener-
getic expenditure by indirect calorimetry to captive ani-
mals. However, in small vertebrates confined to sealed
chambers that are sufficiently targe to allow activity, indi-
rect calorimetry may provide a reasonable estimate of free-
ranging expenditures. In addition, energy expenditure
involved in individual activities {e.g., standing, swimming,
locomotion) can be estimated using indirect calorimetry in

captive animals by measuring gas production/consumption
during the target activity. These estimates can be com-
bined with field data to create time-energy budgets.

Estimates of energetic expenditures are not equivatent
to energetic requirements, at least if requirements are
defined as maintaining body mass, maintaining a given
body composition, or producing some level of petform-
ance (e.g., growth, reproductive rate). These estimates
simply measure metabolism by animals during the time of
measurement.

We have focused on explaining techniques for measur-
ing energy requirements and metabolic rate of a focal
species. A fundamental concept that has emerged from
comparative studies of metabolic rate of a wide diversity of
antmals is that metabolic rate increases with body size in a
predictabie, quantitative manner {Kleiber 1932, Schmidt-
Nielsen 1984). This allows researchets to predict the meta-
bolic rate of any animal, even a species for which no empir-
ical measurements of metabolic rate have been made, given
only measurements of body size and published quantitative
relationships. The study of how aspects of an animal’s biol-
ogy such as metabolic rate change with body size of the ani-
mal is known as allometrics {(Schmidi-Nielsen 1984).

NUTRITIONAL CONDITION

A primary focus of wildlife management is to ensure
that wildlife in a given area have the requisite food, water,
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and cover for adequate survival and reproduction.
Evaluating whether habitat is satisfying the requirements
of wildlife at some point in time often involves assessing
the “condition” of wildlife. Because an animal’s mutrition-
al condition can affect its survival and reproduction, under-
standing how animal condition changes over time and in
different habitats provides insights into population dynam-
ics, competitive interactions, and other. important aspects
of wildlife ecology. .

Quantifying the nutritional condition of a wild animal is
unlike the task of most medical doctors and veterinarians
assessing the health of people or pets, although .some
methods used to assess condition of wildlife are borrowed
from the medical and veterinary sciences. When wildlife
biologists measure the nutritional condition of an animal,
they typically measure or indirectly estimate one of more
of the following 5 major body components: water, fat, pro-
tein, carbohydrates, and minerals. In contrast, a medical
doctor or veterinarian would rarely be interested in an
analysis of body composition in part because most humans
or pets are usually not deficient in body fat, protein, or
minerals. In this section, we describe techniques used to
estimate the 5 major body components of an animal,
although we primarily focus on techniques used to esti-
mate body fat because of its central importance in metab-
olism and energetics, and hence nuiritional status, of
wildiife. We also briefly discuss other techniques (€.g.,
blood and urine metabolites) used to assess the health and
condition of wildiife.

Methods used for evaluating condition of wildlife can
be categorized into 2 main groups based on whether the
animal’s condition is assessed while alive (nondestructive
techniques) or after death (destructive techniques). Many
traditional techniques used to evaluate nutritional condi-
tion of wildlife were based on anatysis of hunter-killed ani-
mals. The literature on condition of game species based on
carcass analysis has a long history and forms the founda-
tion upon which many contemporary approaches for
assessing nutritional condition of wildlife have been devel-
oped. Nondestructive techniques by definition provide an
indirect estimate of body condition in that fat, protein, or
some other body components are not directly measured in
total as can be done with destructive techniques.
«Condition indices” are an important subset of both nonde-
structive and destructive techniques. Such indices provide
a measure that is correlated with some body component
(e.g., a fat score of 1 on a 7-point scale) as opposed to pro-
viding a direct measure or estimate of the quantitative
amount of the body component.

