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Abstract

Municipal wastewater treatment plant (WWTP) effluent is a major point source of contaminants
(nutrients, pharmaceuticals, estrogens, etc.) which can harm aquatic life. Many studies have investigated
the effects of WWTP effluent on male rainbow darter (Etheostoma caeruleum) collected downstream of
two WWTPs in the Grand River, Ontario. These studies reported disruption at multiple levels of
biological organization, including altered vitellogenin gene expression, lower levels of in vitro steroid
production, and high frequency of intersex. The Region of Waterloo has invested in major upgrades at
both WWTPs to improve effluent quality by increasing aeration and nitrification with the goal of reducing
ammonia concentrations in the effluent. The Kitchener WWTP was initially upgraded in early 2013 with
additional aeration/nitrification and extended solids retention time. After these upgrades, stable nitrogen
isotope signatures in muscle tissue and in vitro steroid production of 11-ketotestosterone and testosterone
in fish collected downstream of the outfall shifted to resemble upstream reference conditions, and there
was a significant reduction in intersex incidence and severity. Upgrades to the Waterloo WWTP in 2017
and 2018 created a unique opportunity to investigate whether responses in rainbow darter previously
associated with effluent exposure will resemble upstream reference levels following upgrades at a second
WWTP. The biological endpoints in rainbow darter downstream of the Waterloo WWTP were not as
severe as they were in fish downstream of the Kitchener WWTP but there was still potential for recovery.
This thesis aimed to compare stable isotope signatures, in vitro steroid production, and intersex in
rainbow darter caught upstream and downstream of the Waterloo WWTP before and after it was
upgraded, to explore any changes that might occur following the upgrades. After the Waterloo WWTP
upgrades were completed, there was a similar but less pronounced recovery and these endpoints were no
longer statistically different from the upstream reference sites. However, it was often difficult to attribute
these biological effects on fish directly to the changes in the WWTP effluent due to the variability in the
endpoints among study sites, including the upstream reference sites. This unique long-term study is also
valuable in explaining confounding effects of annual variations in water temperature and flow, as well as
inputs from other sources which can mask or exacerbate the effects of the WWTP effluent. Overall, major
capital investments in WWTP upgrades targeted at improving effluent quality have also corresponded

with the reduction of adverse responses in fish.
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Chapter 1

General Introduction

Municipal wastewater treatment plant (WWTP) effluent is a major concern for the health of aquatic
ecosystems, as it contains many contaminants that have been shown to cause a wide variety of adverse
outcomes in aquatic species living downstream (Chambers et al. 1997; Vajda et al. 2008; Petrie et al.
2015). In the Grand River, the effects of wastewater effluent from two large treatment plants in Kitchener
and Waterloo have been well studied. Wastewater exposure, and particularly exposure to natural and
synthetic estrogens, has been found to be associated with reproductive system disruptions in a small
bodied fish, rainbow darter (Etheostoma caeruleum), at multiple levels of biological organization.
Reported effects include changes in stable isotope signatures (Loomer et al. 2015; Hicks et al. 2017b),
gene expression (Bahamonde et al. 2014, 2015b), sex steroid production (Fuzzen et al. 2015, 2016), and
the presence of intersex in male rainbow darter (Tetreault et al. 2011; Tanna et al. 2013; Bahamonde et al.
2015a). The Region of Waterloo has recently upgraded both the Kitchener and Waterloo WWTPs in order
to improve effluent quality (i.e., reduce ammonia concentrations). The Kitchener WWTP’s improved
aeration and nitrification processes were completed between August 2012 and January 2013 (Region of
Waterloo 2018) and these processes improved the effluent quality by lowering ammonia concentrations in
the effluent and had a co-benefit of reducing effluent estrogenicity (Srikanthan 2019). Ongoing upgrades
have continued, but after 2013 many adverse effects in rainbow darter in the receiving waters were
reduced, including improved in vitro steroid production (Marjan et al. 2018) and lower incidence and
severity of intersex (Hicks et al. 2017a). Though there was recovery in some endpoints after the Kitchener
WWTP was upgraded, there are still gaps in our knowledge of how fish respond to various treatment
plant upgrades over time. The upstream Waterloo WWTP also underwent major upgrades; however, there
was a period of poor quality effluent during the ongoing construction (Region of Waterloo 2018). From
2009 to 2014 there was an increase in effluent ammonia due to construction delays. By 2015, return
activated sludge (RAS) aeration was placed back online and the effluent quality began to improve (Pam
Law, Region of Waterloo, personal communication). The final stages of the upgrades were completed
after one aeration tank was finished in March 2017 and a second aeration tank came on line in March
2018 which promoted full year-round nitrification of the effluent. Although the biological effects (i.e., in
vitro sex steroid production and intersex) in rainbow darter downstream of the Waterloo WWTP prior to
the upgrades were not as severe as those associated with the Kitchener WWTP, improvements in effluent

guality are expected to reduce adverse biological responses detected downstream of Waterloo. It is
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important to determine how these major capital investments (more than $450M for the Kitchener and
Waterloo WWTPs combined) in WWTP upgrades have affected the health of aquatic organisms in the
environment in order to support future improvements in water management policy and practice. As
studies on rainbow darter have been conducted for more than a decade in the Grand River (prior to the
Waterloo WWTP upgrades) there was a unique opportunity to follow how major wastewater investments
affect the biological responses in this sentinel species. This thesis focuses on the biological changes that
occurred in rainbow darter in association with the Waterloo WWTP outfall during the period of the recent

upgrades.

1.1 Wastewater effluent and emerging contaminants

A wide diversity of chemicals used in households and industry are collected by wastewater systems.
WWTPs are important for the removal of these contaminants before effluent is discharged into the
environment. In general, this process includes several steps (Chambers et al. 1997; Environment Canada
2001). Primary treatment involves physical processes such as mechanical bar screens to remove large
debris. Solids are then settled by gravity in primary clarifiers. Next, the water passes through secondary
(biological) treatment, where bacteria are grown/added to digest organic materials (Wang and Wang
2016). Biological solids settle by gravity within secondary clarifiers, and this sludge is pumped to
anaerobic digesters for treatment along with the sludge from the primary clarifiers (Environment Canada
2001). Additional tertiary treatment may then be used to target and remove specific suspended or
dissolved substances such as metals, organic chemicals, or nutrients still remaining in the water after
secondary treatment. This can involve extra physical, chemical, or biological treatment. Finally, before
release into the environment, the effluent can be disinfected by chlorination-dechlorination, UV light, or
ozone.

These treatment processes are often not sufficient to remove all substances and contaminants of
concern from municipal wastewater, and the effluent can continue to alter the environment in various
ways (Wang and Wang 2016). Treated wastewater effluent contains nutrients such as nitrogen-based
compounds and phosphorous that can lead to eutrophication (e.g., excessive algal growth) and reduce
dissolved oxygen affecting the performance and survival of aquatic life (Chambers et al. 1997;
Environment Canada 2001). Effluent can also increase the temperature of the receiving waters which can
alter metabolism in aquatic organisms (Kaushal et al. 2010; Odjadjare and Okoh 2010; Mehdi et al.

2018). In addition, wastewater effluent often contains contaminants such as ammonia and metals that are
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known to cause acute or chronic toxic effects in aquatic life (Chambers et al. 1997; Odjadjare and Okoh
2010). There has also been a growing focus on the effects of chemicals of emerging concern (CECs)
(Daughton and Ternes 1999; Luo et al. 2014). CECs include a diversity of small, organic, compounds that
WWTPs are not specifically designed to remove, and therefore they often occur at trace levels (ng/L to
ng/L) in effluents (Luo et al. 2014). Despite their low concentrations, many of these CECs are
continuously introduced into the environment and because of their potential to cause effects on growth,
reproduction and development at very low doses they represent a risk to fish and other aquatic life
(Daughton and Ternes 1999; Séffker and Tyler 2012; Matthiessen et al. 2018).

Pharmaceuticals and personal care products (PPCPs) are one class of CECs that have been found
ubiquitously in municipal wastewater effluents and have the potential to exert subtle effects on the
environment (Daughton and Ternes 1999; Luo et al. 2014). Originating from human, industrial, and
agricultural use, these pharmaceuticals include chemicals such as antibiotics, beta blockers,
antidepressants, and hormones (Corcoran et al. 2010; Wang and Wang 2016). These compounds are
specifically designed to be biologically active, and since a high proportion of drug targets are
evolutionarily conserved between humans and aquatic vertebrates, these compounds have the potential to
affect biological function through a variety of mechanisms (Daughton and Ternes 1999; Gunnarsson et al.
2008). Natural (e.g., estrone (E1), 17p-estradiol (E2), and estriol (E3)) and synthetic (e.g., 17a-
ethynylestradiol (EE2)) estrogens and other endocrine disrupting chemicals (EDCs) are of particular
concern because they can be released via wastewater effluents into aquatic environments and can alter
growth and reproduction in aquatic organisms such as fish at very low (< 10 ng/L) concentrations (Parrott
and Blunt 2005; Jobling et al. 2006; Kidd et al. 2007).

The effects of treated wastewater effluent on aquatic species such as fish are still not fully
understood (Mills and Chichester 2005; Corcoran et al. 2010; So6ffker and Tyler 2012). While there is a
great deal of evidence relating exposure to a single contaminant in the lab to adverse effects on fish
health, there are challenges in linking these changes to wild populations (Mills and Chichester 2005).
Wastewater effluent has been shown to affect fish at multiple levels of biological organization, including
changes in gene expression such as the induction of vitellogenin gene expression in males (Liney et al.
2006; Vajda et al. 2008), changes in sex steroid production (Folmar et al. 1996; Hecker et al. 2002; Weber
et al. 2019), the presence of intersex (Jobling et al. 2002; Vajda et al. 2008, 2011), a female-biased sex
ratio (Vajda et al. 2008), changes to gonad weight (Jobling et al. 1998), reduced reproductive capacity (in
severely intersex males) (Harris et al. 2011; Fuzzen et al. 2015), and changes in community structure

(Tetreault et al. 2013; McCallum et al. 2019). These effects can depend on the species’ sensitivity and life
3



history, reproductive strategies, and exposure to specific compounds or mixtures of compounds (Palace et
al. 2009; Brown et al. 2014; Kidd et al. 2014). An organism’s exposure to wastewater effluent can also be

altered by river flow patterns and daily and seasonal variability in the effluent (Petrie et al. 2015).

1.2 Wastewater treatment in the Grand River

The Grand River watershed covers an area of 6,965 km? in southern Ontario and is the largest watershed
flowing into the Canadian side of Lake Erie (Loomer and Cooke 2011). The watershed is important in
many ways to its almost one million inhabitants, as it provides drinking water, is used recreationally for
boating and fishing, and assimilates wastewater from 30 WWTPs and uncounted septic fields. The river is
actively managed with dams and reservoirs to prevent flooding and to maintain summer low flow
conditions for wastewater dilution (Loomer and Cooke 2011). The watershed hosts a great deal of
agricultural activity (~70% of total land use). In particular, the Conestogo River, which enters the Grand
River just north of Waterloo, has some of the highest agricultural production, livestock density, and tile
drainage systems in the watershed. The central region of the Grand River, which includes the cities of
Waterloo and Kitchener, has the highest urban use and population density. The central Grand receives
inputs from nine WWTPs, including the largest two in the watershed located in Kitchener and Waterloo
(Loomer and Cooke 2011). The Kitchener and Waterloo WWTPs have been the focus of many studies on
key reproductive endpoints over the past several years as they have both undergone various upgrades

(summarized in Table 1.1).



Table 1.1 Overview of treatment processes and upgrade history at the two largest WWTPs on the Grand

River, located in Waterloo and Kitchener (updated from Hicks et al. 2017b plus additional sources listed

below).
Waterloo WWTP Kitchener WWTP
Year 2007-2009 2009-2016 2017—present 2007-2012 2013—present
(pre-upgrade) (during (post-upgrade) (pre-upgrade) (post-upgrade®)
upgrades)
Population 138,464 (2016) 2 153,902 (2019) 2 227,761 (2011)2 256,513 (2019)?
served
Measured 39,750 (2016) ? 41,805 (2018) 70,443 (2011)% 67,902 (2018)
Flow (m?®/d) (2019 data not (2019 data not
available) 2 available) 2
Rated 54,600-57,500 2 57,5002 122,700 2 122,700 2
treatment
capacity
(m3/d)
Treatment Conventional Conventional
Process activated sludge * activated sludge!
Primary Screening, grit Screening, grit
Treatment removal, ferric removal, primary
sulphate for clarification,
phosphorous aeration.
removal, primary Ferric chloride
clarification. upstream of the
Ferric chloride primary clarifiers
added upstream of and ferrous
the primary chloride
clarifiers and/or downstream of
aeration tanks for the primary
phosphorus clarifiers. !
removal*
Secondary Aeration, Partial Increased Aeration, Aeration tanks to
Treatment secondary nitrification aeration, full secondary enhance ammonia
clarifiert from 2009  year-round clarifier* removal®
to 2014* nitrification?
Tertiary NA!? NA!? NA! August 2017:
Treatment Tertiary Filters
Commissioned
(Plant 1 not being
filtered)®
Disinfection ~ Sodium UV light! Sodium UV light!
hypochlorite; hypochlorite;
sodium



sodium bisulphite bisulphite de-

de-chlorination * chlorination *

Biosolids Anaerobic Lagoon storage  Anaerobic
digestion, digestion,
dewatered, used dewatered, used in
in agriculture or agriculture or mine
mine remediation remediation or sent
or sent to to landfill*
landfill*

*A major new treatment plant is anticipated to come online in 2019-2020 (plant 3) and the original small
plant (plant 1) will be decommissioned. The upgraded plant 2 will continue to operate. (Pam Law, Region
of Waterloo, personal communication)

! (Region of Waterloo 2018)

2 (Region of Waterloo 2019)

3 (Pam Law, Region of Waterloo, personal communication)

Both the Kitchener and Waterloo WWTPs play an important role in nutrient loading and water
quality in the Grand River. The two WWTPs contribute approximately 10% and 5% of the total river flow
at their discharge points, respectively (Arlos et al. 2018). During the low flow summer months, point
source loadings from the Kitchener and Waterloo WWTPs contribute about 70% of the phosphorus in the
central Grand River. Conversely, during the spring months, point sources only contribute 3% of the
phosphorus, and runoff from non-point (agricultural) sources is the primary driver of phosphorus loadings
(Grand River Conservation Authority 2014). Total nitrate, total phosphorous, and chloride concentrations
generally increase as the Grand River flows downstream through Waterloo and Kitchener (Loomer and
Cooke 2011). Wastewater effluent must adhere to the Wastewater Systems Effluent Regulations, which
sets limits for carbonaceous biological oxygen demand, total suspended solids, chlorine, unionized
ammonia, as well as acute toxicity in effluents (Ministry of Justice 2012).

Before the Kitchener WWTP was upgraded, there was minimal nitrification, inefficient aeration
and a short solids retention time (SRT) of < 2 days (Hicks et al. 2017a). After the Kitchener WWTP was
upgraded, aeration was increased, SRT was improved to > 5 days (plant 2), and ammonia concentrations
in the final effluent were reduced from 25 mg/L to 2-6 mg/L. In addition, pharmaceuticals such as
ibuprofen and naproxen were reduced in the final effluent (Hicks et al. 2017a). Dissolved oxygen in the
receiving environment also improved from as low as 1.0 mg/L during the summer before upgrades to
generally > 6 mg/L in the summers after the upgrades (Hicks et al. 2017a). Although the treatment plant
upgrades were primarily designed to meet effluent quality objectives (Region of Waterloo 2018), the

improved nitrification processes also contributed to the reduction in estrogenicity of the effluent (Hicks et
6



al. 2017a). Subsequently, positive responses have been observed in wild fish caught downstream of the
outfall of the Kitchener WWTP, the first of the two facilities to be upgraded (Hicks et al. 2017a; Marjan
et al. 2018).

