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The loss of aquatic subsidies such as spawning salmonids is known to threaten
a number of terrestrial predators, but the effects on alternative prey species are
poorly understood. At the heart of the Greater Yellowstone ecosystem, an inva-
sion of lake trout has driven a dramatic decline of native cutthroat trout that
migrate up the shallow tributaries of Yellowstone Lake to spawn each
spring. We explore whether this decline has amplified the effect of a generalist
consumer, the grizzly bear, on populations of migratory elk that summer
inside Yellowstone National Park (YNP). Recent studies of bear diets and elk
populations indicate that the decline in cutthroat trout has contributed to
increased predation by grizzly bears on the calves of migratory elk. Addition-
ally, a demographic model that incorporates the increase in predation suggests
that the magnitude of this diet shift has been sufficient to reduce elk calf
recruitment (4-16%) and population growth (2—-11%). The disruption of this
aquatic—terrestrial linkage could permanently alter native species interactions
in YNP. Although many recent ecological changes in YNP have been attributed
to the recovery of large carnivores—particularly wolves—our work highlights
a growing role of human impacts on the foraging behaviour of grizzly bears.

1. Introduction

In many ecosystems, spawning salmonids provide subsidies to riparian and terres-
trial food webs when predators consume them or move their carcasses to land [1,2].
The abundance of salmonids and other aquatic prey has been linked to the survival,
fecundity and density of terrestrial consumers including spiders and lizards [3], pas-
serine birds [4], coyotes (Canis latrans; [5]), wolves (Canis lupus; [6]) and brown or
grizzly bears (Ursus arctos; [7]). However, much less is known about the indirect
effects of these subsidies on alternative resources in the recipient, terrestrial commu-
nity [4,8]. Such ecological interactions can have important conservation implications
if the loss of a primary prey species results in disproportionate, but cryptic, impacts
on alternative prey species that occur at lower abundance [9]. A recent, dramatic
decline of cutthroat trout (Oncorhynchus clarkii bouvieri) in Yellowstone Lake, at
the heart of Yellowstone National Park (YNP), has been associated with increased
predation on elk (Cervus elaphus) calves by the omnivorous grizzly bear [10].
Here, we explore the potential influence of this diet shift on migratory elk that
winter 40—-100 km from Yellowstone Lake, far beyond the boundaries of YNP.

© 2013 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. Individuals in four elk populations migrate each spring from outlying areas of the GYE to high-elevation summer ranges in and around the watershed of Yellowstone
Lake. Here, the year-round movements of 5—10 individuals in each population are pooled to illustrate migratory movements, with a global positioning system fix rate of 112
locations per day. The double line delineates the Yellowstone Lake watershed; the dotted line, a polygon built from the aggregated year-round VHF locations of grizzly bears
known to feed on cutthroat trout during the 1980s (adapted from Mattson & Reinhart [14]). Black arrows indicate the direction of migration from winter to summer ranges.

The Greater Yellowstone ecosystem (GYE) harbours one
of the most diverse assemblages of large mammals in North
America. The return of native large carnivores to YNP, includ-
ing the reintroduction of wolves and recovery of grizzly bears,
is widely thought to have restored ecosystem functioning
[11,12]. Simultaneously, the introduction of a non-native
aquatic predator, the lake trout (Salvelinus namaycush), has
emerged as a major conservation problem for YNP [13]. His-
torically, Yellowstone Lake (figure 1) harboured an abundant
population of cutthroat trout, but lake trout prey heavily on
cutthroat trout [15] and have driven a decline of more than
90 per cent in their numbers [13]. Although cutthroat trout
migrate up shallow tributary streams to spawn, and are
exploited by many terrestrial predators, lake trout spawn on
the lake bottom and are inaccessible to those predators
[13,15]. The lake trout invasion is thought to have influenced
the foraging of many birds and mammals [13,16,17], but its
cascading ecological consequences are largely unknown.

