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Abstract
The Lake Huron fish community is comprised of many non-native species, including the piscivorous Pacific salmonids chi-

nook salmon Oncorhynchus tshawtscha, coho salmon Oncorhynchus kisutch, and rainbow trout Oncorhynchus mykiss. The only abun-
dant native piscivorous salmonid is the lake trout Salvelinus namaycush. Since 1980, there has been a steady decline in the
biomass of the prey fishes these salmonids consume. Considering the collapse of alewife Alosa pseudoharengus in 2003, there
has been growing concern that lake trout will be outcompeted by the non-native salmonids. Paramount to understanding this
concern is determining the diet overlap between salmonids and how the overlap has shifted with changes in prey abundance.
Here, stable isotope analyses (δ13C, δ15N) from lipid-extracted muscle tissues were compared among salmonids revealing large
percentages of lake-wide isotopic niche overlap. Comparisons of these isotopes from salmonid scale samples taken before and
after the alewife collapse revealed a shift in the diets of chinook salmon that now overlap with lake trout. Given the strong
competitiveness of chinook salmon, this result is concerning for the management of the native lake trout.
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Introduction
In Lake Huron, the salmonids chinook salmon Oncorhynchus

tshawtscha, coho salmon O. kisutch, lake trout Salvelinus namay-
cush, and rainbow trout O. mykiss represent commercially and
recreationally valuable fisheries but recreational catches of
salmonids have declined substantially since 1980 (Bunnel et
al. 2014; Hudson and Ziegler 2014). Concurrent with these
declines has been an 87% reduction in the overall biomass of
prey fishes (Riley et al. 2008) and a reduction in the catch per
unit of effort for chinook salmon and lake trout (Su and He
2013). The rising concerns regarding the imbalance between
predator consumptive demand and prey fish abundance has
been one of the most prevalent ecological questions across
the Great Lakes (Johnson et al. 2010). Furthermore, in 2003,
the population of the introduced prey fish, alewife Alosa pseu-
doharengus collapsed in Lake Huron and have failed to return
to their prior status (O’Brien et al. 2021). This exotic plank-
tivore was originally introduced to Lake Ontario in the late
1800s (Diana 1990) and by 1960 became widespread through-
out the Great Lakes. Indeed, in Lake Huron, Diana (1990)
found that by the late 1900s alewife contributed to diets of
all of the salmonids and, using visual identification of stom-
ach contents, determined that alewife contributed to 65% of
chinook salmon diets, 5% of lake trout, and about 15% of both
rainbow trout and coho salmon. The collapse of alewife has

raised concerns that chinook salmon may now compete more
strongly with the native lake trout for prey fishes.

Introduced species can have detrimental effects on native
species, inducing not only changes in the community (Vilà et
al. 2011), but also species interactions (Gallardo et al. 2016)
and ecosystem function (Pejchar and Mooney 2009). Within
ecology, conceptual models are used to describe the functions
of species interactions with competition and predation be-
ing two important functions. Competition and predation can
be conceptualized using food webs to draw connections be-
tween community members through qualitative trophic link-
ages (Scotti et al. 2009). However, competition is challenging
to assess in freshwater ecosystems due to the constraints of
what can be visualized across largely inaccessible habitats. By
constructing food webs, ecologists can better understand the
flow of food energy throughout an ecosystem, and in turn
identify keystone species that indicate the overall health of
the ecosystem (Libralato et al. 2006; Thompson et al. 2012;
Valls et al. 2015). Moreover, food web depictions can provide
insight into the dependencies that exist within a community,
either through top-down or bottom-up species interactions
within a food chain (Thompson et al. 2012; Lynam et al. 2017).
In the context of conservation and ecosystem monitoring,
food webs are irreplaceable conceptual tools used to iden-
tify sensitive, yet beneficial species interactions that inform
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conservation authorities of vulnerabilities within the ecosys-
tem that may need to be supplemented through targeted
stocking efforts or localized habitat protection.

To determine the trophic interactions that define food
webs, diet studies have conducted visual identifications on
gut contents of tertiary consumers, genetically sequenced gut
contents, or analyzed the stable isotopes or fatty acid pro-
files within tissues of species within a community (Nielsen et
al. 2018; Hoenig et al. 2022). Since the 1980s stable isotope
ratios of carbon (δ13C) and nitrogen (δ15N) have been used
extensively in ecology to estimate the trophic positions and
flow of food energy among organisms in a food web based
on the assimilation of ingested diets by consumers (Hobson
1993). In freshwater ecosystems, δ13C values in consumer tis-
sues can indicate sources of primary production (i.e., inshore
or offshore; Zanden and Rasmussen 1999). However, δ15N val-
ues identify an organism’s trophic level within the food web
(Roth and Hobson 2000; Hoen et al. 2014).

Stable isotope analysis has been criticized for not directly
quantifying the constituents of an organism’s diet. MixSIAR
is a mixing model that helps to address this concern by us-
ing Bayesian statistics to model proportions of isotopically
distinct prey that make up the diets of the consumer (Stock
et al. 2018). One limitation with MixSIAR analysis is that the
model estimates proportions only for the prey items that are
included in the analysis, which underscores the importance
of the isotope analysis of potential prey items. Our analysis is
timely because many of the previous studies that have char-
acterized the diets of the salmonids in Lake Huron relied on
the visual identifications of stomach contents, which reflects
only a snapshot of the prey that were recently consumed.
Determining long-term diet trends using stable isotopes can
support conservation efforts across space and time.

