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trophic position, isotopic niche size, dietary proportions, and the degree of individual specialization at two locations
in the Lake Huron-Erie Corridor using carbon (6'>C) and nitrogen (6'°N) stable isotopes and stomach content
analysis. Trophic position did not differ between Mitchell's Bay (4.2) and Peche Island (4.3) using 6'°N, but both
sites had large ranges in individual estimates (range = 2.8). Bowfin isotopic niche size was large across site, season,
and tissue, suggesting a generalist feeding strategy at the population level. However, bowfin had greater between-
individual than within-individual variation accounting for 72% and 88% of total niche size at Mitchell's Bay and Peche
Island, respectively, suggesting specialist feeding strategies at the individual level. Stable isotope mixing models for
Peche Island showed high proportions of crayfish (54%) and small fish (Cyprinidae spp., Lepomis spp.; 38%) in their
diet, consistent with high stomach content prevalence for crayfish (spring = 75%, fall = 10%) and small fishes
(spring = 19%, fall = 33%) at Peche Island. Overall, our analysis of bowfin suggests a complex foraging ecology
with bowfin acting as generalist predators at the species level but exhibiting a high degree of individual specializa-
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tion, warranting further study to assess their trophic role in this diverse ecosystem of conservation concern.
© 2016 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.

Introduction

The Laurentian Great Lakes are characterized by a high degree of
biodiversity, numerous top predator fish species, and complex trophic
interactions relative to other temperate freshwater systems (Baustian
et al., 2014; Jude and Pappas, 1992). As well, the Great Lakes support a
$7 billion dollar (USD) annual fishery that primarily focuses on high
trophic level piscivorous fish species, e.g., walleye (Sander vitreus) and
Chinook salmon (Oncorhynchus tshawytsha) (Landsman et al., 2011).
Over the past two centuries, the Great Lakes watershed has been a focal
point of human activities and associated stressors, including over-
harvesting of species such as lake trout (Salvelinus namaycush) and
Atlantic salmon (Salmo salar; O'Brien et al., 2014; Regier et al., 1999),
the introduction of numerous aquatic invasive species (e.g., Dreissena
polymorpha; Nalepa et al., 1996), changes to nutrient budgets and
productivity (Dove and Chapra, 2015), and the introduction of toxic
chemicals (e.g., polychlorinated biphenyls; Baustian et al., 2014). The
cumulative effects of these stressors likely have major implications to
the stability of Great Lakes food webs (O'Brien et al., 2014).

Understanding the foraging ecology of higher trophic level species is
fundamental to quantifying the trophic structure of food webs and un-
derstanding the resilience and stability of ecosystems (McCann et al.,
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1998), particularly those facing anthropogenic stressors (Vander
Zanden et al., 1999a). High trophic level species, including piscivores,
can act as a trophic stabilizing force within fish communities
(Scarnecchia, 1992), in part because they may be able to fill ecological
niches in the absence of other predator species because of their dietary
flexibility (Baustian et al., 2014). Despite the integral role piscivorous
predators may play in the Great Lakes, the foraging ecology of many of
these species remain poorly characterized.

Bowfin (Amia calva), a piscivorous predator with abundances in the
Great Lakes comparable to other predators including northern pike
(Esox lucius) and muskellunge (E. masquinongy) (Lapointe, 2014),
have rarely been studied, likely due to the perception that they are a
“nuisance fish” and the belief that they are not economically or ecolog-
ically relevant (Koch et al., 2009; Mundahl et al., 1998). This species is
the only remaining species of the order Amiiformes, dating back more
than 150 million years. Stomach content analyses in other regions,
e.g., rivers in the Atlantic coastal region (Ashley and Rachels, 1999),
and habitat types, e.g., freshwater rivers and estuaries (Jordan and
Arrington, 2001, 2014; Mundahl et al., 1998), describe bowfin as
generalists that feed on a variety of small forage fish and benthic
invertebrates, especially crayfish (Humilis spp.). However, other studies
experimentally introduced bowfin to a small temperate lake in an
unsuccessful attempt to minimize overgrazing by bluegill (Lepomis
machrochirus), suggesting that bowfin may selectively consume
crayfish and small minnows and not consume a wide range of prey as
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previously believed (Breder, 1928; Mundahl et al., 1998). However, it is
not known whether bowfin exhibit generalist foraging strategies at the
individual or population level. Populations that are described as gener-
alists may actually be composed of individuals that use a much smaller
subset of the available resources and, therefore, are more accurately de-
scribed as resource specialists (e.g., Bolnick et al., 2002, 2003). Assessing
the foraging ecology of bowfin may provide insight into the role of this
understudied, yet abundant predatory fish in the Great Lakes.

