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a b s t r a c t

Intersex as the manifestation of testicular oocytes (TO) in male gonochoristic fishes has been used as an
indicator of estrogenic exposure. Here we evaluated largemouth bass (Micropterus salmoides) or small-
mouth bass (Micropterus dolomieu) form 19 National Wildlife Refuges (NWRs) in the Northeast U.S. in-
habiting waters on or near NWR lands for evidence of estrogenic endocrine disruption. Waterbodies
sampled included rivers, lakes, impoundments, ponds, and reservoirs. Here we focus on evidence of
endocrine disruption in male bass evidenced by gonad histopathology including intersex or abnormal
plasma vitellogenin (Vtg) concentrations. During the fall seasons of 2008–2010, we collected male
smallmouth bass (n¼118) from 12 sites and largemouth bass (n¼173) from 27 sites. Intersex in male
smallmouth bass was observed at all sites and ranged from 60% to 100%; in male largemouth bass the
range was 0–100%. Estrogenicity, as measured using a bioluminescent yeast reporter, was detected above
the probable no effects concentration (0.73 ng/L) in ambient water samples from 79% of the NWR sites.
Additionally, the presence of androgen receptor and glucocorticoid receptor ligands were noted as
measured via novel nuclear receptor translocation assays. Mean plasma Vtg was elevated (40.2 mg/ml)
in male smallmouth bass at four sites and in male largemouth bass at one site. This is the first re-
connaissance survey of this scope conducted on US National Wildlife Refuges. The baseline data collected
here provide a necessary benchmark for future monitoring and justify more comprehensive NWR-spe-
cific studies.

Published by Elsevier Inc.

1. Introduction

Since the early 1980s, endocrine disruption in humans, fish, and
wildlife has been recognized as a global environmental concern
(Bernanke and Kohler, 2009; Hotchkiss et al., 2008; Kortenkamp,
2007; Lathers, 2002; Rhomberg et al., 2012). Endocrine disrupting
compounds (EDCs) are collectively grouped into the category of
emerging contaminants (ECs) or chemicals of emerging concern (CEC).

They run the gamut of natural and synthetic chemicals, but also in-
clude biogenic plant and animal hormones. To date, estrogenic en-
docrine disrupting chemicals (EEDCs) have received considerable at-
tention due to the perceived risk they pose to vertebrate reproduction
and better established biomarkers. In aquatic ecosystems, two domi-
nant sources of EEDCs are agricultural production such as animal
feeding operations (AFOs) and crop fields applied with manures and
herbicides (Battaglin et al., 2009; Blazer et al., 2012; Ciparis et al., 2012;
Gall et al., 2011; Orlando et al., 2003) and wastewater treatment plant
(WWTP) effluents (Kusk et al., 2011; Sarmah et al., 2006; Vajda et al.,
2008). As a result, aquatic vertebrates including fish can potentially be
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affected by these chemicals. Fish are commonly used as indicators of
aquatic ecosystem health and in recent decades have been exploited
as resident sentinels in locations where estrogenic endocrine disrup-
tion is present (Simmons et al., 2014).

Evidence of estrogenic endocrine disruption has been observed
in resident fish species across the globe for almost two decades,
and intersex has been reported in approximately 37 species of fish
(Bahamonde et al., 2013). Intersex manifested as the presence of
oocytes in the testes (testicular oocytes; TO) in male gonochoristic
fish has been used as an indicator of estrogenic exposure. Testi-
cular oocytes have been reported in largemouth bass (Micropterus
salmoides) and smallmouth bass (Micropterus dolomieu) inhabiting
drainages across the United States (Anderson et al., 2003; Blazer
et al., 2014, 2007; Hinck et al., 2009; Ingram et al., 2011; Kellock
et al., 2014; Yonkos et al., 2014). Population effects associated with
environmentally relevant concentrations of estrogens have been
demonstrated in certain short-lived fish species, thus emphasizing
the risk of EEDCs (Kidd et al., 2007; Thorpe et al., 2009; Vos et al.,
2000). Moreover, skewed sex ratios and reproductive failure have
been reported (Routledge and Sumpter, 1996; Walker et al., 1999).
Intersex has also been associated with impaired sperm quality and
reduced sperm density (Blazer et al., 2012; Harris et al., 2011;
Tetreault et al., 2011). Perhaps the most comprehensive research
regarding possible causes of intersex in smallmouth bass has in-
cluded field observations in the headwaters of the Chesapeake Bay
drainage. Testicular oocytes are commonly observed in small-
mouth bass and there are significant positive correlations between
the incidence and severity of this condition with land-use metrics
(Blazer et al., 2012, 2007). Wastewater treatment plants seem to be
a minor contributor to TOs in locations investigated within the
Chesapeake Bay drainage (Blazer et al., 2011, 2007; Iwanowicz
et al., 2009) as the density of AFOs and other agricultural practices