Spawning cutthroat trout were an important prey species
for a portion of the GYE's population of grizzly bears
[14,18,19], which incorporate many vertebrates, invertebrates
and plants into their diets [18,20]. We explore one consequence
of this omnivory, an ecological linkage between the aquatic
and terrestrial food webs of the GYE that arises from the
spatial and temporal coincidence each spring of cutthroat
trout spawning with elk migration. We hypothesize that an
increase in the rate of grizzly predation on elk calves, caused
by the lake trout invasion and cutthroat trout decline [10],
has contributed to the declining productivity of migratory
elk in the GYE (figure 2). Many elk that spend spring and
summer in high-elevation habitats near Yellowstone Lake
migrate 40-140 km to winter ranges outside of YNP—a

(@)

+

cutthroat
trout

Figure 2. Focal food web interactions (a) before and (b) after the lake trout
invasion in Yellowstone Lake. Predation by lake trout has driven a precipitous
decline in the number of native cutthroat trout. Unlike cutthroat trout, which
migrate up shallow streams to spawn, lake trout spawn on the lake bottom.
Thus, the lake trout invasion has disrupted a major aquatic subsidy to
terrestrial consumers, such as the grizzly bear.

behaviour that may transmit the consequences of the lake
trout invasion far beyond park boundaries (figure 1).

We evaluate this hypothesis by first synthesizing historical
and contemporary studies, including new data, that address
three interrelated ecological patterns in and around the water-
shed of Yellowstone Lake: (i) elk migration and calving;
(ii) decreased fishing activity by grizzly bears; and (iii) increas-
ing rates of predation on elk calves by grizzly bears. Then, to
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evaluate the potential strength of the linkage from lake trout
invasion to elk migration, we incorporate observed shifts in
grizzly bear diets into a model of elk demography to evaluate
changes in elk calf recruitment and population growth. We also
discuss several alternative hypotheses for our observations.
Ultimately, while the growing abundance of large carnivores
and a recent drought have also influenced calf recruitment of
migratory elk [21], the role of a changing grizzly bear diet is
of singular management concern because of its anthropogenic
origin at the heart of the vast YNP wilderness.

2. Elk migration and calving in and around the
watershed of Yellowstone Lake

Several thousand elk migrate each spring from outlying GYE
winter ranges on mixed-use lands in Montana and Wyoming,
up to wilderness summer ranges inside YNP. This includes
individuals from four major populations, among them
the well-studied northern Yellowstone herd [21-23]. Our
synthesis of recent global positioning system (GPS) collar
data and population surveys reveals that many of these elk
migrate to access summer ranges in or near the watershed of Yel-
lowstone Lake (figure 1). Thus, while this watershed comprises
only approximately 30 per cent of YNP and approximately 3 per
cent of the GYE, perturbations in and around Yellowstone Lake
might disproportionately impact the ecosystem’s migratory elk.

Yellowstone’s spring elk migrations typically begin in mid-
May [23], and are followed by the peak of elk calving around
1 June [24,25]. Most predation by bears on elk occurs in the
three weeks after calving, when elk neonates are most vulner-
able [24,25]. Variation in winter severity, spring snowmelt and
vegetation green-up can cause the onset of elk migrations to
vary by more than a month [23], which influences the spatial
distribution of elk calving sites along a gradient in bear density
that reaches its peak within YNP. Nevertheless, in a typical
year, large numbers of elk calve in and around the watershed,
whereas others arrive later with young neonates that vary in
their vulnerability to predation.