Many diet studies of fish, including bowfin outside of the Great Lakes
(Ashley and Rachels, 1999; Jordan and Arrington, 2001, 2014), have re-
lied on stomach content analysis to provide quantitative estimates of
prey items and assess specific short-term diet. Stomach contents can
provide a quantitative “snapshot” of what an individual has most re-
cently consumed through direct examination of prey items; however,
stomach content analysis is subject to multiple biases including empty
stomachs, differential prey digestion rates, and identification issues
due to digestion (Hyslop, 1980). It is now common to use both stomach
contents and stable isotope analysis (SIA) to overcome some of the
stomach content biases and to infer diet over longer time scales,
i.e., weeks to months depending on the tissue sampled, providing in-
sight into how resource use changes over time (Boecklen et al., 2011).
Stable isotopes of carbon (5'3C) are used to indicate energy source
because on average they change by <1%. between trophic levels
(e.g., Vander Zanden and Rasmussen, 2001) and differ between primary
production pathways, e.g., C3 and C4 plants (Fry, 2007). In temperate
freshwater systems, 6'3C is used as an indicator of littoral macrophyte
or pelagic phytoplankton sources of primary productivity (Newsome
etal, 2007). Stable nitrogen isotopes (5'°N) are used to estimate trophic
position (TP) because it predictably increases between prey and
consumer (Post, 2002), with a gradual decline in the 8'°N increase
(diet-tissue discrimination factor; DTDF) between consumers and
prey at higher trophic levels (Hussey et al., 2014). Thus, in temperate
freshwater systems, 6'°N and 6'3C provide information about both en-
ergy source/habitat use and vertical food web position for an individual
or population, and this information can be combined to model and com-
pare the isotopic niche size, a proxy for comparing the ecological niche
of individuals and populations (Layman et al., 2007; Newsome et al.,
2009). Stable isotopes can also be used in mixing models to estimate in-
dividual niche variation (Newsome et al., 2009) and dietary proportions
of specific prey species (Stock and Semmens, 2013).

The objective of this study was to assess bowfin foraging ecology
within the Laurentian Great Lakes, specifically within the Lake Huron-
Erie Corridor, using a combination of stomach content and stable iso-
tope analyses of muscle and liver tissue. Based on dietary studies in
other regions we expected the Great Lakes population of bowfin to
exhibit generalist foraging patterns with diets that included a diverse
assortment of small forage fish and benthic invertebrates. We also
expected that, if bowfin exhibited a generalist foraging tactic, there
would be similar trophic positions and diets across sites and over the
primary foraging period of the year, i.e., spring to summer, which
required sampling bowfin from multiple sites and at multiple time pe-
riods. We tested these predictions by determining bowfin (i) trophic
position, (ii) isotopic niche size and variation, (iii) quantitative prey
consumption, and (iv) degree of individual specialization for two sites
along the Huron-Erie Corridor over two seasons.

Methods
Study sites and sample collection

Bowfin were collected at two sites in the Lake Huron-Erie Corridor:
(1) the head of the Detroit River at the south side of Peche Island
(~42.35°N, 82.92°W) in spring (20 April to 20 June 2014; n = 12,
2 male and 10 female) and fall (20 September to 14 November 2014;
n = 11, 6 male and 5 female), and (2) the northeastern basin of Lake
St. Clair at Mitchell's Bay (42.48°N, 82.42°W) in fall only (19-25 October

2014; n = 23, 14 male and 9 female). Both sites are highly productive
nearshore habitats with well-mixed water columns, have seasonally
constant water flow, and are well-regarded for recreational fishing
due to the high biodiversity of game fish (Baustian et al., 2014;
Hondorp etal., 2014). Mitchell's Bay is a wetland region with an average
depth of 3.4 m, dense macrophyte growth, stagnant water, and a
combination of terrestrial and aquatic species (Leach, 1991), as com-
pared to waters around Peche Island that are morphologically similar
to lakes with both a littoral and pelagic habitat and is more influenced
by urbanization (Lapointe, 2014).

Bowfin and their potential prey items were collected using a single
anode boat electrofisher with a direct current of 4.0 A with a pulse
frequency of 30-60 Hz. Zebra mussels (Dreissena polymorpha) were col-
lected using a ponar sampler. All fish were euthanized with an overdose
of tricaine methanesulfonate (MS-222) solution, approximately 75 mg
MS-222 per 1 L of water. Total length (bowfin size range: 35-70 cm)
and mass were measured for each fish, i.e., bowfin and prey fish, and a
1 cm? sample of muscle tissue was removed anterior to the dorsal fin
and stored frozen at — 20 °C until stable isotope analysis. The entire
liver was also collected, as well as whole stomachs which were
removed and frozen for diet analysis.

Stomach content analysis

To estimate the contribution of specific prey types to bowfin diet, we
used stomach content analysis. Prey species were identified to the
lowest possible taxonomic level and % frequency of occurrence (%F,
the occurrence of a specific prey type across all stomachs), % by number
(%N, the amount of a particular prey species in relation to all prey spe-
cies across all stomachs), and percentage by weight (%W, the percent
weight contribution of a particular species across total mass of all prey
species in all stomachs) were used to determine the Index of Relative
Importance (IRI) for each prey type (Hyslop, 1980) and is expressed
on a percent basis (%IRI) (e.g., Brush et al., 2012; Cortes et al., 1996)
using the equations:

IRI = (%N x %W) + %F (1)
and
vuiRl, — 1OOIRI; 2

ST

Dietary trophic position (TPsca) from stomach contents was calcu-
lated for each bowfin sampling group (Peche Island—spring, Peche
Island—fall, Mitchell's Bay—fall) using the equation:

X
TPsca = 1+ (Z%IRIixTPi) (3)

i=1

where literature TPs of prey items (TP;), as well as proportional %IRI
values for each corresponding prey item (%IR];) are summed for each
bowfin group (Cortes, 1999). Unidentifiable material present in the
stomachs of bowfin was not included in TPsc, calculations.

