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ARTICLE

Feeding Ecology of Native and Nonnative Salmonids during
the Expansion of a Nonnative Apex Predator in Yellowstone
Lake, Yellowstone National Park
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Montana Cooperative Fishery Research Unit, Department of Ecology, Montana State University,
301 Lewis Hall, Bozeman, Montana 59717, USA

Christopher S. Guy
U.S. Geological Survey, Montana Cooperative Fishery Research Unit, Department of Ecology,
Montana State University, 301 Lewis Hall, Bozeman, Montana 59717, USA

Todd M. Koel
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Post Office Box 168, Yellowstone National Park, Wyoming 82190, USA

Abstract
The illegal introduction of Lake Trout Salvelinus namaycush into Yellowstone Lake, Yellowstone National Park,

preceded the collapse of the native population of Yellowstone Cutthroat Trout Oncorhynchus clarkii bouvieri,
producing a four-level trophic cascade. The Yellowstone Cutthroat Trout population’s collapse and the coinciding
increase in Lake Trout abundance provided a rare opportunity to evaluate the feeding ecology of a native prey species
and a nonnative piscivore species after the restructuring of a large lentic ecosystem. We assessed diets, stable isotope
signatures, and depth-related CPUE patterns for Yellowstone Cutthroat Trout and Lake Trout during 2011–2013 to
evaluate trophic overlap. To evaluate diet shifts related to density, we also compared 2011–2013 diets to those from
studies conducted during previous periods with contrasting Yellowstone Cutthroat Trout and Lake Trout CPUEs.We
illustrate the complex interactions between predator and prey in a simple assemblage and demonstrate how a
nonnative apex predator can alter competitive interactions. The diets of Yellowstone Cutthroat Trout were dominated
by zooplankton during a period when the Yellowstone Cutthroat Trout CPUE was high and were dominated by
amphipods when the CPUE was reduced. Lake Trout shifted from a diet that was dominated by Yellowstone
Cutthroat Trout during the early stages of the invasion to a diet that was dominated by amphipods after Lake
Trout abundance had increased and after Yellowstone Cutthroat Trout prey had declined. The shifts in Yellowstone
Cutthroat Trout and Lake Trout diets resulted in increased trophic similarity of these species through time due to
their shared reliance on benthic amphipods. Yellowstone Cutthroat Trout not only face the threat posed by Lake
Trout predation but also face the potential threat of competition with Lake Trout if amphipods are limiting. Our
results demonstrate the importance of studying the long-term feeding ecology of fishes in invaded ecosystems.

Nonnative piscivorous fishes have altered freshwater
ecosystems throughout the world (Eby et al. 2006;
Cucherousset and Olden 2011). The most dramatic changes

occur when predator introductions cause the alteration of
food web structure through the addition of a novel trophic
level (Eby et al. 2006). The imposition of top-down
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regulation on native fish populations via predation can
ultimately result in trophic cascades within water bodies
(Tronstad et al. 2010; Ellis et al. 2011). In addition to
lengthening the food chains, nonnative piscivores can com-
pete with native prey species, as most piscivorous fishes
exhibit ontogenetic diet shifts (Juanes et al. 2002).
Additionally, prey switching by nonnative piscivores is
necessary to sustain predator biomass in systems where
prey abundance is reduced (McMahon and Bennett 1996;
Roseman et al. 2014). Thus, the trophic niche of nonnative
predators can change through time, indicating that competi-
tion with native species can become an important interac-
tion in addition to predation.

The Lake Trout Salvelinus namaycush is a large-bodied
apex piscivore that has been introduced into 15 countries
around the world and extensively throughout the United
States (Crossman 1995), including large lakes and reservoirs
in eight western states (Martinez et al. 2009). In water bodies
where Lake Trout have been introduced, the predatory demand
of the nonnative Lake Trout population can exceed the avail-
able prey supply even before the Lake Trout increase to high
densities (Johnson and Martinez 2000), thereby generating
declines in native fish populations (Donald and Alger 1993;
Fredenberg et al. 2002) and altering ecosystem structure and
function (Tronstad et al. 2010; Ellis et al. 2011).

In the absence of abundant prey fish, Lake Trout often feed
on lower trophic levels (Pazzia et al. 2002) and can increase
their energy intake through cannibalism (Martin and Olver
1980). Cannibalism is considered an important factor regulat-
ing juvenile survival and the population growth rate in Lake
Trout (Evans and Willox 1991; Richards et al. 2004). In
addition to cannibalism, the Lake Trout’s diet can regulate
the population growth rate. For example, invertivorous popu-
lations of Lake Trout have lower individual growth rates than
piscivorous populations (Matuszek et al. 1990; Pazzia et al.
2002).

Diet shifts can also affect the population dynamics of
native fish species in systems where Lake Trout have been
introduced. Declines in density can lead to an increase in per
capita prey availability as well as an increase in optimal prey
types in the diet (Martinussen et al. 2011; Rudstam et al.
2011). The incorporation of optimal prey types in the diet
can cause changes in individual growth, body condition, and
maturity at age (Trippel 1995; Rudstam et al. 2011), leading to
an increased population growth rate at reduced abundance
(Rose et al. 2001).

The Yellowstone Cutthroat Trout Oncorhynchus clarkii
bouvieri, a subspecies of the Cutthroat Trout O. clarkii, is
native to western Wyoming, eastern Idaho, and southern
Montana (Behnke 2002). Yellowstone Lake, located within
Yellowstone National Park, contains the largest population of
nonhybridized Yellowstone Cutthroat Trout (Gresswell and
Varley 1988) and represents nearly 80% of the remaining
lacustrine habitat for the subspecies (Gresswell et al. 1994).

The Yellowstone Cutthroat Trout is considered a keystone
species in the Greater Yellowstone Ecosystem, as 4 mammal
species and 16 bird species have been documented to consume
Yellowstone Cutthroat Trout (Schullery and Varley 1995).

Nonnative Lake Trout were discovered in Yellowstone
Lake in 1994 (Kaeding et al. 1996), and the effect of this
introduction on Yellowstone Cutthroat Trout has been substan-
tial (Koel et al. 2005, 2012). For example, the number of
Yellowstone Cutthroat Trout ascending Clear Creek to spawn
declined from 55,000 individuals in 1987 to 500 individuals in
2007 (Koel et al. 2012). During the same period, Lake Trout
expanded from a small introductory population that was
mostly confined to a single basin of the lake (Koel et al.
2007) to a population numbering about 300,000 that was
distributed lakewide (Syslo et al. 2011; Koel et al. 2012).
The increase in Lake Trout and the decline in Yellowstone
Cutthroat Trout resulted in a four-level trophic cascade
(Tronstad et al. 2010) and disruption of trophic linkages to
non-piscine predators throughout the Yellowstone Lake basin
(Crait and Ben-David 2006; Baril et al. 2013; Teisberg et al.
2014). The large change in Yellowstone Cutthroat Trout abun-
dance and the subsequent effects that spread throughout the
Yellowstone Lake basin provide a classic example of how a
nonnative apex piscivore can alter a freshwater ecosystem.