We compiled a series of winter elk surveys conducted over
the past two decades in the GYE (see the electronic
supplementary material). They indicate that on winter
ranges dominated by migratory elk, calf recruitment has
been declining since the late 1990s (figure 3e), with calf—cow
ratios reaching 0.1 to 0.2 for most of the past decade [21]. By
contrast, the median winter calf—cow ratio between 1978 and
2006 across Wyoming’s elk herds outside of the GYE was
041 [28]. Although these surveys suggest steady declines
among migrants, they have limited value in determining the
role of neonate mortality because they are conducted six
months or more after calving, in areas where migrants often
mix with residents. Thus, we conducted new aerial surveys
on elk summer ranges in and around the Lake watershed
(see the electronic supplementary material). These data
suggest that the calf—cow ratios have declined to low levels
by late summer (figure 3e). Most strikingly, segments of the
northern Yellowstone herd that summer near Yellowstone
Lake have been observed with calf-cow ratios below 0.1 in
July and August [29]. Such low calf numbers, relatively soon
after calving, suggest a combination of low pregnancy [21],
low birth weights [27] and/or high rates of predation [24].
However, pregnancy rates in the northern Yellowstone herd
have been more than 80 per cent in recent years [29,30], and
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Figure 3. (a) Since the late 1980s, the number of spawning cutthroat trout
counted each spring at Clear Creek (YNP's primary long-term monitoring site)
has declined. We broadly define the ‘pre-decline period” as before 1998, and
the ‘post-decline period’ as after 1998. (b) In studies conducted during the
post-decline period, the proportion of trout in the grizzly bear diet (black) at
peak calving/spawning time has decreased, whereas the proportion of ungulate
tissue (grey) has increased (estimates from Fortin et al. [10], Mattson & Reinhart
[14] and Mattson [26]). (c) The proportion of elk calf mortality (+95% confi-
dence interval (Cl)) attributed to bear predation (primarily grizzly bears; [24,27])
and (d) the per capita rate of predation by grizzly bears on elk calves has
increased over the same time period [10,26]. In (d), the shaded box indicates
an estimated range for the number of ungulates killed per bear per year, and
the black dot indicates its median value, which we conservatively assumed to
represent elk calves only and used in our demographic models. (e) The
winter calf— cow ratios of migratory elk from four GYE populations (closed circles)
have declined steadily over the same period, and comparable summer (August—
September) surveys (open circles) suggest that calf losses occur largely before
summers end. The colours in panel (e) correspond with those shown in
figure 1. Instances where a population’s summer ratio exceeds its winter ratio
are probably attributable to subpopulation mixing on winter range.
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recent study of calf mortality did not find any correlation
between birth weight and the risk of mortality [24]. These pat-
terns suggest that summer predation has contributed to low
calf—cow ratios in migratory populations [21,24].

3. Dedlining grizzly fishing activity on cutthroat
spawning streams

Bears are known to feed on spawning salmonids in many eco-
systems [7]. Cutthroat trout have long been considered an
important food for a portion of YNP’s grizzly bear population
[14,31], providing concentrated fat and protein at a critical
time of the year when bears are recovering from hibernation
[18,19]. Approximately half of Yellowstone Lake’s 124 tributary
streams were historically used by cutthroat trout, which spawn
between mid-May and early August [14,19]. Early studies found
that grizzly bears fished on most active spawning streams in
most years [14]. One recent (1997-2000) estimate indicated
that 68 individual grizzly bears, or 14-21% of the GYE popu-
lation, visited and may have fished the tributaries of
Yellowstone Lake from May to July [19]. Earlier studies indi-
cated that cutthroat trout comprised the majority of these
grizzly bears’” diet during the spawning period [14].

Since the late 1980s, the number of cutthroat trout in Yel-
lowstone Lake has declined substantially. On some key
tributaries, the number of spawning trout has declined by
more than 90 per cent since 1990 (figure 3a) [13]. Over this
same period, the number of bear scats and tracks, partially con-
sumed trout remains and grizzly bear visits per week have
decreased along active spawning streams [13,19]. By 1997-
2000, the estimated proportion of cutthroat trout in grizzly
bear diets had dropped by as much as 90 per cent [32]. By
2007-2009, trout consumption had declined another 72 per
cent, such that trout appeared only rarely in the diet (figure
3b; [10]). The loss of cutthroat trout has led many biologists
to speculate that grizzly bears would seek alternative foods,
and potentially suffer demographic consequences [13,19,33].

4. Increasing grizzly predation on elk neonates

Several lines of evidence suggest that newborn elk are an
alternative prey for grizzly bears faced with declining avail-
ability of spawning cutthroat trout. Bears are adept predators
of neonatal ungulates in many areas of North America [34],
including the GYE [24,26,27]. Trout spawning and elk
migration overlap both spatially and temporally [19,24], and
the tissues of spawning trout and elk calves are similar in
their nutritional value [35]. Further, in comparison with other
North American landscapes occupied by grizzly bears, the
GYE has less abundant nutritious plant matter [7] including
relatively poor berry production [18]— leaving bears with
comparatively few high-quality alternatives to animal tissue.
In the early and middle twentieth century, naturalists anec-
dotally described grizzly bears consuming trout commonly, but
elk calves only occasionally [31,36]. More recently, in the years
spanning the cutthroat decline, a growing proportion of elk calf
mortality in YNP has been attributed to bear predation. In the
late 1980s, grizzly and black bears (Ursus americanus) killed an
estimated 12 per cent of the elk calves in northern Yellowstone
annually [27]. By the mid-2000s, bears were estimated to kill 41
per cent of calves (figure 3c) [24]. In both cases, most of this
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Figure 4. Predicted changes in elk calf—cow ratios (open symbols) and
population growth rate (A, closed symbols) owing to the cutthroat trout
decline, using estimates based on estimated kill rates (red squares) and bio-
mass replacement of trout with elk calves (blue circles). Elk were modelled
over a range of population sizes owing to uncertainty in the number of elk
that summer in and around the Yellowstone Lake watershed. For reference, a
composite sum taken from summer surveys conducted in August 2008, 2010
and 2011 (conducted by the Wyoming Game and Fish Department and Mon-
tana Fish, Wildlife and Parks) suggests a minimum population of 2383 adult
females. All values are presented as means =+ 95% Cl.

