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Are inland wolf-u ngulate systems influenced
by marine subsidies of Pacific salmon?
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Abstracr. Wolves (Canis fupus) in North America are considered obligate predators of
ungulates with other food resources playing little role in woll population dynamics or woll-
prey relations. However, spawning Pacific salmon (Oncorfyneus spp.) are common throughout
wolf range in northwestern North America and may provide a marine subsidy affecting inland
woll ungulate food webs far from lhe coust. We conducted siable-isolope analyses for
nitrogen and carbon 1o evaluate the contribwiion of salmon 10 diets of wolves in Denal
Narional Park and Preserve, 1200 river-km from tdewater in iutenior Alaska. 1ISA. We
analvzed bone collagen from 73 wolves cquipped with radic collars during 1986-2002 and
evalualed estimates of salmon in their dicts relalive o the availability of salmon and ungulaics
within their home ranges. We compared wolf densities and ungulate: wolf ratios among
regions wirh differing salinon and ungulate availability to assess subsidizing effects of salmon
on these wolf-ungulare systcms. Wolves i the northwestern flats of the study area had access
o spawning salmon bnt low ungulale availability and consumed more salmon {17% + 7%
(inean = SID]) than in upland regions, where ungulates were sixfold more abundam and woives
did or did not have salmon spawning areas withm their home ranges (8% * 6% and 3% = 1%.
respectively). Wolves were only [ 7% less abundant on the northwestern flars compared 10 the
remainder of the study arca, even though ungutate densities were 78% lower. We estimated
that biomass from fall runs of chum {(O. keta) and coho (0. kisutch) salmon on Lhe
norihwestern flats was comparable to the ungulate biomass rhere, and the contribution of
salmon 1o wolt dicts was similar 1o estimates reported for coastal wolves in southeast Alaska.
Given the abiquitous consumprion of saimon by wolves on the northwestern flats and the
abundance of salmon there, we conclude that wolf numbers in this region were enhanced by
the allochthonous subsidy provided by salmon and discuss implications for wolf—ungulate
relations,
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INTRODUCTION

Gaining wnsighis into the relauonships belween woelves
{Canis lupts: see Plate 1) and their prev is essential 1o
guide the complex muandgement of wolves, as well as
inform the contentious scientific and public debates on
the role of wolves in ecosysiems they inhabit (National
Research Council 1997, Frits et al. 2003). Throughout
North America, wolves are viewed as obligate predators
of ungulates with other prey contributing little to woll
diets (Pererson and Ciucei 2003). Thus, litle effort has
beent expended Lo consider the role of non-ungulate prey
in the dynamics and ecosysiein cffeets of woll popula-
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tons. even though wolves are known 1o consume a wide
array of other prey (Pelerson and Ciucei 2003).
Recently, Pacific salmon (Oncorhynchus spp.) have been
recognized as an important dicl conslituent for coastal
wolf populations (Szepanski et al. 1999, Darimont and
Reiinchen 2002, Darimont et al. 2003, 2008). Although
the polential for salmon 1o be imporant to infand
wolves has been suggested (Darimont and Reimchen
2002, Dariment et al. 2008), salmon have largely been
ignored as a food source lor inland wolves (Peterson and
Ciueei 2003).

Mosi tissue ol individual saimon accrues during
growth al sca and this marine-derived biomass is
delivered 1o treshwater systems where salmon spawn
and die (Willson ct al. 2004). Considerable attenrion has
been @iven 10 the marine-derived unutrient inpuls
provided by anadromous Pacific salmon 1o [reshwualer
and terrestrial ecosystems (Cederholm et al. 1999, Gende



19
‘h
s

er al, 2004, Willson el al. 2004, Merz and Moyle 2006)
and the importance of salmon (o a variety of errestrial
carnivores (Ben-David et al. 1997q, b, Hilderbrand el al.
1999, Szepanski et al. 1999, Belant et al. 2006).
Intluences of salmon-derived nutrients have been inves-
ligated almosl enlirely in coastal or near-coastal (<< 100
river-km from iidewater) regions; we are aware ol only
one published account on the topic al grealer dislahces
from the ocean {Belant et al. 2006). However. Pacitic
sulmon are seasonally abundant and widely distributed
tar inland. For example, the Yukon River Basin, the
largest drainage within the North American range of
Pacific salmon, encompasses 845000 km® of Alaska,
Yukon Territory, and mnorthern British Columbia
{Brabets et al. 2000). On average, over 2.5 million
salmon migrate each swmimer imto the Yukon River
systein, dispersing Lo spawning areas as far as 3000 km
by river from tidewaier (Joint Technical Committee of
the Yuken River US/Canada Pavel [JTC) 20074, b).
Marine ecosystems aie substantially more productive
than terrestrial ecosyslems at high latitndes (3570 N;
Gross et al. 1988, Ertandson et al. 2007 ): thus. Pacific
salmon constituie a nuirient subsidy onginating in a
productive marine environment with grear potential 10
influence comparatively depauperate 1errestrial food
webs that are far inland.