Trophic overlap and temporal diet shifts have implications
for ongoing efforts to increase Yellowstone Cutthroat Trout
abundance through the mechanical removal of Lake Trout in
Yellowstone Lake. The Lake Trout removal program was
initiated by the National Park Service during 1995 with the
purpose of reducing Lake Trout abundance so as to decrease
predation on Yellowstone Cutthroat Trout. However, despite
the removal of 830,000 Lake Trout from the lake during
1995–2011, Lake Trout abundance continued to increase
(Syslo et al. 2011; Koel et al. 2012). If Lake Trout occupy a
trophic position similar to that of Yellowstone Cutthroat Trout,
interspecific competition could reduce the likelihood of
Yellowstone Cutthroat Trout recovery. Additionally, diet shifts
can provide potential regulatory mechanisms for Lake Trout
and Yellowstone Cutthroat Trout abundances in Yellowstone
Lake through cannibalism or changes in reproductive output.

Examining the diets of nonnative fishes is critical for
determining the ecological effects of species introductions.
Diet studies focused on nonnative fishes are commonly con-
ducted to evaluate trophic overlap or the effects of piscivory
on native fishes (Ruzycki et al. 2001; Clarke et al. 2005;
Schoen et al. 2012); however, studies documenting long-term
changes in feeding habits are rare. The collapse of the
Yellowstone Cutthroat Trout population and the coinciding
increase in Lake Trout abundance in Yellowstone Lake pro-
vided a rare opportunity to evaluate the feeding ecology of a
native prey species and a nonnative piscivore species after the
restructuring of a large lentic ecosystem.

We were interested in the role played by a nonnative apex
piscivore in structuring food web dynamics and competition. An
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understanding of the ecological roles of Lake Trout and
Yellowstone Cutthroat Trout under varying levels of predator
and prey densities is important for predicting the success of
Lake Trout suppression efforts that are meant to enhance
Yellowstone Cutthroat Trout, which is the ultimate goal of the
removal program. Our objectives were to assess trophic overlap
between and temporal diet shifts exhibited by Yellowstone
Cutthroat Trout and Lake Trout after the Lake Trout population
increase and the Yellowstone Cutthroat Trout population col-
lapse. We predicted that given ontogenetic diet shifts,
Yellowstone Cutthroat Trout would exhibit the greatest degree
of trophic overlap with small (nonpiscivorous) Lake Trout but
would exhibit no trophic overlap with large (piscivorous) Lake
Trout. We predicted that the Yellowstone Cutthroat Trout diet
would include more bioenergetically favorable prey items after
Yellowstone Cutthroat Trout abundance was reduced. We also
predicted that after the Yellowstone Cutthroat Trout population
collapse, (1) the proportion of Yellowstone Cutthroat Trout in
Lake Trout diets would decline and (2) the proportions of inver-
tebrates and other fishes (including conspecifics) in Lake Trout
diets would increase.

METHODS

Overview
We used a variety of methods to better understand the

feeding ecology of Yellowstone Cutthroat Trout and Lake
Trout in Yellowstone Lake. To evaluate trophic overlap, we
examined diet contents, carbon and nitrogen stable isotope
signatures (δ13C and δ15N), and depth-related CPUE patterns
in Yellowstone Cutthroat Trout and Lake Trout during 2011–
2013. We used CPUE to characterize relative abundances of
the two species through time. We also compared diet data
from 2011–2013 with data from previous diet studies focused
on Yellowstone Cutthroat Trout (1989; Jones et al. 1990) and
Lake Trout (1996–1999; Ruzycki et al. 2003). Finally, a bioe-
nergetics model was used to estimate consumption by Lake
Trout in 2011–2013 for comparison with the results from
1996–1999 (Ruzycki et al. 2003).

Study Area
Yellowstone Lake (elevation = 2,357 m; Figure 1) has a

surface area of 34,020 ha, 239 km of shoreline, a mean depth

FIGURE 1. Location of Yellowstone Lake within Yellowstone National Park (inset: gray area); and a map of Yellowstone Lake, depicting the gillnetting areas
that were used to assess the populations of native Yellowstone Cutthroat Trout and nonnative Lake Trout.
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of 48.5 m (Kaplinski 1991), and a maximum depth of 133 m
(Morgan et al. 2003). The lake is typically ice covered from
mid-December through late May or early June. Thermal stra-
tification generally takes place in late July and can last into
September, with summer surface water temperature reaching
17°C and the thermocline occurring at about 15 m (Koel et al.
2007).

The lake is categorized as oligomesotrophic (Theriot et al.
1997), with diatoms dominating the phytoplankton assemblage
throughout the year (Benson 1961; Tronstad et al. 2010). The
zooplankton community consists primarily of rotifers
Conochilus unicornis, copepods Diaptomus and Cyclops, and
cladocerans Daphnia spp. (Benson 1961). The benthic macro-
invertebrate assemblage is dominated by the amphipods
Hyalella azteca and Gammarus lacustris (Benson 1961).
Gammarus lacustris occurs at a wider range of depths than
H. azteca and contributed a larger proportion of the diet
historically consumed by Yellowstone Cutthroat Trout
(Benson 1961). The fish assemblage in the lake consists of
two native species: the Yellowstone Cutthroat Trout and
Longnose Dace Rhinichthys cataractae. There are three non-
native species in addition to Lake Trout: the Longnose Sucker
Catostomus catostomus, Redside Shiner Richardsonius baltea-
tus, and Lake Chub Couesius plumbeus (Gresswell and Varley
1988).

Sampling
Yellowstone Cutthroat Trout assessment netting program.—

Gill nets were used to assess the Yellowstone Cutthroat Trout
population at 11 sites throughout the lake in mid-September
during 1978–2013 (Kaeding and Koel 2011). At each site, five
sinking experimental gill nets were set perpendicular to shore
and were fished overnight. Nets were set about 100 m apart,
with the nearshore end about 1.5 m deep. Nets were 1.5 m
deep × 38 m long and consisted of five 7.6-m panels (19-, 25-,
32-, 38-, and 51-mm bar measure mesh). All fish that were
caught during the Yellowstone Cutthroat Trout assessment
netting efforts were measured for TL (nearest mm). Weight
(nearest g), sex, and maturity were recorded for incidental
mortalities of Yellowstone Cutthroat Trout.

Lake Trout assessment netting program.—A sampling
program to assess the Lake Trout population was developed
in 1997 (Ruzycki et al. 2003). Multiple depth strata were
sampled during Lake Trout assessment netting; therefore, the
program also sampled the Yellowstone Cutthroat Trout
population. Sixteen sites throughout the lake were sampled
during early August, with six experimental gill nets deployed
per site. At each site, a small-mesh sinking gill net and a large-
mesh sinking gill net were set overnight at each of three depth
strata: the epilimnion (3–10 m), metalimnion (10–30 m), and
hypolimnion (>40 m). Small-mesh gill nets were 2 m deep ×
82.2 m long and consisted of six 13.7-m panels (19-, 25-, 32-,
38-, 44-, and 51-mm bar measure mesh). Large-mesh gill nets
were 3.3 m deep × 68.6 m long, consisting of five 13.7-m

panels (57-, 64-, 70-, 76-, and 89-mm bar measure mesh). Gill
nets were set perpendicular to shore, and nets within a stratum
were set parallel and about 100 m apart. To avoid incidental
mortality of Yellowstone Cutthroat Trout (Ruzycki 2004), the
shallow stratum (3–10 m) was not sampled in 1998. Lake
Trout assessment netting was inconsistent during 1999–2009;
therefore, a new protocol was developed in 2010 and was
implemented through 2013. The assessment netting protocol
used during 2010–2013 was similar to the program developed
in 1997 (i.e., in terms of net specifications and depth strata)
but included 24 sites/year, and the shallow stratum was not
sampled during 2011. All of the fish that were sampled during
the Lake Trout assessment netting program were measured for
TL. Weight (nearest g), sex, maturity, and gonad weight were
recorded for Lake Trout and for incidental mortalities of
Yellowstone Cutthroat Trout. In 2013, sagittal otoliths for
use in age estimation were sampled from 10 Lake Trout per
1-cm length group (see Syslo et al. 2011 for a description of
aging methods).

