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Abstract: Fatty acids (FA) ingested in the diet are incorporated into the adipose stores of
predators in predictable ways. Consequently, the FA composition of the diet influences the FA

composition of a consumer’s adipose tissue. Over the last decade, this basic premise has been

used to examine the foraging habits and trophic relationships of a variety of predators,

including seals, whales, seabirds, and bears. By examining differences in the relative proportions

of multiple FA (i.e., a FA signature), patterns of foraging can be detected across regions, over

time, or among intraspecific groups. Development of FA signature analysis has reached the

point where FA data from predators and prey can be incorporated into a statistical model that

generates a quantitative estimate of predator diet. Here, I review how FA signature analysis has
been applied to both qualitative and quantitative examinations of bear foraging. I discuss the

techniques used to analyze and interpret FA data as well as some of the limitations of this

approach. Finally, I suggest how this cost-effective technique can be further developed to

provide an accurate picture of the ecological role of bears in a variety of habitats.
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Accurate information on foraging is critical to

understanding wildlife populations. Consequently, a

variety of tools and approaches have been developed

to study animal diets. For bears, foraging habits may

be extremely diverse and the trophic relationships

between bears and other food web components are

not always clear. However, a lack of accurate

information on resource use may hinder the devel-

opment of effective management and conservation

strategies as well as a thorough understanding of the

ecological role of bears.

The most basic approach to studying bear

foraging is the direct observation of predation events

(Stirling 1974, Gende and Quinn 2004, Smith and

Partridge 2004). This may provide unequivocal

information on what foods are consumed, how prey

is captured, and potentially, how diet composition

differs between age groups, sexes, and individuals.

However, bears tend to be wide-ranging and may

forage throughout the day and night. Direct

observations may therefore be difficult and provide

little insight into longer-term feeding patterns.

A more systematic approach to determining bear

diets is the identification of prey remains (Stirling

and Archibald 1977, Smith 1980, Gunn and Miller

1982, Gende et al. 2001, Derocher et al. 2002). This

provides an integrative picture of foraging because

multiple predation events can be documented across

biologically relevant spatial and temporal scales. It

also provides valuable data on which prey individ-

uals or parts are preferentially consumed (e.g.,

Gende et al. 2001). However, attributing a given

prey carcass to an individual bear is often impossible

and in habitats with multiple predators (e.g., wolves

Canis lupus, wolverine Gulo gulo, predatory birds),

identifying the species of consumer may be difficult.

Finally, this approach may under represent prey that

are either consumed entirely (and therefore leave no

remains) or cached before consumption.

Perhaps the most common approach to identify-

ing the types of prey taken by bears is scat analysis

(Beeman and Pelton 1980, Suarez 1988, Mattson et

al. 1991, Noyce et al. 1997, Gau et al. 2002). This

method often allows accurate identification of prey

types, albeit with significant biases and limitations.

For instance, fecal components only reflect a

relatively recent meal, and the consumption of1thiemann@ualberta.ca
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small-bodied prey and those lacking distinctive hard

parts may be underestimated (da Silva and Neilson

1985). Although it is often not possible to match a

given fecal sample with a known bear, the sex of the

animal may be determined through DNA analysis

(Wasser et al. 2004, Bellemain et al. 2005). Despite

these limitations, fecal samples from bears may be

collected across large spatial areas and can provide

population-level information.

In recent years, stable isotope analysis has been

used to examine the foraging ecology of a variety of

bear species including Asiatic black bears (Ursus

thibetanus; Mizukami et al. 2005, Narita et al. 2006),

brown bears (U. arctos; Hilderbrand et al. 1999a, Ben-

David et al. 2004, Mowat and Heard 2006), North

American black bears (U. americanus; Jacoby et al.

1999, Hobson et al. 2000), and polar bears (U.

maritimus; Ramsay and Hobson 1991, Hobson and

Stirling 1997, Bentzen et al. 2007). Stable isotopes

have also been measured in fossilized tissues to

reconstruct the diets of ancient bears (Hilderbrand

et al. 1996, Keeling and Nelson 2001, Bocherens et al.

