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Abstract: We used yellow perch (Perca flavescens) captured at four sites differing in legacy industrial pollution in the Lake St.
Clair-Detroit River system to evaluate the lingering sublethal effects of industrial pollution. We emphasized bioindicators of
direct (toxicity) and indirect (chronic stress, impoverished food web) effects on somatic and organ-specific growth (brain, gut,
liver, heart ventricle, gonad). Our results show that higher sediment levels of industrial contaminants at the most downstream
Detroit River site (Trenton Channel) are associated with increased perch liver detoxification activity and liver size, reduced
brain size, and reduced scale cortisol content. Trenton Channel also displayed food web disruption, where adult perch
occupied lower trophic positions than forage fish. Somatic growth and relative gut size were lower in perch sampled at the
reference site in Lake St. Clair (Mitchell's Bay), possibly because of increased competition for resources. Models used to
determine the factors contributing to site differences in organ growth suggest that the lingering effects of industrial pollution
are best explained by trophic disruption. Thus, bioindicators of fish trophic ecology may prove advantageous to assess the
health of aquatic ecosystems. Environ Toxicol Chem 2023;42:2158-2170. © 2023 The Authors. Environmental Toxicology
and Chemistry published by Wiley Periodicals LLC on behalf of SETAC.
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INTRODUCTION

Mitigating the negative impacts of the anthropogenic pol-
lution of water bodies represents a considerable challenge
(Malmgqvist & Rundle, 2002; Schwarzenbach et al., 2006). To
evaluate risks, indicators of pollution are sought and evaluated,
but this task is complicated by the fact that pollution has both
direct and indirect effects on organisms, and pollutants vary
greatly in their nature and mechanisms of action. In addition to
direct lethal or sublethal toxic effects on living organisms,
pollution can have indirect effects through contaminant-
induced disruption of community structure or environmental
degradation, leading to disturbed food webs that can reduce
foraging opportunities or change predation pressure for some
organisms (Fleeger et al., 2003; O'Callaghan et al., 2019;
Saaristo et al., 2018). Of particular concern are persistent
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organic and metal contaminants that are the by-products of
industrial activity related to manufacturing and mining (Ali
et al., 2019; Ali & Sreekrishnan, 2001; Behera et al., 2018; de
Almeida Rodrigues et al., 2019; Maiti et al., 2019). Such pol-
lutants are slowly degraded and thus can exert their effects for
a long period of time. They can remain in place unaltered until
they are made available by disruption of stored sources or bi-
ological activity.

Organisms at higher trophic levels (i.e., their relative posi-
tion in a food web based on feeding relationships) are thought
to reflect summed ecological processes of ecosystems that can
be influenced by water pollution and the contribution of pol-
lution stores in sediments (Weber et al., 2008). In this respect,
fish represent good candidate organisms to assess the
effects of bioconcentrated levels of contaminants due to their
high trophic position in aquatic food webs (van der Oost
et al., 2003).

Bioindicators are responses of organisms or communities
that can be used to assess the health of ecosystems. A very
diverse set of bioindicators of pollution have been used in fish.
These cover community bioindicators that rely on extensive
taxonomic sampling, such as biodiversity and the presence of
parasites (Giraudo et al., 2016; McQuatters-Gollop et al., 2019;
Vidal-Martinez et al., 2010), population growth patterns that
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rely on extensive population sampling at different life stages
(Trippel, 1995), as well as behavioral bioindicators (Bownik &
Wilodkowic, 2021; Chen, 2020; Hong & Zha, 2019;
Parker, 2016; Tierney et al., 2010), tissue and DNA damage
(Blazer, 2002; Mix, 1986; Singh et al., 1988; Yancheva
etal., 2016), and different molecular methods used to study the
expression of detoxification molecules (Roesijadi, 1992;
Schlenk et al., 2008) or oxidative stress responses (Hellou
et al., 2012; Lushchak, 2011; Valavanidis et al., 2006). The
search for new bioindicators of pollution has recently entered
the era of exploratory analyses with very broad molecular
coverage, including analyses of the proteome (Lépez-Pedrouso
et al., 2020), transcriptome (Bruneau et al., 2016; Defo
et al., 2018; Houde et al., 2014; Zare et al., 2018), metabolome
(Bundy et al., 2009; Cappello, 2020), and gut microbiome
(Evariste et al., 2019). The continued search for new bio-
indicators of fish health derives from limits on the quality of
information obtained from most indicators used to date or
constraints on their broad implementation for ecosystem
management.

