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ABSTRACT: Reuse of municipal and industrial wastewater treatment plant (WWTP) effluent is used to augment freshwater
supplies globally. The Shenandoah River Watershed (U.S.A.) was selected to conduct on-site exposure experiments to assess
endocrine disrupting characteristics of different source waters. This investigation integrates WWTP wastewater reuse modeling,
hydrological and chemical characterization, and in vivo endocrine disruption bioassessment to assess contaminant sources,
exposure pathways, and biological effects. The percentage of accumulated WWTP effluent in each river reach (ACCWW%) was
used to predict environmental concentrations for consumer product chemicals (boron), pharmaceutical compounds
(carbamazepine), and steroidal estrogens (estrone, 17-β-estradiol, estriol, and 17-α-ethinylestradiol). Fish endocrine disruption
was evaluated using vitellogenin induction in adult male or larval fathead minnows. Water samples were analyzed for >500
inorganic and organic constituents to characterize the complex contaminant mixtures. Municipal ACCWW% at drinking water
treatment plant surface water intakes ranged from <0.01 to 2.0% under mean-annual streamflow and up to 4.5% under mean-
August streamflow. Measured and predicted environmental concentrations resulted in 17-β-estradiol equivalency quotients
ranging from 0.002 to 5.0 ng L−1 indicating low-to-moderate risk of fish endocrine disruption. Results from the fish exposure
experiments showed low (0.5- to 3.2-fold) vitellogenin induction in adult males.

■ INTRODUCTION

Treated wastewater is used to augment freshwater supply
throughout the U.S. and globally.1−3 A challenge in reusing
wastewater treatment plant (WWTP) effluent is the presence of
biologically active chemicals that are introduced by domestic,
commercial, and industrial activities, and that are not completely
removed during treatment.4,5 Widespread occurrence of
municipal WWTP-derived contaminants has been reported in
streams across the U.S. and Europe.6−9 Streamwater composi-
tion depends on flow regime, landscape characteristics, and
municipal WWTP discharges.10 Industrial WWTP discharges
also contribute to streamflow and contaminant loading.11

Knowing the accumulated volume of wastewater in a stream is

essential to assessing chemical exposure pathways and potential
risks. Rivers provide a hydrologic connection between WWTP
discharges and downstream uses, and chemicals present in
effluents potentially can affect ecosystems and drinking-water
supplies.12

Exposure to endocrine disrupting chemicals (EDCs), such as
steroid hormones, can interfere with the normal function of the
endocrine system of wildlife and humans and is an issue of global
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concern.13,14 Endocrine disruption attributed to exposure to
EDCs has been observed in wild fish populations,15,16 including
intersex (testicular oocytes) in smallmouth bass (Micropterus
dolomieu) in the Chesapeake Bay Watershed and Shenandoah
River.17−21 The river-reach scale, at which water and fish
sampling occurs and drinking water treatment plant (DWTP)
intakes are located, integrates the influence of municipal- and
industrial-WWTP contributions from the upstream watershed.
Realistic environmental exposure scenarios require that effects
of wastewater reuse on streamwater quality and fish endocrine
disruption be addressed at different spatial, temporal, and
mechanistic scales.22

This integrated interdisciplinary study investigates wastewater
reuse, water chemistry, and fish endocrine disruption, and
applies “lessons from endocrine disruption”23 and “principles of
sound ecotoxicology”.24 A diversity of approaches were used
from study design to completion to establish relations between
landscape, hydrological, chemical, and biological characteristics
of a river system with population-level fish endocrine disruption.
The study applied: (1) landscape analysis to establish geologic
and anthropogenic features; (2) hydrological modeling of
streamflow characteristics and accumulated proportion of
WWTP effluent; (3) consumer-product-chemical modeling to
predict environmental concentrations of EDCs and other
compounds; (4) landscape analysis and modeling to inform
site selection for field investigations; (5) comprehensive
inorganic and organic chemical analysis to measure environ-
mental concentrations in streamwater; (6) endocrine disruption
evaluation using modeled estrogenic biological responses and
comparison to in situ/in vivo experiments using fathead
minnows (Pimephales promelas); and (7) development of
modeling tools to assess the effects of wastewater reuse on
water quality and aquatic organisms at the watershed scale.