2004). Because it examines dietary components

assimilated into consumer tissue over time, stable

isotope analysis provides an integrated picture of diet

over a temporal scale that is relevant to the ecology

and life-history of free-ranging animals. However,

ecological inferences may be limited by the small

number of dietary response variables incorporated

into isotopic analyses (typically, only carbon and

nitrogen ratios are used). Uncertainty in the degree to

which ingested nutrients are assimilated and allocated

to body tissues, as well as the extent of fractionation,

may further obfuscate the isotopic relationship

between prey and predator (Gannes et al. 1997).

Fatty acid (FA) signature analysis is also based on

the physiological assimilation of dietary compo-

nents. However, it has seen more limited use in

studies of bear ecology, having been applied only to

investigations of black bears in the northeastern US

(Iverson et al. 2001a) and polar bears in the

Canadian Arctic (Iverson et al. 2006, Thiemann et

al. in press). Despite its limited application to date,

this approach may have great potential for studies of

bear ecology. Here, I review the basic principles of

FA signature analysis as an ecological tool and

discuss the ways it has been applied to bears in the

past. I explore important technical considerations

for expanding the applicability of this technique and

suggest some promising, as well as necessary, areas

for future research.

Basic principles
Structure and biochemistry

FA, the primary components of most lipids, are

comprised of a hydrocarbon chain with a methyl

group (CH3) at one end and a carboxyl group
(COOH) at the other. FA with no double bonds are

considered saturated because they contain the

maximum number of hydrogen atoms. FA with

one or more double bonds are referred to as

monounsaturated or polyunsaturated, respectively,

and the number and position of double bonds, as

well as the length of the hydrocarbon chain, give a

FA its particular biochemical properties. FA are
most commonly referred to by the following

shorthand notation: A:Bn-C where A is the number

of carbon atoms in the hydrocarbon chain, B is the

number of double bonds, and C is the position of the

first double bond, relative to the methyl end

(IUPAC-IUB Commission on Biochemical Nomen-

clature 1967).

Unlike proteins and carbohydrates that are readily
and thoroughly degraded during digestion, dietary

FA are often deposited in the fat stores of a

consumer with little or no modification (Ackman

1989). Monogastric predators have biochemical

limitations on the types of FA they can synthesize,

and FA longer than 14:0 are predictably incorpo-

rated into consumer tissue (Cook 1991, Galli and

Risé 2006). As a result, the FA composition of the
diet is reflected in the stored fat of animals as diverse

as marine invertebrates (Graeve et al. 1994), reptiles

(Holland et al. 1990), freshwater fish (Schwalme

1992), canids (Pond et al. 1995), mustelids (Rouvi-

nen and Kiiskinen 1989), rodents (Reidinger et al.

1985), phocids (Iverson 1993, Käkelä et al. 1993),

cetaceans (Ackman and Eaton 1966), and ursids

(Iverson et al. 2001a, 2006; Thiemann et al. 2007).
The FA composition of a predator can therefore

provide insight into past foraging.

Fatty acid analysis as an ecological tool
For free-ranging bears, FA data can provide

information on individual foraging in 3 fundamental

ways:

1. Qualitative. FA data from predators alone are

compared across demographic (age, sex),

temporal, or spatial groups. Although the
specific diets of individual bears are unknown,

qualitative comparisons indicate patterns of

dietary variability that may be related to food

supply, nutritional requirements, or other
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ecological factors (Pond et al. 1995, Smith et

al. 1996, Iverson et al. 1997). For instance,

Iverson et al. (2001a) demonstrated that the

milk FA composition of black bears in western

Massachusetts differed dramatically between

years of low and high hard mast availability

(Fig. 1).

2. Biomarker. Because most FA will be present in

all potential prey types, the specific dietary

sources of common FA cannot be identified.

However, if an unusual FA is available in only

one type of prey, it can be used as a biomarker

(Paradis and Ackman 1977, Budge et al. 2007)

and could reflect the relative consumption of a

particular prey type. For instance, Thiemann

et al. (2007) used FA biomarkers to determine

that large male polar bears consumed a greater

proportion of bearded seal (Erignathus barba-

tus) and walrus (Odobenus rosmarus) than did

adult female or juvenile polar bears.

3. Quantitative. FA signature data from both

predator and prey are incorporated into a

multivariate least squares model that estimates

the combination of prey signatures that comes

closest to matching the observed predator

(Iverson et al. 2004). This approach was used

to estimate the diet composition of individual

polar bears across the Canadian Arctic and

identify spatial, temporal and demographic

patterns in polar bear foraging (Iverson et al.

