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ABSTRACT

This study aimed to understand the ecological relationship among burbot Lota lota, brown trout Salmo trutta and lake trout
Salvelinus namaycush, with a focus on burbot, a species of greatest conservation need in Wyoming. While we hypothesised a
reciprocal intraguild predation dynamic, where competition and predation occur between predators based on size or age struc-
ture, our findings provided limited support for this hypothesis. Both dietary overlap and trophic position were minimal among
burbot, brown trout and lake trout. Instances of reciprocal predation were rare; no predation between burbot and lake trout was
observed; and brown trout was the only species consumed by all predators (burbot 0.02 mean proportion by weight; lake trout
0.09 mean proportion by weight). Predation by brown trout on burbot was negligible, contributing only 0.01 to the mean pro-
portion by weight and frequency of occurrence. Additionally, both burbot and brown trout were less piscivorous than expected,
with fish comprising 0.36 and 0.17 of their mean proportion by weight in their overall diets, respectively. Overall, our findings
suggest that these predators coexist with limited competitive or predatory interactions, likely due to differences in prey selection.

1 | Introduction consumed up to 40% of out-migrating juvenile salmon in the
Columbia River Basin (Sanderson et al. 2009) and up to 3% of
annual production of Chinook salmon (Oncorhynchus tshawyts-

cha) in the lower Yakima River (Fritts and Pearsons 2004).

Predatory fishes are favoured by anglers and commonly intro-
duced into novel systems due to aggressive feeding behaviours
and large body size that support desirable recreational opportu-

nities (Dextrase and Coscarelli 1999). These traits often allow
introduced piscivorous fishes to establish and cause negative
ecological effects on native species (Moyle and Light 1996a,
1996b). Prey species are often vulnerable and naive to the intro-
duced predator (Moyle and Light 1996b). For example, the inten-
tional introduction of smallmouth bass (Micropterus dolomieu)
in the Pacific Northwest for sportfishing (Carey et al. 2011)
caused a decrease in native fish populations. Smallmouth bass

In addition to decreasing the abundance of native species, intro-
duced apex predators can cause top-down trophic cascade ef-
fects by altering food-web complexity (Eby et al. 2006; Tronstad
et al. 2010; Ellis et al. 2011). A classic example of a trophic cas-
cade occurred in Yellowstone Lake with the invasion of lake trout
(Salvelinus namaycush). Lake trout caused a reduction in native
Yellowstone cutthroat trout (Oncorhynchus virginalis bouvieri),
which allowed zooplankton to increase in biomass and led to a
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decrease in phytoplankton biovolume (Tronstad et al. 2010; Koel
et al. 2019). The introduction of lake trout altered the number of
terrestrial predators that relied on Yellowstone cutthroat trout
as a food resource (Koel et al. 2019). Additionally, lake trout
within Yellowstone Lake exhibited diet plasticity, switching
from Yellowstone cutthroat trout to amphipods when the abun-
dance of Yellowstone cutthroat trout declined (Syslo et al. 2016).
The ability of predators to exhibit diet plasticity, alternating
prey selection with variation in the abundance of prey species
(Syslo et al. 2016; Creel et al. 2018; Robinson et al. 2019; Glassic
et al. 2024), allows predators to use either specialised or gener-
alised feeding strategies dependent on prey abundance (Jensen
et al. 2008; Syslo et al. 2016; Glassic et al. 2024). Diet plasticity
over multiple trophic levels allows predators to maintain fitness
and population densities even as preferred prey species decline
(McMahon and Bennett 1996; Roseman et al. 2014), which
contributes to the success of invasive apex predators (Sinclair
et al. 2003; Vejtik et al. 2017).

Direct competition and predation can result when piscivo-
rous fishes are introduced into systems where a native apex
piscivorous species already exists (Bacheler et al. 2004; Saylor
et al. 2012). Introduced species may displace native apex pred-
ators by directly competing for the same limited food source
if both species occupy the same ecological niche. For exam-
ple, invasive lake trout were able to reduce native bull trout
(Salvelinus confluentus) populations through niche overlap
and competition (Donald and Alger 1993). Multiple preda-
tors may also interact in an intraguild predation relationship
where predation and competition intertwine, leading to sce-
narios where predatory actions serve to mitigate potential ex-
ploitation competition among intraguild predators (Polis 1988).
Interactions among intraguild predators become complicated
with symmetrical and reciprocal intraguild predation where
species can be mutual predators based on length or age (Werner
and Gilliam 1984; Taniguchi et al. 2002; van der Hammen
et al. 2010; Henkanaththegedara and Stockwell 2014).

