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ABSTRACT Stable isotope analysis (SIA) of wolf (Canis lupus) tissues can be used to estimate diet and intra-
population diet variability when potential prey have distinct d13C and d15N values. We tested this technique
using guard hairs collected from 44 wolves in 12 northwestern Montana packs, summer 2009. We used
hierarchical Bayesian stable isotope mixing models to determine diet and scales of diet variation from
d13C and d15N of wolves and potential prey, white-tailed deer (Odocoileus virginianus), mule deer (Odocoileus
hemionus), elk (Cervus canadensis), moose (Alces alces), snowshoe hare (Lepus americanus), and other prey. As a
check on SIA results, we conducted a separate diet analysis with temporally matched scats (i.e., collected in
summer 2008) from 4 of the same packs. Wolves were centered on the ungulate prey in the isotope mixing
space. Both methods revealed differences among pack diets and that wolves may consume moose in greater
proportions than predicted by available biomass. Stable isotope analysis, and scat results were not entirely
concordant; assumptions related to tissues of use in SIA, hair growth period in wolves, and scat sampling may
have contributed to a mismatch between methods. Incorrect fractionation values, insufficient separation of
prey in the isotope mixing space, choice of prior information in the Bayesian mixing models, and unexplained
factors may have distorted diet estimates. However, the consistently high proportion of moose in pack diets
suggests that increased population monitoring would benefit management of moose and wolves. Our results
also support suggestions of other researchers that species-specific fractionation values should be used
whenever possible, and that SIA may sometimes only provide indices of use for general groups of prey
(e.g., large ungulates). � 2012 The Wildlife Society.
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Diets of wolves (Canis lupus) and other large carnivores have
traditionally been estimated from kills (Burkholder 1959,
Boyd et al. 1994, Ballard et al. 1997, Kunkel et al. 1999) and
scats (Putman 1984, Leopold and Krausman 1986, Merkle
et al. 2009), or through a combination of these methods
(Potvin and Jolicoeur 1988, Huggard 1993, Arjo et al. 2002).
Stable isotope analysis (SIA) is an increasingly common
technique that may provide more comprehensive diet infor-
mation (Szepanski et al. 1999), which could be particularly
useful for managers where wolves are common predators of
wild ungulates and, occasionally, livestock.
Stable isotope analysis determines the relative proportions

of each food source in the diet of consumers by measuring
changes that occur in isotope ratios as tissues are consumed,
metabolized, and reorganized during trophic steps (Peterson

and Fry 1987). Isotopic compositions of carnivore tissues,
thus, reflect those of their prey, and because all nutrients
assimilated into tissues during growth can be measured,
a comprehensive diet record can be derived from direct
evidence (DeNiro and Epstein 1978, 1981), in contrast to
diet records that must be assembled from scat contents or
evidence at kills.
Stable isotope analysis can estimate these comprehensive

diet records over a range of temporal scales and across
multiple population levels. Depending on the turnover rates
of the available sample tissue, short- or long-term diet
records can be determined (Peterson and Fry 1987). For
example, blood contains isotopic values of food sources
metabolized over the preceding 10–14 days (Hilderbrand
et al. 1996), hair reflects diet over a period of months
(Darimont and Reimchen 2002), and bone tissue stores a
lifetime’s diet history (Tieszen et al. 1983). Because the tissue
samples used for SIA can be attributed to individuals, dietary
variability can be estimated at multiple population levels
(Urton and Hobson 2005, Darimont et al. 2008). This could
have particular utility for studies of wolf diet, which may
vary among individuals, packs, and regions (Semmens et al.
2009).
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For any diet study that uses SIA, 3 fundamental assump-
tions must be met. First, the technique requires a priori
knowledge of prey availability to the consumers, and only
the contribution of prey selected as potential diet sources can
be measured. Second, the specific contribution of each die-
tary source can only be determined if sources are isotopically
distinct (Ben-David et al. 1997). The third assumption is
that isotope values change predictably during trophic steps.
The relative retention of the heavier isotope (i.e., enrichment
or depletion) as prey tissues are metabolized and assimilated
into consumer tissues is termed trophic fractionation. When
SIA is used to determine diet, appropriate fractionation
values are applied to stable isotope values of prey before
comparison with the isotopic composition of a consumer’s
tissues. Experimental data are absent for wolves, and the
convention in SIA is to use available fractionation values of
the closest relative to the taxon of interest. The most com-
monly used fractionation values in wolf diet studies were
estimated from controlled feeding studies on red foxes
(Vulpes vulpes; Roth and Hobson 2000).
Estimating wolf diet using SIA would provide the first

methodological evaluation of this technique in the United
States portion of the Northern Rockies, and could yield
insight into the dietary ecology of a recolonizing predator
of great management interest. The first reproducing wolf
pack was documented within Glacier National Park,
Montana in 1986 (Ream et al. 1989), and the northwestern
Montana wolf population increased from �23 in 1995
(Pletscher et al. 1997) to >300 in 2009 (Sime et al.
2010). Examination of wolf diet can provide information
about how wolves use common and rare prey, and how this
use varies over space and time. New data on what wolves
consume, and the scales at which diet variation might occur
could be useful to managers in 2 ways. First, they will be able
to provide current information to the public. Second, such
data might assist managers in setting hunting seasons for
ungulates and wolves (J. S. Williams, Montana Fish,
Wildlife and Parks [MFWP], personal communication).
We used stable isotope values of wolves and their prey

to estimate the summer diet and intra-population diet
variation of wolves from 12 packs in northwestern
Montana. Variation among packs was reported from kills
in northwesternMontana (Kunkel et al. 2004) and elsewhere
from summer scats (Van Ballenberghe et al. 1975, Tremblay
et al. 2001), and stable isotope data have been used to
determine summer diet variability between individuals
(Urton and Hobson 2005). Therefore, we predicted that
pack and individual variability would explain most of the
variation in diet among all wolves. As a check on our SIA
results, we conducted a separate diet analysis on temporally
matched scats from 4 of the 12 packs, and predicted
no significant differences in proportions of prey biomass
consumed between the 2 sets of data.

STUDY AREA

The study area encompassed approximately 10,000 km2 of
northwestern Montana, a largely rugged mountainous land-
scape, interspersed with heavily forested valleys that included

portions of Kootenai National Forest, Flathead National
Forest, and Glacier National Park. Forests were dominated
by Douglas fir (Pseudotsuga menziesii), lodgepole pine
(Pinus contorta), spruce (Picea spp.), western larch (Larix
occidentalis), and ponderosa pine (Pinus ponderosa). Other
conifers were western red cedar (Thuja plicata), western
hemlock (Tsuga heterophylla), and subalpine fir (Abies
lasiocarpa). Black cottonwood (Populus trichocarpa), willow
(Salix spp.), and alder (Alnus spp.) were the common riparian
species (Pfister et al. 1977). Potential wolf prey in the study
area included bighorn sheep (Ovis canadensis), mountain
goat (Oreamnos americanus), elk (Cervus canadensis), white-
tailed deer (Odocoileus virginianus), mule deer (Odocoileus
hemionus), moose (Alces alces), beaver (Castor canadensis),
snowshoe hare (Lepus americanus), mountain cottontail
(Sylvilagus nuttallii), and small mammals. Other predators
were mountain lion (Puma concolor), black bear (Ursus
americanus), grizzly bear (Ursus arctos), lynx (Lynx canadensis),
bobcat (Lynx rufus), coyote (Canis latrans), red fox, and
wolverine (Gulo gulo).
Elevations ranged from 568 m to 2,663 m in the Cabinet

Mountains Wilderness, the Bitterroot Range, Purcell
Mountains, and Salish Mountains to the west, and the
Whitefish Range to the east (Pfister et al. 1977). Three
major rivers occurred in the study area: the Kootenai,
the Clark Fork, and the North Fork Flathead. The climate
was moderated by the Pacific Ocean, and characterized by
warm dry summers and cool wet winters (Caprio and Nielson
1992). Land use included commercial timber harvest,
mineral and energy development, federal grazing allotments,
hunting, recreational fishing, and off-road vehicle use.