An understudied aspect of growth is the allocation of re-
sources to organ systems under energetic constraints. The
growth of tissues that are more energetically expensive to
maintain, such as the brain and digestive tract (Niven &
Laughlin, 2008), is likely to be under intense pressure in con-
ditions of reduced energy availability. Contaminants can con-
tribute to reduce energy availability and growth by reducing
feeding opportunities of fish, through the catabolic effect of
chronic stress (Barton & lwama, 1991), or by direct inhibition of
cell proliferation or increased cell death in exposed tissues
(Lijoy et al., 2006). Therefore, in the spirit of the adverse out-
come pathway (AOP) framework for ecotoxicology risk assess-
ment (Ankley et al., 2010), we assessed different levels of
biological organization that may contribute to reduced growth,
and thus fitness. We assessed the somatic and organ growth of
wild fish exposed to different levels of pollution against
measures of exposure to contaminants (liver cyplal ex-
pression), chronic stress status (scale cortisol content), and
foraging behavior (trophic position and isotopic niche width) to
evaluate the usefulness of bioindicators of stress status and
foraging ecology in assessing the sublethal effects of pollution
on aquatic wildlife. We hypothesized that legacy industrial
pollution in the form of elevated levels of persistent organic
chemicals and heavy metals in sediments would put local fish
under energetic constraints, reducing their ability to grow and
maintain energetically expensive organs to the size of coun-
terparts inhabiting less polluted sites.

MATERIALS AND METHODS
Sampling sites

The chosen study system of the Lake St. Clair-Detroit River
corridor displays a gradient of legacy industrial pollution in-
creasing downstream along the Detroit River that can be

measured in sediments (Drouillard et al., 2006; Farwell
et al., 2012, 2013; Heidtke et al., 2006; Jia et al., 2010) and

includes an area of concern recognized by the International
Joint Commission created by the United States and Canada
(International  Joint  Commission United States and
Canada, 1987). Yellow perch (P. flavescens) was studied be-
cause local populations show site fidelity and little exchange of
individuals between sites (Sullivan & Stepien, 2014), thereby
ensuring that the contaminant exposure of specimens was
limited to local conditions. Yellow perch and forage fish were
caught by boat electrofishing and hoop nets from three loca-
tions along the Detroit River (Trenton Channel, Belle Isle, and
Peche Island) and one location in Lake St. Clair (Mitchell's Bay).
Figure 1 shows a map of the sampling sites and associated
sediment contamination levels. Total sample sizes of adult
yellow perch were as follows: Trenton Channel (34), Belle Isle
(39), Peche Island (38), and Mitchell's Bay (30). Sampling pro-
cedures were approved by the Ontario Ministry of Natural
Resources (permits LE-07-2017 and LE-07-2018) and the Uni-
versity of Guelph animal care committee (protocol 3682) under
the guidelines of the Canadian Council on Animal Care.
Mitchell's Bay in Lake St. Clair was selected as a reference site
due to its location upstream of the Detroit River, with no his-
torical record of industrial pollution. However, agricultural ac-
tivity is higher near this reference site, which prompted us to
evaluate the presence of agricultural pesticides at the sampling
sites.

Sediment analyses

Analyses of contaminants targeted sediments because
persistent organic industrial chemicals are poorly water soluble
but available to benthic organisms inhabiting sediments from
where they can enter the food chain (Jaffé, 1991). Sediment
samples were obtained using an Ekman grab sampler and
stored in light-protected, acetone-washed Mason jars at —20 °C
until analysis. Three sediment samples obtained at each site
were combined to form a single composite sample repre-
sentative of each site. Samples were stored less than 2 weeks
before screening for polyaromatic hydrocarbons (PAHSs), poly-
chlorinated biphenyls (PCBs), and heavy metals by Maxxam
Analytics. Analytical procedures followed standard United
States Environmental Protection Agency methods (PAHs, PCBs,
and heavy metals) or the Canadian Food Inspection Agency
PMR 006 V1.0 method (pesticides). A more detailed descrip-
tion of sediment contaminant analyses is provided in Sup-
porting Information, Section S1 (Supporting Information,
Table S1).

Liver gene expression

Quantification of cypTal liver gene expression by quanti-
tative polymerase chain reaction (qPCR) followed the methods
of Williams et al. (2017), which are detailed in Supporting In-
formation, Section S2, along with primer nucleotide sequences
(Supporting Information, Table S2). Liver cyplal expression
was measured in all adult yellow perch sampled, except for
three individuals that showed poor RNA extraction.
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Lake St Clair

Windsor 5km
(Canada)
Detroit
River
Sum conc. Trenton Belle Peche Mitchell’s
(Tcy? ¢ (ug/g) Channel Isle Island Bay
Metals 67 648 110995 134 094 36 177
To Lake Erie PAHs 2.946 1.206 0.523 ND
. PCBs 0.072 ND ND ND

FIGURE 1: Sampling sites in the Lake St. Clair-Detroit River system. Lake St. Clair and Detroit River are located between Lakes Huron and Erie of
the North American Laurentian Great Lakes (arrowhead in top left inset). Water flow is from Lake St. Clair to the Detroit River and then to Lake Erie,
as indicated by arrows in the main figure. The location of sampling sites is indicated by asterisks (B, Belle Isle; MB, Mitchell's Bay; Pl, Peche Island;
TC, Trenton Channel). Mitchell's Bay and TC are the most upstream and downstream sampling sites, respectively. The table in the lower part of the
figure lists sum concentrations of persistent industrial contaminants in the sediments at each site (ND = not detected; PAHs = polycyclic aromatic

hydrocarbons; PCBs = polychlorinated biphenyls).