■ METHODS
Study Area and Hydrology. The Shenandoah River

Watershed (SRW) is located in the Valley and Ridge province
of northern Virginia and easternWest Virginia.25,26 Three major
tributaries (North River, Middle River, and South River)
converge south of Staunton to form the South Fork Shenandoah
River (a Strahler27 5th-order stream), which joins theNorth Fork
Shenandoah River near Front Royal to form the Shenandoah
River (6th-order stream), which joins the Potomac River (7th-
order stream), which flows into the Chesapeake Bay (Figure
1A). The estimated water travel time from the South River to the
Potomac River is 15 to 20 d.28 There are 22 U.S. Geological
Survey (USGS) streamgages (Figure 1B; Table S1 of the
Supporting Information, SI) that provide long-term records for
calculation of flow exceedance probabilities. The 25th percentile
flow exceedance probability represents high-flow conditions, the
50th percentile represents median-flow conditions, the 75th

percentile represents low-flow conditions, and the 90th and
95th percentiles represent drought conditions.29

The 2008 population of the SRW was 333 833 people, with
approximately 50% living in incorporated urban areas (public
water supply, centralized sewage collection, and wastewater
treatment systems) and 50% living in unincorporated rural areas
(household water supply wells and on-site wastewater disposal
systems).30,31 In 2014, the population of the SRW was
407 124.32 Major cities (Figure 1A) located in the South Fork
Shenandoah River drainage include Harrisonburg (population
52 258; WWTP discharges to the North River), Staunton
(population 24 427; WWTP discharges to the Middle River),

and Waynesboro (population 21 186; WWTP discharges to the
South River). Communities that discharge WWTP effluent to
the North Fork Shenandoah River are smaller and include
Strasburg (population 6542) and Woodstock (population
5214). Front Royal (population 15 055) is located at the
confluence of the North Fork Shenandoah River and South Fork
Shenandoah River and the WWTP discharges to the South Fork
Shenandoah River. The 2014 population density for the entire
SRW was 51 people per km2, with the North Fork Shenandoah
River drainage having 30 people per km2, the South Fork
Shenandoah River drainage having 52 people per km2, and the
Shenandoah River drainage having 73 people per km2.32

The SRW is underlain by igneous and metamorphic rocks
interspersed with carbonate sedimentary rocks (Figure 1C).33,34

The carbonate areas have extensive karst hydrology charac-
terized by springs and sinkholes.35−37 Land use in the SRW is
controlled by the mountainous topography, with highland
tributaries predominated by forest and river valley streams

Figure 1.Maps of the Shenandoah RiverWatershed showing (A) rivers,
counties, cities, and drinking water treatment plant (DWTP) intakes
(Table S3), (B) 8-digit Hydrologic Unit Code (HUC8) boundaries and
USGS streamgages (Table S1), (C) carbonate and noncarbonate
geology, and (D) mobile laboratory experiment locations, landscape
sampling locations, and land-use characteristics (Table S5). [Numbers
correspond to locations listed in Tables S1, S3, and S5; Sinkhole density
in panel C represents the number of sinkholes per 100 km2; Map
Projection Albers equal area; North American Datum 1983].
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predominated by agriculture and developed land, including
urban areas (Figure 1D).38 Agricultural activities include row
crops (primarily corn and soybean) and animal feeding
operations (AFOs).39,40

Accumulated Wastewater. The national-scale “de facto
reuse incidence in our nation’s consumable supply” (DRINCS)
model41,42 was downscaled to the SRW and used to estimate the
accumulated effluent discharged from all municipal and
industrial WWTPs. The DRINCS model encompassed
9 834 000 km2 with a 10th-order stream (Mississippi River)
and the SRW model encompassed 7920 km2 with a 6th-order
stream. The downscaling included adding municipal WWTPs
and DWTPs that serve communities with populations <10 000.
A web-based tool was developed43,44 to calculate accumulated
municipal and industrial WWTP discharges based on the
National Hydrography Data set Plus Version 2 (NHDPlus V2)
stream networks with enhanced runoff method (EROM)
streamflow estimates,26 Virginia StreamStats data,45 and
USGS streamgage data. WWTP locations were obtained from
the CleanWatershedNeeds Survey (CWNS),46 and the Virginia
and West Virginia Pollutant Discharge Elimination Systems.47

Information for USGS streamgages (Table S1), municipal and
industrial WWTP facilities (Table S2), and DWTPs with surface
water intakes (Table S3) were linked to each NHDPlus V2
stream segment through the common identifier number.
The amount of wastewater in a given river reach is represented

by the percentage of accumulated wastewater (ACCWW%),
which was calculated using Python scripting language,48

NHDPlus V2 network connectivity attributes, EROM stream-
flows, and reported WWTP discharges (Figure S1):

[ Σ

+ Σ ] ×

( upstream and incoming WWTP discharge)/

(EROM streamflow upstream WWTP discharge) 100 (1)