predation was attributed to grizzly bears. To date, researchers
have assumed that these increases in bear predation reflected
an increase in bear numbers [21,24], rather than dietary shifts.
However, a comparison of historical and contemporary grizzly
diet studies suggests that the per capita rate of elk calf predation
by grizzly bears increased over the same period. In the late
1980s, the first large-scale study of the use of ungulates by griz-
zly bears estimated that an individual grizzly killed 1.4-5.8
ungulates per year, 13 per cent of which were elk calves [26].
By contrast, more recent studies have estimated that an individ-
ual grizzly on Yellowstone’s northern range kills 19 calves per
year [24]—and within the Yellowstone Lake watershed, seven
calves during the month of June (figure 3d; [10]). In parallel
with these increases, in the late 1980s ungulate tissue was esti-
mated to comprise 5 per cent of the grizzly diet at peak calving
time (figure 4; [14,18,26])—but more recently, above 50 per cent
[10]. Although the earlier study was based on VHF telemetry
[26] and might have detected fewer calf predation events, a cor-
rection factor was applied based on observations of the amount
of time grizzly bears spent at carcases of varying size (see the
electronic supplementary material for additional discussion).
This apparent historical-to-contemporary shift in bear fora-
ging behaviour has been strongly corroborated by a
comprehensive study of bear diets and behaviour conducted
in the Yellowstone Lake watershed from 2007 to 2009 [10],
which coupled stable isotope and mercury analyses of shed
hair with GPS-based feeding site visits and faecal screening.
This recent study found that while male grizzly bears (for-
merly the primary beneficiary of cutthroat trout) now
consume one-third less meat as they did 30 years earlier,
female grizzly bears consume the same amount of meat
[10,32]. In concert with observations of frequent elk calf preda-
tion and large amounts of ungulate tissue in many faecal
samples, these findings indicate that female grizzly bears
have replaced the lost cutthroat trout biomass with that of
elk neonates. This work has also found that the number of
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grizzly bears visiting historical spawning streams declined by
31 per cent [10] following the decline of cutthroat trout,
suggesting that the effect of the cutthroat trout decline on griz-
zly bear behaviour could extend over a larger geographical
area. Indeed, grizzly bears range widely; in the GYE, their
distribution varies with the availability of human refuse,
whitebark pine (Pinus albicaulis) seeds and ungulate ‘gutpiles’
left by hunters [37,38], and grizzly bears from a large area were
historically thought to concentrate along tributaries of Yellow-
stone Lake during the spawning season (figure 1; [14]).
Because very few (if any) female elk reside year-round in or
near the watershed of Yellowstone Lake (P. J. White, D. E.
McWhirter and D. G. Brimeyer 2012, personal communication),
the influence of this diet shift can only be apportioned among
migratory elk, and could impact their demography [10].

5. Evaluating the potential demographic effect of

the cutthroat trout decline on migratory elk

To evaluate the hypothesis that grizzly bear diet-switching has
influenced migratory elk demography, we first calculated the
number of elk calves that grizzly bears might newly consume
as a consequence of diet shifts, then used an age-structured elk
population model to explore how this additional calf predation
could influence elk calf recruitment and population growth.
We assumed that the 68 bears estimated to fish along the tribu-
taries of Yellowstone Lake in the late 1990s [19] replaced the
trout biomass in their diet with equivalent elk calf biomass
[10], and that the number of grizzly bears inside YNP did
not change during the cutthroat decline (see fig. 5 in Schwartz
et al. [39]). One of our most important assumptions was that
calf mortality from bear predation is additive (supported by
Griffin et al. [25]; see also [24,34]). Bear predation is thought
to be additive because bears specialize on killing neonates
before individual heterogeneity (e.g. body condition) begins
to strongly mediate vulnerability [24,25].

