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ABSTRACT

Liver and skin tumours in brown bullhead (Ameiurus nebulosus) and white sucker (Catostomus commer-
soni) have been associated with contamination of the aquatic environment. In this study, we present a
Bayesian hierarchical logistic-Bernoulli framework that considers the role of fish covariates (e.g., age,
total weight, gonad weight, liver weight, fork length) on tumour prevalence to identify the presence of
“hot-spots” around the Canadian waters of the Great Lakes, where high fish tumour frequencies are reg-
istered. We developed methods to discern the degree of impairment that are either based on the compar-
ison of tumour frequencies in contaminated (or impacted) sites against those predicted in their
corresponding reference areas, or the assessment of the prevailing conditions in impaired sites indepen-
dently, without the need to establish baseline conditions for comparison purposes. Our modelling study
predicts low frequencies of neoplastic tumours in all the impacted locations. In contrast, the same com-
parisons with the preneoplastic lesions provided evidence of distinct differences between impacted and
reference sites in Jackfish Bay, St. Mary’s River, Niagara River, Hamilton Harbour, and Bay of Quinte. We
also found weak to moderately strong relationships between tumour occurrence and fish physical char-
acteristics that varied considerably in terms of their strength and nature (sign) among the different loca-
tions. Our study concludes that the prevalence of neoplastic tumours appears to have reached acceptable
levels around the Great Lakes, but the distinctly higher levels of preneoplasms in several impacted loca-
tions underscore the need to improve our understanding of the lesions that may lead to carcinogenesis.

© 2021 Published by Elsevier B.V. on behalf of International Association for Great Lakes Research.

Introduction

and white sucker have been identified as potential indicators of
contamination: hepatic (liver) neoplasms and orocutaneous neo-

A neoplasm, or tumour, is a non-inflammatory swelling caused
by abnormal and atypical cell and tissue growth. Neoplasms are
diagnosed either as benign or malignant and can occur as a distinct
mass of tissue varying in size (Rafferty et al., 2009). Benign
tumours do not invade the nearby tissues of a host and do not
spread to other body parts; whereas, malignant tumours can
spread, invade, and destroy the tissues of a host (Blazer et al.,
2006). Chemical contamination increases the odds of tumour pres-
ence, and therefore tumour prevalence in sedentary fishes, like
brown bullhead (Ameiurus nebulosus) and white sucker (Catosto-
mus commersonii), has been used as an indicator of water pollution
in the Great Lakes and elsewhere (Logan, 2007; Blazer et al., 2017;
Pinkney et al., 2019). Two types of neoplasms in brown bullhead
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plasms (Blazer et al., 2009a, 2009b) Hepatic neoplasms are internal
tumours that are formed by liver cells (hepatocytes), while bile
duct cells can also form tumours (cholangiomas and cholangiocar-
cinomas) within liver tissues. Because liver tumours are not always
visible to the naked eye, a liver histopathology is required to verify
tumour presence (Rafferty and Grazio, 2006). In contrast, orocuta-
neous neoplasms are externally visible that can be identified as
raised lesions (pale or pigmented in color) and typically found on
both the upper and lower oral cavity. Orocutaneous neoplasms
can either be singular or nodular growths on the skin surface
(Blazer et al., 2009a). In addition to neoplasms, lesions known as
foci of cellular alteration (FCA) have been observed in the liver
and are categorized as non-neoplastic lesions (Blazer et al., 2017;
Maronpot and Malarkey, 2019). Notwithstanding the on-going
debate on whether FCA are preneoplastic in nature, these types
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of lesions can still be perceived as indicators of chemical exposure
and are typically enumerated (Blazer et al., 2017).

The likelihood of a causal relationship between contaminated
sediments and fish tumour prevalence originated from studies in
the early 1980s, while reporting on the high occurrence of liver
tumours in marine fish (Malins et al, 1987). Baumann and
Harshbarger (1998) provided evidence that a decrease in sediment
contaminant exposure brought about a decline in brown bullhead
liver tumours, following the closing of a steel manufacturing plant
on Ohio’s Black River. Several other studies have continued to link
contaminated sediments with elevated tumour prevalence in ben-
thic species (Bauman et al., 1992; Leadley et al., 1998; Pinkney
et al., 2014). Tumour formation in fish is prevalent in the liver,
owing to its role as the detoxifying center organ in the body that
is more susceptible to chemical metabolites (Pinkney et al., 2004;
Yang and Baumman, 2006). For instance, when the liver breaks
down polycyclic aromatic hydrocarbons (PAHs), the associated
metabolites are secreted in the bile and can be used as a proxy
to assess PAH pollution in different fish species (e.g., Vuorinen
et al.,, 2017; Lv et al., 2019). Fish bile also displays a higher affinity
for accumulating phenolic endocrine disrupting chemicals (EDCs)
in comparison to liver and fish muscle tissues (Lv et al., 2019).
The presence of biliary PAH metabolites has also been linked to
the alteration of fish liver size due to contamination stress (Yang
and Baumann, 2006). Positive associations between the liver to
body weight ratio or hepatosomatic index (HSI) and sediment
PAH concentrations have been reported (Pinkney et al., 2001).
However, there are also other factors that can shape fish liver size,
such as the sex, seasonality, and presence of different contaminant
mixtures (Yang and Baumann, 2006). For example, although benzo
[a]pyrene metabolites in bullhead bile were positively associated
with PAH concentrations in sediment across seven (7) US AOC sites
and one reference location, HSI (male or female) was not signifi-
cantly related to any type of sediment contamination (Yang and
Baumann, 2006). More recently, Pinkney et al. (2019) provided evi-
dence that the decreased liver tumor prevalence in brown bull-
heads from the Anacostia River and nearby areas may be
collectively associated with decreased exposure to initiators
(PAHs), tumour promoters (PCBs and DDT compounds), and
immune system toxicants.

Besides the role of legacy contaminants, more research has also
been directed towards emerging contaminant issues, such as expo-
sure to estrogenic compounds from agricultural and human
wastewater (Soto et al., 2008). Similarly, variability in fish tumour
prevalence can arise as a result of multiple factors, including onto-
genetic changes, migration between heavily contaminated and
non-contaminated sites, presence of pathogens and parasites that
can be responsible for fish immune suppression (Blazer et al.,
2006, 2009a, 2009b). Genetic and viral factors can also give rise
to fish tumours, with some species (e.g., aquarium fish and hybrid
carp) displaying a genetic predisposition towards tumour forma-
tion, but none of those tumours are hepatic in origin (Baumann,
1992). More recently, Hahn et al. (2015) sequenced the full genome
of a new hepatitis B-like virus that infects white suckers from the
Great Lakes Region. The latter study reported a viral transcription
in 9-10% of the white sucker specimens examined, but the preva-
lence of hepatic tumors in these samples was 4.9%, with only 2.4%
of fish being positive for both virus and hepatic tumours, and thus
the likelihood of carcinogenesis cannot be unequivocally inferred.

According to the International Joint Commission (IJC), the cau-
sal association between hepatic neoplasms and sediment contam-
ination suggests that tumours can be used as a proxy of
environmental integrity (Baumann et al., 1996). Thus, “fish
tumours and other deformities” has been listed as one of the four-
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teen (14) Beneficial Use Impairments (BUIs) established under the
binational Great Lakes Water Quality Agreement (GLWQA) (IJC,
2003). BUIs have then been used to designate Areas of Concern
or AOCs, areas which were altered physically, chemically or biolog-
ically as a result of anthropogenic activities (Arhonditsis et al.,
2019). Fish tumour assessment in AOCs has traditionally relied
on survey data comparing exposed (impacted) and reference
(unimpacted) sites for two tumour types (neoplasms and preneo-
plasms) in the livers of two inshore fish species: brown bullhead
and white suckers (Rafferty et al., 2009). As previously mentioned,
these two species are preferred indicators due to their life history
traits, including their dietary habits (omnivores preying upon
invertebrates buried in sediments), limited migration patterns,
preferred habitats in muddy lake bottoms, as well as their resili-
ence in low dissolved oxygen conditions (Blumer, 1985; Kline
and Wood, 1996; Baumman, 2010).

Fish age, and other associated physical characteristics, such as
fork length, liver weight, gonad weight, or total fish weight, repre-
sent covariates to determine tumour frequency rates (Mahmood
et al., 2014). To account for ontogenetic variability in tumour
prevalence, it is typically recommended that the severity of the
problem should be evaluated with sufficiently large samples (up
to 100 specimens) with a fork length greater than 250 mm and ide-
ally older than 3 years of age for brown bullhead to estimate
whether the exposed areas are characterized by higher tumour
rates than reference sites (Rafferty, 2003). However, the likelihood
of regularly sampling enough fish with the specific size require-
ments in both reference and impacted sites may not be realistic.
In addition, the guidelines on what constitutes an unimpaired site
in terms of tumour frequency rates currently remains unclear
(Blazer et al., 2009a, 2009b; Mahmood et al., 2014). Reference sites
used in the delisting process might be at best interpreted as being
upstream areas that are not subjected to industrial or municipal
discharges or areas where land use has not disrupted ecosystem
functions (Rafferty et al., 2009). To date, the delisting guidelines
do not outline how these unimpacted sites can be selected and
which characteristics are relevant for the assessment of fish
tumours among AOCs and their equivalent reference sites.