Scenarios for WWTP inputs were based on monthly and annual
2015 discharge data reported by the facilities. Scenarios for
streamflow conditions were based on mean annual EROM
streamflow (1971 to 2000) andmean August EROM streamflow
(1971 to 2000). The ACCWW% is analogous to the cumulative
dilution factor (i.e., a 5% ACCWW% equates to 20-fold in-
stream dilution].12

Predicted Chemical Exposure Pathways. The
ACCWW% was used to account for accumulated contaminant
loading from upstream municipal WWTP discharges. This
approach considers loading of contaminants to WWTPs and
removal during treatment, followed by loading to the receiving
stream, dilution with native water, and in-stream attenu-
ation.49−51 Predicted environmental concentrations (PECs)
for select consumer product chemicals and EDCs were
estimated using population served by the WWTP, per capita
chemical use, per capita water use, loss associated with human
metabolism, loss during WWTP treatment, in-stream dilution,
and in-stream degradation (Figure S2; Table S4). PECs were
not calculated for industrial WWTPs because their effluent
composition is controlled by processes unique to each facility
and further evaluations were outside the scope of this study.
Biological Risk Assessment. Fish endocrine disruption in

the SRWwas assessed usingmodeled PECs, the fatheadminnow
as the model organism, and relative 17-β-estradiol potency
factors for mixtures of steroidal estrogens.52 The reproductive
biology and endocrinology of the fathead minnow have been
well-characterized,53,54 and vitellogenin induction in male
fathead minnows (and other fish species) follows well-defined

dose−response curves for estrone, 17-β-estradiol, and 17-α-
ethinylestradiol (individually and as mixtures) that allows
reliable determination of relative 17-β-estradiol potencies.55−58

Concentrations of individual estrogen compounds were
converted to 17-β-estradiol equivalents using relative potencies
for estrone, 17-β-estradiol, and 17-α-ethinylestradiol of 0.38,
1.0, and 30, respectively.55,56 Species sensitivity distribution
analysis estimated 17-β-estradiol relative potencies for estrone,
17-β-estradiol, estriol, and 17-α-ethinylestradiol of 0.3, 1.0,
0.003, and 20, respectively.58 For each sample the 17-β-estradiol
equivalents for the estrogens were summed to give a total 17-β-
estradiol equivalency quotient (E2EQ). The predicted-no-
effects concentrations (PNECs) for estrone, 17-β-estradiol,
estriol, and 17-α-ethinylestradiol are 6, 2, 60, and 0.1 ng L−1,
respectively.58 This work focuses on steroid estrogens because of
the targeted estrogen-receptor mediated mode-of-action and
adverse-outcome-pathways for the fathead minnow model
organism.59

Field-Based Chemical and Biological Characteriza-
tion. The landscape analysis and ACCWW% assessments were
used to identify locations for intensive field investigations to
characterize chemical exposure pathways and biological
responses. Mobile laboratory fish exposure protocols60,61 were
used to provide an integrated assessment of endocrine
disruption at 9 locations in the SRW (Figure 1D, Table S5).62

The sites represent different land uses and included 2 municipal
WWTPs. The North River WWTP served 70 900 people,
treated sewage (46% domestic, 15% commercial, and 39%
industrial) using advanced activated sludge processes with
enhanced nutrient removal and chlorine disinfection, had a 2015
mean annual discharge of 0.53 m3 s−1, and contributed 4.3% of
the downstream flow. The North Fork Shenandoah River
WWTP served 5230 people, treated sewage (100% domestic
and commercial) using activated sludge with membrane
bioreactor nutrient removal and ultraviolet light disinfection,
had a 2015 mean annual discharge of 0.067 m3 s−1, and
contributed 1.6% of the downstream flow.
Twelve mobile-laboratory experiments were conducted from

2014 to 2016 (Table S5). Reproductively mature (6 mo old)
male and female fathead minnows were exposed to river water
(or WWTP effluent) for 21 d under continuous-flow conditions
with controlled temperature, oxygenation, diet, and photo-
period.60−62 Fish were maintained in 10-L glass aquaria at a
density of 5 fish per tank, and organisms (n = 10 for each
treatment) were collected on day 0, 7, and 21. Individual
organisms from each time point were analyzed for a variety of
biomarkers including plasma vitellogenin by enzyme-linked
immunosorbent assay and hepatic vitellogenin mRNA anal-
ysis.62

