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Abstract The Alexander Archipelago wolf (Canis lupus
ligoni) is unique to southeast Alaska, occurring on is-
lands south of Frederick Sound and along the mainland
between Dixon Entrance and Yakutat Bay. Sitka black-
tailed deer (Odocoileus hemionus sitkensis) are an im-
portant prey species for wolves across the southern part
of the region. Spawning salmon (Onchorynchus sp.) are
seasonally available but their presence in wolf diets has
not previously been quantified. We examined the range
of bone collagen 8"°C and 8'°N values for wolves
throughout southeast (n = 163) and interior (n = 50)
Alaska and used a dual-isotope mixing model to deter-
mine the relative contribution of salmon-derived marine
protein in the diet. Southeast Alaska wolves consumed
significantly more salmon (mean = SE: 18.3 + 1.2%)
than did wolves from interior Alaska (9.1 £ 0.6%,
P<0.001). Wolves on the southeast Alaska mainland
appeared to have higher marine isotopic signatures than
island wolves, although this difference was not signifi-
cant. Variation among individual wolf diets was higher
for southeast than for interior Alaska wolves, and
variation was highest in coastal mainland wolf diets
(P<0.001). Marine resources may augment the diet of
southeast Alaska wolves during seasonal or annual
fluctuations in the availability of deer, particularly in
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those areas on the mainland where densities of terrestrial
ungulates are relatively low.
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Introduction

Throughout their range in North America, wolf (Canis
lupus) populations are closely linked to ungulate popu-
lations. Available data for wolves in southeast Alaska
indicate that Sitka black-tailed deer are their primary
prey on islands and portions of the coastal mainland
(Kohira 1997; Person et al. 1996). Deer density varies
across the region, with densities higher on islands than
on the coastal mainland (Kirchhoff 1996), and wolf
densities appear to parallel those of deer. As logging
reduces old-growth forests and habitat carrying capacity
for black-tailed deer in southeast Alaska, wolf abun-
dance is predicted to decline (Person et al. 1996). Al-
though human-caused mortality is expected, loss of
primary prey is predicted to be an important risk to
long-term viability and distribution of wolves in this
region (Person et al. 1996).

Alternative prey resources may augment wolf diets
when abundance of primary prey is low. Beaver (Castor
canadensis), waterfowl, and other non-ungulate species
often supplement wolf diets when ungulate prey are not
readily available (Scott and Shackleton 1982). Southeast
Alaska has a unique array of terrestrial and aquatic prey
species available to terrestrial carnivores. In particular,
anadromous salmon have been widely shown to sup-
plement diets of terrestrial predators and may play an
integral role as a keystone species within north Pacific
coastal ecosystems (Willson and Halupka 1995). As
adult salmon migrate from the ocean into freshwater to
spawn, they deliver marine nutrients to aquatic and
adjacent riparian communities and provide a rich supply
of protein and nutrients for terrestrial consumers
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(Ben-David et al. 1997a, 1997b; Hilderbrand et al. 1996;
Kline et al. 1990). Of the many species that capitalize on
this resource in southeast Alaska, wolves use salmon
when they become seasonally available. Salmon runs
exist in over 2000 streams regionwide (Sugai and Burrell
1984) and may last from August until January, provid-
ing an extensive seasonal food resource. Despite obser-
vations of wolves consuming salmon (Kohira 1997),
little is known about use of fish by wolves and it is un-
clear if this phenomenon is widespread among wolf
populations.

Using stable isotope techniques on wolf bone colla-
gen, we investigated the incorporation of marine-derived
(salmon) protein and dietary variation in southeast
Alaska wolf diets. Stable isotope methodology for diet
studies is based on the premise that carbon ('*C/'*C)
and nitrogen ('°N/'¥N) stable isotope ratios in animal
tissue reflect those of their diet (DeNiro and Epstein
1981). Changes in the ratios of these isotopes (i.e.,
fractionation) occur via metabolism, protein synthesis,
and deamination, which cause the ’lighter’ isotope to be
preferentially lost and the ’heavier’ isotope to be re-
tained. Hence, the stable isotope ratios of a consumer
are indicative of and heavier than that of their prey;
animal '°C is enriched relative to the diet by about 1%,
and "N by about 3%, (DeNiro and Epstein 1978, 1981).
Distinct differences in stable carbon isotope ratios exist
between marine and terrestrial systems, while '°N in-
creases with trophic level (Ben-David et al. 1997a,
1997b; Hobson and Sealy 1991). Although '*C values
alone are often used to distinguish marine versus ter-
restrial diets, the unique combination of carbon and
nitrogen stable isotope ratios can more effectively be
used to discriminate between such foods in the diet.