Few food web isotope studies have been conducted in
Lake Huron, and most studies cover only northern Lake
Huron (e.g., Johnston and Wilson 2015; Gerig et al. 2019).
To our knowledge, only three studies are relevant to piscivo-
rous salmonid stable isotopes. Gerig et al. (2019) compared
δ13C, δ15N, and Hg accumulation in Atlantic salmon Salmo
salar, lake trout, chinook salmon, and coho salmon in north-
ern Lake Huron. They found that newly established Atlantic
salmon occupied an isotopic niche more similar to chinook
salmon and coho salmon than to the native lake trout due to
their shared reliance on pelagic prey sources. Johnston and
Wilson (2015) compared δ13C and δ15N of naturalized and do-
mestic rainbow trout in the North Channel. Regardless of
being naturalized or domestic, rainbow trout occupied an
isotopic niche that was more depleted in 15N and enriched
in 13C compared with lake trout in northern Lake Huron. A
long-term study on the food-web changes in northern Lake
Huron characterized the isotopic niches of lake trout from
1947 to 2017 (Trumpickas et al. 2022). Their findings high-
light the small isotopic niche shifts of lake trout over the
70-year period since their collapse and eventual recovery in
Lake Huron. Here, we used stable isotope analysis of δ13C and
δ15N in salmonid and prey tissues to evaluate the diets of
the salmonids throughout the Canadian side of Lake Huron.
Muscle tissue and scales were collected from 2020 to 2021
and scales from pre-2003 (i.e., pre-collapse of alewife) were

provided by the Ontario Ministry of Natural Resources. We
used the analysis to (1) determine the diets of salmonids in
Lake Huron for the years 2020–2021; and (2) determine how
the diets of salmonids shifted in response to the collapse of
alewife. Our analysis will help to guide conservation efforts
of the salmonids in the lake.

Methods

Sample collection
Salmonids were angled from three regions within Cana-

dian Lake Huron: the Main Basin, North Channel, and
Georgian Bay (Fig. 1) mapped using ArcGIS Pro (v3.4; ESRI
2011). Chinook salmon, coho salmon, rainbow trout, and
lake trout of a minimum 30 cm in fork length were collected
from June through October in both 2020 and 2021. Sam-
ples were obtained from lab angling, charter fishing, and
through donations from recreational anglers taking part
in salmon derbies. The derbies included the Owen Sound
Salmon Spectacular, the Manitoulin Salmon Shootout, the
Manitoulin Expositor Salmon Classic, and the Meaford
Salmon and Trout Derby. Prey fish serving as the sources in
isotope mixing models were subsampled fresh from the gut
contents of the salmonids. These included rainbow smelt
Osmerus mordax, bloater chub Coregonus hoyi, hereafter re-
ferred to as bloater, and round goby Neogobius melanostomus.
Alewife were not found within the stomach contents of any
salmonids in this study and were thus not included in the
prey isotope analysis. In addition, a small sample of pink
salmon Oncorhynchus gorbuscha and crayfish Orconectes propin-
quus was initially included in the stable isotopes analysis but
were subsequently discarded due to the restricted sample
size.

Donated salmonids that were sampled from derbies and
charter fisheries were photographed for digital fork length
measurement (ImageJ, University of Wisconsin). Scale sam-
ples of salmonids were removed from behind the pectoral
fin on the left dorsal side of the salmonids using a scalpel.
A muscle sample was taken from the dorsal region posterior
to the dorsal fin. Muscle tissue, whole stomach, liver, and in-
testines were dissected, and sex was recorded. All tissue sam-
ples were stored on ice until returning to the lab where they
were stored at –20 ◦C. Samples that were angled by the lab
were euthanized via percussive stunning and neural pithing
prior to sampling and photography as described above (Ani-
mal Ethics Committee Protocol Number: 2020-061).

Samples of salmonid scales from 2002 were obtained from
an archive kept by the Ontario Ministry of Natural Resources
and Forestry (OMNRF). These samples were collected through
an offshore index monitoring program which covered the
same three regions of the Canadian waters of Lake Huron.
Scales were taken from the salmonids using the same meth-
ods as described above. The scale samples were rinsed, air
dried, then archived in individually labelled envelopes. Sam-
ples from tributaries made up a majority of the archived
scale samples available and were excluded from this study.
Although the salmonids in the tributaries were likely not
feeding (most were collected during the migration runs), we
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Fig. 1. Sampling Sites for Canadian Lake Huron. The coloured regions correspond to the three sampling regions from which
salmonids were angled: Main Basin (purple), Northern Channel (green), and Georgian Bay (orange). Custom map generated
using ArcGIS, map projection Mercator, and datum NAD83.

excluded those scale samples to ensure we were only compar-
ing lake-based salmonids.