METHODS

Wolves molt annually beginning in late spring (Mech 1974),
with new growth continuing until late autumn (Young and
Goldman 1944). Fully grown guard hairs, thus, contain
individual summer diet records from the year of growth
(Darimont and Reimchen 2002). Because hair samples re-
flect diet of individual wolves, we collected�2 hair samples/
pack in order to estimate pack diet. We assumed that com-
mon prey (i.e., white-tailed deer, mule deer, elk, and moose)
would comprise the majority of diet, and that approximately
5% of the diet could be composed of beaver, Colombian
ground squirrel (Spermophilus columbianus), and snowshoe
hare (Boyd et al. 1994, Kunkel et al. 1999, Arjo et al. 2002,
Urton and Hobson 2005). Accordingly, we selected these
7 species as potential dietary sources in our SIA.
Wolves consumemostly muscle and internal organs of their

prey; however, these samples are difficult to obtain for studies
of wild wolves, and hair is typically used as the source of prey
species isotope values (Darimont and Reimchen 2002,
Urton and Hobson 2005). We collected 100 whole hairs/
sample from harvested white-tailed deer (n ¼ 31), mule deer
(n ¼ 30), elk (n ¼ 25), and moose (n ¼ 9) at 4 hunter check
stations within the study area in November and December
2008. We collected hairs from beavers (n ¼ 3) trapped in
damage control operations in September 2009. We collected
44 wolf hair samples from 12 packs (x ¼ 3.7 samples/pack,
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range ¼ 2–8), May to August 2009. We collected guard
hairs from individual day beds (i.e., circular substrate depres-
sions �1 m2) at home sites (i.e., dens and rendezvous sites
[n ¼ 36]) and kills (n ¼ 3), assuming shed hairs to be the
previous year’s growth and, therefore, representative of diet
during summer 2008. Because beds may include hairs from
multiple wolves (Stenglein et al. 2010), we only sampled
from beds >1 m2 if we found sufficient hairs in a single
clump for a complete sample (i.e.,�30 hairs, Darimont et al.
2007). We also collected hairs from wolves captured for
population monitoring (n ¼ 3), and wolves killed on roads
(n ¼ 2).We placed all samples in 118 mLWhirl-Pak1 bags
(Nasco, Fort Atkinson, WI) labeled with date, pack, and
location.
We sonicated hair samples in glass vials of deionized water

using a Branson Tabletop Ultrasonic Cleaner, Model 3510
(Branson Ultrasonic Corporation, Danbury, CT) to
remove coarse debris from hairs, and dried samples for
24 hours. We rinsed samples under a ventilation hood in
a 2:1 chloroform/methanol solution to remove fine debris
and oils (Darimont et al. 2007). We ground dried hairs to
powder in a Wig-L-Bug1 DS-80 amalgamator (Crescent
Dental Co., Chicago, IL). We placed 1 mg of ground hair
into 5 mm � 7 mm pre-combusted tin cups, and sent
samples in 96-well plates to the University of California,
Davis, Stable Isotope Facility for continuous-flow mass
spectrometry analysis.
Samples were analyzed for stable isotopes of carbon and

nitrogen using a PDZ Europa ANCA-GSL elemental
analyzer interfaced to a PDZ Europa 20-20 isotope mass
spectrometer (Sercon Ltd., Cheshire, United Kingdom).
During mass spectrometry, samples are combusted, resulting
in separation of CO2 and N2, which are then measured to
calculate isotope ratios (Fry 2006). Isotope values are
expressed in delta notation (d) as

dX ¼ Rsample

Rstandard
� 1

� �
1000;

where X is 13C or 15N, and R is 13C/12C or 15N/14N. The
standards used in SIA are PeeDee Belemnite limestone for
carbon, and atmospheric N2 for nitrogen (DeNiro and
Epstein 1978, 1981).
We calculated mean and standard deviation from individ-

ual d13C and d15N values of all prey species, and used non-
parametric Mann–Whitney U tests to determine if species
were isotopically distinct at the 0.05 significance level. We
report means and standard deviations of d13C and d15N for
wolves and diet sources from our samples, and literature
values (Roth et al. 2007) for Columbian ground squirrel
(ground squirrel) and snowshoe hare (Table 1). Beaver
and ground squirrel could not be isotopically separated
(Fig. 1), and because these species would share the
same region of the stable isotope mixing space with other
potential rodent and lagomorph diet sources (e.g., deer
mouse [Peromyscus maniculatus], mountain cottontail; Roth
et al. 2007), we removed ground squirrel, and used our beaver
stable isotope values to represent 1 group of uncommon prey

(i.e., other). All remaining wolf diet sources were isotopically
distinct for �1 isotope value (Table 2).
We used a hierarchical Bayesian stable isotope mixing

model approach recently developed and tested on similar
data to determine proportional contributions of prey to wolf
diet and to estimate intra-population variation (Moore and
Semmens 2008, Semmens et al. 2009). This technique can
account for variability in prey species isotope values and
trophic fractionation, and it can limit the uncertainty inher-
ent in examining many potential diet sources. The Bayesian
approach explicitly incorporates source isotope uncertainty
by factoring in mean and variance parameters for each source
and isotope (e.g., mean and variance of d15N for elk), and
variance in fractionation values.
In a Bayesian framework, the use of prior information (e.g.,

prior knowledge of wolf diet) can further help to resolve such

Table 1. Means and standard deviations of d13C and d15N values estimated
from hairs for wolves and diet sources in northwestern Montana, 2008 and
2009.

Species n

d13C d15N

x SD x SD

Wolf 44 �22.91 0.32 5.29 0.67
White-tailed deer 31 �25.07 0.8 3.64 0.75
Mule deer 30 �25.15 0.67 2.52 1.63
Elk 25 �25.51 0.41 2.38 0.49
Moose 9 �25.57 0.44 0.56 0.61
Beaver 3 �24.44 0.22 6.24 1.09
Snowshoe harea 207 �26.64 1.15 1.7 1.29
Ground squirrela 16 �25.30 0.56 5.9 2.24

a Snowshoe hare and Columbian ground squirrel stable isotope values are
from Roth et al. (2007).

Figure 1. Themixing space withmean d15N and d13C (þ3.4% andþ2.6%,
respectively for fractionation) of potential wolf prey (�SE), and mean values
for 12 wolf packs (gray circles) in northwestern Montana, 2008. Snowshoe
hare and Columbian ground squirrel values are from Roth et al. (2007).
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uncertainties, and refine estimates. To calculate informative
priors, we used MFWP population data (http://fwp.mt.gov/
hunting/planahunt/) to estimate total available biomass of
each large ungulate prey species within the 8 hunting districts
potentially overlapped by the 12 sampled wolf packs (Sime
et al. 2010). For each hunting district, we multiplied species
population estimates by literature estimates of consumable
biomass (i.e., kg/individual adult) for white-tailed deer, mule
deer (Dusek et al. 1989), elk (Quimby and Johnson 1951),
and moose (Schladweiler and Stevens 1973). We used a
population estimation method from the literature for snow-
shoe hares (Murray et al. 2002), and consumable biomass/
individual (Fuller and Keith 1980) to estimate their
availability to wolves in our study area. Because snowshoe
hare tend to comprise a small portion of wolf diet relative to
availability (Messier and Crête 1985, Fuller 1989, Thurber
and Peterson 1993, Arjo et al. 2002), we reduced the result-
ing estimate by a third to limit a potentially unrealistic
influence in the model. We used literature estimates on
density of lodges (i.e., lodges/km2), colony size, home range,
and consumable biomass (Fuller and Keith 1980), to calcu-
late beaver availability. We multiplied lodge density by
10,000 (i.e., the approximate km2 size of our study area)
to estimate the number of lodges in our study area, and
multiplied this number by the colony size estimate, and
the result by estimated consumable biomass. Because we
also used beaver as a SIA proxy for isotopically similar
prey species, we did not adjust this estimate to reflect any
discrepancy between availability and use.
The total estimated consumable biomass for beaver and

the adjusted estimate for snowshoe hare were split evenly
among the 8 hunting districts. For each hunting district,
we calculated percent consumable biomass of the 6 prey
categories, and used these data to calculate a Dirichlet
prior distribution of alpha values (i.e., a single value for
each prey category) for models with informative priors in
the program R (R version 2.13.0, www.r-project.org,
accessed 24 Jun 2011). We used þ2.6% and þ3.4% as
our diet-hair trophic fractionation values of d13C and

d15N, respectively (Roth and Hobson 2000), and variance
values (J. D. Roth, University of Manitoba, personal
communication) from the same experimental feeding study
on isotopic fractionation in red foxes.
We estimated 8 hierarchically structured models to deter-

mine the scale at which most wolf diet variability occurred
within our study area using R code adapted from Semmens
et al. (2009). To explore the sensitivity of the choice of
prior, we estimated all models with informative and non-
informative priors. We estimated all models with and
without residual error terms to incorporate variability in
individual isotope values unrelated to diet: 2 models assumed
a single invariant diet for all wolves and incorporated random
effects at the group level (i.e., packs had a shared global mean
diet, and varied around that), 2 models assumed a shared
mean diet for all packs and incorporated random effects at
the individual level (i.e., diet was allowed to vary among
individuals but not packs, 2 models allowed diet to vary
among packs but not individuals, and 2 models allowed
variation among packs and individuals. We evaluated data
support for each model using the Deviance Information
Criterion (DIC).
Scats produced by wolves during summer 2008 contained

undigested remains of the same prey whose digested flesh
contributed to tissue growth (i.e., including guard hairs
used for SIA) of wolves in that period. We collected
204 scats at home sites (n ¼ 114) and opportunistically
from roads (n ¼ 90) within the home ranges of 4 of the
SIA packs between June and August 2008 to check our
SIA results with a separate diet analysis. We only collected
scats �32 mm in diameter to minimize the probability
of collecting coyote scats (Weaver and Fritts 1979, Arjo
et al. 2002, Reed et al. 2006). Assuming coyotes would be
unlikely to venture into den areas or rendezvous sites, we
collected all adult canid scats <250 m from the center of
home sites. We assumed all scats <15 mm diameter to be
pup scats and did not collect them. We placed individual
scats in brown paper bags labeled with date, pack, and
location.