We first calculated the number of elk calves that would be
required to replace the trout biomass lost from the diet of grizzly
bears. Prior to the cutthroat trout decline, 44 grizzly bears were
estimated to eat 20 578 spawning trout, weighing 468 g each, or
a total of 9630 kg per year [40]. This study probably overesti-
mated cutthroat trout consumption [10,32] because of its
assumption that scats sampled along streams [14] represented
the diets of grizzly bears foraging further afield in the Yellow-
stone Lake watershed during the spawning period. We
addressed this issue by using the product of the historical esti-
mate of the proportion of trout in the diet (0.9; [14,40]) and
the proportion of VHF locations of probable trout-eating grizzly
bears that fell near (within 2 km) tributary streams during the
spawning period (0.38; [14]). This resulted in a greatly revised
estimate of 7820 trout (3659 kg) consumed per year. Using the
more recent estimate of 68 individuals fishing in the Yellow-
stone Lake watershed between 1997 and 2000 when trout
were still relatively abundant [19], the local population would
be estimated to have consumed 5656 kg of trout per year. By
contrast, after the bulk of the cutthroat trout decline (2007—
2009), grizzly bears were estimated to eat only 302 spawning
trout (314 kg) per year [10]. Assuming a 1 : 1 nutritional equiv-
alency of trout and elk biomass (probably a conservative
assumption owing to the high digestibility of trout [14] and
potentially higher metabolic costs of hunting more sparsely dis-
tributed elk calves) and a calf weight of 18 kg each when killed

by grizzly bears [26], the resulting 5342 kg loss of trout biomass [ 5 |

would be replaced with approximately 297 elk calves.

We calculated a second, independent estimate of change in
grizzly bear predation rates on elk calves using predation rates
that were estimated before and after the cutthroat trout decline.
Recognizing the inherent limitations of historical studies that
used VHF telemetry to locate kills, we used the median (3.6)
of the estimated pre-decline kill rate of 1.4-5.8 ungulates per
grizzly bear per year [26] and assumed this kill rate was for
elk calves only (a conservative assumption that reduces the
predicted changes in elk calf-cow ratios and population
growth). Thus, 68 individuals in the Yellowstone Lake water-
shed would have killed 245 elk calves annually. In the past
decade in the Yellowstone Lake watershed, the same number
of grizzly bears are estimated to kill 476 calves annually
(seven calves per year, 10), for an estimated increase of 231
calves. Notably, this estimate broadly agrees with our above
estimate, based on trout biomass replacement (297 calves).

To explore the potential impact of these changes on elk
populations, we incorporated both sets of the above calcu-
lations into an age-structured elk population model (see the
electronic supplementary material). Because the number of
elk that mix in and around the Yellowstone Lake watershed
has not been estimated and the population size may vary
with annual migration timing, we predicted change in the
rates of recruitment and population growth (A) across a
range of population sizes exposed to grizzly bear predation.
Ultimately, our predictions were primarily determined by
two inputs: (i) the estimated change in the number of calves
being killed by grizzly bears and (ii) the overall size of the
elk population. For reference, we note that a composite sum
taken from surveys within three distinct areas of the Yellow-
stone Lake watershed in August 2008, 2010 and 2011
(conducted by the Wyoming Game and Fish Department
and Montana Fish, Wildlife and Parks) suggests a minimum
population of 2383 adult females by late summer.

Our simulations predicted an influence of grizzly bear
diet-switching on elk calf recruitment and population growth
rates across a wide range of potential population sizes
(figure 4). Although the magnitude of the predicted changes
depends both on the increase in calf mortality and the total
population size, all combinations of estimates resulted in
declines of both calf recruitment (0.04-0.16) and population
growth (0.02-0.11). An explicit accounting of estimated
changes in bear predation rates in our models indicated that
shifts in bear foraging behaviour—an indirect consequence
of lake trout invasion—are capable of creating meaningful
changes in the population dynamics of migratory elk.