Lake Trout suppression netting program.—Sinking gill nets
were used to remove Lake Trout from Yellowstone Lake
during the ice-free season (late May–October) in 1994–2013.
Suppression netting involved the use of 90-m-long × 3.3-m-
deep gill nets consisting of seven panels (25-, 32-, 38-, 44-,
51-, 57-, and 64-mm bar measure mesh). Gill nets were
typically set at depths greater than 20 m to avoid bycatch of
Yellowstone Cutthroat Trout. Gill-net soak time varied from
one to seven nights. Trap nets were used to target Lake Trout
(>450 mm TL) during late May through August in 2010–2013.
Eight to ten trap nets were deployed at fixed locations
throughout Yellowstone Lake during each year. Trap net
leads were 180–305 m long × 9–15 m deep, with mesh sizes
varying from 76- to 178-mm bar measure (Koel et al. 2012).
Trap net pots were 6 m wide × 6 m long × 6–12 m deep, with
mesh sizes varying from 51- to 57-mm bar measure (Koel
et al. 2012). Trap net soak times varied from one to four
nights.

Diet analysis.—Yellowstone Cutthroat Trout and Lake
Trout diets were sampled from all netting types in 2011. To
account for potential temporal variation in prey availability,
diet sampling for both species was stratified by season: pre-
stratification (before August 1), stratification (August 1–
September 20), and poststratification (after September 20).
Due to logistical constraints, diets were not sampled during
the ice cover season. To account for ontogenetic diet shifts, an
attempt was made to sample at least 15 individuals from each
50-mm length-class (starting at 150 mm) for each species
during each season. In 2011, about 50% of the stomachs
from Lake Trout larger than 400 mm were empty; therefore,
Lake Trout larger than 400 mm were sampled for diets again
in 2013. Stomach content samples were primarily obtained
during Lake Trout assessment netting in the stratification
season; however, stomach contents from large Lake Trout
(>450 mm TL) were also sampled from trap nets to augment
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the assessment netting sample sizes. During the pre-
stratification and poststratification seasons, stomachs were
obtained by subsampling fish that were captured during
suppression netting efforts (gill nets and trap nets). An
attempt was made to only sample fish from gill nets that
were set for one night. Stomach contents were sampled from
as many gillnetting areas (Figure 1) as possible during each
season. Each time a gill net was lifted in a gillnetting area that
had not been previously sampled during that season, the first
three Yellowstone Cutthroat Trout or Lake Trout within each
50-mm length-class were sampled. Trap nets were soaked for
only one night prior to sampling the fish for stomach contents.
When trap nets were lifted, the first three fish within each
50-mm length-class were sampled from each net.

In the laboratory, stomachs and stomach contents were
removed from dead Lake Trout and Yellowstone Cutthroat
Trout. Stomach contents from live Yellowstone Cutthroat
Trout were obtained via gastric lavage by using acrylic tubes
(Quist et al. 2002). Tubes were about 375 mm long, with
1-mm-thick walls and an inner diameter of 8, 11, 14, 18, or
24 mm. The largest tube diameter that could be inserted into
the esophagus was selected for each Yellowstone Cutthroat
Trout. After the tube was inserted, a small amount of distilled
water was added, the tube was sealed with the hand, and the
fish was inverted several times. The tube was removed while
the fish was in a vertical position, and the stomach contents
were dislodged into a tray. Lavage was repeated until prey
items were no longer produced. Stomach contents were fixed
in a 10% solution of buffered formalin and were then pre-
served in a 70% solution of ethanol.

Prey items were identified to the family or order level for
invertebrates and to the species level for fish. Prey items were
separated by taxon, and the blotted wet weight (nearest 0.01 g)
was recorded for each prey category. Prey fish were measured
for TL when possible. We found no identifiable Lake Trout prey
in the stomachs of Lake Trout (see Results); therefore, when
estimating weight at ingestion, we assumed that all unidentified
digested salmonids were Yellowstone Cutthroat Trout. For
digested Yellowstone Cutthroat Trout and unidentified salmo-
nids, the vertebral column length or SL was converted to TL at
ingestion by using existing regression equations for
Yellowstone Cutthroat Trout (Ruzycki and Beauchamp 1997).
The TL at ingestion was converted to wet weight (W; g) by
using a weight–length regression for Yellowstone Cutthroat
Trout that were sampled during Yellowstone Cutthroat Trout
assessment netting in 2011 (r2 = 0.98, N = 968, P < 0.01),

W ¼ 0:000006� TL3:090:

Recovery of stomach contents via gastric lavage can vary
from 60% to 90% by weight (Quist et al. 2002). Therefore,
recovery of prey items was assessed by performing lavage on a
subset (N = 16) of incidental mortalities rather than sacrificing

additional Yellowstone Cutthroat Trout. For each prey type, the
mean proportional diet contribution by weight (MPW) was esti-
mated based on (1) samples that were obtained by using gastric
lavage and (2) samples of total stomach contents (contents from
gastric lavage combined with the remaining stomach contents).
Mean MPWs for the prey types only differed by 0.00–0.04
between gastric lavage and total stomach contents, indicating
that gastric lavage produced a representative sampling of the
Yellowstone Cutthroat Trout diet.

Stable isotope analysis.—The analysis of diets provides
high taxonomic resolution during evaluations of trophic
position; however, diets can be temporally variable (Garvey
and Chipps 2012). Stable isotope ratios (δ13C and δ15N) can
be used to provide a measure of feeding habits, reflecting the
foraging behavior that occurred over the preceding several
weeks to months (Satterfield and Finney 2002; Vander
Zanden et al. 2015). The δ15N of consumers increases
relative to that of the food source, providing a measure of
trophic position (Minigawa and Wada 1984). In contrast, the
δ13C of consumers is similar to the ratios in their prey,
providing an indication of food origin. Specifically, δ13C
values tend to be greatest (less negative) in littoral zones, to
decrease in pelagic zones, and to be highly negative in
profundal zones (Vander Zanden and Rasmussen 1999). The
combination of diet analysis and stable isotope analysis
provides a powerful approach for assessing trophic position
(Clarke et al. 2005; Feiner et al. 2013).

Tissue samples were collected from deceased Yellowstone
Cutthroat Trout and Lake Trout sampled in the Lake Trout
assessment netting program during 2011 and 2013. An attempt
was made to sample five fish per species from each 50-mm
length-class starting at 150 mm. A tissue plug was removed
from the dorsal musculature by using a 4-mm biopsy punch.
Amphipods were sampled to evaluate whether baseline δ15N
for primary consumers varied between the profundal zone and
the littoral zone (Vander Zanden and Rasmussen 1999; Post
2002). Amphipods were used because they are widely distrib-
uted throughout Yellowstone Lake, occupy a wide range of
depths (0–45 m), and are important prey for fishes in the lake
(Benson 1961). Amphipods were sampled from macrophytes
that were attached to gill nets at each depth stratum and site
where they were detected during Lake Trout assessment net-
ting in 2013.