Stable isotope analysis

All samples were lyophilized at —48 °C and 133 x 10 mbar for 48 h,
and homogenized by hand using a mortar and pestle. Lipids are depleted
in '3C relative to pure protein samples, a potential bias when interpreting
6"3C values (Bligh and Dyer, 1959; Post et al., 2007); to remove this effect,
lipids were extracted from the homogenized fish tissues using a 2:1
chloroform:methanol mixture after which samples were dried and
re-ground by hand. Samples were then weighed into tin cups to obtain
a final sample mass of 400-600 pg. The carbon and nitrogen isotopic
compositions of each sample were determined using a Delta V Advantage
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Thermoscientific Continuous Flow Mass Spectrometer (Thermo
Scientific, Bremen, Germany) coupled to a 4010 Elemental Combustion
System (Costech Instruments, Valencia, CA, USA) in the Trophic Ecology
Laboratory at the Great Lakes Institute for Environmental Research,
University of Windsor. Stable isotope values are reported as units per
mil (8) and were calculated using the equation:

([ Rsample ]
o - ([[Ramee | 1) 1000

where X represents 'C or >N and R is represented by 3C:'2C and
15N:14N.

Vienna Pee Dee Belemnite (VPDB) and atmospheric nitrogen (AIR)
were used as standard reference materials for 6'C and 6'°N, respective-
ly. Values of NIST standards run during the analysis of samples for this
study for 5'°N were within 0.1%. (NIST 8573), 0.4%. (NIST 8548), and
“0.1%. (NIST 8549), and for §'3C were within 0.2%. (NIST 8542) and
0.1%. (NIST 8573) of certified values. Precision for laboratory standards
(NIST 1577c and tilapia muscle (n = 221 for each)), run after every 12
samples, were 0.1%. for 6'>C and 0.2%. for 8'°N. The sample reproduc-
ibility of replicate tissue samples (every 10 samples analyzed in
triplicate) was within the acceptable 4+ 0.2%. range (0.1%. for §'>C and
0.1%. for 8'°N, n = 30).

Mixing model diet contributions

A Bayesian stable isotope mixing model (MixSIAR, v 3.0.1; Stock and
Semmens, 2013) was used to estimate proportional diet contributions
of candidate prey types of bowfin at Peche Island. Mitchell's Bay was
not included in the MixSIAR model due to limited prey sample numbers
to accurately determine the model “source” variable. The “source” vari-
ables in the models were represented by the mean (41 SD) and sample
size of 6'3C and 6"°N values of common prey species. Individual t-tests
were performed for each prey species to determine if there were signif-
icant differences in either 6'C or '°N between spring and fall at Peche
Island. Due to the similar 6'3C and '°N values for both bowfin muscle
tissue and prey species (Student's t-tests, all P > 0.06, see ESM
Table S1) between Peche Island sampling periods, we assumed seasonal
consistency of all bowfin muscle tissue and prey species (see below), in-
cluding crayfish and juvenile largemouth bass (Micropterus salmoides),
which were not collected during both seasons. ANOVAs with Tukey's
post hoc comparisons were used to determine differences in 6'3C and
8'°N values between the prey species collected. Based on previous stud-
ies (Ashley and Rachels, 1999; Jordan and Arrington, 2001, 2014), as
well as the data we collected from stomach contents, we selected
bluegill, pumpkinseed (Lepomis gibbosus), spottail shiner (Notropis
hudsonius), crayfish, and juvenile largemouth bass as candidate prey
species to be included in isotope mixing models of Peche Island bowfin.
Northern pike, not a diet item of bowfin, was selected as a control.

The MixSIAR models were built using the candidate prey species and
assumptions about the relationships between the isotopic values of a
consumer and the food it consumes, i.e., DTDF. Based on multiple fresh-
water fish species from temperate environments, a DTDF of 0.47%. for
6'3C values (Vander Zanden and Rasmussen, 2001) and 3.4%. for 6'°N
values were used for each prey species (Post, 2002). Each MixSIAR
model was run for 5 chains, 10,000 iterations, and all results are pre-
sented as mean values with 95% Bayesian credibility intervals (95% BCI).

Trophic position estimates using stable isotopes

Trophic position estimates based on 8'°N stable isotopes (TPs1sn)
were determined for individual bowfin from each season and site
using a variable DTDF model for white muscle tissue (see Hussey
et al., 2014, for details). We based our estimates on a model that incor-
porates the decrease in A'>N with increasing dietary 6'°N, i.e., those

generally associated with higher trophic levels. Trophic position was
calculated using the equation:

lOg (6]5Nlim _SISNbaseline) - IOg (515Nlim _615Nconsumer)
k + TPbaseline

4)

TPﬁlSN =

where the isotopic composition of each consumer is represented by
8" Neonsumer 01" Npaseline is the mean composition of a known baseline
consumer, and TPpgsejine Tepresents the known TP of the baseline
group (Hussey et al., 2014). Here we used the §'°N values of zebra
mussels, which were assigned a TP = 2 based on their classification as pri-
mary consumers (Vander Zanden et al., 1999b; Post, 2002). 6Ny is the
value at which nitrogen (*°N and '“N) uptake is balanced by nitrogen
excretion (i.e., A'>N = 0 with each trophic level) and k is the rate at
which 6"°Neonsumer approaches 6'°Ny;,. Based on Hussey et al. (2014),
we used values of 21.93 and 0.14 to represent 5'°N;;,, and k, respectively.