Contemporaneous water samples were collected from the
inflows to the mobile laboratories at day 0, 7, 14, and 21.
Extensive chemical analyses (21 separate analytical methods)
were conducted and 601 organic and inorganic constituents
were measured (59 of the constituents were measured by
multiple methods). Details of sampling procedures, analytical
methods, and quality assurance data are presented elsewhere.62

Measured environmental concentrations (MECs) and bioassay
results from these field-based exposure experiments were used to
evaluate calculated PECs and E2EQs.
The landscape analysis and ACCWW% assessments also were

used to select 17 additional sites across the SRW to cover the
gradient of potential WWTP effluent exposures (Figure 1D;
Table S5). Water samples were collected and analyzed for a
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more limited suite of constituents (499 constituents using 17
separate analytical methods) than the mobile laboratory
experiments.62 A different approach for assessing endocrine
disruption was used for the landscape sampling, and a short-term
in vivo bioassay was developed using larval fathead minnows
exposed for 7 d (daily water replacement) and analysis of the
whole organism for vitellogenin mRNA.62

Statistical correlation analysis of PECs, MECs, and
vitellogenin induction was performed using the nonparametric
Spearman’s coefficient (ρ) and associated p-value.63 To resolve
ties, tied data were randomly assigned a rank within the range of
uncertainty and 10 000 permutations of the Spearman test were
performed. The mean ρ and p-value of the permutation
distribution are reported.

■ RESULTS AND DISCUSSION
Wastewater Reuse. The municipal ACCWW% for the

SRW were initially calculated using data from the DRINCS
model,41,42 which included 29 municipal WWTPs having a
combined design flow of 1.4 m3 s−1. Higher resolution data
specific to the SRW were developed to enhance the national-
scale data and included 81 municipal WWTPs having a
combined design flow of 3.1 m3 s−1 and a combined 2015
mean annual discharge of 1.6 m3 s−1 (Figure 2A; Table S2).43

The mean annual municipal ACCWW% at the most down-
stream SRW site (confluence with the Potomac River) using the
watershed-scale data was 2.2 times greater than using the
national-scale data. Additionally, there were 25 industrial
WWTPs in the SRW with a combined design flow of 1.4 m3

s−1 and a combined 2015 mean annual discharge of 0.81 m3 s−1

(Figure 2B; Table S2) that were not represented in the DRINCS
model.
The ACCWW% analysis indicated that 422 of the 1754 river

segments in the SRW receive WWTP discharges. The municipal
ACCWW% under mean annual streamflow ranged from 0 to
17% (Figure 2C). Under mean August streamflow, the
municipal-plus-industrial ACCWW% ranged up to 42% (Figure
2D). At the confluence of the Shenandoah River with the
Potomac River, the municipal-plus-industrial ACCWW% was
2.6% under mean annual streamflow and 5.8% under mean
August streamflow.
The municipal and municipal-plus-industrial ACCWW%

were evaluated using long-term flow statistics at the 22 USGS
streamgages (Table S1). For streamgages located near where the
mobile laboratory experiments were conducted (Figure 3A) the
municipal-plus-industrial ACCWW% ranged from 0.01 to 4.7%
under 25th percentile streamflow condition, 0.02 to 9.8% under
50th percentile streamflow conditions, and 0.12 to 30% under
90th percentile streamflow conditions. The median municipal-
plus-industrial ACCWW% was 5.8% for third-order to sixth-
order streams under 50th percentile streamflow conditions. The
median municipal-plus-industrial ACCWW% was 0.09% for
first-order and second-order streams because of the limited
WWTP discharges.
There were 13municipal DWTPs in the SRW that had surface

water intakes (Figure 1A; Table S3) and the mean annual
withdrawals ranged from 0.014 to 0.30 m3 s−1 (Figure 4A). Five
of the DWTPs had no upstream municipal WWTPs and thus no
municipal de facto reuse. The other DWTPs had municipal
ACCWW% ranging from 0.01 to 2.0% under mean annual
streamflow (Figure 4B) and from 0.01 to 4.5% under August
streamflow (Table S3). The municipal-plus-industrial ACCWW
% at the DWTP intakes ranged from 0.01 to 3.3% under mean

annual streamflow (Table S3) and from 0.01 to 7.0% under
August streamflow (Figure 4C). Only 3 DWTPs had no
municipal-plus-industrial de facto reuse. The national-scale
DRINCS analysis of DWTPs with surface water intakes reported
municipal ACCWW% values ranging from 2.3 to 16%.42