2006, Thiemann et al., in press).

Although the specific techniques used will depend

on the system studied, the research question, and

budget, all 3 approaches to FA analysis share

important technical considerations.

Techniques for bears
Sample collection

One of the most important requirements for using

FA in ecological studies is that the predator tissue be

appropriately sampled and analyzed (Iverson et al.

2004). Dietary inferences can only be made from the

composition of a consumer’s stored energy reserves.

Fig. 1. Fatty acid (FA) composition of milk and estimated diet for black bears in western Massachusetts in
spring 1994 and 1996. Diet composition was inferred from scat analysis and dietary FA composition estimated
from samples of skunk cabbage (Symplocarpus foetidus) and acorns, adjusted according to the contribution
to the diet and overall fat content. For instance, the 1994 diet was estimated as 27.4% oak mast (acorns) at
9.0% fat and 52.2% skunk cabbage at 0.2% fat (accounting for 79.6% of the diet by volume). Error bars indicate
the upper range of observed values. Modified with permission from Iverson et al. (2001a).
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In bears, this generally means subcutaneous adipose

tissue (Pond et al. 1992, Thiemann et al. 2006).

Although muscle and other tissues may contain

substantial amounts of lipid, it is relatively high in

phospholipids, which comprise cell membranes. The

FA composition of these phospholipids is tightly

regulated and therefore may not reflect recent

dietary history (Cooper et al. 2005). The composi-

tion of some internal fat depots (those associated

with the heart, kidneys, eye sockets, or mesentery)

may reflect dietary composition, but their relation-

ship to dietary FA would have to be validated.

For bears, the layer of subcutaneous fat, although

comprised of several anatomically distinct depots

(Pond et al. 1992), appears to be uniform in its FA

composition (Thiemann et al. 2006). The fat

distributed over the rump of the animal is the largest

and thickest fat depot and is the site where dietary

FA are first deposited and where stored FA are first

mobilized (Pond et al. 1992). It is also a site that is

easy to access on any immobilized or harvested bear.

Samples, therefore, are often taken approximately

15 cm lateral to the base of the tail (Ramsay et al.

1992), but for polar bears at least, samples from

other subcutaneous sites (such as the belly and

baculum) produce equivalent data for dietary

analyses (Thiemann et al. 2006). A subcutaneous

fat sample can be readily collected by shaving a small

patch of skin (approximately 2.5 cm x 2.5 cm) and

taking a biopsy through the entire depth of the fat

layer using a 6 mm biopsy punch.

Other tissues besides fat can provide information

on foraging. Because dietary FA circulating in the

blood are preferentially taken up by the mammary

gland (Iverson 1993), the FA composition of bear

milk can reflect recent diet (Iverson et al. 2001a;

Fig. 1). For females fasting during lactation (such as

a bear in a den), milk composition will reflect the

composition of stored fat. However, studies from

seals and small mammals have indicated that certain

FA may be preferentially mobilized or conserved

during lactation (Iverson et al. 1995) or hibernation

(Florant et al. 1990), resulting in predictable

differences between FA stores at the beginning and

end of a phase of extensive energy mobilization.

These patterns may have important implications for

dietary analyses using bear milk or fat samples taken

immediately after hibernation.

Certain lipoproteins in blood serum can also

reflect the FA composition of food ingested within

the last 24 hours (Cooper et al. 2005). However,

beyond this timeframe, blood FA will reflect the

phospholipid composition of blood components and

the products of FA metabolism occurring in the liver

and adipose tissue. Therefore, serum FA composi-

tion can provide limited dietary insights only when

treated carefully (Budge et al. 2006).

Sample analysis

Tissue samples (from a metabolically active

storage depot such as the rump) must be properly

stored and analyzed. Technical aspects of sample

collection and analysis have been discussed else-

where (Iverson et al. 2001b, Thiemann et al. 2004,

Budge et al. 2006). Briefly, adipose tissue samples

from bears should be weighed as soon as possible

after collection and stored in a glass vial containing a

small amount (approximately 2 ml per 0.5 g sample)

of chloroform with 0.01% butylated hydroxyl-

toluene (BHT) to prevent oxidation, which will

rapidly degrade polyunsaturated FA (Christie

1973). The cap of the glass vial should have a

TeflonH liner to prevent degradation by the solvent.