Stable isotope analysis avoids bias inherent in other
diet techniques often used for analyzing wolf diets.
Differential digestibility of certain prey items can con-
found scat analysis interpretations of the relative con-
tribution of prey items in the diet (Floyd et al. 1978).
Specifically, analysis of scat could underestimate salmon
consumption because fish may be more thoroughly di-
gested and not easily detected (Carnes et al. 1996).
Measuring stable isotope ratios not only ascertains as-
similated foods but also provides relatively long-term
diet information when tissues such as hair, toenails, or
bone collagen are used. A predator’s bone collagen is
derived primarily from the protein of its prey (Krueger
and Sullivan 1984) and because of its long metabolic
turnover rate, it can be a useful indicator of the assim-
ilation of food items over the lifetime of an animal
(Tieszen et al. 1983). We expected that direct con-
sumption of salmon tissues by wolves would result in
simultaneous 8'°C and 8'°N enrichment in wolf bone
collagen.

To detect the extent of salmon utilization by Alex-
ander Archipelago wolves, we compared their diets to
those of northern interior Alaska wolves. We hypothe-
sized that southeast Alaska wolves would have signifi-
cantly more elevated marine isotopic signatures, and

more variation among individual wolf diets, than those
wolves occupying an ecosystem with limited marine in-
put. We also hypothesized that individual southeast
Alaska mainland wolves would incorporate more salm-
on in their diet, and have more variable diets overall,
than island wolves. Occupying areas of low or fluctuat-
ing deer density, such as the coastal mainland, may ne-
cessitate a more varied diet and greater reliance on
salmon resources. If mainland wolves extensively utilize
alternative foods, it may be possible to assess the fate of
island wolves in light of predicted declines in deer pop-
ulations. Subsidies of alternative resources, particularly
salmon, could influence wolf/prey dynamics in southeast
Alaska by reducing the vulnerability of wolves to a nu-
merical decline when deer numbers decrease. Thus, our
ability to detect alternative prey resources such as
salmon in wolf diets will enhance our knowledge of
predator-prey relationships for wolves in southeast
Alaska. Given their restricted distribution and apparent
vulnerability to continued logging practices, this infor-
mation will be important for managing wolf populations
that are currently harvested.

Methods

Study area

Wolves inhabit most of southeast Alaska, from Icy Bay (59°45'N
latitude, north of Yakutat) to Dixon Entrance (54°30’N latitude,
southern end of Prince of Wales Island; Fig. 1), except for Ad-
miralty, Baranof, and Chichagof Islands. The region is a naturally
fragmented mosaic of forested islands (the Alexander Archipelago),
mountains, and glaciers (MacDonald and Cook 1996). A maritime
climate produces cool, wet summers and mild winters (~150—
400 cm annual precipitation). Vegetation at lower elevations is
typically old-growth western hemlock (Tsuga heterophylla) and
Sitka spruce (Picea sitchensis) with dense understory (Alaback
1982). Muskeg is common in poorly drained areas and alpine
tundra predominates at higher elevations. Southeast Alaska has
approximately 16,000 km of shoreline (MacDonald and Cook
1996), consisting of rocky intertidal beaches and estuaries. In ad-
dition to thousands of smaller streams, several large mainland
rivers are important habitat for anadromous and freshwater fish.
Annual runs of spawning Pacific salmon last from late June to late
November. Unlike anadromous fish in the Pacific northwest,
salmon returning to British Columbia and southeast Alaska
streams do not harbor the rickettsia-like parasite (Neorickettsia
helminthoeca) known to be fatal in canids (Knapp and Millemann
1970). Thus, the condition known as ‘salmon poisoning’ does not
affect wolves in the study area. Eulachon (Thaleichthys pacificus)
are also anadromous and spawn from February to May in large,
mainland rivers (Hart 1973). Potential mammalian prey species for
wolves include Sitka black-tailed deer, beaver, mountain goats
(Oreamnos americanus), moose, harbor seals (Phoca vitulina),
mustelids (Lutra canadensis, Mustela spp.), and small rodents
(Microtus spp., Peromyscus spp.).