The presence of multiple apex predators exhibiting predation
causes the food web to become more complex and can result
in a decrease in diversity and biomass at higher trophic levels
when prey is limited (Wang et al. 2019). This dynamic is partic-
ularly relevant in the Torrey Creek drainage in the Wind River
basin of Wyoming, where three apex predators interact within
a single system. Burbot (Lota lota) are the native apex pisciv-
orous fish. Lake trout were first stocked in 1937, and it is as-
sumed that brown trout entered the drainage in the late 1940s or
early 1950s (Connell 1977, 1978). It is unknown how brown trout
entered the drainage, and if the introduction was intentional.
However, all three species are popular sportfish for recreational
anglers. In Wyoming, burbot are listed as a species of great-
est conservation need with a declining population within the
Wind River drainage (Hubert et al. 2008; Wyoming Game and
Fish Department 2019). The Torrey Creek drainage represents
the south-western extent of the native range of burbot (Glaid
et al. 2021). Hypotheses for the declining burbot population in
the Wind River drainage included angler harvest, emigration,
entrapment in irrigation canals and fluctuations in water levels
(Hubert et al. 2008). However, within the Torrey Creek drain-
age, burbot are at a low risk of overexploitation (Lewandoski

et al. 2017), have low emigration rates (Hooley-Underwood
et al. 2018), limited instances of entrapment in irrigation canals
(Hooley-Underwood et al. 2018) and the Torrey Creek drainage
has an unaltered flow regime (Hubert et al. 2008). As a result,
the declines in burbot abundance are now hypothesised to be a
result of alterations in the food web. Thus, intraguild predation
among burbot, brown trout and lake trout in this system may be
contributing to the decline in burbot abundance over the past
two decades (Hubert et al. 2008).

In this study, we investigate whether burbot, brown trout and
lake trout are in a reciprocal intraguild predation relationship
where adults of all three species consume juveniles of all three
guild species while also competing for the same prey species
(Figure 1). Predation on burbot by brown trout was confirmed
by the Wyoming Game & Fish Department in the autumn
of 2017 in the Torrey Creek drainage (Wyoming Game and
Fish Department 2018), and burbot have been observed feed-
ing on juvenile lake trout in Lake Michigan (Van Oosten and
Deason 1938; Jacobs et al. 2010). We aim to address how these
piscivorous species are interacting in an intraguild predation
relationship through the following inquiries: (1) what are the
dietary compositions of burbot, brown trout and lake trout; (2)
to what extent does dietary overlap occur among burbot, brown
trout and lake trout; (3) do burbot, brown trout and lake trout
occupy different trophic levels; and (4) does intraguild predation
remain constant among seasons when thermal preferences may
restrict species to occupy similar habitat?

2 | Materials and Methods
2.1 | Study Site

The Torrey Creek drainage is located in north-western
Wyoming and near Dubois, Wyoming, United States (Figure 2)
encompassing Torrey Lake, Ring Lake, Trail Lake and Torrey
Creek. Of these, Torrey Lake is the largest and most down-
stream lake (93 ha), Ring Lake is directly upstream (40 ha) and
a section of Torrey Creek (0.9km) connects Ring Lake and
Trail Lake (51ha). The Torrey Creek drainage was created
from glacial moraines and is fed by snow melt and glacier melt
from the Continental Glacier located in the Wind River Range
(Vandeberg and VanLooy 2016). The headwaters of Torrey
Creek flow through the Shoshone National Forest before en-
tering the Wyoming Game & Fish Department Whiskey Basin
Wildlife Management Area 4.5km upstream of Trail Lake.
Torrey and Ring lakes are largely encircled by private ranches
but offer access through public boat ramps. Movement of fish
upstream from the Wind River into Torrey Lake, approxi-
mately 6 km, is unlikely because a series of steep cascades exist
downstream of Torrey Lake (Hubert et al. 2008). We treated
the Torrey, Ring and Trail lakes along with Torrey Creek as a
single system in all analyses due to movement of tagged fishes
being observed.

Native fishes in the Torrey Creek drainage include burbot,
mountain whitefish (Prosopium williamsoni), Yellowstone cut-
throat trout, plains sucker (Pantosteus jordani), longnose sucker
(Catostomus catostomus), white sucker (Catostomus commersonii),
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FIGURE1 |

Conceptual model of hypothesised reciprocal intraguild predation with life-history structure occurring within the Torrey Creek

drainage, Wyoming, United States, modified from van der Hammen et al. (2010) to include a third predator. In this model, consumers (i.e., burbot,
brown trout and lake trout) feed on juveniles of allospecific species while also competing for the same resource. Dotted lines represent growth from

juveniles to adult and solid lines represent consumption.

lake chub (Couesius plumbeus) and longnose dace (Rhinichthys
cataractae). Non-native sportfish include brown trout, lake trout
and rainbow trout (Oncorhynchus mykiss). Rainbow trout are
stocked annually in the system as a recreational opportunity by
Wyoming Game & Fish Department, with 150,800 total rainbow
trout being stocked from 2020 to 2023 (Table S1).