The Waterloo WWTP initially had partial nitrification and lower ammonia concentrations in its
effluent compared to the Kitchener WWTP, but ammonia concentrations increased during its upgrade
period because the aeration upgrades were not completed (due to a construction delay), and therefore the
plant was not fully nitrifying from 2009 to 2014 (Hicks et al. 2017a). Concentrations of estrogens in the
Waterloo WWTP effluent were also generally lower than Kitchener but more variable (Hicks et al.
2017a). Prior to its upgrades, the Waterloo WWTP was estimated to remove E1, E2, and EE2 at rates of
55%, 95%, and 69%, respectively (Arlos et al. 2018). As the aeration tank upgrades were completed at the
Waterloo WWTP, full year-round nitrification was achieved and ammonia concentrations and
estrogenicity in the final effluent were greatly reduced (Srikanthan 2019). A question of interest for
wastewater managers was how wild fish would respond to these changes in effluent quality after the

infrastructure upgrades.

1.3 Rainbow darter in the Grand River

The Waterloo and Kitchener WWTPs have been the focus of many studies over the past several years,
and particular attention has been given to reproductive endpoints in a sentinel fish species, the rainbow
darter (Etheostoma caeruleum) (Tetreault et al. 2011; Tanna et al. 2013; Bahamonde et al. 20153, b;
Fuzzen et al. 2015; Hicks et al. 2017a; Marjan et al. 2018). Rainbow darter are a small-bodied, benthic
species of fish found in riffle habitats (Reeves 1907; Winn 1958), and are native to the Grand River
watershed (Tetreault et al. 2011). A community survey found that rainbow darter were the most abundant
species caught along most reaches of the central Grand River (Tetreault et al. 2013). These fish are
sexually dimorphic, short-lived (five years), reach sexual maturity at one year, and spawn in the spring
(asynchronous clutch spawners; Reeves 1907; Fuzzen et al. 2016; Hicks et al. 2017a). Rainbow darter
have a small home range which has been confirmed through mark-recapture (Hicks and Servos 2017) and

are therefore an ideal sentinel study species.

1.3.1 Timing of rainbow darter sampling

It is important to choose a suitable time for fish sampling to reduce variability in the measured endpoints

in order to improve the study’s ability to detect differences without increasing sample sizes (Galloway
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and Munkittrick 2006). Rainbow darter spawn in early spring, from April to May and temperature is an
important factor for both male and female gonad development, as spawning has not been observed below
temperatures of 15°C (Reeves 1907; Winn 1958). Since temperature affects the exact timing of their
spawn, it is challenging to sample fish at a consistent time point during their spawning period, year after
year, especially when access to sites is often limited due to increased flows from snowmelt (Fuzzen et al.
2016). Rainbow darters may also potentially exhibit greater movement during this period in order to find
suitable spawning habitat and food (Winn 1958; Hicks and Servos 2017). Consequently, more variability
in many endpoints has been observed when fish are sampled in the spring compared to the fall (Fuzzen et
al. 2016). Therefore, it is desirable to sample rainbow darter in the fall when there is limited in-stream
movement and there has been substantial investment in gonadal development but the endpoints (e.g., in
vitro sex steroid production) demonstrate less variability (Fuzzen et al. 2016; Marjan et al. 2018). Barrett
and Munkittrick (2010) made a similar recommendation for early spring spawning fish that are difficult to
sample 4-6 weeks pre-spawn as a part of their review of the Environmental Effects Monitoring (EEM)

program data.

1.4 Exposure and responses to wastewater effluent in the Grand River

Exposure to wastewater in the Grand River has been shown to affect wild rainbow darter at all levels of
biological organization. Various methods have been used to assess exposure of fish to WWTP effluent in
the receiving environment, including changes in stable isotope signatures (Loomer et al. 2015; Hicks et al.
2017b). Key reproductive responses that have been measured in rainbow darter in association with
wastewater effluent exposure are reductions in in vitro sex steroid production (Fuzzen et al. 2015, 2016)
and high levels of intersex (Tetreault et al. 2011; Tanna et al. 2013; Bahamonde et al. 2015a).

1.4.1 Stable isotopes

Stable isotopes are generally used to discern how energy flows through food webs and to identify the
source of nutrient inputs (Peterson and Fry 1987; Post 2002; Jardine et al. 2006). Isotopic composition of
a sample is reported in & notation, describing a parts per thousand difference from a standard. 6X =
[(Rsample / Rstandard) — 1] X 10% where X is the heavy isotope of carbon or nitrogen (*3C or N, respectively)
and R is the ratio of heavy to light isotopes in the sample or standard. Isotopic signatures are a reflection
of the assimilation of nutrients in the organism over weeks or months (Angradi 1994). Stable isotope

signatures have been often been used as indicators of sewage contamination in stream systems (Steffy and
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Kilham 2004; Morrissey et al. 2013). Isotopic signatures have been shown to change dramatically in fish
near wastewater effluent outfalls in the Grand River and can be linked to effluent quality (Loomer et al.
2015; Hicks et al. 2017b).

Carbon does not fractionate much as it is processed through the food web (only 0.4 + 1.3%o per
trophic level; Post 2002). The carbon isotopic signature is therefore retained and can be useful for
identifying the source of the carbon (Peterson and Fry 1987). Carbon isotopic signatures from aquatic
sources can range from —40 to —20%., whereas carbon from terrestrial sources (e.g., introduced via
WWTP effluent) has a §!°C of approximately —28%o (France 1995a). However, due to overlap in these
values as well as influence from various environmental conditions it is often difficult to form strong
conclusions regarding carbon sources in aquatic systems (France 1995a). Rainbow darter caught
downstream of both the Waterloo and Kitchener WWTPs have been shown to be enriched in §°C
compared to those caught at upstream sites, indicating that fish at these sites are assimilating sewage-
derived nutrients (Hicks et al. 2017b). §*3C signatures in the Grand River have also been shown to
increase gradually moving downstream and in response to dams (Loomer 2008; Hicks et al. 2017b). 5!°C
signatures also vary annually depending on flow conditions in the river, where years with lower flows
tend to have more enriched §'°C signatures (Hicks et al. 2017b). Despite these other factors, the pattern of
813C enrichment remained similar both before and after the Kitchener WWTP upgrades, indicating that
the level of wastewater treatment did not affect §'*C in rainbow darters (Hicks et al. 2017b). Downstream
of the Waterloo WWTP, §**C was also enriched in rainbow darter compared to upstream reference sites
(Hicks et al. 2017b), and this pattern is expected to remain after the WWTP upgrades.

Nitrogen generally has a mean fractionation of 3.4 & 1%o per trophic level and can therefore be
used to determine an organism’s trophic position (Post 2002; Jardine et al. 2006). This enrichment is
primarily due to organisms’ excretion of isotopically light nitrogen (Peterson and Fry 1987; Ulseth and
Hershey 2005). There is a difference in isotopic signatures between organic matter originating from
aquatic sources compared to terrestrial sources (Jardine et al. 2006; Brown et al. 2011). There is a positive
relationship between the human population of a watershed and 8'°N signatures due to the high 3*°N
content of human sewage (Cabana and Rasmussen 1996) and there is also a positive correlation between
8N and nitrogen loadings from synthetic fertilizers and livestock populations (Anderson and Cabana
2006). Wastewater inputs can alter isotopic signatures of primary producers, benthic invertebrates, and
fish in aquatic environments (Cabana and Rasmussen 1996; Jardine et al. 2006; Brown et al. 2011). Lack
of nitrification and denitrification (i.e., raw sewage or primary treatment) results in ammonia being

depleted in N and therefore primary consumers (i.e., invertebrates) become depleted in **N which is then
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reflected in their fish consumers (Anderson and Cabana 2006; Rasmussen and Trudeau 2010; Hicks et al.
2017b). With nitrification and denitrification (secondary treatment), more N is released and the §*°N
signature in primary consumers and fish is enriched (Hicks et al. 2017b). In the Grand River, 3*°N
signatures have been found to be correlated with total ammonia released, where lower volumes of
ammonia correspond to more enriched 8'°N signatures (Hicks et al. 2017b). Prior to the upgrades at the
Kitchener WWTP, §*°N signatures in rainbow darter were found to be depleted at downstream sites
compared to upstream sites (Loomer et al. 2015; Hicks et al. 2017b). After the Kitchener WWTP was
upgraded, 8*°N signatures increased downstream of the outfall in rainbow darter and were
indistinguishable from isotopic signatures upstream (Hicks et al. 2017b). A similar pattern was seen in
macrophytes, epilithon, and seston (Cejudo et al. 2018) as well as primary consumers (Hicks et al. 2017b)
before and after the Kitchener WWTP upgrades. Downstream of the Waterloo WWTP there was a slight
enrichment in §*°N in rainbow darter at downstream sites during years of better quality effluent (2007—
2010) but depletion during construction years when effluent quality was poor (2011-2014; Loomer et al.
2015; Hicks et al. 2017b). 6*°N signatures in rainbow darter after the 2017-2018 upgrade to the Waterloo

WWTP are not yet known but isotopic enrichment is expected to occur.

1.4.2 In vitro steroid production

Sex steroids (estrogens and androgens) play an important physiological role in all species, as they are
important for sexual differentiation and sexual development (Tyler et al. 1998; Devlin and Nagahama
2002; Soffker and Tyler 2012). In fish, the main androgens are 11-ketotestosterone (11KT) and
testosterone (T) (Tyler et al. 1998). Lower levels of sex steroid production have been associated with
estrogenic WWTP effluent exposure in many studies (Folmar et al. 1996 - serum; Tyler et al. 1998 -
serum; Hecker et al. 2002 - circulating; Weber et al. 2019 - steroids measured in homogenized gonad).
Prior to the Kitchener WWTP upgrades, rainbow darter caught downstream of the outfall had
significantly lower stimulated in vitro 11KT and T production compared to fish caught from upstream
reference sites (Fuzzen et al. 2015, 2016).

Within two years after the Kitchener WWTP upgrades, 11KT production in males caught
downstream was no longer reduced compared to males caught from reference sites (Marjan et al. 2018).
In vitro production of T was more variable, but showed similar patterns to 11KT, increasing downstream
of the Kitchener WWTP after the upgrades. In 2013 and 2014, a reduction in 11KT was observed at a
reference site located 4.7 km upstream of the Waterloo WWTP outfall. The reason for this was unclear, so

additional sites near the Conestogo River confluence were added in 2015; however, the effect was not
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seen that year (Marjan et al. 2018). This suggests that there may be additional contaminants that can enter
the system, or that steroid production is dependent on some factors that are still not understood.
Compared to the Kitchener WWTP, effluent quality from the Waterloo WWTP was more
variable over time (from 2009 to 2014) and fish caught downstream showed more variable production of
11KT and T. Recovery in 11KT production after the Kitchener WWTP upgrade was gradual (Marjan et
al. 2018), so it is expected that a recovery downstream of the Waterloo plant may not be observed
immediately. There was a tendency for reduced steroid production downstream of the Waterloo WWTP
compared to the two farthest upstream reference sites, but overall the impact of wastewater effluent was
less evident at Waterloo compared to the Kitchener outfall, possibly due to differences in the effluent
quality and exposure (Marjan et al. 2018). Lower in vitro steroid production in some years at the
immediate upstream reference site may make detection of changes below the outfall difficult to detect and

interpret as steroid production may be already partially suppressed due to unknown confounding factors.

1.4.3 Intersex incidence and severity

Intersex, or the simultaneous presence of both male and female tissue in the gonads in a fish of a
gonochoristic (fixed-sex) species, is often associated with exposure to EDCs (Jobling et al. 1998; Tyler
and Jobling 2008; Bahamonde et al. 2013). Intersex incidence and severity have been observed in
rainbow darter in the Grand River downstream of both the Kitchener and Waterloo WWTPs (Tetreault et
al. 2011; Tanna et al. 2013). In studies on the Grand River, male intersex severity was scored on a scale
ranging from 0 (100% male tissue) to 7 (100% female tissue; Bahamonde et al. 2015a). Intersex incidence
(%) was reported as the number of male fish with intersex divided by the total number of fish sampled
(Fuzzen et al. 2016; Hicks et al. 2017a). Intersex is a concern because it has been found to be related to a
reduction in reproductive capacity (Harris et al. 2011; Fuzzen et al. 2015). Severely intersex male rainbow
darter (index 4-6) had significantly lower fertilization success compared to normal (index 0) or
moderately feminized (index 1-3) males (Fuzzen et al. 2015).

Prior to the WWTP upgrades, 70-100% of rainbow darter caught downstream of the Kitchener
WWTP exhibited intersex, with a mean score of 2-3 (Hicks et al. 2017a). In the first fall season post-
upgrade, intersex incidence decreased to 29%, and by the third season it was 9-14%. Intersex severity
also decreased such that by the third fall season the mean intersex score was less than one. Intersex
severity was observed to recover faster compared to intersex incidence, but throughout all sampling
periods, incidence was positively correlated with severity (Hicks et al. 2017a). Compared to the Kitchener

WWTP, rainbow darter caught downstream of the Waterloo WWTP did not exhibit intersex as often
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(ranging from 10% to 55%) or with as much severity (mean score of around one). This is likely explained
by the lower volume and higher quality, although variable, effluent coming from the Waterloo WWTP
throughout the study period (Hicks et al. 2017a).

Recovery of intersex after the Kitchener WWTP upgraded was likely linked to a reduction of
estrogenicity in the wastewater effluent from Kitchener, as an indirect effect of the improved nitrification
process (Hicks et al. 2017a). The upgrades to the Kitchener plant were initiated in mid 2012, but
reduction in intersex was observed in the fall of 2013, after a full year of improved water quality. Since
rainbow darter undergo recrudescence (period of gonadal growth) in the fall for the next spring spawning
period, the time of year that fish are exposed to EDCs may influence the development of intersex (Hicks
etal. 2017a). It is expected that intersex incidence and severity will be reduced downstream of the
Waterloo WWTP after the treatment upgrades, and it might take a full year or more to observe responses
in rainbow darter due to the timing of the WWTP upgrades in relation to the critical window of gonadal

development.

1.5 Research Objectives

Emerging contaminants such as EDCs and PPCPs found within wastewater effluent have been identified
as one of the top threats to freshwater biodiversity, and improving wastewater treatment is one method of
alleviating the problem (Reid et al. 2018). Long-term ecological studies are extremely important for
broadening our understanding of the effects that humans have on the environment, and for guiding policy
and management decisions to mitigate these impacts (Hughes et al. 2017). Long-term studies, including
this one, will become even more useful in the future as the environment is rapidly changing due to climate
change and urbanization (Hughes et al. 2017). This study is unique because it is one of only a few studies
conducted over a long period of time on both the ecological effects of wastewater effluent and how these
effects change with improvements in effluent quality.

Major upgrades were completed at the Kitchener WWTP in early 2013 and the Waterloo WWTP
in 2017-2018, providing a unique opportunity to assess how reproductive endpoints in rainbow darter
responded to an improvement in water quality (Region of Waterloo 2018). Since 2013, recovery of many
endpoints has been observed in rainbow darter downstream of the Kitchener WWTP (Hicks et al. 20173;
Marjan et al. 2018). Key responses included a dramatic recovery of the severity and incidence of intersex
(Hicks et al. 2017a) and sex steroid production (Marjan et al. 2018) after the upgrades were complete. It is
anticipated that upgrades to the Waterloo WWTP in 2017-2018 will lead to similar positive responses.
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This research is especially valuable since it has the potential to reaffirm confidence in the success of the
Kitchener WWTP upgrades, as well as to evaluate if the large capital investment in the upgrades of the
Waterloo WWTP to improve effluent quality also corresponds to improved water quality in the Grand
River and the health of aquatic life. The Waterloo WWTP processes a lower volume of wastewater
(~62% of the volume treated by the Kitchener WWTP; Tetreault et al. 2013) and had historically higher
quality effluent than the Kitchener WWTP (although there was reduced effluent quality during the period
of construction). Additionally, the adverse effects on rainbow darter (e.g., sex steroid production,
intersex) were not as severe as they were downstream from the Kitchener WWTP. The fish downstream
of the Waterloo WWTP also have more opportunity to move out of the direct effluent plume since the
effluent is discharged at the side of the river, whereas at the Kitchener WWTP the downstream
environment is more dominated by the effluent due to a diffuser. For these reasons, the effects of the
upgrades at Waterloo may be harder to detect than the effects of the upgrades at Kitchener. However, it is
important to determine if the major infrastructure investments made at the Waterloo WWTP will lead to
improvements in the responses in fish to support future management decisions.

