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Communicated by Stephen Charles Riley
Isotopic niche and length-isotope relationships were quantified across the body size of three similarly-sized fish
species with different feeding strategies as adults (benthivore: freshwater drum, Aplodinotus grunniens; pisci-
vore: walleye, Sander vitreus; and omnivore: white perch, Morone americana) in Lake Erie's western basin
using δ13C, δ15N and δ34S. Stable isotopes demonstrated that resource utilization changed with body size for all
three species and length-isotope relationships varied with season. Isotopic niche overlap was lower when
modelled with three isotopes (δ13C, δ15N, and δ34S) than with two (δ13C and δ15N), providing greater resolution
of feeding ecology among the species. Based on isotopic niches, there was significant overlap in resource use
among species and size classes in spring, but overlap decreased in the fall for both. In this study, freshwater
fish species with different adult feeding strategies partition resources through different mechanisms that vary
through body size and season. Isotopes supported the generally identified feeding ecology of each species but
demonstrated that each species underwent significant changes in feeding ecology with increasing body size.
Changes in isotopes across season, and body size for each species demonstrate the need for a more thorough un-
derstanding of how resource use changes with body size and season in freshwater fish.
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Introduction

The feeding ecology of an organism is influenced by numerous fac-
tors over the course of its life. These factors include, but are not limited
to, prey choice and habitat use (Post, 2003; Werner and Gilliam, 1984),
resulting from trade-offs between resource availability, interspecific
competition, and predation risk (Sánchez-Hernández et al., 2018;
Werner and Hall, 1988), and is strongly correlated with both body size
and ontogeny (Sánchez-Hernández et al., 2018). Diet in fish is often reg-
ulated by gape size, with a transition from smaller to larger prey as an
individual grows. For example, juvenile piscivore fish typically feed on
zooplankton or small invertebrates but switch to larger invertebrates
and fish as they become larger (Amundsen et al., 2003; Galarowicz
et al., 2006; Post, 2003). Less is known about shifts in resource use in
other feeding guilds (e.g. planktivores, benthivores), but there is evi-
dence to suggest that piscivores are not the only group that undergo
changes in niche due to increasing body size (Ng et al., 2008; Werner
and Hall, 1988; White, 1985).
, Michigan State University, 480
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Shifts in diet associatedwith changes in habitat use indicate a trade-
off between optimal foraging, environmental conditions, and survival
(Byström et al., 2004; Galarowicz et al., 2006; Werner and Gilliam,
1984). Smaller individuals are more vulnerable to predation and may
use different habitat (e.g., food resources, temperatures, etc.) than larger
conspecifics to avoid predators. Bluegill (Lepomis macrochirus) have
been shown to shift from a predominately littoral (e.g. macro-
invertebrates) to a pelagic diet (e.g. zooplankton) at a discrete size
threshold to maximize prey quality and minimize both predation risk
and resource competitionwith the closely related pumpkinseed sunfish
(Lepomis gibbosus; Werner and Hall, 1988). As well, under high preda-
tion risk, individuals cannot be as selective about prey items (i.e. greater
diversity of prey within their diet), which would result in larger niche
exploitation by the population (Eklöv and Svanbak, 2006).

Feeding ecology can also be influenced by resource partitioning,
likely to reduce resource competition within communities (Ross,
1986; Schoener, 1974), or can be the result of past interactions.
Coregonids within the Laurentian Great Lakes (hereafter Great Lakes)
partition habitat resources among species and morphotypes by depth
while foraging for similar prey found across a depth gradient (Schmidt
et al., 2011). Resource partitioning among species may also change
with body size. Such changes in resource use (e.g. habitat, diet) due to
increasing body size are often trade-offs that optimize thebenefit of bet-
ter resources (e.g. temperature, larger prey) and minimize negative
.V. All rights reserved.
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interactions with other species (e.g. competition, predation; Sánchez-
Hernández et al., 2018; Werner and Gilliam, 1984; Werner and Hall,
1988). For example, a fish that feeds on benthic prey at small sizes but
switches to a pelagic diet when it reaches a size threshold will alter
diet (i.e. different prey) and the species it interacts with (i.e. different
predators or competitors; Byström et al., 2003; Werner and Gilliam,
1984; Werner and Hall, 1988). The size threshold where shifts in re-
source use occur are likely related to gape size, which restricts the size
of prey an individual can consume, and predation risk, which affects
an individual's foraging behavior (e.g. use habitat with more shelter;
Sánchez-Hernández et al., 2018). Given gape size restrictions, similarly
sized fish could feed on similar diet items while experiencing compara-
ble predation risk (Mittelbach, 1984). As a result, smaller individuals of
a speciesmay partition resources differently than largerfish because the
species it interacts with have changed.

Seasonal changes in prey availabilitymay affect the feeding ecology of
species as they shift their resource use to take advantage of abundant
prey. Shifts in prey consumption based on season are well-documented
throughout marine and freshwater ecosystems (Eloranta et al., 2010;
Gopalan et al., 1998; Xue et al., 2005). Adult fish may shift their diet to
take advantage of seasonally abundant prey (e.g. eggs, fish larvae, etc.;
Brush et al., 2012; Ng et al., 2008). In juvenile fishes, seasonal shifts in
diet are usually a trade-off between prey abundance, and increasing
body size, allowing individuals to target larger prey (Gopalan et al.,
1998). As a result, it is important to consider seasonal changes in the avail-
ability of preywhen looking at changes in resource use caused by increas-
ing body size.

Despite the possibility of changes in feeding ecology driven by body
size and season, adult life stages are usually the primary factor defining
a species ecological role or niche, despite that being the period when in-
dividuals experience the least growth (Sánchez-Hernández et al., 2018).
Moreover, most research conducted on variation of feeding ecology in
piscivores focuses on the early life history or until the switch to piscivory
has occurred (e.g. larval, fry and early juvenile stages) and often does not
investigate further changes as the fish continues to grow (Mittelbach and
Persson, 1998; Sánchez-Hernández et al., 2018). Given that the Great
Lakes, and other aquatic ecosystems around the world, have experienced
substantial ecosystem changes to trophic interactions and energetic path-
ways, knowledge of changes in resource use and niche overlap as a result
of increasing body size is needed to better predict future ecosystem
changes (Sánchez-Hernández et al., 2018).