In this study, we present a modelling analysis that explicitly
accommodates the growing awareness on the importance of prob-
abilistic assessment frameworks to aid policy decisions (Mahmood
et al., 2014). The main objectives of our study are: (i) to assess
whether fish traits (age, liver weight, gonad weight, total weight,
fork length) are statistically significant covariates of tumour
expression; (ii) to determine whether the prevalence of preneo-
plasms or neoplasms differs significantly between exposed and ref-
erence sites in the Canadian AOCs across the Great Lakes, and (iii)
to identify the presence of “hot-spots”, where fish tumours are still
registered with high frequency. Our exercise is based on the latest
liver tumour data from the Canadian AOCs, but with the caveat
that several of the site-specific datasets (especially for brown bull-
head) were collected more than 10-15 years ago. Considering that
age plays a role in tumour prevalence, we hypothesize that tumour
occurrence will be more prevalent in older fish because older fish
specimens would have grown and matured in contaminated
waters during their natural life stages for a longer period of time
(longer exposure to contamination). In addition, our hypothesis is
that tumour prevalence will be more frequent in exposed sites rel-
ative to reference sites, mainly due to the prolonged history of con-
tamination that can affect the health of fish populations. To test
our hypothesis, we introduced a Bayesian hierarchical configura-
tion of a logistic-Bernoulli model that accounts for the likelihood
of sampling bias, as well as the variability of fish populations
among different AOCs around the Great Lakes.
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Methodology
Study site and data description

Our study sites represent both impacted (exposed) and unim-
pacted (reference) locations and the associated data were collected
from a number of closely located geographic areas that have expe-
rienced similar anthropogenic impacts (Fig. 1 and Table S1 in the
Electronic Supplementary Material). When assessing the presence
of fish tumours across the Great Lakes, reference sites are broadly
defined as areas: (i) that have not experienced industrial or munic-
ipal discharges from upstream or nearby locations, and (ii) where
the aquatic ecosystem functioning has not been impacted by
land-use patterns in the adjacent watershed (Baumann et al.,
2000). In cases, where no fully unimpacted sites exist, the least
impacted sites are used as a pragmatic choice for tumour fre-
quency rate comparisons (Baumann et al., 2000). Specifically, we
studied eleven (11) AOCs located in Lake Superior, Lake Erie and
Lake Ontario. Here, we review the historical background of the dif-
ferent contamination sources affecting these AOCs that could have
increased the frequency of fish tumours as well as the current sta-
tus of each site as it pertains to the BUI 4“Fish tumours and other
deformities”.

Lake Superior AOCs: We focused on two AOCs in Lake Superior
where BUI 4 has been listed as impaired: Thunder Bay and Jackfish
Bay. The Thunder Bay AOC covers an area spanning 28 km along
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the shoreline of Lake Superior (Marshall, 2015). Since the begin-
ning of the twentieth century, the shoreline of the bay experienced
significant changes, such as the removal of natural wetlands, which
greatly reduced spawning, nursery and foraging grounds for multi-
ple fish species (Marshall, 2015). Organic and heavy metal contam-
ination impacted the broader area during the high-development
initiatives of the 1920s. Historic industrial activity led to the input
of pulp fibers, wood chips, and mercury waste product deposits in
Thunder Bay (Grapentine, 2011). Thunder Bay currently remains
listed as impaired with respect to BUI 4.

The Jackfish Bay AOC is located 250 km northeast of Thunder
Bay. Pollution problems in Jackfish Bay were attributed to the pulp
and paper-mill operations in the nearby town of Terrace Bay
(Stewart and Rashid, 2011). The process of turning wood chips to
paper in these facilities made use of sodium hydroxide and sodium
sulfide (Stewart et al., 2010). Elevated levels of dioxins, furans,
mercury and polychlorinated biphenyls (PCBs) have also been
detected in fish and wildlife since the mid-1970s (Jackfish Bay
RAP Team, 1991). Consequently, commercial and recreational uses
have been restricted to the general public while the historical
effects in the area can still be seen today (Dahmer et al., 2015).
Jackfish Bay was also found to be a hotspot for elevated mercury
contamination, displaying a 25% exceedance frequency of the tol-
erable daily mercury intake in walleye for sensitive demographic
groups (Visha et al., 2018a). On-going remediation actions have
been driven by a blend of science and public policy mandates
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(Stewart and Rashid, 2011). Currently, Jackfish Bay has undergone
a status change from an AOC to that of an Area in Recovery (AIR).

St. Mary’s River and the St. Clair River AOCs: As the only outlet
from Lake Superior, the St. Mary’s River provides a 112 km bina-
tional international waterway connecting Lake Superior to the rest
of the Great Lakes (Keller et al., 2011; Moerke and Werner, 2011).
The river historically acted as the only known means of accessing
Lake Superior in the nineteenth century due to the lack of roads
and railroad services (Arbic, 2003). The river has often been
referred as the “Hub of the Great Lakes” due to its relevance in
the shipping industry associated with the navigational marine traf-
fic along the Great Lakes-St. Lawrence Seaway (Moerke and
Werner, 2011). The communities on the St. Mary’s River have his-
torically relied on steel/paper making, commercial fishing, and
tourism. Steel mills in the twentieth century introduced, PAHs,
iron, tar, ammonia, cyanide and phenols into the sediments. Paper
mills and leather-tanning industries along the shores, contributed
to suspended solids in the water column, chromium, cyanide, sul-
fide, and mercury (Ripley et al., 2011). One of the driving forces
behind the designation of the St. Clair River as an AOC was fish con-
tamination, owing to the industrial emissions from the city of Sar-
nia (Gewurtz et al., 2010). The main contaminants found in the
sediments of the St. Clair River include mercury, hexachlorobutadi-
ene and hexachlorobenzene. On-going remediation initiatives have
contributed to the amelioration of the degree of contamination,
especially after the mid-2000s (Richman et al., 2018). BUI 4 contin-
ues to be listed as impaired in both the St. Mary’s River and St. Clair
River AOCs.

Lake Erie AOCs: The Detroit River is a major navigation corridor
of the Great Lakes, extending 51 km from Lake St. Clair to Lake Erie.
Its watershed, which covers about 2000 km? on both sides of the
international boundary, is home to more than five million people
(Green et al., 2010). In our study, Windsor represents the main
location from the Detroit River AOC sampled for fish tumour occur-
rences on the Canadian side of the river. For decades, the water-
shed of the Detroit River AOC has hosted extensive industrial
activity, agricultural practices and urban development. Combined
sewer overflows, sanitary sewer overflows and municipal and
industrial discharges are major sources of contaminants. One of
our exposed sites from this AOC, Turkey Creek, is predominantly
influenced by wetlands along the shoreline of the Detroit River
(Green et al., 2010), while our reference location, Peche Island, pro-
vides an important nesting habitat for birds and spawning environ-
ment for different fish species. Owing to the proximity of the city of
Windsor on the Canadian side, the majority of the land use com-
prises 64% agriculture/unclassified, 29% developed areas, and 7%
woodland, contrasting the U.S side, where 70% of the land is occu-
pied by urban and industrial uses (Green et al., 2010). The majority
of environment degradation, including the presence of fish tumour
and deformities, has been associated with toxic contaminants
(OMOE, 2009).

Wheatley Harbour is located on the northwest shore of Lake
Erie and was designated as an AOC since the 1980 s (Gilroy et al.,
2012). Unlike other AOCs, the primary source of contamination
in Wheatley Harbour were the discharges from a fish-processing
plant. Specifically, PCBs were introduced to the sediments of
Wheatley Harbour as a result of fish processing operations at
Muddy Creek by Omstead Fisheries Ltd plant (the main processor
of locally caught fish at the time) (Bedard and Petro, 1995). Runoff
from agricultural operations in the area also resulted in contami-
nated levels of some metals. The construction of Wheatley Harbour
and the infilling of some of the wetlands for industrial develop-
ment impacted habitat for fish, waterfowl and other wetland wild-
life. Wheatley Harbour was delisted as an AOC in 2009, an event
which has been celebrated as a major milestone for the Great
Lakes.
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Lake Ontario AOCs: The Hamilton Harbour AOC covers about
500 km? and includes the Harbour, the Cootes Paradise wetland
and open water, and the surrounding watershed drained by three
main tributaries: Grindstone Creek, Red Hill Creek and Spencer
Creek (Bowlby et al., 2009). Hamilton Harbour has experienced
contamination from urban and industrial emissions, as well as
wastewater sewage discharges. The two most contaminated
regions of the Harbour are the Randle Reef and Windermere Arm
(Burniston et al., 2016). Historically, both of these locations have
had the highest concentrations of legacy contaminants such as
PCBs and PAHs due the iron and steel manufacturing industry
and expanding urban development predominantly around the
shoreline (Neff et al., 2016). The Hamilton Harbour has been iden-
tified as a hot spot for PCB contamination, especially for brown
bullheads, yellow perch, and freshwater drum (Visha et al,
2018b), and the same is true for walleye in terms of the mean total
mercury levels (Visha et al., 2016). BUI 4 continues to be listed as
impaired in Hamilton Harbour.