When kept at 220uC, samples can be stored in this

manner for several years (Budge et al. 2006). Larger

fat samples from harvested bears can generally be

wrapped in foil and stored in an airtight plastic bag

at 220uC. These samples can also be stored for

.1 year; subsamples from the core can be analyzed

later, as this area is protected from oxidation during

storage.

When ready for analysis, lipid can be quantita-

tively extracted from bear adipose tissue using a

modified Folch extraction (Folch et al. 1957, Christie

1973, Iverson et al. 2001b). This approach uses a

solvent to sample ratio of 20:1 and a chloroform:

methanol:water ratio of 8:4:3. Centrifugation sepa-

rates the water, methanol, and polar cellular

components from the lipid in chloroform, which is

then evaporated under nitrogen. The isolated lipid

can be weighed and used to calculate the percent wet

weight lipid content of the sample. Because individ-

ual adipocytes shrink and swell as lipid is mobilized

and deposited, respectively (Schemmel 1976), rela-

tive lipid content of the subcutaneous adipose tissue

will reflect total lipid stores and hence, the body

condition of ursids (Thiemann et al. 2006, Stirling et

al. 2008). The isolated lipid, which is mostly in the

form of triacylglycerols, is then subjected to trans-

esterification using H2SO4 (sulfuric acid) as a

catalyst (Thiemann et al. 2004, Budge et al. 2006).

This step separates FA from glycerol and generates
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FA methyl esters (FAME) suitable for gas chroma-

tography. There are other approaches that can

produce equivalent results (Thiemann et al. 2004,

Budge et al. 2006); this is the technique most

commonly used for mammalian fat.

Budge et al. (2006) provides a comprehensive

review of all aspects of FA signature analysis.

Although the discussion focuses on marine mam-

mals, their recommendations for the storage and

analysis of adipose tissue, blood, and milk apply

equally well to samples from bears. These authors

also make specific recommendations about the

proper handling of fish and plant tissue samples,

which may be of particular relevance for studies of

bear ecology.

Identification of fatty acids

Following transesterification, FAME can be

analyzed via gas chromatography (GC) utilizing a

flame ionization detector (FID). This step quantifies

the abundance of each FA relative to the total mass

of FA in the sample. Individual FA are separated on

the GC column based on the length of the

hydrocarbon chain and the number and position of

double bonds. Identification of individual FA may

initially require a combination of techniques, includ-

ing comparison of retention times of known

standards, silver nitrate (argentation) chromatogra-

phy, and mass spectrometry (Christie 1973, Iverson

1988). However, once identities have been estab-

lished on a GC-FID, the FA in subsequent samples

can generally be identified using retention times

alone (Budge et al. 2006).

Modern GC-FID software packages can auto-

matically assign FA identities to peaks on a

chromatogram. However, several factors, including

the type and quality of the sample and the age and

type of GC column, will affect the accuracy of these

identifications. Because accurate identification of all

peaks is critical to FA signature analysis, each peak

must be individually verified by the researcher. This

is not a difficult task, but for large sample sizes, it is

time-consuming.

Overall, the entire process from sample collection

to chromatographic analysis requires only a few

pieces of specialized equipment. Clearly, the GC-

FID is the most complex and expensive piece of

equipment, but it is not a requirement for every lab

performing FA analysis. Rather, if samples are

prepared beforehand, GC analysis of FAME can

be conducted by an independent analytical labora-

tory at a reasonable cost. The lipid extraction,

transesterification, and post-GC data processing can

be performed with little training. However, these

stages are labor intensive and time consuming and

are expensive if contracted out. Using the most

common protocols, lipid extraction and FAME

preparation require only standard laboratory glass-

ware (test tubes, funnels, pipets) and equipment

(fume hood, centrifuge, top-loading balance, hot-

plate).

Data analysis and interpretation

The exact number and identity of FA used to

make dietary inferences will depend on the species

and ecosystem being investigated as well as the

number of samples being analyzed. For marine

organisms (including polar bears and their prey), in

excess of 70 different FA may be identified in

extracted lipid samples. Some of these FA will have

been directly incorporated from the diet, whereas

others may be synthesized de novo from non-lipid

precursors such as proteins and carbohydrates.