This study aimed to further investigate the responses of rainbow darter to major WWTP
infrastructure upgrades in the Grand River. The fall of 2018 was the first year after the Waterloo WWTP
upgrades were completed, and therefore the fish were exposed to higher quality effluent for a full
reproductive cycle, including their critical window for gonadal development. The objective of this
research was to determine if there was a change in exposure (indicated by stable isotope signatures) or
key biological endpoints (in vitro sex steroid production and intersex) downstream of the Waterloo

WWTP after the major upgrades.
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Chapter 2

Responses of rainbow darter to the Waterloo WWTP upgrades

2.1 Introduction

Treated wastewater effluent is a complex stressor for aquatic ecosystems characterized by ammonia,
excess nutrients, biological oxygen demand, suspended solids, metals, pharmaceuticals, and natural and
synthetic hormones which can cause both acute and chronic effects (Luo et al. 2014; Petrie et al. 2015).
While some biologically active compounds are readily degraded during the wastewater treatment process,
others are persistent and are less easily removed (Rojas et al. 2013). Endocrine disrupting compounds
(EDCs) are of particular concern as their removal rates from wastewater effluent vary widely and they are
frequently detected in the environment in the low ng/L range (Ternes et al. 1999; Servos et al. 2005).

Reproduction in wild fish collected downstream of wastewater outfalls has been disrupted at all
levels of biological organization, and many of these disruptions have been linked to estrogens and EDCs.
Wild fishes’ specific responses to estrogens can depend on their life history (Palace et al. 2009), life stage
during their exposure (van Aerle et al. 2002), as well as site-specific environmental conditions that
modulate their exposure such as flow (Barber et al. 2012). Wild fish exposure to wastewater effluent has
been shown to be associated with changes in gene expression such as the induction of vitellogenin gene
expression in males (Liney et al. 2006; Vajda et al. 2008), alterations in endogenous sex steroid
production (Folmar et al. 1996; Hecker et al. 2002; Weber et al. 2019), the induction of intersex (Jobling
et al. 2002; Vajda et al. 2008, 2011), changes in gonad weight (Jobling et al. 1998), reduction in
reproductive capacity (in severely intersex males) (Harris et al. 2011; Fuzzen et al. 2015), and changes in
community structure (Tetreault et al. 2013; McCallum et al. 2019). Effects at higher levels of biological
organization (e.g., population and community changes) are often harder to link to specific components of
effluents. Laboratory studies have shown changes in growth and condition and a reduction in fertilization
success in response to EE2 exposure (Parrott and Blunt 2005). As well, the collapse of a fish population
was reported after an entire lake was dosed with EE2 (Kidd et al. 2007) and there were also indirect
effects on other organisms in that food web (Kidd et al. 2014). Taken together, these effects show that
there is the potential for EDCs in WWTP effluent to exert harm on fish populations either alone or in
combination with other constituents of the effluent.

Many reproductive effects have been reported in wild rainbow darter (Etheostoma caeruleum)
living downstream of WWTPs in the Grand River, Ontario. The Grand River watershed is the largest

watershed draining into the Canadian side of Lake Erie and covers an area of 6,965 km? (Loomer and
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Cooke 2011). The watershed is home to nearly one million people, assimilates water from 30 WWTPs, is
highly agricultural, and its flow is actively managed by dams and reservoirs (Loomer and Cooke 2011;
Grand River Conservation Authority 2014). Two of the largest WWTPs in the watershed, located in
Kitchener and Waterloo, have been the focus of many studies investigating the effects of WWTP effluent
on wild fish.

In rainbow darter living downstream of the Waterloo and Kitchener WWTPs, exposure to excess
nutrients in wastewater effluent has been shown through changes in stable isotope signatures (Loomer et
al. 2015; Hicks et al. 2017b) and effluent estrogenicity has been associated with increased levels of
vitellogenin gene expression in males (Bahamonde et al. 2014, 2015b). Reproductive impairments have
also been observed, including reductions in in vitro sex steroid production of 11-ketotestosterone and
testosterone (Fuzzen et al. 2015, 2016) and high incidence of intersex (Tetreault et al. 2011; Tanna et al.
2013; Bahamonde et al. 2015a).

Both the Kitchener and Waterloo WWTPs are secondary-level conventional activated sludge
plants and have recently undergone major process upgrades aimed at improving effluent quality by
increasing aeration/nitrification (Region of Waterloo 2018). The Kitchener WWTP serves a population of
~250,000 and treats an average volume of 67,902 m2 per day (Region of Waterloo 2019). The main
upgrades to the Kitchener WWTP were completed in 2013 and included new aeration tanks to enhance
ammonia removal. There was also a co-benefit of reducing estrogenicity in the effluent (Hicks et al.
2017a; Arlos et al. 2018; Srikanthan 2019). These upgrades were associated with a reduction of rainbow
darter exposure to ammonia (assessed via stable isotopes; Hicks et al. 2017b) and recovery of in vitro
steroid production (Marjan et al. 2018) and intersex (Hicks et al. 2017a). The Waterloo WWTP serves a
population of ~150,000 and treats a volume of 41,805 m?® per day (Region of Waterloo 2019). Upgrades
to the Waterloo WWTP began in 2009 but there were construction delays and thus there was a period of
time from 2009 to 2014 during which there was only partial nitrification of the effluent (Table 2.1). Once
RAS re-aeration came back online in 2015, ammonia levels began to decrease, and once the aeration
tanks were upgraded in 2017 and 2018, the plant achieved full year-round nitrification (Region of
Waterloo 2018). The objective of the current study is to examine the effects of the Waterloo WWTP

upgrades on stable isotopes, in vitro sex steroid production, and intersex in wild male rainbow darter.
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Table 2.1 Timeline of the Waterloo WWTP upgrades (Srikanthan 2019; Pam Law, Region of Waterloo,

personal communication).

Upgrade Description Commissioning Date

Interim Dewatering (note: centrate sent to the Raw Sewage PS, aeration 2009-2014
upgrades not completed, so temporary increase in effluent ammonia)

UV disinfection 2012

RAS re-aeration online 2015
Aeration tank 1 upgrades March 2017
Aeration tank 2 upgrades March 2018
2.2 Methods

2.2.1 Study species

Rainbow darter (Etheostoma caeruleum) are a small-bodied fish native to and abundant in the Grand
River. These fish are sexually dimorphic, short-lived (five years), reach sexual maturity at one year, and
spawn in the spring (Reeves 1907; Fuzzen et al. 2016; Hicks et al. 2017a). They have a small home range
which has been confirmed through mark-recapture (Hicks & Servos 2017) and are therefore an ideal

sentinel study species to examine the spatial effects of wastewater effluent.

2.2.2 Site description

To assess responses in rainbow darter over the course of WWTP upgrades, five sites were selected along
an urban gradient throughout the central Grand River both upstream and downstream of the Waterloo
WWTP. Three reference sites were chosen in upstream rural and urban environments (Figure 2.1). The
farthest upstream site (REF1; 43°37'51.07"N, 80°26'36.68"W) was located within a rural area 31.8 km
upstream of the WWTP outfall and 18 km downstream of Shand Dam, a large bottom draw dam operated
by the Grand River Conservation Authority for flood protection and flow augmentation (Grand River
Conservation Authority 2014). The second reference site (REF2; 43°35'10.34"N, 80°28'47.77"W) was
chosen 21.5 km upstream of the outfall and 8.9 km upstream of the Conestogo River’s confluence with
the Grand. The Conestogo River is a large agricultural input into the Grand River and contains a reservoir
approximately 38 km upstream of its confluence with the Grand River (Loomer and Cooke 2011). The
third reference site (REF3; 43°30'16.50"N, 80°28'34.52"W) was located 7.8 km downstream of the
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Conestogo River and 4.8 km upstream of the outfall, within the urbanized area of the City of Waterloo.
Additional sites near the Conestogo River confluence (12.5 km upstream of the wastewater outfall) were
sampled in 2015 and 2018 in order to assess any confounding effects that agricultural activity in the
Conestogo River might be having on fish living at REF3 (Marjan et al. 2018; Appendix A2). The first
downstream site (DSW; 43°28'24.44"N, 80°28'23.32"W) was located 1.0 km downstream of the WWTP
outfall. The second downstream site (INT1; 43°26'38.14"N, 80°24'2.43"W) was located 12.0 km
downstream of the outfall. All sites consisted of riffle/run habitat.

1 4
-
= L
OREF1
REF2
O
CongeStogp River
QREF3
Waterloo WWTP
¥,
DSW
INT1
. b N
Kitchener WWTRY.® \
z
9 0 5 10 km
(18

Figure 2.1 Map of sampling locations along the Grand River. Three reference sites were located upstream
of the Waterloo WWTP and two sites were sampled downstream. The Kitchener WWTP is indicated by

the grey star for context and is located approximately 21.2 km downstream of the Waterloo WWTP.
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2.2.3 Fish collection and processing

Rainbow darter were collected in late October of each year (2007 and 2010-2019), which was suggested
by Barrett and Munkittrick (2010) and Fuzzen et al. (2016) to be an appropriate time in the darter’s
reproductive cycle for sampling as it is difficult to obtain consistent samples 4-6 weeks pre-spawn. In a
supplementary study, this time period was confirmed to be suitable for measuring in vitro steroid
production in rainbow darter since steroid production was consistent throughout the months of October to
December (Marjan et al. 2018), and isotope signatures in rainbow darter were also shown to be more
sensitive to influence from wastewater effluent in the fall (Loomer 2008). Rainbow darter were collected
using backpack electrofishing units (Smith Root LR 20/24) in riffle/run habitats with boulder and cobble
substrate. All fish were collected and handled in accordance with the University of Waterloo’s Animal
Care Committee and Canadian Council on Animal Care Protocol (AUP # 40318). Approximately 40 male
fish were collected from each site to meet sample size requirements for the various studied endpoints.
Fish were transported in aerated buckets to a mobile laboratory, where they were processed (usually
within one hour of capture to ensure consistent results) (Marjan et al. 2018). Fish were euthanized by a
concussion and spinal severance. Length (x 0.1 cm) and body mass (£ 0.001 g) were measured to
calculate condition factor (K = 100 x [body weight/length®]). Liver and gonad were weighed (+ 0.001 g)
individually and used to calculate liver somatic index (LSI = 100 x [liver weight/body weight]) and
gonadosomatic index (GSI = 100 x [gonad weight/body weight]), respectively. The condition and somatic
index data are available but are not included in this thesis as they are being reported elsewhere. One lobe
of the testes (or both lobes if the total weight of the tissue was less than 20 mg) was stored in an excess
(~7 mL) of Medium 199 buffer (25 mM Hepes, 4.0 mM sodium bicarbonate, 0.01% streptomycin and
0.1% bovine serum albumin) on ice for in vitro steroid analysis. The other lobe was fixed in Davidson’s

solution (10% glycerol, 10% acetic acid, 20% formaldehyde, 30% ethanol, 30% water) for histology.

2.2.4 Effluent and river chemistry

Effluent discharge (effluent flow, volume) and chemistry (ammonia, nitrate) data were obtained from the
Region of Waterloo (Pam Law and Dominika Celmer-Repin, Region of Waterloo, personal
communication). Ammonia measurements were collected weekly from 2007 to 2013, three times per
week from 2014 to 2018, and weekly in 2019. Nitrate measurements were collected approximately
weekly from 2007 to 2019. Effluent volume and flow measurements were collected daily.

Effluent estrogenicity was measured in grab samples of the final effluent using the YES assay

following methods outlined in Srikanthan (2019) and data were obtained from Srikanthan (2019).
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Grand River flow and surface water temperature data for Bridgeport (station 68) and water
temperature data for Below Shand Dam (station 88) were downloaded from the GRCA monitoring dataset
made available under the Grand River Conservation Authority’s Open Data Licence v2.0 on January 5,
2020 (Grand River Conservation Authority 2020). All GRCA data were measured hourly and are reported
in this thesis as annual or monthly averages. Flow data for the Grand River at West Montrose (station
02GA034) were downloaded from the Environment and Climate Change Canada Historical Hydrometric
dataset on March 19, 2020 (Water Survey of Canada 2020). Water Survey of Canada data were measured
daily.

2.2.5 Stable isotope analysis

81N and 5'°C in rainbow darter muscle tissue were analyzed at each site to compare isotopic signatures
upstream and downstream of the Waterloo WWTP before and after its upgrades. Stable isotope data for
2007, 2008, and 20102014 were obtained from Hicks et al. (2017b). Methods for fish collected from
2016 to 2018 (n = 130) followed Loomer et al. (2015) and Hicks et al. (2017b). Briefly, 8-10 fish per site
were selected within a range of 4.7-6.3 cm total length to limit variation between larger and smaller fish
since the turnover rate of carbon is fastest in rapidly growing animals (Angradi 1994). These fish were not
aged for this study but following growth rates defined in Crichton (2016), these fish would be designated
in the 2+ age category. After field collection, fish bodies were stored at —20°C before a skinless piece of
muscle was removed, dried at 60°C for 3—4 h or until completely dry, and ground into a powder. A
sample of tissue (0.25-0.40 mg) was weighed into tin cups and analyzed using a 4010 Elemental
Analyzer (Costech Instruments, Italy) coupled to a Delta Plus XL (Thermo Finnigan, Germany)
continuous flow isotope ratio mass spectrometer (CFIRMS) to determine carbon and nitrogen
composition. The 8*3C and §*°N values are the corrected delta values, reported in per mil (%o) units,
against the primary reference scale of Vienna Pee Dee Belemnite (VPDB) and atmospheric air,
respectively. A subset (n = 24) of the samples analyzed for this study were run in duplicate and the mean
+ SE differences between replicates were 0.05 £ 0.01%o for 6*3C and 0.23 + 0.04%o for §'°N. C:N ratios
were considered low (3.44 + 0.01, n = 139) and no lipid normalization was necessary.