The Niagara River, connects Lake Erie to Lake Ontario, and is the
recipient of upstream flow drainage from Lakes Superior, Michigan
and Huron (IJC, 2002). The Canadian section of the Niagara River
AOC includes the Canadian side of the Niagara River, Niagara Falls,
and the Welland River watershed (Niagara River Area of Concern,
2010). More than half of the flow of the river is diverted for electri-
cal power generation on both the Canadian and U.S. sides (Niagara
River Area of Concern, 2010). The Niagara River basin comprises
industrial, residential, urban, agricultural, and park land areas
(IJC, 2002). Legacy hazardous waste sites, such as the Love Canal
and the Occidental Chemical-Hyde Park, have contributed to
dioxin, mercury, PCBs and trichloroethylene (TCE) inputs into the
Niagara River (IJC, 2002). Niagara River appears to be responsible
for nearly half of the contaminant loadings transported to Lake
Ontario, and therefore appears to be a shaping factor of a prevalent
west-to-east contamination pattern in the lake (Visha et al., 2016).
BUI 4 is still considered impaired in the Niagara River.

The Toronto and Region AOC, includes the Toronto waterfront
and six watersheds: Etobicoke Creek, Mimico Creek, Humber River,
Don River, Highland Creek and Rouge River (Kidd, 2015). The Hum-
ber River and Don River watersheds play a significant role in driv-
ing the water quality conditions for the region. The lower portions
of the Don and Humber Rivers experience raw sewage and storm
water overflows during periods of heavy rainfall. The water quality
conditions in the Humber River watershed are better in compar-
ison to the water quality in the Don River, which encapsulates
the heavily urbanized section of the city of Toronto (Kidd, 2015).
Seasonal pollution from the Don River (e.g., chloride from road
salt), storm water, and sewage loadings are most apparent in the
inner Toronto harbour during rainfall events (Kidd, 2015). Pollu-
tion tends to be lower in the offshore areas; however the outer por-
tion of Toronto Harbour is also influenced by contaminants
transported from Lake Ontario, as a result of the prevailing lake
currents and hydrodynamic patterns (Kidd, 2015). The Toronto
Harbour continues to be listed as an AOC in regards to fish tumour
and other deformities.

The Bay of Quinte forms a Z-shaped embayment on the north-
eastern shore of Lake Ontario (Kelly et al., 2019). The watershed
includes the agriculturally rich Prince Edward County to the south
and the Trent River is responsible for most of the flow through the
bay (Kelly et al., 2019). The Bay of Quinte, comprises four main
regions; Trenton, Belleville, Deseronto, and Napanee (Project
Quinte Annual Report, 2014). Environmental concerns in the Bay
of Quinte AOC include eutrophication, persistent organic pollu-
tants, bacterial contamination and loss of fish and wildlife habitat
(Bay of Quinte RAP, 2017). The Bay of Quite is close to being
delisted as an AOC due to long-term remediation and restoration
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efforts. The BUI #4 in the Bay of Quinte has been recently revised to
a “non-impaired” status (Bay of Quinte RAP, 2017).

The St. Lawrence River AOC includes a stretch of approximately
80 km long, from the Moses-Saunders power dam to the eastern
outlet of Lake St. Francis, in Quebec (Moir et al., 2018). The largest
urban area is the city of Cornwall which has historically experi-
enced extensive industrial activities. Continuous remediation
actions spanning two decades have focused on reducing agricul-
tural and industrial runoff, as well as updating septic and waste
water treatment plant systems from the city of Cornwall (St.
Lawrence River Area of Concern, 2010). Historical discharges con-
tinue to impact the aquatic environment, as contaminated sedi-
ments transfer mercury and other metals to the biota.
Specifically, fish from this area continue to display high levels of
heavy metal contamination (Lapointe and Ridal, 2019). Local con-
taminant sources include industrial and municipal discharges,
and diffuse sources such as urban stormwater and agricultural run-
off. Cornwall and the St. Lawrence River continue to be listed as an
AOC as it pertains to fish tumours and other deformities.

Fish Tumour Data: Tumour frequency data for brown bullhead
were obtained from eight sites, and the St. Clair River AOC was the
only location without a reference site. White sucker tumour data
were based on three sites (Table S1), with Thunder Bay not having
a reference site. Brown bullhead samples from exposed and refer-
ence sites spanned eight years, from 2001 to 2008, with the excep-
tion of the dataset obtained from St. Clair River, which comprised
tumour data collected between 2013 and 2014. White sucker sam-
ples were obtained in 2006, 2009, 2013, and 2015. For each site,
fish data indicated presence/absence of different types of tumours,
fish age (based on annual growth increments; also known as rings
or annuli), fork length (cm), total fish weight (g), gonad weight (g)
and liver weight (g). Consistent with our earlier work by Mahmood
et al. (2014), we categorized fish tumours into two broad types;
namely, neoplasms (hepatocellular adenoma, hepatocellular carci-
noma, cholangioma, cholangiocarcinoma) and preneoplasms (bile
duct hyperplasia, basophilic focus, eosinophilic focus, clear cell
focus, vacuolated cell focus).

Details about the laboratory analyses, including the procedures
followed during the preparation of the samples and histological
evaluations can be found in Baumann (2010) and references
therein. Briefly, prior to processing, the liver tissues were trimmed
into an appropriate number of sub-samples (1 to 7) based on the
original size of the sample. The embedded tissues were sectioned
at 4 - 6 um, and one slide, each with three tissue sections, was pre-
pared from each block. The slides were stained with Harris hema-
toxylin and eosin. Lesion classification generally followed
published guidelines (e.g., Wolf and Wolfe, 2005). The non-
neoplastic hepatocellular lesions included the four (4) types of foci
of cellular alteration based on tinctorial characteristics of the hep-
atocyte cytoplasm. The non-neoplastic biliary lesions included only
bile duct hyperplasia. The neoplastic hepatocellular lesions
included hepatocellular adenoma and hepatocellular carcinoma.
The neoplastic biliary lesions included cholangioma and cholangio-
carcinoma. In addition, the presence of non-proliferative liver
lesions were noted. Small accumulations of lymphocytes/leuco-
cytes were recorded as “Inflammation”, melanomacrophage aggre-
gates in numbers in excess of the norm were recorded, as well as
focal areas (minor) of necrosis. The visible presence of any para-
site(s) in each liver was also noted, as were granulomata, which
were generally associated with parasites. Although many livers
had minor areas of blood congestion (increased blood vessel size
and blood flow to an area), those with excessive areas were noted.
Instances of cholangiofibrosis (Baumann et al., 1990) were also
reported. This was largely composed of large encapsulating masses
that encircled six or more normal-appearing bile ductules. Finally,
minor biliary fibrosis and other anomalies were also reported. In
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addition to blinded examination, as a check of diagnostic quality,
for every ten (10) livers examined by the lead pathologist, the
reviewing pathologist selected one of the livers and independently
examined and scored the lesions. The pathologists then compared
diagnoses and scores, and the reported scores are those agreed
upon by both pathologists.

Bayesian hierarchical modelling framework

Our model postulates that the likelihood of tumour occurrence
in our dataset resembles a Bernoulli process (Mahmood et al.,
2014). Namely, the collected samples represent a sequence of inde-
pendent identically distributed Bernoulli trials, whereby each time
a specimen is examined the outcome of tumour occurrence is inde-
pendent from the previous samples. The probability that a fish has
a tumour can be determined by a series of covariates, such as the
fish age, fork length, liver weight, gonad weight, or total fish
weight. The relationship between the fish tumour probability and
its age and/or morphological characteristics was modelled using
logistic regression (Pinkney et al., 2009; Rutter, 2010; Mahmood
et al.,, 2014). The latter relationship was parameterized using a
hierarchical framework to accommodate the spatial variability,
while considering the fact that there is some commonality among
the study sites with respect to the role of the factors that shape fish
tumour frequency (Fig. 1). Thus, the mathematical representation
of our model is as follows:

Tumour opsii Py (Boj> Bij» Xijk> Boc, Brg) ~ Bernoulli(py)

logit (p;) = Boj + Z Bii - Xijk
k

Boj ~ N(Boc,T5;) By ~ N(Brs, i)

‘Eajz ~ ((0.001,0.001) 1.',;]-2 ~ (G(0.001,0.001)

Boc ~ N(Moﬁé) Bic ~ N( 03)

1o ~ N(0,10000) 1, ~ N(0, 10000)

5% ~ G(0.001,0.001) o2 ~ G(0.001,0.001)

where Tumour,; denotes the tumour occurrence (1 or 0) in fish
sample i collected from location j; p; represents the corresponding
probability of tumour occurrence expressed as a function of the
(standardized) k covariates x; fi;; and f,; are the site-specific regres-
sion coefficients which were drawn from normal distributions with
global mean f, fic and site-specific variance t3;, T7;; Ly, t; 05, Of
are the hyperparameters used to define the global mean values
for the regression coefficients; N(0,10000) and G(0.001,0.001) rep-
resent normal and gamma prior distributions that imply no prior
knowledge on the corresponding parameter values (non-
informative priors). Except from age, all the fish covariates were
natural log-transformed and then were standardized prior to use
as predictors.