Fish tissue samples and amphipods were placed in a por-
table cryogenic freezer (Model CX100; Taylor Wharton,
Theodore, Alabama) during collection. Samples were freeze-
dried for 18 h by using a Labconco Freezone 1 (Labconco
Corporation, Kansas City, Missouri) and were ground to a fine
powder with a mortar and pestle. About 1 mg of the ground
sample was placed into a tin capsule and analyzed at the
Stable Isotope Facility, University of California–Davis, with
a PDZ Europa ANCA-GSL elemental analyzer interfaced with
a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon
Ltd., Cheshire, UK). Stable isotope ratios were calculated as
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δ13C or δ15N ¼ Rsample

Rstandard

� �
� 1

� �
� 1;000;

where Rsample = 13C/12C or 15N/14N of the sample; and
Rstandard = 13C/12C or 15N/14N of the international standard
(Vander Zanden and Rasmussen 1999). The international stan-
dards were Vienna Pee Dee Belemnite for carbon and atmo-
spheric nitrogen for nitrogen.

Thermal regime.—Daily temperature profiles were measured
for use in bioenergetics modeling (see below). Profiles were
measured in the center of the West Thumb Basin of
Yellowstone Lake from late May through October by using a
vertical temperature logger array. Temperature loggers were
placed along a steel cable every 1 m at 1–20-m depths and
every 10 m at depths greater than 20 m.

Trophic Overlap
Diet overlap.—The MPW for each prey type detected in

Lake Trout and Yellowstone Cutthroat Trout diets was
estimated for each season during 2011–2013 (Chipps and
Garvey 2007). The MPW was calculated for three
Yellowstone Cutthroat Trout length-classes (160–300,
301–475, and 476–575 mm) and four Lake Trout length-
classes (160–300, 301–475, 476–575, and 576–920 mm) to
account for ontogenetic variation in the diet (to permit
temporal comparisons, length-classes were later condensed to
match the length-classes used in previous studies). Schoener’s
index of diet overlap (D) was used to estimate overlap
between the Yellowstone Cutthroat Trout diet and the Lake
Trout diet (Schoener 1968),

D ¼ 1� 0:5
X

n
i¼1 pij � pik

�� ��� �
;

where pij is the proportional contribution of prey type i to the
diet for species j; and pik is the proportional contribution of
prey type i to the diet for species k. We estimated D in
comparisons between each Yellowstone Cutthroat Trout
length-class and Lake Trout length-class sampled within
each season. Values of D that were at least 0.60 were con-
sidered significant (Wallace 1981).

Isotopic niche overlap.—Amphipod δ15N was regressed as
a linear function of δ13C, and the regression equation was used
as a baseline for correcting δ15N values for Yellowstone
Cutthroat Trout and Lake Trout (Vander Zanden and
Rasmussen 1999; Post 2002). Corrected δ15N and δ13C were
plotted in bivariate space, and the isotopic niche size for each
species × length-class combination was estimated with
standard ellipses (Jackson et al. 2011). We used the Stable
Isotope Analysis in R (SIAR) package to estimate the ellipse
areas corrected for small sample size (SEAC; Jackson et al.
2011; R Development Core Team 2014). Briefly, the SIAR
package uses Bayesian inference and multivariate ellipse-
based methods to estimate standard ellipses that contain

about 40% of the data, representing the core niche area
(Jackson et al. 2011, 2012). Niche overlap for Lake Trout
and Yellowstone Cutthroat Trout of a given length-class was
estimated as the proportion of the Yellowstone Cutthroat Trout
ellipse area that overlapped with Lake Trout ellipses (Feiner
et al. 2013).

Relative abundance.—The Yellowstone Cutthroat Trout and
Lake Trout CPUEs (number of fish per 100 m of net) in the
Lake Trout assessment netting program were used to
determine the vertical distribution of each species. The
proportion of total CPUE contributed by each length-class at
each depth stratum in 2010–2013 was estimated for each
species. The CPUE data from Lake Trout assessment netting
in 2011 were omitted because the epilimnion was not sampled
(see above).

Temporal Shifts
Relative abundance.—The Yellowstone Cutthroat Trout

CPUE calculated from Yellowstone Cutthroat Trout
assessment netting efforts (1978–2013) and the Lake Trout
CPUE calculated from Lake Trout assessment netting efforts
(1997, 2010, 2012, and 2013) were used to assess relative
abundances through time. Lake Trout CPUEs for 2010,
2012, and 2013 were considered to represent the relative
abundances during the period of diet sampling (2011–2013).
Mean CPUE (±95% confidence interval) was estimated among
sites for each length-class (see above) and each year.

Diet.—Temporal comparisons were qualitative rather than
statistical because only summary values were available from
previous diet studies (Jones et al. 1990; Ruzycki et al. 2003).
In the study by Jones et al. (1990), the diet of Yellowstone
Cutthroat Trout was only evaluated during the stratification
season in 1989 and was not evaluated for individual
length-classes. Therefore, Yellowstone Cutthroat Trout diet
data from the 2011 stratification season were pooled among
length-classes for comparison with the 1989 diet data from
Jones et al. (1990). Ruzycki et al. (2003) evaluated the 1996–
1999 diets for three categories of Lake Trout: ages 3–4
(373–444 mm TL), ages 5–8 (421–599 mm TL), and age 9
and older (>600 mm TL). The corresponding categories in
2011–2013 were ages 1–4 (160–475 mm TL), ages 5–7
(476–575 mm TL), and age 8 and older (576–920 mm TL).

Bioenergetics.—For Lake Trout ages 2–17, consumption
was estimated by using Fish Bioenergetics 3.0 (Hanson et al.
1997). Data requirements included age-specific estimates of
individual growth in weight, energy losses from spawning,
seasonal diet proportions, prey energy densities, and thermal
history. Day 1 of model simulations wasMay 20, corresponding
to the average date of ice-off.

For each age, growth in weight was estimated from age–
length and length–weight models. Lake Trout TL at age was
described by the von Bertalanffy growth equation for indivi-
duals sampled during the Lake Trout assessment netting pro-
gram (N = 479),
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TLt ¼ 861 1� e�0:147 tþ 0:502ð Þ
h i

;

where TLt is total length of Lake Trout at age t (years). The
TL at age was converted to weight at age by using an equation
for Lake Trout sampled during Lake Trout assessment netting
efforts (N = 422),

W ¼ 0:000002� TL3:23:

Spawning losses were simulated on September 1 by redu-
cing the body weight by the average age-specific gonadoso-
matic index (GSI) among mature males and females (Table 1).
Age at first maturity was 4 years for males and 6 years for
females (Syslo et al. 2011). For mature Lake Trout, the male
GSI was assumed to equal 3.3% (Ruzycki et al. 2003), and the
female GSI varied from 8.8% at age 6 to 15.8% at age 17.
Male and female Lake Trout were assumed to spawn every
year because examination of gonads in the field did not indi-
cate skipped spawning.

Diet data for 160–300-mm and 301–475-mm Lake Trout
were pooled because fish constituted a negligible proportion of
the diet for those length-classes. Estimates of Lake Trout diet
proportions by weight were available for the pre-stratification,
stratification, and poststratification seasons. Diets consumed
during the ice cover season were simulated by linear interpo-
lation between the poststratification season diet and the pre-
stratification season diet (Ruzycki et al. 2003). Literature

values were used for prey energy densities (see Table 2); we
assumed indigestible percentages of 15% for invertebrate prey
and 3% for fish prey (Beauchamp et al. 2007).

Thermal history for each Lake Trout length-class was cal-
culated by using daily temperature profiles and Lake Trout
depth distributions. Temperature profiles measured from late
May through October were available (see above). The tem-
perature observed immediately after ice-off (3.5°C) was used
as the environmental temperature for Lake Trout throughout
the ice cover season. The Lake Trout depth distribution for the
stratification season was estimated from the Lake Trout assess-
ment netting data. Depth distributions during the pre-stratifi-
cation and poststratification seasons were estimated based on
the depths of Lake Trout sampled during suppression netting
efforts (gill nets and trap nets).