6. Alternative explanations

Our inferences draw on a large body of research conducted
by biologists working independently, across multiple taxa,
over several decades. The patterns we describe—the coinci-
dence of cutthroat trout decline, grizzly diet shifts from
trout to elk calves and the declining recruitment of migratory
elk—are consistent with an emergent link between lake trout
invasion and elk migration in the GYE. However, as is so
often the case with ‘natural experiments’, it is challenging
to determine cause and effect when evaluating food web
changes spanning several decades in landscapes so vast as
the GYE. Thus, we discuss several alternative explanations
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for our observations, and explain why we suspect they do not
oppose our findings.

Although predation by non-native lake trout is widely
considered the leading cause of the cutthroat trout decline
[13,41], at least two other factors play a role. An unusually
severe, long-term drought reduced the flow levels of some
tributary streams for much of the past decade, probably redu-
cing cutthroat trout recruitment to the lake [13]. Additionally,
the parasite Myxobolus cerebralis, which causes neurological
damage (i.e. whirling disease), reduces the survival of juven-
ile cutthroat trout in some areas of Yellowstone Lake [13].
Whirling disease was introduced by humans [13], and a
number of studies have linked recent drying and warming
trends in the region to anthropogenic climate change
[42—-44]. Thus, regardless of the relative importance of lake
trout predation versus secondary factors, the decline of
native cutthroat trout is considered by many observers to
be largely a consequence of human actions.

Although there is substantial evidence of changes in griz-
zly bear diets [10], recent increases in bear predation on elk
calves are also probably a function of increasing grizzly
bear numbers. In recent decades, the numbers and distri-
bution of grizzly bears have grown in the GYE. However,
this growth appears to have occurred primarily outside the
core areas of YNP. From 1983 to 2002, the number of females
with cubs, a key indicator of grizzly population productivity,
did not increase inside YNP (see fig. 5 in Schwartz et al. [39]).
This pattern suggests that grizzly bear habitat was saturated
inside YNP [39]. If the proportion of elk calf mortality attrib-
uted to grizzly bears inside YNP increased more than
threefold (cf. [24,27]) during a period when grizzly bear num-
bers did not increase, then it is logical that the per capita rate
of predation increased (cf. [10,26]). However, it is important
to note that in years of harsh winters, deep snow and late
migration, more elk tend to calve in outlying areas of the
GYE [23] where grizzly bears have been expanding and
growing in numbers [39]. For these reasons, we suggest
that the combination of more grizzly bears outside YNP
(owing to their recovery) and changing grizzly bear diets
inside. YNP (owing to the decline of cutthroat trout) acts
synergistically to reduce the calf recruitment of migratory elk.

In addition to predation by grizzly bears, predation by
wolves and other predators [24] and low elk pregnancy rates
in some areas [21] probably influence the calf recruitment of
migratory elk. However, grizzly bears far outpace wolves
and other predators as a cause of summer elk calf mortality
[24,25], and reductions in pregnancy do not appear large
enough to explain the decreases in summer calf—cow ratios
that have recently been observed [21,24]. Wolf predation did
not appear powerful enough to cause the pronounced decline
of northern Yellowstone elk following wolf reintroduction
[45]—and although human hunting probably played an impor-
tant role, hunters tend to select adult elk, not calves. It is
possible that other recent ecological and behavioural changes
that are unrelated to the cutthroat decline have contributed to
increasing rates of grizzly predation on elk calves. Several
other key grizzly foods have declined in recent years, namely
winter-killed ungulate carcases owing to predation and scaven-
ging by reintroduced wolves, and whitebark pine seeds, owing
to beetle (Dendroctonus ponderosae) and invasive fungal (Cronar-
tium ribicola) infestations. Although we cannot rule out effects
of these latter changes, we expect that their consequences
have not been as dramatic as the loss of a diet item (i.e.

cutthroat trout) that coincides both spatially and seasonally n

with the calving of many migratory elk.

7. Discussion

Recent changes in the productivity and abundance of
migratory elk in the GYE are widely viewed as a consequence
of recovering numbers of large carnivores, but new evidence
suggests that the decline of native cutthroat trout has caused
omnivorous grizzly bears to kill more elk calves in some
areas of YNP. Predation by non-native lake trout has dramati-
cally reduced the population of cutthroat trout that once
provided critical nutrition to grizzly bears foraging at the
core of the GYE, leaving bears to find alternative sources of
fat and protein each spring. Historical and contemporary
studies of grizzly bear diets and behaviour indicate that indi-
viduals in and around the watershed of Yellowstone Lake—
an area which comprises 30 per cent of YNP—have made
up for the loss of cutthroat trout by consuming elk calves at
a higher rate (figure 3). This diet switch is consistent with
summer elk surveys that reveal low calf numbers among
the migratory populations that summer in and around the
Yellowstone Lake watershed (figure 3e).