Stable isotopes provide a metric to quantify feeding ecology, as iso-
tope values reflect diet and habitat use (Fry, 2007; Layman et al.,
2007; Newsome et al., 2007) and niche can be quantified through esti-
mation of isotopic niche using two or three isotopes (Jackson et al.,
2011; Swanson et al., 2015). Carbon (δ13C) and nitrogen (δ15N) stable
isotopes have been used as indicators of habitat use and trophic posi-
tion, respectively, in both aquatic and terrestrial ecosystems (Boecklen
et al., 2011; Nawrocki et al., 2016; Post, 2002). Sulphur stable isotopes
(δ34S) are used predominately to quantify marine versus freshwater
habitat use, but recently they have been used to differentiate between
open water and benthic habitats in freshwater ecosystems (Colborne
et al., 2016; Croisetière et al., 2009; Newsome et al., 2007). Increases
in δ15N often correspond with increases in relative trophic position
(Newsome et al., 2007; VanderZanden et al., 1997). Low values of δ13C
are often interpreted as an individual having a higher dependence on
pelagic prey, with higher values suggesting increased use of littoral re-
sources (Croisetière et al., 2009; Newsome et al., 2007). Recent litera-
ture suggests that high values of δ34S indicate use of open-water (i.e.
pelagic) resources, and lower values indicate increased use of benthic
resources (Colborne et al., 2016; Croisetière et al., 2009).While two iso-
tope niche analysis is most commonly used, recent research suggests
that three isotopes can provide better resolution, especially when
there is little difference in δ13C and δ15N between sources (Colborne
et al., 2016; Peterson and Howarth, 1987; Phillips and Gregg, 2003;
Swanson et al., 2015).
Given the need to understand how aquatic food webs are changing
as a result of anthropogenic stressors, it is important to establish the
current state of the ecosystem and determine whether factors such as
body size and seasonality have an impact on the relationships between
different species within the food web. To this end, the goal of this re-
searchwas to quantify the effects of body size and season on the trophic
ecology of three freshwater fishes with different feeding strategies in
Lake Erie's western basin using stable isotopes. Key baseline species
were also collected and analyzed for δ15N, δ13C, and δ34S to evaluate
habitat difference in isotope values and allow for habitat use compari-
son between size classes and among fish species. We hypothesized
that these species will partition resources within similar size classes
among species and between size classes within species; such strategies
would be indicated by low degrees of overlap in isotopic niche.

Methods

Study system and species

Lake Erie is large (25,700 km2) and home to over 130 fish species
(Hartman, 1972; International Joint Commission, 2014). The western
basin of the lake is shallow and highly productive, potentially giving
species the chance to feed on similar prey items. Three common, wide-
spread, and large bodied (average total length ≥200 mm) fish species
were selected to investigate changes in isotopic niche and resource
use with body size and season: freshwater drum, a benthivore
(Aplodinotus grunniens; Bur, 1982, 1984); walleye, a piscivore, (Sander
vitreus; Mittelbach and Persson, 1998; Scott and Crossman, 1998);
and, white perch, an omnivore (Morone Americana; Guzzo et al., 2013;
Stanley and Danie, 1983).

These three species are phylogenetically different, but inhabit simi-
lar regions, and may use similar habitats and prey at different periods
of their life histories. Freshwater drum in Lake Erie undergo three dis-
tinct transitions in diet from pelagic zooplankton as larvae, to benthic
invertebrates at lengths b150 mm in total length, returning to a pelagic
diet at lengths between 150 and 350 mm, and reverting back to a pre-
dominantly benthic diets at lengths ≥350 mm (Table 1; Bur, 1982;
French and Bur, 1996; Gopalan et al., 1998; Morrison et al., 1997).
White perch are generalist omnivores with a preference for zooplank-
ton at total lengths smaller than 200mm and fish as their size increases
(Table 1; Schaeffer and Margraf, 1986; Scott and Crossman, 1998;
Stanley and Danie, 1983). Walleye feed on a mixture of zooplankton,
benthic invertebrates, and fish until they reach total lengths of
~80 mm, after which walleye transition to a diet consisting solely of
fish by the time they are 150 mm in length (Table 1; Galarowicz et al.,
2006; Hartman and Margraf, 1992; Mittelbach and Persson, 1998).

There is little information on habitat shifts for these species in Lake
Erie based on body size, however, changes in diet are often highly corre-
lated with changes in habitat use (Sánchez-Hernández et al., 2018;
Werner andGilliam, 1984;Werner andHall, 1988). As a result, freshwa-
ter drum likely utilize benthic habitat at lengths b150 mm and
N350 mm, and use pelagic habitat between lengths of 150–350 mm
(Bur, 1982; French and Bur, 1996; Gopalan et al., 1998; Morrison et al.,
1997). White perch and walleye probably use predominantly pelagic
habitat at all sizes (Hartman and Margraf, 1992; Mittelbach and
Persson, 1998; Schaeffer and Margraf, 1986; Scott and Crossman,
1998; Stanley and Danie, 1983).

Lower trophic level species including seston, dreissinid mussels
(Dreissena spp.), and benthic invertebrates were collected to provide
baseline indicators of habitat isotope signatures because they are rela-
tively sessile and less affected by movement and growth than fish. For
example, benthic invertebrates would provide δ13C and δ34S values for
benthic/littoral habitat, and seston would provide a pelagic δ13C and
δ34S. Because dreissenidmussels are benthic filter feeders that consume
both suspended littoral and benthic algae, their isotope values would be
intermediate of benthic invertebrates and seston (Campbell et al., 2009;



Table 1
Feeding guild, key life history traits (hatch length, total length at Age 1: TLAge1, maximum total length: TLmax) and diet of three species (freshwater drum,walleye, andwhite perch)within
Lake Erie's western basin. References for each trait are indicated by letters in superscripts and listed below.

