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isotopic shift, our proxy for salmon use, was related primarily to estimates of salmon

availability, not deer availability, among wolf groups.

Conclusions

Concordance of faecal and isotopic data suggests our intra-hair isotopic methodology
provides an accurate proxy for salmon consumption, and might reliably track seasonal
dietary shifts in other consumer-resource systems. Use of salmon by wolves as a function
of its abundance and the adaptive explanations we provide suggest a long-term and
widespread association between wolves and salmon. Seasonally, this system departs
from the common wolf-ungulate model. Broad ecological implications include the
potential transmission of marine-based disease into terrestrial systems, the effects of
marine subsidy on wolf-deer population dynamics, and the distribution of salmon

nutrients by wolves into coastal ecosystems.

Background
Subsidies of energy and nutrients across habitat boundaries can affect the behaviour and

life history in a broad array of taxa [1-6]. The return of salmon (Oncorhynchus spp.)
from oceanic environments to terrestrial spawning areas provides a striking example of
such cross-boundary resource subsidy. Offering a predictable, nutritiously valuable, and
spatially and temporally constrained food, salmon attract a diversity of terrestrial

predators and scavengers [e.g. 7-17].

Among multiple terrestrial users, only few capture salmon, transferring nutrients to
adjacent shorelines and subsequent consumers. Although river otters (Lontra canadensis)

and flooding activity contribute [9], critical to this process are bears (Ursus spp.), which



partially consume salmon and deposit carcass remains as well as thesmariaeces
(containing salmon-derived nutrients) throughout riparian agegs/[11,18,19]. This
behaviour directly and indirectly provides nutrients to multiple trophic levelsidimg
vegetation, through scavenging of carcasses followed by decay and subsequent
fertilization of riparian vegetation [18,20-23]. If bears are the primary arsd widely
distributed vectors linking salmon to terrestrial environments, one might preglict t
ecological consequences based solely on these and similar studies ofrhear-sal

interactions.

Another terrestrial carnivore has been linked to salmon but their ecologatamship is

not well understood. There are tangential observations of salmon as a food resource for
wolves Canis lupu}, but none describing them as frequent prey [24-26]. In wolves of
coastal and interior Alaska, however, Szepanski et al. [27] identified maricbezhr

stable isotope signatures and suggested the dominant source was spawning salmon. Wi
complementary results, Darimont and Reimchen [28] sampled chronologicallgrsegim
portions of guard hair from wolves across British Columbia (BC) and demounstnate
seasonal marine isotopic enrichment occurred during fall, when salmon becamlel@vail
Subsequently, a survey of prey remains in wolf faeces across 60,0@0 &oastal BC
detected the presence of salmon in about 7% of samples, even though sampling/primaril
occurred before the spawning season began [29]. Finally, behavioural evidence from
coastal BC suggested that wolves are not simply scavengers but cantéffriey on

salmon [30]. Collectively, these observations suggest that wolves might aso be



frequent and widespread predator of salmon and biological vector of salmon-derived

nutrients.

Such a wolf-salmon association would depart from the dominant pattern defining this
terrestrial carnivore. Recent reviews concluded that, although wolvdexabdef and
opportunistic predators, they primarily prey on ungulates - or hoofed animals - and
ungulate presence and density in an area determines the distribution, behadiour, a
ultimately reproduction and survival of wolves [31-33]. Consistent with this conclusion,
Szepanski et al. [27] reasoned that the greater salmon consumption among wolves of
mainland southeast Alaska they estimated was likely related to reducedtar{bldck-
tailed deerQOdocoileus hemionyiswvailability; previous research had shown that deer
densities were lower on the mainland compared with the islands. This supported the
hypothesis that salmon were alternate prey to which wolves switch under @os diti

low ungulate abundance. Likewise, it is consistent with broader theory thatqrsewill

switch to alternative prey when preferred foods are less available [34,35].

We address this hypothesis with resource use data from eight groups of wolvesefor thre
seasons over four years across a landscape that varies in availabilitylotesgnd

salmon. We estimate resource use using two methods: i) identification oéprays in

wolf faeces and, ii) stable isotope analyse&view in36]. Relevant here, marine

resources like salmon have higher carbon and nitrogen isotopic signatures comihared wi
terrestrial foods, making a signal of marine resource use detectabldissties of

consumers [37]. Primarily, we test whether wolves use salmon as a function of deer



salmon availability. Additionally, we examine how consistent faecal and isotopic data
sets might be in estimating seasonal and intrapopulation variation in foraging. We show
strong concordance between these data sets and that wolves target salmon as a function of

salmon availability, not deer availability.