All bowfin stable isotope data were determined to have normal dis-
tributions and equal variances using Shapiro-Wilk's tests and Levene's
test, respectively. Individual t-tests found no significant differences in
613C (Student's t-test, t,; = —0.6; P = 0.3) or 6'°N (ty; = 0.8; P =
0.2) between the two seasons at Peche Island, for white muscle tissue
(i.e., long isotopic turnover rate; Boecklen et al., 2011), thus eliminating
season as a factor and allowing all samples to be grouped by site (Peche
Island or Mitchell's Bay). However, bowfin liver 6'°N at Peche Island dif-
fered between seasons (Student's t-test, t;; = 2.6; P = 0.01), thus liver
data were not combined by season. Analysis of covariance (ANCOVA)
was used to compare bowfin TP across site with total body length as a co-
variate, as well as to compare &'3C to body length with site as a covariate.

Isotopic niche area

To estimate the isotopic niche space occupied by bowfin at each site
and sampling period, we used the SIBER (Stable Isotope Bayesian
Ellipses in R) analysis package in SIAR v. 4.2 (Parnell et al., 2015) to
generate standard ellipse areas (SEAc) that represent the core 40% of
the individuals measured (Jackson et al., 2011; Guzzo et al., 2013). The
use of SEA¢ provides insight into the positioning and orientation of ellip-
se area in two-dimensional isotopic space. We then estimated the niche
size for each group, as well for baseline species zebra mussels, to then
test for differences in niche size between locations and season using
Bayesian inference that measured the standard ellipse (SEAc) area
over 10,000 iterations (SEAg; Jackson et al., 2011). The niche size esti-
mates are reported as the mean SEA values with 50, 75, and 95% Bayes-
ian credibility intervals (BCI). We then used SEAg to estimate the
probability of niche size from group one being smaller than group two.
We calculated the proportion of posterior estimates that were smaller
than the other group relative to the total number posterior estimates
(1 x10°).

Individual specialization

To test the degree of individual specialization in bowfin from both
sites, we used linear mixed models to assess the effects of sex, total
body length, and tissue type on bowfin §'>C and 6'°N values. We
corrected 6'3C and 6'°N values in bowfin white muscle and liver using
mean diet-tissue discrimination factors established for fish (0.47%. for
5'3C and 3.4 %. for 6'°N in white muscle—Post, 2002; Vander Zanden
and Rasmussen, 2001; and 0.77%. for 8'3C and 1.65%. for 6'°N in
liver—Caut et al., 2009) prior to analysis to eliminate the effect of
tissue-specific differences. Tissue type represented the time scale of
isotopic turnover for muscle (long-term turnover tissue) and liver
(short-term turnover tissue). Due to repeated sampling per individual
and to avoid pseudo-repeatability, sample ID was included as a random
effect with fixed effects including sex, total body length, and tissue type.
For each population and element, we used variance component analysis
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from the linear mixed models in the random effect term (i.e., fish ID) to
estimate total observed variability in bowfin 6'C and §!°N values (total
isotopic niche width—TINW) by summing the average intercept
variability (i.e., between individual component; BIC) and the average
isotopic variance within an individual (i.e., residual variability and with-
in individual component; WIC). Variance components for §'3C and §'°N
of each population were summed similar to Newsome et al. (2009,
2015) and Yurkowski et al. (2016). When BIC proportions were greater
than WIC proportions, it indicated specialization among individuals,
while a greater WIC than BIC suggests generalization across the popula-
tion. The degree of individual specialization was calculated by the
WIC/TINW ratio where values closer to O represent a high degree of
individual specialization, values of 1 represent generalist foraging
tactics. We interpret values <0.5 to represent individual specialization
(Newsome et al., 2015).

All statistical analyses were performed using the statistical software
package “R” (R Core Team, 2015). Linear mixed-effects models
were performed using the nlme package v. 3.1-118 with o = 0.05
(Pinheiro et al., 2015).

Results
Stomach contents

Of the 46 stomachs examined for stomach content analysis, 70% had
measurable stomach contents (n = 32). The %IRI of bowfin stomach
contents indicated that crayfish were the most prevalent prey item in
the Peche Island (spring) group (%IRI = 75), while unidentifiable mate-
rial accounted for the greatest %IRI contribution for both Peche Island
(fall) (%IRI = 56) and Mitchell's Bay (fall) (%IRI = 39) (Table 1). The
presence of vertebral columns within the unidentified material suggests
the consumption of smaller fish species, but further identification was
not possible. Crayfish were the only species to be present in bowfin

Table 1

1455

stomachs across all three sampling groups, though the %IRI values
varied (Mitchell's Bay—fall IRl = 39 and Peche Island—fall = 10).
Other prey items such as bluegill, pumpkinseed, juvenile largemouth
bass, juvenile northern pike, juvenile bowfin, and yellow perch (Perca
flavescens) were found in the stomach contents; however, they all had
%IRI values <10 (see Table 1 for individual species %IRI).

