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Abstract. Naturally occurring stable isotope ratios and fatty acids are two types of chemical biomarkers
frequently used to quantitatively estimate consumer diets. Stable isotope values in animal tissues and diets
have been evaluated using Bayesian mixing models to provide dietary estimates of consumers in both ter-
restrial and marine ecosystems. Fatty acids have primarily been used to examine diets of marine species.
Using muscle and adipose tissue, we combined the two biomarkers in a Bayesian mixing model to generate
quantitative diet estimates for gray wolves (Canis lupus, n = 78) in the southern Northwest Territories,
Canada. Simulation experiments showed that the combined dataset led to more accurate and precise diet
estimates than stable isotopes alone. Overall, bison (Bison bison athabascae) dominated the winter diet
(63–96%) of wolves. In one region where bison were not readily available, wolf diet was more variable,
with substantial contributions from boreal caribou (Rangifer tarandus caribou), moose (Alces alces), snowshoe
hare (Lepus americanus), and beaver (Castor canadensis). Surprisingly, fish also comprised 5–26% of wolf
diet in this region. Wolves likely scavenged on scraps left behind by commercial ice fishing operations on
Great Slave Lake. Our investigation underlines the power of combining these two major analytical tools to
investigate diet in an elusive and opportunistic predator.
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INTRODUCTION

Understanding and monitoring predator
trophic ecology is an essential component of
wildlife management. Apex predators can exert
top-down forces on lower trophic levels by regu-
lating or limiting prey populations (Messier
1995, Ripple and Beschta 2012) that may, in turn,
lead to trophic cascades that affect the structure
of communities or ecosystems (Estes et al. 2011,
Sergio et al. 2014, Ripple et al. 2015). Although

predator–prey relationships are frequently asses-
sed at the population level by studying predator
diets, an increasing number of studies have
shown that trophic niche width represents an
aggregation of often-variable individual- or
group-level diets (Urton and Hobson 2005,
Edwards et al. 2011, Matich et al. 2011, Milako-
vic and Parker 2013). Within a given predator
population, variation in diet can be influenced
by factors, such as prey availability, ease of
prey acquisition, individual behavior, and social
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dynamics (Huggard 1993b, Matich et al. 2011,
Metz et al. 2011, Pintor and Byers 2015). Conse-
quently, it is useful to identify ecosystem-specific
characteristics a priori when estimating predator
diets.

Quantitative diet estimates can be generated
using a variety of methods, each characterized
by inherent strengths and weaknesses. Tradi-
tional methods such as scat and stomach content
analysis may be inexpensive but are limited in
spatial and temporal resolution (Bowen and Iver-
son 2012). Chemical biomarkers, such as stable
isotopes (SI) and fatty acids (FA), are increasingly
being used as dietary tracers because predators
incorporate unique prey biomarker profiles into
their tissues after consumption (DeNiro and
Epstein 1978, 1981, Iverson et al. 2004, Budge
et al. 2006, Ben-David and Flaherty 2012). Com-
bining methods to reconstruct diet can help to
increase confidence in estimates. For example,
agreement between estimates through qualitative
comparison (Watt and Ferguson 2015, Connan
et al. 2017) or positive correlation (Tucker et al.
2008, Milakovic and Parker 2011) has been used
to validate results. Additionally, combining
methods can reduce uncertainty in diet estimates
by incorporating prior information and multiple
variables into the analysis, thereby better inform-
ing statistical modeling (Galloway et al. 2015,
Brett et al. 2016). An advantage of diet biomark-
ers is that they provide insights into what an ani-
mal was eating over ecologically relevant time
frames (Tiezen et al. 1983, Darimont and Reim-
chen 2002, Iverson et al. 2004). For example, SI
composition of muscle tissue reflects animal diet
over the previous 1–2 months depending on
body size, and metabolically inactive tissues such
as hair incorporate the isotopic ratios of foods
consumed while they were growing (Roth and
Hobson 2000). Fatty acids profiles reflect foods
eaten over weeks to months, depending on meta-
bolic rate and activity level (Budge et al. 2006).

Quantitative diet estimation using SI has
embraced Bayesian mixing models, which have
undergone substantial development in recent
years (Moore and Semmens 2008, Parnell et al.
2010, 2013, Phillips 2012). The newest models
address some of the complexities in ecological
systems by allowing for explicit integration of
uncertainty in prey isotopic variability and diet-
tissue isotopic discrimination factors (Ward et al.

