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Abstract

Decades of studies on endocrine disruption havgesiigd the need to manage the
release of key estrogens from municipal wastewtegatment plants (WWTP). However, the
proposed thresholds are below the detection liafiteost routine chemical analysis, thereby
restricting the ability of watershed managers &eas the environmental exposure appropriately.
In this study, we demonstrated the utility of a hreeastic model to address the data gaps on
estrogen exposure. Concentrations of the promiesindbgenic contaminants in wastewaters
(estrone, estradiol, and ethinylestradiol) wereuated in the Grand River in southern Ontario
(Canada) for nine years, including a period whejom&WTP upgrades occurred. The
predicted concentrations expressed as total esti@tye(E2 equivalent concentrations) were
contrasted to a key estrogenic response (i.ersengin rainbow darteletheostoma caeruleum),
a wild sentinel fish species. A predicted totat@gtnicity in the river 010 ng/L E2
equivalents was associated with high intersex aroe and severity, whereas concentrations
<0.1 ng/L E2 equivalents were associated with mahimtersex expression. Exposure to a
predicted river concentration of 0.4 ng/L E2 eqléwss, the environmental quality standard
(EQS) proposed by the European Union for estradias associated with 34% (95% CI:30-38)
intersex incidence and a very low severity scor@.6f(95% CI:0.5-0.7). This exposure is not
predicted to cause adverse effects in rainbow dartee analyses completed in this study were
only based on the predicted presence of three majovgens (E1, E2, EE2), so caution must be
exercised when interpreting the results. Nevertislihis study illustrates the use of models for
exposure assessment, especially when measuredrdatat available.
Keywords

Estrogen, intersex, water quality model, exposssessment, wastewater, rainbow darter
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1. Introduction

The exposure of fish to endocrine active chemi(la/sCs) has been shown globally to
have deleterious consequences for reproductivéhh@dian et al., 2005; Kime, 1999; Nash et
al., 2004; Tyler and Routledge, 1998). One of tlustfrequent observations is the feminization
of male fish with vitellogenin induction (producti@f estrogen-dependent protein) and intersex
(ova-testis) as examples of changes reported ([@@tdal., 2016). Progress in analytical
chemistry has enabled the detection of EACs at M@vyconcentrations (Benotti et al., 2008;
Carballa et al., 2004; Lopez-Roldan et al., 20Hdwever, the proposed environmental quality
standards (EQS) by the European Union (EU) for sBA€s such as estradiol (E2) and
ethinylestradiol (EE2) are only 0.4 and 0.035 ngggpectively (European Commission, 2012).
These concentrations are below the current detekitiots of most routine analytical methods.
As a result, some studies have utilized biologissessments (i.e., bioassays) to quantify
exposures to EACs (Busch et al., 2016; Colemah,e2@04; Escher et al., 2013; Marinho et al.,
2013; Neale et al., 2017; Ohko et al., 2002). Bsagdechniques examine the combined
biological activity in a mixture and can provide iadication of the potential responses in
organisms exposed to complex mixtures without ifigng the specific chemicals.

Despite the considerable chemical and bioanalytireaiitoring of EACs in effluents and
receiving environments worldwide (Agunbiade and Mleg, 2016; Escher et al., 2013; Leusch
et al., 2014; Servos et al., 2005; Xu et al., 200@re is still limited information to assess the
spatial or temporal concentrations of EACs in reiogj waters where technical challenges (e.g.
detection limits) and cost are important considernat (Roig and D'Aco, 2016). In the absence of
such data, the modeling of environmental systemdeaused as an alternative approach to

characterize fish exposure to EACs (Roig and D'R€4,6; Zhang et al., 2015). Models can be
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applied to evaluate current and future mitigatiwategies for eliminating the target compounds
through scenario testing (Kehrein et al., 2015) asgist in the design of effective monitoring
programs (Roig and D'Aco, 2016). Furthermore, m®odah be employed to assess the potential
relationship of stressor concentrations to obseefgstts in the wild (Jobling et al., 2009;

Jobling et al., 2006). Numerous models have alréady developed in recent years to predict
the fate and transport of emerging contaminantl as@harmaceuticals and personal care
products (Arlos et al., 2014; Balaam et al., 2@aA&le et al., 2015; Grechi et al., 2016; Kehrein et
al., 2015).

Field investigations on the incidence and sevaitytersex in male rainbow darter
(Etheostoma caeruleum) in the Grand River watershed (southern Ontarawehbeen ongoing
since 2007 (Hicks et al., 2017). The presence wdreeintersex in rainbow darter has been linked
to poor reproductive success (Fuzzen et al., 2@ith)potential negative impacts on the fish
population. However, a direct link between the esype to specific compounds and intersex is
very difficult to establish as the effluent compimsi and fate of EACs in the receiving
environments are complex. The potential of natestlogens (E2 and estrone [E1]) and synthetic
estrogens (EE2) to cause endocrine disruptiorsintias dominated many laboratory and field
studies in recent years (Corcoran et al., 2010bes et al., 1998; Jobling et al., 2006; Kidd et
al., 2007; Palace et al., 2009). The effects deeketnalysis (EDA) of the two major WWTP
effluents in the Grand River suggested that thed &dtrogenicity was mainly contributed by E1,
E2, and EE2 based on a receptor agonist screey @458) (Arlos et al., 2018). However, there
are many other EACs entering the receiving envireminie.g., estrogens from diffuse sources)
that can interfere with the endocrine functionighf Some responses including intersex may

also be caused by androgen antagonists (Joblialg 2009) or chemicals such as metformin
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(antidiabetic) that may work through mechanism&pothan receptor binding (Niemuth and
Klaper, 2015). Also, the fate of other EACs maycbeelated with the estrogen exposure,
making it difficult to generate direct cause-anteef relationships.