Diet estimates from stable isotope mixing model

Individual t-tests of each candidate prey species revealed no signifi-
cant intraspecific differences in 6'3C or 6'°N values of prey between sea-
sons. One-way ANOVAs with Tukey's post hoc comparisons showed
interspecific significant differences between prey types for either 6'>C
or 8'°N (Table 4). Stable isotope mixing models (MixSIAR) of Peche
Island bowfin estimated crayfish to be the largest dietary contributor
(mean = 54%; 95% BCI = 16-80%), while juvenile largemouth bass
and northern pike (control) were negligible in dietary proportions
(mean < 0.05% for each species; Table 4).

Trophic position estimates

Sex and body length did not significantly influence muscle 5!°N at
Peche Island (ANCOVA, F;; = 0.2; P = 0.6) and Mitchell's Bay
(F1,19 = 0.5; P = 0.5) in fall and were not considered in TP analysis.
Due to the sex bias for Peche Island—spring bowfin, only body length
did not significantly influence muscle 8'°N (ANOVA, F; ;o = 0.001;
P = 0.9). There were significant differences in 8'>C with respect to stan-
dard body length (F; 39 = 71.3; P<0.001), which were driven by differ-
ences in Peche Island—fall and Mitchell's Bay—spring (Tukey's HSD, t =
5.9, P<0.001) and Peche Island—spring and Mitchell's Bay—fall (t = 4.5,
P<0.001). Estimates of Bowfin TPsc4 were similar across season and site
(Peche Island—spring = 4.1, fall = 4.0; Mitchell's Bay—fall = 4.2).
TPs1sn were comparable to TPscs values and were not significantly

Stomach contents of bowfin (Amia calva) collected at Peche Island in spring and fall, and Mitchell's Bay in fall. Prey number (%N), prey frequency (%F), and prey weight (W) were all used
to calculate an Index of Relative Importance (%IRI). Unidentifiable material was not included in %IRI calculation. See Methods for details.

Species Functional feeding group  Literature trophic position

Peche Isle—spring Peche Isle—fall Mitchell's Bay—fall

(n=12) (n=11) (n=123)
ZN %F W %Rl %N ZF W %Rl %N %F W %IRI

Banded killifish® Insectivores 33!
Spottail shiner” 2.77
Yellow bullhead® 3.8°
Spotfin shiner? Zoobenthivores 2.5?
Crayfish® 3.0°
Bluegill’ Omnivores 324
Pumpkinseed® 3.32
Round goby" 3.2°
Bowfin (juvenile)’ Piscivores 3.9%
Largemouth bass (juvenile)’ 3.52
Northern pike (juvenile)* 424
Yellow perch' 3.7%

Unidentifiable material - -

0 0 0 0 0 0 0 0 83 83 29 1.7

03 83 0.5 0.5 177 250 64 95 0 0 0 0
0 0 0 0 0 0 0 0 167 167 138 9.0
0 0 0 0 5.9 125 74 26 0 0 0 0
448 500 364 751 177 125 344 103 333 333 332 391
71 167 364 119 0 0 0 0 0 0 0 0
4.2 167 191 7.1 0 0 0 0 0 0 0 0

0 0 0 0 210 83 8.3 1.1 14
0 0 0 0 0 0 0 0 83 83 6.4 22
250 83 32 39 0 0 0 0 83 83 5.0 2.0
3.1 8.3 0.4 0.5 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 8.3 83 252 49
0.6 8.3 4.1 1.0 41.7 417 125 3938

a
b

Fundulus diaphanous.
Notropis hudsonius.
Ameirurus natalis,
Cyprinella spiroptera.
Humilis spp..

Lepomis macrochirus.
Lepomis gibbosus.
Neogobius melanostomus.
Amia calva.

Micropterus salmoides.
Esox Lucius.

Perca flavescens.

Froese and Pauly, 2000.
Vander Zanden et al., 1997.
Turner, 1966.

McLeod et al., 2015.
Brush et al,, 2012.
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different between Peche Island (TPssy = 4.3) and Mitchell's Bay
(TPs1sn = 4.2; F142 = 1.57, P = 0.33; Table 2), and there was no
evidence of an interaction effect between TP and total body length
(F1.42 = 1.74, P = 0.19). TPs;5\ estimates ranged from 3.5 to 6.0 at
Peche Island and 3.3-5.2 at Mitchell's Bay (Fig. 1).

Isotopic niche metrics

Stable isotopes of bowfin white muscle tissue at Peche Island had the
smallest range in 6'3C (CR = 7.2%.) and the largest range in 5'°N (NR =
6%.), while the largest CR and smallest NR values were at Mitchell's Bay
(CR = 8.6%0, NR = 4.6%.) (Table 2, Fig. 2a). In comparison, the lowest
liver CR and NR values were at Peche Island (fall) (CR = 4.0%., NR =
3.8%.), while the highest CR and NR ranges were at Peche Island
(spring) (CR = 9.3%.) and Mitchell's Bay (NR = 6.2%.), respectively
(Table 2, Fig. 2b).

Isotopic niche size estimates (SEAg) varied between sites and was
supported by a predictable pattern of increasing 6'°N between zebra
mussels (baseline indicator) and bowfin at both Peche Island and
Mitchell's Bay (Fig. 2., b). This inclusion of baseline zebra mussel stable
isotopes provides context in regards to the orientation and positioning
of bowfin within isotopic niche space relative to trophic level. Addition-
ally, isotopic niche orientation (i.e., shape) remained consistent be-
tween bowfin muscle and liver tissue at both locations (Fig. 2.a, b).
The probability that Peche Island bowfin niche size estimates (SEAg)
using muscle had smaller niche areas than Mitchell's Bay was 88%
(Fig. 3.a). In comparison, Peche Island bowfin liver niche size was esti-
mated to be smaller than Mitchell's Bay in only 11% of simulations for
either season, while Peche Island (spring) was estimated to be smaller
than Peche Island (fall) in 3% of simulations (Fig. 3b).