2.2 | Fish Collection

Burbot, brown trout and lake trout were collected from Torrey,
Ring and Trail lakes using short duration gill nets and electro-
fishing. Gill nets were set for a maximum of 3 h but typically
for a period less than 2 h and set in all depths within the lakes.
The short duration was to reduce mortality and minimise re-
gurgitation of dietary contents (Lester et al. 2009; Garvey and
Chipps 2012). Two types of gill nets, an experimental gill net
and a standard gill net, were used to collect fish. The experiment
gill net was 48.8m by 1.8 m with eight 6.1-m panels. Mesh size
for the panels was 1.91-, 2.54-, 3.18-, 3.8-, 4.45-, 5.08-, 6.72- and
6.35-cmbar mesh. The standard gill net was 61 m by 2.44 m with
4.45-cmbar mesh throughout. Electrofishing was conducted at
night using an ETS MBS shocking at 500V to achieve 2-3 amps.
Lake electrofishing surveys primarily targeted nearshore hab-
itats, inlets and outlets with depths less than 4m. Additional
electrofishing was also conducted in deeper areas with dense
macrophyte coverage. Backpack, throwable anode and towable
cataraft shocking were conducted in Torrey Creek above Trail
Lake and in the section that connects Ring and Trail lakes using
the same ETS MBS settings as the lakes but conducted during
the day. Burbot, brown trout and lake trout were collected by
gillnetting annually in spring (late March-May) and autumn
(September-November) in 2020, 2021 and 2022. Night electro-
fishing occurred annually in spring, summer (June-August) and
autumn in 2020, 2021 and 2022; and electrofishing in the creek
occurred in autumn of 2020 and spring, summer and autumn of

2021. Total length (mm) and weight (g) were measured for all
burbot, brown trout and lake trout.

2.3 | Dietary Overlap and Trophic Positioning

Diets were obtained from live fish using a gastric lavage tech-
nique (Light et al. 1983; Hakala and Johnson 2004). Using a 12-V
4160L/h bilge pump, various flexible tubing with outer dimen-
sions varying from 8 to 24 mm (depending on size of oesophageal
opening) were attached to a garden hose nozzle to pump water
into the oesophagus of the fish. Once the tube was inserted, resi-
dential drinking water was pumped into the inverted fish to flush
out stomach contents while applying forward pressure externally
to the stomach. Discharged contents were strained through a
500-pm sieve and then stored in 70% ethanol. We removed stom-
achs from incidental mortalities of burbot, brown trout and lake
trout for diet collection and stored them in 70% ethanol.

Count, wet mass (g) and dry mass (g) were recorded for all items
in the diets. Samples were identified to lowest taxon possible,
generally species for fish and family for invertebrates. Fish diet
items that were not able to be identified to species were classi-
fied as fish parts. Frequency of occurrence O,, proportion by
weight W, and mean proportion by weight MW, were calculated
for each dietary item for burbot, brown trout <300mm, brown
trout >300mm and lake trout using the following equations from
Chipps and Garvey (2007):
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FIGURE 2 | Map of a section of the Torrey Creek drainage near Dubois, Wyoming, United States. The area delineated in the map represents the

extent of the sampling locations. Water flows from south to north (indicated by black arrows). The Torrey Creek drainage is marked as a blue dot on

the inset map.
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where J, is the number of fish containing prey i, P is the number
of fish containing food in their stomach, Q is the number of food
types and W, is the weight of prey type i and j is for individual
fish. To allow for comparisons, W, was calculated for individ-
ual fish and averaged for each prey type to obtain MW, (Chipps
and Garvey 2007). Frequency of occurrence and mean propor-
tion by weight were selected to inform relative prey importance
and used to quantify differences in prey selection among burbot,

brown trout <300mm, brown trout >300mm and lake trout.
We separated brown trout into two categories (i.e., <300mm
and >300mm) because 300 mm has been identified as the point
where brown trout become more piscivorous (Nesje et al. 1998;
Jensen et al. 2012). Unfortunately, due to small sample sizes for
burbot and lake trout, we were unable to separate these species
by ontogenetic shifts in diet. To correct for discrepancies in sam-
ple size for diet breadth comparison, we bootstrapped, without
replacement, the diet samples for brown trout >300mm to re-
duce their number of samples per season to be the average of the
samples obtained from the other predator categories (i.e., brown
trout <300mm, burbot and lake trout). This was repeated 500
times per season to obtain an average from the estimates and
95% confidence intervals.
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Diet overlap was analysed using Schoener's index of niche over-
lap (D; Schoener 1970):

D=1-0.5 < o [Py —pik|>,

where p; is the proportion resource i is of the total resources
used by species j and p,, is the proportion of resource i used by
species k. The decision to use Schoener's index of niche overlap
was made to mitigate bias associated with total weight or count
overlap analyses while also being limited in the data regarding
the availability of prey resources within the Torrey Creek drain-
age (Wallace 1981). A D value of 0.6 or higher is considered a
noteworthy niche overlap (Wallace 1981).