The current modeling work is focused on three magtrogens (E1, E2, and EE2)
identified in the prior EDA as important contribtgdo the total estrogenicity in the effluents. In
this study, the concentrations of E1, E2, and EE&wimulated along the Grand River where
the widespread presence of pharmaceuticals andragrsare products has been documented
(Arlos et al., 2015). The modeled reach also inetudreas that were previously predicted (via
models) to have elevated levels of estrogens (&trdll., 2016; Hosseini et al., 2012). A major
upgrade in one of the treatment plants (Kitchen®y W) has resulted in major effluent quality
changes during the study period but minimal dakfflments were available, especially during
the pre-upgrade period when the environmental axpd® municipal wastewater-derived
estrogens was likely at its peak. This scenariatiaahélly provides a unique opportunity to
apply models that can help assess the efficien®Y\WWTP upgrades. The overall goals of this
study were to estimate the concentrations of s&8@s (E1, E2, and EE2) in the Grand River
through mechanistic water quality modeling anddétednine whether the exposure to these key
estrogens is consistent with the observed respdimtessex) in wild fish.

2. M ethodology
21. Study site

The Grand River watershed in southern Ontario @®}81f) drains into Lake Erie and is
inhabited by close to 1 million people. In additionthe non-point sources from numerous
agricultural activities (~70% of total land uséje twatershed also receives inputs from 30
WWTPs. The Grand River has also been extensivehstigated for several biological effect
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endpoints on fish health since the late 2000s (Baimale et al., 2014; Fuzzen et al., 2015;
Fuzzen et al., 2016; Tanna et al., 2013; Tetredwdt., 2011; Tetreault et al., 2013). In this gtud
~80 km of the Grand River was modeled startingWwelaegulated water reservoir (Shand Dam)
to an area that is ~2 km above the Grand and Speed confluence (Figure 1a). This section
captures both agriculture and urban gradientseamtéitershed and incorporates the inputs from
two major (Waterloo and Kitchener) and two small€ora and Fergus) WWTPs (Table S1). In
2012, Kitchener WWTP underwent major process upggaacluding improved aeration,
nitrification, and replacement of chlorination/ddarination with UV effluent disinfection.
2.2.  Modding strategy

The water quality modeling included three sepatataponents: (1) source, (2) transport
and fate, and (3) effects as outlined in FigureT3ie source modeling predicted the effluent
concentrations from the target WWTPs and was camelas detailed in Arlos et al. (2018). The
transport and fate component simulated the digtchiof target EACs in the study area and was
completed using a mechanistic water quality mdéeklly, the effects component evaluated the
potential relationship between the predicted roaicentrations derived from the transport and
fate model component and field-recorded intersexditimns. Due to their relatively high site
fidelity (Hicks and Servos, 2017) and constant expe to WWTP effluents throughout their life
cycle, data on rainbow darter were considered lslgifar quantifying the exposure impacts. The
intersex data for rainbow darter at nine sitehen®rand River watershed (2007-2015) were
based on the same samples compiled by Hicks @Cdl7) and were used in the concentration-
response regression analysis (see section 2.5xdletion of these sites is also described in

detail in Hicks et al. (2017).
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A similar approach to Arlos et al. (2014) was enyplibto simulate estrogen
concentrations in the Grand River. The Water Qu&imulation Program developed by the US
Environmental Protection Agency (WASP version Was used as the model platform. This
model was employed in a recent study to describeligstribution of frequently detected
pharmaceuticals with varying physical-chemical gmties downstream of the Kitchener WWTP
(10-km reach) (Arlos et al., 2014). The model Hasaaly been calibrated for compounds that
spanned the properties of those examined in thrermstudy and was found to provide robust
mechanistic predictions of pharmaceutical fate taagisport (Arlos et al., 2014).

The following major steps were completed to prethietriver concentrations:
discretization of the river network; simulationrofer transport mechanisms (i.e., advection);
testing of the transport processes using a tramapound (chloride); and integration of organic
compound modeling through the addition of significia-river fate mechanisms (e.g.,
biodegradation and photolysis). The first thre@steere iterative in nature and were deemed as
crucial in establishing a baseline model that aately represented the mathematical structure of
the system (as detailed in Arlos et al. (2014)).