better correlate with the severity of and estrogenic potential of
chemical mixtures in the water (Ciparis et al., 2012). Research in
other geographic areas, with other species, have noted associa-
tions between the occurrence and degree of intersex and the ex-
tent of urban land-use (Tanna et al., 2013).

The U.S. Fish and Wildlife Service (USFWS) Refuge system in-
cludes 560 National Wildlife Refuges (NWRs) and 38 wetland
management districts across the nation (USFWS, 2013a). These 60
million hectares of land and waters are maintained for the con-
servation, management, and where appropriate, restoration of
fish, wildlife, and plant resources and their habitats. Refuges pro-
vide habitat for more than 700 species of birds, 220 species of
mammals, 250 reptile and amphibian species, more than 1000
species of fish, and protect more than 380 threatened or en-
dangered plants and animals across the U.S. Some of these NWRs
are proximate to Canada and Mexico and either share interna-
tional borders, or aquatic ecosystems. In the USFWS Northeast
Region (Fig. 1) there are 71 NWRs comprising 200,000 ha of ha-
bitat, with many NWRs located near major urban areas (USFWS,
2013b). Challenges such as climate change, increasing demands for
energy development and extraction, habitat fragmentation, urban
encroachment, and degradation of water quality may affect the
proper refuge function (USFWS, 2013a). Threats to water quality
include the issue of environmental EEDCs. Effective management
strategies related to water quality threats require an under-
standing of the current conditions and the factors that may lead to
deleterious impacts. Baseline data regarding the status of fish and
wildlife health are a necessary metric for land managers to
monitor change over time.

The goal of this study was to provide a reconnaissance level
survey of estrogenic endocrine disruption in smallmouth and lar-
gemouth bass in waters on or adjacent to National Wildlife

Fig. 1. Northeast Region National Wildlife Refuges sampled during this projectas follows: Assabet River (ASR), Back Bay (BKB), Blackwater(BLK), Cherry Valley (CHV), Erie
(ERE), Great Bay (BTB), Great Meadows (GRM), Great Swamp (GRS), John Heinzat Tinicum (TCM), Mason Neck (MSN), Missisquoi (MSQ), Montezuma (MNT), Moosehorn
(MSH), Ohio River Islands (ORI), Patuxent (PWR), Rappahannock (RPP), Sunkhaze (SNK), Umbagog (LKU) and Wallkill (WLK). Specific sampling locations are identified in
Table 1 and described in greater detail in Supplemental material.
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Table 1
Fish sampling locations. SMB: smallmouth bass; LMB: largemouth bass. More detailed site information including maps are provided as Supplemental materials.

Refuge, State Description/ID Type Lat/Long Date Comments

Ohio River Islands, OH/WV Near Wheeling Island (refuge) (ORI) River 40.079, "80.73761 9/2/2008 Adjacent refuge; 2 minor WWTPs (2–3 km) and 1 major WWTP (7 km)
Ohio River Islands, OH, WV Ohio River- Pike Island (ORI2a) & Belleville locks

(ORI2b)
River 40.13278, "80.70459 &

39.11637, "81.7383
9/3/2008 Sampled 2 reaches believed to be less impacted; ORI2a is below a lock with a

minor WWTP located 6 km upstream; no facilities close to ORI2b
Patuxent, MD Western Branch, PWR2 River 38.79620, "76.72960 9/10/2008 25 km downstream of refuge boundary, adjacent to major WWTP
Montezuma, NY Seneca River, MNT1 River 42.95747, "76.73786 9/15/2008 Adjacent refuge, agricultural influences include CAFOs, also WWTPs in area
Montezuma, NY Seneca-Cayuga Canal, MNT2 River 42.89883 "76.88172 9/16/2008 Considered lesser-impacted site; #10 km upstream of MNT1, 4 locks between the