Model Computations: We used the general normal-proposal
Metropolis algorithm as implemented in the WinBUGS software
(Lunn et al., 2000); this algorithm is based on a symmetric normal
proposal distribution, whose standard deviation is adjusted over
the first 4000 iterations such that the acceptance rate ranges
between 20 and 40%. We used two chain runs of 50,000 iterations
and samples were taken after the Markov chain Monte Carlo
(MCMC) simulations converged to the true posterior distribution.
Convergence was assessed using the modified Gelman-Rubin con-
vergence statistic (Brooks and Gelman, 1998). Generally, we
noticed that the sequences converged very rapidly (~3,000 itera-
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tions), and the summary statistics reported were based on the last
45,000 draws by keeping every 10th iteration (thin = 10) to avoid
serial correlation. The accuracy of the posterior parameter values
was inspected by assuring that the Monte Carlo error (an estimate
of the difference between the mean of the sampled values and the
true posterior mean; see Lunn et al., 2000) for all parameters was
<5% of the sample standard deviation.

The determination of the most parsimonious models with
respect to the covariates used to determine the probability of
occurrence was based on the deviance information criterion
(DIC); a Bayesian measure of model fit and complexity
(Spiegelhalter et al., 2002). DIC is given by:

DIC = D(0) + pp

where D(0)is the posterior mean of the deviance, a measure of
residual variance in data conditional on the parameter vector 0.
The deviance is defined as —2log(likelihood) or — 2log[p(y|0)]; pp is
a measure of the “effective number of parameters” and corresponds
to the trace of the product of Fisher’s information and the posterior
covariance. It is specified as the posterior mean deviance of the

model D(6) minus the point estimate of the model deviance when
using the means of the posterior parameter distributions, i.e.,
pp =D(0) — D(0).Thus, this Bayesian model comparison first
assesses model fit or model “adequacy” (Spiegelhalter et al.,

2002),D(0), and then penalizes complexity,p,. A smaller DIC value
indicates a “better” model.

Post-hoc analysis: We developed three methods to discern the
degree of impairment of each study site based on the MCMC sam-
ples from the logistic-Bernoulli model. We first conducted poste-
rior simulations with the site-specific models to recreate the
probabilities of tumour occurrence across the ranges of the physi-
cal characteristics, as delineated by all the fish specimens from the
Great Lakes, and create histograms that depicted the likelihood of
experiencing probabilities of tumour occurrence anywhere
between 0 and 100%. Simply put, we created a frequency diagram
(or “probability distribution of the predicted tumour occurrence prob-
abilities”) that provides the probability of a random fish specimen
from a given location to have X% risk of tumour (see discussion
in Zhang and Arhonditsis, 2008; Mahmood et al, 2014;
Arhonditsis et al., 2019). The probability mass associated with a
tentative benchmark of lower than 10% frequency was then used
as a measure of our confidence that the risk of tumour prevalence
in an impaired site lies within acceptable levels. The first method
represents an attempt to evaluate the prevailing conditions in an
impaired site independently, without the need to determine a ref-
erence location for comparison purposes.

With the second method, we compared the tumour incidence
rates in each of the exposed sites against those predicted in the
corresponding reference areas, while controlling for the potential
bias that may have been introduced by the differences in the mor-
phological characteristics of the fish specimens collected between
the two locations. For illustration purposes, we used the median
and 95% credible intervals of the posterior distributions of the pre-
dicted tumour incidence at each age when the rest of the covari-
ates were set equal to their mean values. A third approach for
the exposed vis-a-vis reference comparisons was based on the
two one-sided tests (TOST) procedure as described by Rutter
(2010). Briefly, we first derived the tolerance level required for
two sites with similar sampling designs to exhibit equivalence if
the true tumour incidence at the sites were identical. This level
was determined by comparing the reference site to itself, using
two independent MCMC samples drawn from the corresponding
posterior distribution of the predicted tumour incidence rates. To
allow sites with similar, but not exact, tumour incidence rates to
demonstrate evidence of equivalence, a 5% probability level was
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added to the initial tolerance-level estimate. Counter to the first
method, the latter two strategies relied upon a reference area to
represent the “ideal” (or baseline) conditions for evaluating the
impaired site.

Results

Spatial variability and correlation patterns of the covariates
of fish tumour prevalence: Summary statistics for all the examined
covariates (age, fork length, gonad weight, total weight, and liver
weight) of tumour prevalence in brown bullhead and white sucker
populations sampled across the studied AOCs suggest no signifi-
cant differences between exposed and reference sites, and thus
no systematic bias in the associated comparisons. Specifically,
the average age of brown bullheads in exposed (5.35 * 2.22 years,
arithmetic mean + standard deviation) and reference (5.41 + 1.56
years) sites were similar (Table S2). However, there was some vari-
ation in the average age of the samples collected from the different
sites. Brown bullheads caught from the exposed areas of Hamilton
Harbour (8.41 + 1.71 years), Toronto Harbour (6.46 + 1.86 years)
and Wheatley Harbour (6.14 + 2.29 years) tended to be older,
whereas specimens collected from exposed locations in Windsor
(3.51 £ 1.07 years) were distinctly younger. The average fork length
of brown bullheads in exposed sites was practically similar, albeit
more variant (30.15 £+ 10.96 cm) relative to reference sites (29.06
+ 3.05). Brown bullheads sampled from exposed sites in Cornwall
and the Hamilton Harbour were longer, with an average fork
length of 33.55 + 33.76 cm and 31.52 + 3.50 cm, respectively. By
contrast, brown bullheads from the two exposed sampling sites
in the Bay of Quinte, displayed the shortest average fork length
(28.06 * 2.08 cm) (Table S2). The average total weight from brown
bullheads sampled from exposed sites was higher relative to refer-
ence sites. Site-specific differences were evident, with heaviest
(438.90 + 133.98 g) brown bullheads registered in exposed loca-
tions from the Hamilton Harbour, whereas specimens from the
Bay of Quinte had the lowest total weight (277.76 + 62.53 g). In
the reference sites, the heaviest brown bullheads were sampled
from the Niagara River (468.90 + 130.16 g), whereas samples from
Wheatley Harbour (288.20 + 97.76 g) had the lowest total weight
(Table S2). The average total gonad weight for brown bullheads
in exposed (3.50 + 2.91 g) and reference (2.60 + 0.70 g) sites were
similar, except from the exposed location in St. Clair River, where
brown bullheads displayed an excessively high gonad weight and
associated variability (10.46 + 15.82 g). The average liver weight
in exposed sites (9.04 + 4.34 g) was higher than in reference sites
(5.13 £ 2.27 g); most notably, in exposed locations in Hamilton
Harbour (11.60 * 3.66 g) and Toronto Harbour (11.08 + 4.63 g),
and reference sites in Niagara River (11.91 % 3.50 g) and Toronto
Harbour (11.03 + 3.74 g) (Table S2).

White suckers collected from the reference sites were slightly
older than those sampled from exposed sites. For instance, white
suckers collected from the reference location (Mountain Bay) in
the Jackfish Bay AOC had an average age of 12.51 + 4.87 years,
whereas samples from the exposed areas had an average age of
10.06 + 2.96 years (Table S3).White sucker from exposed locations
in Jackfish Bay had the shortest average fork length, 39.58 + 4.09
cm. The average total weight between exposed (1169.47 + 342.9
0 g) and reference (1162.76 + 307.90 g) sites were practically sim-
ilar. Once again, white sucker samples from exposed sites in Jack-
fish Bay displayed the lowest total average weight (911.97 + 293.
57 g). Similar to fish age, the total average gonad weight of white
suckers from reference sites (93.15 + 61.90 g) was higher relative
to white suckers sampled from exposed sites (65.66 + 38.84 g).
White sucker samples from Jackfish Bay displayed high gonad
weights in both exposed (82.86 + 61.10 g) and reference (116.53



A. Visha, E. Agnes Blukacz-Richards, M. McMaster et al.

+ 84.28 g) sites (Table S3). The average liver weight of specimens

collected from the exposed area in Thunder Bay was somewhat
higher (19.25 + 8.89 g) than the rest locations.