Table 2. Mann–WhitneyU test scores for tests of difference between d13C and d15N values of wolf diet sources from hairs collected in northwesternMontana,
2008 and 2009.

Prey White-tailed deer Mule deer Elk Moose Beaver Snowshoe harea Ground squirrela

White-tailed deer (n ¼ 31) d13C 435 253� 86 24 1,082��� 229
d15N 166��� 64��� 0��� 0��� 535��� 75���

Mule deer (n ¼ 30) d13C 435 239� 82 13� 1,086��� 238
d15N 166��� 285 7��� 6� 2,325��� 62���

Elk (n ¼ 25) d13C 253� 239� 92 0�� 1,251��� 122�

d15N 64��� 285 0��� 0�� 1,536�� 27���

Moose (n ¼ 9) d13C 86 82 92 1� 486� 37�

d15N 0��� 7��� 0��� 0� 376�� 0���

Beaver (n ¼ 3) d13C 24 13� 0�� 1� 29�� 9
d15N 0��� 6� 0�� 0� 0�� 18

Snowshoe hare (n ¼ 207) d13C 1,082��� 1,086��� 1,251��� 486� 29�� 574���

d15N 535��� 2,325��� 1,536�� 376�� 0�� 156���

Ground squirrel (n ¼ 16) d13C 229 238 122� 37� 9 574���

d15N 75��� 62��� 27��� 0��� 18 156���

�, ��, and ��� indicate d13C or d15N values are statistically different at the 0.05, 0.01, and 0.001 significance levels, respectively.
a Snowshoe hare and Columbian ground squirrel stable isotope values are from Roth et al. (2007).
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We sterilized scats in a 533LS Getinge/Castle steam ster-
ilizer (Getinge/Castle, Rochester, NY), hand-separated
them, and used macro and microscopic characteristics of
hair and bone to identify contents to species (Putman
1984, Leopold and Krausman 1986, Spaulding et al.
1997). We recorded frequency of occurrence (FO) of
each prey species in scats for each pack, and calculated
biomass consumed of each species/scat using the regression
equation

y ¼ 0:439þ 0:008x;

where y was the mass (kg) of prey consumed/scat and x was
the mean adult mass of the prey species (Floyd et al. 1978,
Weaver 1993). We generated 5,000 bootstrapped samples to
estimate mean and variance of prey biomass consumed by
each pack using FOweighted by biomass from the regression
equation using R. We tested for differences in diet among
packs using Pearson’s chi-squared tests of proportions on FO
counts weighted by total FO (i.e., all prey occurrences for a
given pack) and mean proportion of prey biomass consumed
from bootstrapped samples (SPSS, Inc., Chicago, IL).
To check our SIA results with scat data, we used R to

estimate confidence intervals (CIs) of difference between
the CIs estimated in the Markov Chain Monte Carlo
simulations from the best Bayesian model and CIs from
bootstrapped scat data for the 4 packs with matched samples.
Because white-tailed deer and mule deer could not be
distinguished using remains in scats, we used combined
CIs weighted according to SIA results for this comparison.
We also used weighted CIs combining beaver and snowshoe
hare data for comparison with the ‘‘other’’ prey CIs from
scats. We determined the level of similarity between tech-
niques by identifying whether or not CIs of difference con-
tained 0, and report statistical significance at the 0.05, 0.01,
and 0.001 levels for 32 comparisons (i.e., 4 for each pack’s
scat data compared to SIA data from Bayesian models with
informative and non-informative priors).
We ranked the 4 most common prey groups in diet for the

4 matched samples packs from SIA results of the best
model with informative and non-informative priors (i.e.,
using the combined deer, and combined beaver and snow-
shoe hare groups), and from scat analysis, giving scores of 4 to
1 in descending order.We summed ranks for each prey group
and analysis method across the 4 packs, and divided each prey
group total by the total number of ranks to determine a rank
sum percent and facilitate a graphical comparison of rank
order of contribution of prey to diet.
Because we collected all our noninvasively sampled hairs at

wolf home sites, and because we followed literature protocols
to ensure against collecting coyote scats, we were confident
that our samples came from wolves. As an additional check,
we used DNA analysis to verify this assumption. We
randomly selected 5 SIA packs and randomly sampled a
hair sample from each of those.We randomly sampled 3 scats
from the Candy Mountain pack and 2 each from the other
3 scat packs. We sent hairs and scats to the University of
California, Los Angeles, where the samples were analyzed

for species verification using primers designed to only
amplify canid specific mitochondrial DNA (Munoz-
Fuentes et al. 2009).

RESULTS

Mean isotope values for wolf packs were centered on the
ungulate prey species in the mixing space (Fig. 1). From
models with informative priors, moose was the most com-
mon diet item for 6 packs, and white-tailed deer and elk were
the most common prey item for 3 packs each. These 3 prey
were variously the second and third most common diet items
for 10 and 12 packs, respectively, with snowshoe hare being
the second most common for the other 2 packs. Frommodels
with non-informative priors, moose was the most common
diet item for 11 packs, with beaver the most common prey for
1 pack (i.e., Ksanka). Elk was the second most common prey
for all packs, and moose, beaver, and snowshoe hare were
variously the third most common diet item (Table 3).
The model that included pack variation alone with no

residual error term was the only model that received strong
support (i.e., for models including informative and non-
informative priors). We found weak support for the model
that included pack variation with the residual error term (i.e.,
differences in DIC scores of 9.3 and 8.8 between this and the
top model with informative and non-informative priors,
respectively). No other models were supported, and for
both sets of priors, 3 of the 4 models that included individual
variation did not converge (Table 4).
From scats, ungulate prey comprised 96% of biomass con-

sumed by wolves. Deer (42%) contributed the largest pro-
portion to wolf diet, followed by elk (36%), and moose
(18%). The remaining 4% of biomass consumed consisted
of ground squirrel and unidentified mammals (Table 5).
Deer was the most common prey item for the Candy
Mountain and Pulpit Mountain packs, elk the most common
for Bearfite, and moose the most common for Twilight
(Fig. 2).
Pack diets differed based on scat analysis. Bearfite was

different from Candy Mountain (x2 ¼ 21.142, P < 0.001)
and Pulpit Mountain (x2 ¼ 18.61, P < 0.001), but not
Twilight (x2 ¼ 1.233, P ¼ 0.54). Candy Mountain was dif-
ferent from Twilight (x2 ¼ 30.685, P < 0.001), but not
Pulpit Mountain (x2 ¼ 4.073, P ¼ 0.13). Pulpit Mountain
was different from Bearfite (x2 ¼ 18.61, P < 0.001) and
Twilight (x2 ¼ 22.801, P < 0.001).
Confidence intervals of difference from SIA and scat data

revealed no differences in comparisons of moose consump-
tion by the Bearfite and Twilight packs with the informative
priors model. We did not find differences between SIA and
scat estimates in all comparisons of the ‘‘other’’ prey group,
and only 1 difference in comparisons of elk consumed
(i.e., Bearfite pack, informative priors model). All except
1 comparison of deer consumed (i.e., Twilight) were
different using the informative priors model. All compari-
sons of moose and deer consumed were different using the
non-informative priors model (Table 6).
Additional comparisons detected differences among

consumption estimates for the 2 techniques. In our non-
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parametric tests, moose was ranked first by SIA from
models with both types of priors, deer and elk were
second from models with informative and non-informative
priors, respectively. Other prey and deer were the least

common prey with informative and non-informative priors,
respectively. Deer and elk ranked as the most common prey
items from scats, followed by moose and other prey items
(Fig. 3).

Table 3. Posterior median estimates and 95% confidence intervals of summer 2008 diet proportions for 12 northwestern Montana wolf packs, from Bayesian
stable isotope mixing models using informative (I) and non-informative (N) priors.