Stable isotope analyses were performed to estimate trophic posi-
tion. As fish consume higher trophic level prey, nitrogen isotope
ratios increase and carbon isotope ratios are used to identify the
source (Minagawa and Wada 1984). The addition of stable isotope
analyses helps identify any long-term dietary overlaps among the
species when compared to the short-term diet compositions from
the stomach content samples. Tissue plugs were collected below
the dorsal fin and above the lateral line on burbot, brown trout
<300mm, brown trout >300mm and lake trout with a 4-mm
biopsy punch (Biopunch 4; Ted Pella Inc., Redding, CA, USA).
Sampleswere placed in a centrifuge tube and immediately stored on
ice in the field and frozen after leaving the field. Tissue plugs were
freeze-dried for 18-36h using a Labconco Freezone 1 (Labconco
Corporation, Kansas City, MO, USA) and ground to a powder
using a mortar and pestle. The ground samples were analysed by

Wyoming Stable Isotope Facility using a Thermo Finnigan Delta
Plus XP, Costech 4010 and Carlo Erba 1110 Elemental Analyser,
Costech Zero Blank Autosampler, and Finnigan Conflo III inter-
face. Stable isotope ratios were calculated using the procedure out-
lined in Zanden and Rasmussen (1999) and Hershey et al. (2017).
Using the SIBER package (Stable Isotope Bayesian Ellipses,
Version 2.1.9) in R (Version 4.2.1; R Core Team (2022), 40% stan-
dard ellipses were created for each species to represent the isotopic
niche of a group (Jackson et al. 2011). The proportional overlap be-
tween ellipses was used to quantify an estimate of niche overlap.
Proportional overlaps greater than 60% are ecologically notewor-
thy, similar to Schoener's index of niche overlap (Guzzo et al. 2013;
Pettitt-Wade et al. 2015).

3 | Results

We collected diets from 108 brown trout <300mm (total
length TL; 89-299 mm; mean 237 mm; SD 39 mm), 372 brown
trout >300mm (TL; 300-836 mm; mean 462 mm; SD 100 mm),
56 burbot (TL; 164-800 mm; mean 368 mm; SD 172 mm) and
22 lake trout (TL; 356-1021 mm; mean 678 mm; SD 198 mm).
Twenty orders and 77 families were identified from the diets
(Table S2). Brown trout >300mm fed on a wider breadth of
taxa across all seasons (number of taxa—spring 68; sum-
mer 70; autumn 67) and consumed more unique taxa overall
(101) compared to brown trout <300mm (number of taxa—
spring 28; summer 17; autumn 43; overall 49), burbot (number
of taxa—spring 18; summer 15; autumn 26; overall 39) and
lake trout (number of taxa—spring 12; autumn 4; overall 14;

120 —
B Brown trout < 300 mm
O Brown trout > 300 mm
O Burbot
@ Lake trout
100 —
80
<
%
E _
3}
2
S 60 —
5}
e
g
]
Z
40
20
O -l
Spring Summer

Autumn Overall
Season

FIGURE 3 | The number of unique taxa found in diet contents of brown trout <300mm, brown trout >300mm, burbot and lake trout by season

within the Torrey Creek drainage, Wyoming, United States, for the years 2020-2022.
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Figure 3). However, when brown trout >300mm had their
sample size reduced, diet breadth (number of taxa—spring
33, 26-41 95% CI; summer 31, 23-40 95% CI; autumn 41,
33-48 95% CI) was similar to that of brown trout <300 mm.
Brown trout >300mm had the largest breadth of diet taxa
consumed in summer, where a single individual had 20 differ-
ent taxa identified in their diet (Figure 4). Although a single
brown trout >300mm had 20 diet taxa, the most abundant
number of different diet taxa was one in spring (relative fre-
quency =0.20), six in summer (relative frequency=0.17) and
one in autumn (relative frequency =0.20; Figure 4). Brown
trout <300mm followed the same trend with the most abun-
dant number of unique diet taxa occurring in summer (six;
relative frequency 0.33), and one for spring (relative frequency
0.21) and autumn (relative frequency 0.24). In contrast, burbot
and lake trout had one diet item as the most abundant occur-
ring in individual fish across all seasons (Figure 4).