Species Feeding guild TLAge1
(mm)

TLmax

(mm)
Diet

Freshwater Drum Benthivorea,b 157a,d 750d Young of the year (YOY-Age 1, b 150 mm): initially zooplankton (primarily cladoceran), with increasing
dependence on benthic invertebrates (primarily chironomids),
Age 1–5 (150–350 mm): benthic invertebrates (chironomids), zooplankton (cladoceran), fish
Age 6+ (N 350 mm): decapods, small Bivalvia, fish, dreissenid mussels a,b,e,f,o

Walleye Piscivorea,g,h 206a,g 790a,g YOY (b 200 mm): zooplankton, and benthic invertebrates, before transitioning to fish
Age 1+ (N200 mm): Fish predominately, some benthic invertebrates a,f,j,p

White Perch Omnivoreg,k,l,m 87a,g 483a,g,m YOY – Age 3 (b 200 mm): Zooplankton, benthic invertebrates, insect larvae
Age 3+ (N 200 mm) Zooplankton, benthic invertebrates, fish eggs, fish, dreissenid musselsa,f,k,l,n

References: a) Scott and Crossman, 1998; b) Bur, 1982; c) Swedburg and Walburg, 1970; d) Bur, 1984; e) French and Bur, 1996; f) Corkum, 2010; g) Mittelbach and Persson, 1998;
h) Overman and Parrish, 2001; i) Hartman and Margraf, 1992; j) VanderZanden et al., 1997; k) Guzzo et al., 2013; l) Schaeffer and Margraf, 1986; m) Stanley and Danie, 1983;
n) Parrish and Margraf, 1990; o) Morrison et al., 1997; p) Galarowicz et al., 2006
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Garton et al., 2005). These values can then be compared to thefish tode-
termine approximately which habitats they are using.

Sample collection

Walleye (n=73), white perch (n=64), and freshwater drum (n=
136) were collected from the western basin of Lake Erie during the an-
nual fish community trawl surveys conducted by the Ohio Department
of Natural Resources (ODNR), the United States Geological Survey (Lake
Erie Biological Station), and Ontario Ministry of Natural Resources and
Forestry (OMNRF) duringMay, June, August, September, andNovember
2016. Upon capture, all fish were euthanized in compliance with the
protocols of the government agency conducting the trawls and with
the Canadian Council on Animal Care's policies. Seston was collected
bi-weekly from June to September, and dreissenid mussels (Dreissena
spp.) and benthic invertebrates (Chironomidae and Hexagenia spp.)
were collected between August and September from four sites in the
western basin to allow for the comparison of the three fish species.
Fish samples were kept on ice and transported to the Great Lakes Insti-
tute for Environmental Research (GLIER) at the University of Windsor
and stored at −20 °C for later sample preparation. Prior to dissection,
fish were thawed, the total length and weight of each fish measured,
and a skinless white muscle sample was taken between the pectoral
and dorsal fins for stable isotope analysis.

Stable isotope analysis: sulphur, carbon, and nitrogen

All muscle samples were lyophilized at−48 °C and 133 × 103 mbar
for 48 h, and then homogenized into afinepowder by handusing amor-
tar and pestle or dissection scissors. For sulphur (δ34S), freeze-dried
sampleswereweighed into tin cups (samplemass 6000–6500 μg)with-
out any further processing. Samples for δ13C and δ15N were lipid ex-
tracted using a 2:1 chloroform:methanol mixture (Colborne et al.,
2016; Nawrocki et al., 2016) to eliminate the bias in δ13C in fish muscle
compared to pure protein (Boecklen et al., 2011; Fry et al., 2003). Sam-
ples for δ13C and δ15N analysis were weighed into tin cups for a final
mass of 400–600 μg.

Carbon and nitrogen isotopic composition were determined using a
Delta V Advantage Thermoscientific Continuous FlowMass Spectrome-
ter (Thermo Scientific, Bremen, Germany) coupled to a 4010 Elemental
Combustion System (Costech Instruments, Valencia, CA, USA). Sulphur
isotopic composition was analyzed on a Delta V Plus Thermoscientific
Continuous Flow Mass Spectrometer (Thermo Scientific, Bremen,
Germany) coupled to a 4010 Elemental Combustion System (Costech
Instruments, Valencia, CA, USA) in the GLIER Chemical Tracers
Laboratory.

Instrument accuracy throughout the period of sample analysis, as
measured by NIST standards, was within 0.3‰ (NIST 8554, NIST 8555,
and NIST 8529) of certified values for δ34S, 0.2‰ (NIST 8547, NIST
8573 and NIST 8574) for δ15N, and 0.1‰ (NIST 8573, 8542, and 8544)
for δ13C. Precision of δ13C and δ15N based on four laboratory standards
(NIST 1577c, tilapia muscle, USGS 40 and Urea (n = 104 for each)),
run every 12 samples, was 0.2‰, and precision of δ34S, measured by
five internal laboratory standards (NIST 1577c, NIST 8529, NIST 8555, ti-
lapia muscle, and USGS 42; n=18 for each), run every 10 samples, was
≤0.3‰. Sample reproducibility of δ13C and δ15N sample tissue replicates
(measured in triplicate every 10 samples)was±0.1‰ (n=83), and re-
producibility for δ34S (run in duplicate for every eighth sample) was ±
0.1‰ (n = 12), which was within the acceptable range for all isotopes
(± 0.2‰ for δ13C and δ15N, and ± 0.3‰ for δ34S).

Statistical analysis

Because ANOVA assumptions of normality and homoscedasticity
were notmet, Kruskal-Wallis testswere conducted to compare seasonal
isotope values for each species to determine if therewere seasonal shifts
in isotopes values for each species and isotope. All species had signifi-
cant seasonal differences in δ15N (Kruskal-Wallis: χ2 ≥ 27.5, p ≤ 0.001),
white perch had seasonal differences for δ13C (χ2 = 7.2, p = 0.01) and
freshwater drum showed seasonal differences in δ34S (χ2 = 14.2, p =
0.001); therefore, samples were grouped by the season they were col-
lected in. Thus, samples collected in May and June (hereafter spring)
and samples collected in August, September, and November (hereafter
fall) were grouped together. Sestonwas collected in both seasons, how-
ever, benthic invertebrates and dreissenid mussels were only collected
during the fall.