2.2.6 In vitro steroid production

Stimulated in vitro steroid analysis was used to analyze 11KT and testosterone steroid production, since it
is difficult to obtain enough blood to study plasma steroids in small-bodied fish such as rainbow darter

(McMaster et al. 1995). In vitro steroid levels have been found to correlate with circulating steroid levels
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and are an accepted measure of the gonad’s ability to produce steroids (McMaster et al. 1995). Since
sampling time, capture stress, and confinement stress have been shown to alter sex steroid production in
fish (Jardine et al. 1996), care was taken to sample fish at consistent times of day and the effect of holding
times used (generally < 1 hr) was confirmed to not affect the results (Marjan et al. 2018). Therefore these
factors were standardized among sites. In 2011, radioimmunoassays were used for steroid quantification
(Fuzzen et al. 2016). From 2012 onwards, enzyme-linked immunosorbent assays (ELISAS) were
conducted (Fuzzen et al. 2016; Marjan et al. 2018). Data from 2011 to 2016 were obtained from Fuzzen et
al. (2016) and Marjan et al. (2018). Fish collected from 2017 to 2019 followed methods outlined in
Marjan et al. (2018). Briefly, 10-20 mg of testes tissue from each fish (n = 18-20 per site) were placed in
an excess of Medium 199. Samples were stored on ice during transport back to the laboratory at the
University of Waterloo, where the gonad tissue weight was recorded, placed in 1 mL of fresh media,
stimulated with 10 puL of 1 IU/mL human chorionic gonadotropin (hCG) dissolved in Medium 199, and
incubated at 16°C for 24 h. After incubation, media was removed and stored at 80°C. Later, steroid
analysis was conducted using an ELISA following manufacturer’s (Cayman Chemical Company)
instructions, with a range of 0.78-100 pg/mL for 11KT and 3.9-500 pg/mL for T. Samples were
generally diluted ~40x—80x for 11KT and ~5x—10x for testosterone in order to fall within these ranges.
Samples were run in triplicate and if the coefficient of variation (CV = (standard deviation/mean) x
100%) was greater than 20% between replicates then the sample was re-analyzed. If the sample
concentration was outside the linear range of the standard curve (a standard curve was run on each plate),
then the sample was re-analyzed at a different dilution. Inter-plate variation was controlled by using an
internal standard: a pooled sample consisting of 3 samples per site that was analyzed on each plate. If the
CV between internal standards was greater than 20% between plates then the plates were re-run. Blank
Medium 199 spiked with hCG was also run in triplicate on each plate to confirm that Medium 199 was
not interfering with the results of the immunoassay.

2.2.7 Intersex incidence and severity

Intersex incidence and severity data were obtained for 2007 and 2010-2015 from Hicks et al. (2017a).
Histological methods for fish collected from 2016 to 2019 followed methods from Hicks et al. (2017a).
Approximately 25 male fish were collected for intersex assessment from each site. After removal from the
fish, one lobe of testis was placed in a histology cassette in Davidson’s solution for 36—48 h before
transferring to 70% ethanol until processing. Gonads were then dehydrated and embedded in paraffin wax

using a tissue processor (Sakura Tissue-Tek VIP). Samples were sectioned at a thickness of 5 um, placed
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on slides, and stained with hematoxylin and eosin (Leica Autostainer XL, MRM Histology Laboratory,
Canada Centre for Inland Waters, Burlington, ON). At least 40 sections per fish were analyzed for
intersex at 100x magnification using a Leica DM100 light microscope. Intersex incidence for each site
was determined based on the presence or absence of oocytes in the tissue and calculated by dividing the
number of fish displaying intersex by the number of fish studied. Intersex severity was scored using the
index developed by Bahamonde et al. (2015a) (Table 2.2).

Table 2.2 Intersex severity index (adapted from Bahamonde et al. 2015a).

Index Criteria

0 100% male tissue.

1 Less than 1-3 primary oocytes per testis.

2 4-10 perinuclear oocytes per lobe.

3 >10 perinuclear oocytes.

4 Several sections with perinuclear and cortical alveolar oocytes. Clusters of eggs.
5 Less than 50% ovarian tissue, presence of vitellogenic eggs.

6 More than 50% ovarian tissue, presence of vitellogenic eggs.

7 100% female gonad.

2.2.8 Statistics

All analyses were conducted using R (version 4.0.0; R Core Team 2020) and graphs and data summaries
were computed using the tidyverse packages (Wickham et al. 2019). Due to the unbalanced design, type
I11 sum of squares (car package; Fox and Weisberg 2019) were used whenever an ANOVA was
conducted. Sample size information for all biological endpoints are available in Appendix B1: Table S2.1.

Annual effluent nutrients (ammonia and nitrate) and river flow at West Montrose from 2007 to
2019 were analyzed following methods in Hicks et al. (2017a, 2017b), using a Kruskal-Wallis test with
Dunn’s post-hoc (using Holm—Bonferroni p-value correction; Holm 1979) and assessed at a significance
level of alpha = 0.05.

Estrogenicity data were analyzed using the same methods as Srikanthan (2019). Data were
assessed by comparing each sampling time point to the 95% confidence interval calculated from the pre-
upgrade period which included samples collected in August, September and November 2015.

Stable isotope analysis followed methods published in Hicks et al. (2017b). To assess if there was
a change in stable isotopes associated with the Waterloo WWTP upgrades, and to control for natural

spatial variability moving downstream, a two-way ANOVA was conducted across years comparing DSW
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and REF3 only. Tukey’s post-hoc test was conducted on the interaction model when the interaction (year
X site) was significant and on the additive model when the interaction was not significant. To assess
spatial changes across the sites, one-way ANOVAs were conducted for each year comparing all sites. By
testing each year individually, this method controlled for natural variability among years. Assumptions
for ANOVA (normality of residuals and equal variance) were often not met even with transformation, and
therefore significance was assessed at a more conservative alpha threshold of 0.01 (Pitt et al. 2009; Hicks
et al. 2017b). Pairwise comparisons were conducted using Tukey’s post-hoc test and significance was also
assessed at alpha = 0.01.

To test if there was a relationship between effluent ammonia concentrations and 8*°N signatures
in rainbow darters living downstream of the WWTP, a Pearson correlation was conducted on the mean
effluent ammonia over the two-month period prior to sampling (September—October) and the mean §°N
value for fish caught at DSW. A Pearson correlation was also conducted between the mean two-month
river flow (September—October) and mean 5'*C at one of the reference sites, REF2. REF2 was chosen
since it does not have influence from the Shand Dam (Loomer 2008) and because there is a flow gauge
(Water Survey of Canada 2020) at that location. A two-month time period was chosen because the half-
life of 83C and &°N turnover in rainbow darter muscle tissue was determined to be 33 and 29 days,
respectively (Hicks et al. 2017b), and the two-month period best described the variation in isotopic ratios.

Invitro 11KT and T production were analyzed using a combination of methods previously
published (Fuzzen et al. 2016; Marjan et al. 2018). All steroid data were log10 transformed to meet
assumptions of normality and homogeneity of variance. Since not all sites were sampled in every year,
running a two-way ANOVA was not possible, so each year was analyzed individually using a one-way
ANOVA (Marjan et al. 2018) with Tukey’s post-hoc test (alpha = 0.05). To put the statistics into context
and help visualize site differences, the 95% confidence interval and the 25% critical effect size
(Munkittrick et al. 2009) calculated from the pooled data from REF2 was added to the graphs (Fuzzen et
al. 2016). REF2 was chosen because it was hypothesized to be least affected by confounding
environmental factors and visually had the most consistent steroid production across years. To investigate
if there were differences in steroid production at DSW among years and to account for yearly variability
and differences in methodology between 2011 (radioimmunoassay) and 2012—-2019 (ELISA), the logged
data were normalized to the steroid production at REF2 within each year, and then compared using a one-
way ANOVA with Tukey’s post-hoc test (alpha = 0.05).

Intersex incidence and severity were analyzed using methods from Hicks et al. (2017a). Because

there were not enough post-upgrade years sampled to conduct a before-after-control-impact (BACI)
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analysis, each site was compared across years and each year was compared across sites in separate
analyses. Incidence data were analyzed using Fisher’s exact test and with Fisher’s exact pairwise
comparisons post-hoc test (rcompanion package; Mangiafico 2020) with a Holm-Bonferroni p-value
correction (Holm 1979). Severity score data were analyzed using a Kruskal-Wallis test and Dunn’s post-
hoc with a Holm—Bonferroni p-value correction (Holm 1979). Significance was assessed at alpha = 0.05.
A Pearson correlation was conducted to investigate the relationship between intersex incidence and

severity and included all sites and all years.

2.3 Results

2.3.1 Water and effluent characteristics

2.3.1.1 Effluent nutrients

Effluent chemistry data collected from the Waterloo WWTP indicated that effluent quality changed over
time during the upgrades. In 2007 and 2008, ammonia concentrations in the effluent were relatively low
(median annual value of 6.7 mg/L for 2007 and 2008 combined; Figure 2.2A). From 2009 to 2014 there
were construction delays at the plant which resulted in partial nitrification. Ammonia concentrations
began to increase in 2009 and were at their highest median concentrations (25-26 mg/L) in 2012 and
2013. Between the years 2009 to 2015, ammonia concentrations remained significantly higher than they
were in 2007 and 2008. In 2016, effluent quality began to improve, and the median ammonia
concentration dropped to 12.7 mg/L. In the springs of 2017 and 2018 the two aeration tanks were
upgraded, and ammonia continued to decrease (2017 = 4.8 mg/L; 2018 = 2.5 mg/L; 2019 = 0.4 mg/L).
Nitrate concentrations in the effluent were consistently low from 2007 to 2011 (median concentration 6.5
mg/L for the five years combined; Figure 2.2B). In 2012 and 2013, nitrate concentrations in the effluent
were even lower (median 0.8 mg/L for the two years combined). In 2014, nitrate concentrations began to

increase and reached their highest median value of 33.3 mg/L in 2018 and 2019.
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Figure 2.2 Boxplots of (A) ammonia and (B) nitrate concentrations in the final effluent of the Waterloo
WWTP. The bars indicate the median value, the bottom and top of the box are the first and third quartiles,
and the whiskers extend to the largest value not farther than 1.5 x the interquartile range. Outliers are
plotted individually. Numbers in brackets indicate the median nutrient concentration for that year. Years

not sharing a letter are significantly different.

2.3.1.2 Effluent estrogenicity

Estrogenicity in the Waterloo WWTP effluent was highly variable. Before the upgrades were completed,
estrogenicity was generally 5-15 ng/L E2eq, but there were spikes up to 32 ng/L (Figure 2.3). After the
upgrades were completed, estrogenicity fell below the 95% confidence interval (range of 4.1-12.8 ng/L

E2eq) for the pre-upgrade mean. Concentrations were < 1 ng/L E2eq by November 2018.
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Figure 2.3 Mean effluent estrogenicity (+ SE) collected over the course of the Waterloo WWTP
upgrades. The dotted line is the pre-upgrade mean calculated using the data from August, September, and
November 2015 (grey bars), and the dashed lines indicate the 95% confidence interval of this mean. Data
were from Srikanthan (2019) and graph is modified from Srikanthan (2019) to include additional data
collected after May 2018.

2.3.1.3 River flows

River flows were variable and low flow occurred in mid-summer each year. Annual flows were lowest in
2007 and 2016. The highest flows were in 2008, 2013, and 2017 (Kruskal-Wallis test with Dunn’s post-
hoc, p < 0.05; Figure 2.4). There was a drought in the late summer of 2016. 2017 was a wet year in

comparison.
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Figure 2.4 Boxplots of annual river flow (m?/s) at REF2. The bars indicate the median value, the bottom
and top of the box are the first and third quartiles, and the whiskers extend to the largest value not farther
than 1.5 x the interquartile range. Outliers are plotted individually. Note the y-axis is plotted on a log10

scale for better visualization. Numbers in brackets indicate the median river flow for each year. Years not

sharing a letter are significantly different.

2.3.2 Stable isotopes

2.3.2.1 Stable isotope ratio of 3'3C

There were differences in §*C among sites for all 10 years studied (one-way ANOVAs, p < 0.01). In
general, §3C signatures became more enriched moving downstream (Figure 2.5A). The farthest upstream
reference site, REF1, was generally not statistically different from the next site downstream (except in
2012 when it was more enriched). REF2 always had the lowest §!°C signature. REF3 was always an
intermediate between REF2 and DSW; it was significantly lower than DSW in some years (2008, 2011,
2014, 2016, 2017, 2018), significantly higher than REF2 in one year (2012) and not statistically different
from either site in two years (2007, 2013). §**C at DSW was always significantly more enriched than at
REF2. 33C at INT1 had a more variable response and did not follow the pattern of downstream
enrichment. It was either not statistically different from DSW (2014, 2016, 2017, 2018) or significantly
lower (2013). Full results from one-way ANOVAs are available in Appendix B2: Table S2.2.
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The stable isotope ratio of §*C was significantly different between DSW and REF3 (two-way
ANOVA; F1146 = 119.2, p < 0.001) and among years (Fs 146 = 16.38, p < 0.001) but there was no
significant interaction between site and year. On average, the stable isotope ratio of §**C at DSW was
1.12%o higher than at REF3 (Tukey’s post-hoc test, p < 0.001). Average 8'*C varied among years and was
lowest in 2014 and highest in 2016. Full results from two-way ANOVASs are available in Appendix B2:
Table S2.3.

There was a negative correlation between mean river flow calculated during the two months prior
to sampling and the mean §*3C ratio in rainbow darter caught at the reference site REF2 (Figure 2.5B;
Pearson’s r = —0.81, p = 0.014).

2.3.2.2 Stable isotope ratio of 3°N

8'°N tended to become more enriched moving downstream, except for REF1 which was not significantly
different from REF2 (Figure 2.5C). There was less annual variability in §°N, but 3*°N signatures at DSW
were low during the years when the Waterloo WWTP was releasing poor quality effluent (2011-2014).
81N exhibited significant differences among sites for each year tested except 2007 and 2008 (one-way
ANOVAS, p <0.001). The three reference sites generally had similar §*°N values. They were not
significantly different from each other in 2012, 2013, or 2014. REF1 was never significantly different
from REF2, though it was sometimes an intermediary between REF2 and REF3, with REF3 being higher
than REF2 in 2011, 2016, 2017, and 2018. 5°N values at DSW varied greatly. During the years of poor
effluent quality, DSW had the lowest 8*°N (2011-2014). As the effluent quality improved, §°N at DSW
became similar to (2016) or higher than (2017, 2018) REF3. §'°N at INT1 was higher than DSW in most
years studied (2013, 2014, 2016, 2017) except in 2018 when the two sites were not significantly different.
Full results from one-way ANOVAs are available in Appendix B2: Table S2.2.

There was a significant interaction for :°N between DSW and REF3 among years (two-way
ANOVA, Fg140 = 21.0, p < 0.001) but no main effects of site (F1140 = 0.62, p = 0.43) or year (Fg 140 = 1.62,
p=0.12). In 2007 and 2008 before the upgrades, 5*°N was not different between REF3 and DSW. During
the upgrades from 2011 to 2014, 8'°N was significantly lower at DSW by 2.59-3.49%o (p < 0.001). In
2016 and 2017 as effluent quality was improving, there were again no differences between REF3 and
DSW. In 2018, 3*°N at DSW was higher than REF3 by 3.98%o (p < 0.001). There were no significant
differences in 8*°N at REF3 among years. Full results from two-way ANOVAs are available in Appendix
B2: Table S2.4.
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815N stable isotope signatures had a negative relationship with mean effluent ammonia

concentrations calculated based on the two months prior to fish sampling date (Figure 2.5D; Pearson’s r =

~0.94, p < 0.001).
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Figure 2.5 Stable isotope ratios (mean + SE) in rainbow darter in the Grand River. (A) §**C isotopic

ratios in rainbow darter in the Grand River at sites upstream and downstream of the Waterloo WWTP

(location indicated by the dashed line). (B) Average 8*3C was strongly correlated with average flow in the
two months prior to sampling at reference site REF2 (note *C is NA for REF2 in 2008). (C) §'°N

isotope ratios in rainbow darter caught at sites upstream and downstream of the Waterloo WWTP

(location indicated by dashed line) in the Grand River. (D) Average 3*°N in fish tissue was correlated with

the average ammonia concentrations in the effluent downstream of the Waterloo WWTP.
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2.3.3 In vitro steroid production

2.3.3.1 Spatial patterns in 11KT and T production

In vitro production of 11-ketotestosterone (11KT) and testosterone (T) varied greatly among sites and
years, with few consistent patterns. If there were differences in steroid production among sites, DSW
tended to have lower production compared to at least one of the three reference sites, but this pattern was

slightly different each year and for each steroid tested (Figure 2.6).