2010, Parnell et al. 2013, Stock and Semmens
2016b). Despite these advances, a common prob-
lem associated with SI analysis is poor source
(i.e., prey) resolution because typically only the
SI ratios of carbon and nitrogen are used to
inform statistical modeling. For example, Milako-
vic and Parker (2011) were unable to distinguish
moose (Alces alces) and beaver (Castor canadensis)
in northern British Columbia using these two iso-
topes. In addition to poor source resolution, the
accuracy and precision of diet estimates can suf-
fer when systems are mathematically underde-
termined (i.e., when the number of sources (n)
relative to tracers is greater than n + 1) as is often
the case in complex ecosystems (Phillips and
Gregg 2003, Fry 2013, Brett 2014, Galloway et al.
2015). A potential solution to poor source resolu-
tion and underdetermined constraints is to incor-
porate additional dietary tracers into analyses,
thereby increasing dimensionality and better
informing Bayesian statistical modeling. Fatty
acids profiles for an individual animal often con-
sist of many different individual FA. Accord-
ingly, marine animal studies have shown that
when used in Bayesian mixing models, FA alone,
and in combination with SI, hold great promise
for improving source resolution and increasing
the accuracy and precision of diet estimates
(Dethier et al. 2013, Galloway et al. 2014, 2015,
Neubauer and Jensen 2015, Brett et al. 2016).
However, while SI have been used extensively
across taxa and ecosystem types, FA have pri-
marily been used to assess the diets of marine
species. Their use is rare in terrestrial ecosystems,
despite being a potentially powerful analytical
tool. Although FA Bayesian mixing models are
becoming more common for marine species, diet
estimates in oceanic environments have primar-
ily used quantitative fatty acid signature analysis
(QFASA; Iverson et al. 2004). Quantitative fatty
acid signature analysis was designed to utilize
only proportional FA data and exploits the large
diversity of different FA often present in marine
systems. MixSIAR (Stock and Semmens 2016a), a
relatively new R package that employs Bayesian
mixing models to analyze biomarker data, is
capable of handling any number of SI or FA. The
paucity of FA use in terrestrial ecosystems may
therefore represent a degree of inertia in the sci-
entific literature, stemming from the historical
development of FA analytical tools. Consequently,
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the integration of SI and FA in Bayesian mixing
models remains untested on terrestrial animals.

We used stomach content surveys, SI (d13C
and d15N), and FA analyses to gain insights into
the diet of an apex terrestrial predator, gray
wolves (Canis lupus), in the southern Northwest
Territories, Canada. Although wolves exploit a
diversity of species, ungulates tend to be primary
prey throughout their North American range
(Peterson and Ciucci 2003). Our study area had
three regions, each with a unique species assem-
blage of the commonly occurring ungulates in
the southern Northwest Territories: moose, bison
(Bison bison athabascae), and boreal caribou (Ran-
gifer tarandus caribou). Studies in other regions
have quantified wolf diet, documenting intra-
population variability using SI-only (Urton and
Hobson 2005, Milakovic and Parker 2011, Der-
bridge et al. 2012). However, our study repre-
sents the first use of FA to assess wolf diet.

Our objectives were to (1) assess the efficacy of
combining SI and FA in Bayesian mixing models
to generate quantitative diet estimates for a ter-
restrial predator and (2) reconstruct the winter
diet of wolves from three regions of our study
area characterized by spatially heterogeneous
ungulate species distributions. We expected that
combining SI and FA would result in better prey
species resolution in multivariate space and more

precise diet estimates than SI would provide
alone. Secondly, we expected that wolf diets
would be variable between the three regions and
specifically that they would reflect differential
availability of ungulate prey species.

STUDYAREA

The study area is located south and west of
Great Slave Lake in the southern Northwest Ter-
ritories, Canada (Fig. 1), within the Taiga Plains
Mid-Boreal Ecoregion. There is little topographic
relief in the area. Peatlands and water comprise
approximately 40% and 18% of total land cover,
respectively. Fens are characterized by black
spruce (Picea mariana), larch (Larix laricina), dwarf
birch (Betula glandulosa), sedges (Carex spp.), and
mosses. Peat plateaus are dominated by open
black spruce forests. Well-drained soils closer to
the Slave and Mackenzie Rivers support large
mixed-wood, deciduous, and coniferous forests
where white spruce (P. glauca), aspen (Populus
tremuloides), and jack pine (Pinus banksiana) are
common. The most common human distur-
bances are exploratory seismic lines, roads,
human settlements, and timber harvest. Within
the study area, we delineated three regions
(Fig. 1) a priori based on known distributions of
ungulate prey. The Slave River Lowlands (SRL)

Fig. 1. Map of the study area in the southern Northwest Territories, Canada. The three regions were delineated
based on spatially heterogeneous distributions of ungulate species. Boreal caribou and moose occur in the Pine
Point/Buffalo Lake region, while bison and moose inhabit the Slave River Lowlands. All three ungulate species
are present in the Mackenzie region.
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are just outside boreal caribou range, but are
inhabited by moose and bison. Boreal caribou
and moose inhabit the Pine Point/Buffalo Lake
region (PPBL), but bison do not. The PPBL over-
laps a zone known as the Bison Control Area,
which is kept free of bison to prevent disease
transmission between herds (Shury et al. 2015).
All three ungulate species occur in the Mackenzie
Region (MACK).