Iverson et al. (2004) established 2 sets of FA suitable

for examining the diets of marine mammals, one

using FA derived largely or exclusively from diet

(e.g., 18:2n-6, 18:3n-3, 20:5n-3) and another that

includes those 33 ‘dietary’ FA plus 8 more that could

come from both biosynthesis and diet (‘extended

dietary,’ e.g., 16:0, 18:1n-9). However, the number of

FA tested may be limited by sample size because the

number of response variables in multivariate analy-

ses generally cannot exceed the number of samples

(Stevens 1986, Budge et al. 2006). For bear species

with exclusively terrestrial foraging habits, fewer

than 10 FA may be identified (Iverson et al. 2001a).

Although only 2 or 3 of these may be strictly dietary,

the rest come from a combination of diet and

biosynthesis (Iverson et al. 2004), so all FA will

likely provide some dietary information.

A variety of statistical tests are available to

examine multivariate patterns in FA signatures

among groups of predators. Among these are

multivariate analysis of variance (MANOVA), hier-

archical cluster analysis, and discriminant function

analysis (reviewed by Budge et al. 2006). Whereas

MANOVA tests for statistical differences among

groups of samples, the latter 2 procedures examine

patterns of relative differences and similarity among

groups (Fig. 2). However, important patterns will

often be most readily apparent in simple bivariate

bar plots, with each FA along the x-axis and relative
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abundance along the y-axis (Fig. 1). This gives an

immediate visual indication of how individual FA

differ among groups. For instance, if statistical

differences are driven by FA derived largely from

biosynthesis (e.g., 14:0, 18:0), the trends may not be
biologically significant. Conversely, variation in FA

that are relatively minor in abundance, but impor-

tant trophic indicators (e.g., 22:1n-11), may indicate

important ecological differences.

To give equal statistical weight to FA with

different abundances, a simple log transformation

for proportional data can be used: xtrans 5 ln(xi/cr),

where xi is the percent abundance of a given FA in

the sample and cr is the percent of a reference FA
(Aitchison 1986, Budge et al. 2006). The reference

FA is often 18:0 because it is relatively abundant,

can be reliably identified, and provides little dietary

information on its own. Although statistical tests of

Fig. 2. Qualitative comparison of fatty acid (FA) signature data from polar bears 2.5 years and older in 10
Canadian subpopulations. (a) Hierarchical cluster analysis based on squared Euclidean distance and data
from 64 FA. (b) Discriminant analysis using the 17 most abundant and variable FA from polar bears in Davis
Strait (DS), Baffin Bay (BB), Lancaster Sound (LS), Gulf of Boothia (GB), Foxe Basin (FB), western Hudson Bay
(WH), southern Hudson Bay (SH), southern Beaufort Sea (SB), and northern Beaufort Sea (NB). Discriminant
analysis classified 80.9% of the original samples to their correct region. Ellipses represent 95% data point
clouds. Reproduced from Thiemann (2006).
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differences among groups of predators can provide

important information on ecological differences,

they tell us little about the specific types of prey

being consumed. For this, a quantitative or bio-

marker approach is required.

Fatty acid biomarkers

FA biomarkers are, by definition, rare. Without a

statistical model (see below), FA signatures usually

tell us little about the specific types of food

consumed because all food sources generally have

the same FA, albeit in different relative proportions.

However, if an unusual FA can be identified that is

present in one or a few prey types, its presence in a

predator can be traced to that food source. For

instance, non-methylene interrupted FA (NMI FA)

are polyunsaturated FA characterized by more than

one methylene group between ethylenic bonds

(Joseph 1982). These unusual FA are synthesized

by a variety of benthic mollusks including oysters

(Watanabe and Ackman 1972), mussels (Paradis and

Ackman 1977), and clams (Klingensmith 1982).

Given their unusual structure and origins at the

base of the food web, Paradis and Ackman (1977)

hypothesized that these FA could serve as trophic

tracers, transferred from prey to predator with little

biomodification.

NMI FA have been identified in the adipose stores

of mollusk-eating animals, including bearded seals

and walruses in the Bering Strait (Budge et al. 2007).

Differences in the types of NMI FA in these marine

mammals indicate that the 2 species exploit largely

different prey resources (Budge et al. 2007). One

particular NMI FA that, among marine mammals,

was largely exclusive to bearded seals, was subse-

quently used as a biomarker for bearded seal

consumption by polar bears (Thiemann et al.