Species identification
Potamodromous Pacific salmonids, chinook salmon, coho

salmon, and rainbow trout, often share many morphometric
characteristics including colouration, size, and shape, which
can make it challenging to ensure correct taxonomic identi-
fication. To verify the taxonomic identifications of salmonids
sampled in this study, we followed a PCR-RFLP protocol de-
veloped by Rasmussen et al. (2010). A subsample of mus-
cle tissue was taken for DNA extraction. Using a Qiagen
DNeasy Blood and Tissue Extraction Kit (Qiagen, Germany),
DNA was extracted from the 1 g of muscle tissue. A 463–
464 bp region of the tRNAGlu/cytochrome b gene was ampli-

fied through PCR, see Rasmussen et al. (2010). As we were only
interested in distinguishing between the Pacific salmonids,
we used the NlaIII restriction enzyme purchased from New
England BioLabs� (Ipswich, MA). The restriction digest in-
cluded 4.5 μL of PCR-grade water, 1 μL of Buffer G, 4 μL
of PCR product, and 0.5 μL of N1aIII (1 U/μL), which was
then incubated in a 37 ◦C water bath for 1 h. After the re-
striction enzyme digest, all samples were visualized using
agarose gel electrophoresis, with each gel containing a pos-
itive and negative blank and a DNA ladder. Samples that
showed a single band were identified as chinook salmon;
two bands at 150–300 bp were identified as coho salmon;
and finally, the presence of two to three bands at 100,
180/210 were identified as rainbow trout (Rasmussen et al.
2010).
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Sample preparation
Stable isotope analysis was performed on muscle tissue of

prey fish and on the soft tissue of the dreissenids Dreissena bu-
gensis and Dreissena polymorpha. Skin-free muscle and liver tis-
sue samples from salmonids that were frozen at –20 ◦C were
cut to uniform dimensions of 1 cm × 1 cm × 2 cm. Each sam-
ple was placed in an Eppendorf tube and lyophilized for 48 h.
The freeze-dried muscle samples were then transferred to in-
dividually separate 25 mL scintillation vials for the manual
extraction of lipids. Then, 20 mL of 2:1 chloroform:methanol
was added to each of the vials (modified from Bligh and Dyer
1959) and the capped vials were left to soak in the solvent for
48 h at room temperature in a fumehood. The solvent was
then decanted, and the tissues were rinsed with distilled wa-
ter. After air-drying for 24 h, each sample was homogenized
to a fine powder using mortar and pestle.

At least 20 individual scales from each salmonid were
placed in 1.7 mL Eppendorf tubes and soaked in distilled wa-
ter to remove excess mucous. Once decanted, the scales un-
derwent 48 h of lyophilization followed by the same chlo-
roform:methanol soak as above. After air drying, the scales
were manually lacerated, within their respective Eppendorf
tubes, to a coarse grit using Eppendorf scissors.

Isotope analysis
Samples were weighed out to between 0.9 and 1.0 mg and

placed into 5 × 9 mm tin capsules with a high precision bal-
ance (Mettler Toledo� XP6 Excellence Plus XP Micro Balance,
Greifensee, CHE). Each capsule was rolled and compressed,
then placed into numbered wells in a sample tray. Muscle tis-
sue, liver tissue, and scales were analyzed for δ13C and δ15N
at the Cornell University Stable Isotope Laboratory in Ithaca,
NY. All samples were combusted into N2 and CO2 gases using
a NC2500 elemental analyser (Thermo, Bremen, Germany) in-
terfaced with a Thermo Delta V isotope ratio mass spectrom-
eter (IRMS). The in-house standards were routinely calibrated
against international reference materials provided by the In-
ternational Atomic Energy Association (IAEA). To ensure the
accuracy and precision of the instrument, an in-house stan-
dard of deer muscle tissue was analyzed after every 10 sam-
ples (6.3� ± 0.1� for δ15N and −20.1� ± 0.1� for δ13C).
Stable isotope corrections were performed using a two-point
linear regression of all δ15N and δ13C data using two addi-
tional in-house standards: (1) “KCRN”——corn (1.3� ± 0.2�
for δ15N and −13.0� ± 0.1� for δ13C ) and (2) “CBT”——brown
trout muscle tissue (17.5� ± 0.03� for δ15N and −25.6� ±
0.1� for δ13C). To determine instrument linearity a chemical
standard of methionine was used (−0.3� ± 0.3� for δ15N
and −26.8� ± 0.3� for δ13C).

Statistical analysis

Isotopic niches of the Lake Huron community
2020–2021

All statistical analyses were done in R (R Core Team 2021),
using R Studio (Version 1.2.5019; R Studio Team 2015). Sta-
ble Isotope Bayesian Ellipses in R (SIBER) was used to visu-
alize the isotopic niches of salmonids (Jackson et al. 2011).

The multivariate ellipses-based approach compares the core
isotopic niche area of isotopically distinct groups within a
food web in bivariate isotope space. Isotope-based estimates
of trophic niches were based on the core isotopic niche area
calculated at a p interval of 40%. Comparisons of niche over-
lap between species across regions of Lake Huron had fewer
than 20 individuals in multiple pair-wise comparisons, so all
SEAs were corrected to account for small sample sizes (SEAc)
following Jackson et al. (2011). Isotopic niche overlap was
evaluated within SIBER using the “maxLikOverlap” function,
where each pairwise isotopic niche overlap between species
was calculated for each region (Jackson et al. 2011).