3.1 | Frequency of Occurrence and Mean
Proportion by Weight

Shifts in frequency of occurrence and mean proportion by
weight were observed among all species during spring, summer

and autumn. Brown trout, burbot and lake trout consumed mul-
tiple taxa, and only a limited number of taxa contributed more
than 0.1 mean proportion by weight (Figure 5).

3.2 | Brown Trout <300 mm

Daphnia, Chironomidae and Leptoceridae were important prey
resources for brown trout <300mm among all seasons (Figure 5).
Leptoceridae were the prominent diet items in spring (64% O;
0.21MW) and Daphnia were the prominent forage for summer
(67% O; 0.26 MW) and autumn (49% O; 0.27MW). Additionally,
Gammaridae was seasonally important during spring (36% O;
0.09MW) and autumn (49% O; 0.19 MW) but was noticeably ab-
sent in the diets during summer.

3.3 | Brown Trout >300mm

In spring, seven different diet items were present in more than
15% of diets. Gammaridae was the most frequently occurring
(42%) and contributed the most to mean proportion by weight
(0.12). In summer, brown trout >300mm continued to exhibit
a diverse diet, with eight diet categories occurring in more than

Brown trout <300 mm

1 OOBrown trout > 300 mm

1.00
0.75 0.75
0.50 0.50
0.25 0.25
0.00 0.00
1234567809 2 4 6 8 10 12 14
1.00 1.00
0.75 0.75—
0.50 0.50—
>
Q
S 025 0.25—
3
go.oo 0.00—
& 2 4 6 8 10 12 13579 12 15 18 21
2 100 1.00—
=
=
< 075 0.75-
[
0.50 0.50-
0.25 0.25-]
2 4 6 8 10 12 13 5 7 9 11 13 15
1.00 1.00—
0.75 0.75—
0.50 0.50—
0.25 0.25-
0.00 0-00—%

13579 12 15 18 21

Burbot

0.75
0.50

0.25

0.00-——+1

1.00—
0.75-

0.50

0.254

1.00—
0.75+
0.50—

0.25

0.0G|||||

0.00=——7 T

1.00

0.75+

0.50—

0.25+

0.00- T T T 717

2 4 6

Number of unique diet taxa

Lake trout

0.75

0.50

Spring

0.25

0.00

Autumn

Overall

0.25

0.00

FIGURE4 |

Relative frequency of taxa found in diet contents of individual brown trout <300mm, brown trout >300mm, burbot and lake trout

by season within the Torrey Creek drainage, Wyoming, United States, from 2020 to 2022.
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FIGURE 5 | Mean proportion by weight-frequency of occurrence plot for brown trout <300 mm, brown trout >300mm, burbot and lake trout

by season and overall. Diet taxa that represented a minimum of 0.1 by mean proportion by weight for any combination of season and species were

selected to be displayed resulting in 14 diet taxon categories. Diets were collected from the Torrey Creek drainage, Wyoming, United States, from the

years 2020 to 2022.

10% of the diets. Formicidae had the highest frequency of occur-
rence (55%) and mean proportion by weight (0.19) in summer.
Chironomidae followed as the next most frequently occurring
diet item (42%), albeit contributing minimally to the mean pro-
portion by weight (0.03). For autumn, Gammaridae occurred in
50% of diets constituting 0.15 mean proportion by weight and
Phyrganeidae occurred in 43% of diets and 0.21 mean proportion
by weight, thus representing the dominant prey taxa by mean
proportion by weight.

3.4 | Burbot

During spring, Gammaridae dominated the dietary compo-
sition, accounting for the highest mean proportion by weight
(0.22) and frequency of occurrence (35%; Figure 5). In sum-
mer, unidentifiable insect parts were the predominant dietary
component, occurring in 50% of diets and the highest mean
proportion by weight (0.23). Moreover, lake chub (0.22MW;
22% 0) and unidentifiable fish parts (0.15MW; 28% O) con-
stituted notable components compared to other taxa. For au-
tumn, trichopteran parts occurred most frequently (47%) but

only represented a 0.12 mean proportion by weight. However,
two families of Trichoptera, Phryganeidae and Limnephilidae
occurred in 13% of autumn diets each and contributed 0.11 and
0.02 mean percent by weight, respectively. Furthermore, fish
eggs were also an important diet item in the autumn, occur-
ring in 20% of diets and representing a 0.16 mean proportion
by weight. Despite Daphnia being present in 27% of diets and
unidentifiable fish parts being present in 20%, they made min-
imal contributions to the mean proportion by weight, 0.05 and
0.00, respectively.