METHODS

Tissue sample collection
All wildlife tissue samples used in this study

were submitted by local wildlife harvesters.
Wolf tissue samples were salvaged from animals
that had been harvested for their furs, and no
wolves were killed specifically for the purposes
of this project. In winter 2012–2016, muscle and
adipose tissue samples were collected from 78
wolf carcasses, and muscle samples were col-
lected from potential wolf prey species, includ-
ing boreal caribou, moose, bison, beaver, and
snowshoe hare (Lepus americanus). The precise
location of harvest within the study area was
unknown for many of the prey animals, but
coverage extended to all three regions. Addi-
tionally, lake whitefish (Coregonus clupeaformis),
lake trout (Salvelinus namaycush), and white
sucker (Catostomus commersonii) muscle samples
were collected from Great Slave Lake, as fish
are often used as trapline bait. Samples were
stored at approximately �20°C in a conven-
tional freezer.

FA sample preparation and analysis
Lipid was extracted from wolf adipose tissue

and prey muscle tissue using the Folch et al.
(1957) technique, modified to prevent oxidation
and maximize lipid yield as described by Budge
et al. (2006). Lipids were converted to FA methyl
esters (FAME) via a base-catalyzed transmethyla-
tion reaction using sodium methoxide as the
catalyst (Velasco et al. 2002). Lastly, FAME dis-
solved in hexane were analyzed by gas chro-
matography with flame ionization detection at
the Marine Lipids Lab, Dalhousie University. An
RTX-2330 column (90% biscyanopropyl/10%
phenylcyanopropyl polysiloxane; 105m, 0.25 mm
ID, 0.2 lm df) was used with the following
temperature program: 150°C was held for 2 min,

and then ramped at 2°C/min to 245°C which was
held for 13 min. Helium was used as carrier gas,
and the detector was held at 270°C. The injector
was isothermal at 250°C, and a 1/100 split ratio
was used. Fatty acids were identified by compar-
ison of retention times with standards and by
evaluation of spectra from GC-mass spectrome-
try. We were not concerned with oxidation
because prior to analysis the outer layer of fat/
muscle was removed from each sample. Addi-
tionally, Lind et al. (2012) found minimal change
in FA composition for stored seal blubber sam-
ples, and we expect the same would be true for
other mammalian species.

SI sample preparation and analysis
Wolf and prey muscle samples were prepared

and analyzed using mass spectrometry at the
Chemical Tracers Laboratory, Great Lakes Insti-
tute for Environmental Research, University of
Windsor. Samples were freeze-dried and ground
into a fine powder using a mortar and pestle.
Lipids can alter d13C measurements (DeNiro and
Epstein 1978, Rau et al. 1992), so lipids were
removed using 2:1 chloroform:methanol. Pre-
pared samples were weighed into tin capsules. A
Thermo Finnigan Delta Plus mass spectrometer
(Thermo Finnigan, San Jose, California, USA)
coupled with an elemental analyzer (Costech,
Valencia, California, USA) was used to measure
d13C and d15N natural abundances. Values of
d13C and d15N are reported relative to Vienna
PeeDee Belemnite (VPDB) and Air standards,
respectively. Based on replicate measurements
(n = 32) of internal laboratory standards (tilapia,
NIST1577c, USGS 40, and urea), we estimate
measurement error to be �0.1& and �0.2& for
d13C and d15N measurements, respectively.

Source selection
Results from stomach content surveys con-

ducted on a subset of 64 wolves in the dataset
were used to choose appropriate prey species to
include during modeling. To assess whether our
proposed model fit the dataset, we employed the
method of Smith et al. (2013), which uses a
Monte Carlo simulation to iterate mixing poly-
gons based on consumer and prey SI data. The
simulation estimates a 95% mixing region that all
consumers should fall within if the proposed
model fits the data. The approach accounts for
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uncertainty in SI profiles and diet-tissue discrimi-
nation factors.