Pack

Median proportion of diet (95% CI) from diet source

White-tailed deer Mule deer Elk Moose Beaver Snowshoe hare

Fishtrap
I 0.26 (0.02, 0.56) 0.05 (0.00, 0.34) 0.31 (0.01, 0.86) 0.19 (0.00, 0.47) 0.00 (0.00, 0.11) 0.07 (0.00, 0.33)
N 0.06 (0.00, 0.33) 0.05 (0.00, 0.25) 0.29 (0.04, 0.74) 0.33 (0.09, 0.57) 0.11 (0.01, 0.24) 0.06 (0.00, 0.25)

Bearfite
I 0.10 (0.01, 0.26) 0.03 (0.00, 0.18) 0.09 (0.00, 0.37) 0.57 (0.31, 0.78) 0.00 (0.00, 0.05) 0.14 (0.00, 0.40)
N 0.03 (0.00, 0.15) 0.03 (0.00, 0.14) 0.14 (0.02, 0.38) 0.63 (0.40, 0.80) 0.04 (0.00, 0.10) 0.07 (0.00, 0.31)

Thirsty
I 0.12 (0.01, 0.30) 0.03 (0.00, 0.25) 0.09 (0.00, 0.42) 0.59 (0.26, 0.81) 0.00 (0.00, 0.05) 0.07 (0.00, 0.38)
N 0.04 (0.00, 0.17) 0.03 (0.00, 0.18) 0.15 (0.02, 0.42) 0.62 (0.39, 0.81) 0.04 (0.01, 0.12) 0.05 (0.00, 0.26)

Candy Mt.
I 0.16 (0.01, 0.42) 0.04 (0.00, 0.37) 0.16 (0.01, 0.70) 0.41 (0.03, 0.72) 0.00 (0.00, 0.07) 0.08 (0.00, 0.45)
N 0.05 (0.00, 0.23) 0.04 (0.00, 0.23) 0.22 (0.03, 0.60) 0.50 (0.20, 0.74) 0.06 (0.01, 0.17) 0.06 (0.00, 0.28)

Pulpit Mt.
I 0.18 (0.02, 0.41) 0.04 (0.00, 0.23) 0.37 (0.03, 0.79) 0.26 (0.03, 0.48) 0.00 (0.00, 0.08) 0.09 (0.00, 0.27)
N 0.06 (0.00, 0.26) 0.04 (0.00, 0.20) 0.33 (0.05, 0.68) 0.36 (0.15, 0.57) 0.08 (0.01, 0.19) 0.07 (0.00, 0.23)

Twilight
I 0.12 (0.01, 0.29) 0.04 (0.00, 0.27) 0.09 (0.00, 0.39) 0.62 (0.38, 0.83) 0.00 (0.00, 0.05) 0.04 (0.00, 0.23)
N 0.04 (0.00, 0.17) 0.03 (0.00, 0.19) 0.15 (0.02, 0.39) 0.64 (0.44, 0.82) 0.04 (0.01, 0.12) 0.04 (0.00, 0.18)

Kootenai S.
I 0.28 (0.04, 0.53) 0.06 (0.00, 0.26) 0.37 (0.04, 0.78) 0.16 (0.01, 0.39) 0.00 (0.00, 0.17) 0.05 (0.00, 0.20)
N 0.08 (0.00, 0.33) 0.05 (0.00, 0.21) 0.30 (0.05, 0.63) 0.31 (0.11, 0.50) 0.16 (0.02, 0.27) 0.06 (0.00, 0.18)

Ksanka
I 0.66 (0.08, 0.95) 0.03 (0.00, 0.47) 0.08 (0.00, 0.45) 0.05 (0.00, 0.22) 0.00 (0.00, 0.29) 0.05 (0.00, 0.29)
N 0.07 (0.00, 0.55) 0.04 (0.00, 0.36) 0.21 (0.03, 0.56) 0.20 (0.04, 0.42) 0.29 (0.03, 0.44) 0.07 (0.00, 0.26)

Lazy Ck.
I 0.08 (0.01, 0.24) 0.03 (0.00, 0.32) 0.05 (0.00, 0.27) 0.64 (0.07, 0.90) 0.00 (0.00, 0.04) 0.10 (0.00, 0.64)
N 0.03 (0.00, 0.14) 0.02 (0.00, 0.18) 0.10 (0.01, 0.29) 0.70 (0.36, 0.88) 0.04 (0.00, 0.10) 0.05 (0.00, 0.37)

Lydia
I 0.17 (0.01, 0.44) 0.05 (0.00, 0.40) 0.16 (0.01, 0.71) 0.41 (0.03, 0.71) 0.00 (0.00, 0.07) 0.07 (0.00, 0.43)
N 0.05 (0.00, 0.24) 0.04 (0.00, 0.25) 0.21 (0.03, 0.60) 0.50 (0.20, 0.74) 0.06 (0.01, 0.18) 0.06 (0.00, 0.26)

Murphy Lk.
I 0.25 (0.01, 0.56) 0.05 (0.00, 0.42) 0.22 (0.01, 0.84) 0.22 (0.01, 0.51) 0.00 (0.00, 0.09) 0.08 (0.00, 0.42)
N 0.05 (0.00, 0.32) 0.04 (0.00, 0.29) 0.26 (0.03, 0.77) 0.36 (0.08, 0.62) 0.09 (0.01, 0.23) 0.07 (0.00, 0.30)

Kintla
I 0.26 (0.02, 0.06) 0.05 (0.00, 0.40) 0.25 (0.01, 0.84) 0.22 (0.01, 0.52) 0.00 (0.00, 0.11) 0.07 (0.00, 0.37)
N 0.06 (0.00, 0.32) 0.05 (0.00, 0.27) 0.27 (0.03, 0.72) 0.36 (0.10, 0.62) 0.10 (0.01, 0.25) 0.06 (0.00, 0.25)

Table 4. Summary of 8 stable isotope mixingmodels explaining summer diet variation among 44 wolves and 12 packs in northwesternMontana, 2008.Models
could include variation among packs, individuals, or residual error, as indicated by Y or N (i.e., yes, the model included this source of variation, or no, the model
did not), and are ranked according to data support.

Rank

Informative priorsa Non-informative priorsb

Pack Individual Residual DICc Pack Individual Residual DIC

1 Y N N 93.8 Y N N 76.8
2 Y N Y 103.1 Y N Y 85.6
3 N N Y 136.8 N N N 120.7
4 N Y N 147.0 N N Y 121.4
5 N N N 151.1 N Y N 141.5
6 Y Y N NAd Y Y N NA
7 Y Y Y NA Y Y Y NA
8 N Y Y NA N Y Y NA

a We calculated prior information on summer wolf diet by estimating available biomass fromMontana Fish,Wildlife and Parks population data for 8 hunting
districts in northwestern Montana (http://fwp.mt.gov/hunting/planahunt/) overlapped by the estimated home ranges of sampled wolf packs (Sime et al.
2010), and available biomass of beaver and snowshoe hare from the literature (Fuller and Keith 1980, Murray et al. 2002).

b Models with non-informative prior information assumed all diet source contributions were equally likely.
c The Deviance Information Criterion is used to evaluate data support. Smaller values indicate greater support for a model.
d NA ¼ models did not converge.
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From our DNA tests, all 5 hair samples were identified as
wolf. Of the 9 scats tested, only 3 amplified, each of which
was identified as wolf.

DISCUSSION

Our results comprise a mix of methodological validation and
inconsistency, and include the first indication that moose is a
large component of wolf diet in northwestern Montana. The
mean isotope values for 12 wolf packs were centered on
the ungulate prey in the mixing space (Fig. 1), and differ-
ences in summer diet among packs explained most of the
variation when models were estimated with informative or
non-informative priors (Table 4). In our check using scat
data from 4 of these packs, ungulates comprised a similarly

large proportion of summer wolf diet, and chi-squared tests
revealed differences among pack diets. In the direct compar-
isons between informative priors SIA and scat results, 6 of 16
were significantly different, but of those that matched (i.e.,
were not significantly different), 2 were moose comparisons
(Table 6). The lack of concordance between methods neces-
sitates cautious interpretation, but the surprising prominence
of moose in wolf diet suggests that management of this
species would benefit from increased monitoring.
Our assumption that white-tailed deer would comprise the

largest proportion of wolf diet was based on their numerical
dominance among the cervids in the study area, the fact that
wolves commonly consume these prey, and the absence of
any existing information on prey preference. Reliable popu-
lation estimates for white-tailed deer, mule deer, and elk are
generated each year by MFWP from hunter harvest and
survey data, but relatively little about the moose population
can be determined because so few are harvested (e.g., in the 3
hunting seasons from 2008 to 2010, 160 moose were har-
vested from 6 of our study area’s 8 hunting districts [i.e.,
those for which data were available]; http://fwp.mt.gov/
hunting/planahunt/harvestReports.html). Without more
intensive monitoring, we cannot know whether moose
population estimates are low or high, but our results suggest
summer wolf diet includes more moose and less deer than
would be expected from availability of ungulate prey biomass.
Underlying any conclusions that can be drawn from this

study is the fact that neither SIA nor scat data may accurately
represent the sampled packs’ diets. Sampling biases beyond
those inherited from MFWP population estimates likely
combined with intrinsic analysis biases to place our estimates
at unknowable points along the reality continuum, but we
can assess the relative impact of each bias to discern what
wolves in northwestern Montana are likely consuming,
and what could have improved this and future studies.
Several factors related to data collection could have resulted
in mismatched stable isotope and scat data. First, in reporting
summer biomass consumed by wolves, we assumed that
d13C and d15N of prey hairs taken from harvested animals
in November andDecember would be similar to those of prey
consumed by wolves during the summer of that year, and that

Table 5. Diet estimated from scats of 4 northwestern Montana wolf packs between June and August 2008.