Linear and polynomial relationships between each isotope (δ13C,
δ15N, or δ34S) and total length for each species were assessed using
least squares regressions in R version 3.4 (R Core Team, 2017). Polyno-
mial regressions were selected when R2 and F values significantly im-
proved compared to linear regression test statistics. Residuals for
significant isotope-length relationships were normally distributed
(Shapiro-Wilks test, p N 0.2).

Fishwere grouped into three size classes (small: b200mm,medium:
200–400 mm, and large: N400 mm) for further statistical analysis; as
isotopic niche reflects data from groups, there was no appropriate re-
gressionmethod. No white perch larger than 350mmwere caught dur-
ing the sample period, so no large size class (N400 mm) exists for the
species within our analysis. Additionally, because large fish
(N400 mm) did not experience seasonal changes in isotope values, the
large size class was treated as a single group in all further statistical
analyses to reduce the number of groups being compared and simplify
the interpretation of results. Size classes were chosen so that fish that
had similar sizes, predation risk, and opportunity to eat similar prey
items could be compared. Predation risk and size of prey consumed
are closely linked with body size (Sánchez-Hernández et al., 2018);
therefore, choosing size classes would help reduce species differences
related to these variables. However, these size classes do not precisely
capture variation in predation risk within and between species because
of ontogenetic and intraspecific variation in morphology (e.g. body
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depth). The size class ranges were chosen to maximize the number of
samples per size and species; they also reflect expected changes in re-
source use by freshwater drum and white perch (Bur, 1982; Guzzo
et al., 2013; Morrison et al., 1997; Stanley and Danie, 1983).

Isotopic niche was assessed using the SIBER and nicheROVER pack-
ages in R version 3.4 (Jackson et al., 2011; R Core Team, 2017;
Swanson et al., 2015). Standard ellipses area (SEAB) was calculated in
SIBER (Stable Isotope Bayesian Ellipses in R) to summarize niche size
along the carbon-nitrogen (δ13C-δ15N), the carbon-sulphur (δ13C-
δ34S), and the sulphur-nitrogen (δ34S-δ15N) axis within species and
among species (Jackson et al., 2011). The nicheROVER package was
used tomodel the degree of niche overlap in two ways: 1) two isotopes
using δ13C and δ15N, the isotopesmost frequently used in niche and for-
aging studies, and; 2) a three isotope model incorporating δ13C, δ15N,
and δ34S (Swanson et al., 2015). We considered niche overlap to be bi-
ologically significant if it was N60% based on the criteria used for niches
and stomach contents (e.g. Pianka's niche overlap index, Schoener's diet
overlap index; Cabral et al., 2002; Gopalan et al., 1998; Pianka, 1973,
1974).

Results

Carbon stable isotopes in baseline samples (e.g. benthic inverte-
brates and seston) ranged from −24.2 ± 0.3‰ (mean ± 1 SE, n =
14) in dreissenid mussels to −29.8 ± 0.9‰ (n = 3) in chironomids,
and most were lower than the three fish species (Table 2), indicating
the habitats the fish were feeding in were probably sampled since
δ13C increases slightly with trophic position (Post, 2002; Vander
Zanden et al., 1999). This was reinforced by baseline δ34S values,
which is not affected by trophic position, and ranged from −1.4 ±
0.4‰ in chironomids to 6.0 ± 0.6‰ in fall seston, overlapping the
range of δ34S in the fish species (0.4–3.5‰; Table 2). Sulphur isotopes
(δ34S) were lower in baseline species that are associated with benthic
habitat (i.e. Hexagenia spp., and chiromomids), and higher in baseline
species associated with pelagic habitat (i.e. seston). Dreissenid mussels
had δ34S values intermediate to seston and the benthic invertebrates
sampled, likely due to its dependence on phytoplankton as a food
source. Baseline δ15N were around half those measured in the fish spe-
cies and ranged from 6.1± 0.5‰ (n= 7) in spring seston to 9.0± 0.3‰
(n = 5) in Hexagenia spp. in the fall (Table 2).

Relationships between stable isotopes and total length by season

Freshwater drum showed a significant increase then decrease in
δ13C with total length during the spring months, but no relationship
existed between total length and δ13C during the fall (Fig. 1a). This
Table 2
Stable isotopes (mean± 1 SE) for baseline species, freshwater drum, walleye, and white perch
tember). All baseline samples are pooled samples of multiple individuals from various sample

Species Size class Total length (mm) Spring

n δ13C (‰) δ15N

Baseline Chironomidae – – –
Dreissenidae – – –
Hexagenia – – –
Seston – 8 −28.0 ± 0.5 6.1 ±

Freshwater Drum Small 125 ± 6 7 −24.4 ± 0.6 16.9
Medium 315 ± 6 22 −21.5 ± 0.2 17.2
Large 473 ± 8 20 −22.0 ± 0.2 15.0

Average 316 ± 13 49 −22.1 ± 0.2 16.3
Walleye Small 178 ± 4 16 −21.2 ± 0.1 17.5

Medium 286 ± 9 20 −21.6 ± 0.1 17.3
Large 525 ± 19 6 −21.2 ± 0.3 17.1

Average 325 ± 17 42 −21.4 ± 0.1 17.4
White Perch Small 121 ± 7 31 −22.1 ± 0.2 16.8

Medium 242 ± 7 20 −22.1 ± 0.1 16.9
Average 165 ± 9 51 −22.1 ± 0.1 16.8
indicates that, during the spring, benthic prey is likely important for
freshwater drum when they are intermediate lengths (i.e.
250–450 mm) but that they exhibit a preference for pelagic prey at
smaller and larger lengths. Freshwater drum δ15N decreased with total
length during the spring (Fig. 1b), suggesting a decrease in trophic posi-
tion with length. During the fall, freshwater drum δ15N increased with
total length to ~350mm in length but then decreased (Fig. 1b). Sulphur
(δ34S) had no significant relationship with total length in either season
for freshwater drum (Fig. 1c).

