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ABSTRACT
Salmon and other anadromous fish are consumed by vertebrates with distinct
life history strategies to capitalize on this ephemeral pulse of resource availability.
Depending on the timing of salmon arrival, this resource may be in surplus to
the needs of vertebrate consumers if, for instance, their populations are limited
by food availability during other times of year. However, the life history of some
consumers enables more efficient exploitation of these ephemeral resources. Bears
can deposit fat and then hibernate to avoid winter food scarcity, and highly mobile
consumers such as eagles, gulls, and other birds can migrate to access asynchronous
pulses of salmon availability. We used camera traps on pink, chum, and sockeye
salmon spawning grounds with various run times and stream morphologies, and
on individual salmon carcasses, to discern potentially different use patterns among
consumers. Wildlife use of salmon was highly heterogeneous. Ravens were the only
avian consumer that fed heavily on pink salmon in small streams. Eagles and gulls did
not feed on early pink salmon runs in streams, and only moderately at early sockeye
runs, but were the dominant consumers at late chum salmon runs, particularly on
expansive river flats. Brown bears used all salmon resources far more than other
terrestrial vertebrates. Notably, black bears were not observed on salmon spawning
grounds despite being the most frequently observed vertebrate on roads and trails.
From a conservation and management perspective, all salmon species and stream
morphologies are used extensively by bears, but salmon spawning late in the year
are disproportionately important to eagles and other highly mobile species that are
seasonally limited by winter food availability.

Subjects Conservation Biology, Ecology, Zoology
Keywords Bear, Anadromous fish, Bald eagle, Scavenger, Marine-derived nutrients,
Resource pulse

INTRODUCTION
The annual return of anadromous salmon contributes pulses of marine energy and

nutrients to freshwater and terrestrial systems that propagate through food-webs and

influence primary producers, invertebrates, fish, and wildlife (Willson & Halupka, 1995).

Terrestrial vertebrate consumers of adult wild salmon include bears, wolves, marten,

mink, and coyote, and a diverse array of avian scavengers including bald eagles, ravens,
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jays, mergansers, gulls, and even owls (this study; Shardlow & Hyatt, 2013). Life history

variation in salmon spawning phenology can extend this resource subsidy through time for

more mobile consumers that move among runs that peak at different times (Schindler

et al., 2013). Consumers with distinct life histories might also use salmon differently

depending on the phenology of the run and the spatial dispersion of the salmon resource.

Moreover, understanding how the spatiotemporal distribution of salmon can influence

multiple vertebrate consumers would increase understanding about how the needs of

wildlife can be incorporated into salmon management (Levi et al., 2012).

Recent research proposed incorporating brown bear fitness into salmon management

decisions (Levi et al., 2012) because their body mass, litter size, and population density are

closely linked to salmon consumption (Hilderbrand et al., 1999). Bald eagles (Haliaeetus

leucocephalus) might also be a promising focal taxa for incorporating wildlife needs

into salmon management because they (1) are large-bodied birds and thus have higher

caloric requirements than smaller bird species, (2) are primarily fish-eaters, (3) are of

conservation interest to the public and tourism operators, and (4) reach much higher

population densities in salmon-fed systems. However, due to their distinct life histories,

bears and eagles may respond differently to spatiotemporal patterns of salmon availability.

Bears avoid winter food limitation by storing fat during the pulse of returning adult

salmon. Female brown bears (Ursus arctos) nearly double their body mass as they deposit

fat during the months of salmon availability in preparation for hibernation and lactation

(Kingsley, Nagy & Russell, 1983). Even with reduced salmon biomass entering rivers due

to commercial fishing, salmon represent roughly 60–80% of bear diets in many coastal

salmon systems (Mowat & Heard, 2006). In contrast, bald eagles capitalize on resource

pulses by moving long distances both locally and regionally to track asynchronous resource

availability (Elliott et al., 2011). When salmon are regionally abundant in summer and

early fall, salmon are in surplus to the energetic needs of eagles. In contrast to bears, eagles

cannot hibernate and are limited by food availability in late winter after salmon have

disappeared from the landscape (Elliott et al., 2011). This leads eagles to forage over large

areas and then to congregate in the thousands on late salmon runs when salmon becomes

limiting. Thus the activity of eagles and other migratory avian scavengers is expected to

increasingly concentrate on late salmon runs.