Where spawning sahnon occur. wolves would be
expecled to consurne them extensrvely because, as a meat
souree. they are: (1) available for several inonths during
spawning in summer and fall and as carnon long afler;
{2) predictably clumped and locally abundant at
spawning areas; and (3) less risky or costly (o acquire
than dangerous or fleet unguiate prey. Further, iu
Alaska and the Yukon Territory, ungulate densities
are quile low over vast regions (Gasaway el al. 1992);
thus salmon could provide a particularly important food
resource for wolves in this portion of their North
American range.

Anadromous salmon are an example of nutrient
transport across ecosyslem boundaries: the implicalions
of suck allochthonous subsidies tor the structure and
dynamies of recipient food webs are well recognized
{Polis et al. 1997, Huxel er al. 2004. Loreau and Holt
2004 ;. If sufficient in magnitude. ecosystem subsidies 1o
predators commonldy result tnincreased predator umm-
bers and increased predation pressure on resident prey
dhrough a top-down process analogous to apparent
competition (Holt 1977, Peiis et al. 1997). This outcome
is particularly likely if resident prey are rare (Polis et al.
1997, Esles et al, 2001) or the predator exhibits a strong
namerical response Lo increased food availability (Estes
et al. 2001). Alernatively, predation on resident prey
can be relaxed if the predator feeds mainly on the
allechthonous resource (Huxel et al. 2004). As a
consequence of either outcome, allochthonous subsidies
commonly lead (o food web dynwinics that are
meonsistent with models based only on local resource
and consumer condittons (Polis el al. 1997).
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We employed stable-isotope analyses o assess con-
sumption of salmon by wolves in Denali National Park
and Prescrve (DNPP) in central Alaska, 1200 km via the
Yukon River and i tributaries from the Bering Sca
coasil. Slable isotopes have been used with success o
apporlion dicts between marine and terrestrial sources
owing o predictable differences in 1soiopic comnposiion
of materials of marine or terrestrial origin (Chisholm et
al. 1982, Guannes et al. 1998, Kelly 2000). Further,
because stable 1solope approaches estimate contribu-
tions of food items that are assimilated into consumer
tssues, biases relalive to prey size and digestibility
inherent in other methods used to estimate woll diets are
not an issue (Hilderbrand et ai. 1996, Gannes et al.
1998).

Research on woll population dynamics in DNPP
during 1986 -2002 (Mech ct al. 1998; L. G. Adams,
unpublished data) provided a unigue opporlunity 1o
investigale the use of salmon by wolves relabve 1o the
distribution of spawning salmon and unguliles on the
landscape, lu addivon 1o documenting woll distribution
and abundance via radiotelemerry, skeletal remains of
most wolves thal were equipped with radio collars and
subsequently dicd in or near the study arca were
regularly archived. Measurement of slable carbon (C)
and nitrogen (N} isotope ratios of bone collagen allowed
for appraisal of the long-term assimilation ol [ood
resources by these wolves. Bone collagen is remodeled al
a rate such that isolope measiuremcnts are thougit Lo
reflect diets milegraled over @ period ranging from a few
years (Gannes ¢l al, 1998, Bocherens and Drucker 2007
to an individual's entire life (Braunc ¢t al. 2003).
Becanse we knew the spatial distribution of home ranges
al wolves we sampled, we could assess the contribution
of salmen to woll diets relative Lo the availability of
sahnon and ungulates across the Denali landseape.
Finally, with data on the sizes and hoine ranges of nearly
all wolt packs in the study area during this |6-year
period, we could evaluate evidence of cflects of sulinon
availability on wolf abundance. We hypothesized (hal
where ungulale abundance was low and salmon were
widely available. salmou would be well-represented :n
dicts of wolves and that wolf numbers would be higher
than expeeted from ungulate availability alone.

METHGDS
Study aren

The study arca (15400 km™ 63° ™, 151° W) included
the portion of DNPP nornh of the Alaska Range crest
<1830 m in elevauon (Fig. 1). Populations of wolves
and ungulates were little affecred by human harvesrs
withiu our study arca (Mech ct al. 1998). During 1936
2002, woll densines averaged 5.3 and 6 9 wolves/1000
km® in mid-March and carly Oclober, respecuvely
(Mcch et al. 1998: L. G. Adams, wunpublished data).
Wolves were disinbuted throughout the ared in packs
that averaged 6.1 and 7.6 wolves (2-29 wolves/pack) in
late winter and fall, respectively, and maintained
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Study area for wvestigations ol woll population dvpamics during 1886-2002, Denali Natcenal Park and Preserve