The MixSIAR package in R (Stock et al. 2018) was used to
quantify the dietary proportions of prey sources using con-
sumer and prey tissue δ13C and δ15N for the lake-wide dataset,
with region in Lake Huron assigned as a random effect, and
fork length assigned as a continuous covariate. As part of
the model, estimates of trophic enrichment needed to be
incorporated. These factors represent the average per mil
shift in tissue δ13C and δ15N resulting from the fractiona-
tion that occurs between trophic levels (Post 2002). Our study
used trophic discrimination factors found in the literature
that were experimentally derived for salmonids to inform the
MixSIAR models. Specifically, trophic discrimination factors
(mean + SD) of 1.3 + 0.4� for δ13C and 3.5 + 1� for δ15N
were included as lab evaluated values of lipid-extracted mus-
cle tissue for both chinook salmon (Lerner et al. 2021) and
rainbow trout (Pinnegar and Polunin 1999). Due to the simi-
larity of the trophic discrimination factors between these two
species, the same values were used for coho salmon and lake
trout.

For MixSIAR models, an uninformative generalist Bayesian
prior was used with three Markov chain Monte Carlo (MCMC)
simulations of 1 000 000 iterations. The burn-in period for
each iteration chain was 500 000 and all subsequent val-
ues were reduced by a factor of 500. A Gelman-Rubin and
Geweke diagnostic test was run at the end of each sim-
ulation to determine whether the model reached conver-
gence. When the chains did not converge, a second model
run was performed at the next longest MCMC iteration
value (3 000 000 chains, 1 500 000 burn-in period). The results
are reported using the mean and 95% Bayesian credibility
intervals.

Effects of season, size, and location on isotopic
niche

Variables influencing Lake Huron resource use for each
predatory salmonid species were assessed using linear mixed
models (LMMs) for tissue δ13C and δ15N values. Sampling date
(as month), fork length, sex, and their interactions were used
as fixed effects in the model, while sampling location (as gen-
eral basin: Main Basin, Georgian Bay, or North Channel) was
the random effect. Month was added to account for seasonal
changes in diet that may affect the stable isotope ratios of
the salmonid tissues, reflecting the weighted average of the
integrated diet over multiple previous seasons. Fixed effects
were removed one at a time in order of t-value magnitude to
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Table 1. Summary statistics for all salmonids sampled from Canadian Lake Huron from 2020 to 2021.

Female Male

Species n FL range (cm) Mean FL ± SD (cm) n FL range (cm) Mean FL ± SD (cm)

CHK 36 40–84 61 ± 11 42 40–86 60 ± 11

COH 17 41–61 54 ± 5 10 44–56 52 ± 4

LAK 24 34–76 58 ± 9 31 44–73 59 ± 9

BOW 30 40–72 62 ± 6 21 37–70 53 ± 11

Note: Species codes: CHK = chinook salmon, COH = coho salmon, LAK = lake trout. Fork length (FL) measured using ImageJ with photos
taken immediately post-capture. Angler bias restricted the range of FL to reflect only adult salmonids.

Table 2. Isotopic data (δ13C and δ15N means ± SD) for baseline isotope references (Dreissena spp.) and for
prey items of salmonids collected from three locations in Lake Huron between 2020 and 2021.

Species Area n δ13C (� ± SE) δ15N (� ± SE)

Dreissena spp. (Baseline isotopes)

Main Basin 6 –21.9 ± 0.5 3.7 ± 0.2

Georgian Bay 2 –22.6 ± 0.3 2.5 ± 0.3

North Channel 7 –24.4 ± 0.3 2.9 ± 0.2

Neogobius melanostomus

Main Basin 11 –20.0 ± 2.5 8.3 ± 1.7

Georgian Bay 8 –21.4 ± 1.3 8.2 ± 0.7

North Channel 3 –18.9 ± 0.5 8.4 ± 0.1

Osmerus mordax

Main Basin 6 –22.9 ± 1.5 7.2 ± 1.2

Georgian Bay 15 –23.4 ± 0.8 9.6 ± 0.7

North Channel 7 –23.1 ± 1.2 9.0 ± 1.4

Coregonus hoyi

Main Basin 9 –22.9 ± 2.1 7.4 ± 1.6

Georgian Bay 24 –23.5 ± 0.9 10.4 ± 0.6

North Channel 22 –21.7 ± 1.6 10.0 ± 0.5

generate representative candidate models. Each of the fixed
effects were tested and sorted based on the results of likeli-
hood ratio tests. The factors that did not produce a signifi-
cant change in the model fit (at P < 0.05) were removed from
the final model. We applied Gaussian and gamma error dis-
tributions with inverse or link functions based on visual in-
spections of the probability distributions for each isotope and
each (Kokubun et al. 2015). Linear mixed-effects model selec-
tion was conducted using the lme4 and MASS (stepwise back-
wards regression) packages for R (Version 1.2.5019; Bates et
al. 2015).