RESULTS

Trophic Overlap
Yellowstone Cutthroat Trout diet.—Amphipods composed

greater than 0.60 of the diet by weight for Yellowstone
Cutthroat Trout in all length-classes during all seasons in 2011
(Table 3). During the pre-stratification season, chironomids
composed the second-greatest proportion of the diet for all
Yellowstone Cutthroat Trout length-classes. During the
stratification season, the second-highest diet proportion was
contributed by cladocerans for 160–300-mm Yellowstone
Cutthroat Trout; cladocerans and insects constituted the
second-greatest diet proportion for the 301–475-mm length-
class. During stratification, Yellowstone Cutthroat Trout in the
476–575-mm length-class consumed amphipods almost
exclusively (Table 3). During the poststratification season,
cladocerans made up the second-highest proportion of the diet
for the 301–475-mm and 476–575-mm length-classes.

Lake Trout diet.—In 2011–2013, amphipods constituted a
greater proportion of the diet by weight than any other prey
type for all Lake Trout length-classes in all seasons, with the
exception of the 160–300-mm length-class during the pre-
stratification season (Table 4). Copepods contributed 0.28–
0.57 of the diet for 160–300-mm Lake Trout; cladocerans
composed up to 0.32 of the diet for the 301–475-mm length-
class. The proportion of fish in Lake Trout diets increased
through the year. Yellowstone Cutthroat Trout made up
0.03–0.21 of the diet for 476-mm and larger Lake Trout, and
unidentified salmonids composed up to 0.12 of the Lake Trout
diet (Table 4). Cyprinids constituted less than 0.01 of the Lake
Trout diet, and no Longnose Suckers were observed in the
stomach contents. During the poststratification season, Lake
Trout eggs composed 0.07–0.16 of the diet for 301–475-mm,
476–575-mm, and 576–920-mm Lake Trout (Table 4).
Overall, 67 salmonid individuals were found in Lake Trout
diets. Fifty-five of the salmonids were identified as
Yellowstone Cutthroat Trout, whereas no Lake Trout were
identified in Lake Trout diets.

TABLE 1. Age-specific weight, gonadosomatic index (GSI; average of male
and female GSIs), diet length-class, and proportion of physiological max-
imum consumption rate (pCmax) used in bioenergetics simulations for Lake
Trout in Yellowstone Lake, Yellowstone National Park (following Schoen
et al. 2012).

Age
(years)

Length-class
(mm TL) Weight (g) GSI (%) pCmax

2 160–475 135 0.0 0.933
3 323 0.0 0.886
4 585 1.7 0.858
5 476–575 907 1.7 0.670
6 1,268 6.1 0.688
7 1,651 6.6 0.673
8 576–920 2,040 5.8 0.624
9 2,423 7.7 0.635
10 2,791 6.7 0.639
11 3,138 8.8 0.631
12 3,460 7.8 0.625
13 3,756 9.4 0.619
14 4,024 9.6 0.615
15 4,267 9.6 0.610
16 4,484 9.6 0.606
17 4,677 9.6 0.602
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Diet overlap.—Values of D were greater than 0.60 for half
of the comparisons between Yellowstone Cutthroat Trout and
Lake Trout belonging to the various length-classes (Table 5).
The D-values were less than 0.60 for comparisons between
160–300-mm Lake Trout and all Yellowstone Cutthroat Trout
length-classes in all seasons; values exceeded 0.60 for
comparisons between 476–575-mm Lake Trout and all
Yellowstone Cutthroat Trout length-classes in all seasons
(Table 5). Diet overlap between the two species was greatest
during the pre-stratification season.

Isotopic niche overlap.—A significant negative relationship
between amphipod δ13C and δ15N values provided a baseline for
standardizing δ15N (Figure 2). Predicted δ15N increased from
1.3‰ in the littoral zone to 7.1‰ in the profundal zone. Values of
δ13C varied from –27.0‰ to –13.6‰ for Yellowstone Cutthroat
Trout and from –28.9‰ to –18.2‰ for Lake Trout (Figure 3).
Corrected δ15N varied from –1.3‰ to 3.4‰ for Yellowstone
Cutthroat Trout and from 0.6‰ to 4.6‰ for Lake Trout
(Figure 3). Corrected δ15N was similar between 476–575-mm
Yellowstone Cutthroat Trout and all Lake Trout length-classes
(Figure 3; Table 6). Lake Trout in all length-classes were
enriched in δ15N relative to 160–300-mm and 301–475-mm
Yellowstone Cutthroat Trout (Figure 3; Table 6). The SEAC

values for Yellowstone Cutthroat Trout were 1.6–7.0 times
greater than those for Lake Trout (Table 6). The largest SEAC

was observed for 160–300-mm Yellowstone Cutthroat Trout and
was 2.5 times greater than the SEAC for 301–575-mm
Yellowstone Cutthroat Trout. For Lake Trout, SEAC was
largest for the 160–300-mm length-class and generally declined
with increasing length-class. Despite substantial overlap in the
range of δ13C and corrected δ15N among Yellowstone Cutthroat
Trout and Lake Trout length-classes, ellipse overlap only
occurred between 476–575-mm Yellowstone Cutthroat Trout
and 301–475-mm (3% of ellipse area) or 476–575-mm (6% of
ellipse area) Lake Trout (Figure 3).

Relative abundance.—Catches declined with depth for all
length-classes of Yellowstone Cutthroat Trout (Figure 4). For
160–300-mm Yellowstone Cutthroat Trout, 0.90 of the fish
were caught at depths less than 10 m. The proportion of
Yellowstone Cutthroat Trout caught at a depth less than 10 m
was 0.75 for the 301–475-mm length-class and 0.68 for the
476–575-mm length-class. The greatest catch rates for all
length-classes of Lake Trout occurred in the 11–30-m stratum,
with the 160–475-mm length-class spanning the broadest depth
range (Figure 4). The proportion of Lake Trout sampled from

TABLE 2. Energy density of prey organisms used in bioenergetics simulations for Lake Trout in Yellowstone Lake.

Prey group Surrogate Energy densit (J/g) Source

Amphipoda 4,429 Cummins and Wuycheck 1971
Zooplankton Daphnia spp. 3,812 Luecke and Brandt 1993
Chironomidae 2,742 Cummins and Wuycheck 1971
Hirudinea (leeches) 4,743 Hanson et al. 1997
Other invertebratesa 2,420 Cummins and Wuycheck 1971;

Cianco et al. 2007
Lake Trout eggs Salmonid eggs 6,117 Cummins and Wuycheck 1971
Yellowstone Cutthroat Trout Rainbow Trout Oncorhynchus mykiss 5,764 Hanson et al. 1997
Unidentified salmonids Rainbow Trout 5,764 Hanson et al. 1997
Cyprinids Emerald Shiner Notropis atherinoides 5,108 Bryan et al. 1996
Unidentified fish Rainbow Trout 5,764 Hanson et al. 1997

aIncludes a weighted average for Diptera, Ephemeroptera, Plecoptera, Trichoptera, Hymenoptera, Coleoptera, Gastropoda, Mollusca, and Oligochaeta.