(NPP). Alaska. USA. Repronal ungulate densives (light gray. 70 moose equivalents: 1006 km® dark gray, 320 moose
equivalentss 1000 km”), known and suspecled salmon spawning areas (dark gray stream segimeats). and resulimg categories of
ungulaie and sahmoxn availability (1. salmon present, low ungulate density: 2, salmon present, high ungulate dens:ly; and 3, no

saimon. high ungulate density) are depicted

disinct. but overlapping, home ranges (Mech et al.
1998 L. G. Adams. wapublished date). Moose (Alces
aleesy, cartoou (Rangifer tarasidus), and Dalt's sheep
(Ovis dalfiy consttuted the ungulate prey available 1o
wolves in DNPP. In early winter. {ca. | November)
~-2000 moose occurred willun the study area, al
densilies of 200 moose; 1000 km? in the mountains and
foothills and 30 moose/ 1000 km™ in the northwestern
lowland spruce flats (U.S. National Park Scrvice [NPS].
unpublished manuseriprs). The study area encompassed
most vl the range of the Denalt caniboa herd (averaging
2300 canbou in autumn during the study: Adams 2005)
and the Tenszona canbou herd's (~ 1000 caribou: NPS.
unpublished manuscripts) range overlapped the western
periphery. Canthou mainly uulized open habitaw in the
mountains and foottnlls. with Iimued scasonal use of
forested lowlands (L. G. Adams. wnpublished duta).
Approximately 2000 Dall’s sheep oceurred primarily in
the castern mauntams of the study arca (NPS. wunpub-
lished mianuseripis), Given each species’ numbers and
distribution throughoui the ycar. ungulates were sub-
stntally more abundant in the open. upland habitats
along ilhe Alaska Runge and eastern [oothills of the
study area (324 moose cquivalents; 1000 k% [ moose
cquivalent = 1 moose. 3 cartbow. or 6 sheep. following
Keith [1983] and Fuller [1989)) than in the lowland,
spruge-covered flals to the northwest (70 moose

cquivalents 1000 km%, Fig i), Waolves also cecasionally
preved on beaver (Cuastor cunadensiv). snowshoe hares
(Lepus umiericanus), Arctic ground squirrels (Spermo-
philus parryu), hoary marmots (Marmotu caligaia), and
various birds (Mech et al. 1998), Fucther. wolves in the
study area have been observed consuming salmon on
occasion (Mech et al. 1998; D. C. Miller. personul
observations).

Three species af salmon occurred within the study
area. Chinook salmon (O, tshawyischa). the largest of
the three species (averaging 8.5 kg vs. 3.1 and 2 7 kg for
chum [O. kewe] and coho [0, Aisutch]. respectively:
Alaska Department of Fish and Game [ADFG! 2006),
arrived first in carly July fallowed shortly by a summer
tun of chum salmeon in imd-July. A second run of chum
salmon reached (he avea in lale August and spawned
o November. Coho salmon arnved last m a run
stightly later but overtapping the fall chum run.

The Kanushna River drained most of the study area
{78%); the Nenana River and the Swifl Fork ol 1he
Kuskokwiin River drained the eastern and western
margins, and all three river systems supported spawning
salmon. Whereas information on the magnitude of
salman runs within the Denali region was lunited, there
was substaitial informauon on fall chum salmon in the
[KKanbshna River system. Since 1974, counts of spawning
fall chums at Taklat Springs, 15 km north of the study
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arza (Fig. 1), have been conducred annually to index
population trends (Bue et al. 2006). During 1999--2005.
fall chwn popuialion extinuates in the Kantishoa
drainage were derived annually via mark-recaplure
methods, ranging from 21 500 to 107 700 salmon (Cleary
and Hamazak: 2006), Based on these data. we estimated
that an average of ~73 000 fall chums spawned annually
during [986-2002 within the Kantishna River drainage
and annual runs may have varied by more than an order
ol magnitude, from 21000 10 240000 salmon. Little
mformation existed on abundance of the other three
salimon popudations in the Kantishna system. Coho were
probably second in number to fall chums, averaging
about $000 annually (P. M. Cleary. personal coimmumni-
cution). Chmook and summer chums were less common,
with exch averaging <2000 salmon per vear (Eiler el al.
2004, JTC 2007« B, M. Borba, personal conmunication,
T. R. Spencer. personal cominunicationy, All three
salmon species also spawned in the Swift Fork and
Nenand River portions of the study area, hut salmon
atinbers there were unknown.

Wolf distribuion and ubundance

Investigations of woll population dynamics at DINPP
have been described in deiail elsewhere (Mech et al.
1998} In brief, rthe distribution and sizes of wolf pucks
were monitored by equipping two (o three wolves per
pack with radio collars via helicopter darting and then
locating them approximately every two weeks from light
aircrafl, with addivonal observations i late September—
carly October and March o obtain fall and late-winter
pack counts, respectively, Home ranges of woif packs
were delermined by the minimum convex polygon
methed with locations accumulated over two-vear
periods to ensure adequate sample sizes (Burch et al.
2005). We categorized wolves sampled for isotope
analyses relative 1o salmon and ungulate availability
within home ranges of (heir packs. We compared pack
sizes in fall (ca. | October) and late winter {ca. 15
March). home range sizes of woll packs. within-pack
wolf densities (pack size/home range size), and ungu-
ate:walf ravios relative to salmon and ungulate
distnbution in the study area. We limited analyses of
lome range sizes Lo those based on >40 radioloeations
o reduce sample size effecls on home range estimates
(Burch et al. 2003). We used within-pack densities rather
ihan densitics calculated lor regions of the stdy area
because the numbers ol packs within regions were often
smali enough to bias density estimates (fewer than six
packs: Burch ¢l al. 2005}, and average within-pack
densities were strongly correlaled with population-wide
esimmales of woll densily across North Amercan siudics
(r = 095 7 =30, P < .00!: data from Fuller et al.
2005:165-174)