The spatiotemporal dispersion of salmon resources is in part a consequence of salmon

species richness, as salmonid species and/or populations have varying phenologies and

prefer different spawning habitats (See Study System below). Abiotic factors such as stream

morphology and habitat type might also mediate which consumers access particular

salmon resources (Quinn et al., 2001). For example, forest specialists (e.g., martens)

might restrict their use of salmon to small and forested streams, while large avian

consumers might avoid these small streams in preference for large open areas with better

escape terrain.

Further, bear activity at spawning grounds can influence availability of salmon carcasses

to other consumers. After capturing salmon in rivers and streams, brown bears move

carcasses to land to feed, often feeding selectively on energy-rich body parts when
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salmon are abundant and easy to catch (Gende, Quinn & Willson, 2001). Some estimates

suggest that bears consume as little as 25% of the salmon they kill (Quinn, 2005), leaving

partially-consumed carcasses available to a wide range of scavengers.

Here we report the findings of a study in which we used remotely-triggered camera traps

to quantify how wildlife foraging activity varies at salmon spawning grounds (Shardlow

& Hyatt, 2013), and rates of scavenging on individual salmon carcasses deposited on the

forest floor. We monitored runs with distinct run timing and variable stream morphologies

including small creeks in forested areas, lake shores, pools off of larger rivers (i.e., alcoves),

and river flats around braided mainstems of larger rivers. We also used camera traps on

roads and trails before spawning to estimate the relative abundance of carnivores as a

comparison to carnivore activity on salmon spawning grounds.

Study area
Spawning ground monitoring was conducted in the Chilkat and Chilkoot drainages near

Haines, Alaska (Fig. 1) from June to November 2011. Monitoring of individual carcasses

took place between August and October in both 2012 and 2013. The Chilkoot River flows

less than 1 km from Chilkoot Lake before reaching the ocean. Chilkoot Lake is a glacially

turbid lake, approximately 6 km long and 2 km wide. Primarily sockeye (Oncorhynchus

nerka), but also coho (Oncorhynchus kisutch), spawn on the shores of the lake, and pink

salmon (Oncorhynchus gorbuscha) spawn in the lower river and lake. Sockeye and coho also

spawn in the river upstream of the lake.

The Chilkat drainage is a larger river system with multiple tributaries. The river is

braided through a wide valley and meets the Tsirku and Klehini rivers 21 miles from the

ocean at an area known as the Council Grounds. Ground water wells up from an alluvial

fan at the intersection of these rivers, which prevents the river from freezing. A late chum

salmon (Oncorhynchus keta) run spawns in the Chilkat River near the Council Grounds

from October to December and in the lower Klehini River earlier in September–October.

Pink salmon spawn in creeks 10 miles and 18 miles from Haines and in parts of the upper

Chilkat River from August to early September. Sockeye salmon spawn in pools in the upper

Chilkat River, Mosquito Lake, and in Chilkat Lake with early and late runs spanning June

through October. Coho spawn in lakes and streams throughout the watershed but not in

dense aggregations. Coho salmon persist in small streams into January. We identified all

run timings through direct observation while visiting salmon spawning areas identified

by Alaska Department of Fish and Game. The availability of chum and coho salmon late

in the year draws a large congregation of bald eagles to the Chilkat River. Black-billed

magpies (Pica hudsonia), common ravens (Corvus corax), mew gulls (Larus canus), and

glaucous-winged gulls (Larus glaucescens) are also abundant and feed alongside the eagles.