Variable selection
A requirement of Bayesian mixing models is

that sources are isotopically different (Phillips
et al. 2014). Accordingly, we visualized prey
species separation using three profile categories:
Stable isotopes-only, FA-only, and combined
SI–FA. Biplots of d13C and d15N prey profiles
were created for the SI-only dataset, and non-
metric dimensional scaling (NMDS) ordination
plots generated in the R package Vegan (Oksa-
nen et al. 2017) were used to visualize multivari-
ate datasets that included FA. We measured 68
individual FA, but excluded those for which
diet-tissue calibration coefficients have not been
calculated, resulting in a FA-only dataset of 39
FA. Next, the two biomarkers were combined,
as the two tissue types they were derived from
(muscle and adipose) reflect diet over similar
temporal scales (weeks to months). This com-
bined SI–FA dataset included d13C and d15N val-
ues and a subset of three FA that were found to
maximize prey species separation in multivari-
ate space. Permutational ANOVAs were run on
each of the 39 FA using proportion as the depen-
dent variable and species as a factor. Fatty acids
were then ranked according to their F-statistic,
which in this case is a ratio of between-species
variance/within-species variance. The three FA
with the highest F-statistics were used in the
combined SI–FA dataset. Consequently, five
biomarker values were used to describe each
individual animal. This approach reduced dimen-
sionality, while selectively retaining FA that con-
tributed to among source variation. We tested
for significant differences between prey species
using one-way multivariate analyses of variance
(MANOVA) on the SI-only dataset and permuta-
tional analyses of variance (PERMANOVA;
Anderson 2001) within the adonis function in
Vegan for the FA-only and SI–FA datasets.
Stable isotopes data are continuous and reported
as the ratio of heavy to light isotopes in relation
to an internationally recognized standard. Alter-
natively, FA data are compositional, measured
as proportions that sum to 1. Importantly, the
two biomarkers cannot be merged and used in
the Bayesian mixing model without a transfor-
mation to put them on the same scale of

measurement. Accordingly, the SI–FA dataset was
transformed by subtracting the mean and divid-
ing by the standard deviation (Dethier et al.
2013), making the two biomarkers quantitatively
comparable during modeling.

Simulated wolf diet
Simulated wolf diets were generated from the

actual prey data to demonstrate the utility of
reconstructing diet with the SI–FA dataset. Addi-
tionally, model performance was compared
between the SI-only and SI–FA datasets. Four
simulated diet categories were created with 10
wolves in each. For the 10 wolves in each cate-
gory, the proportion of each prey species in the
diet was generated randomly but with a fixed
mean value that summed to 100 for all prey spe-
cies. Diets A-C simulated situations where bison,
moose, and caribou were primary prey species,
respectively, while Diet D simulated a generalist
diet. We fit Bayesian mixing models in the R
package MixSIAR (Stock and Semmens 2016a)
for all diet reconstructions.

Harvested wolves
For the harvested wolves, we used the same

suite of two SI and three FA for all analyses. We
tested for differences between wolf age classes,
sex, and harvest region using PERMANOVA.
Diets were reconstructed at the population level
and by harvest region. Although all 78 wolves
were known to be harvested within the study
area, the precise harvest location was not
recorded for all individuals. Consequently,
region-specific diet estimates were conducted on
subsets of wolves that were known to be har-
vested in SRL (n = 18), PPBL (n = 24), and
MACK (n = 16). Because biomarker values are
typically altered as prey tissues are assimilated
into the predator, it is important to adjust preda-
tor profiles in as close to a species-specific basis
as possible. Accordingly, we applied d13C and
d15N diet-tissue discrimination factors estimated
for wolves by Derbridge et al. (2015). Because
species-specific diet-tissue calibration coefficients
have not been published for wolves, we applied
calibration coefficients estimated for another ter-
restrial carnivore: mink (Mustela vison) fed a
poultry diet (Thiemann et al. 2008). Gut content
surveys were conducted on a subset of 64 wolves
in the dataset. Ingested prey species were
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identified by assessing larger components visu-
ally, while hair was examined under a micro-
scope. Although the specific harvest locations
were not recorded for some of these prey ani-
mals, those that were known were well dis-
tributed throughout the study area. Following
the approach of Moore and Semmens (2008), we
used gut contents to generate informative priors
at the population level. Additionally, region-spe-
cific informative priors were generated from
those wolves that were known to be harvested in
SRL (n = 13) PPBL (n = 15), and MACK (n = 10).
As outlined by Stock and Semmens (2016a), the
informative priors were rescaled to have the
same weight as the uninformative prior. Models
were run twice, once with the informative prior
and once with the uninformative. Lastly, to serve
as a check on our diet estimates we qualitatively
compared prey species and wolves from differ-
ent regions using two trans-fatty acids (11t-18:1
and 16t-18:1) that are known to be prevalent in
domestic ungulates (Kramer et al. 2002, 2008).

RESULTS

Source selection
The simulated mixing region suggested that

the proposed suite of prey species (bison, cari-
bou, moose, hare, beaver, and fish) were appro-
priate sources to explain the d13C and d15N
profiles of all 78 wolves.