3.5 | Lake Trout

During spring, lake trout had a concentrated dietary pref-
erence in comparison to brown trout and burbot, with rain-
bow trout constituting a substantial portion of their diet.
Specifically, rainbow trout accounted for 0.59 mean pro-
portion by weight and occurred in 65% of lake trout diets
(Figure 5). In autumn, lake trout diets were characterised by a
near-even split between rainbow trout (0.19) and unidentified
insect parts (0.21), representing the largest mean proportions
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TABLE1 | Mean proportion by weight and frequency of occurrence (in parenthesis) of fish prey consumed by brown trout <300 mm, brown trout

>300mm, burbot and lake trout sampled from the Torrey Creek drainage, Wyoming, USA for all seasons combined for years 2020-2022.

Predator
Prey Brown trout <300 mm Brown trout >300mm Burbot Lake trout
Brown trout 0.00 (0.00) 0.00 (0.01) 0.02 (0.02) 0.09 (0.09)
Burbot 0.00 (0.00) 0.01 (0.01) 0.03(0.04) 0.00 (0.00)
Fish parts 0.02 (0.05) 0.03 (0.12) 0.09 (0.20) 0.07 (0.09)
Lake chub 0.00 (0.00) 0.01 (0.02) 0.09 (0.09) 0.00 (0.00)
Longnose dace 0.01 (0.01) 0.02 (0.06) 0.03 (0.04) 0.00 (0.00)
Longnose sucker 0.00 (0.01) 0.03 (0.04) 0.05 (0.05) 0.07 (0.09)
Mountain whitefish 0.00 (0.00) 0.00 (0.01) 0.00 (0.00) 0.00 (0.00)
Rainbow trout 0.00 (0.00) 0.05 (0.06) 0.04 (0.04) 0.50 (0.55)
White sucker 0.00 (0.00) 0.02 (0.03) 0.01 (0.04) 0.09 (0.09)
Total fish prey 0.03 (0.07) 0.17 (0.29) 0.36 (0.438) 0.82(0.82)

by weight; however, unidentified insect parts occurred more
frequently than rainbow trout.

3.6 | Piscivory

Piscivory accounted for 0.82 mean proportion by weight for lake
trout for all seasons combined, compared to 0.36 for burbot, 0.17
for brown trout >300mm and 0.03 for brown trout <300mm
(Table 1). Burbot rarely consumed brown trout, with an over-
all mean proportion by weight and frequency of occurrence of
0.02, and lake trout consumed brown trout infrequently, with an
overall mean proportion by weight and frequency of occurrence
of 0.09 (Table 1). Brown trout >300mm consumed burbot mini-
mally, representing 0.01 overall mean proportion by weight and
frequency of occurrence (Table 1). Burbot and brown trout did not
consume lake trout, and lake trout did not consume burbot within
the Torrey Creek drainage. Cannibalism was documented in
brown trout and burbot, albeit minimal. Brown trout cannibalism
occurred in 0.01 of brown trout diets, and burbot cannibalism was
only observed during spring and occurred in 0.09 of burbot and
represented 0.08 of mean proportion by weight.

3.7 | Dietary Overlap and Trophic Positioning

Diet overlap values were less than 0.6 for all seasonal species
combinations (Table 2). The highest levels of diet overlap be-
tween burbot and both brown trout groups were observed in
autumn, with overlap values of 0.44 (Table 2). In contrast, lake
trout exhibited a higher degree of diet overlap in spring with
all other species combinations compared to autumn, having
spring overlap values of 0.13 with brown trout <300 mm, 0.20
with brown trout >300mm and 0.28 with burbot. Notably,
intraspecific diet overlap between brown trout <300mm and
brown trout >300mm in spring and autumn had the highest

TABLE 2 | Schoener's Index of Niche Overlap among burbot, brown
trout <300mm, brown trout >300mm and lake trout.

Species
Brown Brown
trout trout Lake
Season Species <300mm >300mm trout
Spring Burbot 0.32 0.05 0.28
Brown trout 0.52 0.13
<300mm
Brown trout 0.20
>300mm
Summer Burbot 0.20 0.37
Brown trout 0.31
<300mm
Brown trout
>300mm
Autumn Burbot 0.44 0.44 0.10
Brown trout 0.57 0.05
<300mm
Brown trout 0.14
>300mm
Overall Burbot 0.45 0.55 0.32
Brown trout 0.60 0.14
<300mm
Brown trout 0.26
>300mm

Note: Niche overlap was calculated from lowest taxonomic identification, species
for fishes and family for invertebrates. Fish were collected from the Torrey
Creek drainage, Wyoming, USA in 2020-2022. No lake trout were sampled in
summer across all years.
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overlap of all seasonal comparisons, and was noteworthy
overall with a value of 0.6 (Table 2).