Scale cortisol content

Cortisol was extracted from scales of 30 adult perch per site
based on the methods of Laberge et al. (2019), and then
measured in duplicate aliquots using a commercial cortisol
enzyme-linked immunosorbent assay kit (product code 402710;
Neogen). To estimate the recovery of hormone through the
extraction process, *H-cortisol was added to scale samples and
traced through the extraction process. The reconstituted ex-
tracts contained 84.8 + 1.6% of the 3H label (n = 4). Scale cortisol
content values are given as nanograms of cortisol per gram of
dried scale and are corrected for efficiency of the recovery of
3H-cortisol. More details of the methods and validation of the
cortisol assay by a serial dilution of scale extract displacement
curve parallel to the standard curve (Supporting Information,
Figure S1) are provided in Supporting Information, Section S3.

Stable isotopes and trophic ecology

Stable isotope analyses of carbon (*3*¢c/?C) and nitrogen
(">N/"N) in fish muscle were performed at the Great Lakes
Institute of Environmental Research (University of Windsor, ON,
Canada) as per Mumby et al. (2018). Supporting Information,
Section S4, provides details of the stable isotope analyses
performed to characterize the trophic ecology of individual
adult yellow perch. All adult yellow perch were used for these
analyses, except one individual due to muscle sample loss. A
summary of stable isotope data can be seen in Supporting
Information, Table S3.

Body and organ measurements

Immediately after capture, yellow perch were terminally
anesthetized using tricaine methanesulfonate (250 mg/L;
Syndel International), weighed, and dissected to obtain their
livers. Livers were excised, weighed, and immediately wrapped
in tinfoil before freezing and storage in liquid nitrogen to allow
gene expression analysis. The remaining carcasses were put on
ice until further dissection later the same day. The gut and
gonad were excised and weighed fresh. Gut content was ex-
pelled before weighing. Scales from the whole body surface
and a sample of muscle from the dorsal musculature just caudal
to the dorsal fin were also collected at this time and stored
frozen for subsequent analyses of cortisol content and stable
isotopes, respectively (see details below). Hearts were excised
and stored in 20-mL glass vials filled with 10 mL of 10% buf-
fered formalin until further dissection and weighing of the
ventricle later in the laboratory using a high-resolution scale
(Accu-124D; Fisher Scientific). The heads of fish were also
stored in formalin until further dissection, trimming, and
weighing of the brain later in the laboratory, therefore the
masses of the heart ventricle and brain were obtained from
fixed tissue. Three brains and three heart ventricles were re-
jected from analyses due to dissection damage. Otoliths were
extracted during brain dissection and used for fish age deter-
mination by counting annuli on bisected and polished otoliths.
This method is more precise than counting annuli on scales in
yellow perch (Robillard & Mardsen, 1996). Annuli were counted
under a dissection microscope by two observers until agree-
ment was reached on the age of each fish.
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Statistical analysis

Correction of organ size data for individual differences in
body size was required because of normal organ growth with
increasing body size. Organ growth curves were obtained by
graphing organ mass against body mass. The data were not
log-transformed because this did not improve linear fits. Best
fits between linear and quadratic relationships were assessed
in Prism version 8.4.3 (GraphPad Software) for each organ
growth curve. Only brain growth showed a quadratic instead
of linear best fit. Residual values from these relationships,
representing the distance away from the fitted curve, were
used to represent individual relative organ size in all further
analyses.

Between-site analyses were first conducted to confirm if
characteristics of yellow perch from historically polluted sites
varied compared with our reference site. Between-site data
consistently violated the assumption of normality as de-
termined by the Shapiro-Wilk test, so a Kruskal-Wallis test
and, on statistical significance, Dunn's multiple comparisons
test were used to determine which sites differed from one
another. General linear models (or generalized linear models
[GLMs] in the case of non-normal data) were then used to
assess somatic growth and determine if age, cyplal liver
mRNA expression levels, scale cortisol content, and relative
trophic position explained observed differences in relative
organ size between sites. Relative trophic position was used
in the present study to account for the expected increase in
trophic position with body size. The residuals obtained from
the linear relationship between body mass and trophic posi-
tion were used to represent relative trophic position. Several
models were tested with age, cyplaT liver mRNA levels, scale
cortisol content, and relative trophic position as covariates,
site as a fixed effect, and site*age, site*cyplal, site*scale
cortisol, and site*relative trophic position as interaction
terms. These models were followed by least significant dif-
ference pairwise comparisons to assess divergence in rela-
tionships between sites. Between-site analyses were
conducted in Prism 8.4.3 (GraphPad Software), while GLMs
were conducted in SPSS Statistics Ver. 26 (IBM). The stat-
istical threshold used was 0.05.