Walleye showed no significant relationship between total length
and δ13C or δ15N during the spring, but both isotopes increased signifi-
cantly with length during the fall (Fig. 2a-b). This implies an increase
in trophic position with length and a slight increase in dependence on
benthic preywith length during the fall. Sulphur (δ34S) exhibited no sig-
nificant relationship with total length for either season in walleye
(Fig. 2c).

White perch showed no relationship for δ13Cwith total length for ei-
ther season (Fig. 3a), nor for δ15N or δ34S during the spring (Fig. 3b-c).
White perch had significant increases in δ15N and δ34S with total length
during the fall (Fig. 3b-c), suggesting that larger fish had higher tropic
positions and greater reliance on pelagic prey during the fall months
than smaller fish.

Isotopic niche overlap

In general, overlap between niches was much higher when
modelled using two isotopes (δ13C and δ15N) versus three isotopes
(δ13C, δ15N, and δ34S; Table 3). This was true for all niche overlap (e.g.
intra and interspecific overlap) but was greatest when comparing
among species in the medium size class, which had large overlaps
(mean ± SE; spring: 70.7 ± 9.8%, fall: 52.4 ± 12.0%) in both seasons
when only δ13C and δ15N were used to model niche, and little overlap
when all three isotopes were used (mean ± SE; spring: 10.3 ± 3.6%,
fall: 6.2 ± 4.5%; Table 3). Additionally, while both seasons had similar
degrees of overlap on average (mean ± SE; two isotopes: 48.6 ± 4.3
and 41.1 ± 5.1%, three-isotopes: 24.4 ± 3.9 and 15.4 ± 4.4% in spring
and fall respectively), there was generally less overlap during the fall
than during the spring with a few exceptions (Table 3, Fig. 4a-i).

Walleye and white perch both experienced high intraspecific over-
lap on average in spring for both the two and three isotope models (N
60% with two isotopes, N 50% with three), whereas freshwater drum
showed moderate to little intraspecific overlap during the spring (b
25%, Table 3). During the fall, walleye also had high intraspecific overlap
(N 50% for both models) on average, whereas white perch had little
(two isotopes: 15.8 ± 11.4%, three isotopes: ND, Table 3). Freshwater
drum had high intraspecific overlap for the two-isotope model (mean
in the western basin of Lake Erie over two seasons (spring: May to June; fall: July to Sep-
dates and sites. Dashes indicate no data is available.

Fall

(‰) n δ34S (‰) n δ13C (‰) δ15N (‰) n δ34S (‰)

– – – 3 −29.8 ± 0.9 7.2 ± 0.5 3 −1.4 ± 0.4
– – – 14 −24.2 ± 0.3 7.6 ± 0.2 6 3.0 ± 0.1
– – – 5 −25.2 ± 0.4 9.0 ± 0.3 5 2.0 ± 0.3
0.2 6 4.7 ± 0.2 35 −25.0 ± 0.2 7.5 ± 0.2 7 6.0 ± 0.6

± 0.5 6 1.6 ± 0.9 34 −21.7 ± 0.1 13.7 ± 0.2 9 2.6 ± 0.2
± 0.1 9 0.4 ± 0.4 23 −21.6 ± 0.2 15.9 ± 0.1 6 1.7 ± 0.5
± 0.3 11 2.5 ± 0.3 30 −21.5 ± 0.2 14.7 ± 0.2 7 2.5 ± 0.1
± 0.2 26 1.6 ± 0.3 87 −21.6 ± 0.1 14.6 ± 0.1 22 2.3 ± 0.2
± 0.1 8 3.3 ± 0.1 2 −21.8 ± 0.2 15.1 ± 0.2 2 4.1 ± 0.3
± 0.1 8 3.3 ± 0.4 15 −21.7 ± 0.1 15.8 ± 0.1 6 3.5 ± 0.2
± 0.2 6 3.2 ± 0.3 14 −21.4 ± 0.2 16.8 ± 0.3 10 3.5 ± 0.1
± 0.1 22 3.3 ± 0.2 31 −21.5 ± 0.1 16.2 ± 0.2 18 3.6 ± 0.1
± 0.2 14 2.7 ± 0.5 10 −22.8 ± 0.2 14.0 ± 0.2 5 1.2 ± 0.6
± 0.1 9 2.9 ± 0.3 3 −21.8 ± 0.2 15.1 ± 0.4 3 3.3 ± 0.3
± 0.1 23 2.8 ± 0.3 13 −22.6 ± 0.2 14.2 ± 0.2 8 2.0 ± 0.5



Fig. 1. Isotope relationships with length (a-c) and isotopic niche plots (d-f) for freshwater drum. a-c: Trends in isotope values with total length (a: δ13C, b: δ15N, and c: δ34S) of freshwater
drumacross two seasons (spring: blue squares; fall: red x's). Significant relationships between isotope values and length are indicated by solid lines. d-f: SIBER standard ellipses estimating
isotopic niche (d: δ13C-δ15N, e: δ34S-δ15N, f: δ13C-δ34S) for three sizes of freshwater drum (small: b 200mm, S's and thick solid lines;medium: 200–400mm,M's and dashed lines; large: N
400 mm, L's and thin solid lines) across two seasons (spring: blue, fall: red, pooled data (large fish only): black) represented by SIBER standard ellipses.
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±SE, 59.2± 9.6%) in fall, but whenmodelled with three isotopes, over-
lap was only half that (27.6 ± 11.1%, Table 3).