Species isotopic niche shift in response to the loss
of alewife

To simplify the presentation of isotope niches, circu-
lar statistics were used to investigate lake-wide direc-
tional changes in tissue δ13C and δ15N combined between
pre-alewife collapse and post-alewife collapse for chinook
salmon, rainbow trout, and lake trout. Coho salmon was ex-
cluded from this analysis as there were too few archived
samples to generate a mean for pre-2002. The average direc-
tional change in isotopic values at each temporal scale (mean
vector) was calculated using the mean angle (μ) and length
(r). Rayleigh’s Z-tests (α = 0.0125) were used to determine

whether isotopic niche shifts deviated from the pre-2002 iso-
topic niches. The center of each plot was arbitrarily assigned
to the isotopic niches pre-2002 when calculating differences
in salmonid tissue δ13C and δ15N. To visualize the shift magni-
tude in a circular polar plot, the Plotly package in R was used
(Version 4.9.3; Sievert, 2020).

Animal ethics approval and scientific collector’s
permit

This study was approved by a division of the Canadian
Council on Animal Care (CCAC), the Animal Care Committee
of the University of Western Ontario (Protocol Number: 2020-
061). The angling for salmonids out of Lake Huron was carried
out in accordance with the approved Scientific Collectors Per-
mit provided by the OMNRF (License No. UGLMU2021-07).

Results

Isotopic niches of the Lake Huron community
2020–2021

A total of 207 salmonids, 104 forage fishes, and 15 dreis-
senids (Tables 1 and 2) from Lake Huron were analyzed for
lipid-extracted tissues for δ13C and δ15N (Figs. S1–S3). Iso-
topic niche metrics generated from SIBER indicated that the
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Table 3. Summary of Layman metrics for convex hulls gener-
ated using SIBER for all salmonid muscle tissue δ13C and δ15N
across three regions of Lake Huron 2020–2021.

Georgian
Bay

Main
Basin

North
Channel

Lake
Huron

δ15N range (�) 2.2 1.1 1.5 1.4

δ13C range (�) 0.9 0.7 1.4 0.7

Total area (�2) 0.3 0.3 1.0 0.6

CD (�) 0.9 0.4 0.8 0.6

MNND (�) 1.1 0.5 0.8 0.6

SDNND (�) 0.4 0.2 0.6 0.03

Note: CD = Distance to centroid, MNND = mean nearest neighbour distance,
and SDMNND = standard deviation of nearest neighbour distance. All values
were calculated using SIBER.

breadth of the food web (as measured by the δ13C range)
and the length of the food chain (as measured by the δ15N
range) varied across the regions for the predatory salmonids
(Table 3). The North Channel (δ13C range = 1.4�) had a larger
food web breadth than Georgian Bay (0.9�), the Main Basin
(0.7�), and the lake wide range (0.7�). In terms of food chain
length based on tissue δ15N, Georgian Bay (δ15N range = 2.2�)
had a larger range than the Main Basin (1.1�), North Chan-
nel (1.5�), and the lake wide range (1.4�, Table 3). Of all
the regions, the North Channel occupied the largest total iso-
tope area based on SIBER descriptive area niche metrics of
salmonid muscle tissue.

All salmonids from 2020 to 2021 had similar mean muscle
δ13C values (−22.3 to −23.0�) and δ15N values (10.4 to 11.9�)
(Table S1, Fig. 2). As a result, there was extensive lake wide iso-
topic niche overlap between chinook salmon, coho salmon,
lake trout, and rainbow trout (Table 4, Fig. 3). In Georgian
Bay, however, there was minimal overlap between chinook
salmon, lake trout, and rainbow trout. Specifically, propor-
tional SEAc overlapped between chinook salmon and lake
trout revealed that, in Georgian Bay, there was only a 41%
chance that an individual Chinook Salmon would be found
within the isotopic niche of lake trout and a 42% chance that
an individual lake trout would be found in the isotopic niche
of chinook salmon. In the other two regions of the lake, each
salmonid species overlapped with each other to a greater de-
gree. The highest probability of overlap was for lake trout to
be found in the isotopic niche of chinook salmon in the North
channel (80%) (see Table 4, Fig. 3).

Bayesian MixSIAR results based on 2020–2021 salmonid
muscle tissue indicated that for all salmonids, the most com-
mon prey source was rainbow smelt. Overlapping posterior
distributions with a left-skew described smaller contribu-
tions of the respective prey sources to the diets of these
salmonids, whereas right-skews indicated higher proportions
of prey (Fig. 4). Posterior distributions for each species in-
dicated similarities in the lake-wide foraging strategies of
salmonids as described in isotopic space. Chinook salmon
and rainbow trout had the largest contributions of rainbow
smelt to their diets (Table S2, Figs. 4a and 4d). The only na-
tive salmonid in the Great Lakes, lake trout, consumed simi-
lar proportions of the three forage fish species (Table S2, Fig.

4c). Similarly, coho salmon had low proportions of each of
the forage fish species contributing to their diets (Fig. 4b). In-
terestingly, when mussels were included as a source in the
MixSIAR model, rainbow trout incorporated a large propor-
tion of dreissenid mussels into their diets (Table S2, Fig. S4).
In the supplementary material we describe how this likely re-
flects a diet rich in invertebrates, a group that was otherwise
unrepresented in the mixing models. Further regionally gran-
ular posterior plots are shown in the supplementary material
(Figs. S5–S8). These MixSIAR results align with the SIBER lake-
wide results and the measured niche overlap which identify a
large overlap in SEAc among all salmonids, albeit lake trout
have a unique 15N enrichment (Fig. 5). This trophic enrich-
ment is contextualized by the regional analysis showing that
Georgian Bay has a unique isotopic niche distinction among
the salmonids compared to the other two regions (see Fig.
3). These results highlight that regional trophic interactions
may differ from lake-wide ones.