2.3.3.2 11KT before and after upgrades

Different patterns were observed in 11KT production when comparing DSW with each of the three
reference sites. In three of the pre-upgrade years, DSW 11KT production was not statistically different
from any of the reference sites (2011, 2014, 2016). In one year (2013), DSW 11KT production was
significantly lower than REF1 and REF2 but not REF3. DSW 11KT production was significantly lower
than all three reference sites in 2012 and 2015. 11KT production at DSW was lower than the 25% critical
effect size (CES) for REF2 in 2012, 2013, and 2015. 11KT production in rainbow darter caught farther
downstream at INT1 also varied among years but was never lower than DSW. In 2017, the year of the
first aeration tank upgrades, DSW 11KT production was significantly lower than REF1 and REF2 but not
REF3. In 2018, the first full season after both aeration tank upgrades were completed, 11KT at DSW was
lower than REF3, but there were no other differences among sites. In 2019 there were no significant
differences among sites (one-way ANOVAs with Tukey’s post-hoc test). Full results are available in
Appendix B3: Table S2.5.

2.3.3.3 T before and after upgrades

Testosterone production was also variable among sites. In two pre-upgrade years (2011, 2014), DSW T
production was not different from any of the three reference sites. In one year (2012), DSW T production
was significantly lower than REF2 and REF3 but not REF1. In one year (2013), DSW was lower than
only REF2. T production was lower than all three reference sites in 2015 and 2016. Despite these
statistical differences, T production at DSW was only lower than the 25% CES for REF2 in 2012 and
2014. In fall 2017 after the first set of aeration tank upgrades, T production at DSW was lower than one
reference site: REF1. In 2018, the first full year after the upgrades, there was variable T production: DSW
was lower than REF1, REF3, and INT1 but there were no other differences among sites and it was not
lower than the 25% CES threshold. In 2019, there were no differences among sites (one-way ANOVAS

with Tukey’s post-hoc test). Full results are available in Appendix B3: Table S2.5.
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Figure 2.6 Log10 transformed in vitro steroid production (mean * SE) of (A) 11KT and (B) testosterone
at each site. For both A and B, the horizontal dashed lines indicate the 25% critical effect size (CES)
calculated from the mean of the data from REF2, and the horizontal solid lines indicate the 95%
confidence interval calculated from the data from REF2. The vertical gray dashed line indicates the
location of the Waterloo WWTP.

2.3.3.4 Yearly patterns in steroid production at DSW

DSW steroid production varied greatly among years. To analyze these responses and control for yearly
variability, data were logged to meet assumptions of ANOVA and normalized to the average steroid
production at REF2 for each year (Figure 2.7). Both 11KT and T production at DSW were highest in
2011 (11KT production was 102% of the production at REF2 and T production was 101% of the
production at REF2), dropped to their lowest values in 2012 (11KT production was 38% of the
production at REF2 and T production was 72% of the production at REF2), and in general increased from
2013 to 2019 back to the same level as 2011 (one-way ANOVAs with Tukey’s post-hoc test). Full results
are available in Appendix B3: Table S2.6. 11KT at DSW was lower than the 25% CES for REF2 in 2012,
2013, and 2015. T was lower than the 25% CES only in 2012 and 2015. However, steroid production at
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REF3 (grey diamonds in Figure 2.7) was often similar to DSW (i.e., lower than REF2), which confounds
the interpretation of the relationship between DSW and REF2.
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Figure 2.7 Mean (£ SE) (A) 11KT and (B) T production at DSW (black circles), logged and normalized
to the steroid production at REF2 for each year. Dissimilar letters indicate significant differences between
years. The grey diamonds indicate steroid production at REF3. These points were added to the plot but
not analyzed statistically. The horizontal dashed lines indicate the 25% critical effect size (CES)
calculated from the mean of the data from REF2, and the horizontal solid lines indicate the 95%

confidence interval calculated from the data from REF2.

2.3.4 Intersex

The highest level of intersex observed was a score of 4 (severe intersex). This score was observed in nine
out of 878 fish studied from 2007 to 2019. Of those nine fish, seven were caught at DSW, one was caught
at INT1, and one was from REF3. An example of a normal male rainbow darter testis and a male testis

displaying intersex is shown in Figure 2.8.
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Figure 2.8 Micrographs of male rainbow darter testes. (A) Normal male rainbow darter testis (intersex
score = 0). (B) Male rainbow darter testis with intersex (intersex score = 4). Some perinuclear oocytes are

visible within the inset (one is indicated by the arrow). Scale bars are 500 um.

2.3.4.1 Intersex incidence and severity before and after the upgrades

There were no differences in intersex incidence among years at any of the three reference sites or at the
second downstream site, INT1 (Fisher’s exact test, p > 0.05; full results available in Appendix B4: Table
S2.7). Across all years, the portion of fish displaying intersex at REF1 was 8.5% (range 0% to 17%), at
REF2 was 7.7% (range 0% to 20%), and at REF3 was 7.4% (range 0% to 17%). There were differences in
intersex incidence at DSW among years (Fisher’s exact test, p = 0.013), but no pairwise comparisons
were significant after adjusting for multiple comparisons. The overall incidence of intersex at DSW was
31% (range 10% to 55%). Incidence at INT1 was 20.6% (range 12% to 33%). Intersex incidence across
all sites over time is shown in Figure 2.9A.

There were also no differences in intersex severity among years at any of the three reference sites
or the second downstream site (INT1), over the course of the study (Kruskal-Wallis test, p > 0.05; full
results available in Appendix B4: Table S2.7). There were differences in intersex severity at DSW
(Kruskal-Wallis test, H = 23.23, df = 9, p < 0.01), but only for the pairs 2015-2016 (Dunn’s post-hoc, p =
0.04), 20162018 (p = 0.047) and 20162019 (p = 0.006). Intersex severity scores across all sites over
time are shown in Figure 2.9B.

There were significant differences in intersex incidence among sites for some of the pre-upgrade
years: 2011 (Fisher’s exact test, p = 0.02), 2015 (p = 0.03), and 2016 (p < 0.001), as well as the
transitional year 2017 (p = 0.005) and the post-upgrade year 2018 (p = 0.03). However, after adjusting for
multiple comparisons, there were no significant pairwise differences among sites in 2011, 2015, and
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2018. In 2016, incidence at DSW was significantly higher than REF1 (p = 0.01) and REF2 (p = 0001),
and in 2017, incidence at DSW was significantly higher than REF3 (p = 0.01). There were no differences
in intersex incidence among sites in 2007, 2012, 2013, 2014, and 2019. Full results are available in
Appendix B4: Table S2.8.

Before the WWTP upgrades, there were significant differences in intersex severity among sites in
2011 (Kruskal-Wallis test, H = 7.87, df = 2, p = 0.02), 2014 (H = 9.75, df = 4, p = 0.04), and 2016 (H =
25.17, df = 4, p < 0.001). There were also differences among sites in fall 2017 after the first aeration tank
was upgraded (H = 14.85, df = 4, p = 0.005). These differences were always between DSW and one or
more of the reference sites: in 2011, DSW had a higher severity than REF2, in 2014 it was higher than
REF1, in 2016 it was higher than all three reference sites, and in 2017 it was higher than REF3. There
were no differences in intersex severity among sites in 2007 when the WWTP was operating well, or for
some of the years during the upgrades (2012, 2013, and 2015) as well as the post-upgrade years 2018 and
2019. Full results are available in Appendix B4: Table S2.8.
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Figure 2.9 (A) Intersex incidence at each site over time. (B) Boxplot of intersex severity scores at each
site over time. The bars indicate the median value, the bottom and top of the box are the first and third
quartiles, and the whiskers extend to the largest value not farther than 1.5 x the interquartile range.
Dashed vertical lines indicate the time of the WWTP upgrades.
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Intersex severity was positively correlated with intersex incidence across all sites and years
(Figure 2.10; Pearson’s r = 0.94, p < 0.001).
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Figure 2.10 Correlation between mean severity score and intersex incidence (%) for each site and year
(Pearson’s r = 0.94, p < 0.001).

2.4 Discussion

Wastewater treatment plant upgrades are predicted to reduce the exposure of downstream fish to a variety
of nutrients and contaminants, including EDCs. The Waterloo WWTP underwent major upgrades from
2009 to 2018. During this time effluent quality varied considerably as construction progressed. Effluent
quality initially worsened for several years before improving once the upgrades were completed with the
commission of one aeration tank in 2017 and a second aeration tank in 2018. The upgrades increased
aeration and nitrification which resulted in lower ammonia and higher nitrate concentrations in the final
effluent. There was also a reduction in selected pharmaceuticals and personal care products measured and
a reduction in effluent estrogenicity after the upgrades were completed (Srikanthan 2019). Environmental
exposure to wastewater in river systems can be highly modulated by flow and depending on the nature of

the endpoint, this can influence how effects are manifested and interpreted in exposed fish populations.
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Although the volume of wastewater released by the Waterloo WWTP was relatively constant, fish
exposure to wastewater effluent below the Waterloo outfall varied over time because changes in river
flows altered the dilution of the effluent in river water (Figure S1.2 and Figure S1.3). At its outfall, the
Waterloo WWTP was estimated to contribute 2-5% of the volume of water in the Grand River assuming
instantaneous mixing of the effluent and river water. However, since the effluent and river water are not
fully mixed by the time it flows past DSW (1 km downstream; personal observations), fish at that site are
likely exposed to much higher concentrations of effluent. Wastewater upgrades led to improvements in
several biological endpoints (e.g., stable isotopes, intersex) in fish but it can be difficult to separate the
impacts of wastewater from the upstream stressors and annual variability (e.g., in vitro sex steroid

production).

2.4.1 Stable isotopes

Stable nitrogen isotope signatures in rainbow darter effectively tracked the changes in effluent quality
(e.g., ammonia concentrations) over the course of the WWP upgrades. In contrast, stable carbon isotope
signatures were found to correlate to changes in river flow but were not influenced by the WWTP
upgrades. These results suggest that changes in stable isotope signatures in rainbow darter can give
insight into effluent exposure and quality (5*°N) as well as responses to annual variation in flow (5'°C).
Stable carbon isotope signatures generally became more enriched moving downstream and this
was consistent among years independent of the state of the WWTP upgrades. These results follow trends
reported by Hicks et al. (2017b) after the Kitchener WWTP upgraded. Fish caught at REF1 were an
exception to this pattern as they had slightly higher '*C values than expected, likely because of the site’s
proximity to the Shand Dam located approximately 18 km upstream. The Shand Dam is a bottom-draw
dam which releases organic matter from its hypolimnion that is more enriched in §*C (Angradi 1994;
Loomer 2008; Hicks et al. 2017b). There was always isotopic enrichment between the sites REF2 and
DSW and usually enrichment between REF3 and DSW, which may be partially associated with the
assimilation of sewage-derived nutrients but may also be attributed to the downstream trend of carbon
enrichment (France 1995a; Finlay 2004; Loomer et al. 2015). However, farther downstream at INT1, §*3C
isotopic ratios were slightly lower, suggesting that there may have been an influence of the treatment
plant or other inputs in the 11 km between the two sites. Downstream enrichment of §'C has been
reported in other river systems (Rasmussen and Trudeau 2007). Enrichment of 3*3C is often found in
relation to the assimilation of wastewater-derived nutrients (Brown et al. 2011; Loomer et al. 2015;

Robinson et al. 2016; Hicks et al. 2017b), but some studies report depletion (deBruyn and Rasmussen
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2002) and other studies did not see any changes in 3*3C (Morrissey et al. 2013). These differences may be
specific to the study system, receiving water body, type of wastewater treatment, and the dynamics and
flow of the effluent plume.

513C signatures had a negative relationship with average river flows which explained the
variability in §*C among years. This relationship was also demonstrated previously in the Grand River
(Hicks et al. 2017b). In the current study, the two-month period prior to sampling had the best
relationship with §!°C, which lends support to the reported 33 day half-life of !C turnover in rainbow
darter muscle tissue (Hicks et al. 2017b), and also supports the general idea that §*3C reflects an
organism’s diet assimilated over weeks or months (Angradi 1994). Many studies have found a similar
negative relationship between river flow and 3'3C signatures in primary producers (Finlay et al. 1999;
Rasmussen and Trudeau 2007). Less fractionation of carbon occurs at low water velocities because of the
stagnant boundary layer which increases resistance to diffusion, and this results in signatures that are
more enriched in 3C (France 1995b; Rasmussen and Trudeau 2007, 2010). These carbon isotopes then
are transferred up the food web to fish consumers (Rasmussen and Trudeau 2010).

Stable nitrogen isotope signatures in rainbow darter closely tracked the upgrade status and
effluent quality of the Waterloo WWTP. There was a clear difference between 5*°N in years with poor
quality effluent (i.e., high ammonia) and the years with higher quality effluent. During the WWTP
construction when the Waterloo WWTP was releasing poor-quality effluent, §'°N signatures at DSW
were much lower than they were at the reference sites. Then, once nitrification of the effluent improved,
5'°N signatures became more enriched and resembled upstream values. This response followed the same
pattern that was observed after the Kitchener WWTP upgraded in 2012, with §'°N enrichment after the
upgrades (Hicks et al. 2017b). In another study, !°N signatures in algae and crabs became more depleted
following WWTP upgrades, but this was likely driven by the biological nutrient removal process
employed which dramatically reduced N loadings into a marine system (Pitt et al. 2009). Regardless, each
study showed 3°N values resembling reference site levels after their respective WWTP upgrades.

There was a strong negative relationship between 3*°N in rainbow darter and average effluent
ammonia over the two-month period prior to sampling. This finding supports the similar relationship
originally reported with data from both the Waterloo and Kitchener WWTPs (Hicks et al. 2017b). During
nitrification, nitrogen in the form of urea is converted to ammonium and then nitrate (Heaton 1986). The
light isotope of nitrogen is preferentially lost during this process, leaving behind ammonium and nitrate
that is enriched in ©®N (Heaton 1986). 5:°N has commonly been used to assess anthropogenic inputs to

aquatic ecosystems (Cabana and Rasmussen 1996; Anderson and Cabana 2006). Enriched 8'°N signatures
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in aquatic food webs have been used as a tool to assess the location of sewage and wastewater inputs
(Steffy and Kilham 2004; Morrissey et al. 2013). Anderson and Cabana (2006) found strong positive
correlations between anthropogenic sources of N and 8*°N in primary consumers, with the strongest
relationship driven by livestock, so it was surprising that the 3'°N signatures at our sites downstream of
the highly agricultural Conestogo River did not seem to be greatly affected (Appendix A2: Figure S1.5).

Overall, stable isotope signatures seem to be a robust tool for assessing recent exposure to
wastewater effluent. In the Grand River, rainbow darter have small home ranges (Hicks and Servos 2017)
and their stable isotopes signatures appear to represent site-specific changes. Additionally, the half-lives
for °C and *°N isotope turnover in rainbow darter muscle tissue are 33 and 29 days respectively (Hicks et
al. 2017b) and therefore their isotopic signatures reflect their somewhat recent (weeks to months) diet.
Loomer et al. (2015) showed that 3*°N signatures change seasonally but that their relationship to
wastewater outfalls remained consistent. Our results showed that 3*°N responded to changes in effluent
ammonia, and therefore supports the use of 3*°N as an indicator of effluent exposure in fish during
WWTP upgrades.

2.4.2 In vitro steroid production

In vitro steroid production of 11KT and T was highly variable among sites and years and therefore it was
difficult to link to changes in effluent quality. Before the upgrades were finished, 11KT production
downstream of the Waterloo WWTP was lower than one or more reference sites in only three of the six
years studied. T was lower than one or more reference sites in four of the six years. 11KT production at
DSW fell below the 25% critical effect size (CES) threshold for all of those three years, while T
production at DSW was only lower than the 25% CES for two of the years. In the fall after the first
aeration tank upgrades were completed (2017), there was a depression of 11KT production at DSW
compared to REF2 and a depression of T production at DSW compared to REF1, but neither 11KT or T
production was lower than the 25% CES threshold. Steroid production was variable but not lower than the
25% CES in 2018, and in 2019 there were no differences in steroid production among sites. Recovery of
in vitro steroid production was gradual after the Kitchener WWTP was upgraded (Marjan et al. 2018), but
it was difficult to make firm conclusions given the variability in the Waterloo data, even though steroid
levels downstream of the Waterloo WWTP now resemble the reference sites (in 2019).