We subsequently examined the Spearman rank correlation
coefficient values between the five morphological characteristics
after pooling together all the brown bullhead samples collected
across the Great Lakes. The strongest relationships were found
between total weight and fork length, r; = 0.89, followed by total
weight and liver weight, r; = 0.80 (Fig. 2). Counter to the patterns
presented by Mahmood et al. (2014), the relationship between
age and the rest of the physical characteristics displayed significant
scatter, although there was a tendency for older brown bullheads
to have longer fork and heavier liver and body weight. The associ-
ated rank correlation coefficients were notably lower (r; < 0.40)
indicative of the fact that brown bullheads displayed a wide range
of morphological values for a given age cohort (Fig. 2). Likewise,
the age of white sucker does not have a clearly defined relationship
with the other covariates (Fig. 3), although the rank correlation
coefficients were distinctly higher with the corresponding fork
lengths (rs = 0.61) and less so with liver (rs = 0.52), gonad
(rs = 0.34), and total weights (rs = 0.54). The relationship between
fork length and total weight (rs = 0.93) in white sucker samples
was strongly positive, and so was the correlation between fork
length and liver weight, rs = 0.76 (Fig. 3). In contrast, the relation-
ship between fork length and gonad weight was weaker, which can
be partly attributed to a bimodal pattern arising from a subset of
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samples (predominantly spawning fish collected in the spring)
from Sawmill Creek, Jackfish Bay AOC, which exhibited a distinctly
steeper relationship relative to the rest of the data (Fig. 3). It is also
interesting to note that the covariance patterns derived from the
pooled fish data remained practically unaltered when examining
the same relationships in individual locations (not presented here).

Relationships between tumour prevalence and fish physical
characteristics: We subsequently examined how the five physical
characteristics vary between brown bullheads with and without
neoplasms or preneoplasms. Using the Mann-Whitney U test, we
found that brown bullheads with neoplasms were typically older
(p = 0.001) characterized by longer fork lengths (p = 0.001) and
heavier body (p = 0.034) weight, but there was no clear trend with
respect to their liver and gonad weight (Fig. 4). On the other hand,
brown bullheads that manifested preneoplasms did not present a
statistically significant relationship with their corresponding phys-
ical characteristics, except from fork length (p = 0.001) and body
weight (p = 0.009) (Fig. 4). In contrast, white suckers with neoplas-
tic tumours were typically characterized by older ages (p = 0.005),
greater fork lengths (p = 0.003), heavier liver (p = 0.031) and body
(p = 0.022) weights (Fig. 5). The relationships when examining
white suckers with preneoplasms were less straightforward, and
except from the total weight (p = 0.022) none of the covariates dis-
played a statistically significant pattern (Fig. 5).

Based on the DIC values, the most parsimonious models for neo-
plastic tumours for both brown bullhead and white sucker popula-
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Fig. 2. Scatterplots (off-diagonal panels) and frequency histograms (diagonal panels) of the physical characteristics, age (range: 2-13 years), fork length (13.2-291.1 cm),
gonad weight (0.1-26.6 g), total weight (9-869 g), and liver weight (0.4-40.1 g) for brown bullhead across all sites in the Canadian waters of the Great Lakes.
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Fig. 3. Scatterplots (off-diagonal panels) and frequency histograms (diagonal panels) of the physical characteristics, age (range: 4-23 years), fork length (31.2-54.3 cm),
gonad weight (2.3-289.1 g), total weight (144-2159 g), and liver weight (3.3-59.9 g) for white sucker across all sites in the Canadian waters of the Great Lakes.

tions included age and fork length as covariates (Table 1). Age was
also considered as one of the covariates for the preneoplastic
tumour models with gonad weight and total weight being the sec-
ond covariates for brown bullhead and white sucker, respectively.
The posterior site-specific intercepts were well identified and their
(exponentiated) mean values reflected the expected tumour fre-
quencies for brown bullhead and white sucker populations, when
fish covariates are set equal to their average levels (Tables 2-3).
In particular, the posterior intercepts were remarkably consistent
with the registered neoplastic tumour rates across the Great Lakes
(Fig. S1 and Tables S4-S5), reflecting the low frequency (<3%) in
nearly all the exposed locations, except from white sucker in St
Mary’s River (~6%). Notably, the expected tumour frequencies for
the reference sites of Wheatley Harbour (~5%) and St Mary'’s River
(~4%) were somewhat higher relative to the remaining sites used
to delineate baseline conditions. On the other hand, the expected
preneoplastic rates for brown bullhead were distinctly higher in
the exposed areas of St. Clair River (~26%), Hamilton Harbour
(=~17%), and Bay of Quinte (~17%), but lower than 10% in the rest
of the exposed locations. For the reference sites, the expected pre-
neoplastic tumour frequency was lower than 5%, except from
Wheatley Harbour (~8%) and Hamilton Harbour (~7.5%). White
sucker populations in exposed locations of St. Mary’s River
(~26%), Thunder Bay(~23%), and Jackfish Bay(~20%) displayed
high preneoplastic tumour frequencies and the same trend held
true for their corresponding reference sites (9-12%).
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Consistent with the previously reported patterns (Figs. 4-5), the
regression coefficients associated with the fish physical character-
istics were generally weakly identified, with the posterior esti-
mates of the coefficients of variation being (in most cases)
greater than 100% (Tables 2-3). The strength and nature (sign) of
the considered relationships varied significantly among the differ-
ent locations. In terms of the role of age, it is worth noting that
older brown bullheads are predicted to display higher neoplastic
tumour frequency in the exposed site of Hamilton Harbour (0.38
4 + 0.144), Cornwall (0.775 + 0.482), and higher preneoplastic
tumour frequency in the exposed site of Cornwall (0.459 + 0.232),
Wheatley Harbour (0.227 + 0.161), Toronto Harbour (0.773 + 0.67
0), and Niagara River (0.276 + 0.158) (Table 2). Interestingly, brown
bullheads with heavier gonad weights were also associated with
higher preneoplastic tumour frequency in the exposed sites of Corn-
wall (0.497 + 0.474) and Bay of Quinte (0.767 + 0.246); whereas, the
exact opposite pattern was registered in Wheatley Harbour (-0.60
4 + 0.371) and Niagara River (-0.586 + 0.332) (Table 2). Consistent
with the trend reported by Mahmood et al. (2014), higher neoplastic
and preneoplastic tumour frequency rates are predicted for older (0.
209 + 0.061) and younger (-0.063 * 0.047) white suckers in St Mary’s
River, respectively (Table 3). Heavier white suckers generally
displayed higher preneoplastic tumour frequencies; especially; in
Jackfish Bay (1.343 + 0.804) and Thunder Bay (2.467 + 1.047). Poste-
rior statistics for the site-specific standard deviations, the global
parameters and hyperparameters of the regression coefficients are
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Table 1
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Ranking of the logistic-Bernoulli models from the most to least parsimonious based on the corresponding DIC values. Neoplastic tumour and preneoplastic lesion counts (Y) and
samples (N) correspond to the pooled data for exposed and reference sites for each model combination.