Predicted and Measured Contaminant Concentra-
tions. Stream reaches influenced by wastewater reuse have
complex chemical mixtures containing bioactive chemicals, such
as EDCs, pharmaceuticals, pesticides, and trace elements
derived from municipal and industrial WWTP discharges,
urban runoff, and agricultural activities.6−8,64 Although this work
focuses on PEC calculations (Figure S2; Table S6) for boron
(consumer product wastewater tracer), carbamazepine (phar-
maceutical wastewater tracer), and estrogenic hormones
(specific reproduction mode-of-action and outcomes), the
approach can be applied to any constituent for which MECs
were determined,62 provided reliable chemical and biological

Figure 2. Maps of the Shenandoah River Watershed showing (A)
locations and relative sizes of municipal wastewater treatment plants
(WWTPs), (B) locations and relative sizes of industrial WWTPs, (C)
municipal percentage of accumulated wastewater (ACCWW%) using
National Hydrography Database Plus V2 (NHDPlus V2) mean annual
streamflow and 2015 mean annual municipal WWTP flow, and (D)
municipal-plus-industrial ACCWW% using NHDPlus V2 mean August
streamflow and 2015 mean annual WWTP flow. [See Tables S1 and S2
for streamflow and WWTP flow information; Map Projection Albers
equal area; North American Datum 1983; refs 25 and 26 are sources of
base map].
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model input parameters are available. Because of uncertainty in
the chemical composition of industrial WWTP discharges, the
“down-the-drain” chemical loading approach used for municipal
WWTPs is not applicable. However, potential for significant
chemical loading to the SRW from industrial WWTP discharges
is illustrated by mercury contamination in the South River.65

Although beyond the scope of this work, the data gap on
industrial processes and chemical discharges could be addressed
by incorporating information from additional databases.66,67

Chemical analyses of source-water samples (n = 56) from the
mobile-laboratory experiments detected 312 (several detected
by more than one method) of the 601 organic and inorganic
constituents measured by all methods (Table S7). The more
limited analysis of the landscape samples (n = 17) detected 124
(several detected bymore than onemethod) of the more limited
number (499) of organic and inorganic constituents measured
(Table S8). Details on quality assurance data (field blanks,
replicates, matrix spikes, and surrogate standards) and the
complete data set are presented elsewhere.62

Boron is a good tracer of municipal WWTP effluents because
it is used as a consumer-product chemical (the bleaching agent
sodium perborate is used in laundry detergents), is not removed
during WWTP treatment, and persists in the stream environ-
ment.64,68 Boron also is naturally occurring, and loading from
municipal WWTPs often only represents a fraction of
background levels.69 Boron PECs in the SRW were corrected
for background concentrations based on MECs from Passage
Creek (mean = 8.5 μg L−1; Table 1), and are near concentrations
reported for precipitation.70 Municipal WWTP sources
contributed low boron PECs (Figure 5A; Table S6) in the
SRW because of the large stream dilution factors (municipal
ACCWW% generally < 5%; Figure 2C).
There was a significant positive correlation (ρ = 0.67, p =

0.001; Figure S3A) between boron PECs and mobile laboratory
and landscape sampling MECs (Figure 5A) despite uncertain-
ties in the factors that go into calculating PECs (Figure S2). For
example, using 2 sets of model input data (Table S4)71,72 results
in median boron PECs of 11 and 16 μg L−1 and maximum boron
PECs of 47 and 110 μg L−1. Boron MECs in the SRW WWTP
effluents ranged from 50 to 158 μg L−1 (Table S7) and were
lower than typically reported (>250 μg L−1) for municipal
WWTPs.64,68−72 These low values could reflect the trend of
decreasing boron consumption observed in the U.K.,70 or other
factors, such as industrial wastewater contributions. The
maximum boron MEC (158 μg L−1) was near the species
sensitivity distribution PNEC of 340 μg L−1.73

In contrast to boron, the synthetic pharmaceutical compound
carbamazepine has no natural sources and its presence in stream

Figure 3. Relations between (A) municipal-plus-industrial percentage of accumulated wastewater (ACCWW%) at select U.S. Geological Survey
streamgages in the Shenandoah RiverWatershed and streamflow exceedance probabilities, and (B) predicted environmental concentrations for boron,
carbamazepine, and 17-β-estradiol equivalency quotient (E2EQ) andmunicipal ACCWW%. [See Figure 1B and Table S1 for streamgage information;
gray area in panel A represents range of exceedance probabilities that occurred during the 2014, 2015, and 2016mobile laboratory experiments; RMSE,
residual mean square error].