Sample collection and preparation

We examined bone collagen stable isotope values from wolf skulls
obtained from the University of Alaska Museum and from trap-
pers. Skulls were chosen based upon year trapped, gender, age
(juvenile or adult), and area. To test for temporal differences in diet



and to increase sample size, skulls from the 1960s and 1990s were
analyzed. Isotope analysis indicated that males did not significantly
differ from females (MANOVA, P>0.10) and these two groups
were subsequently pooled. Juveniles were defined as those wolves
trapped during their first winter, and were identified by the lack of
fused skull and leg bones (Rausch 1967). We initially separated
juvenile and adult wolves to test for age effects because the 'N-
enriched milk diet of young animals might confound the interpre-
tation of individual stable isotope ratios (Bocherens et al. 1994).
Bone collagen of young animals tends to reflect diet primarily
during the growth phase and is likely to be biased toward a shorter
period of relative dietary integration than in adults (Hobson and
Sease 1998). We selected samples from four geographic locations
among which we expected to find significant dietary differences due
to ungulate prey availability (Fig. 1). Because wolves occupy large
home ranges (Person et al. 1996) and the spatial distribution of
salmon streams in southeast Alaska is rather uniform (Alaska
Department of Fish and Game 1994), we assumed that southeast
Alaska wolves had equal access to anadromous salmon throughout
that area. On the other hand, deer densities differ markedly across
the region. In areas inhabited by wolves, relative deer density is
high on Prince of Wales Island, moderate on Kupreanof Island,
and low on the coastal mainland (Kirchhoff 1996). Hence, we chose
southeast Alaska locations with distinct geographical or habitat
variation and known differences in deer density. Wolves from
northern interior Alaska (n = 50) had limited access to ana-
dromous fish and were hypothesized to show a typical ‘terrestrial’
isotopic signature. Bone material from southeast Alaska deer
(n = 14), moose (n = 5), beaver (n = 8), and mountain goat
(n = 5) was also obtained from the University of Alaska Museum
and analyzed. Prey species subsequently modeled for southeast
Alaska wolves included deer, moose, beaver, mountain goat,
voles, and salmon. Prey species considered for interior Alaska
wolves were moose, caribou (Rangifer tarandus), and salmon.
Northern Alaska caribou stable isotope data were compiled
from Barnett (1994) and vole and salmon data from Ben-David
(1996).

Skull samples had been previously defleshed by dermestid beetle
larvae or boiled. A thin, rectangular piece (1 x 1/2 x 1/8 inch, 500—
600 mg) of bone material was cut from the inner-right mandible of
each skull (one sample per skull) using a Dremel tool and clean-
cutoff wheel. Cleaning and collagen extraction procedures followed
Stafford et al. (1988) and Matheus (1997). Bones were thoroughly
scraped and sonicated in distilled water to remove soft tissue resi-
due and contaminants, and were washed with acetone, methanol,
and chloroform (8 h/wash) in precombusted (550°C) culture tubes
to remove glues, shellacs, and lipids. Bone apatite was removed by
demineralization in weak HCL (1n~) at 5°C for 5-7 days. The col-
lagen was gelatinized in HCI (pH 3-4) under N, gas at 101°C for 2—
4 h. The solution was centrifuged and filtered through a 0.45-pm
PTFE syringe filter to remove remaining contaminants. The su-
pernatant solution was then lyophilized and weighed (1.5-2.0 mg)
into miniature tin cups (4 x 6 mm) for analysis.

Stable isotope ratio analysis

The natural abundance of >C and '*N stable isotopes in wolf and
prey bone collagen was measured using a Europa C/N continuous-
flow ratio mass spectrometer (CFIRMS). Analytical error was
+ 0.1%, for both carbon and nitrogen. Stable isotope ratios were
expressed in & notation as the proportional deviation (in parts per
thousand, 9,) of the sample isotope ratio from that of a standard:

oX = (Rsamplc/Rsmndard - 1) x 1000

where X is °C or '°N, Ris '*C/'2C or '>N/"N; and the appropriate
standards were Peedee belemnite marine limestone and atmo-
spheric nitrogen for carbon and nitrogen, respectively.