Although there are no longer reductions in steroid production downstream of the WWTP, there
are still unknown factors that contributed to variable steroid production throughout the study period and

may still have the potential to affect steroid production in the future. For example, in many years there
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was a depression in steroid production at REF3 which masked the effect at DSW. REF3 is located
downstream of the confluence of the Conestogo River, a highly agricultural tributary of the Grand River
(Loomer and Cooke 2011). To investigate if this had an effect on steroid production at REF3, a site was
studied in the Conestogo River and upstream and downstream of its confluence with the Grand River in
2015 (Marjan et al. 2018) and 2018 (Appendix A2: Figure S1.6). However, no reduction of steroid
production was found at REF3 in either 2015 or 2018, and therefore there was no evidence that the
Conestogo River was causing the depression in steroid production at REF3 that had been found
previously. The effect seems to be transient and only occurs in some years. REF3 is also located within
the City of Waterloo, so there may also be influence associated with urbanization or other anthropogenic
stressors. For example, metal concentrations in mussel gills have been shown to be increased at urban
sites (Gillis 2012). Runoff from impervious surfaces can introduce various contaminants and increase
river temperatures (Nelson and Palmer 2007; Kaushal et al. 2010). The interaction of temperature with
photoperiod is known to affect steroid production in teleosts (de Vlaming 1972). Water temperatures have
been shown to increase moving downstream in the Grand River due to the influence of urban runoff and
WWTP effluent (Hicks 2017), and changes to flow and water levels affect water temperature as well
(Kaushal et al. 2010). Changes in flow can also affect the dilution and movement of the effluent plume or
other runoff within the river, altering fish exposure to contaminants (Marjan et al. 2017). However, there
was no correlation between 11KT or T and river flow (Appendix A4: Figure S1.12). These interacting
environmental conditions may have affected the timing of the recrudescence period at some sites
differently than others or contributed to the apparent gradient of steroid depression moving downstream.
Wild fish caught downstream of WWTP effluents have been shown to have lower production of
sex steroids and these effects have been attributed to estrogenic compounds in the effluent (Folmar et al.
1996; Weber et al. 2019). Fish living downstream of combination of inputs from WWTPs, agriculture,
and chemical plants have been shown to exhibit lower production of 11KT and variable production of T
(Hecker et al. 2002). Laboratory exposures have confirmed that exposure to environmentally relevant
concentrations of EE2 (10 ng/L; Salierno and Kane 2009) and E2 (50 ng/L; Martinovi¢ et al. 2007) can
suppress sex steroid production in fathead minnow. Within the Grand River, effluent from the Kitchener
WWTP was associated with reductions in sex steroid production in rainbow darter which then improved
after the WWTP was upgraded (Fuzzen et al. 2016; Marjan et al. 2018). The upgrades to the Kitchener
WWTP lowered the estrogenicity in the effluent (Srikanthan 2019), and therefore it is certainly plausible
that exogenous EE2 plays a large role in suppressing androgen production in male rainbow darter. The

Waterloo WWTP effluent had variable estrogenicity during its upgrades and estrogenicity decreased after

38



the upgrades were completed (Srikanthan 2019), but there was no correlation between effluent
estrogenicity and steroid response (Appendix A4: Figure S1.13). However, estrogen sampling did not
occur in every year and not always at times corresponding to fish sampling (or their sensitive windows
that may influence steroid production), and therefore it remains possible that variable estrogenicity
contributed to the variable steroid response depending on the time of year as well as how long the fish
were exposed.

It is also possible that fish living downstream of the Waterloo WWTP were able to somewhat
compensate for the effects of wastewater effluent. Prior to both plants’ upgrades, the Waterloo and
Kitchener WWTPs had similar ammonia concentrations in their effluent, but the Waterloo WWTP had
much lower concentrations of many pharmaceuticals (Srikanthan 2019). Though there was not a strong
correlation between effluent ammonia and sex steroid production (Appendix A4: Figure S1.14), perhaps
the lower pharmaceutical concentrations could partially explain to the less-affected steroid response
downstream of Waterloo. Although rainbow darter caught from DSW before the upgrades were
completed had higher metabolic rates compared to those from REF2 (Mehdi et al. 2018), they may have
still maintained enough energy to invest into androgen production. After the Waterloo WWTP upgrades
rainbow darter had increased aerobic scope downstream of the effluent outfall (Hodgson 2020). It is
possible that overall improvements in effluent quality (e.g., lower levels of ammonia and PPCPs in
general) were responsible for the recovery in androgen production, rather than changes in estrogenicity,
pharmaceuticals, or ammonia concentrations alone. However, the role of each of these stressors is
difficult to separate in complex receiving environments.

Variability in in vitro steroid production was also observed among the three reference sites. These
sites were chosen in order to assess background levels of steroid production, but they were not always
consistent. For example, in 2012 11KT production at REF1 was very low, suggesting potential influence
from the Shand Dam; however, this effect never repeated itself in subsequent years. The Shand Dam
releases cold water which supports a tailwater brown trout fishery that extends as far downstream as
REF1 (18 km away; Ontario Ministry of Natural Resources 2004). Therefore it is possible that in some
years the cold water temperature delayed gonadal development and spawning, since rainbow darter need a
temperature of at least 15°C to spawn (Reeves 1907). There was a significant positive correlation between
temperature (May to October mean) and steroid production at REF1 (for both 11KT and T), although
2012 seemed to be anomalous year for low temperatures and low 11KT production (Appendix A4: Figure
S1.15). However, this study did not specifically test this hypothesis and it is not known if a potential

spawning delay in the spring or temperatures throughout the summer might affect steroid production in
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the fall. It does, however, highlight how variability in biological endpoints can be greatly influenced by
other factors and lead to changes that make linkages to specific stressors difficult to establish or interpret.

Steroid production was a reliable endpoint to use downstream of the Kitchener WWTP when the
responses were strong and consistent (Marjan et al. 2018). However, it may not be sensitive enough when
the response is weak, variable, and there are confounding effects upstream. Despite taking precautions to
limit variability (e.g., sampling at the same time of year, ensuring there weren’t confounding effects from
handling or confinement stress) (Marjan et al. 2018), there was still considerable variability in the steroid
responses around the Waterloo WWTP. However, it has been suggested that an increase in variability of
an endpoint might also point to physiological disturbance, even if the mean or median value has not
shifted (Hecker et al. 2002). Variability in steroid production in fish caught downstream of the WWTP
could arise from fish seeking out refugia (Blanchfield et al. 2015). Even though rainbow darter generally
have small home ranges (< 5 m; Hicks and Servos 2017), there is still a possibility that they could move
out of the effluent plume, or that fish whose territories lie on the edge of the plume could be sometimes
exposed to cleaner water depending on how the plume shifts over time. Overall, although it no longer
seems to be impaired, steroid production was too variable to use for tracking the responses of rainbow
darter to the Waterloo WWTP upgrades.

2.4.3 Intersex incidence and severity

There tended to be higher incidence and severity of intersex downstream of the Waterloo WWTP
compared to the reference sites, especially during the WWTP upgrades while the effluent quality was
poor. However, this was only statistically significant in some years as there was considerable variability
at DSW. After the upgrades were completed, there were still some fish that showed intersex downstream
of the Waterloo WWTP, but there were no significant differences in intersex incidence or severity score
among sites. All sites (including the reference and downstream sites) had a consistent background level of
intersex.

Prior to the upgrades, the maximum proportion of fish that were intersex downstream of the
Waterloo WWTP was 55%. Fish from other wastewater-contaminated study systems show variable
incidence of intersex depending on species and exposure (Bahamonde et al. 2013). For example, intersex
in wild roach collected downstream of sewage effluents from various UK rivers ranged from 16% to
100% (Jobling et al. 1998, 2002), whereas intersex incidence in wild bream living downstream of
multiple types of inputs (including wastewater) in the Elbe river in Germany was < 6% (Hecker et al.

2002). Within the Grand River, up to 100% of male fish were intersex downstream of the Kitchener
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WWTP before the plant was upgraded (Hicks et al. 2017a). Despite differences in intersex severity, the
recovery pattern was similar between the Kitchener and Waterloo WWTPs (Hicks et al. 2017a) where
there was a decline in intersex in the years after the implementation of the aeration/nitrification upgrades.

Intersex incidence and severity in rainbow darter downstream of the Kitchener and Waterloo
WWTPs after the upgrades at both plants were very similar (Hicks et al. 2017a). The timeline of the
Waterloo recovery also followed the timeline reported after the Kitchener upgrades, with full recovery not
observed until one to two seasons after the treatment upgrades (Hicks et al. 2017a). Rainbow darter begin
to grow their gonads in the summer post-spawning, so if exposure occurs in this time period while they
are sensitive, this may influence their gonadal development and expression of intersex even after
exposure has been reduced (Hicks et al. 2017a).

Gonadal development of fish can be influenced by environmental factors such as water
temperature, exogenous steroids, and other pollutants (Devlin and Nagahama 2002). Depending on the
stage of development during which exposure takes place, intersex may be permanent or transitory (Devlin
and Nagahama 2002). Studies suggest that fish are most sensitive to gonadal disruption during their early
life stages but there is a great deal of variation in the type and severity of gonadal disruption observed
which may depend on the concentration of EDCs, species, and exposure period (Devlin and Nagahama
2002). For example, a study that exposed fathead minnow to 10 ng/L EE2 during short windows in their
development found ovarian-like ducts and cavity in male fish but no oocytes (van Aerle et al. 2002). A
mesocosm experiment that exposed wild roach to wastewater effluent determined that early life (0 to 60
days post hatch) was the most sensitive life stage to influence from wastewater, and that intersex was a
permanent condition in these fish even after depuration in clean water (Liney et al. 2005). The study also
found that intersex was not induced in adult roach (Liney et al. 2005). However, intersex has been
induced in adult male medaka after 6 weeks of exposure to a dose of 20 ng/L of EE2 (Hirakawa et al.
2012). Unpublished data suggest that rainbow darter will not develop intersex unless they are exposed in
the early stages of their testes development (Hicks and Fuzzen, unpublished data). Therefore, the gonad
development pattern of the species and the dose and timing of the exposure may be important factors in
determining whether or not intersex can be induced. Chronic exposure to 5-6 ng/L of EE2 has been
shown to result in intersex and the collapse of a wild fathead minnow population (Kidd et al. 2007). The
population recovered within 3 years after the EE2 exposure was stopped, and testicular abnormalities
were no longer present in the population (Blanchfield et al. 2015). Other species were not affected as
severely in the study, and it was proposed that differences in life history (such as lifespan, preferred

habitat, foraging location, and spawning times) can alter fishes’ exposure and response to contaminants
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(Palace et al. 2009). These factors may explain the differences in results often seen between the lab and
the field and make it difficult to compare studies, especially when investigating different species with
different patterns of gonad development. In a field study that collected wild fish, there was a significant
increase in intersex wild roach caught downstream of sewage containing E2eq concentrations that were
estimated to be above 1 ng/L (Jobling et al. 2006). These various results suggest species-specific or
dose/environment-specific responses (Devlin and Nagahama 2002).

Previous modelling of the Waterloo WWTP effluent predicted that prior to the upgrades, under
low flow conditions, fish may continue to be exposed to total estrogenicity (i.e., a benchmark value of 0.4
ng/L E2eq in the river) that would result in at least some intersex in fish downstream (Arlos et al. 2018).
As estrogen loadings from the Waterloo WWTP declined after the upgrade, the impact on reproductive
health of fish was expected to improve (Arlos et al. 2018; Srikanthan 2019). The current study confirmed
these predictions. After the upgrades effluent E2eq concentrations dropped to below 1 ng/L (Srikanthan
2019). There was also a reduction but not a complete elimination of intersex in fish exposed to the
effluent. These low levels of intersex were not surprising as there were background levels of intersex at
the reference sites. However, the correlation between intersex and effluent estrogenicity in the current
study was very weak (Appendix A5: Figure S1.17), suggesting that other components of the effluent (e.g.,
metformin (Niemuth and Klaper 2015) or other pharmaceuticals) might also have a role in inducing
intersex in rainbow darter.

Years in which intersex incidence was particularly high or low may be partially explained by
river flows and more generally by mean monthly/annual precipitation, but only anecdotally as there was
no correlation between intersex incidence or severity and flow (Appendix A5: Figure S1.16). For
example, in 2016 there were high levels of intersex and low river flows which may have exacerbated the
effects of the wastewater effluent. Flows in 2013 were higher than average and there was low incidence of
intersex despite poor-quality effluent. 2018 and 2019 were slightly drier than average but despite this
there was still lower incidence of intersex at DSW, suggesting the positive influence of the improved
effluent quality. Variable effluent quality likely confounded the potential relationship between river flow
and intersex, but flow may have been important in altering exposure, especially during critical windows
of sensitivity for intersex development in rainbow darter.

In general, intersex is a concern because it may have reproductive consequences for fish. Intersex
has been shown to be related to reduced fertilization success in rainbow darter, but only for severely
intersex fish (index 4-6) (Fuzzen et al. 2015). Despite this, survival to hatch was not found to be affected

by intersex severity (Fuzzen et al. 2015). Additionally, Jobling et al. (2002) found that gonadal growth
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was only inhibited in severely intersex wild roach. In the current study, severe intersex was rare,
suggesting that in this reach of the Grand River, estrogen exposure associated with intersex is likely not
inhibiting normal reproduction of rainbow darters.

Background levels of intersex of < 10% were observed at the reference sites (ranging from 0% to
20% each year). The reference sites used in this study were not pristine; the upper Grand River is heavily
agricultural and also receives effluent from many smaller WWTPs (Loomer and Cooke 2011). Both of
these inputs are a source of EDCs that may contribute to a low background level of intersex. Other study
systems have also found intersex at reference sites. In England, one study reported intersex incidence in
wild roach of 11.7% to 44.4% at upstream sites affected by dilute effluent and incidence of 4% to 18.1%
at control sites (Jobling et al. 1998). This underscores the value of a long term study with multiple
reference sites to be able to understand both the background variability and inter-annual variability before
attempting to understand effects arising from a point source such as wastewater effluent (Bahamonde et
al. 2013).

2.4.4 Conclusion

Biological responses in rainbow darter generally resembled reference site levels after the Waterloo
WWTP was upgraded, but the some of the responses were highly variable and not always easily attributed
directly to the wastewater effluent. The study system in the Grand River was complex with many types of
inputs: agriculture, urban runoff, and wastewater effluent. Endpoints were also sometimes affected by
environmental conditions including flow and water temperature, and these endpoints also likely respond
on different exposure timelines, further complicating their relationship to the upgrades. Stable isotopes
responded quickly to changes in effluent quality within months, whereas steroids and intersex took one to
two years to respond. Endpoints that are on the lower end of the scale of biological organization tend to
respond more quickly but may not be as ecologically relevant. Higher-level endpoints such as intersex
take longer to respond, but since they are assimilated over a longer period of time they may better reflect
exposure and the health of the individual and therefore be more suitable as a monitoring endpoint.
However, endpoints at higher levels of biological organization are affected by many environmental
conditions making it difficult to observe patterns or separate the influence of specific factors during
monitoring (Fuzzen et al. 2016).