All three species experienced similar mean interspecific overlap
overall regardless of season or model type (i.e. two vs. three isotopes;
Table 3). However, when comparing interspecific niche overlap within
size classes, small fish (b 200 mm) experienced more overlap in spring
than the other size classes in the three-isotope model (Table 3). Me-
dium fish experienced the greatest amount of overlap among species
during spring than the other size classes in the two-isotopemodel. Dur-
ing the fall, isotopic niche overlap increased with increasing size classes
in both the two-isotope and three-isotope models (Table 3).
Discussion

These three species of large bodied freshwater fish of Lake Erie had
unique resource utilization strategies across body size based on isotopic
niches using three stable isotopes, demonstrating some resource
partitioning through both habitat use and trophic position. However,
some size and species combinations had significant niche overlap in
the spring, suggesting that there could be competition for resources at
various life stages and seasons, or they consume abundant prey types
that could support multiple consumers without resource partitioning.
In the fall, there was minimal isotopic niche overlap, indicating species
had different resource use during this period. These results largely con-
firm identified feeding ecologies associated with the adult life stage of
each of the three fish species but demonstrate the value of considering
the influence of body size on trophic ecology.
While baseline δ15N was similar across season, all fish species had
significantly lower δ15N in the fall than during the spring, and suggests
that they were feeding on lower trophic level prey between spring and
fall. Walleye and white perch were feeding at a higher trophic position
than freshwater drum in both seasons, which conforms with what is
known about the diet of the species. Lower δ15N, or trophic position,
in the fall could reflect the importance of late spring and early summer
algal blooms and associated zooplankton and larval fish as prey, com-
pared to a winter and early spring diet with limited access to these
lower trophic level diet items, as seen in other studies (Eloranta et al.,
2010; Gopalan et al., 1998; Xue et al., 2005). However, it is difficult to
make inferences about this because diet information for winter and
early spring are lacking in Lake Erie and the Great Lakes in general. Sea-
sonal movement could also contribute to the differences observed be-
tween seasons in δ15N, because movement to the central and eastern
basin of Lake Erie in fall has been documented for walleye (Raby et al.,
2018), and is believed to occur for freshwater drum and white perch
based on management surveys (Y. Zhao, personal communication,
March 15, 2019).

Sources of carbon were consistent across season, size, and fish spe-
cies with a few exceptions (e.g. small freshwater drum) based on δ13C,
and indicates all three species were feeding on prey that had a similar
carbon source, or that their prey's diet shared a carbon source given var-
iation in δ15N. Baseline seston δ13C increased slightly from spring to fall,
but was very variable and ranged across 4‰ in spring and 11‰ during
the fall, which confounds inferences about habitat use and diet in the
fish. The increase in δ13C between baseline and fish species is consistent
with the trophic increases of δ15N and did not vary seasonally. The lack



Fig. 2. Relationships of isotope values with total length (a-c), and estimates of isotopic niche (d-f) of walleye. a-c: Length-isotope relationships (a: δ13C, b: δ15N, and c: δ34S) of walleye
across two seasons (spring: blue squares, fall: red x's). d-f: Isotopic niche (d: δ13C-δ15N, e: δ34S-δ15N, f: δ13C-δ34S) of three size classes of walleye (small: b 200 mm, S's and thick solid
lines; medium: 200–400 mm, M's and dashed lines; large: N 400 mm, L's and thin solid lines) in two seasons (spring: blue, fall: red, pooled data [large fish only]: black) represented by
SIBER standard ellipses.

800 C.E. Heuvel et al. / Journal of Great Lakes Research 45 (2019) 795–804
of seasonal change in fish δ13C could be explained by feeding in the
same habitat, prey sharing diet items, or reflect a lack of variation of
δ13C in the resources consumed (Phillips and Gregg, 2003). Given the
shallow depths across the western basin of Lake Erie, and pelagic-
benthic coupling among species described in other studies (Morrison
et al., 2000; Schindler and Scheuerell, 2002; Vadeboncoeur et al.,
2002), habitat differences in δ13C normally seen in lakes may not
apply in this system. Indeed, Guzzo et al. (2011, 2013)measured similar
values of δ13C for seston, dreissenid mussels, and white perch in Lake
Erie's western basin to those presented in the current study, and
Garton et al. (2005) also obtained similar seston δ13C values in an earlier
study. Better temporal resolution of δ13C within habitats of Lake Erie
would help interpret these results, as would variation between basins
given the seasonal movements of these fish species.

Sulphur (δ34S) showed greater separation between baseline and fish
species than δ13C, which suggests these fish species did have some dif-
ferences in habitat use anddiet thatwere not reflected in themore com-
monly used δ13C. Unfortunately, understanding of δ34S dynamics in
freshwater ecosystems and within organisms of Lake Erie is limited,
but is growing. Croisetière et al. (2009) found that freshwater organ-
isms feeding in open water (i.e. pelagically) had higher δ34S values
than those associated with benthic habitat, consistent with observed
δ34S in baseline species in this study. However, Colborne et al. (2016)
did not observe this pattern in pelagic and benthic forage fish of Lake
Ontario and a review on isotope ecology suggested higher δ34S was as-
sociated with benthic feeding (Newsome et al., 2007), opposite to the
trends found here and in Croisetière et al. (2009). Clearly, there is a
need to better understand the dynamics of δ34S in freshwater systems
but this does not preclude comparing isotopic trends among the study
species here. Indeed, including a third isotope (δ34S) into the analysis
provided greater separation of species niche and trophic relationships
in Lake Erie fish, at least with defining relative niche space, consistent
with other recent papers that have used this isotope or another tracer
such as fatty acids (Brewster et al., 2016; Colborne et al., 2016;
Ofukany et al., 2014; Solomon et al., 2011). Because niches are multi-
dimensional bynature, if significant overlap occurs on two axes it is pos-
sible that they diverge on another (Hutchinson, 1959; Ross, 1986), as
Colborne et al. (2016) demonstrated with lake trout (Salvelinus
namaycush) in Lake Ontario. Croisetière et al. (2009) also better differ-
entiated between benthic and pelagic algae in freshwater boreal lakes
when using δ34S in addition to δ13C. To this end, the addition of a third
isotope (δ34S) to the analysis in the present study showed that freshwa-
ter drum used more benthic resources (lower δ34S) than the other two
species, a trend not observed in the two isotopemodel. Given that fresh-
water drum are bentho-pelagic predators and prefer benthic prey (e.g.
benthic invertebrates; Bur, 1982), and this was not picked up in the
two-isotope model, it seems likely that the addition of δ34S improved
the accuracy of the calculated isotopic niches among these three species
in Lake Erie. However, further research is warranted to determine the
accuracy of isotope models incorporating three or more tracers into
their analysis.