Individual specialization

The total BIC was larger than the WIC for both Mitchell's Bay (total
intercept variance = 5.82) and Peche Island (total intercept variance =
5.04) accounting for 72% and 88% of total observed variability (TINW),
respectively (Table 3). Bowfin TINW was larger at Mitchell's Bay
(8.09) than at Peche Island (5.75) (Table 3). The degree of individual
specialization (WIC/TINW) for both the Mitchell's Bay and Peche Island
populations was high (0.28 and 0.12) indicating high levels of individual
specialization in both populations (Table 3).

Discussion

Here we focused on feeding ecology of the bowfin, an understudied
yet abundant predator species within the Huron—Erie Corridor and across

Table 2
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Fig. 1. Trophic position of individuals (grey dots) and means (41 SD, black dots) of bowfin
(Amia calva) white muscle tissue at (a) Peche Island and (b) Mitchell's Bay in the Lake
Huron-Erie Corridor.

the Great Lakes. We found that bowfin exhibited spatially consistent
feeding patterns between two disparate sites (Peche Island—deeper
water riverine habitat; Mitchell's Bay—shallow marsh-like habitat), and
temporally based on seasonal sampling and SIA of liver and muscle. Al-
though bowfin consumed a variety of prey types, they mainly focused
on crayfish and smaller forage fish. The overall large isotopic niche widths
of bowfin suggested a generalized feeding strategy at the population level,
but there was evidence of individual diet specialization. Based on stable
isotopes and stomach contents, bowfin occupied a TP of slightly higher
than 4, but with a wide range in individual values (range 3.2-6), consis-
tent with an individual specialist feeding strategy. Our analyses suggest
that bowfin can utilize a range of prey types, occupy different trophic
roles (low or high TP), and would likely be resilient to changes in the
Great Lakes food web.

In general, stomach content and stable isotope analyses demonstrat-
ed that feeding ecology of the bowfin was comparable across space and
time in the Huron-Erie Corridor, although crayfish were most common
in the stomachs during the spring sampling period. Despite this consis-
tency, bowfin had a large isotopic niche (SEAg) with values 2-4 times
larger than other piscivorous predators in this system, including

Stable isotopes values of 5'C and &'°N, trophic position, and estimated standard ellipse areas (SEAg) of bowfin (Amia calva) and zebra mussels (Dreissena polymorpha) collected at two
sampling locations, Peche Island and Mitchell's Bay, in the Lake Huron-Erie Corridor. CR and NR represent ranges in 6'>C and 6'°N. All stable isotope and &'°N-based trophic position values
are reported as mean 4+ 1 SD. Dietary position reported as a single value for Peche Island (spring and fall) and Mitchell's Bay based on prey across all stomach contents (see Methods).

Site n White muscle Liver
6"3C (%) 6N CR  NR  &'°N-based Trophic  Dietary trophic ~ SEAg  6'3C (%o) 6'°N CR NR  SEAg
(%) (%) (%) Position position (%o0) (%o0) (%0)  (%0)  (%0)
Bowfin (Amia calva)
Peche Island Spring 12 —1674+18 133+13 72 60 43+05 4.1 6.7 —174+24 136+10 93 39 7.9
Fall 11 4.0 —159+11 125+11 40 3.8 3.2
Mitchell's Bay 23 —2174+24 143+14 86 46 42406 4.2 9.3 —207+£27 149+15 9.1 6.2 12.7
Zebra mussel (Dreissena polymorpha)
Peche Island” 16 —2224+08 397409 30 2.6 N/A N/A 1.6 N/A N/A N/A  NA 0.77°
0.13°
Mitchell's Bay 8 —215+18 68403 6.0 0.8 N/A N/A 1.5 N/A N/A N/A N/A NA

* Zebra mussel 8'°N values were significantly different across season, thus an average of the two sampling groups were taken for both 5'>C and 6'°N when using zebra mussels as baseline for

bowfin muscle tissue.
2 Peche Island (spring) muscle tissue SEAg
b Peche Island (fall) muscle tissue SEA.
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Fig. 2. (a) Stable isotope bi-plot showing isotopic niche areas of bowfin (Amia calva) white muscle tissue (SEA¢) for Peche Island (PI; black dots and ellipse) and Mitchell's Bay (MB; grey
dots and hashed ellipse). Zebra mussels (Dreissena polymorpha) are represented by a black dot (mean 4= 1 SD) at Peche Island and a grey dot (mean + 1 SD) at Mitchell's Bay. Fig. 2.
(b) Isotopic niche areas of bowfin liver tissue (SEAc) and zebra mussels for each sampling group (Peche Island—spring; PIS, Peche Island—fall; PIF, Mitchell's Bay—fall; MBF) in the
Lake Huron-Erie Corridor. Black dots and solid ellipses represent bowfin at Peche Island (spring), while dark grey dots, hashed ellipses represent Peche Island (fall) bowfin and zebra
mussels, respectively. The light grey dots, dotted ellipses represent Mitchell's Bay bowfin and zebra mussels.