Variable selection
Using the SI-only dataset (Fig. 2), beaver and

moose profiles were not significantly different from
each other (MANOVA; Pillai’s trace = 0.16,
F2,16 = 1.49, P = 0.26). Consequently, beavers were
excluded from simulation experiments, where the
goal was to explicitly compare diet estimates from
the SI-only and SI–FA datasets. With the FA-only
dataset (Fig. 3a), bison, moose, and caribou profiles
were not significantly different from each other
(PERMANOVA; bison–moose, Pseudo-F = 0.47,
P = 0.55; bison–caribou, Pseudo-F = 1.32, P = 0.28;
caribou–moose, Pseudo-F = 2.15, P = 0.12). The

Fig. 2. Carbon and nitrogen stable isotope profiles of prey species used for estimating the diets of simulated
wolves. The high degree of overlap between moose and beaver means that the two species cannot be distin-
guished from each other and were not significantly different (multivariate analyses of variance [MANOVA]; Pil-
lai’s trace = 0.16, F2,16 = 1.49, P = 0.26), violating a major assumption of Bayesian mixing models.
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three FAwith the highest corresponding F-statistics
were i-17:0, 20:2n-6, and 20:5n-3. When merged
with the SI-dataset (Fig. 3b), all prey species pro-
files were significantly different from each other.

Simulated wolf diet
For all simulated diets, estimates using the

combined SI–FA dataset were both more accu-
rate and precise than those from the SI-only data-
set, indicating better overall model performance
(Table 1). For the combined dataset, mean poste-
rior density estimates were the same or closer to
the true mean value for all source contribution
estimates (Table 1). Additionally, tighter 95%
credible interval (CI) estimates reveal that uncer-
tainty was reduced for every diet estimate when
compared to the SI-only dataset.

Harvested wolves
Combined SI–FA profiles of the harvested

wolves suggested no difference between age

classes or sex (Table 2) but significant differen-
ces between regions (PERMANOVA; Pseudo-
F = 5.37, p = 0.001). Bison dominated wolf diet
at the population level (mean and [95% CI]
for estimates using informative priors: 84%
[63–96%]; Table 3), in the SRL (94% [85–100%])
and in MACK (98% [93–100%]). Bison was also
the primary prey in PPBL (45% [24–67%]),
although proportionately lower than elsewhere
in the study area. In PPBL, dietary contributions
from caribou (12% [1–27%]) and moose (7%
[0–30%]) were higher than in SRL (3% [0–12%],
3% [0–10%], respectively) or MACK (0% [0%],
0% [0%]). Similarly, more beaver (8% [0–28%])
and hare (13% [0–29%]) were consumed by
wolves in PPBL than in SRL (0% [0%], 3%
[0–12%]) or MACK (1% [0–4%], 1% [0–4%]). Fish
contributed minimally to diet, except in PPBL
(15% [6–25%]).
Results from stomach content surveys showed

that bison contributed more to wolf diet than

Fig. 3. Non-metric dimensional scaling (NMDS) plots of prey FA profiles (a) and combined SI–FA profiles (b).
Extensive overlap between species in (a) means that the ungulates are indistinguishable from each other and
unsuitable to use as distinct sources in Bayesian mixing models. Following variable selection, the combined
SI–FA profiles in (b) show higher discriminatory power between species and all pairwise comparisons of prey
species were significantly different.
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other prey species at the population level (43%),
in PPBL (33%), SRL (70%), and MACK (75%;
Table 4). Caribou made up a higher proportion
of diet in PPBL (17%) than in SRL (10%) or

MACK (0%). Fish contributed most to wolf diet
in PPBL (25%), with proportionately less con-
sumed in MACK (8%), and none found in stom-
achs of wolves from SRL.
Qualitative comparison of prey using trans-

fatty acids showed that in general, ungulates had
higher proportions of 11t-18:1 than other species,
while beavers generally had the highest levels of
16t-18:1 (Fig. 4a). Overall, wolves from PPBL
had the lowest proportion of both trans-fatty
acids (Fig. 4b). Additionally, the proportions of
both 11t-18:1 and 16t-18:1 were more variable in
PPBL wolves (s2 = 0.336 and 0.007, respectively)
than wolves from SRL (s2 = 0.279 and 0.006) or
MACK (s2 = 0.029 and 0.003).