Neoplasms

Preneoplasms

Brown Bullhead

Brown Bullhead

Model Combinations DIC Y N Model Combinations DIC Y N
Age + Fork Length 4133 46 1873 Age + Gonad Weight 1035 163 1859
Age + Total Weight 420.7 46 1878 Age + Liver Weight 1047 165 1853
Age + Liver Weight 422.6 46 1853 Age + Fork Length 1062 168 1873
Age + Gonad Weight 425.5 46 1859 Age + Total Weight 1068 169 1878
Neoplasms Preneoplasms
White Sucker White Sucker
Model Combinations DIC Y N Model Combinations DIC Y N
Age + Fork Length 186.3 25 607 Age + Total Weight 579.2 117 607
Age + Total Weight 188.2 25 607 Age + Fork Length 582 117 607
Age + Gonad Weight 188.3 25 605 Age + Liver Weight 583.9 116 605
Age + Liver Weight 188.8 25 606 Age + Gonad Weigh 586 118 606
Table 2
Posterior statistics of the site-specific regression coefficients of the most parsimonious models for brown bullhead populations across the Great Lakes.
Neoplasms Preneoplasms
Exposed Intercept(Bo;) Age(B1j) Fork length(p2;) Intercept(Bo;) Age(B1j) Gonad weight(,;)
Sites Sites Mean SD Mean SD Mean SD Sites Mean SD Mean  SD Mean sD
Wheatley -3.470 0.570 0.183 0245 1.725 1.771 Wheatley —2.907 0466 0.227 0.161 -0.604 0.371
Harbour Harbour
Toronto Harbour  —4.747 0.756 0.115 0.309 1.533 1.767 Toronto Harbour  —-5.827 1.525 0.773 0.670 -0.228 0.346
Hamilton Harbour —3.398 0.421 0.384 0.144 1.898 1.626 Hamilton Harbour -1.776 0.209 0.117 0.104 0.099 0.160
Windsor -5.208 1.727 0.744 0.986 1.141 2.112  Windsor -3.601 1386 0.154 0.473 0396 0.809
Cornwall —-4.274 0.736 0.775 0482 -1.276 1.822 Cornwall -2.574 0354 0.459 0.232 0497 0.474
Bay of Quinte -3.645 0455 0.262 0.265 0.970 2.064 Bay of Quinte -1.761 0257 -0.244 0.183 0.767 0.246
Niagara River -3.974 0574 0.023 0.300 0.859 2.094 Niagara River -2.201 0366 0.276 0.158 -0.586 0.332
St. Clair River -5.730 1.696 0.400 0.692 0914 2.083 St. Clair River -1.333 0.487 0.090 0.257 -0.175 0.228
Reference  Wheatley -2.963 0472 -0.106 0.282 1.833 1.644 Wheatley -2.526 0285 -0.195 0.217 -0.089 0.212
Sites Harbour Harbour
Toronto Harbour —6.439 1.780 0.099 0.619 0.823 2.170 Toronto Harbour —3.082 0.511 -0.023 0.267 -0.037 0.343
Hamilton Harbour -4.284 0.538 0.509 0.325 1.657 1.772 Hamilton Harbour —2.560 0.274 0.060 0.169 0.419 0.223
Windsor -5.427 1.699 0.294 0574 1.078 2.026 Windsor -5.894 2.136 0.270 0.666 -0312 0.751
Cornwall —-6.178 1.788 0.484 0.752 1.251 2.014 Cornwall —-4.013 1.038 -0.074 0.558 -0.166 0.401
Bay of Quinte -4309 0.624 0.644 0.439 1.649 1.847 Bay of Quinte -2.939 0373 0.286 0.233 -0.098 0.298
Niagara River -5.054 1.451 0.578 0.420 0.900 2.089 Niagara River —2.752 0497 0.462 0.225 -0.437 0412
Table 3
Posterior statistics of the site-specific regression coefficients of the most parsimonious models for white sucker populations across the Great Lakes.
Neoplasms Preneoplasms
Exposed Sites
Intercept(Bo;) Age(B1j) Fork length(p2;) Intercept(po;) Age(B1j) Total weight(f5;)
Sites mean SD mean SD mean SD Sites mean SD mean SD mean SD
St. Mary'’s River -2.812 0.324 0.209 0.061 1.067 2.198 St. Mary’s River -1.329 0.164 —0.063 0.047 0.823 0.613
Jackfish Bay —6.670 1.701 -0.077 0.239 1.441 2215  Jackfish Bay -1.578 0.296 -0.354 0.158 1.343 0.804
Thunder Bay -5.058 1.208 0.030 0.179 1.044 2.348 Thunder Bay -1.458 0.286 —0.008 0.086 2.467 1.047
Reference Sites
St. Mary's River -3.271 0.504 0.033 0.149 1.573 2.163 St. Mary'’s River —2.149- 0.353 0.113 0.099 1.172 1.075
Jackfish Bay -6.319 1.738 —0.186 0.237 1.239 2.315  Jackfish Bay —2.408 0.607 0.030 0.094 0.973 1.252

provided in Tables S6-S9, which reinforced the weak to moderately
strong relationships between expected neoplastic and preneoplastic
tumour incidence rates and the covariates considered, expect from
the relationship between age of brown bullheads and neoplasms
(Tables S7), as well as the total weight of white suckers and preneo-
plastic tumour frequency (Tables S9). Interestingly, the global inter-
cepts suggest that the expected overall neoplastic tumour frequency
rates for both brown bullheads and white suckers were approxi-
mately 2% around the Great Lakes, whereas the risk levels for pre-
neoplastic lesions were 7% and 19%, respectively (Tables S6-S9).
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Probabilistic assessment of fish tumour prevalence in the
Canadian waters of the Great Lakes: In examining the frequency
histograms of the predicted tumour probability levels for different
combinations of covariate values considered with our Bernoulli
models, we can assess the degree of tumour prevalence in any
given location without the need to invoke a reference site for com-
parison purposes. In particular, we included a dashed line that sig-
nifies a probability value of 10%, as the maximum acceptable
tumour incidence risk for each specimen examined. The onus is
then on the local stakeholders and policy makers to determine
what is the desirable probability mass below that benchmark to
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establish what constitutes an unimpaired location. Our analysis
showed that the brown bullhead populations displayed greater
than 80% probability of < 10% neoplastic tumour risk for each sam-
ple collected from the exposed sites around the Great Lakes (Fig. 6).
In fact, the only two instances where the predicted probability fell
below 90% partly reflected the bias introduced by the local data-
sets; namely, three specimens in Cornwall had unusually high fork
lengths and the dataset in Windsor was predominantly comprised
of younger and smaller fish. In a similar manner, white sucker pop-
ulations were characterized by a greater than 80% probability
of < 10% tumour risk in Jackfish Bay and Thunder Bay, as well as
a nearly 75% probability in St. Mary’s River (Fig. 7). The frequency
histograms of the predicted preneoplastic tumour probability
levels show a somewhat different picture. In particular, our analy-
sis showed that there were locations where the brown bullhead
populations displayed greater than 60% probability of < 10% pre-
neoplastic tumour risk for each specimen collected in any given
date, such as the Toronto Harbour (99%), Wheatley Harbour
(76%), Windsor (68%), and Cornwall (58%). However, there were
also exposed sites where the likelihood of < 10% preneoplastic
tumour risk fell below 50%, including the Niagara River (43%),
Bay of Quinte (37%), St, Clair River and Hamilton Harbor (<1%)
(Fig. S2). The same trend was registered in all the exposed locations
where white suckers were sampled; namely, the St Mary’s River,
Jackfish Bay, and Thunder Bay displayed < 1%, 23%, and 14% prob-
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ability levels of lower than 10% preneoplastic tumour risk, respec-
tively (Fig. S3).

We then applied the TOST procedure to compare the “average”
probability of brown bullhead and white sucker in the exposed
sites having a tumour relative to the corresponding probability
in the reference site over all the fish covariate values and realiza-
tions of the parameter posterior space (Fig. 8). For total neoplasm
data, we found that tumour risk with brown bullhead in exposed
relative to reference sites tends to be higher by 1% (Toronto Har-
bour) up to 6% (Hamilton Harbour), whereas the same “exposed-
versus-reference” comparison with white sucker was suggestive
of higher tumour occurrences rate that varied from 2% (Jackfish
Bay) to 7% (St. Mary’s River) (see red font numbers in Fig. 8).
While the mainly positive differences suggest higher incidence
rates at the exposed area, a minimum tolerance level is required
to infer whether these values reflect systematic trends or not. Fol-
lowing the previously described TOST procedure, we specified tol-
erance levels in each exposed location to delineate frequency
intervals (t+the black font numbers in parentheses in Fig. 8) as a
basis for these comparisons. In particular, if an exposed area dif-
fers from the corresponding reference site in regards to the true
tumour incidence rates by more than 5%, then evidence of non-
equivalence can only be inferred when the variability in the dif-
ferences of their tumour incidence rates lies outside these uncer-
tainty bounds. For example, the predicted difference in tumour
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Fig. 6. Histograms of the probabilities of predicted neoplastic tumour frequencies for brown bullhead populations in impaired locations of the studied AOCs. The predicted
probabilities of neoplastic tumour occurrence were based on the most parsimonious logistic-Bernoulli model (Age + Fork Length). The dotted red lines represent a tentative
benchmark of < 10% probability of neoplastic tumour risk each time a specimen is collected from the studied location. The probability mass to the left of this line is indicated
to the top right of each panel. Similarly, the encircled numbers represent the probability levels associated with a more stringent criterion that stipulates < 5% likelihood of
tumour exceedance in each specimen examined. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6 (continued)

risk between exposed and reference site in Hamilton Harbour
should have been greater than + 7% in order to infer that there
is evidence of distinct difference between the two locations. The
derived differences of neoplasm incidence rates for both brown
bullhead and white sucker suggest that the exposed sites across
the Great Lakes are practically equivalent to their corresponding
reference locations (Fig. 8). In contrast, the same comparisons
with the preneoplastic lesions provided evidence that the pre-
dicted differences between exposed and reference sites in Jackfish
Bay, St. Mary’s River, Niagara River, Hamilton Harbour, and Bay of
Quinte were higher than the corresponding tolerance levels
(Fig. 9).