Prey Mass (kg) kg/scata FOb Weighted FOc % biomassd

Deer 60e 0.92 136 96.17 0.42
Elk 260f 2.52 47 81.72 0.36
Moose 318g 2.98 22 40.26 0.18
Other 14h 0.55 22 8.85 0.04
Total 227 227.00 1.00

a We calculated biomass consumed/scat from regression equations (Floyd et al. 1978, Weaver 1993).
b Frequency of occurrence of prey items from all scats.
c We calculated mean proportions of biomass consumed by each pack with bootstrapped data from FO of each prey item weighted by values from the
regression equation. Weighted FO for each pack was the product of bootstrapped mean values for each species and total FO of all species. This column
represents weighted FO totals for each species across all packs.

d Percent biomass consumed of each prey item calculated as weighted FO/total FO.
e Assumed from Dusek et al. (1989).
f From Quimby and Johnson (1951).
g From Schladweiler and Stevens (1973).
h From Fuller and Keith (1980).

Figure 2. Percent biomass consumed of each diet source estimated from
scats of 4 wolf packs in northwestern Montana between June and August
2008. We weighted proportions by scat sample size for each pack. We used
frequency of occurrence of species weighted by biomass consumed/scat for
each pack and 5,000 bootstrapped samples to estimate means and variance.
We used mean adult mass of identified species from the literature, and used
beaver as the representative diet source for the ‘‘Other’’ category.
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hair values would not differ from those of muscle and internal
organs (i.e., the tissues wolves consume). Consistent differ-
ences between hair and actual tissues consumed among prey
species would likely distort results and cause a mismatch if
scat data were accurate. However, a recent study on wolf diet
in British Columbia that reported d13C and d15N from
summer hair and winter muscle values of elk and moose
suggests such differences are unlikely in these species. Moose
d13C and d15N, and elk d13C were within 1standard devia-
tion (i.e., from our data for these species) of each other, and
the difference between elk hair and muscle d15N was well
inside the range of our values for hair (Milakovic and Parker
2011). Because white-tailed deer was a diet item that may
have been underestimated by the SIA in our study, deter-
mining if they share this similarity in values between tissues

would be instructive, but the evidence suggests this is not an
influential source of error.
Our assumption of time period represented by wolf hairs

may also be questionable. We assumed that guard hairs of
wolves grow only during the middle 6 months of the year,
and therefore, represent diet for that period. We cited a
commonly used, but aging anecdotal reference (i.e., Young
and Goldman 1944), but recent reports suggest wolves may
continue adding guard hairs to their pelage throughout the
winter months (K. Loveless, Trent University, unpublished
data). Any inadvertently sampled winter-grown hairs would
have limited our ability to determine summer diet, and would
have rendered summer scats meaningless as checks. Such
data collection errors seem unlikely to have played a part in
our study, however, because even where wolves are known to
rely on moose, they consume proportionately less moose in
winter when alternative prey are available (Fritts and Mech
1981, Potvin and Jolicoeur 1988, Milakovic and Parker
2011), suggesting that d15N of any winter-grown hairs would
have placed wolves closer to elk and deer than moose. Until
experimental work is conducted on hair growth, we cannot
speculate further on this bias.
Another potential cause of discordance between datasets

could have affected both methods. Because the majority of
wolf hair samples (i.e., 82%) and scat samples (i.e., 56%) were
collected at home sites, the breeding female in each pack had
a greater than average chance of being represented by both
datasets compared to other pack members not as closely tied
to home sites (Ballard et al. 1991, Mech 1999). Similarly, the
hair samples used for SIA may not have contained pack diet
information if the individual wolves from which they came
primarily hunted alone or paired with another pack member.
Any of the other well described sources of bias from

inadequate sample sizes and data interpretation could have
affected our scat analysis (Floyd et al. 1978, Reynolds and
Aebischer 1991, Trites and Joy 2005). We only collected
scats between June and August 2008, and the relatively
modest sample sizes collected in small proportions of each
home range may not have been representative. Regardless of

Table 6. Ninety-five percent confidence intervals of difference between estimates of diet source contributions from stable isotope analysis (SIA) and boot-
strapped scat data. We estimated stable isotope mixing models using informative (I) and non-informative (N) priors. We collected matched wolf scat and hair
samples in 2008 and 2009, respectively, from 4 packs in northwestern Montana.

Pack

95% CIs of difference between SIA and scat analysis estimates

Deera Elk Moose Otherb

Bearfite
I 0.014, 0.358� 0.006, 0.502� �0.554, 0.007 �0.375, 0.035
N 0.114, 0.390�� �0.005, 0.472 �0.585, �0.086�� �0.244, 0.029

Candy Mt.
I 0.100, 0.615� �0.341, 0.437 �0.695, �0.002� �0.371, 0.063
N 0.281, 0.646�� �0.242, 0.405 �0.712, �0.169�� �0.182, 0.055

Pulpit Mt.
I 0.285, 0.890��� �0.638, 0.232 �0.484, �0.029��� �0.222, 0.088
N 0.415, 0.940��� �0.552, 0.245 �0.569, �0.152��� �0.177, 0.076

Twilight
I �0.061, 0.296 �0.063, 0.437 �0.518, 0.024 �0.170, 0.068
N 0.043, 0.319� �0.071, 0.410 �0.515, �0.032� �0.111, 0.059

�, ��, and ��� indicate statistical differences between diet estimates from SIA and scat data at the 0.05, 0.01, and 0.001 significance levels, respectively.
a We combined white-tailed deer and mule deer and used CIs weighted according to SIA results for comparison with the ‘‘deer’’ CIs from scats.
b We used weighted CIs combining beaver and snowshoe hare data according to SIA results for comparison with the ‘‘other’’ prey CIs from scats.

Figure 3. Non-parametric rankings, according to analysis method (i.e.,
stable isotope analysis [SIA] with informative priors (I) and non-informative
priors (N), and scat analysis) of prey consumed by wolves from matched SIA
and scat samples of 4 packs in northwestern Montana, summer 2008. Bars
represent relative position out of 4, not proportions of prey consumed.
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scat sample size, scats collected during this period may not
represent diet during May, September, and October (i.e., the
other months of diet record derived from SIA of hairs)
because wolves may vary their prey use throughout the
6-month diet period that hairs were assumed to represent
(Fritts and Mech 1981, Fuller 1989). In future studies
that use scats collected in a continuous proportion of the
assumed hair growth period, researchers could consider
using SIA of the section of hair grown during that period;
a technique that has been successfully tested (Darimont and
Reimchen 2002).
Our primary interest was to determine wolf diet with SIA,

and several biases intrinsic to this method may have contrib-
uted to the surprisingly low deer and high moose content
reported from these data. One explanation is that we used
fractionation values that were not appropriate for our study.
We used the same fractionation values derived from experi-
mental feeding trials on red foxes that have been used in
5 other wolf diet studies, none of which commented on
potential problems with these values (Urton and Hobson
2005, Darimont et al. 2009, Semmens et al. 2009, Adams
et al. 2010, Milakovic and Parker 2011), but assuming no
other errors, red fox values might work for some studies and
not others.
Depending on the prime focus of these studies, they can be

divided into groups of differing need for precise fractionation
values. Three of these studies were primarily aimed at deter-
mining the relative contribution of salmon (Oncorhyncus spp.)
to wolf diet compared to that of ungulate prey (Darimont
et al. 2009, Semmens et al. 2009, Adams et al. 2010). For
such a question, as long as the fractionation values place
potential wolf prey in approximately the same area of the
mixing space as wolves, any real significant use of salmon
likely would be detected because their isotope values are so
distinct from those of ungulates. In studies that seek to
determine the relative consumption of wild ungulate prey,
the need for precision is much greater because no groups of
interest are likely to occupy distant areas of the mixing space
(e.g., Fig. 1). In such cases, including separate diet measures
(e.g., scats) as checks can be especially useful, but because
truth is still unknown, they may be more useful for indicating
problems than confirming accuracy (i.e., uncovering a mis-
match is useful, but an apparent match may provide false
confidence). The other 2 cited studies and our own used scats
either as guides for selecting potential prey for SIA (Urton
and Hobson 2005), or as checks on SIA results (i.e., this
study, and Milakovic and Parker [2011]). Estimates of elk,
moose, and Stone’s sheep (Ovis dalli) from SIA and scats
were generally concordant in Milakovic and Parker (2011),
but from 1 summer of data, caribou (Rangifer tarandus)
contributed 28% of diet across packs according to scats,
but the greatest pack mean for caribou from the SIA for
the same period was 6%. This and our results illustrate the
problem of knowing truth, and the potential value of using
species-specific fractionation values in mixing models.
The suitability of red fox fractionation values is possibly a

matter of coincidence, especially if fractionation in wolves
varies regionally. In a study on wolves of Isle Royale,