Effects of season, size, and location on isotopic
niche

Generalized linear models revealed that multiple factors
influence the stable isotope ratios of Lake Huron salmonid
muscle (Table 5). Deviance explained for each species’ most
parsimonious model varied substantially. The deviance ex-
plained was greatest for the models of coho salmon δ15N (65%)
and lake trout δ15N (40%). Whereas the deviance explained
was lower for the models of δ13C for coho salmon (34%) and
lake trout (32%). Similarly, the deviance explained 12% (δ13C)
and 20.3% (δ15N) for chinook salmon. For rainbow trout these
values were 21% (δ13C) and 8% (δ15N). The month of the year
fish were sampled was included in the most parsimonious
models for all but rainbow trout. Fork length was included
as a covariate in all the models apart from δ13C for chinook
salmon. Location was an effect in all δ15N models except for
coho salmon. Sex was included in almost all models as well
(see Figs. S9–S11).

Species isotopic niche shift in response to the
collapse of alewife

Salmonids occupied more distinct isotopic niche spaces be-
fore the collapse of alewife in Lake Huron in 2003 when com-
pared to 2020–2021 (Table S3, Fig. 5). There was no overlap
between chinook salmon, lake trout, and rainbow trout be-
fore 2003 based on mean scale δ13C values (−18.4 to −20.8�)
and δ15N values (7.9 to 12.9�, Fig. 5a). However, there was
considerable overlap among all salmonids from 2020 to 2021
and mean scale δ13C values (−19.3 to −20.6�) and δ15N values
(9.4 to 12.2�, Fig. 5b).

Although not statistically significant, circular statistics re-
vealed that chinook salmon had the largest shift in diet with
a vector length magnitude of 0.04 compared to 0.02 for lake
trout and 0.03 for rainbow trout (Table S4). These results re-
vealed an enrichment in 15N for chinook salmon and rain-
bow trout, and uniquely, an enrichment in 13C for lake trout.
Enrichment in 15N suggests that chinook salmon and rain-
bow trout are now foraging on prey that are enriched in 15N,
whereas enrichment in 13C for lake trout suggests they are
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Fig. 2. Isotopic representation of the Lake Huron food web based on muscle tissue samples from 2020 to 2021. Region-wide
mean (points) and S.D. (bars) for δ13C and δ15N (in �) of muscle tissue from prey sources: bloater, crayfish, quagga mussel,
rainbow smelt, round goby, and zebra mussel as well as the salmonids: chinook Salmon, coho salmon, pink salmon, rainbow
trout, and lake trout. Note that crayfish, quagga mussel, and pink salmon were excluded from further analysis for small sample
sizes and regional distributions.

Table 4. Lake Huron (2020–2021) proportion of SEAc overlap between salmonid species based on posterior probability distri-
butions of muscle tissue isotopic niche overlap (%).

Main Basin North Channel Georgian Bay Lake Wide

CHK COH LAK BOW CHK COH LAK BOW CHK COH LAK BOW CHK COH LAK BOW

CHK - 70 26 51 - 15 46 69 - - 42 1 - 38 71 70

COH 52 - 14 52 47 - 15 7 - - - - 44 - 14 36

LAK 10 28 - 60 80 28 - 15 41 - - 1 47 24 - 35

BOW 29 53 40 - 31 67 57 - 1 - 1 - 34 36 47 -

Note: Species codes: CHK = chinook salmon, COH = coho salmon, LAK = lake trout. Data displayed are mean isotopic overlap between each species combination. These
SEAs are illustrated in Fig. 3. There are two numbers for each species because the values are relative to the species in the row. Dropped species resulting from low sample
size and overlaps between identical species indicated with a dash symbol (-).

foraging more in the littoral zone. The directional shifts in
isotopic niches reflect the changes between Figs. 5a and 5b.
Nevertheless, the high variability of the isotopic values for
individuals resulted in low mean vector lengths (r) for all
salmonids (Fig. 5c).

Discussion
Stable isotope analysis of carbon and nitrogen has become

a fundamental tool for understanding food webs and infer-
ring levels of competition between species in aquatic and ter-
restrial ecosystems (Martínez Del Rio et al. 2009). We used
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Fig. 3. Bayesian standard ellipses representing core (40%) isotopic niches (δ15N and δ13C in �) of muscle tissue samples from
the four main salmonids (chinook salmon, coho salmon, rainbow trout, and lake trout) across the three subdivided sampling
sites in Lake Huron from 2020 to 2021 (Georgian Bay, Main Basin, and North Channel). Overlapping core ellipses indicate
similar resource use.