We calculated the marine and terrestrial diet component for
each wolf from the combined values of 8'°C and 8'°N in a dual-
isotope, multiple-source mixing model (Ben-David et al. 1997a,
1997b). The model assumes that isotopic values of all prey items are
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significantly different from each other and that an individual wolf
consumes all available prey items. Proportions of rarely consumed
prey may be overestimated, and commonly used prey may be un-
derestimated. Therefore, the mixing model provides only an indi-
cation of relative prey consumption. Because collagen is derived
from dietary protein, lipids and carbohydrates (i.e., fats and plant
material) are often under-represented in the analysis of bone col-
lagen (Hobson and Stirling 1997). Because any plant material in
wolf diets was likely incidental (Kohira 1997), it would have little
influence on collagen isotope values. We assumed the values ob-
served in wolf collagen were indicative of an average, whole-prey
value (e.g., muscle and bone). Both environmental and metabolic
effects can influence stable isotope ratios of prey and predator,
but fractionation was assumed to be constant with diet among
individuals. Additionally, we assumed that changes in plant iso-
tope values, and therefore prey values, did not occur between
years. Only prey items that were frequently used were introduced
into the mixing model, and fractionation values for terrestrial and
marine prey were based upon feeding experiments on captive
carnivores fed known diets (Ben-David 1996; Hilderbrand et al.
1996).

Statistical analysis

We assessed differences in stable isotopic values among prey (deer,
moose, mountain goats, beaver, voles, caribou, and salmon) using
a K nearest-neighbor randomization test (Rosing et al. 1998) prior

Fig. 1 Alexander Archipelago wolves occur on Kupreanof and Prince
of Wales Islands, and along the mainland corridor. Wolf samples were
selected from these southeast Alaska locations and from northern
interior Alaska (square in inset). Map modified from Kirchhoff (1994)
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to their incorporation into the dual-isotope mixing model. Moose,
beaver, mountain goats, and voles were subsequently grouped
together and labeled ‘other herbivores’ because they were not
isotopically distinct (P>0.05), and could not be measured inde-
pendently in wolf diets. Birds, squirrels, berries, and marine
invertebrates were not included in the K nearest-neighbor test for
southeast Alaska wolves because their incidence in the diet may be
limited (Kohira 1997). Likewise, ground squirrels (Spermophilus
undulatus), beaver and snowshoe hares (Lepus americanus) were
excluded for interior Alaska wolves (Stephenson and James 1982).
We plotted 8'°C and 8'°N means from distinct prey items in the
mixing model, calculated the percentage of each prey in the wolf
diet, and determined the mean (& SE) salmon contribution for
individual wolves. Salmon proportions were transformed using an
arcsine transformation in order to use parametric statistical tests
(Krebs 1989).

We tested the null hypothesis that there was no difference in use
of salmon between southeast and interior Alaska wolves using an
F-test on the transformed proportions (SAS 1985). To test the
hypothesis that there were no differences in salmon diet among
wolves across southeast Alaska, we incorporated age, year, and
area factors into analyses of variance (ANOVA) on the trans-
formed proportions. We explored variation among individual wolf
diets using Levene’s test of homogeneity by calculating the average
deviation from the mean of each observation by area (1/ (¥ — x?)),
and using a one-way ANOVA with multiple comparisons to in-
vestigate significant differences in variation among areas (SPSS
1996).