METHODS
Spawning ground monitoring
We used twenty motion-activated infrared cameras (Bushnell Trophycam) to monitor

wildlife activity on pink, chum, and sockeye spawning grounds from August to November
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Figure 1 Study area. (A) Chilkat and Chilkoot river systems near Haines, Alaska and locations of pink,
sockeye, and chum spawning sites that we monitored with camera traps. Pink salmon are primarily
available on the spawning grounds in August, but begin in late July and extend into September. Chum are
available in late September and October on the Klehini and at Herman Creek, but persist into December
at Chilkat Flats. Sockeye salmon are available on the spawning grounds from late July through September,
but last through October on the upper Chilkat River. (B) Location of study area in Northern Southeast
Alaska at the end of the Lynn Canal.
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2011 (Figs. 1 and 2). Motion-activated cameras on spawning areas may produce biased

results because larger-bodied animals can trigger the camera at a greater distance in the

viewshed. We elected not to sample on a systematic interval because such sampling is

likely to miss infrequent visitors unless the sampling frequency is very high (i.e., nearly

continuous monitoring), which would produce an intractably large number of photos for a

study of this scale. We were not concerned about any bias introduced by motion-activated

cameras because this research was designed to understand qualitative and broad-scale

natural history patterns.

We classified stream morphology into creeks, pools, flats, and lakes. Creeks are small

streams with forest cover, which includes the pink salmon spawning grounds at 10 mi

and 18 mi Creek, and chum salmon spawning grounds at Herman Creek. Pools are slow

moving shallow offshoots of the Chilkat River (i.e., alcoves), including Bear Flats and Mule

Meadows. Flats are expansive seasonally-flooded areas of braided river with no forest cover

on the Chilkat and Klehini Rivers. The lake category included the lakeshore spawners of

Chilkoot Lake and Mosquito Lake (Fig. 1). We monitored dirt roads and trails on the

Kelsall road system, which parallels the upper Chilkat River and branches to follow the

Kelsall River and Nataga Creek tributaries (Fig. 1). We placed camera traps on roads and

trails in early summer to provide an index of relative abundance of terrestrial carnivores

such as black bears, brown bears, coyotes, lynx, and wolves. This method may introduce

biases if some carnivores select for or against roads and trails, but encounter rates serve as a

useful index of abundance. All cameras were set to take three pictures when triggered with

a three second delay between successive triggers. To avoid overestimating visitation rates

when the same individual or group foraged in front of the camera for an extended period,

we post-processed the camera data to identify unique visitations. We defined unique group

visitations (where “unique” refers to a unique encounter rather than a unique individual)

as visits with a greater than two minute delay between the last photograph from one visit

to the first photograph of the next. We weighted each unique group visit by the observed

group size to estimate the number of individual encounters (unique visits weighted by

group size per camera-day). We chose a short two-minute delay because we often observed

one group of animals replace another in quick succession (e.g., subdominant sow with cubs

replaced by another sow).

Salmon carcass monitoring
We used motion-activated infrared cameras (Bushnell Trophycam) to monitor wildlife

visitations to, and feeding activity on, individual salmon carcasses at two mid-season

sockeye runs (Chilkoot Lake and Mule Meadows, August and September) and one late

season chum salmon run (Herman Creek, September and October) in both 2012 and

2013. At each site we erected a grid of eight cameras, four cameras 15 m from spawning

grounds and four cameras 50 m from spawning grounds, with 150 m lateral spacing

between cameras. Each camera was baited with a single salmon carcass staked to the

ground. Salmon carcasses were collected from the adjacent spawning grounds and were

monitoring during the period of the salmon run. All cameras were set to take three pictures
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Figure 2 Spawning ground monitoring. Examples of recorded images of wildlife visitation to salmon
spawning areas at (A–B) pools, (C–D) river flats, (E–F) small streams, (G–H) and lakeshores.
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when triggered with a one-minute delay between successive triggers. Cameras were

checked weekly and carcasses were replaced if missing or decomposed. We defined unique

visitations as visits with a greater than five minute delay between the last photograph from

one visit and the first photograph of the next on any one camera at the site.

RESULTS AND DISCUSSION
We obtained over 35,000 images of animals from salmon spawning grounds during 788

camera-days in 2011, and over 25,000 images from individual salmon carcasses during

2012 and 2013. More than 15,000 images of animals were recorded in 2012 over 675

camera-days and just over 10,000 images of animals were obtained in 2013 across 714

camera-days. There was substantial variation in wildlife activity across spawning grounds

with different stream morphologies and run timing (Figs. 3 and 6).