Seumple colleccion

During 1986-2002, we obtained samiples of bone from
73 wolves that were equipped with radio collars and
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monitored as part of the DNPP research and that died in
or near the study area. These wolves were >9 months
old when imtally captured and were radiotracked lor an
average of 761 days (range 19-2665 days). We calego-
rized each wolf based on whether spawmng salmon were
likely 1o occur within the home range of iis pack and
whether its pack lived predommantly on the northwest-
ern flats where ungulale abundance was low. vielding
three groups: (1) salmon preseni, low ungulate density,
(2) salmon present, hugh ungulate density; and (3) vo
salmon, high ungulate density (Fig. 1).

The isotopic composition of ungulate prey was
determined from blood sanples coilecied in fall (late
Septemher—early November) and tate winter {mid- to
laie March) during studies of moose and caribou in
DNPP (Adamns and Dale 1998: L. G Adams, wnpub-
lished data) and blood samples and hair collected in nud-
March from Dall's shecp 60 km easi of our study area
(Arthur 2003). Red blood cells from fall and late winter
were assmned 10 represent isotopic composition of these
ungulates during the three monthy prier to coellection
(mid-summer to fall and urid- 10 late winter for fall and
ate-winter collectiong, respectively; Hilderbrand et al.
1996, Ben-David et al. 2001). whereas sheep bair
samples provided estimates durivg summer and [zl
when the hair was produced (Hilderbrand et al. 1996,
Darimont and Reimchen 20023, Tsotope composition of
salmon was determined from recenty spawned falt
chums coilected in nud-October from the Toklat Springs
spawning area. All ungulate and salmon samples were
kept [rozen unul processed for 1sotopic unalyses.

Sample prepararion and isoiopic analysis

Woll bones were initially cleaned of soft tissues i hot
waler and detergent, then broken inte small chunks.
washed 1n a weak detergent solution, thoroughly rnsed
m deionized water, and dried. Next, samples were
ground in @ cryomill and lipids were extrucled by
washing three times 1 a 2:1 chloroform: methanol
mixture, Approximalely 0.5 g of resultmg powder was
washed three umes with 10 mL 0.25 mol/L HCI and asr-
dried. Coilagen was extracted from hone as described by
Clusholm et al. (1983), then treeze-dried and sround.
Red blood cells collected from ungulate prey were
freeze-dried, then ground lo a fine powder. Sheep hair
samples were washed in a mild detergent solution. 1insed
several times in distilled warer. washed three times in a
2:1 chloroform:methanol solvent. allowed to air-dry,
then finely chopped. Salion tissue sainples were [reeze-
dried, tben ground to a fine powder in a cryomnill.
Approximately 2.0 mg of each of the resulting samples
were loaded mto tin capsules {or 1sotopie analyses.

Prepared samples were analyzed Tor stable C and N
isolopes by continuous-flow isolope ratio mass speg-
lrometry using an elemental analyzer coupled ta a mass
spectrometer (Fry et al. 1992). Results are reported in 8
notation as deviations in parts per thousand (%) relauve
to a standard (Vienna PeeDee Belemnite [VPDB) and air
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for 8'7C and 3N, respectively) caleulazed as foliows.

oX = {(/'.\)\dl'\"i;‘f’i“’\\ﬂﬂﬂ.‘dﬂ) - H X ]0‘
where Vis "Cor "N and R is the approptiate Mg 2gs
or PN*N ratio. Analytical sequences included lubora-
tory standards, and reproducibility of results was
generally beiler than £0.2%. based on repeated analyses
of standards and samples.

[solopic ratios commonly change as dictary constitu-
enis are assinitaled via differential retention of isotopes
during metabolisin and tissue synthesis: these processes

A woll (Canrs lupus) In Denali Nauonai Park and Preserve, Alaska (USA). Phiolo credit: Tom Mewr, U'S Nationai

generally enrich nssues in "*C and N (Hilderbrund et
al, 1996, Kelly 2000). To account for diet Lissue
discrimination, we used values for enrichment from dict
10 blood cells in capiive red loxes ( Vulpes vulpes: +0.6%.
and +2.6%0 for 3"°C and 8N, respectively; Roth and
THobson 2000) and added adjustments for enrichment we
noted from wolf red blood cells to bone collagen (+2.6%
and +0.8%o. respeetively: L. G. Adams. wnpublished
dara), thus. prey signatures were adjusted by +3.2%. and
-+3.4%0 10 account for diet 1o bone collagen discrimina-
tion of ’C and *N. respectively.