Finally, the majority of the comparisons of the median values
and degree of overlap of the 95% credible intervals of the posterior
tumour incidence rates at each age, when the rest of the covariates
were set equal to their mean values, suggested that the exposed
sites were similar to their corresponding reference areas (Tables
S$10-S13). However, this exercise did highlight the tendency of
older brown bullheads to display higher neoplastic tumour fre-
quency levels in both exposed and reference sites of Cornwall,
Windsor, Bay of Quinte, and Hamilton Harbour (Table S10). Impor-
tantly, older and younger brown bullheads were predicted to have
distinctly higher preneoplastic tumour risks in the exposed sites of
Cornwall and Bay of Quinte relative to the reference sites, respec-
tively (Table S11). Older white suckers were predicted to have dis-
tinctly higher neoplastic tumour risk in the exposed site of St
Mary’s River, while higher preneoplastic tumour frequencies were
predicted for the younger individuals in Jackfish Bay (Tables S12-
S13).
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Discussion

Elucidating the etiology of fish tumour prevalence: The differ-
ent facets of the etiology pertaining to the BUI “fish tumours and
other deformities”, as well as the determination of the optimal
histopathological procedures, sampling frequency, sample size,
potential reference sites, and statistical frameworks have been
extensively debated (Blazer et al., 2009a, 2009b). Generally, a mul-
titude of extrinsic and intrinsic factors is associated with the devel-
opment of neoplasia in white sucker, brown bullhead and other
fish populations (Anders and Yoshimizu, 1994; Spitsbergen and
Wolfe, 1995; Rafferty et al., 2009). There is strong evidence sug-
gesting an association between exposure to chemical carcinogens,
most frequently PAHs, in the sediments and an increased preva-
lence of hepatic neoplasms (Hawkins et al., 1995). Other studies
implicate both chemical carcinogens and viruses as factors for oral
and orocutaneous tumours in fish, but to date, no direct linkage has
been found between hepatic neoplasia and herpes viruses or retro-
viruses (Groff, 2004). Besides these external factors, studies have
shown that the prevalence of liver tumours could also be depen-
dent on fish age, sex, and genetics, although the strength of the
available evidence could vary considerably in space and time
(Rafferty et al., 2009). In this context, our study postulated that fish
age should be the most sensitive indicator of tumour prevalence,
given that exposure to carcinogenic metabolites increases with
time and a latent period exists between induction and tumour
development.

Consistent with evidence from the literature, our modelling
analysis lent moderately strong support to the hypothesis that
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Fig. 7. Histograms of the probabilities of predicted neoplastic tumour frequencies for white sucker populations in impaired locations of the studied AOCs. The predicted
probabilities of neoplastic tumour occurrence were based on the most parsimonious logistic-Bernoulli model (Age + Fork Length). The dotted red lines represent a tentative
benchmark of < 10% probability of neoplastic tumour risk each time a specimen is collected from the studied location. The probability mass to the left of this line is indicated
to the top right of each panel. Similarly, the encircled numbers represent the probability levels associated with a more stringent criterion that stipulates < 5% likelihood of
tumour exceedance in each specimen examined. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the prevalence of neoplasia in polluted waters increases in sexually
mature brown bullheads. Namely, with main exceptions the sam-
ples collected from Hamilton Harbour and Cornwall, none of the
site-specific regression coefficients related to fish age was sugges-
tive of a distinctly positive relationship, but we did find a statisti-
cally significant relationship when pooling all the data together. It
is also worth noting that our dataset is exclusively based on aging
with pectoral fin rays and therefore the inconsistency of the
method used is unlikely to be a confounding factor (Maceina and
Sammons, 2006). Moreover, while spine aging is less accurate
and precise than otolith aging and may underestimate ages of older
fish, pectoral fin rays are usually preferred as a more humane and
non-lethal alternative (Klein et al., 2017). Likewise, the same rela-
tively weak (in terms of statistical parameter identification) site-
specific relationships were registered with the fork length, which
was consistently the second predictor included in the most parsi-
monious neoplastic model, but again statistically significant trends
were registered when we examined the entire dataset. In contrast,
white suckers with neoplastic tumours were typically character-
ized by older ages (see also strongly positive relationship in St.
Mary'’s River), greater fork lengths, heavier liver and body weights.

Existing evidence also suggests that sex affects liver tumour
prevalence, with female fish displaying a higher frequency due to
hormone estrogens being tumour promoters (Pinkney et al,
2001; 2009). In the present study, although it was not explicitly
considered by our model, such as the sex-specific intercepts intro-

duced by Rutter (2010), the pattern was clearly registered with
white sucker (22 females and only 3 males), but the opposite
was true with brown bullhead (18 females and 28 males). Interest-
ingly, the latter pattern did not hold true with the preneoplastic
lesions (55 females and 64 males for white sucker; 83 females
and 88 males for brown bullhead) nor did we find discernible
between-sex differences in the relationships between tumour
prevalence and fish physical characteristics (see Table S14).
Another potential confounding factor of our analysis is season
when the samples were collected from the different locations
across the Great Lakes. Specimens collected in the spring, just
before spawning, are typically characterized by larger gonads,
especially for females, and represent a period when higher ener-
getic investments are put into reproductive development. While
the variability in the timing of the samples collected across the
studied locations could have affected the nature (e.g., optimal pre-
dictors, signs and degree of parameter identifiability) of the site-
specific models, the overall model performance renders support
to our hierarchical configuration and its ability to (partly) accom-
modate any biases introduced by the sampling practices in the
area.

Risk assessment of fish tumour prevalence and Bayesian mod-
elling: The development of Bayesian modelling frameworks to pre-
dict neoplasm and preneoplasm incidence rates has received
attention in the literature (Rutter, 2010; Mahmood et al., 2014).
In particular, Mahmood et al. (2014) combined (logistic or log-
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linear) regression models, recreating the relationship between the
likelihood of tumour incidence and demographics/physical charac-
teristics of the fish samples (e.g., age, fork length, liver/gonad
weight, and total fish weight), with Bernoulli, Zero-Inflated Pois-
son, and Binomial-Poisson statistical formulations. The latter two
models offered additional insights in that they explicitly consider
the effects of sampling frequency on our capacity to quantify the
tumour incidence rates, while the Binomial-Poisson model also
introduced a latent variable, “true” fish tumour counts, designed
to parameterize the site-specific relationships between the
expected tumour incidence rates and the important covariates
instead of directly employing the registered tumour counts
(Mahmood et al., 2014). Notwithstanding the conceptual advan-
tages of the Zero-Inflated Poisson, and Binomial-Poisson models,
the somewhat subjective delineation of discrete intervals (or bin-
ning) required for the various continuous covariates posed chal-
lenges in depicting the site-specific relationships under a
hierarchical configuration, where multiple sites with variant
ranges of fish characteristics are combined. We thus opted for
the more parsimonious logistic-Bernoulli model that bore resem-
blance to Rutter’s (2010) spatiotemporal hierarchical model to
assess the likelihood of tumour incidence on brown bullheads in
Presque Isle Bay, Lake Erie. As previously mentioned, the hierarchi-
cal nature of our modelling framework represents an optimal com-
promise between “completely pooled” (or cross-sectional) models
that phase out any local effects and site-specific models with “no
pooling” of data (Shimoda and Arhonditsis, 2015). By employing

“partial pooling” of the available information, the tumour inci-
dence estimates in locations with smaller sample sizes are pulled
towards the overall average tumour incidence, whereas estimates
in sites with larger sample sizes are minimally influenced by the
overall average tumour incidence. In doing so, we can obtain sen-
sible comparisons among multiple sites, without the need to adjust
the predictive intervals in locations with small sample sizes, e.g.,
the Bonferroni correction in frequentist statistics (Gelman et al.,
2009).

A notable difference between the Rutter’'s (2010) hierarchical
model and the present study is the selection of prior distributions
for the intercepts and slopes of the continuous fish covariates.
Given that the hierarchical approach requires partitioning the
dataset into smaller groups of samples based on location (or year),
the parameter estimation may be impeded by subsets where none
or all of the specimens have tumours. To overcome this problem,
Rutter (2010) introduced weakly informative (Cauchy) priors com-
bined with standardization of the covariate values, which in turn
led to the derivation of realistic risk assessment estimates in cases
where the existing data do not contain any observed tumours.
Counter to the latter practice, we opted for unbounded flat priors
at all the hierarchical levels (i.e., site-specific, global, hyperparam-
eters) which similarly allowed the derivation of realistic posterior
estimates for the site-specific intercepts in locations where no neo-
plastic tumours were registered, e.g., exposed sites in St. Clair River
(0.3%, n = 60), Windsor (0.5%, n = 39), and Jackfish Bay (0.1%,
n = 100), and reference sites in Cornwall (0.2%, n = 100), Toronto
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Harbor (0.2%, n = 100), Windsor (0.4%, n = 34),and Jackfish Bay
(0.2%, n = 100). For the sake of comparison, we examined the
robustness of the results presented herein, if we had used the Cau-
chy priors assigned by Rutter (2010), i.e., mean values of zero and
standard deviations of 2.5 or 10, and the derived intercepts
remained practically unaltered.