LMMs, SIBER, MixSIAR, and circular statistics to evaluate the
isotopic niches of four salmonids in Canadian Lake Huron.
The lake-wide salmonid isotopic niches displayed large per-
centages of overlap based on muscle tissue δ13C and δ15N
values. Comparing our results to previous studies, Gerig et
al. (2019) found that chinook salmon and coho salmon in
the Northern Channel exhibited considerable isotopic niche
overlap whereas there was little overlap between lake trout
and its conspecifics. This differs from our results from 2020
to 2021 where we found that lake trout in the Northern Chan-
nel exhibited considerable isotopic niche overlap with both
chinook salmon and coho salmon. Previous work on rain-
bow trout in northern Lake Huron has shown that they oc-
cupy an isotopic niche closer to the littoral piscivore wall-
eye Sander virtreus than to lake trout (Johnston and Wilson
2015). Our results are similar insomuch as we found a large
isotopic breadth for rainbow trout from the North Channel
that would overlap with the isotopic niche of walleye. How-
ever, unlike these previous results, our data show isotopic
niche overlaps between rainbow trout and the other three
pelagic salmonids.

Similar analyses have also been conducted in the con-
nected Lake Michigan revealing a high percentage of isotopic
niche overlap for the Pacific salmonids, but low overlap be-
tween those conspecifics and lake trout (Kornis et al. 2020).
Lake Michigan salmonids have also been shown to occupy
a large isotopic niche (δ13C: −26� to −20�; δ15N: 8� to

15�: Turschak et al. 2022). The opposite was true for Lake
Huron (from our data: δ13C: −23� to −22.3�; δ15N: 10.4�
to 11.9�). Another isotope study in Lake Ontario similarly
found that Pacific salmonids shared moderate to high per-
centages of isotopic niche overlap but not with lake trout
(Mumby et al. 2018). In both lakes Michigan and Ontario,
the native lake trout occupied an isotopic niche that was en-
riched in 15N relative to the Pacific salmonids. One caveat that
must be considered when comparing isotopic niches across
distinct lakes is the differing baseline isotope values, which
affect the isotope ratios throughout the food web. However,
considering the similarity in prey isotope values between
lakes Michigan and Huron (Kornis et al. 2020), direct com-
parisons should represent differences in diet and not differ-
ences in isotopic baselines. Lake Huron and Lake Michigan
are connected by the Straits of Mackinac and could techni-
cally be considered one lake, although Lake Huron is unique
for having suffered an alewife population crash in 2003 that
has yet to recover. Thus, the loss of alewife may be contribut-
ing to the high percentages of isotopic niche overlap among
all salmonids in this lake. Indeed, niche comparisons of scale
tissues from pre-2003 and scales from 2020 to 2021 indicate
shifts in diet, especially for chinook salmon, which are char-
acterized as alewife specialists in Lakes Ontario and Michi-
gan, where alewife remain abundant.

The main drivers of interspecific competition are resource
partitioning of habitat and food. Chinook salmon are known
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Fig. 4. Muscle tissue δ13C and δ15N mixing model predictions of isotopic diet proportions as a function of fork length (mm).
chinook salmon (a), lake trout (b), rainbow trout (c), and coho salmon (d). Lines represent the mean of the posterior probability
distribution and the shaded area represent the bounds of the 95% credible interval of the predicted diet proportion. Line and
fill colours correspond to distinct prey species (bloater, round goby, and rainbow smelt).

throughout the Great Lakes to be strong competitors for prey,
maintaining a specialist diet of alewife, despite the near uni-
versal consumption of this non-native prey fish by the other
piscivorous salmonids in the Great Lakes (Leonhardt et al.
2020). High percentages of isotopic niche overlap can pose a
major threat to weaker competitors like lake trout. Chinook
salmon, coho salmon, and rainbow trout have shared isotopic
niche space and have presumably competed across their na-
tive ranges as well as throughout the Great Lakes since their
introduction. On the other hand, lake trout appear to have
maintained a distinct isotopic niche in the other Great Lakes.
In Lake Huron, the near collapse of alewife has diminished
the selection of prey for all piscivorous salmonids, resulting
in a dependence on two pelagic planktivores: bloater and
rainbow smelt. A subsequent shift from chinook salmon’s
previous consumption of alewife to either bloater or rainbow
smelt could pose a threat to the native lake trout, whose small
isotopic breadth (limited range in δ13C) seen across all regions
of Lake Huron is indicative of a less adaptable foraging strat-
egy. These results align with the long-term study of food web
changes in northern Lake Huron, where lake trout displayed
relatively small isotopic niche shifts (also see Trumpickas et
al. 2022; Sinnatamby et al. 2008).

Although isotopic niche overlaps were large for all four
salmonids lake wide, they were predominately driven by two
regions: the Main Basin and North Channel. In the third sam-
pling region, Georgian Bay, there was almost no overlap be-
tween chinook salmon, lake trout, and rainbow trout. In ac-