g NS Sae 3
Tawe 1 Woll'diet analysis: 8''C and 'N fron bone collagen and estimated salmon (Qneoriyncus spp.) consmplion by wolves
(Canre hipus) categonzed by the presence or absence of spawnmg salmon and ungulate abundance (low or fngh) within then

home ranges, Denall National Park and Preserve. Alaska, USA 19862002

5'7C (%)

8N (%) Salimon i diet (%)

Woll group 7 Mean SD Rarge Mean sD Range Mean s Range
) Saimon, low ungulate 29 =201 (.54 =212 -19.1 7.1 .80 61-86 17 73 B 34
23 Safmon. high ungulate 29 =197 0.57 —-2085 to —187 6.1 064 31-73 8 5.7 019
3 High ungulate only 17 =198 067 =212t —187 54 045 4% 63 3 3.0 019
Combined 73 199 0.6l =21 2w —18.7 6.3 094 4889 10 &2 0 34
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wolves (7 = 73) Denah Marional Park and Preserve. Alaska.
Wolves were calegorzed by salmon and ungulate availlability
within therr home ranges: sohd circles, group | (sdlman, low
ungulate abundance): gray circles, group 2 (salmon. high
ungulate abundunce), and open circles. group 3 (no salmen,
tish wngulale abundance) Mean values = SD are indicuted (or
unguidte prey and salimon (Tauble 2) adjusted to account Jor
tiophic enrichinent (+3.2%e and +3 4% lor ¢'°C and &8"*N,
respectively)

Data analysis

We empioyed X nearest neighbors randomization
tests (KNNRT; Rosing et al. 1998) 1o evaluate
differences in isolopic composition among the threc
groups of wolves. seasonal isotope values for ungulate
prey, and isoiopic signatures among the three ungulate
and salinon. Because of differences noted in
seascinal sotopic composition of moose and canbou.

PIvY

we averaged scasonal values to derive a year-round
csumate for each ungnlate species

Values of 8°C and 8N from bone collagen of
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Because we were primarily interesied in the propor-
tion of salmon in assimilated wolf dicts and differences
between N isotope ratios of salmon and ungulates were
substantially greater than those of C (see Resulis),
coupled with serious concerns recenltly raised regarding
the usc of C isolope ratios in estimating diels (Felicetu el
al. 2003), we used a simple dual-source mixing model
(Hobson ¢t al 2000) bascd on NN isotope values (o
esimare the salmon conuibution o the diel of cach wolf
we sampled:

Py— 8" Nui — (8" Nune ~ 3.4%0)
"' ‘Sthaxl - a!SNJng

wheie Py was the proportien ol a wolf™s diet derived
from salmon, 8 *Ny, was the isotopic value for that
wolf, Ew“‘Nung was Lhe combined 1sotopic value for all
ungulates in the diet. and 8'* Ny, was the isotopic value
of salmon. To determine the ungulate end member.
b"'SN,,n,,’, we used the proportions of ungulate kills
observed while radiotracking or snowiracking wolves
during 1986 1992 (Mech ct al. 199%; L G Adams.
wunpublivhed data) as approximations of the proporhon-
al biomass of each specics consumed by the wolves
(Mech er al. 1998). Because the composition and
abundance of ungulates available in the northwestern
fats differed irom the remainder of our study wiea, we
estimated the ungulate composiuon of wolf diets
separalety for each region (northwestern Bats, 39%
caribou, 61% moose [# = 145 kills]; reinainder, 39%
caribou, 43% moose. 18% sheep [n = 371 kills]}. We
assumed that prey other than ungulales and salinon
(beaver. snowshoce hares, Arctic ground squiriels.
hoary marmots, etc.) made up a smali portion ol woll
diets and were silar isotopically Lo the ungulates
(Szepanski cl al. 1999. Urton and Hobson 2063). Small
negatve estimates of salmon consumption (greater
than or equal o ~3.7%:; n = 9) were considered o
indicate no saimon in the diet of those waolves (Philtips
2001). We tesied for differences i salmon consuinption
among the three woll groups with one-way ANOVA
procedures. For all Lests, we considered P < 0.05 10 be
idicauve of a significant result.

RLsuLrs

Isotopic values of bone collagen varied widely armong
the 73 wolves we sainpied (Table |, Fig. 2). but a clear
pattern emerged when straufied by tkeir home range
locations relative Lo salmon and ungulate availability.
Wolves belonging to group | (salmon preseni. low
ungulate density) exlubited 1sotope ratios that were
different frowm those of groups 2 and 3 (KNNRT, P <
0.001), primarily because of 8'°N values that averaged
> %o hugher (Table [). 1sotope signainres of wolves in
groups 2 (salmon present, high upgulate density) and 3
(no salmon, nigh ungulate density) did not differ
sigmificantly {KNNRT. £ = 0.076, Table 1), hut group
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Isolope signatures (ean + SD) for ungulates and salinon avaidable to wolves 1 Denali Nationzl Park and Preserve,