The pattern of isotopic niche across size classes and season in fresh-
water drum demonstrates how defining a species ecological role based
on expected adult feeding ecology can lead to generalizationswhich ob-
scure changes in a species trophic ecology. Freshwater drum are consid-
ered a primarily benthic species (Bur, 1982; Scott and Crossman, 1998),
and yet isotopes in this study suggest there are two length ranges (b
200mmand N 400mm)where theyhave isotopic nicheswhich indicate



Fig. 3. Length-isotope relationships (a-c) and isotopic niche (d-f) ofwhite perch in two seasons. (d-f). The trends of isotope valueswith total length (a: δ13C, b: δ15N, c: δ34S) in two seasons
(spring: blue squares, fall: red x's). d-f: Isotopic niche estimated by SIBER standard ellipses (SEAB; d: δ13C-δ15N, e: δ34S-δ15N, f: δ13C-δ34S) across size classes (small: b 200mm, S's and solid
lines; medium: 200–400 mm, M's and dashed lines) of white perch in two seasons (spring: blue, fall: red) represented by SIBER standard ellipses.
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a higher dependence on pelagic prey during the spring. Small freshwa-
ter drum (b 150mm) have a high reliance on zooplankton in the spring
before they transition to benthic invertebrates as a primary diet item
(Bur, 1982; Gopalan et al., 1998), consistent with δ34S and δ13C in this
study. Past research also found that large freshwater drum (N
Table 3
Isotopic niche overlap (%, mean ± SE) modelled with two isotopes (δ13C and δ15N) and
three isotopes (δ13C, δ15N, and δ34S) for freshwater drum, walleye and white perch across
two seasons. Intraspecific isotopic niche overlap is the average degree of overlap between
size classes of a species (i.e. within a species). Interspecific isotopic niche overlap is the av-
erage degree of overlap a species has with other species across all size classes (i.e. among
species). Within size class niche overlap is the average degree of interspecific overlap
among species within a single size class.
Dashes indicate no data.

Two isotopes Three isotopes

Spring Fall Spring Fall

Intraspecific niche overlap
Freshwater Drum 25.2 ± 5.6 59.2 ± 9.6 13.9 ± 4.6 27.6 ± 11.1
Wallleye 75.6 ± 9.2 52.5 ± 26.1 50.7 ± 11.7 50.4 ± 38.2
White Perch 64.3 ± 35.8 15.8 ± 11.4 53.6 ± 46.3 –

Interspecific niche overlap
Freshwater Drum 42.9 ± 5.8 46.3 ± 7.0 14.1 ± 3.4 10.7 ± 4.4
Walleye 46.6 ± 6.3 36.7 ± 8.2 19.2 ± 5.1 8.5 ± 4.2
White Perch 53.9 ± 6.2 31.0 ± 7.5 31.3 ± 6.4 6.2 ± 4.8

Within size class niche overlap
Small 34.0 ± 15.0 39.6 ± 10.2 25.0 ± 13.5 0.6 ± 0.2
Medium 70.7 ± 9.8 52.4 ± 12.0 10.3 ± 3.6 6.2 ± 4.5
Large 49.7 ± 16.6 49.7 ± 16.6 18.5 ± 8.3 18.5 ± 8.3
Mean Total Overlap 48.6 ± 4.3 41.1 ± 5.1 24.4 ± 3.9 15.4 ± 4.4
350 mm) fed heavily on dreissenid mussels after their invasion into
Lake Erie in 1987, which have higher δ34S (i.e. more pelagic) compared
with other benthic invertebrates (e.g. Chironomidae, Hexagenia spp.).
This couldmean that, while freshwater drumare feedingpredominately
within benthic habitats, their isotopic signature is reflecting the pelagic
signature of dreissenid mussels which feed on pelagic phytoplankton
(French and Bur, 1996; Morrison et al., 1997). Freshwater drum trophic
position (δ15N) declined with increasing size during the spring, which
could be the result of large freshwater drum consuming low trophic
level organisms such as dreissenid mussels as shown by baseline δ34S
within this study and previous research within Lake Erie (French and
Bur, 1996; Morrison et al., 1997). Conversely, fall freshwater drum ex-
perienced an increase in δ15N until they were ~250–300 mm in length,
and then declined again at larger sizes. Bur (1982) suggested that
small fish were an important component of the diet of 250–400 mm
freshwater drum, which could explain the high trophic position of the
medium size class in this study. These changes in trophic position and
habitat use with size are likely driven by gape size limitation, resulting
in a threshold effect on the resources (i.e. types of prey, habitat) used
by individuals, and highlight the importance of having a more compre-
hensive understanding of a species ecological role across different sizes.

Walleye showed minimal shifts in isotopic niche with increasing
size, which suggests that as a population their diet and resource use is
fairly consistent throughout their lives. While no isotopes showed any
significant trends with size during the spring, δ15N and δ13C increased
significantly with body size during the fall, indicating an increase in tro-
phic position and the use of benthic or littoral resources as fish got
larger. The lack of trends in isotopes with body size during the spring,
could be the result of a high abundance of prey (e.g. zooplankton, larval