Spawning ground monitoring, 2011
Brown bears foraged extensively on all salmon runs regardless of species, run timing, and

stream morphology (Figs. 2–4), including lakeshore spawners. Ravens, which are resident

forest birds, were the only birds to feed extensively on early runs of pink salmon, which

were also consumed by mustelids (mink and marten) and coyotes (Fig. 4A), but ravens

were not observed at 10 mile creek despite an abundance of carrion (Fig. 3). Ravens also

generally fed more than other avian scavengers on sockeye spawning grounds (Fig. 4A), but

they were outnumbered at Chilkoot Lake, where eagles were more often observed, and Bear

Flats, where magpies were observed slightly more frequently (Fig. 3). We speculate that

ravens selected against the relatively coastal spawning areas at Chilkoot Lake and 10 mile

creek in favor of concurrent inland spawning areas.

Migratory avian scavengers, including eagles, gulls, and magpies did not feed on early

pink salmon runs (Figs. 3 and 4A). This was likely due to a combination of early run timing

and avoidance of small streams when salmon are available elsewhere at sites with more

suitable stream morphology. A concurrent larger pink salmon run occurs on the more

expansive Chilkoot River where large numbers of gulls and eagles feed on pink salmon,

but we did not monitor this run with cameras because the river is heavily used by humans.

The absence of birds, other than ravens, at early pink salmon runs was followed by a

high concentration of eagle and gull activity at late chum salmon runs (Figs. 3 and 4).

However, avian scavengers fed on salmon less often than brown bears at the late chum

salmon run at Herman Creek. We speculate that stream morphology and run timing both

influenced where these consumers preferentially fed on salmon (Figs. 3 and 4). This was

particularly evident by the very few gulls observed at Herman Creek relative to Klehini

Flats and Chilkat Flats.

Brown bears were observed disproportionately more on salmon spawning grounds

than expected by their abundance. Black bears were the most commonly observed animal

on roads and trails during summer 2011, followed by coyotes, brown bears, wolves and

lynx (Fig. 5). Black bears, which are dominant salmon consumers in many systems

without brown bears, were notably absent on salmon spawning grounds (Fortin et al.,

2007) (Fig. 5), which suggests that risk associated with interference competition by brown

Levi et al. (2015), PeerJ, DOI 10.7717/peerj.1157 7/15

https://peerj.com
http://dx.doi.org/10.7717/peerj.1157


coyote
wolf

merganser
mustelid
steller's
magpie

gull
raven

brown bear
eagle

18 mile Creek

0.0 0.5 1.0 1.5

Chilkat Flats

0 5 15 25 35

Herman Creek

0 1 2 3 4

coyote
wolf

merganser
mustelid
steller's
magpie

gull
raven

brown bear
eagle

Bear Flats

0 1 2 3

Klehini Flats

0 1 2

Mosquito Lake

0 1 2 3 4 5

coyote
wolf

merganser
mustelid
steller's
magpie

gull
raven

brown bear
eagle

Mule Meadows

0 2 4 6 8 10

10 mile Creek

0 2 4 6 8
Chilkoot Lake

0 1 2 3

Mean Individual Encounters per Camera−day

12
Early Pink Creek Early Pink Creek Sockeye Pool

Sockeye Pool Sockeye Lake Sockeye Lake

Late Chum Flats Late Chum Creek Very Late Chum Flats

Figure 3 Spawning ground encounter rates. Mean individual encounter rate of salmon consumers at
nine salmon spawning grounds in 2011. Sites are labeled to indicate early pink salmon runs in creeks,
sockeye runs in pools and lakes (that spawn over an extended period from early to late), late chum salmon
runs at flats and creeks, and the very late chum salmon run at Chilkat Flats. To account for instances where
multiple individuals of the same species were recorded in one frame (e.g., flocks of gulls, sows with cubs)
individual encounters are the number of unique group encounters (>2 min apart) weighted by the mean
number of individuals in each group. Error bars indicate standard errors of the mean across cameras
within each site.

bears is strong enough to prevent black bear consumption of this energetically profitable

resource. Similarly, coyotes were much more abundant than wolves, but wolves were

observed as frequently as coyotes on salmon spawning grounds. Lynx were not observed on

spawning grounds (Fig. 5).