2 sites
Moosehorn, ME St. Croix River Upriver, MSH1 River 45.20012, "67.43213 9/22/2008 Reach is above Woodland Dam with no nearby WWTP or pulp mill
Moosehorn, ME St. Croix River Downriver, MSH2 River 45.13832, "67.36486 9/23/2008 Lower boundary of reach is km upstream of refuge; reach is belowWoodland Dam

and 0.1 km downstream of pulp mill and major WWTP
Great Meadows, MA Sudbury River, GRM1 River 42.37498, "71.38211 10/2008 Adjacent refuge; few local sources in or near sampling reach
Great Meadows, MA Concord River, GRM2 River 42.47412 "71.34384 10/3/2008 Adjacent refuge; sampling reach includes a major WWTP
Wallkill, NJ Wallkill River, WLK1 River 41.194, "74.5751 10/6/2008 Adjacent refuge, 5 km downstream from major WWTP
Rappahannock River Valley,
VA

Rappahannock River at Hicks Landing, RPP1 River 38.18622, "77.23972 10/15/2008 Adjacent refuge;#4 km downstream from a major WWTP

Rappahannock River Valley,
VA

Rappahannock R. at Little Falls, RPP2 River 38.25611, "77.41472 10/15/2008 Within 0.1 km of 2 major WWTPs, about 5 km upstream of refuge

John Heinz, PA Darby Creek, TCM1 River 39.88019, "75.27197 10/27/2008 On-refuge, within 0.1 km of major WWTP
Missisquoi, VT Missisquoi R., Upstream (5 km reach between High-

gate and Swanton Dams), MSQ1
River 44.91142, "73.119569 9/1/2009 5 km reach is upstream of refuge boundary and separated by Swanton Dam; paper

mill is 12.6 km upstream
Missisquoi, VT Missisquoi R.; Downstream (6 km reach between

Swanton Dam and refuge), MSQ2
River 44.93716, "73.113478 9/1/2009 Reach extends from 0.1 km downstream of Swanton Dam and WWTP to refuge at

Mac's Bend launch; 3 dairy cattle CAFOs
Sunkhaze Meadows, ME Penobscot R.; Lincoln, SNK1 River 45.35401, "68.55929 9/14/2009 40 km above refuge; within 0.5 km of a pulp mill and a major WWTP
Sunkhaze Meadows, ME Penobscot R.; Costigan (refuge), SNK2 River 45.01539, "68.64338 9/15/2009 Within 1 km of refuge boundary, no nearby WWTP or paper mills
Mason Neck, VA Potomac R., Pohick Bay, MSN1 River 38.68394, "77.17577 9/28/2009 #4 km downstream of major WWTP, about 8 km from refuge
Cherry Valley, PA/NJ Delaware R., Water Gap area, CHV1 River 40.97879, "75.13371 10/5/2009 #0.5 km from refuge boundary; minor WWTP within #1 km
Cherry Valley, PA/NJ Delaware R., near Easton, PA, CHV2 River 40.67546, "75.1773 10/6/2009 48 km downriver of refuge boundary, 0.2 km from major WWTP, 1.3 km from a

second major WWTP
Blackwater MD Susquehanna R., near Garrett Island (refuge), BLK1 River 39.56689, "76.07916 10/13/2009 Adjacent to Refuge (Garrett Island), 14 km below Conowingo Dam, 4 km below

minor WWTP
Blackwater, MD Susquehanna R., Conowingo Creek, BLK2 River 39.68312, "76.19688 10/14/2009 Tributary flows into Conowingo Pond above Conowingo Dam; minor WWTP

within 3 km
Assabet River, MA Assabet R.: Reach bordering refuge above the Ben

Smith Dam, ASR1
River 42.423623 "71.475032 8/31/2010 Adjacent refuge, above Ben Smith Dam with three WWTPs between A1 reservoir

and dam
Patuxent, MD Triadelphia Reservoir, PWR1 Reserv. 39.19897, "77.01303 9/9/2008 Drinking water reservoir, no WWTPs nearby
Rappahannock River Valley,
VA

Motts Reservoir, RPP3 Reserv. 38.31528, "77.55667 10/16/2008 Water supply reservoir, about 20 km upstream of refuge