DISCUSSION

We demonstrate the benefit of combining FA
and SI data to reconstruct the diet of a terrestrial
predator. Most notably, our simulation experi-
ments showed that the integration of SI and FA
data in Bayesian mixing models substantially
reduced uncertainty and improved the accuracy
of estimated source contributions to predator
diet (Table 1). We also showed that combining SI
and FA profiles leads to greater prey species res-
olution in multivariate space (Figs. 2, 3). Our
methodology allowed us to (1) select enough pre-
dictor variables (i.e., FA) to provide significant
discrimination between relevant sources, and to
(2) avoid working on a mathematically underde-
termined system, while (3) keeping the relative
influence of the SI predictors as high as possible
due to a wider body of knowledge related to SI
and our study organism.
Similar to our results, simulation studies

focused on diet reconstruction of marine organ-
isms that combined SI and FA biomarkers also
reported more precise and accurate diet esti-
mates (Dethier et al. 2013, Neubauer and Jensen
2015). However, using a dataset consisting only
of FA, Brett et al. (2016) showed that the preci-
sion and accuracy of Bayesian mixing models
could be greatly improved by increasing the
number predictor FA from 2 to 7. Intuitively,
increasing the number of predictor variables
should better inform statistical modeling and
lead to better diet estimates. Better model perfor-
mance for our combined SI–FA dataset may
therefore simply reflect a higher number of

Table 1. Summary of four simulated wolf diets.

Prey species Mean SI SI and FA

Diet A
Bison 71 33 (3–73) 56 (34–78)
Caribou 7 21 (3–39) 13 (2–24)
Fish 7 16 (4–31) 9 (3–15)
Hare 7 13 (1–31) 6 (0–13)
Moose 8 16 (1–38) 16 (2–31)

Diet B
Bison 7 15 (1–35) 15 (2–30)
Caribou 7 10 (1–23) 6 (0–14)
Fish 7 5 (0–13) 6 (2–10)
Hare 5 27 (3–58) 9 (1–17)
Moose 74 44 (6–75) 64 (50–80)

Diet C
Bison 3 6 (0–18) 5 (0–13)
Caribou 90 84 (70–92) 87 (81–92)
Fish 2 3 (0–13) 2 (0–5)
Hare 2 3 (0–9) 3 (0–7)
Moose 3 4 (0–11) 4 (0–10)

Diet D
Bison 20 31 (2–67) 24 (5–46)
Caribou 20 16 (1–34) 18 (6–30)
Fish 20 16 (4–30) 18 (13–24)
Hare 20 18 (1–38) 20 (9–30)
Moose 20 19 (1–44) 20 (5–38)

Notes: Diets A–C represent situations where bison, moose, and
caribou were primary prey, respectively. Diet D represents a
generalist diet. Mean diet proportions (%) for 10 simulated
wolves in each diet group are shown here. Mean and poste-
rior density estimates (95% credible intervals) derived from
Bayesian mixing models are compared for the SI-only and
combined SI–FA datasets. SI, stable isotopes, FA, fatty acids.

Table 2. PERMANOVA results for differences between
demographic groups based on combined SI–FA pro-
files for wolves from southern Northwest Territories
harvested during winter between 2012 and 2016.

Group n df
Sum of
squares

Mean
squares Pseudo-F P

Age class 74 2 16.37 8.18 1.62 0.13
Sex 74 1 0.94 0.94 0.18 0.95
Harvest
region

61 2 48.84 24.42 5.37 0.001�

Notes: Wolves were aged by cementum annuli. Age classes
are juvenile (<1 yr old), adult (1–5 yr old), and old (>5 yr
old). Because wolf profiles from different harvest regions
were significantly different, those wolves were modeled hier-
archically to generate diet estimates for each region. SI, stable
isotopes; FA, fatty acids.
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predictor variables rather than the explicit inte-
gration of SI and FA data.

Increasing the number of tracers in marine
consumers improves discrimination between
sources (Crawley et al. 2009, Dethier et al. 2013).
However, we found that the effect of more trac-
ers was not always beneficial. When we ordi-
nated the full FA-only dataset in NMDS plots,
there was very little difference among ungulate
species (Fig. 3a), a possible reflection of the
effects of rumination on FA profiles (Berkley
et al. 2014). It was therefore necessary to select

and retain those FA that contributed most to
between-species separation. A number of meth-
ods have been described for FA selection, includ-
ing constrained ordination (Neubauer and
Jensen 2015), ranking by standard deviations
(Brett et al. 2016), running similarity percentage
analyses, or by keeping only the most abundant
(Dethier et al. 2013). While none of these meth-
ods proved successful for separating ungulate
species in our study, ranking by F-statistic did.
We posit that this may be a simple yet effective
means of selecting appropriate predictor vari-
ables in diet studies for terrestrial organisms.
Additionally, the field would benefit from further
research into biologically relevant FA for terres-
trial systems. Instead of the na€ıve statistical
approach outlined here, FA that are not biologi-
cally meaningful could be excluded before vari-
able selection took place.
The suite of prey species included in our analy-

sis would not have been possible using the
SI-only dataset, due to isotopic overlap between
beaver and moose (Fig. 2). Given the millions of
possible combinations, there was likely some
subset of FA that would have resulted in signifi-
cant separation of prey species as a standalone
dataset. However, incorrectly accounting for
trophic modification of biomarkers can lead to
inaccurate diet estimates (Budge et al. 2012,

Table 3. MixSIAR results summary (using the SI–FA dataset) for all wolves in the dataset (n = 78) and those
harvested in Pine Point/Buffalo Lake (n = 24), Mackenzie (n = 16), and Slave River Lowlands (n = 18).