TABLE 3. Diet composition (proportion by weight) for each Yellowstone
Cutthroat Trout length-class within Yellowstone Lake during three seasons
in 2011 (Cla = cladocerans; Cop = copepods; Amp = amphipods; Chi =
chironomids; Ins = insects; the following prey groups were not observed:
leeches, mollusks, Lake Trout eggs, Yellowstone Cutthroat Trout, unidentified
salmonids, cyprinids, and unidentified fish).

Length-class
(mm TL) N

Prey group

Cla Cop Amp Chi Insa

Pre-stratification
160–300 12 0.00 0.06 0.84 0.09 0.00
301–475 26 0.02 0.08 0.76 0.12 0.03
476–575 33 0.00 0.00 0.81 0.16 0.00

Stratification
160–300 41 0.27 0.00 0.60 0.01 0.12
301–475 36 0.10 0.00 0.74 0.06 0.10
476–575 60 0.01 0.00 0.96 0.00 0.03

Poststratification
160–300 7 0.00 0.00 0.99 0.00 0.00
301–475 27 0.26 0.02 0.72 0.00 0.00
476–575 25 0.22 0.00 0.72 0.00 0.06

aIncludes Ephemeroptera, Trichoptera, Plecoptera, and non-chironomid dipterans.
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the 11–30-m stratum was 0.84 for the 476–575-mm length-class
and 0.77 for the 576–920-mm length-class. The proportion of
Lake Trout sampled at depths greater than 40 m was 0.00 for
the 576–920-mm length-class and 0.02 for the 476–575-mm
length-class, increasing to 0.21 for 301–475-mm fish and to
0.34 for 160–300-mm fish.

Temporal Shifts
Yellowstone Cutthroat Trout.—In Yellowstone Cutthroat

Trout assessment netting conducted during 1978–2013, the
Yellowstone Cutthroat Trout CPUE was variable for the
160–300-mm length-class, declined for 301–475-mm fish,
and increased for 476–575-mm fish (Figure 5). The CPUE

TABLE 5. Schoener’s index of diet overlap (D) for Lake Trout and Yellowstone Cutthroat Trout length-classes that were sampled within Yellowstone Lake
during three seasons in 2011–2013. Bold italics indicate significant D-values (≥0.60).

Yellowstone Cutthroat Trout
length-class (mm TL)

Lake Trout length-class (mm TL)

160–300 301–475 476–575 576–920

Pre-stratification
160–300 0.42 0.85 0.84 0.87
301–475 0.44 0.89 0.85 0.83
476–575 0.36 0.82 0.79 0.88

Stratification
160–300 0.50 0.61 0.63 0.56
301–475 0.54 0.49 0.63 0.56
476–575 0.45 0.34 0.60 0.56

Poststratification
160–300 0.45 0.47 0.60 0.57
301–475 0.52 0.76 0.67 0.57
476–575 0.50 0.69 0.65 0.59

TABLE 4. Diet composition (proportion by weight) for each Lake Trout length-class within Yellowstone Lake during three seasons in 2011–2013 (Cla =
cladocerans; Cop = copepods; Amp = amphipods; Lee = leeches; Chi = chironomids; Ins = insects; Mol = mollusks; Egg = Lake Trout eggs; Yel = Yellowstone
Cutthroat Trout; Sal = unidentified salmonids; Cyp = cyprinids; Fis = unidentified fish).

Length-class (mm TL) N

Prey group

Cla Cop Amp Lee Chi Insa Mol Egg Yel Sal Cyp Fis

Pre-stratification
160–300 46 0.00 0.57 0.35 0.07 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
301–475 81 0.00 0.12 0.70 0.04 0.12 0.00 0.00 0.00 0.00 0.01 0.00 0.01
476–575 54 0.00 0.06 0.71 0.11 0.08 0.00 0.00 0.00 0.03 0.00 0.00 0.02
576–920 66 0.00 0.00 0.81 0.06 0.07 0.00 0.00 0.00 0.06 0.01 0.00 0.00

Stratification
160–300 64 0.04 0.28 0.43 0.14 0.08 0.02 0.00 0.00 0.02 0.00 0.00 0.00
301–475 53 0.29 0.05 0.32 0.21 0.13 0.01 0.00 0.00 0.00 0.00 <0.01 0.00
476–575 46 0.04 0.00 0.59 0.13 0.00 0.00 0.01 0.00 0.20 0.00 0.00 0.02
576–920 49 0.00 0.00 0.55 0.04 0.00 0.00 0.00 0.00 0.21 0.10 <0.01 0.09

Poststratification
160–300 18 0.06 0.35 0.45 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
301–475 87 0.32 0.12 0.46 0.02 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00
476–575 50 0.06 0.02 0.60 0.02 0.00 0.00 0.00 0.16 0.06 0.02 0.00 0.06
576–920 50 0.00 0.00 0.57 0.00 0.00 0.02 0.00 0.08 0.20 0.12 <0.01 0.00

aIncludes Ephemeroptera, Trichoptera, Plecoptera, and non-chironomid dipterans.
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for 160–300-mm Yellowstone Cutthroat Trout was greater in
2011 than in any other year and was 2.8 times greater than the
CPUE observed in 1989. For 301–475-mm Yellowstone
Cutthroat Trout, the CPUE declined by 90% from 1989 to
2011. The CPUE for 476–575-mm Yellowstone Cutthroat
Trout was 10 times greater in 2011 than in 1989 (Figure 5);
however, fish in that length-class represented a small
proportion of the overall relative abundance.

FIGURE 3. Individual stable isotope values (δ15N, δ13C) and standard ellipse
areas (SEAC) for Yellowstone Cutthroat Trout length-classes (open symbols;
gray lines) and Lake Trout length-classes (solid symbols; black lines) in
Yellowstone Lake, 2011–2013.

TABLE 6. Sample sizes (N), mean (SD in parentheses) carbon and nitrogen
stable isotope signatures (δ13C and δ15N), and mean standard ellipse areas
(SEAC) for Lake Trout and Yellowstone Cutthroat Trout length-classes within
Yellowstone Lake, 2011–2013.

Length-class
(mm TL) N δ13C (‰) δ15N (‰) SEAC

Lake Trout
160–300 25 –25.00 (1.82) 2.27 (0.86) 3.85
301–475 18 –24.34 (1.66) 2.04 (0.70) 3.34
476–575 10 –22.80 (1.54) 2.52 (0.50) 2.13
576–920 17 –23.70 (2.50) 2.90 (0.68) 2.69

Yellowstone Cutthroat Trout
160–300 12 –21.17 (3.86) 0.83 (1.52) 14.96
301–475 17 –21.48 (4.10) 0.83 (1.35) 6.08
476–575 16 –19.80 (3.42) 2.38 (0.73) 6.82

FIGURE 4. Proportion of Yellowstone Cutthroat Trout CPUE (upper panel)
and Lake Trout CPUE (lower panel) for each length-class at each depth
stratum, as determined during Lake Trout assessment netting in Yellowstone
Lake (pooled data for 2010–2013).

FIGURE 2. Regression of the nitrogen stable isotope signature (δ15N) as a
function of the carbon stable isotope signature (δ13C) for amphipods sampled
in Yellowstone Lake, Yellowstone National Park (symbols represent depth
intervals).
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Yellowstone Cutthroat Trout shifted from a diet dominated by
cladocerans in 1989 to a diet dominated by amphipods in 2011.
Amphipods increased from representing 0.08 of the Yellowstone
Cutthroat Trout’s diet during the stratification season in 1989 to
making up 0.79 of the diet in 2011 (Figure 6). The diet proportion
contributed by cladocerans declined from 0.80 during the strati-
fication season in 1989 to 0.11 in 2011 (Figure 6).