cordance with the near absence of overlap for the posterior
densities, SEAc plots illustrated the isotopic niche distinc-
tions of these salmonids in Georgian Bay. The spatial differ-
ences were also supported by the LMMs that incorporated
location as a main effect for all salmonids apart from coho
salmon, which likely resulted from a low sample size from
Georgian Bay. The interspecific isotopic niche distinctions in
Georgian Bay may owe to multiple explanations. First, the
absence of coho salmon from Georgian Bay samples may
reflect their low density in Georgian Bay, thereby reducing
interspecific competition among the remaining salmonids,
and allowing chinook salmon, lake trout, and rainbow trout
to specialize on distinct prey resources. Coho salmon were
last stocked from the Canadian shores in Lake Huron in
1989. Since then, a naturally reproducing population has sup-
ported recreational fisheries across the lake, but fewer num-
bers of coho salmon are being entered in salmon fishing der-
bies in Georgian Bay (Bence et al. 2008). This explanation is
further evidenced by the smaller isotopic niches of each of
the other three salmonids in Georgian Bay compared to both
the Main Basin and the North Channel. Second, the bottom-
up effect of prey resource availability in Georgian Bay may
differ from the Main Basin and the North Channel. Reduced
abundance of prey typically leads to increased interspecific
competition resulting in resource partitioning and the subse-
quent segregation of isotopic niches (Sánchez-Hernández et
al. 2017; Larocque et al. 2021). A recent acoustic survey found
that bloater biomass was considerably lower in Georgian Bay
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Fig. 5. Bayesian standard ellipses representing the core (40%) isotopic niches (δ15N and δ13C) salmonid scale tissue samples from
two distinct temporal sampling periods. The historical sample from 2002 (a) represents isotopic niches of chinook salmon,
lake trout, and rainbow trout from prior to the alewife population crash. The later sampling period (b) describes the isotope
niches of Lake Huron’s four key predatory salmonids 18 years after the collapse of alewife. Panel (c) is the circular polar plot
with arrow vectors depicting the angle (θ ) and shift magnitude for three of the four salmonid species studied in Lake Huron
between 2002 and 2020–2021. Each point represents mean directional isotopic change in each salmonid species in 2020–2021
relative to 2002.

than the North Channel and the Main Basin (O’Brien et al.
2021). Conversely, Georgian Bay held the heaviest biomass of
rainbow smelt among the three basins (O’Brien et al. 2021),
thereby providing a forage base that is abundant enough
to support a large population of chinook salmon. This then
leaves the remaining prey, including bloater, round goby, and
invertebrates, to be shared between lake trout and rainbow
trout.

We sampled the most common prey among the four
salmonids to evaluate their niche overlap. However, the low
abundance of alewife in Lake Huron resulted in a lack of
those prey in our analysis. Nevertheless, Trumpickas et al.
(2022) found that alewife occupied an isotopic niche simi-
lar to our measured isotopic niches for nearshore prey in-
cluding round goby and crayfish. If chinook salmon are still
able to forage on alewife, then we would have expected the
results for the chinook to be quite different. In contrast,
the MixSIAR model predicted contributions of the two most
abundant pelagic planktivores, rainbow smelt and bloater,
for all four salmonids. On a more granular level, MixSIAR
model posterior plots (Figs. S8–S11) emphasize the relative
importance of rainbow smelt across each of the basins in
Lake Huron. Furthermore, our results align with past stom-
ach content analyses (Yohannes et al. 2014), which showed
that rainbow trout consume a large amount of invertebrate
prey; here we found that rainbow trout were predicted to in-

corporate large proportions of dreissenid mussels which is
a proxy for a diet rich in invertebrates (see Fig. S7). The in-
corporation of round goby is a more recent addition to the
diets of salmonids in Lake Huron (Taylor et al. 2024). Interest-
ingly, our model predicted similar, albeit low, contributions
of round goby to chinook salmon, coho salmon, lake trout,
and rainbow trout. Most prey species were predicted to con-
tribute to less than 60% of the diets of any of the salmonids,
which corroborates the high isotopic niche overlap across
Lake Huron and suggests these salmonids aren’t specializing
on a single prey species. Most concerning, however, is the es-
timated shared reliance on rainbow smelt between chinook
salmon and lake trout, which suggests increased competition
for food between these two species. Indeed, analysis of lake
trout diets from the American side of Lake Huron using fatty
acids revealed that rainbow smelt comprised the largest pro-
portions of lake trout stomach content biomass (Happel et al.
2018).

The diminishing diversity and abundance of prey fishes
in Lake Huron poses a growing threat to the sustainabil-
ity of the commercially and recreationally valuable fisheries
of salmon and trout. Our study highlights the effects of
the loss of a keystone prey species (alewife) to the diets of
salmonids. Isotopic niche overlap of salmonids from 2020
to 2021 now emphasizes the shared reliance on a low diver-
sity of prey within Lake Huron, which we suggest should be
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supplemented through increased stocking efforts of native
prey fish, such as bloater. Indeed, similar stocking enhance-
ments have been ongoing since 2012 in Lake Ontario, al-
though a naturally reproducing population has yet to estab-
lish (see Weidel et al. 2022). Our results also highlighted spa-
tial distinctions in isotopic niche overlap between the basins
of Lake Huron that may point to the establishment of a spa-
tially segregated population of salmonids in Southern Geor-
gian Bay. Future studies using acoustic telemetry to track
salmonid movements throughout Lake Huron could help
confirm spatially distinct populations of salmonids within
the three basins of Canadian Lake Huron, allowing conser-
vation authorities to geographically concentrate efforts of
supplementing and restoring prey fish diversity and abun-
dance. Further research should also look at the diets of earlier
life stages of the salmonids to assess potential ontogenetic
shifts in diet and varying competition among the salmonids
for prey. In the face of Lake Huron’s ongoing environmental
changes, continued monitoring of its food web will help to
better inform the management strategies that are crucial to
the long-term health of the ecosystem.
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