All species were at a similar trophic level in relation to 8N from
stable isotope signatures. The centre point for 40% Bayesian el-
lipses of 8'°N varied from 7.8%.for brown trout <300mm to
10.2 %o for lake trout (Figure 6). Based on 8'3C, burbot exhibited
the most enriched carbon signature at —19.1 %o compared to brown
trout <300mm (—21.7 %o), brown trout >300mm (—20.3 %o), and
lake trout(—22.6 %o Figure 6). Isotopic niche overlap was low for
the 40% standard Bayesian ellipses among all pairings (Figure 6).
Burbot and brown trout >300mm had the highest overlap of 40%
ellipses (39%), burbot and lake trout had a 1% overlap and brown
trout > 300 mm and lake trout had a 13% overlap. Brown trout
<300mm shared no overlap with any other species grouping.

4 | Discussion

We predicted burbot, brown trout and lake trout would have
been highly piscivorous in the Torrey Creek system; however,
there was a low prevalence of fish in the diets of brown trout
and burbot. Lake trout exhibited the highest level of piscivory,
which was mostly a function of lake trout consuming stocked
rainbow trout. Similar increases in piscivory by salmonids have
been observed in other systems when stocked fish are available
(Hasegawa et al. 2012; Honda et al. 2024); however, it is inter-
esting that lake trout disproportionately took advantage of this
increased prey resource compared to brown trout and burbot.

Reciprocal predation of piscivorous fishes (i.e., among brown
trout, burbot and lake trout) was minimal except for lake
trout predation on brown trout, thus reciprocal intraguild

predation is not currently occurring in the Torrey Creek drain-
age. However, unidentifiable fish parts were observed in 12%
of brown trout >300mm and 20% of burbot. Thus, some
species-specific predation values may have been slightly un-
derestimated. Although lake trout predated on brown trout,
the minimal dietary overlap between lake trout and brown
trout does not suggest competition is occurring between these
species; therefore, the lake trout and brown trout ecological
interaction could be described as simple intraguild preda-
tion, where only one predator consumes the other (van der
Hammen et al. 2010). This was similarly observed in Arctic
char (Salvelinus alpinus) and brown trout, where intraguild
predation was present but had limited evidence of interspecific
competition (Persson et al. 2013).

Surprisingly, we did not document any predation occurring
between burbot and lake trout within the Torrey Creek drain-
age. Burbot and lake trout overlap in their native range and
demonstrate reciprocal intraguild predation in other systems
(Martin 1970; Jacobs et al. 2010; Gorman and Sitar 2013). Our
lack of observed predation on lake trout by burbot could be
related to the hypothesised limited recruitment of lake trout
within the Torrey Creek drainage; however, burbot and lake
trout have been documented co-occurring without negative
interactions in other systems (Van Oosten and Deason 1938).
The frequent stocking of rainbow trout within the Torrey
Creek drainage, occurring up to six times per year, could
serve as a buffer to protect burbot from lake trout predation.
Lake trout took advantage of the repetitively stocked rainbow
trout, potentially decreasing the demand for other prey spe-
cies as stocked fishes are generally naive to predators (Warner
et al. 1968; Hoxmeier and Wahl 2002; Freedman et al. 2012;
Becher et al. 2021).

14 O Brown trout < 300 mm
<> Brown trout > 300mm
[] Burbot
/\ Lake trout
12 =
S 10
N
Z
b
e} 8 —
o
o) (@]
6 —
4 T T T T T |
-28 -26 -24 =22 -20 -18 -16

d13C %o

FIGURE 6 | Stable isotope biplot of brown trout <300mm, brown trout >300mm, burbot and lake trout tissue samples collected from Torrey

Creek drainage, Wyoming, United States in 2020 and 2021. Ellipses represent 40% Bayesian standard ellipse areas for stable isotope signatures.
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Cannibalism was documented in brown trout and burbot within
the Torrey Creek drainage. Our study revealed that instances
of cannibalism among brown trout were relatively infrequent,
which is congruent with other research (LAbée-Lund et al. 1992;
Vik et al. 2001; Montori et al. 2006). Conversely, our estimate
of the frequency of burbot cannibalism (3%) is lower than re-
ported in the literature where burbot cannibalism varies from
16% to 93% (Jacobs et al. 2010; Knudsen et al. 2010; Gallagher
and Dick 2015). Several hypotheses exist for why burbot may
cannibalise, including accumulating energy for growth or re-
production (Gallagher and Dick 2015), when competition for
shared resources exists (Polis 1988), or lack of refuge (Smith and
Reay 1991). However, instances of burbot populations not ex-
hibiting cannibalism have been documented (Fratt et al. 1997;
Tolonen et al. 1999; Knudsen et al. 2010).