Methods

Study Area
BC s central coast is a remote area, accessible only by boat or air, and only minimally

modified by industrial activity [29]. Our study area is roughly 3,300 km?, and is centred
on Bella Bella (52°10 N, 128°09 W:; Figure 1).

Assessing resource availability

To assess variation in resource availability among wolf groups, we first estimated home
ranges using data on re-sightings of individuals. After hundreds of hours of direct
observations that included videography and photography [e.g. 30,38], differences among
wolves in pelage and other morphological characters allowed us to identify repeatedly at
least one member of each group over the 4 years of study. We used ArcView 3.2 to plot
these re-sightings and used the Home Range application to estimate 95% kernel home
ranges [39]. This method might be limited by different probabilities of observing wolves
among and within packs. Additionally, estimates cannot account for potential variation
in home ranges among years. Nonetheless, we assume our results yield an adequate
estimate of home range sizes and configurations to estimate relative resource availability
for each pack (below). Indeed, microsatellite data extracted from wolf faeces collected in
2003 across five of these putative home ranges are yielding similar estimates for home

range sizes and configurations (Erin Navid, University of Calgary, unpublished data)..



To estimate deer availability, we applied a model [40,41] we previously developed that
was based on the relationship between topographical slope and deer pellet density [42],
derived from 110 km of transects conducted across our study area. Model output was

converted to a spatial probability layer with which we calculated a relative deer density

estimate (DEER), ranging from 0 to 1, for each home range.

To estimate salmon availability (SALMON), we extracted data from the Pacific Salmon
Escapement Database (nuSEDS), maintained by Fisheries and Oceans Canada for each
creek in each year. We then converted escapement numbers to biomass available in each
95% kernel home range using published weights for each species [43,44], and assuming a
1:1 sex ratio. The number of inventoried salmon creeks in each home range varied from

1to 8. We assumed that wolves have equal access to each creek within their territories.

Assessing resource use

During spring (May/early June), summer (late July), and fall (late September/early
October), we collected wolf faeces on established transects. In 2001, we sampled the
home ranges of four groups, and in 2002 and 2003, we added four more to total eight
groups sampled each season and year. Within home ranges, sites were well-distributed

and on average about half included creeks with spawning salmon.

During spring and summer 2001 to 2004, we also collected wolf hair that had been shed
in resting beds on established transects or at homesites (reproductive areas; [45]).
Wolves have one annual moult that begins in late spring when the old coat sheds and a

new one grows until late fall [24]. Therefore each hair sample s isotopic datum provides



an integrated record of individual diet for roughly half the previous year. We assume
each sample originated from one wolf, as they were collected from resting beds and on

most occasions we sampled hair directly after viewing wolves.

Identification of prey remains used dichotomous keys [e.g. 46] and followed protocols in
Darimont et al. [30]. To eliminate inter-observer variability, only one person identified
prey remains, and only after a lengthy training period (~ 60 hours). We estimated her
precision by having an independent volunteer select 141 scats (~ 6 %) for re-sampling, as
well as administer and score the results. The primary prey item was consistently

identified in 139 (98.6%).

Isotopic analysis of hair followed Darimont and Reimchen [28]. Isotopic signatures are
expressed in delta notation (d) as ratios relative to PeeDee limestone (carbon) and
atmospheric N, (nitrogen) standards as follows:

dX = [(Rsample/Rstandarg) 1] * 1000,
where X is °C or N, and R is the corresponding ratio **C/**C or >N/**N. Isotopic data
are expressed in delta notation (d) in  units [36].
Assessing resource use in context of resource availability
We used faecal data to document seasonal and intra-group differences in resource use but
focus on isotopic data to test hypotheses of resource selection. For scat data, we report
occurrence per faeces (O/F) for comparison with published literature but use occurrence
per item (O/I) in statistical tests because the former can be problematic, as it exceeds

unity when summed (because some faeces contain multiple items). O/F is the frequency
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sampling biases; faecal sample sizes varied considerably among ‘pschksséa = 9 to
132 scats) and might be biased to contain resources most available at the location of
defaecation. In contrast, isotopic signatures incorporate many months darfidorag
behaviour. Second, we focuseddfC because it is a much better tracer of dietary
‘source’ {.e. marine versus terrestrial) thefN, which also reflects trophic position [50,
51]. Third, if wolves used salmon, they should show elewdfi&isignatures in the fall-

grown hair compared to summer-grown hair [28].