We discuss each major technique used to assess the
nutritional condition of wildlife. For each technique, we
describe the method and discuss its applicability for a
diversity of wild vertebrates. We begin with a description
of whole-animal body composition because it allows us to
define the 5 major body components and describe how
they are measured. Whole-animal body composition is the
primary destructive technique used to assess body condi-
tion of wild animals. Ttis also necessary for assessing the
accuracy and precision of any of the nondestructive tech-
niques used to estimate or index body condition of live ani-
mals. Ideally, a measure, estimate o index of body condi-
tion is accurate and precise, but also relatively easy to
obtain, objective, and able to detect changes in body con-
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Fig. 3. Flow diagram of the stepwise pracedure for conducting whole-
body anatysis to estimate the 5 major body components of an animal:
water, fat, protein, carbohydrates, and minerals (or ash), Body compo-
nents in boxes are directly measured whereas those in circles are calcu-
lated as the difference between 2 measured body components. For exam-
ple, total body water (TBW) is estimated as the difference between total
wet mass and total dry mass of the carcass. Note that total bedy fat (TBF)
ts measured directly when using a Goldfisch apparatus, but must be esti-
mated by subtraction of lean dry mass from total dry mass if fat is extract-
ed using the Soxhlet apparatus. Ash-free lean dry mass has been used as
an index of TBP and is catculated as the difference between lean dry mass
and ash mass. Total body carbohydrates (TBC) are commonly estimated
as the difference between ash-free lean dry mass and total body protein,
All measurements are typicatty expressed as dry mass (g dry) except for
total wet mass (g wet). ) .

dition of individuals of different age and gender, and at dif-
ferent seasons and locations (Harder and Kirkpatrick
1994).

Whole-animal Body Composition

In the discussion that follows, we assume the body
composition analysis is conducted using the whole carcass,

_ although subsampling or dividing the carcass may be nec-

essary of more convenient Tor some studies. Methods of
storage and preparation of the carcass prior to whole-body
analysis are beyond the scope of this chapter and vary
depending on the objectives of the study (Alisauskas and
Ankney 1992, Reynolds and Kunz 2001).

The first step in whole-body analysis is drying the car-
cass by either freeze-drying or oven drying using a convec-
tion or vacuum oven (Fig, 3). The difference between total
wet body mass and total dry body mass provides a direct
measure of total water mass (or total body water, TBW).
We recommend freeze-drying because it does not change
tissue composition, although change in tissue composition
associated with oven drying may be minimal for fat (Kerr
et al. 1982). If oven drying is used, we recommend a dry-
ing temperature of 60-90 C. Overheating of tissue in
ovens can. cause volatilization and loss of organic matter
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(especially proteins), whereas slow drying of tissue at
warm temperatures may allow decomposition of tissue.

After drying, the carcass is ground using a meat grinder
or electric mill to homogenize the sample and to ensure
complete extraction of nutrients. Total body fat is then
measured by solvent extraction of lipids from the dried,
ground carcass using a Soxhlet apparatus (Sawicka-
Kapusta 1975), Goldfisch apparatus (Anonymous 1990},
or ANKOM fat extractor. Petroleum ether or diethyl ether
is the preferred solvent for most wildlife studies because
these solvents exiract neutral lipids, which are the primary
form of storage energy in animals (Blem 1980, 1990).
Chloroform and methanol extract other lipids (e.g., phos-
pholipids which are primarily structural fats in animals) as
well as non-lipids (Dobush et al. 1985}, which results in an
overestimate of total body fat. The difference between
total dry body mass and the dried, extracted (fat-free dry or
lean dry) mass provides a direct measure of total body fat
(Fig. 3). Total body fat can also be expressed on a mass-
dependent basis by dividing total body fat by body mass
(either wet or dry) or by lean dry mass. Total body fat has
been used as an index of general nutritional condition in
small mammals (Fleharty et al, 1973), in a few studies of
ungulates (Torbit et al. 1985), and commonly in studies of
birds (Brown 1996). |

For many wildlife studies, the whole—ammal body com-
position analysis ends after fat extraction with estimates of
total body water (TBW), total body fat (TBF), and lean dry
mass (LDM) (Fig. 3). Lean dry mass has been used as an
index for body protein in birds (e.g., Raveling 1979,
Alisauskas and Ankney 19853) and mammals (e.g., Kiell
and Millar 1980, Atkinson et al. 1996, Reynolds and Kunz
2000), although this can_be inaccurate because lean dry
mass is composed of 3 components: proteins, ash, and car-
bohydrates, However, carbohydrates are typically only a
small proportion of an animal’s mass. A more complete
analysis of LDM is necessary if proteins and minerals in
animals are dynamic such as in growing animals, repro-
ducing females, or in migratory wildlife.