Figure 4. Percentage of accumulated wastewater (ACCWW%) at
drinking water treatment plants (DWTPs) in the Shenandoah River
Watershed with surface water sources: (A) 2015 mean annual DWTP
withdrawals, (B) municipal ACCWW% using National Hydrography
Database Plus V2 (NHDPlus V2) mean annual streamflow and 2015
mean annual municipal WWTP flow, (C) municipal-plus-industrial
ACCWW% using NHDPlus V2 mean August streamflow and 2015
mean annual municipal and industrial WWTP flows. [See Figure 1A
and Table S3 for DWTP information; see Figure 2A and Table S2 for
WWTP information; numbers correspond to locations listed in Table
S3].
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waters is derived from anthropogenic sources, such as municipal
WWTPs.74 Carbamazepine PECs ranged from <0.001 to 0.58
μg L−1 with a median of 0.004 μg L−1 (Figure 5B; Table S6).
Mobile laboratory and landscape sampling carbamazepine PECs
and MECs (Tables S6, S7, and S8) were significantly correlated
(ρ = 0.73, p = 0.0004; Figure S3B). The SRW carbamazepine
results were in the range reported for U.S. waters (0.002 to 0.33
μg L−1).75 The maximum carbamazepineMEC for the SRWwas
1.14 μg L−1 (Table S7), well below the PNEC of 232 μg L−1.75

Natural steroid estrogens, such as estrone, have multiple
environmental sources including municipal WWTPs and
livestock production.76−78 In contrast, the synthetic oral
contraceptive 17-α-ethinylestradiol is consumed by humans,

and discharged by municipal WWTPs.79 Estrone was the most
frequently detected steroid estrogen in the SRW with MECs in
the mobile laboratory experiments ranging from <0.05 to 3.2 ng
L−1 and PECs ranging from <0.001 to 1.7 ng L−1 (Figure 5C;
Tables 1, S6, and S7). There was no significant correlation
between estroneMECs and PECs at mobile laboratory sites (ρ =
0.32, p = 0.46; Figure S3C). Only one water sample had
detectable 17-α-ethinylestradiol (2.4 ng L−1, Table 1). The 17-
α-ethinylestradiol PECs ranged from <0.0001 to 0.094 ng L−1

(median 0.0015 ng L−1) under mean annual streamflow (Table
S6). Although the PEC values are in the range of reported PECs
for U.S. waters (median 0.0006 ng L−1),79 the single 17-α-
ethinylestradiol MEC was above the PNEC of 0.35 ng L−1.80

The detection frequency for 17-β-estradiol, estriol, and 17-α-
ethinylestradiol were too low for quantitative correlation
analysis, but PECs were consistently below the method
detection limit, indicating a qualitative agreement between
MECs and PECs.
The E2EQ PECs (Figure 5D; Table S6) indicated that >98%

of the stream reaches in the SRW had <0.12 ng L−1 17-β-
estradiol equivalents, three reaches had 1 to 2 ng L−1 17-β-
estradiol equivalents, and two reaches exceeded 2 ng L−1 17-β-
estradiol equivalents. There was no significant correlation
between E2EQ PECs and MECs for all sites (ρ = 0.26, p =
0.31; Figure S3D), although both values generally were below 1
ng L−1 17-β-estradiol equivalents. Uncertainties associated with
calculation of E2EQs include the relative 17-β-estradiol potency
values. For example, the estrogenic effects of estrone can be
influenced by multiple organismal and environmental fac-
tors.81,82 This work focuses on 4 estrogens with known estrogen-
receptor mediated adverse-outcome-pathways in fathead
minnows. However, many other potential EDCs with various
modes-of-action were identified (Tables S7 and S8).83 In
contrast to the steroid estrogens, the lack of information on
factors, such as modes-of-action and dose−response curves, for
the other potential EDCs make it difficult to extend this analysis
beyond the targeted compounds.

Fish Endocrine Disruption. The predicted E2EQs for the
SRW (Figure 5D; Table S6) ranged from <0.05 to 5.0 ng L−1 17-
β-estradiol equivalents (mean = 0.11 ng L−1 17-β-estradiol
equivalents) and for the mobile laboratory sites ranged from
0.06 to 0.48 ng L−1 17-β-estradiol equivalents, suggesting low-
to-moderate risk for fish endocrine disruption.52 Vitellogenin
induction inmale fatheadminnows after 21 days of exposure was
minimal for both plasma protein concentrations and hepatic
mRNA levels. The highest vitellogenin plasma protein
concentrations in adult male fathead minnows occurred at
SHR and NFSRW, with fold-induction changes of 3.2 and 2.8
relative to initial controls, respectively (Table 1). Hepatic
mRNA vitellogenin levels in adult males were lower at all mobile
laboratory exposure sites than initial controls. The magnitudes
of these fold-inductions were low compared to previous
experiments involving exposure of adult male fathead minnows
to estrogenic municipal WWTP effluents, where vitellogenin
plasma protein increases were 100 to 1000 fold above
controls.5,61 Thus, there is little evidence for significant
estrogenic endocrine disruption at these sites, consistent with
their low E2EQPECs and E2EQMECs (Table 1). There was no
correlation between E2EQ PECs and vitellogenin plasma
protein induction in adult male fathead minnows at mobile
laboratory sites (ρ = −0.15, p = 0.73; Figure S3E) or between
E2EQ PECs and vitellogenin mRNA in larval fathead minnows
at landscape sites (ρ =−0.13, p = 0.60; Figure S3F). This lack of