Annual essimate

Sample lype and period collected 7 8%C 31N K ncarest neighbors lestf 3¢ 3N
Caribou
Fall RBC (late Sepiearly Nov) 300 =230 052 3.0 * .51 P < 0,001 =226 Y031 25 T056
Jare winrer RBC (smd/late Mar) 28 -223 = 27+ 0.60
Moose
Fall RBC (early Noy) 2¢ 249 = 0.63 0.7 = (.84 P < 0001 248 2083 11 =080
Laie winler RBC {mtd-Mar) ) =246 X040 1.4 £ 0.75
Sheep
Late winter RBC (mutd-Mai) 21 ~241 %035 15 +0.72 £ = 0.267 =242 %039 [53*039
Haur {mid-Mar} 15 242+ (.49 15~ 0.33
Salmen
Skin.meat-bore (QOcl) 27 207 2101 127 = 088

S

AYZPE
cels

casonal isotope ritos were averaged to arrive at an annual estimale for cach ungulare species. RBC stands lor red blood

+ Seasonal isotopie values were compared vig K nearest neighbors tests desenbed by Rosimg et ab (1998)

2 wolves had isotope vaiues that were generally
intermediate between groups 1 and 3 (Fig. 2).

The isctlope signalures of the three ungulale species
and salmon differed <ignificantly in all pairwise com-
parisons (KNNRT, P < 0.00]; Table 2, Fig. 2). Salmon
isctopic values differed substantially from: the ungulale
-atues, exceeding caribou by 9%, and 9.9%s for &'°C
and &' N respectively ( Table 2).

Faimates of the salimon contribution lo diets ol
individual wolves varied widely. ranging lrom 0 to 4%
ol their Jong-term assemilated dicts (Table 1, Fig. 3).
Estimates of salmon consumplion varicd significantly
among the three wolf groups (£, 36.4, P << 0.001)
and were consistent with expectations from prey
availability: group | wolves averaged nearly three times
as much salinon in their diets as wolves in the other
groups combined (Table 1). All group 1 wolves had
&N values indicative of salmon consumplion >8%.
whereas neasly half (14 of 29) of the group 2 wolves fell
below it level and only one wolf in group 3 excecded
8% (Fig. 3). The ungulate endmembers ({S”E\_m.;_,) we
calculated Tor regions of low and high ungulale
abundance were identical (1.8%w). thus variation in
cstimates of salmon in the diets of individual wolves
resulted entirely from the variation in their 8'°N values.

W

Unguliate densities were 78% lower in the northwest-
ern flals compared w the remaimder of our study area,
but witiun-pack woll” densities were reduced by only
about 17% {Table 3). As a result, ralios of ungulates 1o
wolves differed widely between the two regions (12 and
44 moose vguivaients woll m regions of low and high
ungulate abundance, respectivelyy. Differences in with-
m-pack woll densities between the two 1egrons resulted
rom combined cttects ol slightly smaller pack sizes (V%
and 3% in fall and lare winter. respectively) and shightly
larger home ranges (9%) for wolves inhabiting the low-
ungulate area (Table 3).

DiscussioN

Although the wolves we studied lived >1200 river km
Itom the coast, Pacific salmon were uulized 10 varving
degrees by wolves throughout the Denali ecosyslem. in
partcular, salmon contributed most to diels of woles
where salmon were abundant and ungulates occurred at
low densities; all these wolves had N isotope ratos
mdicauve ol sahnon constituling >>R% of their diet and
salmon made up >20% of the diet tor one-third of them.
Given Lhat bone collagen provided isotopic values that
were integrated over at Jeast a few years (Gannes et al.
1998. Bocherens and Drucker 2007). these wolves
included higher proportions of salmon in ther dicls
during some years.

[sotopic values for wolves iuhabiting Denalt’s norih-
weslern flats were siniilur 1o those reported by Szepanski
el al. (1999) for wolves in coastal southeast Alaska. and
estimates of salmon v woll diets were nearly 1dentical
(17% n this study vs. 18% for southeast Alaskan
wolves). As noled by Szepauski et al, {1999), coasial
wolves had several other marine foods available 1o Lheimn,
including harbor seals (Phoca vituline), various marine
mamingzl carcasses, anadromous eulachon smelt (Fha-
feichthys pacificus). and marine inveriebrales. which
were nol accounted for in their analyses of wolf diets.
Thus, coastal wolves probably utilized other marine
foods and the estimated contribution of salmon to their
diets was likely inflated. Given that salmon was the only
marine-derived food resource avzilable o Denals
wolves, salmon consumption by wolves in the north-
westernt region of IDNPP may have actually exceedexd
that of the coastal wolves studied by Szepanski ei zl.
(1999,