largemouth bass, northern pike, walleye, muskellunge, and longnose
gar (Lepisoteus osseus) (Nawrocki, 2015). Consistent with isotopic
niche size, bowfin had a much wider range of individual TPs;5y values
(TP range = 2.8) than other predators in the Huron-Erie Corridor,
such as largemouth bass (TP range = 1.7) and northern Pike (TP
range = 1.3), although values were comparable to longnose gar (TP
range = 2.3) (Nawrocki and Fisk, University of Windsor, 2015, unpub-
lished data). This would imply that individual bowfin target specific
prey items consistently through time, but that the overall range of
items consumed by the population is also consistent through time and
space. This scenario suggests that bowfin exhibit intraspecific resource
partitioning, potentially through the use of small, home ranges within
these habitats. Bowfin TP estimates using stable isotope and stomach
content analyses were lower than largemouth bass (TP = 4.6) and
longnose gar (TP = 5.1) collected at Peche Island during the same peri-
od as this study (Nawrocki and Fisk, University of Windsor, 2015 un-
published data). The large ranges in bowfin TP suggest a high degree
of omnivory, i.e., consumption of prey from multiple trophic levels or
food chains at the population level, and are supported by similar litera-
ture mean TP estimates of 3.8 and large TP ranges across different pop-
ulations in North America (Froese and Pauly, 2000). The relationship
between 6'3C and body length at Mitchell's Bay, but not at Peche Island,
may also be suggestive of size-related prey preference after ontogenetic
shifts from juveniles to adults.

Despite similar TPs for bowfin at Peche Island and Mitchell's Bay, there
was variation in the ellipse positioning, relative to baseline dressenid
mussels, of the isotopic niches (SEAc) between these sites. These different
ellipse positions at each site suggest either bowfin utilizing different prey
types at our sampling sites or variation related to baseline isotopic
variation between the sites (Fry, 2007; Guzzo et al., 2011). While there
were differences in the positioning of ellipses between sites, isotopic
niche orientation and size remained consistent across tissue type at
each site. In addition to similar niche size, estimates of individual special-
ization within bowfin populations were consistent across sampling sites,
suggesting that individual bowfin diet is seasonally consistent (Newsome
et al,, 2009). This is further supported by large 6'3C ranges across both
tissue and site and may be attributed to individual specialization in
bowfin populations being driven by discrete habitat utilization. Finally,
stomach contents indicate similar total diversity of prey species between
sampling sites and seasons which is more consistent with baseline isoto-
pic variation driving differences in isotopic niche rather than different
prey communities at Peche Island and Mitchell's Bay.

Diet metrics used in this study, i.e., stomach contents and stable
isotope mixing models, indicated that bowfin consumed a variety of

smaller prey species. These patterns were seasonally consistent at
Peche Island with isotope mixing models estimating the diet contribu-
tions of bluegill, pumpkinseed, and spottail shiners to vary by <6%.
Furthermore, crayfish and small fish (e.g., spottail shiners, bluegill)
were major diet contributors at Peche Island across both stomach con-
tents and mixing models. However, crayfish contribution to diet was
much higher based on stomach contents as compared to isotope mixing
models, but this could be related to a stomach content bias that results
in an overestimation of slower to digest hard-shelled prey items, i.e.,
crayfish carapace, thus driving a higher %IRI value of crayfish in diet
(Shimose et al., 2006; Yeager et al., 2014). In comparison, Mitchell's
Bay bowfin consumed mainly crayfish and round goby (Neogobius
melanostomus) based on stomach content analysis, suggesting that
short-term diet is consistent in consumption of small fishes and inverte-
brates. Stomach content estimates of bowfin collected in the fall were
dominated by unidentifiable material, limiting our ability to accurately
identify closely related taxa and estimate short-term diet of an individ-
ual at that time (Hyslop, 1980); however, the presence of small verte-
bral columns likely suggests the unidentified material were mainly
smaller fishes (e.g., Cyprinidae , Neogobius spp.).

In other parts of North America, bowfin consume a wide variety of
prey (e.g., Berry, 1955; Scarnecchia, 1992; Ashley and Rachels, 1999;
Jordan and Arrington, 2001), consistent with our results. A population
of bowfin in the Kissimmee River (FL, USA) exhibited diet flexibility in re-
sponse to seasonal fluctuations in the abundance of various prey species,
suggesting that populations of bowfin are able to adjust to seasonal prey
availability (Jordan and Arrington, 2014). Additionally, bowfin have been
found to consume both large quantities and a diversity of prey types
(Mundahl et al., 1998); and when compared to largemouth bass, bowfin
demonstrate a faster ability to respond to variation in prey availability
(Jordan and Arrington, 2014). The consistency between short-term stom-
ach content analysis in other regions, as well as the diet and longer-term
isotope analyses completed here, indicate that in many areas of their dis-
tribution, bowfin consume a variety of large benthic invertebrates, e.g.,
crayfish and smaller fishes (e.g., Lepomis spp.), and show plasticity in
diet. Our results suggest that this high variability in diet at the population
level is driven by high degrees of prey specialization at the individual
level. These findings of dietary plasticity as a species may be relevant in
further understanding Great Lakes trophic structure, as it relates to the
ability of bowfin to adapt to continuing anthropogenic stressors, changing
prey abundances (Lapointe, 2014), and the alteration of existing trophic
linkages (Schindler and Scheuerell, 2002; Tunney et al., 2012).