The final discretized model involved 50 segmentgyfe 1b) (described in the
supplementary material Section A), and only theeags phase was considered in the
discretization (i.e., no bottom segments includ@d)ection is the primary transport process in
rivers and is driven by water flows. The interdalfs in WASP under the kinematic wave flow
option were propagated using Manning’s EquatiorctiSe B, supplementary material). The
model was initially set up to describe water movetand its accuracy was cross-checked
against the measured hydro-geometry data suchtas Meels and flows. Measured water level

data for segments 12, 21, and 37 were used fartriaesport calibration. The finalized input
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parameters associated with the hydro-geometryigadtransport are found in the
supplementary material (Table S2). In additionxargining the model's accuracy in simulating
water movement via measured water levels and flollsyide was also used to determine the
non-reactive constituent transport within the netw&ince chloride is conservative, its
assimilation in the river system is achieved viaeation. Significant point sources of chloride in
the river network come from urbanized creeks (Lbanel Schneider Creeks) and the WWTPs.
Observed chloride values at Segments 12, 21, 231232nd 50 were used to calibrate the
transport component and were taken from OntaricdsiRcial Water Quality Monitoring
Network (PWQMN) database (https://www.ontario.céddaovincial-stream-water-quality-
monitoring-network) and previous monitoring workngaleted in the central Grand River
(Tables S3 and S4).
2.2.1. Modeling of target estrogens

The major inputs of target estrogens into the siideach of the Grand River were from
the four WWTPs. Although the tributaries (one riaad four creeks) included in the modeled
network may be receiving small amounts of estrogem the surrounding agricultural lands
(i.e., municipal biosolids/manure applications),am@mical and bioassay data for the study
period are currently available to confirm this. Heer, data collected in the upstream reaches
(above Segment 12), where the land use is predomhyregricultural, suggest low occurrence
and severity of intersex (Hicks et al., 2017). Heritwas assumed that the tributaries have
negligible contributions of E1, E2, and EE2. Thaeantration profiles of the target estrogens in
the Kitchener and Waterloo WWTP effluents were ttgved previously (Arlos et al., 2018) that

employed population demographics, usage and ea@oredies, and removal through the plant to
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estimate effluent data. A similar approach was detep for the effluents from the Fergus and
Elora WWTPs.

The simulation of the transport and fate of thge¢aEACs was completed by initially
considering them as conservative contaminantsgp@m as a primary mechanism) and
sequentially adding fate mechanisms responsibléhér distribution in the aquatic
environment. Chapra (1997) suggested that sorgionnimal when the target compounds have
log octanol-water partitioning coefficients (log Wpthat are <4-5 and the suspended solids
concentrations range from 1-50 mg/L. The estrogxasnined in this study have log Kow's that
are ~4.5 and the average suspended solids cornto@miravarious segments ranged from 6 to 23
mg/L (PWQMN data set from 2007-2014). Hence, sorpwas not simulated in this study. This
decision was consistent with the results of Jurggrad. (1999) who reported that estrogens in
riverine environments are typically present in diesolved phase. In addition, a previous
modeling study by Arlos et al. (2014) in the Grdider found that inclusion of sorption had a
minimal effect on the fate of modeled pharmacelgieath log Kow of 3.2 to 4.8. Hence, only
biodegradation and photolysis were deemed to efisignt in the assimilation of estrogens in
the aquatic environment (Balaam et al., 2010; hig@ al., 2002; Lin and Reinhard, 2005).

Biodegradation and photolysis processes were ligi@ using the approach described by
Arlos et al. (2014). Briefly, biodegradation wasdeted as a first-order reaction and literature-
derived kinetic rate constants (Table S5) wergailhytcorrected based on the river temperature
(Table S6). Temperature profiles for each segmemnévwaken from the nearest PWQMN site.
Photolysis was also modeled as a first-order reacnd the range of rate constants was derived
from the literature (Table S5).

2.3.  Modd performance measures
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The Nash-Sutcliffe Efficiency (NSE), index of agment (d), and the percent bias
(PBIAS) have been recommended by Moriasi et aDT2QTable S7) and were used to evaluate
the performance of the transport portion of the eho@ihese criteria, however, are not applicable
for simulations that have a limited number of meadwdata points (<50). Hence, a statistical test
was completed using either the Pearson or Speatoragiation tests (measured vs. predicted)
depending on the normality of the datasets (TaB)e An additional performance test using the
percent difference criteria (Donigian, 2002) wasoalsed to support the results of the correlation
analysis (Table S7). These quantitative performaneasures were used in addition to a
subjective comparison of observed and predicted saries plots. Data were not available for all
target estrogens in the modeled reach. Hence uhlgyjof the simulation of estrogen fate
mechanisms was conducted by assessing the effatisrpof the model (described in the next
section).

24. Linking predicted concentrations (exposure) and intersex conditions (effects)

Although feminization of male rainbow darter hasmebserved at different levels of
biological organization in the Grand River (Fuzegml., 2016; Hicks et al., 2017; Marjan et al.,
2017; Tetreault et al., 2011), intersex has beanddo be the most consistently observed
endpoint related to reproductive changes downstifamunicipal WWTPs (Fuzzen et al.,

2016). Hicks et al. (2017) evaluated intersex ianme and severity from 2007 to 2015 at nine
different sites (Figure 1), including periods priorand after the Kitchener WWTP upgrades.
This dataset was used as the primary biologicalarse to which the predicted EAC
concentrations were compared. It was assumedheatitical window of exposure for adult
rainbow darter occurs during their gonadal recrodese (late spring to summer) (Hicks et al.,

2017). Hence, the predicted river EAC concentrativpom June to August were averaged at the
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nine sites to provide the exposure conditionsterfish collected in the fall sampling event of
that same year and the spring sampling of theviatig year.