Ash content is measured by combusting lean dry sam-
ples in an ash-oven or muffle furnace at 500-550 C for at
least 5 hours (Pierson and Stack 1988). After combustion,
the remaining ash is composed of inorganic minerals. The
diffexrence between lean dry mass and ash mass is appro-
priately called ash-fre¢ lean dry mass (AFLDM) (Fig. 3)
and is primarily composed of protein (91-94%, Reynolds
and Kunz 2001} and carbohydrates. Generally, AFLDM
provides a better estimate of body protein than LDM,
although an accurate direct estimate of body protein
requires separate analysis-of either the lean dry mass or a
subsample of the whole dry carcass. Total body protein
(TBP) is usually estimated by directly measuring nitrogen
content of the sample by the Kjeldhal procedure.

Body Mass and Structural Measures

Body Mass

Changes in body mass over time may indicate changes
in nutritional condition of the animal. For example, state
wildlife agencies often use dressed carcass weights of 1.5-
year-old male deer taken during the autumn hunting secason
as a measure of deer condition and habitat quality. In this
instance, body mass is a function of fat content and struc-
tural size of the animal, so that changes in body mass over

several years indicate changes in condition of the deer
herd. A younger age-class of male deer is used in part
because body mass of older male deer changes dramatical-
ly during the rut period (Warren et al. 1981). Anderson et
al. (1972) concluded that eviscerated carcass weight
(whole body weight minus all fat within the body cavity
and all viscera except the esophagus and trachea) was a
good index of condition in female mule deer (Odocoileus
hemionus) but not in males.

Biologists should be cautious about general use of body
mass as a condition index. Body mass dynamics can be
influenced by age, reproductive status, and other physio-
logical factors that may complicate inferences about food
resources or habitat (e.g., Servello and Kirkpatrick 1988).
Although changes in body mass over time are often
thought to indicate changes in fat content of wildlife, the
relationship between body mass and actual fat mass is
often weak (#2 = 0.4-0.6; Bailey 1979, Whyte and Bolen
1984, Johnson et al. 19853). The use of body mass as an
index of fat assumes there are no simultaneous changes in
body components other than fat, This assumption 1s clear-
ly violated for many species of birds and mammals
because they change both their lean and fat components
over time (van der Meer and Piersma 1994, Reynolds and
Kunz 2000).

Structural Measures as Indices of Body Condition

Various structural measures have been used as indices
of body condition and nutritional status of wildlife. For
example, Klein (1964) used a ratio of ferur length to hind
foot fength to compare long-term nutritional status of 2
populations of Sitka black-tailed deer (0. h. sitkensis).
The index is based on the fact that growth of the bones in
the hind foot is relatively more complete at birth than is the
femur. Thus, this ratio in an adult deer can indicate the
amount of skeletal growth occurring over the lifetime of an
animal and, hence, the relative long-term nutritional
regime.

Antler beam diameters have long been used as indices
of nutritional status in cervids (e.g., Severinghaus et al.
1950, Riney 1955). Rasmussen (1985) suggested that
antler beam diameter of vearling males was the most prac-
tical method for monitoring the health and vitality of deer
populations. However, antler size of deer may be primari-
Iy influenced by nutritional status just prior to antler devel-
opment and not necessarily of range conditions and nutri-
tional status throughout the year (Ullrey 1982).

Condition Indices Based on Ratios of Body Mass to
Size

A primary difficuity with using only changes in body
mass or structural measures to indicate nutritional condi-
tion is that individual animals often differ in body size.
Thus, bigger, heavier animals in one location may be in no
better condition than smaller, lighter animals in another
location. This has led many researchers to calculate a con-
dition index that divides the body mass of an animal by
some estimate of its size (usually a linear measure such as
arn/wing, leg, or body length, but lean mass and fat-free
body mass have also been used [Harder and Kirkpatrick
1994, Hayes and Shonkwiler 2001]). Such body condition
indices are believed to be correlated with animal quality
such as mnutritional condition, fat confent, or even