To understand the ecological role of bowfin within the Great Lakes, it
is necessary to also consider their feeding patterns relative to other
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Fig. 3. (a) Density plots presenting the mean and Bayesian credibility intervals (BCIs) for standard ellipse areas (SEAg) of bowfin (Amia calva) white muscle tissue and zebra mussels
(Dreissena polymorpha) at Peche Island and Mitchell's Bay in the Lake Huron-Erie Corridor. The black dots correspond to mean SEAg the squares (red in online version) represent
SEAc, and the grey boxes represent BCls of 50, 75, and 95%; (b) Density plots presenting the mean and Bayesian credibility intervals (BCIs) for standard ellipse areas (SEAg) of Bowfin
(Amia calva) liver tissue and zebra mussels (Dreissena polymorpha) at each sampling group (Peche Island—spring, Peche Island—fall, Mitchell's Bay—fall) in the Lake Huron-Erie
Corridor. The black dots correspond to mean SEAg, the red dots represent SEAc, and the grey boxes represent BCIs of 50, 75, and 95%.

piscivorous fish found in the region. Largemouth bass exhibit dietary
plasticity across areas in the Great Lakes (Hodgson and Kitchell,
1987), while walleye consume fewer prey types, e.g., emerald shiner
(Notropis atherinoides) (Carreon-Martinez et al., 2011). Even though
these other piscivores may be viewed as generalists across the scale of

Table 3

entire Great Lakes region, the local specialization of foraging tactics
may allow them to be more susceptible to nutritional stress, fluctuating
prey abundances, intra-guild predation, or competition (Hourston,
1952; Hoyle et al., 2012; Kapuscinski et al., 2011). In comparison to
other piscivorous predators in the Great Lakes, bowfin have greater

Variance component analysis from linear mixed-effects analysis for bowfin 5'>C and 8'°N values at Mitchell's Bay and Peche Island. Total isotopic niche width (TINW) is the sum of the
intercept and residual variances for both 6'>Cand &'°N. Total intercept variance (BIC, between individual component) and total residual variance (WIC, within individual component) were
determined by summing the intercept and residual variances for both 6'>C and &'°N. Proportion of WIC and BIC explained (%) was calculated by dividing total intercept variance and total

residual variance by TINW. (*) denotes greater BIC than WIC, indicating specialization.

Location 513C (%) 5'°N (%) Total intercept variance (BIC) ~ Total residual variance (WIC) ~ TINW
Intercept ~ Residual ~ Conditional  Intercept  Residual  Conditional
variance variance  r? variance variance  r?
Mitchell's Bay ~ 5.03 134 0.82 0.79 0.93 0.57 5.82 (72%)* 2.27 (28%) 8.09
Peche Island 3.77 0.34 0.93 1.27 0.37 0.80 5.04 (88%)* 0.71 (12%) 5.75
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Table 4

Model parameters (5'>C and 6'°N) for bowfin (Amia calva) diet estimates at Peche Island in spring and fall 2014 using MixSIAR. Seasonal prey item '>C and 6'°N values were grouped
together as there were no significant differences in values across season. All stable isotopes are reported as mean =+ 1 SD. Mean diet proportion estimates are reported with 95% Bayesian
credibility intervals (BCI). Separate one-way ANOVA models were used to compare isotopic compositions of prey species (dependent variable: 6'>C or 6'°N; independent variable: species)
with Tukey's HSD post hoc comparisons. Superscript letters indicate prey species with similar isotopic values for mean 6'>C or 6'°N based on post hoc comparisons.

Prey species Prey item Bowfin MixSIAR
Model parameters
n 813C 515N Mean diet proportion
(95% BCI)
Bluegill 22 —163 +1.22 11.1 £ 09 0.1 (0.01-0.3)
Crayfish 10 —17.9 + 1.35¢ 9.6 + 0.7°¢ 0.54 (0.16-0.8)
Largemouth bass (juvenile) 7 —17.0 + 0.9%<4 142 +09¢ 0.03 (0.01-0.12)
Pumpkinseed 14 —15.7 + 1.8%4 10.5 4 0.8%¢ 0.12 (0.04-0.36)
Spottail shiner 20 —185 £ 1.2°¢ 10.6 + 0.7 0.16 (0.04-0.51)
Northern pike 27 —17.0 + 1.084 13.8 +0.71¢ 0.04 (0.01-0.13)

niche widths than largemouth bass, walleye, longnose gar, northern pike,
and muskellunge, providing incentive to take a broader community
approach to compare bowfin with other higher trophic level species to
characterize niche overlap and, ultimately, trophic structure (Nawrocki,
2015).

In conclusion, we illustrate that bowfin within the Huron-Erie Corri-
dor consume a diverse number of prey species that remain relatively
consistent between season (spring and fall) and locations which differ
in environmental characteristics. The broad niche sizes and TP ranges
of bowfin at the population level, as well as a high degree of resource
specialization or dietary consistency at the individual level, also support
the assumption that bowfin are omnivorous as a population, consuming
prey across different habitat zones and trophic levels, ultimately
suggesting great trophic complexity in this understudied fish species.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jglr.2016.08.002.
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