RESULTS AND DISCUSSION
Legacy of industrial pollution in the Detroit River

The Detroit River was identified as a site in need of remedial
action in 1978 (International Joint Commission United States and
Canada, 1987). In 2010, the Detroit River Remedial Action Plan
Stage 2 Report highlighted the occurrence of tumors and de-
formities in fish, benthos degradation, and degradation of fish,
phytoplankton, and zooplankton populations due to legacy in-
dustrial pollution (Green et al., 2010). Some of these issues have
been resolved in recent years, such as reduced occurrence of
fish deformities and benthos degradation, but continued deg-
radation of fish, phytoplankton, and zooplankton populations
persist (Detroit River Canadian Cleanup, 2021). Of the three sites
located along the Detroit River, the downstream site of Trenton

Channel had the highest sum concentrations of PAHs and PCBs
in sediments, while Peche Island had the highest sum concen-
tration of heavy metals (Figure 1). Belle Isle had intermediate
sum concentrations of heavy metals and PAHs among the three
Detroit River sites. Mitchell's Bay, our reference site located
upstream of the Detroit River in Lake St. Clair, had the lowest
sum concentration of metals and nondetectable levels of PAHs
and PCBs. Observed contamination levels of the persistent or-
ganic chemicals formed a gradient of increasing sum concen-
trations from Lake St. Clair (Mitchell's Bay) to the mouth of the
Detroit River (Peche Island and Belle Isle) to the site furthest
downstream on the Detroit River (Trenton Channel), consistent
with past studies on these contaminants in sediment (e.g., Falk
et al., 2019). A detailed breakdown of compounds detected in
sediments from each site can be found in Supporting In-
formation, Table S1. Of note, the pesticide screen of sediments
only detected a low concentration of breakdown products of the
banned organochlorine insecticide dichlorodiphenyltrichloro-
ethane (DDT; p,p-dichlorodiphenyldichloroethylene and p,p-
dichlorodiphenyldichloroethane) at Belle Isle. No pesticide was
detected elsewhere.

The cytochrome P450 (CYP) 1A subfamily of enzymes is in-
duced by the binding of various environmental contaminants to
a cytosolic aryl hydrocarbon receptor (Ahr; Bucheli & Fent, 1995;
Stegeman & Lech, 1991). The CYP1A enzyme activity is com-
monly used as a biomarker of contaminant exposure using the 7-
ethoxyresorufin o-deethylase (EROD) assay (Whyte et al., 2000).
However, EROD activity declines rapidly in frozen liver samples
(Forlin & Andersson, 1985), which prompted us to choose
cyplal gene expression as an alternative indicator of con-
taminant exposure better suited to field sampling and longer
sample storage. Increased expression of cyplal contributes to
increase CYP1A catalytic activity and it persists for weeks or
months in fish liver after contaminant exposure (Courtenay
et al.,, 1999; Jeon et al.,, 2011; Sorrentino et al., 2005). This
method is increasingly used to evaluate contaminant exposure
in fish (Brammell et al., 2010; Gao et al., 2011; Jonsson
et al., 2010; Wong et al., 2001). The mRNA levels of cyplal
measured in the liver of yellow perch significantly differed be-
tween sites (H(138) = 22.87, p < 0.0001), with fish from Mitchell's
Bay showing the lowest median levels of cyplal expression and
fish from Trenton Channel showing the highest (Figure 2).
Dunn's multiple comparisons test found that fish from Peche
Island (p=0.01) and Trenton Channel (p<0.001) had sig-
nificantly higher levels of cyplal expression than fish from
Mitchell's Bay by an average of 53% and 102%, respectively, but
that the 52% average difference between Mitchell's Bay and
Belle Isle cyplal expression levels was only close to the stat-
istical threshold (p=0.06). These data on gene expression of a
liver detoxification enzyme generally paralleled the con-
tamination gradient found in the sediments at the four sampling
sites and imply that contaminant exposure experienced by
yellow perch is higher in the Detroit River and highest on
average at the most downstream site of Trenton Channel. These
results are in line with observations of continued degradation of
fish populations in the Detroit River due to legacy industrial
pollution (Detroit River Canadian Cleanup, 2021).
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FIGURE 2: Liver cyplal expression of in yellow perch (Perca fla-
vescens) across four test sites quantified using real-time polymerase
chain reaction (qPCR). Values of cypTal expression are normalized to
the geometric mean of the reference genes 40s and actb. Bars repre-
sent median + interquartile range. Letters denote differences between
sites obtained by Dunn's post hoc test. The comparison between MB
and Bl is close to statistical significance (p=0.06). Bl=Belle Isle
(sample size n=39); MB=Mitchell's Bay (n=28); Pl=Peche Island
(n=38); TC =Trenton Channel (n=33).

Corticosteroid hormone status and pollution

We found a significant difference in scale cortisol content
between sites (H(120)=17.8, p=0.0005; Figure 3), where
Trenton Channel yellow perch had significantly lower median
scale cortisol levels than perch at the other three sites
(p<0.05). There was no difference in perch scale cortisol
content between the three other sites. Perch of Trenton
Channel had on average 49% less scale cortisol content com-
pared with perch of the other three sites.