This study demonstrates the importance of long-term data collection, as anomalous weather or
other unknown factors in some years may have led to misleading conclusions if not for a long-term

baseline dataset. Additionally, multiple reference sites were important in order to have a more thorough
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understanding of the baseline conditions, as well as to separate the influence of different sources of
contaminants. Despite this, it may be prudent to use more sensitive endpoints, such as gene expression
and metabolism, which may reflect changes in fish health more quickly. It is essential to choose
appropriate and adequately sensitive endpoints in order to reduce the number of fish needed to detect
differences and thus protect the natural population. It is also crucial to consider the ecological relevance
of the endpoints, and their ability to inform researchers about a potential mechanistic or root cause of any
disruption as well as to predict how a population may respond. Using an appropriate sample size of fish is
important especially when the endpoints measured are highly variable or have a small effect size. The
pre-upgrade conditions downstream of the Waterloo WWTP were less severe and more variable than the
conditions downstream of the larger Kitchener WWTP, but similar trends were still apparent with
improvements in effluent quality. Although the upgrades to these two plants targeted traditional effluent
guality measures such as ammonia, there was also the co-benefit of a reduction in estrogenicity. These
results demonstrate the environmental benefits that can be realized when process upgrades are
implemented that generally improve effluent quality. The upgrades did not completely remove all
contaminants, but the key endpoints of concern (e.g., in vitro steroid production, intersex) were reduced to
levels that cannot be easily separated from upstream. Some effects may still be associated with the
residual contaminant exposure in the effluent but overall, the investment in wastewater infrastructure has

had a major effect on reducing effects in fish downstream.
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Chapter 3

Conclusion and Recommendations

The aim of this thesis was to evaluate the biological responses of wild rainbow darter living upstream and
downstream of the Waterloo WWTP to investigate if there were any changes associated with the WWTP
upgrades. This study was motivated by the observation that rainbow darter showed recovery of several
key biological responses after the upgrades to the Kitchener WWTP in 2012. In this study, stable isotope
signatures were used to assess changes in effluent exposure in relation to the Waterloo WWTP upgrades.
In vitro sex steroid production and intersex were measured to determine if infrastructure improvements to
the Waterloo WWTP (improved aeration and nitrification of the effluent) contributed to a recovery of
these endpoints.

The process upgrades at the Waterloo WWTP were implemented in order to improve traditional
effluent quality parameters (i.e., ammonia) but were also effective at reducing the estrogenicity of the
final effluent. The upgrades were associated with improvements in the health of wild rainbow darter
living downstream as many endpoints are now indistinguishable from upstream reference conditions.
However, it was often difficult to attribute these biological effects on fish directly to the changes in the
WWTP effluent due to variability in the endpoints among the study sites, including the upstream
reference sites. The Grand River is highly impacted by human activities (agriculture, urban development,
dams, and wastewater) and there are many confounding factors present in the watershed including
changes in river flow, inputs from agricultural runoff, other upstream WWTPs, and urban runoff, plus
upsets to the treatment process during construction. Additionally, processes at the Waterloo WWTP are
still being optimized and effluent quality monitoring continues to note improvements into 2020.
Therefore, it remains possible that there could be a continued recovery in rainbow darter for the next few
years, especially since new generations of fish will develop and reproduce in a less contaminated

environment.

3.1 Efficacy of wastewater treatment upgrades

Standard aeration and nitrification upgrades aimed at improving effluent nutrient quality parameters
seemed to be effective at improving the health of fish living downstream and this is good news for other
municipalities that may also need to upgrade their WWTPs (e.g., to achieve secondary wastewater

treatment by 2021 in Canada). Another factor that should be considered is the volume of effluent released
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by the WWTP (i.e., the population serviced) relative to the base flow of the receiving river. It is important
to consider fluctuations in flow throughout the year, especially low flow periods during the summer. This
time period is critical since it is when fish may be exposed to the highest concentrations of effluent and
may also be the most sensitive (although this may vary depending on the spawning time and mobility of
the species present). Municipalities that treat larger volumes of wastewater may need to invest in higher
levels of treatment in order to reduce contaminant loads. Additionally, the flow dynamics of the effluent
plume, such as where it is located in the river, can affect the mixing of the effluent and subject some
habitats to much higher concentrations of effluent than predicted based on the assumption of complete

mixing.

3.2 Rainbow darter as a study species

Rainbow darter were an ideal sentinel species since they were abundant at all sampling locations and had
a small home range. However, the endpoints that were measured were sometimes highly variable. For
example, it was rare to find severe intersex in rainbow darters downstream of the Waterloo WWTP. This
combined with the variable steroid data suggests that the wastewater effluent was arguably causing only a
minor response in rainbow darter and not having an adverse or detrimental effect on their populations
even before the upgrade. Rainbow darter are tolerant enough to be able to survive and reproduce in
wastewater-contaminated areas and possibly even taking advantage of the minor changes in the
environment such as greater nutrient availability. More sensitive species may have had a greater response
to effluent exposure and then a more dramatic recovery following the upgrades. However, studies are

limited by the abundance of fish species downstream of the WWTP, especially prior to the upgrades.

3.3 Environmental monitoring

There is currently no Environmental Effects Monitoring (EEM) program for wastewater effluents;
however, rainbow darter in the Grand River are exposed to similar proportions of effluent that would
trigger monitoring in other scenarios. EEM guidelines state that a fish survey is required if the
concentration of metal mining or pulp and paper mill effluent is greater than 1% at a distance of 250 m
downstream of the discharge point (Environment Canada 2010; 2012). If an EEM program for wastewater
effluent were to be created, in addition to the standard endpoints of growth, body condition, LSI and GSI,

it should also monitor estrogenic effects since estrogens have the potential to have an impact on the
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sustainability of fish populations. Intersex may be an ideal endpoint to use in an EEM program since it
has been demonstrated to be induced by exposure to low concentrations of estrogens (and other
contaminants found in wastewater), is fairly sensitive, and has the potential to have direct implications for

the health of the population.

3.4 Recommendation for future studies

This study was not initially designed as a monitoring project, but in hindsight it would have been ideal to
have temperature loggers at each field site. Because many of the endpoints measured were reflective of a
longer period of exposure (weeks to months), a single measurement taken at the time of fish sampling was
not as useful compared to the temperature and flow logger data obtained from the GRCA and Water
Survey of Canada, but unfortunately the logger data did not correspond perfectly to all of our sampling
sites and could not be used in analyses at all of our sites. Additionally, having open communication with
WWTP managers and operators was important for this study, and access to their weekly effluent nutrient
dataset was extremely useful to support our analyses. Working in collaboration with wastewater managers
and operators is critical for improved research outcomes.

A limitation of this study was the lack of ability to measure multiple endpoints within each
individual fish. Rainbow darter gonads were often too small to split between analyses, so the steroid and
intersex data are not always from the same fish and therefore could not be correlated. Performing
correlations may have helped to better explore patterns between individual fish and may have explained
some of the variability in the data. In terms of data analysis, conducting a before-after-control-impact
(BACI) statistical analysis would have been ideal if there had been a more clearly defined before-after
period. This was complicated in the current study because the WWTP underwent many changes over the
years, as there were many construction delays and aeration tanks were commissioned at different times.
Even after all the infrastructure upgrades went online, process optimization was still occurring until 2020.
Because of this and considering the time it takes for rainbow darter to respond to changes in water
quality, there were not yet enough post-upgrade years studied to date to do a BACI analysis.

Long-term studies are important and necessary to separate the effects of the stressor of interest
from natural variability, especially when the stressor exerts subtle effects on the system. It was valuable to
have multiple reference sites in order to characterize variability within the study system. Poor reference
site selection would have led to different conclusions, and even the three reference sites chosen for this

study did not always tell a consistent story. It was important to be aware of this and therefore not rely too
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heavily on one reference site but instead consider overall patterns. It was also necessary to conduct field
sampling at a consistent and correct time of year. Environmental changes throughout the year (such as
seasonal flow and temperature patterns) affect the feasibility of sampling and also affect the responses of
various endpoints. It is important to consider when endpoints (particularly reproductive endpoints such as
steroid production) are at their highest and/or most stable level since there are natural variations over the
course of a year related to spawning (Barrett and Munkittrick 2010; Tetreault et al. 2014). This is crucial
for studies that take place over multiple years, because comparisons among years must be accurate. When
studying multiple endpoints, there may not be a time when all of the endpoints are at their ideal time for
sampling, so a compromise must be achieved. In this study, sampling occurred in the fall because it was a
more stable period for gonadal development and because flows were too high in the spring, which would
have led to inconsistencies in measurements of the endpoints.

As a follow up to the study performed, a laboratory experiment investigating the effects of
different wastewater exposures would be helpful to further place these results into context and control for
confounding environmental conditions (e.g., temperature, flow, dissolved oxygen levels, other sources of
contamination, fish movement and avoidance, etc.). A caging study would also be useful to prevent fish
from moving out of the effluent plume while retaining more natural environmental conditions. These
kinds of additional studies would be particularly helpful for interpreting the in vitro steroid production
data. Understanding more of the factors affecting rainbow darter steroid production and how these effects
translate into higher levels of biological organization would be beneficial for putting these results into
better ecological context. Gene expression of vitellogenin would be another valuable endpoint to measure
since it is sensitive, has been linked to estrogen exposure, and was shown to be elevated in male rainbow
darter prior to the Waterloo WWTP upgrades. | intended to include this endpoint and I was in the process

of completing this work in the lab when COVID-19 resulted in the university lockdown.

3.5 Conclusions

Overall, this study adds to the body of literature investigating the long-term effects of WWTP effluent
and the recovery of the receiving environment after facility upgrades. The findings from this work will
support model development and validation and are important for supporting future improvements in water
management policy and practice. These results may help inform best practices in wastewater management
as more treatment plants require upgrades to meet regulations and/or ensure environmental protection.

Improvements in water quality downstream of the Waterloo WWTP should also further reduce

48



contaminant exposure below the Kitchener outfall and should be investigated. Good wastewater treatment
is increasingly important as the urban population grows, putting more pressure on ecosystems worldwide.
This research supports the implementation of WWTP infrastructure upgrades in order to improve effluent

quality and the health of fish living downstream.
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Figure S1.1. River temperature and flow at Bridgeport monitoring station (GRCA station 68; located 0.85
km upstream of the Waterloo WWTP outfall). (A) May to October averages. (B) Spring (May and June)
averages. (C) Summer (July and August) averages. (D) Fall (September and October) averages. For each

panel, the dashed grey lines indicate the mean flow and temperature for all years.

61



Year

2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

Percent effluent at DSW (%)

SonodbDbomedqpPonoeo

10 20 30
Mean river flow May—-Oct (m?/s)

Figure S1.2 Correlation between mean percent effluent exposure at DSW and mean river flow at the
Bridgeport monitoring station (GRCA number 68), located 0.85 km upstream of the WWTP outfall
(Pearson’s r =—0.88, p < 0.001). Mean river flow was calculated from the average of the daily mean flow
from May to October of each year. Percent effluent was calculated assuming instantaneous mixing of
effluent and river water, though it is known that mixing is not fully complete by the time the water
reaches DSW and therefore fish may in reality be exposed to greater concentrations of effluent than
indicated.
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Figure S1.3 Boxplots showing annual estimated percent effluent exposure downstream of the Waterloo
WWTP, calculated using daily measurements of effluent and river flow. Percent effluent exposure was
calculating assuming an instantaneous mixing of effluent and river water, so the actual amount of effluent

that fish are exposed to is likely higher than the graph indicates.
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Figure S1.4 Map of the Grand River with sites sampled for the main study as well as the extra sites
sampled along the Conestogo River in 2015 and 2018. CUS is in the Grand River upstream of the
Conestogo River confluence, CR is located in the Conestogo River, and CDS is in the Grand River

downstream of the Conestogo River confluence.
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Figure S1.5 (A) 83C and (B) 8*°N along the Grand River, including the extra Conestogo River sites
sampled in 2018. CUS is in the Grand River upstream of the Conestogo River confluence, CR is located
in the Conestogo River, and CDS is in the Grand River downstream of the Conestogo River confluence.
The shaded region of both graphs indicates the site sampled along the Conestogo River, whereas the
white background is the sites sampled along the Grand River. §**C and °N are both more enriched in the

Conestogo River but this effect is diluted by the confluence.
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Figure S1.6 In vitro production of (A) 11KT and (B) testosterone by rainbow darter caught at sites along
the Grand River, including the additional sites added around the Conestogo River in 2018 CUS is in the
Grand River upstream of the Conestogo River confluence, CR is located in the Conestogo River, and
CDS is in the Grand River downstream of the Conestogo River confluence. The shaded region of both
graphs indicates the site sampled along the Conestogo River, whereas the white background is the sites

sampled along the Grand River. There were no distinct patterns in steroid production among sites in 2018.
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Figure S1.7 Biplots of §!°N and §'3C signatures in rainbow darter at all sites each year. During the period
of poor-quality effluent during the upgrades (2011-2014), DSW had lower §**N compared to the
reference sites.
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Figure S1.8 Correlation between the mean §'°N at DSW and the mean percent effluent exposure from
September to October each year. Percent effluent exposure was calculating assuming instantaneous
mixing of effluent and river water, so the actual amount of effluent that fish are exposed to is likely higher

than is indicated by the graph.
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Figure S1.9 Normalized logged steroid production (mean £ SE) of (A) 11KT or (B) T production in

rainbow darter caught at each site. For both A and B, the horizontal dashed lines indicate the 25% critical
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effect size (CES) calculated from the mean of the data from REF2, and the horizontal solid lines indicate
the 95% confidence interval calculated from the data from REF2. The vertical gray dashed line indicates
the location of the Waterloo WWTP.
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Figure S1.10 Log10 transformed 11KT production (mean £ SE) among sites within each year. Dissimilar
letters indicate a statistical difference between sites. The dashed line indicates the 25% critical effect size
(CES) calculated from the mean of the data from REF2 (from all years combined), and the solid line

indicates the 95% confidence interval calculated from the data from REF2.
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Figure S1.11 Log10 transformed testosterone production (mean + SE) among sites within each year.
Dissimilar letters indicate a statistical difference between sites. The dashed line indicates the 25% critical
effect size (CES) calculated from the mean of the data from REF2 (from all years combined), and the

solid line indicates the 95% confidence interval calculated from the data from REF2.
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Figure S1.12 Correlation between (A) 11KT or (B) T production in rainbow darter caught at REF2 and

mean flow at REF2 from September to October of each year.
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Figure S1.13 Correlation between steroid production of (A) 11KT or (B) T production in rainbow darter
caught at DSW and mean estrogenicity (log10 of estrogenicity + 0.5) each year. Estrogenicity sampling
was not conducted regularly and therefore the estrogenicity values may not all correspond to a sensitive

time period for steroid production in rainbow darter.
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Figure S1.14 Correlation between (A) 11KT or (B) T production in rainbow darter caught at DSW and

effluent ammonia concentrations at DSW from September to October of each year.
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Figure S1.15 Correlation between steroid production of (A) 11KT or (B) T production in rainbow darter
caught at REF1 and the mean river water temperature from May to October measured downstream of the
Shand Dam (18 km upstream of REF1).
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A5 Intersex incidence and severity

A ® y=35-0.26 X B1°Te y=0.77 - 0.0064 X
oo r=-0.16,p = 0.69 r=-0.15,p=0.69
® o Year

- (¢} S ® 2007
401 2 B 2010
§ A S 107 ¢ 2011
2 301 \ 3 ® A 2012
2 § A <) . Vv 2013
& 5 @ 2014
5% v o E \ m 2015
= ® § 051 & 2016
107 v| = m v A 2017
\% v 2018
0 o O 2019

20 30
Mean river flow May-Oct (m?/s)

20 30
Mean river flow May-Oct (m?/s)

10 10
Figure S1.16 Correlation between (A) intersex incidence (%) or (B) intersex severity score in rainbow
darter caught at DSW and mean river flows at Bridgeport (0.85 km upstream of the WWTP outfall) from
May to October of each year.
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Figure S1.17 Correlation between (A) intersex incidence (%) or (B) mean intersex severity score in fish
caught at DSW and mean estrogenicity (expressed as log10(estrogenicity + 0.5) because some
measurements = 0), initially measured in ng/L E2eq) in the Waterloo WWTP effluent. Estrogenicity
sampling was not conducted regularly and therefore the estrogenicity values may not all correspond to a
period of time that was sensitive for gonadal development.
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Figure S1.18 Correlation between (A) intersex incidence (%) or (B) intersex severity score in rainbow

darter caught at DSW and mean effluent ammonia concentrations from May to October of each year.
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Appendix B

Statistical Analyses

B1 Sample sizes

Table S2.1 Sample sizes used in this study for §3C, 8*°N, 11KT, T, and intersex (brackets indicate

number of fish with intersex). Superscripts indicate where data has been previously reported.