Results

Stable isotope values for wolves in southeast Alaska
(n = 163) reflected a broad range of terrestrial and
marine signatures (Fig. 2). Mean 8'°C and 8'°N values
(£ SE) for southeast Alaska wolves were —22.2 £+ 0.19,
and 7.6 + 0.19%,, respectively. The mean 8'C value for
island wolves (n = 101) was —-22.7 + 0.1%,; the mean
8'°N value was 7.5 £ 0.1%,. Mean 8'°C and §'°N val-
ues for wolves on the southeast Alaska coastal mainland
(n = 62) were —21.4 + 0.3%, and 7.6 + 0.3%,, respec-
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Fig. 2 8'3C and 8'°N values for wolves in southeast Alaska. Open
circles indicate wolves (n = 4) from Yakutat, northern mainland.
Mean stable isotope values are given for deer (n = 14), other
herbivores (moose, voles, mountain goat, beaver; n = 46), and salmon
(n = 42); harbor seal value from Smith et al. (1996)

tively. Yakutat wolves, within the coastal mainland
group, showed the most enriched mean 8'°C and §'°N
values (=17.2 + 0.49, and 12.9 £ 0.99,, respectively;
n = 4). Interior Alaska wolf values (n = 50; Fig. 3)
averaged —19.6 £ 0.19%, for carbon, and 6.4 + 0.19%,
for nitrogen.

Significant differences in stable isotope ratios were
found among prey types using the K nearest-neighbor
test (P <0.05; Table 1). Caribou, moose, and salmon —
interior Alaska prey species — were isotopically distinct
(P = 0.000; Fig. 3). Deer, salmon, and other herbivores
were isotopically separate prey species for southeast
Alaska wolves (Fig. 2). The ‘salmon’ group (n = 42)
reflects the mean isotopic signature of coho (O. kisutch,
n = 18), pink (O. gorbuscha, n = 21) and chum
(0. keta, n = 3) salmon. Although pink and chum
salmon were isotopically different from coho salmon
(P = 0.036), we combined them to allow for wolf diet
comparisons between areas (three prey groups per area).
All three species exist in southeast Alaska, but coho
salmon are not found in interior Alaska rivers. Violat-
ing the mixing model assumption of separate prey
groups might not be severe in this case since the three
salmon species have close isotopic values that are sig-
nificantly different from all other prey, and can be
considered one functional group representing ‘marine’
diet.

Southeast Alaska wolves relied significantly more on
salmon (18.3 + 1.2%, n = 163) than did wolves in in-
terior Alaska (9.1 £ 0.6%, n = 50, P<0.001, Fig. 4,
Table 1). Likewise, variation among individual wolf di-
ets was higher for southeast Alaska wolves (SD = 15.5)
than for interior Alaska wolves (SD = 4.5, Levene’s test
of homogeneity, P<0.001; Fig.5). Relative salmon
content ranged from 1.7 to 88.8% in southeast Alaska
wolf diets, and only 1.5-26.8% in interior Alaska wolf
diets.

A significant three-way interaction among area, year,
and age (ANOVA, P<0.001) precluded the demon-
stration of significant differences in percent salmon
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Fig. 3 5"3C and 5'°N values for wolves in northern interior Alaska.
Mean stable isotope values are given for caribou (n = 41; Barnett
1994), moose (n = 5), and salmon (n = 42; Ben-David 1996)
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Table 1 Mean (+ SE) 8'3C and 8'°N values for and relative contribution of prey items to southeast and interior Alaska wolf diets.
Percentages of prey in the diet were calculated by the dual-isotope mixing model

Species n 3'3C 3"°N Relative contribution in wolf diet (% mean + SE)
Kupreanof Mainland P.O.W. Interior Alaska
(n = 50) (n = 62) (n = 51) (n = 50)
Deer 14 -24.1 £ 0.2 2.1 £03 49.0 £ 1.2 48.7 £ 1.9 447 £ 1.2
Other herbivores 46 -229 £ 0.2 22 + 0.3 357 £ 04 344 + 1.1 36.2 £ 0.5
Salmon 42 -199 £ 03 12.1 £ 0.2 153 £ 1.3 20.0 £ 2.7 19.1 £ 1.5 9.1 £ 0.6
Caribou 41 -20.8 £ 0.0 4.0 £ 0.1 55.2 £ 3.0
Moose 5 -22.7 £ 0.8 1.6 £ 04 357 £ 29
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- at o = 0.05 (Levene’s test of homogeneity and one-way ANOVA
w7 L] with Bonferroni multiple comparisons). Sample sizes are given in
i parentheses
6 o
5 subsequent one-way ANOVA indicated that mainland
25 A adult and juvenile diets did not differ (P = 0.785) but
A wolves of both age cohorts in 1990 had diets higher in
20 - salmon content than in 1960 (P = 0.001; Table 2). No
c A differences in year or age were observed for wolves on
g 15 Prince of Wales Island or in interior Alaska (P> 0.100).
© The relative contribution of salmon in wolf diets varied
AT B .. ,
2 significantly among the four areas (Levene’s test of
homogeneity, P <0.001; Fig. 5). Bonferroni multiple
51 comparisons revealed that variation among individual
wolf diets on the southeast Alaska mainland was higher
0- ) ) than in other areas (P <0.001). Variance between juve-
K”p(;%a)"ﬁ Ma('é'zl)a"d Pi;“)’v' '"te(gg)' AK niles and adults, and between years, was not significantly