Wolves with home ranges in which ungulates were
more abundant unlized salmon less on average Lhan
those with few ungulales available. However, six of 17
wolves we sampled with no spawning salmon within
their home ranges exhibited 3'°N values indicative of
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salimon contvibuting 4--10% of their diets. Wolves are
known 1o occasionaily make long-distance forays
culside of therr werntories, trespassing on neighboring
wolt packs (Fuiler 1989, Mech et all 199¥), und five of
these woives were radio-located on such forays within a
few Kilometers of spawning areas (L. G. Adams,
unprbfished dura). Spawning areas would be altractive
to rrespassing wolves because of the predictable
availabilily of eastly oblained meal that could ourweigh
the risks associated with detection by resident wolves
{Mech and Boitani 2003). Although spawning areas did
vot extst in several pack home ranges in our study area.
spawmmg arcas occurred within 20 km of (hese wolf

pack range hmts, well within disiances regularly
traveled by wolves (Mech and Boilan 2003)

Fall runs of chum und coho hkely coniribuied most 1o
wolf diets in the Denali region. These salmon were
substantially more abundant than summer-spawming
chnm and chinook. Aiso. unlike swmumcer-run salmon.
those spawning in fall congregate in stream reaches that
commonly remain ice-free throughout the winter duc o
upwelling of groundwater (ITC 20075). Retention of
salmon carcasses in Denali sireams was probably very
high because of high simuosity. woody debrs. and
reduced basc flows during winter (Cederholm ct al. 1989,
Gende et ul. 2004). Further. decomposinon of carcasses
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[apr 3. Population characterisiics of walves innabiting 1egions of Denali National Park and Preseive with tow ungulate
abundance and spawning salmon (zroup 1, 70 moose equivalents; 1000 kim™) vs. high ungulzale abundance (growps 2 and 3, 320

moose equn alents’ 1000 km?) during 1986-2002

Crroup |

Groups 2 and 3

Cliaracteristic n Mean SD Range n Mean SD Range
Pack size (wolves/pack)

Eail (1 Qcl) 67 7.3 393 2--23 137 8.0 530 229
Late witer (15 Mar) 69 60 389 2 23 129 63 1.3 224
[lowe range sice (k) 53 1567 812.1 482-3005 122 1420 7591 2264437

Within-pack density (wolves 1000 km?)
bl (1 Oct) 49 5.8 374 L. 1-16.6 e 2 493 G.6- 202
Late winter {15 Mar) 55 44 235 P2 3 119 82 3 2F 6 124

Awie. The samiple size 15 pack-vewrs One moose equivalent - | moose. 3 caribou. or 6 sheep, foliowing Keith {1983} and Fuller

(198

of fish dving in iate full would be inhibited by cold
wmter temiperatures. Thus fall-run salmon were proba-
bly available to wolves to some degree throughout
winter.

IFall salmon runs of chum
considerable biomass entering the study arca. Given
the magnitude of fall salimon runs and the distribuiion of
spawnitg habitat wibm the Kanbshna drainage, we
eslimated that salmon biomass on the northwestern flals
of the study area averaged approximately 150 Mg
annually. equivalent to 70 moose; 1000 kin’ (average
mouose 350 kg Franzmann et al. 1974; NPS,
wnpublished manuscripts) or equivalent to the unguiate
biomass there. In the remainder of the swudy area.
salmon constituted a small Tracuon of the available prey
biomass because of markedly higher ungulate abun-
dance and imited salmon spawning habitat (Fig 1)

Wolf abundance m the northwestern Rais was only
shehitly lower than i the remainder of the study areq,
even though ungulates occurred al substanually lower
densiues. Wy conclude that wolf abundance in this
region was enhanced as a vesuit of the allochthonous
subsidy provided by salmon in that: (1) wolves are
known to exhibit a strong numerical response 10 prey
availabiliiy (2uller 1989, Fuller e1 ai 2003); (2) salmon
provide a food resource equal in magnitude 1o ungulale
abundance; and (3) the use of salmon by wolves residling
in the area was ubiquitons, accounting for [7% of their
diets on average. Muarine subsicdies have been shown Lo
merease abundance of other terrestnal predators across
a wide array of laxa including spiders (Polis and Hurd
1996). bzards (Polis and Hurd 1996), Arctic foxes
{Alopex lagopus; Roth 2003). coyoles (Canis farans,
Rose and Polis 1998). and brown bears (Lrsus arctos;
Hilderbrand er al. 1999}

Increcsed ahundance of subsidized consumers gener-
ally results mincreased predation pressure on local prey
resources (Eloht and Lawton 1994, Polis ¢t al. 1997),
pariiculatly when prey sabsidies ocenr at high levels
(Munel and MeCann 1998, Estes et al. 2001). Although
salmon constituled a sizahle poition of the diet for
walves on the northwestern flats, ungulates sull com-