Because scale cortisol provides an integrated measure of
cortisol production (Laberge et al., 2019), the reduced scale
cortisol content of yellow perch from Trenton Channel suggests
that the mixture of contaminants at our most polluted site
chronically reduced circulating cortisol levels and/or inhibited the
capacity to respond to stressors. While acute exposure to various
contaminants in captivity can stimulate the endocrine stress re-
sponse and increase plasma cortisol levels (Gagnon et al., 2006;
Gesto et al., 2008; Hontela et al., 1996; Lin et al., 2022; Rohonczy
etal., 2021; Thomas & Rice, 1987), chronic exposure to complex
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FIGURE 3: Scale cortisol content in yellow perch (Perca flavescens)
across four test sites quantified using an enzyme-linked im-
munosorbent assay (ELISA). Values are expressed in nanogram cortisol
per gram of scales. Bars represent median + interquartile range. Letters
denote differences between sites obtained by Dunn's post hoc test.
Bl =Belle Isle; MB=Mitchell's Bay; Pl=Peche Island; TC=Trenton
Channel. Sample size is 30 perch per site.

mixtures of PCBs, PAHSs, and heavy metals under field conditions
inhibits stress responsiveness in various species, including yellow
perch (Girard et al., 1998; Gravel et al., 2005; Hontela
et al., 1992, 1995). In laboratory studies, contaminants that ac-
tivate the Ahr and increase cyplal expression can inhibit key
rate-limiting steps involved in interrenal cortisol synthesis (Aluru
& Vijayan, 2006), but we did not find any relationship between
yellow perch liver cyplal expression and scale cortisol content
(data not shown). Also, while yellow perch from contaminated
sites generally had higher levels of cyplal expression than fish
from Mitchell's Bay, only the perch from Trenton Channel were
characterized by lower scale cortisol content. Our results suggest
that scale cortisol may be a useful bicindicator of environmental
conditions that lead to adrenotoxicity in fish, a diagnosis which
should be confirmed in follow-up studies using established in
vitro interrenal bioassays and/or stress challenge protocols
(Hontela, 2005).

Effects of pollution on trophic ecology

There was a significant difference in trophic position between
sites (H(140) =93.00, p < 0.0001; Figure 4A). Yellow perch from
Trenton Channel had significantly lower trophic positions than
perch from the other three sites (mean difference 1.2,
p <0.0001), while Belle Isle perch also had significantly higher
trophic positions than Mitchell's Bay (mean difference 0.4,
p <0.001). Mitchell's Bay and Peche Island perch showed no
significant difference in trophic position. Similar trends in trophic
positions between these sites have been observed in other
species of fish, suggesting variation in food web structure (Na-
wrocki et al., 2016, 2020). The d"°N predator to forage fish ratio
was also analyzed to assess if perch occupied a typical trophic
level above that of small forage fish at the four sites. This
measure differed between sites (H(140)=102.5, p<0.0001;
Figure 4B) and perch from Trenton Channel had significantly
lower d"°N predator to forage fish ratios than perch at the other
three sites (mean difference 0.38, p <0.001). Notably, Trenton
Channel was the only site to have d'°N predator to forage fish
ratios lower than 1. As with trophic position, we found that Belle
Isle perch had the highest median d'*N predator to forage fish
ratio of all four sites.

Differential 6">C of adult perch and forage fish also differed
between sites (H(140) =49.1, p<0.0001; Figure 4C), but in this
case it was higher in yellow perch of Belle Isle and Peche Island in
comparison with the perch of Mitchell's Bay and Trenton
Channel, which did not differ from each other. Similar to trophic
position, variation in §'°C between these sites in other species of
fish has been documented (Nawrocki et al., 2016, 2020).

Finally, isotopic niche width and overlap based on trophic
position and differential 6'3C muscle signatures of adult perch
and forage fish were analyzed to assess potential differences in
diet between sites. Of our four sites, Mitchell's Bay had the
smallest isotopic niche width with a standard 40% ellipse area
(SEA) of 0.58+ 0.1, Peche Island had the largest at 1.39+0.2,
while Belle Isle (SEA=1.04+0.2) and Trenton Channel (SEA=
0.92+0.2) had intermediate values (Figure 4D). The isotopic
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Pl = Peche Island (n=38); TC = Trenton Channel (n=33).

niche at Trenton Channel showed the smallest range of isotopic
niche overlap with the other sites (with Mitchell's Bay
0.02%-0.08%, Peche Island 0.03%-0.1%, Belle Isle 0%-0.02%).
The isotopic niches of Belle Isle and Mitchell's Bay also showed
little overlap at 3%—4%. The greatest niche overlap was seen
between Peche Island and Belle Isle (23%-34%) and Peche Island
and Mitchell's Bay (10%-29%).