Fig. 4 Mean (£ SE) stable isotope and % Salmon values for wolves
from southeast and interior Alaska. Different letters indicate
significant differences at o = 0.05 (F-test on arcsine-transformed
proportions). Sample sizes are given below bars

among all southeast Alaska areas. However, effects of
year and age on diet were apparent for some areas.
Wolves on Kupreanof Island had a significantly higher
marine signature during the 1990s (20.4%, n = 50,
P = 0.031; Table 2) but there were no dietary differen-
ces due to age (P = 0.764). Year and age significantly
interacted for coastal mainland wolves (P = 0.012). A

different.

Discussion
Causes of stable isotopic variation among areas

Regardless of the extent of salmon resources in southeast
Alaska, it was entirely possible that wolves in this region
did not significantly utilize them. Wolf populations in
southeast Alaska were purported to have a strong pref-
erence for deer, similar to that of interior Alaska wolves
for caribou. However, we found that salmon significantly
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Table 2 Relative contribution (mean + SE) of salmon in the diet of wolves by area, year, and age. Percentages were calculated using the

dual-isotope mixing model

Area 1960 1990

Adult Juvenile Adult Juvenile

% SE n % SE n % SE n % SE n
Kupreanof Island 13.2 1.7 20 13.9 1.0 5 19.9 6.9 17 20.6 5.1 8
Coastal mainland 8.9 0.5 17 17.9 2.9 6 55.2 10.2 32 26.2 12.9 7
Prince of Wales Island 20.9 3.9 9 20.6 4.4 17 14.1 1.2 11 22.8 2.5 14
Interior Alaska 9.9 1.5 13 7.9 1.8 12 8.7 0.8 13 9.8 0.7 12

augmented diets of southeast Alaska wolves compared to
diets of their counterparts in interior Alaska. We were
able to reject the hypothesis of no difference in constancy
of wolf diet between regions, demonstrating that indi-
vidual wolves in southeast Alaska do significantly expand
their diet to include salmon. Hence, diets of wolves in this
region overall were more opportunistic and showed less
specialization to a uniformly deer diet. Comparisons
between coastal and inland coyotes in Baja, California,
showed similar patterns of expanded dietary breadth in
coastal individuals (Rose and Polis 1998). Diets of coy-
otes along the coast were more varied and the trophic
diversity of scat contents at coastal study sites was sig-
nificantly broader than inland site scat contents. Al-
though interior Alaska wolf samples were selected over
the entire northern Alaska region during two time peri-
ods, they showed little isotopic variation. Angerbjorn et
al. (1994) similarly reported that arctic foxes from the
coast of Iceland had significantly higher variance in 8'°C
values than inland fox samples collected throughout the
island. Higher variation among individual wolf diets in
southeast Alaska may have been due to the inclusion of
marine prey items other than salmon in some wolf diets.
Eulachon smelt, common in large mainland rivers, spawn
in the spring when other food resources tend to be limited
(Willson and Halupka 1995). Additionally, mussels,
crabs, and other marine invertebrates are readily acces-
sible in the intertidal zone. These marine resources,
though not analyzed in this study, are available year-
round and may have contributed to the more enriched
stable isotope values of southeast Alaska wolves.