Fig. 4. SIBER stable isotope ellipses estimating the variation in niche among species (freshwater drum:D's and thick solid lines,walleye:W's and dashed lines, andwhite perch: P's and thin
solid lines) and seasons (spring: blue, fall: red, year-round: black) at different size classes (Small b200 mm [a-c], Medium 200-400 mm [d-f], and Large N400 mm [g-i]) for δ13C and δ15N
(top), δ34S and δ15N (middle), and δ13C and δ34S (bottom). Ellipses represent the standard ellipses area (SEAB) of each niche. No largewhite perch or small fall walleyewere caught during
the study period; thus, they were omitted from the analysis.
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fish, fish eggs) in the system during the spring and early summer due to
the spring algal bloom, allowing conspecifics to target isotopically sim-
ilar abundant prey (Pothoven et al., 2009; Wu and Culver, 1992). Wall-
eye shift to a piscivorous diet at small sizes (~20–80 mm; Galarowicz
et al., 2006; Graeb et al., 2005), and because juvenile piscivores often
feed on larval fish that are isotopically similar to their parents (Vander
Zanden et al., 2004), a trend of increasing trophic position with body
size during the spring could be masked as a result. During the fall, in-
creases in trophic positionwith body size could be related to a reduction
in the abundance of small prey (e.g. larval fish), and the gape limitation
of smaller individuals, restricting their diet to smaller prey fish or large
benthic invertebrates (Gopalan et al., 1998; Wu and Culver, 1992). Ad-
ditionally, increasing δ13C reflected an increase in benthic or littoral re-
source use and could indicate increased mobility in larger fish which
allows them to use a larger area to forage within (i.e. habitat coupling;
Schindler and Scheuerell, 2002; Vadeboncoeur et al., 2002). Overall,
the patterns (or lack thereof) of resource use asmeasured by stable iso-
topes with body size show the significance of seasonal differences in
prey abundance in shaping a species niche.

White perch had consistent resource use across size classes during
the spring, however, niche area decreased significantly with increasing
size (e.g. δ13C and δ15N niche area, small: 3.8‰2, medium: 0.5‰2),
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suggesting that small white perch as a population are generalists (i.e.
consume awide variety of prey) but are specialists (i.e. consume limited
diet items) at an individual level (Nawrocki et al., 2016; Quevedo et al.,
2009), and that as they get larger their diets become more similar. In-
deed, this can be observed in Fig. 3, with smaller individuals exhibiting
a large variation in isotopeswhich decreases as fish get larger. Addition-
ally, white perchwas the only species to exhibit a significant increase in
pelagic habitat use with length, as indicated by δ34S during the fall. This
agrees with what is known about the feeding ecology of white perch, as
small white perch often feed on a combination of benthic invertebrates
and zooplankton, butfish and zooplankton becomemore important diet
items as they grow larger (Guzzo et al., 2013; Parrish andMargraf, 1990;
Scott and Crossman, 1998).

Isotopic niche overlap among species was smaller in the fall than in
the spring, demonstrating the importance of resource availability for
fish species in Lake Erie, and likely other freshwater ecosystems, consis-
tent with past research (Brush et al., 2012; Pothoven et al., 2009;
Stockwell et al., 2014). In this study, the decline in interspecific niche
overlapwith size during the spring could be the result of a combination
of factors such as small fish foraging on similar diet items due to gape
size limitations (Schael et al., 1991), or small fish using similar habitat
to avoid predation (Werner and Gilliam, 1984). Medium and large fish
will have mostly escaped predation risk and be less gape size limited
than smaller conspecifics, which means they have more freedom to
use their preferred habitats and prey, allowing them to partition re-
sources more effectively (Morrison et al., 1997; Overman and Parrish,
2001; Schael et al., 1991). Niche overlap increasedwith size among spe-
cies in the fall, conceivably due to a greater abundance of prey such as
larval fish, zooplankton, or benthic invertebrates during the late spring
and early summer months because of the spring phytoplankton bloom
and spawning season. This could indicate resources are less limiting
during the spring, allowing for species diets and resource use to overlap
more without encountering inter- or intra-specific competition
(Pothoven et al., 2009; Wu and Culver, 1992).

While the three studied fish species partitioned resources in Lake
Erie based on stable isotopes, how they partitioned resources (i.e. tro-
phic position, habitat) changed depending on size class, highlighting
the importance of body size in determining isotopic niche. As ex-
pected based on their described feeding ecology in past research
(Bur, 1982; Hartman and Margraf, 1992), large fish (N 400 mm)
partitioned resources through both trophic position and habitat
(δ15N, δ34S), with freshwater drum occupying a lower trophic posi-
tion (lower δ15N) and using more benthic resources (lower δ34S)
than walleye. Similar patterns of resource partitioning were observed
in small fish, with one key difference; small freshwater drum ap-
peared to be using more pelagic resources than white perch and wall-
eye compared with baseline δ13C and δ34S during the spring, although
they had more benthic δ13C and δ34S during the fall. These changes in
niche from spring to fall are consistent with diet studies on young-of-
the year white perch and freshwater drum in Lake Erie which indi-
cated that, while both species undergo a diet shift from zooplankton
to benthic invertebrates, freshwater drum shift to foraging on benthic
invertebrates earlier in the season than white perch, and that there is
minimal overlap within their diets as a result (Gopalan et al., 1998).
Medium fishes in our study partitioned resources predominantly
through habitat use (δ13C, δ34S), with little differentiation between
niche through trophic position, unlike the other two size classes. Me-
dium freshwater drum had a δ34S value close to benthic invertebrates
(Chironimidae, Hexagenia spp., and Dreissenidae) and white perch
had the most pelagic δ13C value compared with seston which agrees
with what is known about the feeding ecology of both freshwater
drum and white perch (Bur, 1982; Parrish and Margraf, 1990). In
many cases, differences in resource use among species across size
classes would have gone unnoticed if δ34S had been omitted from
analysis because the three species had similar δ13C (e.g. medium
and large size classes).
Conclusions

In this study, we found evidence that fish species with similar sizes
as adults but with differing foraging ecologies partitioned resources
but this varied seasonally andwith changing body size. Less niche over-
lap in fall suggested that resource partitioning was more important at
this time, but also suggest that resource availability could play a role
in trophic interactions among these species. Intraspecific resource utili-
zation within species demonstrated that generalizing a species ecologi-
cal role based on adult (e.g. large body size) foraging ecology could
mask important changes in a species foraging ecology at smaller sizes.
Additionally, changes in niche area may indicate shifts in resource use
at the population level because smaller individuals may feed on a
wide variety of prey as a population and specialize on the individual
level (generalist population, large niche area) but diet becomes more
similar at the individual level at larger sizes indicated by smaller niche
size. Finally, as is consistent with other recent studies (e.g. Solomon
et al., 2011; Ofukany et al., 2014; Colborne et al., 2016), the addition of
a third isotope to our analysis improved the resolution of trophic and
species relationships observed.
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