Our stable isotope results imply strong trophic disruption at
Trenton Channel, providing evidence that the food web and
trophic relationships are still impacted by legacy contamination
at this site. Yellow perch are generalist foragers that will normally
switch diet from small to large benthic invertebrates and forage
fish as they grow larger (Hayward & Margraf, 1987; lles &
Rasmussen, 2005; Knight et al., 1984; Morrison et al., 1997;
Parrish & Margraf, 1994; Sherwood et al., 2002). Their ability to
exploit lesser value prey opportunistically allows them to occupy
impacted habitats, sometimes at the cost of stunted growth (e.g.,
Sherwood et al., 2002). We observed that most perch sampled
from Trenton Channel had digestive tracts filled with undigested

remains of snail shells, a feature not seen in perch captured at
other sites. Extreme reliance on snail prey may explain the low
trophic position and relatively narrow isotopic niche width of
adult Trenton Channel perch considering that snails have low
nitrogen isotopic signatures (Post, 2002) and typically do not
occur in the diet of yellow perch (Elrod et al., 1981; Keast, 1977).
Disruption of yellow perch foraging patterns has been observed
in metal-contaminated lakes (lles & Rasmussen, 2005; Sherwood
et al., 2002), although the concentrations in these studies were
much higher (3-40 times) than those measured in our study.
Thus, it is unlikely that metal contamination contributed to dis-
ruption of yellow perch trophic ecology at Trenton Channel. This
contention is also supported by the observation that metal
contamination at Trenton Channel was lower than the other two
Detroit River sites studied. The most likely cause of trophic dis-
ruption at Trenton Channel is elevated PAH and PCB con-
tamination; two categories of organic contaminants known for
organismal bioaccumulation and trophic transfer (Honda &
Suzuki, 2020; Russell et al., 1999).
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Somatic growth

We examined the possibility that environmental
contamination could influence somatic growth of perch by
assessing the relationships between age and body
mass between sites (Figure 5). Our generalized linear model
found a significant interaction effect between age and site on
the mass of perch (*(8) = 16.6, p = 0.03), with post hoc pair-
wise comparisons indicating that fish from Peche Island attain
a higher mass than fish from Mitchell's Bay at ages 2
(p=0.02), 3 (p=0.001), and 4 (p<0.001) years. Fish from
Belle Isle also have a higher mass than fish from Mitchell's
Bay, but only at age 4 years (p=0.03). The body mass of
Trenton Channel perch did not significantly differ from the
other sites at any age (p > 0.12). Overall, it appears that perch
from Peche Island grow faster from their second year of life
compared with perch sampled from our reference site
and a similar trend is found later in life in perch from Belle
Isle, but no difference in somatic growth is found between
perch from Trenton Channel and perch from our reference
site Mitchell's Bay.

The disrupted trophic relationships found at Trenton
Channel did not hinder perch somatic growth. Such an absence
of effect on perch somatic growth has already been noted in a
study of legacy PCB contamination in the Hudson River, New
York (Maceina & Sammons, 2018). The absence of effects of
exposure to persistent organic pollutants at environmentally
relevant concentrations on growth of adult fish seems to be the
norm (Johnson et al., 2013). It is unclear why perch from Peche
Island (and to some extent Belle Isle) could attain larger sizes
than Mitchell's Bay perch as they aged, but perch of Peche
Island had the broadest isotopic niche of all sites, suggesting
more diverse prey availability, which may promote fish growth
(Hayden et al., 2014).

150+

100

Body mass (g)
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o

1 2 3 4
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FIGURE 5: Growth of yellow perch (Perca flavescens) across four test
sites in the Lake St. Clair-Detroit River system. Age was determined by
counting annuli on bisected and polished otoliths. Lines of best fit and
95% confidence bands were determined by linear regression for each
site. The appearance of different lines of fit and confidence bands was
varied to distinguish overlapping growth curves. A significant di-
vergence in growth for Mitchell's Bay and Peche Island perch is seen
from age 2 years onwards, and divergence in growth between Belle Isle
and Mitchell's Bay perch is seen at age 4 years. Bl =Belle Isle (sample
size n=39); MB=Mitchell's Bay (n=30); Pl=Peche lIsland (n=38);
TC =Trenton Channel (n=34).

Organ growth

We examined the possibility that environmental con-
tamination could influence organ growth first by assessing
between-site differences in relative organ size, followed by a
general linear model approach (or generalized linear model if
the data did not meet assumptions) to determine which factors
contributed to observed differences between sites. Preliminary
models assessed age, cyplal expression and scale cortisol
content due to between-site differences in these factors, but
neither age, cyplal expression levels, scale cortisol content
nor interaction terms including these factors (age*site, cy-
plal*site, scale CORT*site) had any significant effects on rel-
ative organ sizes (Supporting Information, Table S4 in
Section S5). As such, our final models for relative organ sizes
only examined relative trophic position, site, and the inter-
action of relative trophic position with site.