Salmon carcass monitoring, 2012–2013
A wide variety of species were observed both visiting and consuming salmon carcasses in

both 2012 and 2013 (Fig. 6). Encounter rates of species varied among sites and between
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Figure 5 Road and trail encounter rates. Relative abundance of terrestrial carnivores as measured by
camera trapping rates on dirt roads and trails in the upper Chilkat River watershed from June to August
and on salmon spawning grounds from August to October 2011. Black bears were the most commonly
observed species on roads and trails but completely avoided spawning areas, which were dominated by
brown bears. We observed 83 unique encounters of black bears, 42 coyotes, and 21 brown bears, 4 wolves,
and 3 lynx.

years (Fig. 7). We observed no differences between visitations at carcasses near to (15 m)

and farther from (50 m) spawning grounds for any species (all p > 0.2). As with spawning

ground monitoring in 2011, brown bears were the dominant visitors to all carcasses

regardless of run timing. Although avian activity overall was observed to be higher at

late runs at Herman Creek than mid-season runs at Chilkoot Lake and Mule Meadows,

avian encounters were much lower on individual salmon carcasses in 2012 and 2013

than on spawning grounds in 2011. As salmon carcass sites were either 15 or 50 m from

spawning grounds and often under forest cover, this could suggest that avian scavenging on

partially-consumed salmon carcasses deposited by bears might be limited to larger, open

areas immediately adjacent to spawning grounds or in sparsely or unforested habitats like

river flats.

Visitation of wildlife to salmon carcasses occurred consistently at each site, but

consumption of carcasses was observed less frequently. While small carnivores such as

mink and marten and avian scavengers were observed feeding on individual carcasses at all

sites throughout the duration of the carcass monitoring, bears rarely fed on carcasses until

the end of the late chum salmon run at Herman Creek. Since salmon carcasses were used to

bait camera stations rather than live salmon, this could indicate a preference for predation

over scavenging, or for consumption of fresher fish until the point at which salmon

becomes limiting. The observation that bears frequently return to salmon carcasses after

initially high grading on the most calorie-rich portion of the fish suggests that estimates of

salmon consumption by bears are likely biased low (Gende, Quinn & Willson, 2001).

Levi et al. (2015), PeerJ, DOI 10.7717/peerj.1157 10/15

https://peerj.com
http://dx.doi.org/10.7717/peerj.1157


Figure 6 Salmon carcass monitoring. Recorded images of wildlife consumption of individual salmon
carcasses at baited camera trap stations during 2012 and 2013. A wide variety of species were observed
feeding on salmon carcasses, including brown bears (A, B), eagles, ravens, crows (C), mink, marten (D),
coyotes (E), and wolves (F).

The extensive use of all salmon resources by brown bears suggests that bears are

benefiting from a diversity of run timing by moving between asynchronous spawning

aggregations to maximize their nutritional intake (Schindler et al., 2013). It is possible

that relaxing harvests on lower value salmon species such as pink salmon (2014 Alaska

ex-vessel value of $0.28/lb) and chum ($0.64/lb), while fishing higher value species such

as king ($4.27/lb), and sockeye ($1.75/lb) for maximum sustainable yield would be an

effective strategy to increase bear population productivity with less economic impact. This

seems particularly plausible because pink and chum spawn early and late in the season,

respectively, which extends the temporal availability of salmon biomass. However, these

species typically do not permeate as far into watersheds as other salmon species, restricting
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Figure 7 Salmon carcass encounter rate. Mean individual encounter rate of salmon consumers visiting
individual salmon carcasses at two mid-season (Chilkoot Lake and Mule Meadows) and one late season
(Herman Creek) salmon runs in 2012 and 2013. Error bars indicate standard errors of the mean across
cameras within each site.

access to more interior salmon predators and scavengers. It is also important to note that

migration timing, when salmon are available for commercial harvest, and timing of spawn-

ing, when salmon are available to terrestrial consumers, do not always closely correspond

(Boatright, Quinn & Hilborn, 2004; Doctor et al., 2010), so a focus on early or midseason

runs for commercial harvest might not result in increased escapement of late spawners.