Figure 5.Maps of the Shenandoah River Watershed showing predicted
environmental concentrations (PECs, shown as stream segment lines)
for contaminants derived from municipal wastewater treatment plant
discharges using mean August streamflow, and measured environ-
mental concentrations (MECs, shown as circles) from the mobile
laboratory and landscape samplings: (A) boron, (B) carbamazepine,
(C) estrone, and (D) 17-β-estradiol equivalency quotient (E2EQ).
[See Figure S2 and Table S4 for PEC calculations andmodel input data;
see Table S6 for PEC results; see Tables S7 and S8 for MEC results;
E2EQ in ng L−1 17-β-estradiol equivalency calculated using PEC values
and relative 17-β-estradiol potencies for estrone, 17-β-estradiol, estriol,
and 17-α-ethinylestradiol of 0.38, 1, 0.003, and 30, respectively; Map
Projection Albers equal area; North American Datum 1983; refs 25 and
26 are sources of base map].
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correlation could be due to the low predicted and measured
concentrations for the steroid estrogen compounds. Addition-
ally, the lack of correlation between these variables could result
from sources of steroid estrogens and EDCs other than
municipal and industrial WWTPs, such as septic systems or
agricultural operations. The results for the SRW are consistent
with similar catchment-scale and national-scale EDC risk
assessments that report mean E2EQ PECs ranging from 0.10
to 0.93 ng L−1 17-β-estradiol equivalents.84−87

■ IMPLICATIONS OF WASTEWATER REUSE
Wastewater reuse is an important component of the
anthropogenic hydrological cycle and influences water avail-
ability and water quality. Water composition and potential
biological effects at a given location along a river reach are
influenced by aggregated inputs and process in the upstream
catchment. The on-site, continuous-flow fish exposure experi-
ments conducted during this study captured the intrinsic
variability that occurs in streamwater composition and EDC
concentrations.10,88,89 The ACCWW%, PEC, MEC, and fish
exposure results suggest that SRW source waters have low-to-
moderate risk for estrogenic endocrine disruption resulting from
municipal WWTP discharges. However, these findings do not
adequately account for the widespread endocrine disruption
observed in smallmouth bass.17−21 Because vulnerability to
contaminant exposures can vary with species and critical life-
history characteristics of free-living fishes, predictions of adverse
effects based on short-term exposures using adult fathead
minnows may not adequately reflect the risk of lifelong exposure
to low concentrations, or to periodic short-term exposure to
high concentrations of EDCs.
The modeling approach (Figure S2) used to determine PECs

provides a tool for screening level assessment of endocrine
disruption at the watershed scale. There are limitations to this
approach, including uncertainties in municipal WWTP facility
information (flows, population served, and treatment process),
per capita consumption rates (contaminant and water), WWTP
removal rates, and in-stream removal rates. Uncertainty in mass
loading varies by constituent, being less for compounds, such as
carbamazepine and 17-α-ethinylestradiol (per capita consump-
tion constrained by specific pharmacological uses) than for
boron (per capita consumption poorly constrained because of
diverse sources). It is even more difficult to estimate per capita
excretion rates for biogenic constituents, such as 17-β-estradiol
and estrone, because production and elimination is unique to
individual organisms and changes over time.
In-stream mixing and dilution in the model presented here is

based on mean annual and mean August streamflows from long
periods of record, whereas theWWTP flows were based on 2015
mean annual flows. These average values are representative of,
but are different from, the instantaneous hydrological conditions
represented by sampling events. Removal of EDCs by WWTPs
is a function of contaminant, treatment type, and operational
conditions.5 In-stream attenuation involves complex hydro-
logical, physical, and biogeochemical processes.64,89 Although
this work focused on estrogenic chemicals and endocrine
disruption in fish, the methods apply to a broad range of
contaminants and biological end points, including pharmaceut-
ical compounds and human health.90,91