We found a significant difference in relative brain size be-
tween sites (H(138) =53.1, p < 0.0001; Figure 6A), with Trenton
Channel perch showing significantly smaller brains than perch
at the other three sites (p <0.001). We assessed this between-
site difference in relative brain size with a GLM including rela-
tive trophic position as a covariate due to previous ob-
servations of a positive relationship between trophic position
and relative brain size in fishes (Edmunds et al., 2016;
Kondoh, 2010). Our model showed that relative brain size was
positively associated with relative trophic position (r]p2 =0.25,F
(1)=43.9, p<0.001), site (n,° =0.10, F(3)=5.0, p=0.003), and
the presence of a significant interaction between site and rel-
ative trophic position (np2=0.16, F(3)=8.2, p<0.001). This
significant interaction might be explained by Mitchell's Bay's
more positive relationship (r=0.19) between trophic position
and brain size compared with other sites (Belle Isle r=0.07,
Trenton Channel r=0.04), especially compared with Peche Is-
land, which shows only a small positive correlation coefficient
(r=0.01) for this relationship. Although scale cortisol content
was lower in perch of Trenton Channel, it was not associated
with relative brain size in the GLM analysis (Supporting In-
formation, Table S4). Given the essential roles of cortisol for the
promotion of normal brain development and maturation across
vertebrates (Best et al., 2017; Moisiadis & Matthews, 2014;
Trejo et al., 2000), we cannot exclude the possibility that the
smaller brain size of Trenton Channel perch is the result of early
life programming associated with impaired corticosteroido-
genesis.

We found a significant difference in relative gut size be-
tween sites (H(141)=40.7, p <0.0001; Figure 6B), with Mitch-
ell's Bay perch showing significantly smaller guts than perch at
the other three sites (p <0.01). When assessing this between-
site difference in relative gut size using GLM, we found that
relative gut size was positively associated with relative trophic
position (rzp2 =0.09, F(1)=12.9, p<0.001), but that there was
no interaction between site and relative trophic position
(np2=0.27, F(3)=1.2, p=0.3). The smaller gut size of perch
seen at our reference site Mitchell's Bay is puzzling. A con-
founding effect of competition may have influenced both so-
matic and gut growth patterns there. This inference is based on

© 2023 The Authors
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FIGURE 6: Site differences in relative organ size of yellow perch (Perca flavescens) in the Lake St. Clair-Detroit River system. (A) Relative brain size,
(B) relative gut size, (C) relative liver size, (D) relative heart ventricle size, and (E) relative gonad size. The relative size of organs was obtained from
residuals of linear (all organs, except brain) or quadratic (brain only) relationships between body mass and organ mass including perch of all sites.
Bars represent median and interquartile range. Letters denote differences between sites obtained by Dunn's post hoc test. Bl =Belle Isle; MB =
Mitchell's Bay; Pl = Peche Island; TC = Trenton Channel. Samples sizes are Bl (39), MB (30), PI (38), and TC (34) everywhere, except for (A) (MB = 29,

Pl=36) and (D) (Bl =38, PI=36).

the small isotopic niche width of perch from Mitchell's Bay
compared with the Detroit River sites, possibly indicating a
more specialized diet. Isotopic niche width compression under
intense interspecific competition has been observed in Arctic
charr Salvelinus alpinus (Sandlund et al., 2016) and gut length is
associated with diet composition and quality in fish (German &
Horn, 2006; Olsson et al., 2007). Perhaps the primary prey type
eaten by perch at Mitchell's Bay does not require a large gut to
digest or a growth-promoting generalist diet (Hayden
et al., 2014) of Detroit River perch may require increased di-
gestion capacity supported by a larger gut.

We found a significant difference in relative liver size be-
tween sites (H(141)=17.8, p=0.0005; Figure 6C). Mitchell's
Bay perch had significantly smaller livers than Peche Island and
Trenton Channel perch (p <0.05). We assessed this between-
site difference in relative liver size using GLM and found that it
was affected only by site ?3)=9.2, p=0.03), with no sig-
nificant effect of relative trophic position (1)=3.7, p=0.06)
or the interaction between site and relative trophic position
K(3)=2.1, p=0.56). The liver hypertrophy seen at Peche Is-
land and Trenton Channel matches previous observations of
liver response to contaminant exposure in fish (Agbohessi
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et al., 2015; Burlakov et al., 2021; Louiz et al., 2018; Tenji
et al,, 2020; Wolf & Wolfe, 2005). We suspected that this
hepatic growth under energetic limitation would come at the
expense of other organs, specifically energetically expensive
organs like the brain or gut. However, normal brain size at
Peche Island and normal gut size at both sites showing liver
hypertrophy offer no support for this view.

We found a significant difference in relative heart ventricle
size between sites (H(138)=13.8, p=0.003; Figure 6D), with
Peche lIsland perch showing significantly larger heart ven-
tricles than perch of Mitchell's Bay and Trenton Channel
(p < 0.05). We assessed this between-site difference in relative
heart ventricle size using GLM and found a significant effect of
site (np2=0.08, F(3)=3.5, p=0.02) and an interaction be-
tween site and relative trophic position (r]p2 =0.07, F(3)=3.4,
p=0.02). This significant interaction might be explained by a
divergent negative relationship between relative trophic po-
sition and relative heart ventricle size at Belle Isle (r=-0.14)
compared with weak positive relationships at the other sites
(r between 0.03 and 0.1). Belle Isle was the only site where
organochlorine DDT metabolites were detected in sediments
and such contamination is known to transfer to fish tissues in
food webs (Di et al., 2017; Jurgens et al., 2016). Thus, po-
tentially cardiotoxic bioaccumulation of DDT metabolites with
increasing trophic position may have reduced heart size in
Belle Isle perch. Previous work in fish showed that DDT can
accumulate in the heart of Atlantic salmon (Premdas &
Anderson, 1963) and that exposure can slow heart rate in
early-stage zebrafish (Ton et al., 2006). Mice exposed to DDT
perinatally showed enlarged (not smaller) heart ventricles as
adults, but most effects seen in mammals are related to hy-
pertension and not direct effects on the heart (La Merrill
et al.,, 2016). The relationship between trophic position and
heart ventricle size warrants further investigation to verify
potential deleterious effects of chronic exposure to DDT
metabolites and their interaction with industrial contaminants
known to be cardiotoxic (Incardona & Scholz, 2017) on fish
heart growth and function.