The complete absence of eagles and other avian scavengers on early pink salmon runs

suggests that regional salmon availability far exceeds their energy requirements during this

time of year. These avian scavengers congregate in enormous numbers at late chum salmon

runs when salmon become a limiting resource (Elliott et al., 2011; ∼3,500 observed at our

field site by aerial counts). The Chilkat River eagle gathering from October to January is

the earliest of these congregations and the farthest north. The Squamish and Harrison

river systems in southern British Columbia also support large eagle congregations that

Levi et al. (2015), PeerJ, DOI 10.7717/peerj.1157 12/15

https://peerj.com
http://dx.doi.org/10.7717/peerj.1157


peak in January. Other much smaller congregations continue in south-coastal British

Columbia and Northern Washington State though April. These few late chum salmon runs

are disproportionately important resources for the larger panmictic eagle population in the

Pacific Northwest, Alaska, and Western Canada (Elliott et al., 2011).

An obvious question is why other terrestrial vertebrates use salmon so much less

than brown bears and avian scavengers. Bears maximize their annual energy balance

by depositing fat during salmon abundance and hibernating during food scarcity, and

migratory avian scavengers can track asynchronous pulses of salmon on vast spatial scales.

We speculate that an inability to employ these life history strategies prevents other salmon

consumers from reaching the atypical population densities (i.e., relative to elsewhere in

their range) reached by bears and mobile avian scavengers in the presence of salmon.

Winter food availability rather than salmon may limit the populations of most terrestrial

carnivores, but the importance of salmon to each species is likely to be idiosyncratic.

Wolves, for example, are more successful at hunting ungulate prey in winter than during

summer, such that salmon can lead to apparent competition by maintaining wolves at high

density even when ungulate biomass is low (Adams et al., 2010). Black bears do possess the

hibernation strategy to effectively exploit pulsed salmon resources, and do so in many river

systems without brown bears, but interference competition with brown bears prevents

salmon consumption at our field site. It is unclear to what degree interspecific competition

affects salmon consumption by other species, but is plausible that coyotes, which are

locally abundant (Fig. 4), were observed infrequently due to interference competition from

wolves. For small-bodied scavengers, such as mink and marten, the spatial distribution

of salmon, rather than biomass per se, may be a more important driver of population

productivity because even relatively small quantities of salmon may support the low

population density of resident individuals. However, this depends on the accessibility of

salmon carcasses, which can be quickly flushed from systems in the absence of large woody

debris (Cederholm et al., 1999), or deposition of partially consumed carcasses by bears

(Helfield & Naiman, 2006). Additionally, small carnivores may focus more on salmon

carcasses when small mammals, their alternative prey, are rare, because rodents have much

higher energy densities than do spawned out salmon carcasses (∼7–8 kJ/g for rodents

compared to ∼3 kJ/g for spawned out salmon Cox & Secor, 2007; Hendry & Berg, 1999).

Understanding how salmon use is influenced by consumer life history, run timing

and stream morphology is an important first step toward integrating wildlife needs into

salmon management as part of an ongoing paradigmatic shift toward ecosystem-based

fisheries management (Levin et al., 2009). Although there are quantitative differences

in the nutritional quality of salmon and their accessibility, all salmon on the landscape

were heavily used by bears. In contrast, the activity pattern of bald eagles suggests that

fisheries management that considers their nutritional requirements might instead focus

on increasing escapements at late chum salmon runs where eagles congregate in Southeast

Alaska, British Columbia, and Northern Washington. Similarly, resource extraction that

threatens late chum salmon runs would likely have a disproportionately large impact on

regional eagle populations.