Mason Neck, VA Burke Lake, MSN2 Reserv. 38.76417, "77.29809 9/29/2008 Reservoir, fertilized yearly to stimulate the aquatic food chain; dam prevents
upstream fish passage from Potomac River

Assabet River, MA A1 Reservoir (uppermost reservoir, source of river),
ASR2

Reserv. 42.26348, "71.63806 9/1/2010 Uppermost reservoir, spillway starts Assabet R.; no local WWTPs

Missisquoi, VT Gander Bay & Goose Bay portions of Lake Champlain,
MSQ3

Lake 44.97911, "73.13574 9/14/2010 2 locations on Lake Champlain close to refuge, nutrients are major concern

Umbagog, NH/ME Umbagog Lake, LKU1 Lake 44.70228, "71.05508 9/16/2010 On refuge, no nearby WWTPs
Patuxent, MD Cash Lake, PWR4 Lake 39.03188, "76.78765 10/13/2010 On refuge, near state highway
Great Meadows, MA Heard Pond, GRM3 Pond 42.35301, "71.38245 8/30/2010 34-ha pond, nearly all shoreline is refuge land
Great Bay, NH Upper Peverly Pond, GTB1 Pond 43.08720, "70.84049 9/2/2010 On refuge, down gradient from former landfill
Erie, PA Pool H, ERE1 Pond 41.59512, "79.97153 9/20/2010 On refuge; no known sources
Great Swamp, NJ Hidden Valley Nursery pond, GRS1 Pond 40.6863, "74.4862 9/28/2010 On refuge, historical evidence of pesticide storage and use
Back Bay, VA Pond D, BKB1 Pond 36.67296, "75.91916 10/4/2010 On refuge, no known sources
Rappahannock River Valley, Wilna Pond, RPP4 Pond 38.01660, "76.89208 10/5/2010 On refuge, no known sources
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Refuges in the USFWS Northeast Region as evidenced by gonad
histopathology including intersex or abnormal plasma vitellogenin
(Vtg) concentrations. This study was limited to biomarker data
(chemical analyses were not conducted), and therefore this report
focuses on endpoints in male fishes as their normal physiological
background lacks a strong estrogenic regulatory signature. This
work was intended to identify NWRs that warrant more intensive
study including both biological and chemical sampling.

2. Methods

2.1. Site selection and fish collection

We identified Northeast Region NWRs with populations of
largemouth and smallmouth bass on or near NWR lands by con-
sulting NWR managers, local researchers, and State fish and
wildlife staff. We also identified possible sources of contaminant
loadings into these water bodies by searching State and Federal
databases to locate AFOs, WWTPs and industrial facilities such as
pulp and paper mills. Because the dominant hydrological features
differed across NWR units, we divided the NWR list into non-
randomized sampling designs for rivers or pond/impoundment.
For the river sampling, we spaced several sampling sites (usually
two, sometimes three) such that at least one was on or adjacent
the NWR and the other(s) was remote. In some cases, we identi-
fied point sources near one or more of the sampling sites. To the
extent possible, we attempted to locate sampling sites where
barriers such as dams would restrict fish movement between sites.
In other cases, we selected sites at least 10 km apart to lessen the
probability of bass movement between sites (see Section 4). We
did not pair the ponds and impoundments on NWR lands as part
of the study design.

The 19 selected NWRs (Fig. 1) included the most comprehen-
sive geographical coverage possible within the region. The pro-
posed sites were refined by ground truthing, often attempting
limited sampling to verify that sufficient bass were present, before
committing to the site. Table 1 lists the NWR names and ab-
breviations, sample sites, dates and a brief description of site lo-
cation in reference to NWR boundaries, and point sources near the
sites. More detailed site descriptions and maps are in the Sup-
plemental material.

Electroshocking was the preferred method of fish capture;
however, at some locations hydrological or geomorphological
conditions precluded this approach and fish were captured by
angling. When possible both bass species were collected from the
same site for an interspecies comparison; however, typically only
one species was observed at each sampling location. At several
NWRs, largemouth bass were present in impoundments while
smallmouth bass were present at the river collection sites. These
fish spawn in the spring and sexual recrudescence initiates during
the late summer or early fall depending on the geographic loca-
tion. Fish collections occurred between late August and early No-
vember during 2008, 2009 and 2010 in an attempt to evaluate
individuals during this window (Table 1). Water quality para-
meters—temperature, conductivity, pH, and dissolved oxygen—
were measured at all sites using a handheld YSI multimeter (YSI
Inc. Yellow Springs, OH) (Supplemental Table 1).