The predicted concentrations were converted td éstaogenicity (EEQ) using:

EEQ = ). C; X EEF; (Equation 1)

where(; is the predicted concentratidfiE'F; is the estrogenicity equivalency factor that
describes the potency of the estrogens relati&2tdEFs of 0.3, 1, and 1.23 were used for E1,
E2, and EE2 respectively. The EEFs reflect theagyeepotency associated with the yeast
estrogen screen (YES) assay as compiled by Jares@&(2014). However, there may be
differences in the responses of different speaiesemdpoints for each of the estrogens of
interest and this could slightly alter the intetpt®n of results. EEFs for YES were presented
because the measured data for selected WWTP eflirethe study (see Arlos et al. (2018))
were acquired using the YES assay. Although seestabgens in municipal wastewater effluent
such as estriol (E3), BPA, and octyl/nonylphenaiay contribute to the total estrogenicity, a
previous study employing an effects-directed anslffSDA) of Kitchener and Waterloo
WWTPs found that the estrogens E1, E2, and EE2 el the total estrogenicity (Arlos et al.,
2018).

One of the simplest ways to describe the relatippssbetween exposure conditions and
effects is through a dose-response model (Barnghdig92). The observed intersex incidence
and severity were related to the predicted EEQesiising the four-parameter Hill Equation

described by Equation 2:

(max—min)
1+10(F-EEQ)+H)

Response = min + (Equation 2)
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where the response is either intersex incidenseeerity, min and max are the lowest and
highest expected responses, F is the responseaydif@ween the min and max (often described
as EC50), and H is the Hillslope parameter thatmiess the steepness of the curve.

The term intersex incidence refers to the percentdidish with at least one oocyte
(female ovarian tissue) in the male testis. Farsex incidence, the maximum response was set
to 100% (i.e., all male fish collected were inte&jsehereas the minimum was set to 0% (i.e., all
male fish collected identified as normal males).ddynparison, the intersex severity describes
the degree of feminization in each animal and asext from O to 7, with O describing a normal
male whereas 7 is used for normal female (Bahamendk, 2015).. Although rare, the highest
recorded severity in rainbow darter was 6 (Hickalgt2017), so the minimum and maximum
levels of severity in rainbow darter were set @nd 6 respectively. Prism 7 (GraphPad Software
Inc.) was used to fit the regression model (Equapto the data (i.e., predicted estrogenicity
and intersex) and the goodness of fit)(Ras employed to determine the quality of the fit
between the predicted river concentrations anadaiedata.

3. Resultsand discussion
3.1. River hydro-geometry and transport processes

The suitability of model discretization, hydro-gestny, and transport conditions was
verified through the simulation of water levels ardoride concentrations at select sites. The
results for three sites are shown in Figure 2 aedeémainder is found in the supplementary
material (Figures S2-S4). A graphical comparisothefcalibrated model simulations with the
measured data shows that the hydro-geometry aret waivement within the network were
well-characterized by the model as depicted bghitty to describe both high and low flow

conditions (Figure 2a). Also, the NSE, d, PBIAS mastfor the calibration sites had ratings
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294

ranging from “satisfactory” to “very good” (Tabl@ which further supported the prediction
accuracy. However, there were some periods in seghZewhen the water levels were under-
predicted (“unsatisfactory”, Table 1). However,uasand statistical comparisons of observed
and predicted water flows were completed for segs&p, 21, and 37 and found to demonstrate
an acceptable level of model performance (“satisfgt to “very good” ratings for NSE, d, and
PBIAS, Figure S2).

The good agreement between the observed and sadwhloride concentrations
(Figures 2b and 2c, Table 1) further supportecctirelusion that the hydro-geometry and
transport conditions in the model adequately repres] the conditions in the field. In particular,
the model captured the different ranges of chlocolecentrations measured in different
segments (Figure S3). As similarly observed forawvégvel simulation, there was no significant
correlation between the measured and predicteceotrations for segment 12 when the model
performance was evaluated statistically (Tabledbwever, the mean percent differences for all
the sites were within the calibration tolerancesaater quality modeling (Donigian, 2002),
suggesting that the tracer contaminant simulatias acceptable for the purposes of this study
(Table 1).
3.2.  Moddingtheriver concentrationsof EACs

The concentrations of estrogens in the river wiesé $imulated conservatively
(assuming no degradation in the reach) and biodagjom and photolysis loss mechanisms were
subsequently added. As measured EAC concentratidhs river were not available,
improvements in the Rvalue (a goodness of fit measure) derived fronréhetionship between
simulated concentrations and the intersex respdaise(Equation 2) were used as the calibration

target. Under the conservative approach, aveRie of 0.755 was derived when the
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concentrations predicted by the model were fittgairast the field-recorded intersex incidence
(Figure 3a). A similar Rvalue (0.799) was also obtained for the intersmesty response
(Figure 3b).