Minnesota, where controlled feeding conditions were ap-
proximated (i.e., because moose were the only available
ungulate prey), d15N fractionation of 4.6% was estimated
from SIA of wolf collagen. The authors noted that this value
was greater than those estimated for other carnivores, and
greater than that estimated for the more omnivorous red
foxes in Roth and Hobson (2000), and they suggested the
difference was due to the high protein diet of wild wolves
(Fox-Dobbs et al. 2007). Substitution of this for the red fox
d15N fractionation of 3.4% could have substantial effects on
the results of any study where >1 potential prey species are
placed in relative proximity within the isotope mixing space.
Interestingly, the relative effect of the level of diet protein on
d15N fractionation is subject to disagreement in the litera-
ture, with other authors suggesting high protein likely leads
to lower d15N fractionation (Robbins et al. 2010). In any
case, the commercial feed used for red foxes in Roth and
Hobson (2000) was relatively low in protein compared to
wolf diet, and true wolf d15N fractionation likely differs.
The plausibility of results from other studies does not

assure their accurate reflection of reality, and choice of
fractionation values has been well-documented as a critical
one for SIA (Ben-David and Schell 2001, Phillips andGregg
2001). As costs of SIA decline, and statistical methods for
incorporating uncertainty in stable isotope data becomemore
reliable, the use of this technique will likely increase, but
lower cost and improved statistics will only lead to more
studies with inaccurate results if the basic ingredients of any
SIA are poorly chosen. A comprehensive review of the SIA
literature recently concluded that as well as being taxon-, and
tissue-specific, fractionation values are dependent on diet
isotope ratios (i.e., a negative relationship exists between
d13C and d15N of diet items and diet-tissue fractionation
values), and that because most studies use single non-taxon-
specific values for each isotope, regardless of differences
in diet items, many may have reported meaningless results
(Caut et al. 2009).
Even with precise fractionation values, if ungulate prey are

isotopically indistinguishable, determining relative propor-
tions of each contribution may be impossible, and researchers
may have to be content simply with confirming that wolves
consume ungulates, but not some other prey group that
occupies a remote corner of the mixing space. For example,
in our analysis, we used beaver as an isotope label for a group
of smaller prey not expected to be major components of wolf
diet. Results from the non-informative priors model ranked
beaver as the primary prey source for the Ksanka pack
(Table 3), but if true, such a result would really mean
28% of this pack’s diet consisted of beaver and any other
potential prey in this area of the mixing space. As the results
from the non-informative model are generally less plausible
than those from the informative model, we do not consider
this result to be meaningful, but the decision to include this
combined group is the kind of choice that can have an impact
on the overall results for primary prey items because mixing
models apportion prey contributions summing to unity
among the total specified sources. This quirk of mixing
models means even prey that, in reality, contributed nothing
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to a consumer’s diet will be present as a proportion of diet in
the results, and the inclusion of a rare species may lead to
underestimation of a common one (Ben-David et al. 1997).
Although we found no evidence in scats, we included snow-
shoe hare as a potential diet source in our SIA as it was
common in our study area, and wolves are known to consume
them. However, the range of median snowshoe hare pro-
portions in diet was 4–14% across the 12 packs from the
model with informative priors, which easily exceeds scat
analysis estimates from other studies (Messier and Crête
1985, Fuller 1989, Thurber and Peterson 1993, Arjo et al.
2002). One solution for overestimation of a relatively insig-
nificant diet source in SIA is to exclude it from the mixture.
This approach is valid if any real contribution from the
eliminated source can absorbed by a neighboring diet source
in the mixing space without contributing to another overes-
timation. In our analysis, elimination of snowshoe hare
would likely have led to greater exaggeration of the moose
contribution. As no other likely sources of wolf diet occur in
this lower left region of the mixing space (Fig. 1), incorrect
fractionation, at least for d15N, seems a more plausible
explanation for moose overestimation in our analysis. In
our case, lower d15N fractionation, would have placed moose
further away and white-tailed deer closer to wolves in the
mixing space.
An additional factor that may have contributed to low deer

and high moose estimates was our choice of prior informa-
tion in the Bayesian mixing models. The only consistently
reliable statement about wolf prey preferences supported by
the literature is that wolves may kill whatever vulnerable
prey they encounter (Mech and Peterson 2003). Wildlife
managers in northwestern Montana implicitly support this
assumption in their belief that white-tailed deer are the
primary prey of wolves (J. S. Williams, personal communi-
cation). With no evidence to the contrary for our study area,
we assumed wolf diet could follow availability of biomass,
and usedMFWP ungulate population data in our estimation
of the Dirichlet prior distribution of alpha values used in the
mixing models. We extended this assumption in our calcu-
lation of the beaver and hare components of this distribution,
which wemade using population estimates of those taxa from
the literature and some appropriate adjustments. Because
calculating the prior this way included a total available
biomass estimate of >12% for snowshoe hare, this compo-
nent of our prior distribution may have affected the results by
biasing estimates towards that area of the mixing space (i.e.,
closer to snowshoe hare and moose, and further away from
white-tailed deer). However, our priors more likely had the
effect of keeping our results more in line with reality because
a comparison of results from informative and non-informa-
tive priors models revealed high sensitivity to the choice of
priors. Because non-informative priors, in fact, inform the
model that all included prey sources have an equal chance
of being consumed, they may compound the effect of
other inaccurate model inputs (e.g., fractionation values).
Regardless of priors, wolf values were clustered between
elk and moose on the d15N axis of the mixing space, and
with no other potential prey immediately near it, moose was

likely coerced by the mixing model to comprise an inflated
component of diet.
Any of these factors could have distorted our results,

and it is difficult to assess, without independent testing,
which of them was the most influential factor in our study.
Unexplained factors could also have affected our analysis.
Three of our primary prey species (i.e., the deer and elk) may
have been too closely spaced in the isotope mixing space to be
considered as distinct dietary end points by the mixing
model. In this and other similar cases, we echo the caution
of earlier researchers in this field that results from SIA should
be considered as indices of prey use rather than accurate diet
estimates (Ben-David and Schell 2001).
One factor that could be tested in future is the appropri-

ateness of red fox fractionation values for wolf diet studies.
Species-specific fractionation values are rarely available for
wildlife studies because few experimental studies have been
conducted to derive them. In some cases non-specific values
may be adequate (e.g., when SIA is used to distinguish 2
general prey groups centered in distinct areas of the mixing
space), but when managers are interested in examining a
consumer’s use of a particular prey species, the precision of
SIA would likely be improved if the consumer’s actual frac-
tionation values are different enough from previously used
non-specific values. In our study area, precise SIA results
could provide more useful information to managers on the
level and variation in use of large ungulate prey by wolves
within their regions. In northwestern Montana, where the
moose is a relatively rare but popular game species, managers
could use a combination of accurate data from SIA of wolf
diet and monitoring data on moose to inform decisions on
adjusting moose and wolf harvest quotas to maintain
populations.
Despite the differences in results from each technique, the

conclusion that summer wolf diet varied among packs was
supported. Summer diet of wolves has previously been ex-
amined at the regional, pack, and individual levels, and
combinations of these scales. Most studies examined wolf
diet through scat analysis in relatively homogeneous land-
scapes (Fritts and Mech 1981, Peterson et al. 1984, Huggard
1993). More recent studies have used stable isotopes to
examine diet variation across heterogeneous landscapes
where prey availability may vary seasonally (e.g., where
wolves have differential access to spawning Pacific salmon;
Darimont and Reimchen 2002, Darimont et al. 2009, Adams
et al. 2010). We examined wolf diet using both techniques in
a relatively homogeneous landscape where prey availability is
relatively constant (i.e., the same prey are available to wolves
throughout the year), and our results emphasize the pack as a
unit of interest for wolf diet, and the importance of consid-
ering social structure of wolves in management decisions
(Hebblewhite and Merrill 2008).
Few summer diet studies have been conducted in ecosys-

tems with a diversity of potential prey similar to our study
area. In Banff National Park, Alberta, Canada, where 6 wild
ungulate species were available to wolves, 2 wolf pack diets
were comprised of �70% elk (Huggard 1993). One study in
the eastern portion of our study area, reported winter diet
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from kills to vary between packs with different amounts of
deer and elk being consumed (Kunkel et al. 2004), and the
only summer diet study in our area did not report pack diets
(Arjo et al. 2002). We focused on an area of northwestern
Montana where we assumed deer comprised most of the
biomass available to wolves, but elk and moose were also
present and expected to comprise some proportion of wolf
diet. Assuming estimates from the informative priors model
were closer to reality, our results confirmed that deer, elk and
moose comprise the bulk of diet, but also suggested that
information on what wolves eat could be strongly affected by
which packs and how many of them are selected for study,
and which diet analysis technique is used.
When the prey of interest can be separated in the mixing