Diet overlap values among burbot, brown trout and lake trout
were minimal by season but increased when compared with
all seasons combined, especially for burbot and brown trout
>300mm. Although burbot in the Torrey Creek drainage
consumed less fish than in other systems, we report compa-
rable values of Schoener's index of niche overlap between bur-
bot and lake trout (0.32) to that reported for northern Lake
Michigan (0.39; Jacobs et al. 2010). Likely, the separation in
diets among burbot, brown trout and lake trout in the Torrey
Creek drainage is a response to reduce interspecific competi-
tion among these species (Putman and Wratten 1984; Gabler
and Amundsen 2010).

Lake trout had the highest trophic position, largely due to their
degree of piscivory, as indicated by 8'N. However, they shared
a similar trophic level with burbot and brown trout >300mm,
with a trophic level difference in lakes being represented as a
difference of 3.40%0+1.1 in 8N (Wada et al. 1991; Zanden
and Rasmussen 1999). Notably, some individual brown trout
>300mm exhibited the higher §'°N values compared to those
of lake trout. This is likely because larger individuals can con-
sume larger prey leading to a more piscivorous diet (Scott and
Crossman 1973; Cott et al. 2011). Based on 8'3C values, bur-
bot and lake trout appear to specialise in obtaining their diet
from different zones of the lakes (i.e., pelagic and littoral;
France 1995). Lake trout had the lowest 8'3C values, indicating
a more pelagic origin of carbon, particularly compared to bur-
bot, which had the highest 8'3C values. This is likely due to lake
trout predominantly occupying limnetic habitats (Evans 2007;
Cott et al. 2011) and feeding on rainbow trout in comparison
to burbot consuming larger proportions of macroinvertebrates
and fish such as lake chub. Brown trout, both <300mm and
>300mm, had 8'3C values between those of burbot and lake
trout, suggesting they feed less exclusively from a single zone.
Despite burbot, brown trout >300mm and lake trout sharing
a similar trophic level, there was no major overlap in isotopic
niches according to the stable isotope data. These findings align
with the low dietary overlap observed among the species, indi-
cating that both short- and long-term overlaps are likely mini-
mal among these piscivorous predators.

Our results indicate that brown trout or lake trout are not the
mechanism for the decline in burbot within the Torrey Creek
drainage. However, our finding of limited competition and

predation represents ecological interactions among burbot,
brown trout and lake trout for the years 2020-2023. Historically,
burbot were more abundant in the Torrey Creek drainage, but bi-
ologists have been concerned about their decline since the 1990s
(Krueger 1997). Survival of age-4 and older burbot was estimated
to decrease from 0.60 in 1969-1970 to 0.43 in 1995-1996 (Hubert
et al. 2008) and catch rates in fyke nets decreased from 0.22/h to
0.35/h in 1995-1996 to 0.02/h in 2018 (Krueger 1996; Wyoming
Game and Fish Department 2019). In 2017, burbot were found
in two of six brown trout stomachs sampled (Wyoming Game &
Fish Department 2018), suggesting a predatory interaction be-
tween the species. It is plausible that brown trout and lake trout
predation on burbot in the past has driven the burbot population
to such a low abundance that burbot are currently rarely encoun-
tered by their intraguild members and thus not frequently con-
sumed. This scenario parallels the situation observed with lake
trout and Yellowstone cutthroat trout after lake trout introduction
to Yellowstone Lake, where the decline in Yellowstone cutthroat
trout populations led to lake trout exhibiting prey plasticity (Syslo
et al. 2016; Glassic et al. 2024).

The coexistence dynamics among burbot, brown trout and lake
trout within the Torrey Creek drainage are intricately tied to the
interplay of competition and predation dynamics among these
apex predators. The coexistences hinge on the absence of signif-
icant competitive pressures and predation intensity within the
ecosystem. The presence of ample resources and productivity
in the Torrey Creek system fosters the potential for alternative
stable states to emerge among these predators. Particularly, the
phenomenon of prey switching, where predators adjust their
foraging preferences based on the relative abundance of prey
species, plays a pivotal role in sustaining this coexistence frame-
work, especially in regard to an intraguild predation interaction
(Holt and Huxel 2007; Nishijima et al. 2014). Intricate ecological
interactions, such as those presented here, underscore the com-
plexity of predator-prey relationships and highlight the impor-
tance of resource availability in shaping community dynamics
within aquatic ecosystems.
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