Year Site oBC! BN ! 11KT?2 T2 Intersex(incidence)
2007 REF2 3 3 NA NA 10 (0)
REF3 3 3 NA NA 11(1)
DSW 7 7 NA NA 10 (3)
2008 REF3 6 6 NA NA NA
DSW 6 6 NA NA NA
2010 REF1 NA NA NA NA 9(1)
2011  REF2 12 12 10 10 10 (0)
REF3 11 11 12 10 10 (1)
DSW 13 13 10 10 15 (7)
2012 REF1 8 8 9 9 13 (0)
REF2 8 8 13 12 29 (4)
REF3 7 8 8 8 12 (1)
DSW 20 20 12 12 13 (4)
2013  REF1 8 8 9 9 9 (1)
REF2 8 8 9 10 13 (1)
REF3 8 8 10 12 16 (2)
DSW 8 8 9 9 10 (1)
INTL 8 8 8 8 12 (4)
2014 REF1 7 7 11 11 12 (0)
REF2 8 7 9 9 13 (1)
REF3 7 8 10 11 12 (2)
DSW 8 8 10 10 14 (6)
INTL 8 8 8 9 19 (4)
2015 REF1 NA NA 10 11 20 (0)
REF2  NA NA 10 9 18 (0)
REF3  NA NA 10 10 20 (0)
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DSW NA NA 10 10 27 (5)

INTL  NA NA 10 10 25 (3)
2016  REF1 8 8 15 15 20 (2)
REF2 8 8 16 16 22 (1)
REF3 8 8 14 13 23 (4)
DSW 8 8 14 14 31 (17)
INTL 8 8 15 15 24.(7)
2017 REF1 10 10 15 12 25 (3)
REF2 10 10 15 14 24 (2)
REF3 10 10 17 15 25 (0)
DSW 10 10 17 17 29 (10)
INTL 10 10 15 15 25 (5)
2018  REF1 8 8 20 20 18 (3)
REF2 8 8 20 20 32 (1)
REF3 8 8 22 22 22 (0)
DSW 8 8 20 20 25 (5)
INTL 8 8 20 20 25 (5)
2019 REF1 NA NA 20 20 27 (3)
REF2 NA NA 20 20 25 (5)
REF3  NA NA 20 20 24 (2)
DSW  NA NA 20 20 25 (3)
INTL  NA NA 20 20 25 (4)

! Data from 2007 published in Loomer et al. 2015; data from 2007 to 2014 published in Hicks et al. 2017b

2 Data from 2011 to 2012 published in Fuzzen et al. 2016; data from 2013 to 2016 published in Marjan et al.
2018

3 Data from 2007 published in Tetreault et al. 2011; Data from 2010 published in Bahamonde et al. 2014 and
Fuzzen et al. 2016; data from 2014 to 2015 published in Hicks et al. 2017a
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B2 Stable isotopes

Table S2.2 Summary of one-way ANOVA results (F-ratio with degrees of freedom and p-value) for §!°C

and 8*°N among sites for each year studied. Mean + SE of 5!3C and 5'°N for each site are also reported.

Letters are based on Tukey’s post-hoc test which was conducted if the one-way ANOVA showed

significant differences between sites (dissimilar letters indicate significant differences at alpha = 0.01).

ANOVA results: 61°C

ANOVA results; 6°N

Tukey’s post-hoc results

Year F (df) p F (df) p Site Mean + SE 8*3C (%0) Mean * SE 8*°N (%o)
2007 12.7 (2,10)  0.002 * 6.57 (2,10) 0.015 REF2 -28.20+£0.18a 15.27 £ 0.03
REF3 -27.31+0.19ab 16.46 £ 0.05
DSW  -26.18+0.28b 17.09£0.36
2008 135(1,10) 0.004* 523(L,10) 0045  REF3 27.77+020a 16.24 = 0.31
DSW  -26.66+0.23b 17.30 £ 0.34
2011 224 (2,33) <0.001* 31.04(2,33) <0.001* REF2 -2837+007a 14770104
REF3 -28.02+0.13a 16.25+0.05b
DSW  -26.79+0.26 b 1279+ 0.49 ¢
2012 27.1(3,39) <0.001* 8.08(3,40) <0.001* REF1 -27.06x0.13a 16.46 £ 0.09 a
REF2 -28.11%0.14c 15.43+0.05ab
REF3  -26.76 £ 0.09 ab 16.55+0.08 a
DSW  -2598+0.17b 14.21£0.45b
2013 15.3(4,35) <0.001* 62.44 (4,35) <0.001* REF1 -28.18%x0.22a 16.21 £ 0.06 a
REF2 -28.83+0.18a 15.38+0.07 a
REF3 -2792+0.14a 16.05+£0.06 a
DSW  -26.55+0.33b 1256 +0.56 b
INT1 -2851+0.20a 18.71+0.24 ¢
2014 39.4 (433) <0.00L* 3949 (433) <000L* REFL -2932+020a 16.27+0.07 a
REF2 -29.80+£0.10a 15.24 £ 0.06 ab
REF3  -28.55+0.05b 16.46 £ 0.06 a
DSW  -27.75%£0.13¢c 13.87+£0.48b
INT1 -28.29 £ 0.14 bc 18.46 £ 0.32 ¢
2016 9.30 (4,35) <0.001* 294.14 (4,35) <0.001* REF1 -26.44+0.15ab 1523+0.11a
REF2 -26.80t0.11a 1458 +0.10a
REF3  -26.61£0.07 a 16.51+0.13 b
DSW  -2594+0.19b 16.66 +0.34 b
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INT1  -2596+0.09b 23.11+0.20c
2017 38.8(4,45) <0.001* 87.20 (4,45) <0.001 REF1 -28.37£0.07b 14.00 £ 0.14 ab
REF2 -28.12+0.10 ab 13.76 £0.15a
REF3  -27.53 £0.05 ac 1497+0.11b
DSW  -26.53+0.23d 16.32+0.42c
INT1  -27.06 £ 0.07 cd 18.95+0.16 d
2018 43.5(4,35) <0.001* 128.83(4,35) <0.001 REF1 -27.95+0.18a 15.30 £ 0.08 ab
REF2  -28.17+0.07 a 1442 +0.16 a
REF3  -27.77+0.08 a 1596 +£0.17b
DSW  -2657+0.11Db 19.94+0.40c
INT1  -26.78+0.06b 19.51+0.18¢c

*indicates significance at alpha = 0.01

Table S2.3 Summary of two-way ANOVA results for §!°C between sites REF3 and DSW and among all

years. The interaction between site and year was not significant so the additive model was used. Tukey’s

post-hoc test was performed and significance was assessed at alpha = 0.01. The mean + SE §*C values are

reported, and dissimilar letters indicate significant differences between years or sites.

Two-way ANOVA results F (df) p

Year 16.38 (8,140)  <0.001 *

Site 119.2 (1,140)  <0.001 *

Tukey’s post-hoc test results Mean + SE §%3C (%o)

Year 2007 -26.52 £ 0.26 abc
2008 -27.21+£0.22 a
2011 -27.35+0.20 a
2012 -26.19+0.14 bc
2013 -27.23+0.25a
2014 -28.12+0.13d
2016 -26.27+£0.13b
2017 -27.03 £ 0.16 ac
2018 -27.17+£0.17a

Site REF3 -27.61+0.08 a
DSW -26.49+£0.09b

*indicates significance at alpha = 0.01
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Table S2.4 Summary of two-way ANOVA results for 3°N between sites REF3 and DSW and among all
years. The interaction between site and year was significant. Tukey’s post-hoc test was performed and

significance was assessed at alpha = 0.01. Results are reported for the difference between sites within the

Same year.

Two-way ANOVA results F (df) p

Year 1610 (8,140) 0.12

Site 0.615(1,140)  0.43

Year x Site 22.000 (8,140) <0.001*

Tukey’s post-hoc test results Difference in mean §'°N (%o) for DSW—REF3 (p)

Year 2007 0.63 (0.99)
2008 1.06 (0.98)
2011 -3.45 (<0.001 *)
2012 -2.35 (<0.001 *)
2013 -3.49 (<0.001 *)
2014 1259 (<0.001 *)
2016 0.15 (1)
2017 1.35 (0.47)
2018 3.98 (<0.001 *)

*indicates significance at alpha = 0.01
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B3 In vitro steroid production

Table S2.5 Summary of one-way ANOVA results for 11KT and T each year, and mean + SE steroid
production at each site. Dissimilar letters indicate statistical differences following Tukey’s post-hoc test
assessed at alpha = 0.05 within each year and steroid combination. Dissimilar letters indicate significant

differences.

11KT T Steroid production (mean * SE) with letters
indicating significant differences
Year F (df) p F (df) p Site log10(11KT) log10(T)
2011 0.157(2,29) 0.856 0.763 (2,27) 0.476 REF2 1.63 £ 0.07 1.69 +0.03
REF3 1.60 £ 0.07 1.76 £ 0.04
DSW 1.67+0.11 1.71 +0.06
2012 14.4(3,38) <0.001* 7.64(3,37) <0.001 * REF1 0.89+0.09Db 1.10£0.10 ab
REF2 1.19+0.10ab 135+0.05a
REF3 1.38+0.08a 1.35+0.06a
DSW 045+012c 097+0.07b
2013  10.4 (4,40) <0.001* 5.22 (4,43) 0.002 * REF1 154+0.09a 1.18+0.06ab
REF2 160+0.14a 1.40+0.06 a
REF3 0.99+0.10b 1.18+0.05b
DSW 0.80+0.13b 1.05+0.05b
INT1 0.85+0.12Db 1.29+0.05ab
2014  4.46 (4,43) 0.004 * 3.25 (4,45) 0.020 * REF1 155+0.07ab 1.14+0.05ab
REF2 166+0.13ab 1.21+0.04ab
REF3 1.23+0.11a 1.17+0.06 ab
DSW 1.21+0.14a 0.98+0.09a
INT1 1.74+0.12b 1.30+£0.07b
2015 5.61 (4,45) <0.001* 15.3 (4,45) <0.001* REF1 144+0.06a 1.38+0.03a
REF2 1.48+0.10a 1.45+0.04a
REF3 155+0.09a 1.35+0.05a
DSW 094+0.12b 1.05+0.04b
INT1 146 +0.13a 137+0.04a
2016 3.01(4,69)  0.024*f 7.84(4,68) <0.001* REFL  1.56+0.10 1.45+0.03 a
REF2 1.57 £0.09 143+0.04a
REF3 1.46 + 0.06 145+0.04a
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DSW  1.26+0.10 1.22+0.03b
INTL  1.30+0.07 1.32+0.04 ab
2017 807 (474)  <0.001* 502 (4,68  0001*  REFL 1.77+009a 162+003b
REF2  174+007a 152+0.04ab
REF3  129+011b 1.41+005a
DSW  129+006b 1.36+005a
INTL  154+0.08ab 1.51+0.05ab
2018 357 (497)  0009*  6.05(497)  <0.001* REFL  150+009ab 1.33+0.04a
REF2  1.290+0.09ab 1.26 +0.04 ab
REF3  156+008a 1.33+0.03a
DSW  115%0.10b 113+0.04b
INTL  149+0.11ab 1.36+0.04a
2019 0.150 (4,95) 0.962 0.557 (4,95) 0.695 REF1  142+004 1.32+0.03
REF2  1.47+0.08 1.26 +0.04
REF3  1.44+0.05 1.30 +0.02
DSW  1.47+0.06 1.27 +0.04
INTL  1.47+0.05 1.31+0.03

*Indicates significance at alpha = 0.05

TANOVA was significant but no pairwise comparisons were significant
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Table S2.6 Summary of one-way ANOVA results for steroid production at DSW among years (using

data that was logged and normalized to REF2). Mean + SE normalized production are reported with

Tukey’s post-hoc test assessed at alpha = 0.05. Dissimilar letters indicate significant differences.

11KT T Logged and normalized to REF2 steroid production
(mean + SE) with letters indicating significance

F (df) p F (df) p Year 11KT T

Year 8.88(8,113) <0.001* 8.16(8,113) <0.001* 2011 1.02+0.07d 1.01+0.04 cd

2012 0.38+£0.10a 0.72+0.05a
2013 0.50 + 0.08 ab 0.75£0.03 ab
2014 0.73 £ 0.09 bed 0.81+0.07 ab
2015 0.64 + 0.08 abc 0.72+0.03 ab
2016 0.80 + 0.06 bcd 0.86 + 0.02 abc
2017 0.74 £ 0.03 bcd 0.89 £ 0.03 bed
2018 0.89 £0.08 cd 0.89 £ 0.03 bed
2019 1.00+0.04d 1.01+0.03d

*Indicates significance at alpha = 0.05
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B4 Intersex incidence and severity

Table S2.7 Fisher’s exact test results for intersex incidence data and Kruskal-Wallis test results (test
statistic = H) for intersex severity score among years within each site. Only the significant pairwise
comparisons (p < 0.05) are listed for each post-hoc test. All other pairwise comparisons were not

significantly different.

Incidence: Fisher’s Exact Test Severity Score: Kruskal-Wallis Test
Site Fisher’s Exact  Significant pairwise H (df) p Significant pairwise
Testp comparisons (p) comparisons (p)
REF1 0.534 6.51 (8) 0.590
REF2 0.361 11.47 (9) 0.245
REF3 0.114 18.78 (9) 0.291
DSW 0.013 * + 23.30 (9) 0.006 * 2015-2016 (0.040)

2016-2018 (0.047)
2016-2019 (0.006)
INTL  0.714 4.34 (6) 0.630

*Indicates significance at alpha = 0.05
+No significant differences after adjusting for multiple pairwise comparisons
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Table S2.8 Fisher’s exact test results for intersex incidence data and Kruskal-Wallis test results (test
statistic = H) for intersex severity score among sites within each year. Only the significant pairwise
comparisons (p < 0.05) are listed for each post-hoc test. All other pairwise comparisons were not

significantly different.

Incidence: Fisher’s Exact Test Severity Score: Kruskal-Wallis Test

Year p Significant pairwise H (df) p Significant pairwise
comparisons (p) comparisons (p)

2007  0.184 3.73(2) 0.155

2011 0.016* t 7.87 (2) 0.020 * REF2-DSW (0.027)

2012 0.144 6.15 (3) 0.104

2013 0.513 4.31 (4) 0.366

2014  0.056 9.75 (4) 0.045 * REF1-DSW (0.043)

2015  0.028 * t 10.44 (4)  0.035* t

2016  <0.001* REF1-DSW (0.011) 2520(4)  <0.001*  REF1-DSW (0.001)
REF2-DSW (0.002) REF2-DSW (<0.001)

REF3-DSW (0.008)

2017 0.005 * REF2-DSW (0.001) 14.85 (4) 0.005 * REF2-DSW (0.004)

2018 0.031 * + 9.14 (4) 0.057

2019 0.812 1.66 (4) 0.798

*Indicates significance at alpha = 0.05

+No significant differences after adjusting for multiple pairwise comparisons
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