space, SIA results could provide useful indices for managers
concerned about the effects of large carnivores on ungulate
populations. Hair samples may be more readily obtainable
than scats (e.g., for a similar field effort, we collected hair
samples from 12 packs and scat samples from 4 packs), and in
some cases, existing sources of wolf hair could be exploited
for negligible extra field hours or costs. In Montana, for
example, hairs could be collected by MFWP wolf manage-
ment specialists during annual capture and radio-collaring of
wolves for population monitoring (n ¼ 17 in 2009), from
wolves killed or radio-collared in control actions by United
States Department of Agriculture Wildlife Services agents
(n ¼ 158 in 2009), and from wolves harvested by hunters
during the regulated hunting season (n ¼ 72 in 2009; Sime
et al. 2010). Because hair samples for SIA require no special
storage, and take up little space, managers could store hairs
indefinitely and conduct SIA at any time. We conducted
approximately 200 hours of SIA laboratory work for our
study, but �50% of this time was spent on preparing prey
species hairs, and this will not need to be repeated for
northwestern Montana because the isotope values of the
region’s prey are unlikely to change. Laboratory time must
be budgeted, but some stable isotope facilities (e.g., the
University of California, Davis Stable Isotope Facility,
Davis, CA) offer specimen preparation services. Managers
interested in obtaining isotope data would still have to
devote time to sample labeling, data recording, and statistical
analysis, but the exploratory work detailed here and in pre-
vious studies provides step-by-step instructions on how
to use stable isotope mixing models to interpret diet data
(Moore and Semmens 2008, Semmens et al. 2009).

MANAGEMENT IMPLICATIONS

Although methodological problems may have produced wolf
diet results that over- and underrepresented the true contri-
bution of moose and white-tailed deer, respectively, this
study provided evidence that moose require closer manage-
ment attention. In northwestern Montana, MFWP moose
population estimates are imprecise, and if some wolf packs
consume greater proportions of moose than expected,
managers may need to monitor the moose population
more closely, and adjust wolf and moose hunting quotas
accordingly. Such recommendations would apply to any
ungulate population vulnerable to wolf predation, and our

results suggest that predicting effects on a regional scale
would be very difficult because wolf packs may have different
diets.
Stable isotope analysis is a relatively low cost method for

obtaining an index of what wolves eat in a given area, but a
clearer picture may emerge if wolf specific fractionation
values become available. When specific packs are of interest
to managers, d13C and d15N of potential prey can be distin-
guished, and multiple samples from a pack can be obtained,
SIA has the potential to provide managers with a compre-
hensive record of how wolves use prey. This may be particu-
larly beneficial when trying to understand how much
livestock a wolf pack consumes. Domestic cattle are isotopi-
cally distinct from wild ungulates (Stewart et al. 2003,
Derbridge and Krausman, University of Montana, unpub-
lished data), and different levels of reliance on livestock could
be determined depending on whether hair (i.e., a 6-month
diet record) or bone (i.e., a lifetime diet record) is examined
(Tieszen et al. 1983, Peterson and Fry 1987, Darimont and
Reimchen 2002).

ACKNOWLEDGMENTS

We thank M. Hebblewhite, M. S. Mitchell, and J. R.
Satterfield, Jr. for general advice, and J. M. Graham and
E. J. Ward for assistance with statistics and programming.
J. S. Williams and K. Laudon provided logistical backing.
J. A. Merkle, provided advice on scat analysis. L. Anderson,
C. Bahnson, K. Boyd, J. Brown, C. Eisenberg, K. Moriarty,
R. Steiner, B. Sterling, T. Thier, J. Vore, J. H. Weaver,
A. Whitehead, and S. Wilson provided field support.
R. Fletcher, B. Haynes, L. Laverty, and C. Moses assisted
with laboratory techniques. D. Affleck, C. Cleveland,
E. Crone, K. Foresman, W. Holben, M. Rout, C. Sime,
D. Six, and A.Woods provided laboratory space, equipment,
and advice. Biologists from Montana Fish, Wildlife
and Parks provided technical assistance. This project
was funded by the Boone and Crockett Program in
Wildlife Conservation, University of Montana, and
Counter Assault, Missoula, Montana.

LITERATURE CITED
Adams, L. G., S. D. Farley, C. A. Stricker, D. J. Demma, G. H. Roffler,
D. C. Miller, and R. O. Rye. 2010. Are inland wolf-ungulate systems
influenced by marine subsidies of Pacific salmon? Ecological Applications
20:251–262.

Arjo, W. M., D. H. Pletscher, and R. R. Ream. 2002. Dietary overlap
between wolves and coyotes in northwestern Montana. Journal of
Mammalogy 83:754–766.

Ballard,W. B., L. A. Ayres, C. L. Gardner, and J. W. Foster. 1991. Den site
activity patterns of gray wolves, Canis lupus, in south-central Alaska.
Canadian Field Naturalist 105:497–504.

Ballard, W. B., L. A. Ayres, P. R. Krausman, D. J. Reed, and S. G. Fancy.
1997. Ecology of wolves in relation to a migratory caribou herd in
northwest Alaska. Wildlife Monographs 135:3–47.

Ben-David, M., R. W. Flynn, and D. M. Schell. 1997. Annual and seasonal
changes in diets of martens: evidence from stable isotope analysis.
Oecologia 111:280–291.

Ben-David, M., and D. M. Schell. 2001. Mixing models in analyses of diet
using multiple stable isotopes: a response. Oecologia 127:180–184.

Burkholder, B. L. 1959. Movement and behavior of a wolf pack in Alaska.
Journal of Wildlife Management 23:1–11.

Derbridge et al. � Wolf Diet 1287



Boyd, D. K., R. R. Ream, D. H. Pletscher, and M.W. Fairchild. 1994. Prey
taken by colonizing wolves and hunters in the Glacier National Park Area.
Journal of Wildlife Management 58:289–295.

Caprio, J. M., andG. A. Nielson. 1992. Climate atlas ofMontana, 1992. EB
113, Extension Service. Montana State University, Bozeman, USA.

Caut, S., E. Angulo, and F. Courchamp. 2009. Variation in discrimination
factors (D15N and D13C): the effect of diet isotopic values and applications
for diet reconstruction. Journal of Applied Ecology 46:443–453.

Darimont, C. T., and T. E. Reimchen. 2002. Intra-hair stable isotope
analysis implies seasonal shift to salmon in gray wolf diet. Canadian
Journal of Zoology 80:1638–1642.

Darimont, C. T., P. C. Paquet, and T. E. Reimchen. 2007. Stable isotopic
niche predicts fitness in a wolf-deer system. Biological Journal of the
Linnean Society 90:125–137.

Darimont, C. T., P. C. Paquet, and T. E. Reimchen. 2008. Spawning
salmon disrupt trophic coupling between wolves and ungulate prey
in coastal British Columbia. BMC Ecology 8(14). <http://www.
biomedcentral.com/1472-6785/8/14>. Accessed 10 May 2009.

Darimont, C. T., P. C. Paquet, and T. E. Reimchen. 2009. Landscape
heterogeneity andmarine subsidy generate extensive intrapopulation niche
diversity in a large terrestrial vertebrate. Journal of Animal Ecology
78:126–133.

DeNiro, J. M., and S. Epstein. 1978. Influence of diet on the distribution of
carbon isotopes in animals. Geochimica et Cosmochimica Acta 42:495–
506.

DeNiro, J. M., and S. Epstein. 1981. Influence of diet on the distribution of
nitrogen isotopes in animals. Geochimica et Cosmochimica Acta 45:341–
351.

Dusek, G. L., R. J. Mackie, J. D. Herriges, Jr., and B. B. Compton. 1989.
Population ecology of white-tailed deer along the lower Yellowstone
River. Wildlife Monographs 104.

Floyd, T. J., L. D. Mech, and P. A. Jordan. 1978. Relating wolf scat content
to prey consumed. Journal of Wildlife Management 42:528–532.

Fox-Dobbs, K., J. K. Bump, R. O. Peterson, D. L. Fox, and P. L. Koch.
2007. Carnivore-specific stable isotope variables and variation in the
foraging ecology of modern and ancient wolf populations: case studies
from Isle Royale, Minnesota, and La Brea. Canadian Journal of Zoology
85:458–471.

Fry, B. 2006. Stable isotope ecology. Springer ScienceþBusiness Media,
LLC, New York, New York, USA.

Fritts, S. H., and L. D. Mech. 1981. Dynamics, movements, and feeding
ecology of a newly protected wolf population in northwestern Minnesota.
Wildlife Monographs 80.

Fuller, T. K., and L. B. Keith. 1980. Wolf population dynamics and prey
relationships in northeastern Alberta. Journal of Wildlife Management
44:563–602.

Fuller, T. K. 1989. Population dynamics of wolves in north-central
Minnesota. Wildlife Monographs 105.