and coho constiluic

prised an estimated §3% ol the wolf diets, indicative of
substantial predation pressure on ungulates. parncularly
given the low ratios of ungulates to wolves that occurred
there. With information presenied here (wolf diet
composilion. wolf densilics, and ungulate densiiics)
and estimaltes of consumpuion rales For wolves (Peterson
and Ciucet 2003). we approaimaled winter predalion
rates (15 Ociober-30 April; the period from when
gstimales of moose and canbou abundance were derved
1o immediately prior o the annual ungulate hirth puise).
expressed as the proporton of imoose cquivalents in
cach region of our study drca thal were consumed by
wolves, With the conservative assumption that all
salinon consumpiion by wolves occurred during Lhis
period (differences m predation raies between regions
imcreased with lower salmon cansumption dunng the
period). estimated predation rates on ungulates in Lhe
northwestern flats were approximaicly (hree times
higher than those In (he remainder of our study arca
(19% vs. 6%, respectively). These estimales are reason-
able given survival patlterns of moose and canibou in
DNPP (L. G. Adains. unpublished data). More mmpor-
tantly. while the values of these rates will vary depending
on the consumption rale used (o calculate them, the
relative difference between the two rates resuit solely
from the dilferences in woll and ungulale abundance
and sulinon contribution Lo wolf diels in the two regions
of our study area. lhus providing strong evidence thal
woll predation rates were markedly bigher on unguiales
on the northwestern flats. Further, given the low ratio of
ungulaies Lo wolves an the northwestern Hats. salmon
would have 1o constitute ~40% of annual woll® dieis
there for predation rates on ungulates 10 be similar o
the upland regions of the sludy area.

We conclude that salmon as an allochthonous subsidy
to wolves probably contributed 1o low ungulate densities
obscrved in northwestern DNPP. Moose comprised
most of the ungulate biomass 1in the nonthweswern Hats
and occurred at densines approaching the lowest in
North America (Gasaway et al. 1992, Messier 1994)
white exhibiting body size and reproducrtive character-
istics indicative of little nutritional constraint on thesr
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populaton dynanucs (Boertje et al. 2007; L. G. Adams,
unpublished dara). Further, moose pepulations with
moose: woll ratios <720 generally occur aL very low
densives or exhibil popuianon declines compared o
areas where moose : woll ratios are higher (Gasaway et
al 19%3) With brown bears und Amencan black bears
(osay americanis) i Lhe sysient. moose populations are
even mose strangly limited by the combined predation
effects {Van Ballenberghe 1987, Ballard and Van
Ballenberghe 1997), We speculate that Pacific salmon
may play a similar role in other regions of northwestern
North America where spawning salinon are abundant
and ungulate densilies are low.

[n addition to effects on (he long-terin numerical
relationships between wolves and ungulates. Pacilic
sutmon probably inveke substantial variability in wolf-
ungulade interacnons rom year Lo year. Reuwons of fall
chum o the Kanushna drainage vared fivefold during
1999--2005 (Cleary and Hamazak: 2006) and index
counts of fall chuny saimon bave varned by more than
an order of magnitude during the last 33 years {Bue et al.
2006). Thus, the availability of salmon in northwestern
DNPP has probably varicd from less than one-third to
more than three tmes the ungulate biomass there.
Factors influencing annual run sizes for Pacific salmon
are complex and include oceanographic and climatic
pauerns over the North Pacific (Downton and Miller
1G09%, Finney et al. 2002), salmon harvesis on the hiph
seas and within riverine svstems (Holder and Senecal-
Albrecht 199§, Schindler et al. 2003, JTC 20075, and
ascapemnent of salinen Lo spawning arcas in previous
years (Holder and Senecal-Albrecht 1993, ITC 2007«)
Thus. factors associted with distant marine enviton-

menls and the complex management of salmon fsherics
likely influence the subsidizing effects of salmon on
inland wolt—ungulate systems.

Current understanding and management of woll~
ungulate systems s based on the assumption that effects
of olher prey resources are minimal (Messier 1994,
Mech and Peterson 2003). Thal assumption may be
reasontable where ungulate prey are ahundant and
alternative prey make up a sinall proportion of the prey
bromass uithized by wolves. However, througheut the
current range of wolves m North Americy, low-density
wolf—ungulate sysrems are gquite common (Gasaway el
al 1992, Fuller et al. 2003) and these systems are prone
o be influenced by non-ungulate alternalive prey (Dale
et al. 1994). For example. Mech (2007) recently reported
that trends of woll abundance on Ellesmere Tsland in the
Canadian  Arctic Archipelugo were correlated with
Arctic hare {Lepus arcticus) abundance. hut not with
thar of muskox (Ovibos moschans), the predominant
ungulate i the region

Our findimgs indicate that Pacific salinon are an
imporiant food source {or wolves well bevond coastal
areas dand can provide a substannial marive mbvence on
wall-prey systems far inJand where ungulates oceur at
iow densines. Because salmon are allochthonous subsi-

Ceological Applicatons
Vol 20, No |

dies in these wolf—prey systems, they can reduce
ungulate : woll ralios through numerical responses of
wolves to salmon availability and heighren predation
pressure on resident unguiates. Further, the abundance
of spawning saimon varies widely among years, adding
substantial variabihty i the realized effects of this
subsidy on local wolf-ungulate communities. Thus. the
spuwning migrations of Pacific salmon provide a
previously unrecognized and dynamic connecuon be-
tween irland woll unguiale commumties in northwest-
ern North Amcrica and distant rmarine ecosystens.
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