Although wolves in northern interior Alaska have
access to several terrestrial and some fish prey items,
their greater reliance on caribou was evident from
stable isotope analysis. This conclusion was supported
by Ballard et al. (1997), who showed the importance
of caribou in wolf diets despite the presence of ground
squirrels, hares, and moose. Stephenson and James
(1982) also reported dietary specialization of caribou
within northern interior Alaska wolf diets. We found
most stable isotope values for interior wolves resided
near the mean caribou value (Fig. 4). The scatter of
enriched wolf values paralleled the varied stable iso-
tope values of caribou (Barnett 1994) and was prob-
ably a reflection of the forb/shrub/lichen diet of
caribou.

In addition to diet, ecosystem variability likely
contributed to observed differences between southeast
and interior Alaska wolf isotope values. Stable isotope
signatures have been shown to vary among biomes due
to soil differences, water regimes, and plant types
(Ambrose 1991; Cormie and Schwarcz 1994). For ex-
ample, although 8'*C values from interior Alaska
wolves were highly enriched and appear ‘marine’, 3'°N
values were relatively low. This suggests those wolves,
rather than having a marine diet, consume caribou
subsisting on a shrub/lichen diet. Water-stressed lichens
retain available water, assimilate more of the heavy
isotope '°C, and generally show more enriched §8'°C
values (Barnett 1994). Mean §'*C values for lichens in
interior Alaska and the Yukon Territory were —23.3%,
(Barnett 1994) and —22.8%, (M. Ben-David and D.S.
Hik, unpublished data), respectively. This carbon en-
richment would subsequently be incorporated into
caribou tissues. Southeast Alaska understory plants, on
the other hand, tend to show more depleted 8'>C values
(Ben-David et al. 1998). Sitka black-tailed deer '*C
values appeared to be similarly depleted as their diet
includes forbs and low-growing evergreen plants
(Kirchhoff and Larson 1998). As a result, southeast
Alaska wolves on a deer diet showed greater depletion
in carbon values than interior Alaska wolves on an
ungulate diet (Figs. 3, 4).

Salmon content (%) in wolf diets did not signifi-
cantly differ among areas within southeast Alaska, but
the simultaneous enrichment of carbon and nitrogen
stable isotopes reflected the high use of salmon by
southeast Alaska mainland wolves (Figs. 2, 4). The
extreme ‘marine’ isotope values observed for north
mainland (Yakutat) wolves were isotopically similar to
values for black bears (Ursus americanus) and brown
bears (U. arctos) on a salmon diet (Hilderbrand et al.
1996), and were closest to mean values obtained for
harbor seals in Hudson Bay (Smith et al. 1996) and
Alaska (Hobson et al. 1997). Although they were not
included in the mixing model, seals may contribute to
the diets of wolves in some areas. Harbor seals spend a
substantial amount of time on shore at low tide (Ter-
hune and Brillant 1996), where they would be particu-
larly vulnerable to wolves. In Adams Inlet, Glacier Bay
National Monument, seals (primarily pups) accounted
for nearly one-third of summer wolf diet (Meiklejohn



1994). Although moose were also present in that study
area, they were observed in only 5 of 155 wolf scats
(3%). Harbor seals and other marine foods were also
noted in the diet of wolves introduced on Coronation
Island, southeast Alaska, particularly when deer num-
bers were low (Klein 1995).

Lack of simultaneous enrichment of §'°C and §'°N
values suggests that wolves on islands in southeast
Alaska had less marine contribution to their diets and
relied more heavily on terrestrial food items (Fig. 4).
Deer densities are relatively high on Kupreanof and
Prince of Wales Islands, and scat analysis has con-
firmed a strong reliance of wolves on deer on the latter
(Kohira 1997). Although their stable carbon isotope
values were relatively depleted, 8'°N values imply that
Prince of Wales Island wolves also foraged at a higher
trophic level (Fig. 4). Consuming other carnivores
would elevate wolf "N and, potentially, the ‘% salm-
on’ values derived from the mixing model. Black bear
and mustelid remains have been found in wolf scats on
Prince of Wales Island (Kohira 1997). Ligon (1926)
noted ‘fatal conflicts’ between wolves and bears on this
island, and wolf predation of black bears has been
noted elsewhere (Horesji et al. 1984; Paquet and Car-
byn 1986; Rogers and Mech 1981). Additionally, har-
vest of black bears is relatively high on Prince of Wales
Island (D. Larsen, Alaska Department of Fish and
Game, personal communication), and it seems reason-
able to suspect that discarded bear carcasses could
supplement wolf diet. Black bear do not occur in high
numbers on the coastal mainland and their occurrence
in wolf diets on Prince of Wales Island is perhaps
unique.