How problematic are the incidence rates of neoplastic
tumours in the Canadian waters of the Great Lakes? The appli-
cation of the TOST procedure suggested that the neoplasm inci-
dence rates for both brown bullhead and white sucker in the
exposed sites across the Great Lakes are practically equivalent
to their corresponding reference locations. The suitability of
selected reference (or “unimpaired”) sites has been one of the
controversial issues, i.e., inland lakes versus lake tributaries or
embayments which may be more comparable to the AOC of inter-
est, as the guidelines of what constitutes an unimpaired site are
decidedly unclear (Blazer et al., 2009a, 2009b). The rationale
behind the establishment of delisting targets proposed to date
is based on having liver and skin tumour prevalence below a
specified frequency level (e.g., 2%), which in turn reflects the
expectation that unimpacted sites should have tumour incidence
rates that are statistically indistinguishable from zero (Hartig
et al,, 1990; Baumann et al., 2000). However, there are skeptical
views that holding urban areas to pristine standards might not
be achievable, as existing evidence suggests that even in urban-
ized areas without a major point-source influence liver neoplasm
prevalence of 1-2% can often be registered. In our dataset, this
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condition holds true for all the reference sites, except from the
Wheatley Harbor’s local reference site, Hillman Marsh, where a
9% prevalence of bullhead liver was registered mainly due to
samples collected in 2006. In reviewing this dataset, Baumann
(2010) recommended further fish tumour research for Hillman
Marsh, which however did not preclude from inferring that the
status of the fish tumour Beneficial Use for Wheatley Harbour is
not impaired, given that the registered tumour prevalence in
the two exposed sites (Wheatley Harbour, Muddy Creek) com-
bined was lower than 5%. It should also be noted that our TOST
exposed-versus-reference comparison for Wheatley Harbour was
based on the combination of Hillman Marsh with data from Port
Rowan, and thus the corresponding tumour frequency level was
collectively lower than 5%. Another location with elevated neo-
plastic tumour rates (~5%) was the Batchawana Bay, located in
the Batchawana Bay Provincial Park, which suggests that may
not be the most suitable reference site for the St Mary’s River
AOC. To overcome this problem and thus effectively balance the
elevated tumour rates occasionally experienced in a single loca-
tion, Mahmood et al. (2014) opted for the establishment of more
representative baseline conditions by pooling data from a pristine
site, i.e., Mountain Bay located close to a small undeveloped nat-
ure reserve in Lake Superior, which resulted in a pooled reference
site characterized by a 2.5% neoplastic rate. By contrast, our TOST
comparison was based solely on the Batchawana Bay that showed
no discernible difference relative to the exposed sites of Bellevue
Marina and Partridge Point.
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One of the exposed locations with elevated neoplasm rates was
the Hamilton Harbour, where the diagnosis of liver neoplasms was
only 2% during the 2001 and 2005 samplings, but the 2007 sam-
pling resulted in a 9% neoplasm prevalence. Because of the statis-
tically significant difference between this higher outcome and
the “background prevalence” for the latter year, as delineated by
Baumann’s (2010) Impairment Criterion (IC) database, Hamilton
Harbour has been determined to be impaired for the BUI “fish
tumours and other deformities”. It is worth noting though that
the Hamilton Harbour had the oldest mean age of any AOCs sam-
pled (8.41 + 1.71 years) in our dataset, while the analysis of the
age distributions of the populations surveyed in 2005 and 2007
showed that the latter dataset was composed of fish averaging
about 3 years older (Baumann, 2010). When we compared the
tumour incidence rates in each of the exposed sites against those
predicted in the corresponding reference areas, while controlling
for the potential bias that may have been introduced by the differ-
ences in the morphological characteristics of the fish specimens
collected between the two locations, our analysis provided evi-
dence of no major differences in their tumour frequency levels.
Likewise, the assessment of the prevailing conditions in the
impaired site independently from the reference location with the
probabilistic graphs (Fig. 6) suggested that our confidence of the
tumour incidence rates was overwhelmingly lower than 10% fre-
quency. In the same context, a recent evaluation of the overall
effectiveness of the on-going remediation projects in Randle Reef
by Graham et al. (2017) showed that brown bullheads were older
with slower growth rates than specimens collected from the Jordan
Harbour reference, but with no significant differences in the
amount of energy invested into reproduction. Nonetheless, the
same study also found increased liver size in both sexes of bullhead
collected from Randle Reef (Graham et al., 2017).

Should we worry about the increased frequency of preneoplas-
tic lesions? Counter to the promising trends with neoplasms, our
analysis provided evidence of elevated preneoplastic lesion rates
and distinct differences between exposed and reference sites in
Jackfish Bay, St. Mary’s River, Niagara River, Hamilton Harbour,
and Bay of Quinte. In this study, following the Mahmood et al.’s
(2014) classification (see their Table 1), the preneoplasms com-
prised both bile duct hyperplasias and foci of cellular alteration,
such as basophilic, eosinophilic, clear cellular, and vacuolated cel-
lular (Blazer et al, 2006; Blazer et al., 2009a, 2009b). Owing to their
positive relationship with contaminant exposure, biliary preductu-
lar cell hyperplasias are considered as putative preneoplastic
changes (Blazer et al, 2009b), but parasitic infections can also cause
proliferations in fish bile ducts (Blazer et al., 2007). In contrast,
basophilic cellular foci have been shown to transition into neo-
plasms in different fish species, such as rainbow trout Oncor-
hynchus mykiss (Hendricks et al., 1984), mosquitofish Gambusia
affinis (Law et al., 1994), medaka Oryzias latipes, guppies Poecilia
reticulate (Hawkins et al., 1988), and sheepshead minnow Cyprin-
odon variegatus (Hinton and Couch, 1998), and the same holds true
for eosinophilic and vacuolated cellular foci in the presence of con-
taminants, like diethylnitrosamine and PAHs (Blazer et al., 2014).
In general, foci of cellular alteration may also represent the early
stages of cancer (Baumann and Okihiro, 2000). Following pro-
longed exposure to carcinogens, fish produce dozens of foci of cel-
lular alteration for each hepatic neoplasm formed, and thus many
foci regress or are destroyed with only a fraction becoming benign
tumors (Baumann and Okihiro, 2000). Nevertheless, notwithstand-
ing the fact that preneoplastic lesion rates seem to be at least as
frequent as the prevalence of neoplasms, to date only identified
neoplastic tumours are considered in calculating tumour risks in
exposed sites (Rafferty et al., 2009). Even in studies that consecu-
tively report the rates of neoplasms and preneoplasms, higher
emphasis is placed on the prevalence of neoplasms to determine
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the state of an AOC (Blazer et al., 2017; Pinkney et al., 2017). Thus,
if we collectively consider that preneoplastic lesion prevalence was
higher than neoplasms in several of our study sites and that a por-
tion of preneoplasms can be classified as being pre-cancerous in
nature with causal linkages to contamination, we recommend fur-
ther examination of the insights that can be gained with the inclu-
sion of preneoplasm rates in the delisting decisions around the
Great Lakes.

A major challenge when designing environmental policy is
related to the growing awareness of the uncertainty in natural sys-
tems or biotic communities with a recent tendency towards prob-
abilistic strategies that allow for a certain degree of violations of
the targeted delisting goals (Arhonditsis et al., 2018). It is within
this context that our Bayesian hierarchical framework offers a dif-
ferent perspective to determine the degree of prevalence of neo-
plastic/preneoplastic lesions around the Great Lakes, while
explicitly accounting for the variability of the physical characteris-
tics of fish populations as well as the likelihood that the sampling
bias may obfuscate our ability to impartially discern the differ-
ences between impaired and reference sites. Our modelling study
predicted low frequencies of neoplastic tumour occurrence for
both brown bullhead and white sucker populations in all the
impacted locations across the Great Lakes which were practically
equivalent to their corresponding reference sites. In contrast, the
same comparisons with the preneoplastic lesions provided evi-
dence of significant differences between exposed and reference
sites in Jackfish Bay, St. Mary’s River, Niagara River, Hamilton Har-
bour, and Bay of Quinte. We generally found distinct relationships
between tumour occurrence and brown bullhead age that varied in
terms of their strength and nature among the different locations
examined. The same site-specificity was registered with the rela-
tionships between fish tumours and fork length, but a statistically
significant positive relationship also emerged when we examined
the entire dataset. In contrast, our study provided clear evidence
that neoplastic tumours are more frequently registered in older
white suckers with greater fork lengths, heavier liver and body
weights. We conclude that the prevalence of neoplastic tumours
appears to have reached acceptable levels around the Great Lakes,
but the higher incidence rates of preneoplastic lesions in several
exposed locations underscore the need to improve our understand-
ing of the lesions that may ultimately lead to carcinogenesis.
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