Although these results were deemed to be indicativvegood fit, the addition of
biodegradation and photolysis mechanisms was exahtmassess whether the predictions
could be improved. It was found that the additibthese processes did not significantly change
the results (see Table S11 for statistical angly$ise temperature-corrected biodegradation rate
constants (literature-derived) in surface waterewetatively low for all the target compounds
(Table S6) and the model was found to be insemsitivany factors expected to impact the
biodegradation (temperature correction coefficiesite constants).

A similar trend was observed when photolysis wateddo the model. Again, this was
attributed to the relatively low photodegradatiaterconstants (literature-derived) that were
employed for the target compounds. This observatias consistent with the environmental fate
modeling study of pharmaceuticals in the Grand Raging a low-flow condition (downstream
of Kitchener WWTP) (Arlos et al., 2014). This pr&tudy demonstrated that the first-order
photolysis rate constant must be greater thar Befiore photolysis became a significant
mechanism in the fate and transport of pharmaadatwithin the modeled reach (with varying
physical-chemical properties). The simulations addally revealed that considerably large
values for biodegradation and photolysis rate @nmistwould be required before substantial
changes in estrogenicity were predicted (Figure Ba¢se exceptionally high values were
unrealistic when compared to the range of valupsrted in the literature. Hence, the results
under a conservative simulation were used to dssthessubsequent sections.

3.3. Temporal patternsand relationship with flows
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The predicted concentrations of the target estro@@007-2015) at sites immediately
downstream of the two major WWTPs (Waterloo andeéner) are presented in Figure 4. E1
was predicted to be the most abundant and contdbon average, 51% and 65% of the total
estrogenicity below the Kitchener (Segment 42) Afaderloo (Segment 23) WWTPs
respectively. By contrast, EE2 (most potent ofédbogens) only contributed 17% and 18% of
the total estrogenicity in the river segments imiatedy below Kitchener and Waterloo WWTPs
respectively. Historically, less attention has bgeen to E1 due to its lower potency relative to
E2 and EE2. However, as observed by this modetudysand many monitoring surveys
worldwide (Blazer et al., 2014; Ma et al., 2016;tMeessen et al., 2006; Sarmah et al., 2006), E1
can be present at much higher concentrations teandre potent counterparts. Ankley (2017)
observed that fish (fathead minnow) can convertd2 (more potent estrogen), suggesting
that an exposure to high concentrations of E1 shalslo be considered when assessing the risks
of estrogen exposure.

Since only contaminant transport conditions weneusated in the model, the impact of
river flow on predicted estrogenicity concentration the river is evident: low flow periods had
high predicted concentrations avide-versa (Figure 4). Furthermore, as the removal rateben t
river via biodegradation and photolysis were deieeth to be minimal, the critical exposure
conditions are controlled by dilution and will likeoccur during low flows (Figure 4). The
average predicted total estrogenicity that corredpd to flows that were less than or equal to
the normal low-flow (11 rfis) was 0.45 ng/Ls£0.1 ng/L) E2 equivalents immediately
downstream of Waterloo WWTP (Segment 23). The spwading average predicted
estrogenicity below the Kitchener WWTP (Segmentat®imilar flow conditions (<11 fs)

was 3.4 ng/L£=0.9 ng/L) E2 equivalents prior to the WWTP upgradd was reduced to 0.7
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ng/L (s=0.1 ng/L) E2 equivalents post upgrade. This resugigests that the partial process
upgrades (Figure 4b), improved the water qualitymkiream of Kitchener WWTP.
34. Spatial patternsof estrogen exposure

In addition to simulating time-varying conditioitbe model was also employed to
resolve the spatial patterns in response to theggsin the river (e.g., dilution, change in
contaminant loadings after the upgrades). The apatialysis was provided for low flow
conditions as these could lead to critical expasuterepresentative low flow event (<1£/s)
during the pre-upgrade period (May 20, 2012) wasgared with a post-upgrade low flow
condition (June 11, 2014). These dates were chmsenthat the Waterloo WWTP operations
and river flows were similar to avoid issues asst@a with river dilution (see Table S9).

Only low levels of estrogenicity were predictedhe first 50 km of the modeled section
in response to the minimal release of estrogems the two smaller upstream WWTPs (Fergus
and Elora). By contrast, elevated estrogenicityceotrations were predicted below the Waterloo
WWTP outfall and they persisted until Segment a8t(modeled segment) at 1.6 ng/L E2
equivalents on May 20, 2012 (Figure 5a). The highssogenicity concentrations were
predicted immediately below the Kitchener WWTP dgriow flow periods (up to 6 ng/L E2
equivalents, pre-upgrade). However, the estroggrgoincentrations at all segments downstream
of this plant were substantially reduced to 0.9.rg2 (Segment 50) when the process upgrades
were implemented (June 11, 2014, Figure 5b).