2.2. Sample processing and analytical methods

2.2.1. Fish processing
All fish capture, handling and euthanasia protocols were ap-

proved by the USGS, Leetown Science Center, Institutional Animal
Care and Use Committee. Fish were held in aerated coolers con-
taining water from the collection site until processed (usually less
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than 1 h). FishZ250 mm were euthanized with tricaine metha-
nesulfonate (Finquel, Argent Laboratories, Redmond, WA) and bled
from the caudal vasculature using heparinized 3cc syringes fitted
with 23 gauge needles. This size selection assured that we sam-
pled sexually mature fishes. Blood was expressed into heparinized
vacutainer tubes containing 62 units sodium heparin (Fisher Sci-
entific, Pittsburgh, PA) and held on wet ice. Blood was centrifuged
within four hours of collection for 10 min at 1000g for plasma
separation. Plasma was removed, aliquoted into cryovials and
stored at "80 °C. Each fish was weighed (to the nearest g), mea-
sured (to the nearest mm), observed for gross lesions and ab-
normalities, and liver and gonad removed and weighed to the
nearest 0.01 g. Otoliths were removed and used for aging the fish.
Condition factor (Ktl) was calculated by the formula: ((body
weight – gonad weight in g)/length3 in mm)$105. The gonado-
somatic index was calculated by the formula: (gonad weight in g/
body weight in g)$100. Pieces of gonad were excised and fixed in
Z-Fix™ (Anatech Ltd., Battle Creek, MI). Gonadal tissues were
processed for routine histopathological evaluation, embedded into
paraffin, sectioned at 6 μm and stained with hematoxylin and
eosin (Luna, 1992).

2.2.2. Reproductive endpoints
Intersex was defined as the presence of immature oocytes

within the testes. At least five cross-sections along the length of
the testes were evaluated for testicular oocyte prevalence and
severity. The intersex severity score assignments used criteria
previously defined for centrarchids (Blazer et al., 2007). In short,
testicular oocyte severity was ranked as follows; (1) single oocyte
per field of view (2) multifocal, more than one oocyte per field of
view, but oocytes not closely associated (3) cluster, groups (2–5) of
oocytes closely associated with each other and (4) zonal, multiple
clusters or more than five closely associated oocytes (Suppl. Fig. 1).

Plasma Vtg concentrations were measured using a direct en-
zyme-linked immunosorbent assay (ELISA) with monoclonal an-
tibody 3G2 (Caymen Chemical, Ann Arbor, MI) as previously de-
scribed (Blazer et al., 2012; Denslow et al., 1999). In brief, plasma
samples were diluted as necessary in PBSZ-AP (10 mM phosphate,
150 mM NaCL, 0.02% azide, 10 KUI/ml aprotinin, pH 7.6). Small-
mouth bass Vtg was used as a standard for all plasma analyzed
(including that from largemouth bass). The vitellogenin standards
were prepared at the University of Florida, Department of Phy-
siological Sciences from plasma of 17β-estradiol exposed male
fishes. All analyses were performed in 96-well plates. Samples and
standards adsorbed to plates overnight at 4 °C in a humidified
chamber. Detection reagents included monoclonal antibody 3G2,
goat anti-mouse IgG-biotin (115-065-003; Jackson Im-
munoResearch Laboratories, West Grove, PA), strepavidin-alkaline
phosphatase, and p-nitro-phenyl phosphate. Optical density was
measured on a multiwell plate reader (Vmax, Molecular Devices
Inc., Sunnyvale, CA) at 405 nm. Concentrations of the unknowns
were determined from the standard curves and using the Softmax
Pro TM Program (Molecular Devices). The limit of detection was
0.001 mg/ml. Inter and intra-assay variability were o10%.