2007). However, for most predator species (especial-

ly terrestrial ones) the diversity of ingested FA will

be much less and specific prey types can only be

identified from overall FA signatures.

Quantitative fatty acid signature analysis

A framework for using FA signatures to quanti-

tatively estimate predator diets was developed by

Iverson et al. (2004). In this new approach, a

statistical model accounts for both endogenous and

exogenous sources of FA and estimates the propor-

tional diet composition required to generate the

observed predator signature. This modeling tech-

nique, although still being refined, has generated

accurate estimates of the diets of gray seals

(Halichoerus grypus; Iverson et al. 2004, Cooper et

al. 2005, Beck et al. 2007), polar bears (Iverson et al.

2006, Thiemann et al. 2007), and seabirds (Iverson et

al. 2007). Because of the great diversity of dietary

FA in marine ecosystems, quantitative FA signature

analysis (QFASA) has been primarily applied to

marine organisms. It therefore holds great promise

for future studies of polar bears, as well as other

bears feeding on marine resources. However, with

improved parameterization of FA routing processes,

QFASA may be applied to more strictly terrestrial

bear populations.

The details of the QFASA modeling procedure are

available elsewhere (Iverson et al. 2004). Here, I will

briefly review some of the basic requirements and

particular considerations relevant to studies of bears.

For quantitative comparisons of predator and prey

FA data, individual prey must be sampled in

sufficient numbers to account for the natural

variability in their FA profiles. The QFASA model

will generate a diet estimate for each individual

predator based on a multivariate combination of the

average signature from each prey type. To get an

accurate estimate of predator diet, it is therefore

essential to get an accurate assessment of prey

species’ signatures. Sufficient sampling of food

sources will also indicate where patterns of similarity

and differences lie among food types. For instance,

prey species with similar FA compositions may have

to be pooled into broader prey types. Conversely,

species with highly variable FA signatures may be

split into different age and sex classes. Hierarchical

cluster analysis, discriminant analysis, and modeling

simulations (where prey samples are used to con-

struct a hypothetical predator signature and test the

performance of the model) are useful techniques for

this purpose (Iverson et al. 2004, 2006; Thiemann

2006).

Although predator diet estimates will be based on

average prey signatures, the variability within prey

types can be incorporated using the bootstrap

procedure described by Iverson et al. (2004). This

involves subsampling the prey database repeatedly

(500–1000 times) and generating a distribution of

new diet estimates. The effect of prey variability on

the precision of diet estimates can then be evaluated

(Iverson et al. 2004, Thiemann 2006, Beck et al.

2007).

Although ingested FA will be predictably incor-

porated into consumer fat stores, the FA signature
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of the consumer will never be a perfect match to the

composition of its diet. Some dietary FA will be

preferentially utilized for immediate energetic re-

quirements before deposition and will therefore

appear in relatively smaller amounts in the predator

than in the diet. Conversely, some FA, in addition to

coming from the diet, will be synthesized endoge-

nously by the predator, thereby appearing in

relatively greater amounts in the predator than in

the diet. These FA-specific patterns of metabolism

can be accounted for through the use of calibration

coefficients (Iverson et al. 2004). These are simply

weighting factors for each FA that are determined by

feeding an animal a controlled, steady diet for

several months (Iverson et al. 2004). Over this

period, the FA composition of the consumer will

stabilize and resemble the diet as much as possible.

Calibration coefficients are then calculated by

dividing the abundance of each FA in the predator

by the abundance in its known, controlled diet

(Iverson et al. 2004, 2006, Thiemann 2006). FA that

are biosynthesized in addition to coming from the

diet will have calibration coefficients .1; FA that

are preferentially utilized before deposition will have

calibrations ,1. A strictly dietary FA that is directly

stored in adipose tissue will have a calibration

coefficient of exactly 1. These factors can then be

applied to FA signature data from free-ranging

animals to correct for metabolic processes.

All vertebrate species have similar patterns of FA

biosynthesis and utilization (Cook 1991, Sargent et

al. 1995). However, calibration coefficients would

ideally be determined through captive feeding trials

for each predator species modeled. Because FA

metabolism is also affected by dietary lipid content

(FA synthesis is inhibited when dietary fat is high;

Nelson 1992), such feeding trials should be conducted

using diets that mimic the composition of natural

foods. For bears, FA metabolism is likely similar

across species, but may differ strongly between bears

consuming high fat foods (e.g., seals, salmon Onco-

rhynchus spp., hardmast) and those feeding on low fat

sources (e.g., berries, leafy vegetation).