It was observed that the 20-km distance betweereNdatand Kitchener WWTP
provided limited dilution of estrogens discharggaiie Waterloo WWTP during the low-flow
period (evident by the unchanged spatial profilevieen the two plants, Figure 5). If the

Kitchener WWTP source was removed from the modegsdrogenicity concentration of
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approximately 0.3 ng/L E2 equivalents was prediete8egment 50 (most downstream modeled
segment) because of the inputs from the upstreatei®a outfall. This simulation suggests that
although some of the estrogenicity in the riveolethe Kitchener outfall was due to the
Kitchener effluent post-upgrade, it appears th&%@®f the exposure at Segment 50 could be
from the upstream Waterloo effluent (low flow onligble S10). Hicks et al. (2017) showed low
levels of incidence and severity of intersex imbaw darter have persisted downstream of the
Waterloo outfall, with similar levels below the Kltener outfall after the upgrades. To determine
the impact of future process upgrades at the Wetd'WTP, a removal efficiency through the
plant of 95% was implemented in the model and treentrations of estrogens were simulated.
The results of this simulation revealed that uradEw flow scenario (June 11, 2014), the
predicted estrogenicity would be reduced to ~0/2 i equivalents.

Overall, the modeling of the key estrogens in than@ River is useful in evaluating the
efficiency of the current WWTP operation duringraical exposure condition (low flow). These
concentrations were assessed along with the irtem®&litions in the Grand River to determine
whether the estrogen exposures across many sgesasistent with the observed biological
responses.

3.5.  Potential linkagesto biological effects observed in thefield

The concentration-response curve (Figure 3) itedffour-parameter Hill model that
employs the predicted total estrogenicity derivenf the river model (Equation 1) and the
intersex responses collected in the field (i.eidance and severity). Establishing a relationship
between predicted environmental concentrationsodsérved biological responses contributes
to a weight of evidence that helps assess the faitéor wastewater contaminants (that are

difficult to measure) to alter the biological endys in receiving environments. However, the
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findings presented here must be interpreted withescaution as only three estrogens (i.e., E1,
E2, and EE2) were considered and their predicted doncentrations were not verified due to
some limitations in the analytical method. AlthowHirect causal relationship is not
established, the model provided predictions thatefry well with the observed intersex data for
wild fish (Figure 3). The potential and limitationbwater quality modeling in exposure
assessments are further discussed in sections®.3.& below.

The concentration-response relationship (Figures@gyests that a predicted river total
estrogenicity of 10 ng/L would be associated \ilig feminization of 93% (95% CI: 89-97) of
adult male rainbow darter, corresponding to a ptedimean intersex severity score of 4 (95%
Cl:3.6-4.4) (severely intersex fish have score4-6f(Bahamonde et al., 2013)). Although an
estrogenicity of 10 ng/L E2 equivalents was nevedjgted at any river sites in the Grand River,
the high incidence of intersex (80-100%) that wasthy observed downstream of Kitchener
WWTP (Segment 41, pre-upgrade) corresponded toenage predicted total estrogenicity of
~2.5 ng/L E2 equivalents (ranging from 0.8 to 6glLrE2 eq.) (Figure 3a).

The average background intersex conditions of gsream (Segments 7, 12) and urban
(Segment 19) reference sites were calculated 4% 6=6%) and 0.1$=0.1) for intersex
incidence and severity (dataset from Hicks et201{)). After the Kitchener WWTP upgrade,
the predicted estrogenicity at Segment 41 (immebjiddelow the Kitchener outfall) ranged from
0.1 to 0.6 ng/L E2 equivalents. This predicted emtiation was associated with 11% (95% CI:
7-15) to 43% (95% CI: 39-48) intersex incidencehwdtseverity of 0.1 (95% CI: 0.03-0.17) to
0.8 (95% CI: 0.7-0.9) based on the establishedioakhip (Figure 3). The post-upgrade
simulations suggest that the levels are approadchm@packground conditions. The predictions

also represented a major improvement in exposurdittons associated with WWTP upgrades
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that were primarily intended for the removal of eentional contaminants (e.g., TSS, ammonia).
The Waterloo WWTP will continue to contribute te@ttotal estrogenicity, but once upgrades at
both plants have been implemented (i.e., 95% rehahestrogens is anticipated), the
corresponding average estrogenicity in the rivéowehe Kitchener WWTP (Segment 41) was
predicted to be ~0.2 ng/L E2 equivalents. This eotr@tion would correspond to low intersex
incidence (20% with 95% CI: 16-24) and severityresq0.3 with 95% CI: 0.2-0.4).

The model (Equation 2) predictions are consistétit a/laboratory experiment by
Fuzzen (personal communication, November 13, 2@hgéyein 10 ng/L EE2 (~12.3 ng/L E2
equivalents in YES) resulted in 100% female popaitatvas observed in larval fish (rainbow
darter). In a separate experiment (Fuzzen, 20t)cbncentration also significantly reduced the
fertilization success in adult males. A similar ehstion (100% female population) was
observed by Lange et al. (2009) whautilus rutilus (roach) were exposed to 4 ng/L EE2 (~5.0
ng/L E2 equivalents in YES) for 2 years. Furtherepdfidd et al. (2007) observed a population
collapse in fathead minnows exposed to 5 ng/L Ef622(ng/L E2 equivalents in YES) in a
whole lake experiment, whereas a life-cycle exposifithe same fish species to <1 ng/L of EE2
reduced male secondary characteristics (ParrotBamd, 2005).