2.2.3. Water sampling and estrogenicity bioassay
Single, discrete grab water samples were collected at all of the

fish sampling locations. In addition, they were collected from
WWTP effluent discharge points on the days of fish collection at
sampling sites proximate to such discharges at or near Moosehorn
(MSH), Patuxent (PWR), Rappahannock River Valley (RPP), and
John Heinz at Tinicum (TCM) NWR locations. Grab water samples
were collected in 500 ml pre-cleaned amber glass bottles (I-Chem,
Rockwood, TN). Water was acidified to pH 3 within 4 h of collec-
tion, held on ice, and stored at 4 °C. Within one week of collection,
400 ml of the preserved water samples was filtered through a GF/F

filter (0.7 μm) using a solvent-washed all-glass apparatus. Filters
were rinsed with 1 ml of methanol to liberate compounds from
the retained suspended solids. Filtered samples and blanks were
subjected to solid phase extraction (SPE) using OASISs HLB
(200 mg) glass cartridges (Waters Corporation, Milford, MA), fol-
lowing established methods (Ciparis et al., 2012). In short, car-
tridges were sequentially pre-conditioned and 400 ml of filtered
samples were loaded onto the cartridge at a flow rate of 5–6 ml/
min (continuous vacuum). Analytes were eluted from the cartridge
with 100% methanol. Half of the sample was blown to dryness and
shipped to collaborators at the National Cancer Institute, Labora-
tory of Receptor Biology and Gene Expression for development of a
novel in vitro screening platform (Stavreva et al., 2012).

The OASIS-HLB extracts were analyzed for total estrogenicity
using the bioluminescent yeast estrogen screen (BLYES) (Sanse-
verino et al., 2005) as described previously (Ciparis et al., 2012).
Strain BLYES was maintained in modified Yeast Minimal Media
(YMM leu-, ura-) (Routledge and Sumpter, 1996). Preparation of
the screening assay involved the expansion of the strain BYLES to
early stationary phase in YMM leu-, ura- at 30 °C on a rotary
shaker to an appropriate OD600 of 0.750. The assay was performed
in sterile, clear-bottom, black polystyrene 96-well assay plates
(Costar, Corning Inc., Corning, NY). Sample extracts previously
solubilized in methanol were diluted to 10% in YMM and 100 μl of
the diluted sample was added to triplicate wells. An equal volume
of yeast in YMMwas added to each well, resulting in a final sample
dilution of 5%. All assay plates included a 12-point standard curve
consisting of 17β-estradiol and blanks. Blanks and standards all
contained 5% methanol to account for known effects of this sol-
vent. Plates were incubated in the dark at 30 °C for 6 h on an or-
bital shaker. Luminescence was quantified using a SpectraFluor
Plus plate reader (Tecan Group Ltd., Durham, NC) in luminescence
mode (1 s integration time/well, gain 180). Quantitation limit was
0.31 ng/L 17β-estradiol equivalents.

2.2.4. Translocation bioassays for androgen and glucocorticoid
activity

Estrogens are the most commonly measured nuclear receptor
(NR) ligands in environmental water samples via in vitro bioassays.
Ligands that interact with other NRs are present in environmental
samples, but less commonly screened. Androgens are reported to
be the most common sex steroid(s) in the environment and li-
gands that interact with the glucocorticoid receptor have also been
reported. The latter are most commonly associated with waste-
water effluent. Translocation assays to screen for the presence of
human androgen receptor (hAR) and human glucocorticoid re-
ceptor (hGR) agonists were performed at the National Cancer In-
stitute, Bethesda, MD using OASIS-HLB extracts solubilized in di-
methyl sulfoxide. These methods and data are published else-
where (Stavreva et al., 2012). Briefly, the 3617 and 3108 cell lines
that express green fluorescent protein- tagged hGR and hAR re-
spectively under the control of a tetracycline-repressible promotor
were grown overnight in Dulbecco's minimal essential medium
containing 10% charcoal stripped serum without tetracycline. Cells
were seeded in 96 or 386 well plates and treated with a vehicle
control (DMSO), steroid hormone (100 nM) or DMSO solubilized
water sample and incubated for 30 min at 37 °C. Cells were then
fixed with 4% paraformaldehyde and stained with DRAQ5 and
imaged on a Perkin Elmer Opera Image Screening system. Seg-
mentation analysis was performed and values were normalized to
the control (DMSO) sample.