Levi et al. (2015), PeerJ, DOI 10.7717/peerj.1157 13/15

https://peerj.com
http://dx.doi.org/10.7717/peerj.1157


ACKNOWLEDGEMENTS
We thank Rich Chapell from Alaska Department of Fish and Game for lending us a canoe

and talking about salmon, Mike Howard for lending us a raft, and Marvin Willard and the

village of Klukwan for providing logistical support. Thanks also to Jedediah Blum-Evitts

for providing field assistance in 2013.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
The work was funded by National Science Foundation GRF fellowships to Taal Levi and

Rachel Wheat, and an NSF PRFB fellowship to Taal Levi. The funders had no role in study

design, data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:

National Science Foundation GRF.

National Science Foundation PRFB.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Taal Levi and Rachel E. Wheat conceived and designed the experiments, performed

the experiments, analyzed the data, wrote the paper, prepared figures and/or tables,

reviewed drafts of the paper.

• Jennifer M. Allen performed the experiments, reviewed drafts of the paper.

• Christopher C. Wilmers conceived and designed the experiments, contributed

reagents/materials/analysis tools, reviewed drafts of the paper.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/

10.7717/peerj.1157#supplemental-information.

REFERENCES
Adams LG, Farley SD, Stricker CA, Demma DJ, Roffler GH, Miller DC, Rye RO. 2010. Are inland

wolf–ungulate systems influenced by marine subsidies of Pacific salmon? Ecological Applications
20:251–262 DOI 10.1890/08-1437.1.

Boatright C, Quinn T, Hilborn R. 2004. Timing of adult migration and stock structure for
sockeye salmon in Bear Lake, Alaska. Transactions of the American Fisheries Society 133:911–921
DOI 10.1577/T03-142.1.

Cederholm CJ, Kundze MD, Murota T, Sibatani A. 1999. Pacific salmon carcasses: essential
contributions of nutrients and energy for freshwater and terrestrial ecosystems. Fisheries
24:6–15 DOI 10.1577/1548-8446(1999)024<0006:PSC>2.0.CO;2.

Levi et al. (2015), PeerJ, DOI 10.7717/peerj.1157 14/15

https://peerj.com
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.7717/peerj.1157#supplemental-information
http://dx.doi.org/10.1890/08-1437.1
http://dx.doi.org/10.1577/T03-142.1
http://dx.doi.org/10.1577/1548-8446(1999)024%3C0006:PSC%3E2.0.CO;2
http://dx.doi.org/10.7717/peerj.1157


Cox CL, Secor SM. 2007. Effects of meal size, clutch, and metabolism on the energy efficiencies
of juvenile Burmese pythons, Python molurus. Comparative Biochemistry and Physiology Part A
148:861–868 DOI 10.1016/j.cbpa.2007.08.029.

Doctor KK, Hilborn R, Rowse M, Quinn T. 2010. Spatial and temporal patterns of upriver
migration by sockeye salmon Populations in the Wood River System, Bristol Bay, Alaska.
Transactions of the American Fisheries Society 139:80–91 DOI 10.1577/T08-227.1.

Elliott KH, Elliott JE, Wilson LK, Jones I, Stenerson K. 2011. Density-dependence in the survival
and reproduction of Bald Eagles: linkages to chum salmon. Journal of Wildlife Management
75:1688–1699 DOI 10.1002/jwmg.233.

Fortin JK, Farley SD, Rode KD, Robbins CT. 2007. Dietary and spatial overlap between sympatric
ursids relative to salmon use. Ursus 18:19–29
DOI 10.2192/1537-6176(2007)18[19:DASOBS]2.0.CO;2.

Gende SM, Quinn TP, Willson MF. 2001. Consumption choice by bears feeding on salmon.
Oecologia 127:372–382 DOI 10.1007/s004420000590.

Helfield JM, Naiman RJ. 2006. Keystone interactions: salmon and bear in riparian forests of
Alaska. Ecosystems 9:167–180 DOI 10.1007/s10021-004-0063-5.