This study provides additional support for previeuwk that indicated a potential
relationship between estrogen exposure and intedséing et al. (2006) examined the
relationship between the modeled total estroggnésit observed intersex in wild fish
population (roach) in the UK. They estimated tlnarsites with estrogenicities ranging from 1
to 10 ng/L E2 equivalents will cause an intersexdance of 22% in a wild roach population.
They categorized this exposure condition as medisiknwhereas sites with >10 ng/L E2

equivalents were considered as having high riskcdytrast, the current study indicates that a
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predicted concentration of 1 to 10 ng/L of E2 eqlewnts was associated with an intersex
incidence between 53% to ~100%, with a severitglleanging from moderate to highly severe
conditions. The inconsistency between the Joblired. €2006) results and those of the current
study may be attributed to the species differenmi@ljow darter vs. roach) as well as the
procedures employed in estimating the in-riveraggn concentrations (steady-state vs. time-
variable model). It could also be associated witlepestrogenic chemicals present in the
effluent.

Fernandez et al. (2007) assessed the estrogeinicdgnadian wastewaters usimgitro
bioassays and detected total estrogenicities rgrfgim 9 to 106 ng/L E2 equivalents. Early
studies by Ternes et al. (1999) detected 3 ngfAg/g, and 9 ng/L median concentrations of E1,
E2, and EE2 respectively in Canadian effluentseAftcorporating a 10 or even 100-fold
dilution factor, it can be expected that low to racade levels of intersex may still be associated
with many effluents in Canada. However, the re&yisteep concentration-response curve
(Figure 3) suggests that improved treatment camadltiaally reduce the intersex incidence and
severity in watersheds as has been observed @rdred River (Hicks et al., 2017).

3.6. Comparison with recommended thresholds of exposure

Caldwell et al. (2012) determined the predictecefiects concentration (PNECS) of 6, 2,
0.1, and 60 ng/L for E1, E2, EE2, and E3 respelstivased on the species sensitivity
distribution (SSD) approach. Similarly, the EU ded an EQS of 0.4 and 0.035 ng/L for E2 and
EE2 respectively. Considering only the recommentegsholds for E2 from both studies, an
estrogenicity level of 2 ng/L and 0.4 ng/L E2 egl@nts would be associated with 72% (95%
Cl: 66-78) and 34% (95% CI: 29-37) intersex incickein rainbow darter respectively and

correspond to severity scores of 1.95 (95% CI:211§-(moderate) and 0.60 (95% CI: 0.5-0.7)
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(low). Despite a high incidence of intersex beisgaxiated with these predicted concentrations
in the Grand River, adverse impact on rainbow daeeroduction was estimated to occur only
at very severe levels (severity score of 4-6) (Enzt al., 2015). Again, the results from such
analyses should be treated with utmost cautiorgrgitiat the relationships in the current study
are based on a limited number of EACs (E1, E2,E88) that were predicted rather than
measured. Nevertheless, this study demonstratgstbatial use of the recommended
thresholds from the literature when assessing piatextdverse impacts resulting from estrogen
exposure.

When anin vitro bioassay was employed in water quality monitorifagpSova et al.
(2014) recommended a “safe” level of total estraggnof 0.1 to 0.4 ng/L E2 equivalents for
effluent dominated streams (close to 100% efflwemtribution). Another study determined a
similar effect-based trigger value of 0.5 ng/L ERiwalents when using the ER CALUX®
estrogen screen assay (van der Oost et al., 2Z04&)exposure of rainbow darter to the trigger
value reported in the literature for surface w&es ng/L) would be associated with 41% (95%
Cl: 36.4-45.6) intersex incidence and a low seyatore of 0.77 (95% CI: 0.65-0.89).
Furthermore, it appears that for both intersexdence and severity, an estrogenicity of <0.1
ng/L would be associated with relatively low ocemte (up to 10%) and severity conditions in
rainbow darter (Figure 3). Whether this level (<OglL E2 equivalents) should be set as a more
stringent threshold for estrogenicity still req@idditional studies employing both field and
laboratory techniques that test several ecologicalevant endpoints.

3.7.  Potential contribution of other causal agents
Previous studies in the literature have indicalted tompounds other than E1, E2, and

EE2 can induce intersex. For example, triclosati-@ardrogen) and a non-point source
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479 pollutant, equol (soybean isoflavone derivativalydbeen specifically indicated as potential
480 agents causing endocrine disruptive effects imtifet (Jobling et al., 2009; Rostkowski et al.,
481 2011; Wang et al., 2016). A previous study condiibigour research group (Arlos et al., 2015)
482 on antiandrogens detected the presence of tricldsanstream of WWTPs but it rapidly

483 degraded over a short distance (<5 km) during aflow sampling event. This result suggested
484 that triclosan may not be persistent in the GraiveéiRbut this observation requires further

485 investigation. Also, pollution stemming from nonposources is significant in the Grand River
486 watershed (70% agricultural land use), especiallyé spring (Loomer et al., 2015). However,
487 this study assumed that the critical window of esgpe to compounds causing intersex occurs
488 when rainbow darter build their gonads in the summenths (June to August). Hence, the
489 timing of exposure may be an important factor tostder. Obviously, the possibility of other
490 compounds causing or contributing to intersex ish@ing eliminated. However, the model

491 results are informative and can assist with fuhyggothesis-driven studies related to estrogen
492 exposure. Other potential causal agents can bé@uhlly modeled to determine whether a
493 relationship with intersex could also be obsenmaténtially enhancing the current model

494  predictions).