Our synthesis provides considerable support for an emer-
gent link between lake trout invasion and the demography of
migratory elk, but less clear is the magnitude of this effect.
Demographic simulations suggest the effect has been large
enough to contribute to meaningful reductions in the calf
recruitment (4-16%) and growth rates (2—-11%) of migratory
elk populations (figure 4). These findings are consistent with
the prediction from theory of subsidy influences in ecosystems
that a consumer which aggregates to an ephemeral subsidy
(i.e. spawning cutthroat trout), yet reproduces slowly (i.e. griz-
zly bears), will have relatively small effects on alternative
resources (i.e. elk calves) in the recipient community. In the
case we describe, however, this “protective” effect of cutthroat
trout on elk calves has been removed. While the growing abun-
dance of large carnivores and a severe drought have probably
played important roles in declining elk calf recruitment [21], we
suggest that the contribution of changing grizzly bear diets
to these declines is uniquely important to research and
management because it represents a novel, human influence
operating cryptically within core protected areas of YNP.

Our findings have important implications for ecosystem
management and the conservation of aquatic—terrestrial lin-
kages. Aquatic and terrestrial food webs have long been
conceptualized as distinct ecosystem components [46]. This
approach has been challenged by a growing recognition of
strong cross-system subsidies and aquatic—terrestrial linkages
[3,8], as in the case of spawning salmonids that subsidize
upland riparian and terrestrial food webs in coastal North
America [2]. Far inland, in the central watershed of YNP, a simi-
lar link appears to have been broken when the invasion of lake
trout interrupted a crucial energy transfer from aquatic habitats,
in the form of cutthroat trout biomass, to the terrestrial food
web, via the foraging of grizzly bears (figure 2). Our work
suggests that the probable consequences of lake trout invasion
reach beyond the demography of cutthroat trout consumers
[17], including grizzly bears [10], to that of such alternative
prey as migratory elk that winter as far as 140 km away [23]
in outlying areas of the GYE. Given that the grizzly bear is
one of 28 mammals and birds that were thought to depend
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on spawning cutthroat trout [16,17], the broader ecological con-
sequences of lake trout invasion are potentially tremendous. It
remains unclear whether historic levels of cutthroat trout
spawning in Yellowstone Lake tributaries can be restored,
and the ecosystem consequences of breaking this aquatic—ter-
restrial link reversed. Fisheries biologists and managers in
YNP have worked intensively for more than a decade to sup-
press lake trout numbers via netting and removal from
Yellowstone Lake [13,41]. In recent years, the success of this
programme has increased through technological improvements
and increases in the spatial and temporal targeting of high den-
sities and sensitive age classes of lake trout [41]. Our findings
underscore the broad ecological importance of these efforts,
the urgency of identifying new methods to suppress lake
trout and the value of preventing such invasions elsewhere.

The indirect interaction of lake trout and migratory elk that
we describe has implications for the interpretation, conserva-
tion and management of large mammal interactions in the
GYE. Wolves have been the focus of widely popularized
accounts of YNP’s trophic interactions [47], perhaps partly
because they were controversially reintroduced, remain
active year-round and conspicuously hunt elk. Relatedly, it is
often assumed that the ecological effects of recovering large
carnivores herald a return to a historical condition of the
GYE, providing evidence of conservation success [11,12].
However, our work suggests that important effects of
human disturbance and grizzly bear predation on migratory
elk are being overlooked. Globally, declines of migratory
ungulates are a subject of conservation concern [48,49].

Our findings are also relevant to the wolf management
plans of Idaho, Montana and Wyoming, which generally
allow the flexibility to increase wolf harvests in areas of declin-
ing elk productivity and abundance. Some of the steepest elk
recruitment declines in these states have occurred in the GYE,
coincident with wolf reintroduction. However, complex pat-
terns of 40-140 km elk migrations that are unique to the
GYE, compounded by high rates of bear predation inside
YNP’s boundaries, suggest that elk calf recruitment may not
be as sensitive to wolf removal on some outlying winter
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