Prey species

All wolves
Pine point/Buffalo

Lake Mackenzie
Slave River
Lowlands

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

Uninformative prior
Beaver 3 0–10 10 0–27 2 0–6 4 0–14
Bison 76 50–92 39 10–61 89 71–97 83 65–94
Caribou 10 0–27 13 1–29 5 0–22 5 0–19
Fish 3 0–9 15 6–26 1 0–4 1 0–4
Hare 4 0–12 13 1–28 2 0–6 4 0–13
Moose 5 0–15 10 0–34 2 0–7 3 0–11

Informative prior
Beaver 2 0–8 8 0–28 1 0–4 0 0
Bison 84 63–96 45 24–67 98 93–100 94 85–100
Caribou 7 0–22 12 1–27 0 0 0 0
Fish 3 0–8 15 6–25 1 0–3 0 0
Hare 2 0–10 13 0–29 1 0–4 3 0–12
Moose 3 0–12 7 0–30 0 0 3 0–10

Note: Results represent the mean and 95% credible interval (CI) for the proportion of each prey species in wolf diet. SI, stable
isotopes; FA, fatty acids.

Table 4. Percent occurrence (%) of prey species in the
stomach contents of winter harvested wolves in the
southern Northwest Territories.

Prey
species

Study
area

(n = 64)

Pine point/
Buffalo Lake

(n = 15)
Mackenzie
(n = 10)

Slave River
Lowlands
(n = 13)

Beaver 7 8 8 0
Bison 43 33 75 70
Caribou 17 17 0 10
Fish 17 25 8 0
Hare 9 8 8 10
Moose 7 8 0 10

Notes: Results shown here exclude items that were
deemed non-primary prey including plastic garbage, vegeta-
tion, small mammals, birds, lynx (Lynx canadensis), domestic
chicken (Gallus gallus domesticus), and domestic dog (Canis
familiaris).

 ❖ www.esajournals.org 9 September 2018 ❖ Volume 9(9) ❖ Article e02420

O’DONOVAN ET AL.



Milakovic and Parker 2013, McLaren et al. 2015,
Brett et al. 2016, Bromaghin et al. 2016). Because
species-specific calibration coefficients have not
been estimated for wolves, we felt it was essen-
tial to use SI as the foundation of the analysis
and add only enough FA to avoid working in a
mathematically underdetermined system and
provide significant discrimination between
sources. Nevertheless, our combined SI–FA
approach provided a clearer understanding of
prey species contributions to wolf diet that were
previously indistinguishable using SI-only (i.e.,
moose and beaver). This increase in prey species
resolution is of potential benefit to wildlife man-
agers who could gain a clearer understanding of
predator–prey dynamics if the method was
adapted as a monitoring tool.

General agreement between diet estimates
using uninformative priors (Table 3) and esti-
mates derived from stomach content analyses
(Table 4) help to validate our results and justify
the use of stomach contents as informative pri-
ors. The most substantial difference between

biomarker and stomach content estimates is the
relative contributions of bison and fish. When
compared to stomach contents, biomarker esti-
mates suggest a higher proportion of bison and a
lower proportion of fish. Because biomarkers are
indicative of longer term diet, it is possible that
wolf stomach contents from most recent meals
underrepresented bison and overrepresented
fish. When informative priors were incorporated
into the mixing models, uncertainty was reduced
for most prey species’ contributions to wolf diet
(Table 3).
Overall, our results suggest that bison is by far

the primary prey species of wolves during winter
across the study area (Table 3). Diets of wolves
from SRL and MACK were similar, with the vast
majority being made up of bison, while moose
and caribou were less important than expected.
In the PPBL, the only region where bison were
not readily available, wolf diet was much more
variable, with substantial dietary input from
other species. A contributing factor may be that
our sample size was roughly twice as large in

Fig. 4. Trans-fatty acid profiles of prey species (a) and wolves by region (b). Higher proportions of 16t-18:1
and 11t-18:1 in wolves from MACK and SRL compared to PPBL wolves suggest greater dietary contribution
from ungulates, which is consistent with diet estimates.
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PPBL compared to SRL or MACK. Sampling
more wolves in PPBL may have captured more
wolf diet variability than elsewhere. Despite this,
bison still contributed the most to wolf diet in
PPBL, suggesting that highly mobile wolves
accessed bison in other areas before being har-
vested in the PPBL. Although contrary to our
expectations, it is perhaps unsurprising that wolf
diet did not match prey availability, as wolves
commonly display preferential selection of cer-
tain prey species over others (Potvin and Joli-
coeur 1988, Huggard 1993b, Smith et al. 2004,
Merkle et al. 2017, Stanek et al. 2017).