Hendry AP, Berg OK. 1999. Secondary sexual characters, energy use, senescence, and the
cost of reproduction in sockeye salmon. Canadian Journal of Zoology 77:1663–1675
DOI 10.1139/z99-158.

Hilderbrand GV, Schwartz CC, Robbins CT, Jacoby ME, Hanley TA, Arthur SM, Servheen C.
1999. The importance of meat, particularly salmon, to body size, population productivity,
and conservation of North American brown bears. Canadian Journal of Zoology 77:132–138
DOI 10.1139/z98-195.

Kingsley MCS, Nagy JA, Russell RH. 1983. Patterns of weight gain and loss for grizzly bears
in northern Canada. International Conference of Bear Research and Management 2:174–178
DOI 10.2307/3872535.

Levi T, Darimont CT, MacDuffee M, Mangel M, Paquet P, Wilmers CC. 2012. Using Grizzly
bears to assess harvest and ecosystem tradeoffs in salmon fisheries. PLOS Biology
10:DOI 10.1371/journal.pbio.1001303.

Levin PS, Fogarty MJ, Murawski SA, Fluharty D. 2009. Integrated ecosystem assessments:
developing the scientific basis for ecosystem-based management of the ocean. PLOS Biology
7:23–28 DOI 10.1371/journal.pbio.1000014.

Mowat G, Heard DC. 2006. Major components of grizzly bear diet across North America.
Canadian Journal of Zoology 84:473–489 DOI 10.1139/z06-016.

Quinn TP. 2005. The behavior and ecology of Pacific salmon and trout. Seattle: University of
Washington Press.

Quinn TP, Wetzel L, Bishop S, Overberg K, Rogers DE. 2001. Influence of breeding habitat on
bear predation and age at maturity and sexual dimorphism of sockeye salmon populations.
Canadian Journal of Zoology 79:1782–1793 DOI 10.1139/z01-134.

Schindler DE, Armstrong JB, Bentley KT, Jankowski K, Lisi PJ, Payne LX. 2013. Riding the
crimson tide: mobile terrestrial consumers track phenological variation in spawning of an
anadromous fish. Biology Letters 9:1–4 DOI 10.1098/rsbl.2013.0048.

Shardlow TF, Hyatt KD. 2013. Quantifying associations of large vertebrates with salmon in
riparian areas of British Columbia streams by means of camera-traps, bait stations, and hair
samples. Ecological Indicators 27:97–107 DOI 10.1016/j.ecolind.2012.11.011.

Willson MF, Halupka KC. 1995. Anadromous fish as keystone species in vertebrate communities.
Conservation Biology 9:489–497 DOI 10.1046/j.1523-1739.1995.09030489.x.

Levi et al. (2015), PeerJ, DOI 10.7717/peerj.1157 15/15

https://peerj.com
http://dx.doi.org/10.1016/j.cbpa.2007.08.029
http://dx.doi.org/10.1577/T08-227.1
http://dx.doi.org/10.1002/jwmg.233
http://dx.doi.org/10.2192/1537-6176(2007)18[19:DASOBS]2.0.CO;2
http://dx.doi.org/10.1007/s004420000590
http://dx.doi.org/10.1007/s10021-004-0063-5
http://dx.doi.org/10.1139/z99-158
http://dx.doi.org/10.1139/z98-195
http://dx.doi.org/10.2307/3872535
http://dx.doi.org/10.1371/journal.pbio.1001303
http://dx.doi.org/10.1371/journal.pbio.1000014
http://dx.doi.org/10.1139/z06-016
http://dx.doi.org/10.1139/z01-134
http://dx.doi.org/10.1098/rsbl.2013.0048
http://dx.doi.org/10.1016/j.ecolind.2012.11.011
http://dx.doi.org/10.1046/j.1523-1739.1995.09030489.x
http://dx.doi.org/10.7717/peerj.1157

	Differential use of salmon by vertebrate consumers: implications for conservation
	Introduction
	Study area

	Methods
	Spawning ground monitoring
	Salmon carcass monitoring

	Results and Discussion
	Spawning ground monitoring, 2011
	Salmon carcass monitoring, 2012--2013

	Acknowledgements
	References