2.2.5. Statistical analyses
Student t-tests or one-way analysis of variance (ANOVA) were

used to compare endpoints between sites for each NWR sampling
pair or trio. For these pairs or trios, Fisher's Exact Tests were used
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to compare ordinal data sets (ie. measurements reported as a
percent). Data collected from NWRs with only one river site (or
from impoundments) were only included in correlation analyses.
Relationships between metrics were not assumed to be linear and
were analyzed using Spearman rank order correlations. All sta-
tistics are reported at α¼0.05 and were performed using Sigma-
Plot 11 (SPSS Inc., Chicago, IL). Correlation analyses were con-
ducted using pooled data for each species, pooled data by species
where evidence of EEDCS was observed or a site-by-site basis.
Comparisons of relationships between intersex severity, GSI, Vtg,
age and length were evaluated.

3. Results

3.1. Collections

A total of 118 male smallmouth bass from 12 sampling locations
and 173 male largemouth bass from 27 sample sites were collected
from the 19 NWRs. Morphometric data for each collection are
summarized in Supplemental Table 2. Comparison of largemouth
and smallmouth bass was only done at the Ohio River Islands
NWR (ORI2), the only site where adequate samples sizes of both
species were attained.

3.2. Comparisons of TO, plasma vitellogenin and GSI

Male smallmouth bass were collected at a total of 12 sites from
7 NWRs (Tables S1 and S2). Intersex males were observed at all
sites and the prevalence ranged from 60% to 100% (Fig. 2). The
lowest observed prevalence of intersex (60% at MSQ2) was con-
siderably higher than the lowest reported prevalence of intersex
for this species of 10–14% in the Northeast region with an ade-
quate sample size (Blazer et al., 2014, 2007). There was no re-
lationship between intersex severity and age, length, or GSI when
evaluated across all sites as determined by Spearman's rank-order
correlation. Similarly this was the case when analyses were per-
formed at the level of site even when clear biomarker responses
were identified. There were no differences in intersex prevalence
between paired and trio locations based on Fisher's exact test.
Vitellogenin was detected in males at 8 of 12 sites (Fig. 3). When
comparing between sites within a NWR, statistical differences in

plasma Vtg were only observed between ORI1 and ORI 2
(Po0.001). Differences were not noted in intersex severity be-
tween those sites however. One-way ANOVA analyses identified
statistical differences in intersex severity between Moosehorn
samples MSH1 and MSH2 (Po0.001) and Sunkhaze Meadows
samples SNK1 and SNK2 (P¼0.008). A significant negative corre-
lation was observed between plasma Vtg and intersex severity
(n¼118, rho¼"0.617, P¼0.03). Statistically significant differences
in the gonadosomatic index were observed between males from
Ohio River Islands ORI1 and ORI2 (P¼0.019), Missisquoi samples
MSQ1 and MSQ2 (P¼0.031) and SNK1 and SNK2 (P¼0.001). Sta-
tistically significant relationships were not observed between the
other metrics.

Male largemouth bass were collected at 27 sites from 13 NWRs
(Tables S1 and S2). Intersex males were observed at 20 of these
sites. The range (including the sites with no intersex males) was 0–
100% (Fig. 4). Differences in the prevalence of intersex between
paired NWR sites were observed for Great Meadows samples
GRM1 and GRM2 (P¼0.030). Plasma Vtg was only detected in
males at 6 of 27 sites and there were no significant differences
observed between up and downstream locations (Fig. 5). Sig-
nificant differences in intersex severity were only observed be-
tween GRM1 and GRM2 (P¼0.011), although differences between

Fig. 2. Prevalence of intersex in male smallmouth bass. No significant differences
were noted between sites at or near the same NWR (solid line). Intersex was ob-
served at all sites. Dotted line indicates the lowest published value of intersex in
smallmouth bass (Blazer et al., 2007). Sources of fish are denoted graphically: river
(white dotted) or lake (gray dotted). Abbreviations are defined in Table 1 and Fig. 1
caption.

Fig. 3. Reproductive endpoints of male smallmouth bass. Statistical comparisons
were between sites at or near the same NWR (solid line). Measures that were
statistically different are denoted with an asterisk (Po0.05), ND¼not detected.
Sources of fish are denoted graphically: river (white dotted) or lake (gray dotted).
Abbreviations are defined in Table 1 and Fig. 1 caption.
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ASR1 and ASR2 approached statistical significance (P¼0.054).
There was no relationship between intersex severity and age or
length when evaluated across all sites. A significant positive cor-
relation was observed between plasma Vtg and intersex severity
(n¼173, rho¼0.468, P¼0.014).