Flow-exceedance percentiles for the streamgages (Figure 3A,
Table S1) provide insight into variability in ACCWW% that can
be used to infer endocrine disruption risk using E2EQ
calculations. When E2EQ values are plotted against municipal

ACCWW% (Figure 3B), concentrations >1 ng L−1 17-β-
estradiol equivalent are associated with ACCWW% greater than
8%. During the mobile-laboratory experiments, streamflows
were between the 50th and 75th percentile, and little endocrine
disruption would be predicted given the low municipal
ACCWW%. In comparison, during 2002 the SRW experienced
a severe drought and flows were less than the 90th percentile for
extended periods29,92 during which municipal ACCWW% for
the streamgages ranged from 7.0 to 26, potentially resulting in
exposures of fish to E2EQ values >1 ng L−1.
Landscape analysis that integrates hydrological, geochemical,

and biological processes allows evaluation of a variety of
contaminant sources and factors that control water quality.
Although this study focused onWWTPs, the SRW has relatively
limited urban development and is predominated by agricultural
land, which includes intensive row-crop and animal production
(Figure 1D). Previous assessment of endocrine disruption in the
SRW found a strong relation between density of AFOs and in
vitro estrogenic activity in the streamwater that was attributed to
manure management practices.39 Water samples in the earlier
study were analyzed using the in vitro bioluminescent yeast
estrogen screen (BLYES)93 and had E2EQ values ranging from
<0.31 to 7.2 ng L−1 17-β-estradiol equivalents (23% of samples
were below MDL).39 Another investigation of endocrine
disruption in the SRW applied a randomized and stratified
sampling design, and BLYES estrogenic activity ranged from
<0.31 to 1.2 ng L−1 17-β-estradiol equivalents (58% of samples
were below MDL).94 In that study, predominantly agricultural
watersheds BLYES estrogenic activity was strongly correlated
with AFO density, but in urbanized watersheds the strongest
correlation was with municipal WWTP density. In the present
study, in vitro BLYES assay was applied to water samples from
the SRW mobile laboratory experiments (n = 56) and values
ranged from <0.31 to 1.2 ng L−1 17-β-estradiol equivalents (98%
of samples were below MDL).62 The in vitro results are
consistent with the in vivo adult and larval fathead minnow
bioassays and chemical data.
The national-scale DRINCS model41,42 was used to estimate

endocrine disruption risk using a hazards quotient approach, and
under median-streamflow conditions 32% of the receiving
streams in the U.S. had hazard quotients with safety factors <10
for 17-β-estradiol and 17-α-ethinylestradiol, suggesting wide-
spread potential risks.12 The down-scaled application of the
national model to the SRW indicated a lower risk for endocrine
disruption, and <5% of the stream reaches had hazard quotients
with safety factors <10. These results are consistent with the
relatively low urban development and high in-stream WWTP
effluent dilution factors in the SRW.
A major factor influencing endocrine disruption risk at the

landscape level is the relation between population density and
freshwater available for dilution. A study in England, where
widespread fish endocrine disruption was observed, reported a
high population density (388 people per km2), a low water
availability (3.8 m3 d−1 person−1), and a mean E2EQ value of
0.93 ng L−1 17-β-estradiol equivalents.85 In contrast, a study
from Japan reported a similar population density (339 people
per km2) but greater water availability (19.6 m3 d−1 person−1),
and a mean E2EQ value of 0.10 ng L−1 17-β-estradiol
equivalents.87 The SRW had low population density (51 people
per km2) and high water availability (18.8 m3 d−1 person−1), and
a mean E2EQ value of 0.11 ng L−1 17-β-estradiol equivalents.
Aquatic risk assessments based on a finite set of contaminants

and biomarkers cannot adequately address all factors occurring

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b05655
Environ. Sci. Technol. 2019, 53, 3429−3440

3436

http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05655/suppl_file/es8b05655_si_001.docx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05655/suppl_file/es8b05655_si_002.xlsx
http://dx.doi.org/10.1021/acs.est.8b05655


in dynamic stream ecosystems, including changing water
composition and environmental conditions, species-specific
vulnerability, life-history effects, trophic level, and dietary
exposure. The tools developed in this study can be used to
assess effects of human population growth, WWTP infra-
structure upgrades, changes in land-use practices, and climate
change on exposure to EDCs and potential for endocrine
disruption. Many uncertainties remain, such as the loading of
EDCs from industrial WWTPs and agricultural practices. There
also is a need to further account for organism specific factors
such as species, sex, and life history that affect contaminant
exposure pathways and outcomes.
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