Lake Trout.—Compared with 1997 data, the mean Lake
Trout CPUE during 2010–2013 was six times greater for the
160–300-mm length-class, three times greater for 301–475-
mm fish, four times greater for 476–575-mm fish, and similar
for 576–920-mm fish (Figure 7).

Lake Trout age-classes that predominately consumed
Yellowstone Cutthroat Trout in 1996–1999 (Ruzycki et al.
2003) consumed mostly amphipods during 2011–2013
(Figure 8). In 1996–1999, the per capita consumption of
Yellowstone Cutthroat Trout biomass by Lake Trout varied
from 1.5 to 2.5 kg/year for Lake Trout ages 5–8 and from 4 to
8 kg/year for age-8 and older Lake Trout (Figure 9). During
2011–2013, per capita consumption of salmonid biomass (i.e.,
Yellowstone Cutthroat Trout biomass and unidentified salmo-
nid biomass combined) varied from 0.4–0.6 kg/year for
age-5–7 Lake Trout and 1.4–2.2 kg/year for age-8 and older
Lake Trout. Per capita consumption of Yellowstone Cutthroat
Trout individuals during 1996–1999 was 13 fish/year for Lake
Trout ages 3–4; 42 fish/year for Lake Trout ages 5–8; and 41
fish/year for age-9 and older Lake Trout (Figure 9). During
2011–2013, per capita consumption of individual salmonids
(Yellowstone Cutthroat Trout and unidentified salmonids com-
bined) was 0.1 fish/year for Lake Trout ages 3–4; 9 fish/year
for Lake Trout ages 5–7; and 20–32 fish/year for age-8 and
older Lake Trout.

FIGURE 5. Mean CPUE (fish·100 m of gill net; ±95% confidence interval)
for each length-class of Yellowstone Cutthroat Trout, as determined during
Yellowstone Cutthroat Trout assessment netting efforts in Yellowstone Lake,
1978–2013. Gray vertical bars delineate years in which diet data were
collected.

FIGURE 6. Diet composition (proportion by weight) for Yellowstone
Cutthroat Trout (all length-classes pooled) sampled from Yellowstone Lake
during the stratification season in 1989 (N = 132; Jones et al. 1990) and 2011
(N = 267; present study; other invertebrat = other invertebrates).
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DISCUSSION
Our results indicate that the alterations to food web struc-

ture in Yellowstone Lake were ultimately more complex than
the addition of a fourth trophic level. Previous studies indi-
cated that the Lake Trout’s introduction resulted in the addi-
tion of a trophic level to the Yellowstone Lake ecosystem,
producing a four-level trophic cascade (Tronstad et al. 2010).
Specifically, Lake Trout occupied the position of apex predator
(Ruzycki et al. 2003), causing a decline in the abundance of
predominately planktivorous Yellowstone Cutthroat Trout,
which in turn led to increased zooplankton biomass and
decreased phytoplankton biomass (Tronstad et al. 2010). Our
results indicate that Yellowstone Cutthroat Trout and Lake
Trout exhibited diet shifts that resulted in increased trophic
similarity through time as a result of their shared reliance on
benthic amphipods after the Yellowstone Cutthroat Trout
population’s collapse. Therefore, Yellowstone Cutthroat
Trout not only face the threat posed by Lake Trout predation
but also face the potential threat of competition if Lake Trout
abundance remains high and if amphipods are limiting.

We were not able to quantify amphipod availability; how-
ever, amphipods are likely a preferred prey item for
Yellowstone Cutthroat Trout, and amphipod abundance may
be reduced when fish abundance is high. Benson (1961)
observed greater amphipod densities in areas where
Yellowstone Cutthroat Trout abundance was reduced through
exploitation. We surmise that the Yellowstone Cutthroat Trout’s
shift from zooplanktivory to the consumption of benthic amphi-
pods was the result of increased amphipod availability after the
Yellowstone Cutthroat Trout population declined.

Similar shifts in the prey types consumed (i.e., shifts from
zooplankton to benthic amphipods) were detected for Bloaters
Coregonus hoyi, Alewives Alosa pseudoharengus, and Slimy
Sculpins Cottus cognatus in Lake Michigan when the avail-
ability of amphipods Diporeia spp. increased (Hondorp et al.
2005). Additionally, the occurrence of Diporeia spp. in the
diets of Lake Whitefish Coregonus clupeaformis in Lake
Michigan decreased and planktivory increased when
Diporeia abundance declined from 1980 through 1999, corre-
sponding to a decrease in Lake Whitefish body condition and

FIGURE 7. Mean CPUE (fish·100 m of gill net; ±95% confidence interval) for each length-class of Lake Trout, as determined during Lake Trout assessment
netting efforts in Yellowstone Lake, 1997–2013.
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growth (Pothoven et al. 2001). In Lake Michigan, Diporeia
spp. contain greater energy density than other macroinverte-
brates (Gardner et al. 1985), and Diporeia availability influ-
ences fish body condition, distribution, and abundance
(Pothoven et al. 2001; Hondorp et al. 2005). The large propor-
tional contribution of amphipods to the diets of Yellowstone
Cutthroat Trout and Lake Trout during 2011–2013 suggests
that amphipods could constitute a keystone species in the
Yellowstone Lake food web, similar to the role of Diporeia
spp. in Lake Michigan.

The combination of diet analysis and stable isotope analysis
provided greater power for assessing trophic dynamics in
Yellowstone Lake than would have been obtained by the use
of either approach alone. Diet overlap was substantial between

Lake Trout larger than 300 mm TL and all length-classes of
Yellowstone Cutthroat Trout. However, stable isotope analyses
indicated that overlap in core niche areas only occurred
between the largest Yellowstone Cutthroat Trout length-class
(476–575 mm) and 301–575-mm Lake Trout. Substantial diet
overlap was caused by the consumption of similar prey taxa,
but stable isotope analyses revealed that the prey consumed by
Lake Trout were from more profundal sources relative to the
prey consumed by Yellowstone Cutthroat Trout.

On average, the δ15N of consumers is enriched by 3.4‰
relative to their prey, but values of δ15N can increase by
2–5‰ per trophic level (Minigawa and Wada 1984; Post
2002) and differences in δ15N tend to become narrower with
increasing trophic level (Hussey et al. 2014). Assuming that

FIGURE 8. Diet composition (proportion by weight) for Lake Trout sampled during three periods of thermal stratification in 1996–1999 (left panel; Ruzycki
et al. 2003) and 2011–2013 (right panel; present study). Data are presented for each Lake Trout age-class (left panel: A = ages 3–4, B = ages 5–8, and C = ages
9–23; right panel: A = ages 2–4, B = ages 5–7, and C = ages 8–17). Numbers within bars are sample sizes (Cutthroat Trout = Yellowstone Cutthroat Trout;
unid = unidentified; invert = invertebrates; left panel reprinted from Ruzycki et al. 2003, with permission from the Ecological Society of America).
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δ15N increases by about 3‰ per trophic level, the variation in
baseline δ15N from amphipods in the littoral zone versus the
profundal zone represents the equivalent of two trophic levels.
Relative to amphipods, mean δ15N was enriched by nearly a
trophic level (2–3‰) for all Lake Trout length-classes and for
476-mm and larger Yellowstone Cutthroat Trout. Yellowstone
Cutthroat Trout that were smaller than 476mmwere enriched in
δ15N by 3‰ relative to the amphipod baseline in the littoral
zone (at less-negative δ13C values), but the δ15N for these fish
declined relative to the baseline as δ13C decreased. Juvenile
Yellowstone Cutthroat Trout become increasingly pelagic
rather than benthic as distance from the shore increases
(Gresswell and Varley 1988). Baseline δ15N is likely greater
in the profundal zone than in the pelagic zone (Vander Zanden
and Rasmussen 1999); therefore, the use of amphipods to estab-
lish a baseline may have been inappropriate for small

Yellowstone Cutthroat Trout. Given the similarity in δ15N
values for small Yellowstone Cutthroat Trout and amphipods,
stable isotope analyses could not be used to distinguish whether
large Lake Trout were consuming Yellowstone Cutthroat Trout
or amphipods; however, analysis of stomach contents indicated
that both Yellowstone Cutthroat Trout and amphipods were
important energy sources for large Lake Trout.