For each candidate model, we calculated Akaike Information Criteria (AdTistad for
small sample sizes, following the formula: AI€n loge?) + 2K + 2K(K + 1)/(n - K - 1),
whereo? = Sum (&/n), K is the number of parameters (including intercept and error
term), n the numbered of ‘group years’ andhe residuals for each candidate model [52,
p. 63]. We then evaluat€aAIC, to select best approximating model(s) and make
appropriate inference, usimpIC. < 4 to describe the top model set. Finally, we
summed Akaike weights$S( ;) across the top model set for each variable to rank them by
importance [52].d°C seasonal isotopic shift data were normally distributed
(Kolmogorov-Smirnov Z test; P = 0.35). Models were weighted by the square root of
sample size for each ‘group year’. Each candidate model had errors thabweedy
distributed (Kolmogorov-Smirnov Z tests, all P > 0.05). Tests were performed using

SPSS 11.0 (SPSS Inc., Chicago, USA).
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behaviour to declining use of deer during fall was strongly related to salmon use; using
group years as cases, there was a strong inverse relationship between O/l of salmon and

O/l of deer during fall (r =-0.77, n = 20, P <0.001, Figure 3).

Isotopic data also showed seasonal variation in resource use, much of it related to salmon
use. Whole hair d**C values, indexing diet from the summer to fall, ranged from -24.4 to
-16.8 (mean = -21.4, SD = 2.0), and d"°N ranged from 6.4 to 14.3 (mean = 9.5, SD = 2.1).
Reflecting the marine nature of this variation, d**C and d">N were strongly correlated (r =

0.95, n = 60, P < 0.001).

Three tests revealed that most marine-derived isotopic enrichment was incorporated
during fall and associated with salmon. First, d"*C values in whole hair samples were
correlated with seasonal (fall minus summer) isotopic shifts in d**C in the same hair (r =
0.54, n =15, P =0.038). Second, most individuals showed positive seasonal isotopic
shifts between summer and fall, occupy the region of isotopic niche space defined by
greater d*3C and d*N signatures during fall compared with summer (c? = 56.13, df = 3, n
=60, P <0.001; Figure 4). Third, we examined group years with both faecal data
during fall (n range: 9 to 92; mean = 54.0 faeces/group) and group-averaged d'*C
seasonal isotopic shifts from wolf hair grown during that same year among members of
those same groups (n range: 1 to 6; mean = 3.4 hair samples/group); cases with higher
O/1 salmon during fall showed greater average seasonal isotopic shifts in d*3C (r = 0.78, n

=10, P =0.008, Figure 5).
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(i.e. numbers and vulnerability) might be different. For example, coastal black-tailed
deer have phenotypes that are resident at low elevations year round and those that
seasonally migrate to higher elevations during summer [55]. Differences among home
ranges in the proportion of these phenotypes might influence the availability of deer to
wolves. Regardless, the positive correlation between salmon availability and use is
straightforward, and alone provides support to differentiate between hypotheses.
Adaptive explanations for use of salmon

Whereas this wolf-prey association during fall departs from a wolf-ungulate model, it is
consistent with adaptive explanations based on safety, nutrition, and energetics.
Selecting benign prey such as salmon over potentially dangerous ungulate prey follows
predictions of foraging theory [56]. While hunting ungulates, wolves commonly incur

serious and often fatal injuries [31].

In addition to safety benefits, we show here that salmon also provides enhanced nutrition
over deer, especially in fat and energy. Moreover, strict comparisons might
underestimate the nutritional value of salmon. Wolves selectively consume lipid-rich
heads [30] and potentially benefit from docosahexaenoic acid, an omega-3 fatty acid,
which is critical for nervous system function, can be manufactured only from dietary
sources, and occurs at high levels in brain and optic tissue [57]. Finally, for equivalent
energetic intake, wolves face less handling time and need to travel far less for salmon
compared with searching for vulnerable ungulate prey [e.g. 58]. If we consider energetic
content as a central currency, and given a ratio of its value per mass of pink salmon

compared with deer (4.4:1, calculated from Table 1) and an estimated daily requirement
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constrained resource might create opportunity costs of not patrolling and defending larger

portions of their territories.