Qualitative analysis of wolf and prey trans-
fatty acid profiles served as an additional layer of
evidence for our diet estimates using data that
were not included during modeling. Apart from
16t-18:1 in beaver, both trans-fatty acids were
most abundant in ungulates. Overall, wolves
from MACK and SRL had higher levels of both
trans-fatty acids than those from PPBL. When
viewed in relation to regional diet estimates from
both biomarker and stomach content analyses, it
is logical that proportions would be higher in
MACK and SRL wolves given the dominance of
bison in the diet. It follows that elevated levels of
16t-18:1 most likely came from bison, as beavers
contributed minimally to wolf diet. Furthermore,
higher variances for both trans-fatty acids in
PPBL wolves parallel the diet estimates, which
were much more variable than in MACK or SRL.

Our results are consistent with Carbyn et al.
(1993) who found that during winter, bison
accounted for 82% of the biomass consumed by
wolves in Wood Buffalo National Park. Larter
et al. (1994) also estimated that bison comprised
more of the biomass consumed by wolves during
winter than other prey species in their study area
west of Great Slave Lake. However, they con-
cluded that moose was the preferred wolf prey
species based on the amount of consumable bio-
mass that each species represented on the land-
scape. Although we did not estimate available
biomass for our prey species, this finding was
likely not supported by our results in MACK,
as the contribution of moose to wolf diet was
negligible.

Where they co-occur, wolves tend to prey
upon bison more commonly during winter than
at other times of year (Carbyn et al. 1993, Smith
et al. 2000, Jaffe 2001). Generally, wolves target

prey that are most vulnerable (Bergman et al.
2006), such as calves or individuals in poor body
condition. Snow depth is also positively related
to wolf hunting success, as wolves take advan-
tage of prey whose movement is hindered by
snow (Huggard 1993a). Bison, particularly
calves, are hindered by shallower snow than
moose (Larter et al. 1994) and likely more than
caribou (Larter et al. 2017), a phenomenon that
may contribute to the high proportion of bison in
the winter diet of wolves.
Bison may also benefit wolves energetically, as

the amount of consumable biomass on an adult
bison is greater than any other prey species in
the region. Bison are also the most gregarious
ungulate species in the area, and it is possible
that the relative ease and reliability of locating
bison herds compared to more solitary prey may
play a role in their dominance in wolf diet. Addi-
tionally, during the summer of 2012 an outbreak
of anthrax (Bacillus anthracis) killed hundreds of
bison in the Mackenzie population (New et al.
2017). At least 52 of the wolves in our dataset
were harvested the following winter, so it is pos-
sible that wolves scavenged on bison carcasses
into the winter months in MACK.
Anthropogenic foods likely made up a sub-

stantial proportion of wolf diet, but in most
cases, the variety of different possible food types
prevented us from including them as sources
during modeling. Numerous wolves were
known to be scavenging in dumps, and plastic or
Styrofoam garbage was found in wolf stomachs
16 times. Especially apparent was the dietary
contribution from fish in the PPBL (Table 3),
which was possible to include as a distinct source
in the mixing models. Fish is a surprising wolf
food source, especially in non-coastal areas and
particularly during winter. Recent telemetry data
show that wolves scavenge on discarded fish
scraps from commercial ice fishing operations on
Great Slave Lake near Hay River. Because most
of the wolves in the dataset were harvested near
areas of human activity (communities and tra-
plines), our diet estimates may be biased toward
anthropogenic foods rather than being represen-
tative of the wider wolf population.
Our results suggest that diet reconstruction

using SI benefitted from incorporating FA as
additional predictor variables. This approach
allowed us to include more prey species than an
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SI-only analysis by increasing source resolution,
making the model more representative of com-
plex real-world food webs. Furthermore, it
resulted in more accurate and precise simulated
diet estimates. Despite these benefits, the added
cost of FA analysis may be prohibitive for some
investigations. Additionally, FA analysis relies on
tissue samples from target animals that may not
be possible to obtain using common methods like
noninvasive hair snags. Utilizing FA in terrestrial
systems may therefore be most warranted when
tissue samples can be collected from harvested
animals and in cases where SI alone do not pro-
vide sufficient source resolution. Ultimately, in
this investigation, the combination increased the
effectiveness and utility of diet estimation in
Bayesian mixing models for harvested wolves
from the southern Northwest Territories. The
method may be widely applicable to other
regions and species.
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