The large proportional contribution of amphipods to the
Lake Trout diet likely indicated that prey fish were limiting
for Lake Trout in Yellowstone Lake during 2011–2013.
Piscivory is necessary for Lake Trout to maintain high indivi-
dual growth rates and high body condition (Pazzia et al. 2002).
The bioenergetics model indicated that to support the indivi-
dual growth rates observed in 2011–2013, the Lake Trout in
Yellowstone Lake fed at a higher proportion of maximum
consumption (pCmax = 0.60–0.67) than has been observed in
more-piscivorous nonnative populations. For example, pCmax

for nonnative Lake Trout in piscivorous length-classes was
about 0.31 in Bear Lake, Idaho–Utah (Ruzycki et al. 2001),
and varied from 0.41 to 0.65 in Lake Chelan, Washington
(Schoen et al. 2012).

In addition to the dietary shift toward benthic amphipods, a
change in the size of prey consumed by Lake Trout in
Yellowstone Lake was likely caused by prey limitation. Lake
Trout typically select for larger individuals of a given prey
species when prey are abundant, whereas they consume smal-
ler individuals after larger fish are depleted (Matuszek et al.
1990; Rand and Stewart 1998). In Yellowstone Lake, the
changes in prey sizes consumed caused the difference in
numerical predation losses between time periods to be lower
than expected based on the estimated change in biomass con-
sumed. For example, the annual biomass of Yellowstone
Cutthroat Trout and unidentified salmonids consumed by
Lake Trout that were considered fully piscivorous (age ≥ 9)
declined by 67%, whereas the number of individuals con-
sumed only declined by 32%.

To maintain piscivorous diets, Lake Trout can switch prey
species after declines in preferred prey (Rand and Stewart
1998). Lake Trout are opportunistic predators and consume
prey fish species in proportion to their relative abundances in
the environment (Elrod and O’Gorman 1991). Nonnative
Lake Trout in Lake Chelan consumed several different
prey taxa (salmonids, cyprinids, Threespine Sticklebacks
Gasterosteus aculeatus, and Burbot Lota lota) after the
decline of their preferred prey species (kokanee O. nerka
[lacustrine Sockeye Salmon]; Schoen et al. 2012). After the
kokanee population’s collapse in Flathead Lake, Montana
(Spencer et al. 1991), Lake Trout consumed a variety of
salmonid species as well as Yellow Perch Perca flavescens
(Beauchamp et al. 2006). In contrast, the diets of Lake Trout
in Yellowstone Lake during 2011–2013 did not include a
substantial proportion of fishes other than Yellowstone
Cutthroat Trout. Alternative prey fishes for Lake Trout in
Yellowstone Lake include cyprinids and Longnose Suckers,

FIGURE 9. Per capita consumption of Yellowstone Cutthroat Trout biomass
(kg/year) and Yellowstone Cutthroat Trout individuals by Lake Trout of each
age-class (years) in Yellowstone Lake during 1996–1999 (top panel; Ruzycki
et al. 2003) and 2011–2013 (bottom panel; present study), as estimated with
bioenergetics models (top panel: circles = biomass consumed, lines = indivi-
duals consumed; bottom panel: circles = biomass consumed, triangles =
individuals consumed). Estimates for 2011–2013 include unidentified salmo-
nids (see Methods; top panel reprinted from Ruzycki et al. 2003, with
permission from the Ecological Society of America).
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which occupy the littoral zones of the lake (Gresswell and
Varley 1988) and therefore may have been unavailable to
Lake Trout during the stratification season.

Given the lack of alternative prey fish species in Yellowstone
Lake, we expected to observe cannibalism in Lake Trout.
However, Lake Trout diets did not include conspecific prey.
Throughout the nonnative range of Lake Trout, the observed
incidence of cannibalism varies among lakes. In Flathead Lake,
cannibalism was considered an important mechanism for Lake
Trout population regulation (Beauchamp et al. 2006).
Cannibalism was similarly observed in Lake Chelan: during
thermal stratification, 84% of the diet for Lake Trout larger than
551 mm consisted of conspecifics (Schoen et al. 2012). In
contrast, cannibalism was not observed in four Colorado reser-
voirs where the predatory demand of stocked Lake Trout
exceeded the forage base (Johnson and Martinez 2000).

Our results indicate that cannibalism does not currently
provide a mechanism for Lake Trout population regulation in
Yellowstone Lake; however, dietary shifts toward lower
trophic levels may ultimately result in a decreased Lake
Trout population growth rate through decreases in individual
growth rate, body condition, and fecundity (Matuszek et al.
1990; Pazzia et al. 2002). In contrast, the increase in
Yellowstone Cutthroat Trout consumption of a preferred prey
type (amphipods) may lead to an increased population growth
rate via enhanced individual growth and body condition.
Therefore, the dietary shifts displayed by Yellowstone
Cutthroat Trout and Lake Trout likely have implications for
the success of Lake Trout removal efforts and Yellowstone
Cutthroat Trout recovery efforts in Yellowstone Lake.

A limitation of our study was the lack of diet data repre-
senting the winter months. Given logistical constraints, diet
studies for Lake Trout in Yellowstone Lake have only been
conducted during the ice-free season (May–October). The
occurrence of Lake Trout in the littoral zone often increases
when thermal barriers subside during the winter (Martin and
Olver 1980). The increased occurrence of Lake Trout in the
littoral areas of Yellowstone Lake could lead to higher con-
sumption of Yellowstone Cutthroat Trout, cyprinids, or catos-
tomids during the winter. Fish were common in the winter
diets of Lake Trout in Lake Opeongo, Ontario (Martin 1954),
and nonnative Lake Trout in Lake Chelan (Schoen et al.
2012). If predation on Yellowstone Cutthroat Trout increases
during the winter, we would have underestimated the effect of
Lake Trout predation on Yellowstone Cutthroat Trout abun-
dance. Future research should assess Lake Trout diets in
Yellowstone Lake during the winter.

Nonnative piscivorous fishes have altered freshwater eco-
systems throughout the world (Eby et al. 2006; Cucherousset
and Olden 2011). Examining the feeding habits of nonnative
fishes is critical for determining the ecological effects of
species introductions, and diet studies focused on nonnative
fishes are commonly conducted to evaluate trophic overlap or
the effects of piscivory on native fish species (Ruzycki et al.

2001; Clarke et al. 2005; Schoen et al. 2012); however, studies
documenting long-term changes in feeding ecology are rare.
We used a combination of historical fish abundance and diet
studies, stable isotope analysis, and bioenergetics modeling to
evaluate changes in prey consumption through time in a
rapidly changing food web after a nonnative species introduc-
tion. Diet shifts for Yellowstone Cutthroat Trout and Lake
Trout highlight the drastic changes that can occur in simple
food webs after the establishment of a nonnative apex
piscivore.
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