Ecological implications
Based on relationships we show between availability and use, we predict salmon

consumption is widespread wherever wolves and salmon still exist [see also 29,30].
Accordingly, we expect higher-order ecological implications, similar to those initiated by
wolves in other systems. For example, by preying on large ungulates, wolves indirectly
provide a considerable proportion of carcasses to a diversity of scavengers, including
coyotes (C. latrans), bears, and ravens (Corvus corax) [62, 63]. Notable differences,
however, exist between unused portions of ungulate and salmon carcasses. First, remains
of salmon are not defended by wolves [30], and thus the carrion is immediately available.
Second, because carcasses are relatively small and can be more readily dispersed, more
individual (vertebrate) scavengers likely gain access to salmon compared with large
(ungulate) carcasses over which multiple scavengers might compete. As a consequence,
this subsidy might be more evenly and broadly dispersed. Finally, the resource subsidy

offered by this terrestrial carnivore is one transported across a boundary of land and sea.

This wolf-provided subsidy of salmon to terrestrial ecosystems also differs from that
provided by bear vectors. In contrast to wolves, which often forage among or near family
members, carcass transport by bears is thought to be mediated by intra-specific
competition. As a consequence, one might expect different spatial patterns of nutrient
subsidy. In a black bear system, Reimchen [18] observed that about 80% of salmon were

transferred up to 100 m into the forest, with larger and fresher male carcasses transported
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wolves subsidized by marine prey such as salmon might limit deer populations [29].
Under allochthonous resource supply, densities (and ecological influence) of cansumer
can be greater than predictedibysitu productivity [1]. This hypothesis would be
especially plausible on islands where deer productivity and/or immigrationdther

landmasses might not offset predation [66].

Conclusions
Our data suggest that salmon are a targeted resource in our study areayanthdkaler

wolves and salmon still co-occur. This coupled with the adaptive explanations we
present argue for an historical predator-prey association with broad eablogi
implications. The future and nature of this (formally geographically wiéesl) wolf-
salmon association is uncertain, however, given multiple threats posed to salmon
systems. These include overexploitation by fisheries and destruction of sgdabitat
[67], as well as diseases from exotic salmon aquaculture [68] that collecttaxadyiead

to coast-wide declines up to 90% over the last century [69].
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Figure 4 - Seasonal isotopic shifts in wolf hair
Seasonal isotopic shifts in d*3C and d"°N in wolf (Canis lupus) hair, collected in coastal

British Columbia, 2001 to 2004. Seasonal shifts calculated by subtracting values in distal

(summer-grown) hair segments from basal (fall-grown) hair segments.

Figure 5 - Relationship between faecal and isotopic data to detect salmon use by
wolves

Salmon (Oncorhynchus spp.) remains in wolf (Canis lupus) faeces expressed as
occurrence per item in each group during fall and the mean seasonal isotopic shift, which
is the fall minus summer d"*C values in wolf hair, averaged among individuals of the

same groups grown during the same year. Samples collected in coastal British Columbia,

2001 to 2004.

Figure 6 - Relationships between salmon use by wolves and the availability of
deer and salmon

Mean group d*3C seasonal isotopic shift in wolf (Canis lupus) hair - a proxy for salmon
use - as a function of estimated: a) deer (Odocoileus hemionus) availability, b) salmon
(Oncorhynchus spp.) availability, and c) salmon availability in a data set in which the
Mosquito group 2002 salmon estimate datum excluded the Neekas River, the most
productive in the study area, but one where wolf sign was rarely observed during fall.

Samples collected in coastal British Columbia, 2001 to 2004.
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Table 1 . Mean nutritional content in 100 grams of raw black-tailed deer and pink
salmon.

Content Deer Salmon
Protein (g) 19.94 21.5
Fat (g) 2.66 3.45
Energy (kj) 111 485

Data from raw muscle tissue. Source: United States Department of Agriculture Nutrient

Database (http://www.nal.usda.gov/fnic/foodcomp/search//).
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