Further research
Opportunities for future study

Future studies utilizing FA analysis could provide

important data on the both the foraging and

nutritional ecology of bears (Robbins et al. 2004).

Given the important insights into bear foraging that

have been provided by stable isotope analysis, it

seems a natural fit to combine this approach with

FA signature analysis. For individual bears, these

techniques could be combined at scales ranging from

the whole organism to individual molecules. For the

organism, results of stable isotope analysis of lean

tissue could be compared to the results of FA

analysis of adipose tissue. Different results could

indicate shortcomings in one or both approaches or

alternatively, reflect different dietary sources for

structural and storage tissue. A bear feeding in the

fall is likely routing many of its ingested nutrients to

fat stores in preparation for hibernation (Welch et al.

1997, Hilderbrand et al. 1999b, Rode and Robbins

2000). Lean tissue (e.g., hair or muscle) sampled for

stable isotope analysis may therefore underestimate

the portion of the diet being routed to fat stores. On

the other hand, nutrients routed to lean tissue during

spring foraging (Hilderbrand et al. 1999b) may be

underestimated by FA analysis. For individual

molecules, compound-specific isotope analysis can

indicate the isotopic composition of individual FA

(Pond et al. 1995) and thereby distinguish between

the fat derived from marine sources, terrestrial

animals, and plants.

Regardless of the specific routing patterns of

ingested nutrients, adipose tissue FA signatures will

differ substantially between bears with different

diets. If qualitative patterns of FA variability can

be matched with differences in food availability or

space use (e.g., Iverson et al. 2001a), qualitative FA

data alone could provide insights into the ecological

factors affecting food web structure and functioning.

Among all bears, FA analysis has been used most

extensively and successfully on polar bears. This is

due, in large part, to the great diversity of long-chain

polyunsaturated FA that are synthesized by marine

algae and passed up the food chain. However, other

factors contribute to making polar bears a prime

candidate for FA signature analysis. First, polar

bears comprise part of a relatively simple food web

and do not have a great diversity of potential prey.

In contrast to more terrestrial bears, which may

forage on dozens of plant and animal species (Rode

et al. 2001, Pelton 2003, Munro et al. 2006), polar

bears throughout their range primarily have access

to 2–8 prey species (Stirling and Archibald 1977,

Smith 1980, Thiemann 2006). Second, their high fat

diet facilitates QFASA modeling as higher dietary

lipid levels inhibit endogenous FA synthesis and

modification and increase the similarity between
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predator and prey FA profiles. These factors will

continue to make FA analysis an ideal way to

measure polar bear foraging and trace the ecological

consequences of a shifting Arctic climate. However,

the high lipid content and diverse FA signatures of

marine prey can also be used to examine the diets of

other bears in ways that have been underutilized.

Brown and black bears in some parts of their

range prey heavily on salmon (Hilderbrand et al.

1999a, Gende et al. 2001, Mowat and Heard 2006,

Fortin et al. 2007). Because these fish spend most of

their lives at sea, they have the high levels of long-

chain polyunsaturated FA typical of marine organ-

isms (van Vliet and Katan 1990). Further consider-

ing the high lipid content of spawning fish and the

fact that bears often target energy-dense individuals

and body parts (e.g., roe and brains; Ruggerone et

al. 2000, Gende et al. 2001), a clear marine signal will

likely appear in the fat of any bear feeding

substantively on salmon.

Anecdotal evidence also suggests that brown bears

in Arctic regions may feed more heavily on seals

than thus far documented. Northward range expan-

sion of brown bears as a consequence of climate

change may result in greater ecological overlap

between brown and polar bears. In 2006, the first

confirmed grizzly–polar bear hybrid was shot by a

sport hunter near Banks Island, Northwest Territo-

ries. In the future, dietary motivations for brown

bears being on the sea ice or near the Arctic coast

could be readily confirmed by FA signature analysis.

Similar to the approach used by Thiemann et al.