Hebblewhite, M., and E. Merrill. 2008. Modeling wildlife-human relation-
ships for social species with mixed-effects resource selection models.
Journal of Applied Ecology 45:834–844.

Hilderbrand, G. V., S. D. Farley, C. T. Robbins, T. A.Hanley, K. Titus, and
C. Servheen. 1996. Use of stable isotopes to determine diets of living and
extinct bears. Canadian Journal of Zoology 74:2080–2088.

Huggard, D. J. 1993. Prey selectivity of wolves in Banff National Park. I.
Prey species. Canadian Journal of Zoology 71:130–139.

Kunkel, E. K., T. K. Ruth, D. H. Pletshcer, and M. G. Hornocker. 1999.
Winter prey selection by wolves and cougars in and near Glacier National
Park Montana. Journal of Wildlife Management 63:901–910.

Kunkel, K. E., D. H. Pletscher, D. K. Boyd, R. R. Ream, and M. W.
Fairchild. 2004. Factors correlated with foraging behavior of wolves in and
near Glacier National Park, Montana. Journal of Wildlife Management
68:167–178.

Leopold, B. D., and P. R. Krausman. 1986. Diets of 3 predators in Big Bend
National Park, Texas. Journal of Wildlife Management 50:290–295.

Mech, L. D. 1974. Canis lupus. Mammalian Species 37:1–6.

Mech, L. D. 1999. Alpha status, dominance, and division of labor in wolf
packs. Canadian Journal of Zoology 77:1196–1203.

Mech, L. D., and R. O. Peterson. 2003.Wolf-prey relations. Pages 131–160
in L. D. Mech and L. Boitani, editors. Wolves: behavior, ecology, and
conservation. The University of Chicago Press, Chicago, Illinois, USA.

Merkle, J. A., P. R. Krausman, D. W. Stark, J. K. Oakleaf, and W. B.
Ballard. 2009. Summer diet of the Mexican gray wolf (Canis lupus baileyi).
Southwestern Naturalist 54:480–484.

Messier, F., and M. Crête. 1985. Moose-wolf dynamics and the natural
regulation of moose populations. Oecologia 65:503–512.

Milakovic, B., and K. L. Parker. 2011. Using stable isotopes to define diets of
wolves in northern British Columbia, Canada. Journal of Mammalogy
92:295–304.

Moore, J. W., and B. X. Semmens. 2008. Incorporating uncertainty and
prior information into stable isotope mixing models. Ecology Letters
11:470–480.

Munoz-Fuentes, V., C. T. Darimont, R. K. Wayne, P. C. Paquet, and J. A.
Leonard. 2009. Ecological factors drive differentiation in wolves from
British Columbia. Journal of Biogeography 36:1516–1531.

Murray, D. L., J. D. Roth, E. Ellsworth, A. J. Wirsing, and T. D. Steury.
2002. Estimating low-density snowshoe hare populations using fecal pellet
counts. Canadian Journal of Zoology 80:771–781.

Peterson, B. J., and B. Fry. 1987. Stable isotopes in ecosystem studies.
Annual Review of Ecology and Systematics 18:293–320.

Peterson, R. O., J. D. Woolington, and T. N. Bailey. 1984. Wolves of the
Kenai Peninsula, Alaska. Wildlife Monographs 88.

Pfister, R. D., B. L. Kovalchick, S. F. Arno, and R. C. Presley. 1977. Forest
habitat types of Montana. U.S. Forest Service, General Technical Report
INT-34, Ogden, Utah, USA.

Phillips, D. L., and J. W. Gregg. 2001. Uncertainty in source partitioning
using stable isotopes. Oecologia 127:171–179.

Pletscher, D. H., R. R. Ream, D. K. Boyd, M. W. Fairchild, and K. E.
Kunkel. 1997. Population dynamics of a recolonizing wolf population.
Journal of Wildlife Management 61:459–465.

Potvin, F., and H. Jolicoeur. 1988. Wolf diet and prey selectivity during two
periods for deer in Quebec: decline versus expansion. Canadian Journal of
Zoology 66:1274–1279.

Putman, R. J. 1984. Facts from faeces. Mammal Review 14:79–97.

Quimby, D. C., and D. E. Johnson. 1951. Weights and measurements of
Rocky Mountain elk. Journal of Wildlife Management 15:57–62.

Ream, R. R., M. W. Fairchild, D. K. Boyd, and A. J. Blakesley. 1989. First
wolf den in western U.S. in recent history. Northwestern Naturalist 70:
39–40.

Reed, J. E., W. B. Ballard, P. S. Gipson, B. T. Kelly, P. R. Krausman, M. C.
Wallace, and D. B. Webster. 2006. Diets of free-ranging Mexican gray
wolves in Arizona and New Mexico. Wildlife Society Bulletin 34:1127–
1133.

Reynolds, J. C., and N. J. Aebischer. 1991. Comparison and quantification
of carnivore diet by faecal analysis: a critique, with recommendations,
based on a study of the fox (Vulpes vulpes). Mammal Review 21:97–
122.

Robbins, C. T., L. A. Felicetti, and S. T. Florin. 2010. The impact of protein
quality on stable nitrogen isotope ratio discrimination and assimilated diet
estimation. Oecologia 162:571–579.

Roth, J. D., and K. A. Hobson. 2000. Stable carbon and nitrogen isotopic
fractionation between diet and tissue of captive red fox: implications for
dietary reconstruction. Canadian Journal of Zoology 78:848–852.

Roth, J. D., J. D. Marshall, D. L. Murray, D. M. Nickerson, and T. D.
Steury. 2007. Geographical gradients in diet affect population dynamics of
Canada lynx. Ecology 88:2736–2743.

Schladweiler, P., and D. R. Stevens. 1973. Weights and measurements of
moose in Montana. Journal of Mammalogy 54:772–775.

Semmens, B. X., E. J. Ward, J. W. Moore, and C. T. Darimont. 2009.
Quantifying inter- and intra-population niche variability using hierarchi-
cal Bayesian stable isotope mixing models. PLoS ONE 4(7). <http://
www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0006187>.
Accessed 18 Jan 2010.

Sime, C. A., V. Asher, L. Bradley, K. Laudon, N. Lance, M. Ross, and J.
Steuber. 2010. Montana gray wolf conservation and management 2009
annual report. Montana Fish, Wildlife and Parks, Helena, USA.

Spaulding, R., P. R. Krausman, andW. B. Ballard. 1997. Calculation of prey
biomass consumed by wolves in northwest Alaska. Journal of Wildlife
Research 2:128–132.

Stenglein, J. L., L. P. Waits, D. E. Ausband, P. Zager, and C. M. Mack.
2010. Efficient, noninvasive genetic sampling for monitoring reintroduced
wolves. Journal of Wildlife Management 74:1050–1058.

1288 The Journal of Wildlife Management � 76(6)



Stewart, K. M., T. Bowyer, J. G. Kie, B. L. Dick, and M. Ben-David. 2003.
Niche partitioning among mule deer, elk, and cattle: do stable isotopes
reflect dietary niche? Ecoscience 10:297–302.

Szepanski, M. M., M. Ben-David, and V. Van Ballenberghe. 1999.
Assessment of anadromous salmon resources in the diet of the
Alexander Archipelago wolf using stable isotope analysis. Oecologia
120:327–335.

Thurber, J. M., and R. O. Peterson. 1993. Effects of population density and
pack size on the foraging ecology of gray wolves. Journal of Mammalogy
74:879–889.

Tieszen, L. L., T. W. Boutton, K. G. Tesdahl, and N. A. Slade. 1983.
Fractionation and turnover of stable carbon isotopes in animal tissues:
implications for d13C analysis of diet. Oecologia 57:32–37.

Tremblay, J., H. Jolicoeur, and R. Lemieux. 2001. Summer food habits of
gray wolves in the boreal forest of the Lac Jacques-Cartier highlands,
Quebec. Alces 37:1–12.

Trites, A. W., and R. Joy. 2005. Dietary analysis from fecal samples: how
many scats are enough? Journal of Mammalogy 86:704–712.

Urton, E. J. M., and K. A. Hobson. 2005. Intra-population variation in gray
wolf isotope (d15N and d13C) profiles: implications for the ecology of
individuals. Oecologia 145:317–326.

Van Ballenberghe, V., A.W. Erickson, and D. Bynam. 1975. Ecology of the
timber wolf in northeastern Minnesota. Wildlife Monographs 43.

Weaver, J. L. 1993. Refining the equation for interpreting prey occurrence in
gray wolf scats. Journal of Wildlife Management 57:534–538.

Weaver, J. L., and S. H. Fritts. 1979. Comparison of coyote and wolf scat
diameters. Journal of Wildlife Management 43:786–788.

Young, S. P., and E. A. Goldman. 1944. The wolves of North America.
Dover Publications, New York, New York, USA.

Associate Editor: Kevin McKelvey.

Derbridge et al. � Wolf Diet 1289