More pronounced than isotopic differences of wolves
among areas in southeast Alaska was the magnitude of
diet variability; the proportion of salmon in wolf diets
was more constant on islands than on the mainland
(Fig. 5). Differential availability of ungulates (i.e., deer)
may have necessitated a greater reliance on salmon and
contributed to the higher dietary variation observed for
mainland wolves, rather than differences in salmon
availability. Keith (1981) and Marquard-Peterson
(1998) suggested that when ungulate density and vul-
nerability vary, differences in wolf diets are likely to
occur. Wolf densities are generally higher where deer are
abundant (Van Ballenberghe et al. 1975; Weaver 1994,
but see Peterson and Page 1988) and this pattern is ev-
ident on southeast Alaska islands (Person et al. 1996).
Moose and mountain goat are the primary ungulate
prey on the coastal mainland (Fox and Streveler 1986)
but kill rates for wolves (and wolf densities) tend to be
lower where these species prevail (Carnes et al. 1996;
Dale et al. 1995; but see Hayes 1995). Consequently,
wolves in southeast Alaska prey on deer when available
but likely use more alternative resources where deer are
absent or at low densities (i.e., on the coastal mainland).
Because availability of ungulate prey may be limited,
variation among individual wolf diets on the coastal
mainland was higher.
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Annual variation

During years of low deer abundance, encounter rates of
wolves with deer would likely be reduced. Consequently,
other prey items, such as salmon, should have increased
importance and contribution in wolf diets. The prox-
imity of Kupreanof Island wolf §'*C and §'°N values to
the mean deer value implied a diet dependent on deer, a
dependency that appeared to have changed over time.
After a decline in the deer population on Kupreanof
Island during the 1970s (Olson 1979), wolves apparently
incorporated more salmon in their diet (Table 2). Deer
numbers similarly declined on the coastal mainland
during the same time period and wolves showed in-
creased use of salmon during the 1990s. In contrast,
severe winter mortality of deer was not observed on
Prince of Wales Island, and the range of 5'*C values for
wolves suggested a terrestrial, predominantly deer diet
during both the 1960s and 1990s. If isotope ratios of
bone collagen, with lower resolution than other tissues,
can discern such temporal changes in diet, actual dietary
shifts of wolves over time due to fluctuating deer den-
sities may be more extensive.

Implications for predator/prey dynamics

In this study, we found distinct patterns in the stable
isotopic signatures of southeast Alaska wolves that
suggest they make substantial use of anadromous
salmon and, potentially, other marine resources. This
may not be surprising considering that wolves are op-
portunistic predators and that other canids successfully
utilize salmon and other marine foods (Andriashek et al.
1985; Rose and Polis 1998). Reviews of wolf food habits
generally have not noted fish to be an important prey
item (e.g., Mech 1970) but in coastal ecosystems, salmon
may be relatively important in wolf diets. Anadromous
fish are spatially constrained, relatively easy to capture,
and more or less predictable (Willson and Halupka
1995). Additionally, fish and other marine resources in
southeast Alaska are available for longer periods than
are ungulate neonates, and are therefore less ‘seasonal’
in nature.

Dietary plasticity likely contributes more to the suc-
cess of wolves in southeast Alaska than would be ex-
pected given their purported dependence on black-tailed
deer. Results of the mixing model suggested prey items
other than deer make up a large portion of wolf diet in
all southeast Alaska areas. Even if the dual-isotope
mixing model was not accurately assessing percentages
of each prey item in wolf diets, the high ratio of
deer : other prey is notable. Because wolves in southeast
Alaska have the potential to use salmon resources when
their primary ungulate prey is unavailable, switching to
alternative prey (i.e., a functional response) could ame-
liorate long-term numerical declines in wolf populations.
In southeast Alaska, the potential for marine resources
to influence predator/prey relationships is substantial
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and future research requires further clarification of the
importance of marine diets to coastal wolf population
dynamics (i.e., distribution, density, and reproduction).
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