495 3.8. Overall implicationsof the model on exposur e assessment

496 Exposure assessment quantifies the magnitude,eneguand duration of exposure in an
497 environmental compartment and is a key elemertarrisk characterization of estrogens. The
498 assessment is often completed using advanced mahlgiemistry techniques and bioassays that
499 detect the total biological activity such as estruigity. These methods can be limited by

500 sampling logistics, analytical methods, and costirAthe case of the Grand River and other
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river systems, environmental samples to assessopiegxposure conditions (pre-upgrade) were
also not available.

Chemical measurements would have helped to valstates of the assumptions (e.qg.,
fate mechanisms, non-point sources) and/or refiagtedictions. The estrogens in the river are
at extremely low concentrations which is a sigaificchallenge in the chemical analysis (e.g.
detection limits). In addition, there can be lintivas with the analytical detection using LC/MS-
MS methods that are prone to matrix interferenoédirty” municipal wastewater samples.
Although modeling is not a complete substitutedloemical and bioassay measurements, it is a
viable option to supplement the current lack ofesype data. Further investigation and
validation of the model are warranted, but the eovetive estimates presented in this study
suggest that the select estrogens are likely agolc{or at least correlated) with the observed
intersex in wild fish in the Grand River.

4. Conclusions

The concentrations of E1, E2, and EE2, compouratsctimtribute a large fraction of
municipal wastewater-derived total estrogenicitgiumface waters, were predicted using a
mechanistic water quality model. Transport condgiappear to play a major role in the spatial
and temporal distribution of the target estrogenthée Grand River, while fate mechanisms such
as biodegradation and photolysis likely have minimiguence. The relationships between the
predicted exposure concentrations (during the gesfayonadal recrudescence for rainbow
darter) and intersex incidence and severity wese déveloped using the four-parameter Hill
concentration-response model. A predicted estraggrievel of <0.1 ng/L E2 equivalents in
river water was associated with up to 10% interseidence and a low severity score of <1,

which is unlikely to impact the rainbow darter regctive health. This work is consistent with
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the recommended thresholds for exposure, but additwork is required to validate the
assumptions employed in the model. Even with tingditions identified, modeling contributes
to the better understanding of risk and evaluatiopotential remedial actions, and is a valuable
tool that can be applied to estimate environmestpbsure.
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Table 1. Performance measures for water level and chl@masheentrations at selected
calibration sites.

Water Leve
Segment No. NSE (rating) d (rating) PBIAS (rating)
12 0.428(US) 0.794 (G 15% (S)
37 0.848 (VG 0.95: (VG) -3% (VG)
Chloride
Correlation Coefficient Mean PD (rating)

12°¢ no significant correlatic 17 (VG)

21° 0.758,p<0.001 30 (S

23 0.531,p<0.001 25 (G

327 0.895,p<0.007 33(S)

42° 0.223,p=0.051¢ 19 (VG)

50° 0.836 p<0.007 32 (S

“Datasets are normal and the Pearson correlatiowéssused (parametric test statistics). Normadisy results are
found in Table S&Datasets are non-normal so the Spearman non-paiae@telation test was used (see Table
S8).°An explanation on potential processes that impaittegimulation in Segment 12 is presented in the
supplementary material, section C. “NSE” = Nasht@iffe Efficiency coefficient; “d” = index of agement;

“PBIAS” = percent bias; “VG” =very good; “G” = goodS” = satisfactory; “US” = unsatisfactory; andDP =
percent difference

Tables 1 of 1
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Figure 1. (a) Modeled area of the Grand River. Sections 23/24, 39/40, 41/42, and 43/44
represent the eastern and western divisions of the segments immediately downstream of
WWTPs. (b) Segmentation profile used in the model. Black arrows indicate movement of water

into and out of the network.
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Figure 2. (a) Water level (WL) simulations and measured values for segment 37. Simulated and
measured chloride concentrations at (b) Segment 21 and (b) Segment 50. See Figure 1 for

relative |ocations in the modeled network.
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Figure 3. Relationship between predicted total estrogenicity and (a) intersex incidence and (b)
intersex severity (error bars are standard errors). The total estrogenicity data were the averaged
concentrations from June-August, the period assumed in this study as the critical window of
exposure. Shaded region represents the 95% prediction (red) and confidence (green) intervals.
Circles represent the sites with biological data and the triangles represent the post-upgrade period
datasets for segments 42, 44, and 50. H= Hillslope parameter and F is EC50 (ng/L).
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Figure 4. Temporal variation (monthly averaged) in EAC concentrations in segments
immediately downstream of (a) Waterloo (Segment 23) and (b) Kitchener (Segment 42)
WWTPs.
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Figure5. Spatial conditions of total estrogenicity: (a) low flow condition pre-upgrade (May 20, 2012) and (b)
low-flow condition post-upgrade (June 11, 2014).
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Highlights

* A water quality model was employed to predict concentrations of estrogens.

* River transport conditions played a major role in the distribution of estrogens.

» Concentrations <0.1 ng/L E2 eq. were predicted to cause minimal intersex expression.
* River estrogenicity of >10 ng/L E2 eg. was associated with severe intersex.