Our sample had a strong female-biased sex ratio (80%), with
only 4% males and 16% perch of undetermined sex, which
were probably immature. We found no significant difference in
relative gonad size between sites in mature perch (H(119) = 4.6,
p=0.21; Figure 6E). Removal of males did not change the
outcome of this analysis (H(113)=6.9, p=0.08).

Site differences in perch growth patterns may have been
influenced by competition as much as pollution. We hypothe-
sized that legacy industrial pollution would put fish under en-
ergetic constraints and reduce their ability to grow and
maintain energetically expensive organs like the brain and gut.
Energetic constraints were not obvious from somatic growth
patterns between sites because perch from our Lake St. Clair
reference site showed the slowest growth and perch from the
most polluted site—Trenton Channel—showed somatic growth
on par with the fastest growing perch at Peche Island. Reduced
somatic and gut growth at Mitchell's Bay may be due to in-
creased competition for resources, as indicated by a small
isotopic niche width, while reduced brain growth with normal

somatic growth at Trenton Channel is associated with pollution-
induced trophic disruption.

The variables measured in the present study allowed us to
explore potential mechanisms underlying the effects of pollution
on growth. A direct toxic effect of pollution would see an as-
sociation between increased liver detoxification activity esti-
mated by liver cyplal expression and growth inhibition, but
cyplal expression was not associated with within-site variation
in perch organ sizes. Baring the development of resistance to
cyplal-inducing contaminants in perch (Bello et al., 2007;
Courtenay et al., 1999), a plausible explanation for the mismatch
between patterns of cyplal expression and organ size is that
contamination did not directly influence organ growth. Unlike
cyplal expression, trophic position was associated with varia-
tion in brain, gut, and heart ventricle size, suggesting that organ
growth may be influenced by indirect effects on food webs. One
candidate indirect effect of pollution is revealed by the co-
occurrence of smaller perch brains and trophic disruption at
Trenton Channel. Trophic disruption may reflect reduced prey
abundance and/or quality for perch, thereby reducing energy
available through foraging to invest in growth of the energeti-
cally expensive nervous system (Niven & Laughlin, 2008). Such
small brains may further impact behavioral abilities related to
prey capture, as seen in fish exposed to PCBs in laboratory or
field conditions (Carvalho et al., 2004; Weis et al., 2001), and
thus small relative brain size may represent an indicator of be-
havioral disruption. Alternatively, brain size may be reduced to
save energy if foraging at low trophic position does not present
a strong cognitive challenge requiring a large brain (Edmunds
etal., 2016; Kondoh, 2010). Even though we cannot exclude the
possibility that early life adrenotoxicity is responsible for irre-
versible reduction in perch brain growth at Trenton Channel or
the direct inhibitory effect of early life PCB exposure on brain
development (see King-Heiden et al., 2012), we consider these
possibilities less likely because fish show indeterminate growth,
conferring them the ability to grow their brains throughout life
(Hariharan et al., 2016).

SUMMARY AND CONCLUSIONS

Our study identified strong trophic disruption correlated
with reduced yellow perch brain size at a Detroit River site
impacted by legacy industrial pollution. Effects on perch
growth were subtle and may have been influenced by com-
petition (reduced somatic and gut growth at Mitchell's Bay) as
much as pollution (reduced brain growth at Trenton Channel).
As such, highlighting a potential limitation of the AOP concept
under complex real-world exposure conditions, our results
suggest that indirect effects such as trophic disruption can alter
outcomes. Trophic disruption where competition is limited
suggests that continued remediation efforts targeted at im-
proving prey availability for fish may be beneficial. However,
indicators of quality of the invertebrate community onto which
fish feed are difficult to obtain (but not impossible, see Grif-
fiths, 1991, McPhedran et al., 2016; Thornley, 1985). Thus, in-
dicators of fish trophic ecology may be easier to implement for
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monitoring efforts because trophic position and isotopic niche
can be used as integrated measures of the prey community
available to fish (Alp & Cucherousset, 2022; Layman
et al., 2007, Yeakel et al., 2016). Ultimately, such measures of
foraging ecology may prove useful indicators of fish and eco-
system health that could be used advantageously in combi-
nation with other indicators of pollution to improve
environmental monitoring and assessment programs.

Supporting Information—The Supporting Information is avail-
able on the Wiley Online Library at https://doi.org/10.1002/
etc.5701.
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