(2007) to look at polar bear foraging, unusual

marine FA may be used as biomarkers to examine

the ecology of other bears. Smith and Partridge

(2004) observed grizzly bears feeding extensively on

soft-shelled (Mya arenaria) and Pacific razor clams

(Siliqua patula) in intertidal flats in Katmai National

Park, Alaska. These marine bivalves likely contain

the same types of non-methylene interrupted FA

(Ackman and Hooper 1973, Joseph 1982) that are

transferred to polar bears via bearded seal and

walrus. The presence and abundance of these FA in

coastal grizzlies will provide an indication of

intertidal foraging that is more quantitative than

behavioral observation.

Potential FA biomarkers also exist in terrestrial

food webs. In ruminant animals, ingested FA are

completely degraded rather than directly incorpo-

rated into adipose stores. Bacteria in the rumen

synthesize FA de novo resulting in a FA profile that

differs dramatically from the composition of the diet

(Doreau and Ferlay 1994). Microbial transforma-

tions in the rumen also generate trans FA (Jenkins

1993) that are deposited in ruminant muscle tissue

(Rule et al. 2002). Therefore, trans FA in the adipose

tissue stores of bears may indicate predation on

ungulates.

Hydrogenation of fats during commercial food

production can also produce trans FA in human

foods. Although recent human health concerns have

encouraged manufacturers to replace these FA in

many processed foods, the presence of certain trans

FA in bear adipose tissue may reflect foraging on

anthropogenic food sources such as garbage (Thie-

mann et al. unpublished data). After capturing a

suspected problem bear, FA analysis conducted over

the course of a few hours could provide definitive

identification of a food-conditioned bear.

Need for future research

Despite some rapid advancements over the last

decade, FA signature analysis is still in development.

Many important physiological and statistical issues

need to be resolved to maximize its applicability to

studies of bear ecology. For instance, the exact

temporal scale of FA information could be further

defined. Evidence from captive feeding studies

indicates that the FA signatures of seals reflect diet

composition integrated over weeks to months

(Kirsch et al. 2000). However, more information

on both the beginning and the end of the temporal

window may be useful. Because energy consumed in

a given meal usually exceeds immediate energetic

needs, ingested FA are incorporated into the adipose

tissue of seals within hours (Budge et al. 2004), even

in animals that are in a negative energy balance

(Kirsch et al. 2000). For bears, a similar handling of

ingested FA may occur even in animals routing

nutrients to lean tissue (Hilderbrand et al. 1999b).

Because bears mobilize a great deal of stored energy

during hibernation, the time of den emergence may

reasonably be considered time zero for FA deposi-

tion. However, the exact temporal window for FA

information could be improved through controlled

feeding experiments.

Calibration coefficients specific for bears could

also be developed via captive feeding studies. This

would significantly improve the applicability and

accuracy of the QFASA model. A few individual

bears maintained on a controlled diet that mimicked

the FA and lipid composition of their natural diet
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would reveal important patterns of FA synthesis and

utilization.

Studies of FA metabolism in hibernating bears

would provide important data for diet estimates as

well as insights into the physiology of dormancy. In

small hibernators, a lack of dietary 18:2n-6 results in

shorter bouts of hibernation, a higher metabolic rate,

and an overall less efficient period of dormancy

(Florant 1998). A similar requirement for essential

polyunsaturated FA could affect pre-hibernation

foraging patterns in bears.

FA signature analysis will not be appropriate for

every species in every ecosystem. If potential food

sources all have very similar FA compositions,

consumers will likely be relatively uniform in their

FA signatures. Conversely, if a group of predators

consumes a wide variety of different foods that each

have highly variable FA compositions, predator

signatures may be too variable to reflect meaningful

ecological patterns. Even when appropriate, FA

analysis will not provide a comprehensive picture

of trophic relationships. Rather, it should be treated

as a potentially powerful tool that yields its greatest

insights when used in combination with appropriate

experimental design and other investigative ap-

proaches.

Throughout most of their range, bears occur at

low population densities in remote habitats. Increas-

ing human development in many of these areas has

resulted in a greater need for conservation. Together,

these factors have stimulated the development of

models that attempt to quantify the relationship

between bears and their habitat (e.g., Boyce and

McDonald 1999). However, the occurrence of an

animal in a given habitat does not necessarily

provide information on which resources are being

utilized and, more specifically, which foods are being

consumed. FA analysis could provide crucial data on

bear foraging that, when incorporated into spatial

and population models, could provide a clearer

picture of why bears are found where they are. The

routine collection and storage of fat samples from

live-captured and harvested bears is therefore

strongly recommended.
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