3.3. Relative estrogenicity and nuclear receptor interactions

Estrogenic activity was above the quantitation limit in 21 of the
45 water samples tested. The maximum EEQ was 5.6 ng/L (Suppl.
Fig. 2). On the basis of presence or absence, estrogenic activity was
more commonly detected than glucocorticoid or androgenic activity
in all samples tested (Suppl. Table 3). Estrogenic activity was clearly
identified in all types of waterbodies and all effluent samples. Ranked
in order of presence estrogenic activity was most commonly detected
in WWTP effluent4reservoirs4rivers4ponds4lakes. Androgen
receptor translocation activity was most commonly detected in
WWTP effluent¼river4reservoirs4ponds¼ lakes. Glucocorticoid
receptor translocation activity was most commonly measured in
WWTP effluent4 rivers4reservoirs¼ponds¼ lakes. Estrogenic ac-
tivity was detected in 100% of WWTP effluents.

4. Discussion

Exposure to estrogens has been unequivocally demonstrated to
induce intersex in some fish species. Such controlled laboratory
experiments have identified critical windows of phenotypic sex-
determination when juvenile fish are vulnerable to intersex in-
duction (Kipfer et al., 2009; Koger et al., 2000; Krisfalusi and
Nagler, 2000). In addition to estrogens, exposure to anti-estrogens,
particularly from WWTP effluents, are associated with intersex
(Jobling et al., 2009; Rempel and Schlenk, 2008). These emerging
contaminants are known to affect resident fish populations (Kidd
et al., 2007; Thorpe et al., 2009; Vos et al., 2000). Risk models have
been developed that assign a risk ranking based on estrogen
equivalents (Williams et al., 2009). Teleosts as a group exhibit
many sexual reproductive strategies, thus it would not be sur-
prising if even related species exhibited differential sensitivities to
endogenous and exogenous cues that regulate the hypothalamic-
pituitary-gonadal-axis. Long-term datasets are critical to better
understand the effects of EDCs on fish and wildlife in the en-
vironment (Bernanke and Kohler, 2009). Here, we provide male
bass intersex and other reproductive metric data to satisfy a data
gap for such a national dataset.

Here the composite prevalence of testicular oocytes across all
samples was 85% and 27% for male small- and largemouth bass,
respectively. We identified that intersex in male small- and lar-
gemouth bass is a common observation in waters within and near
the 19 Northeast Region NWRs. To the best of our knowledge, this
work represents the most comprehensive analysis of intersex se-
verity in these species in the Northeast Region. Previously (1995–
2004) male smallmouth bass (n¼70) and largemouth bass
(n¼390) were sampled in eight US River Basins from 1995 to 2004
that did not include the Northeast (Hinck et al., 2009). That sam-
pling effort identified a 33% and 18% prevalence of testicular oo-
cytes in male small- and largemouth bass respectively. Intersex
severity was not determined in that study. Our composite intersex
prevalence (85%) suggests that smallmouth bass inhabiting the
Northeastern US may have a greater likelihood of developing in-
tersex than those in other US regions previously sampled (results
of Fisher's Exact Test; data not shown). It is possible that this re-
flects differences in sources and chemical mixtures present in the
environment that lead to a higher risk exposure scenario. Holistic
landscape analyses and comprehensive chemical analysis is ne-
cessary to support this assertion. The composite prevalence of
intersex in smallmouth bass here is similar to that reported in the
Susquehanna River, PA(490%) (Blazer et al., 2014). The prevalence
of intersex in male largemouth bass was documented as 57% on
the Delmarva Peninsula, MD, USA which is higher than our com-
posite observation (Yonkos et al., 2014). Likewise, a 48% intersex
prevalence in largemouth bass collected from impoundments in

Fig. 4. Prevalence of intersex in largemouth bass males. Statistical comparisons
were between sites at or near the same NWR (solid line). Measures that were
statistically different are denoted with an asterisk (Po0.05), ND¼not detected.
Sources of fish are denoted graphically: river (white dotted) reservoir (white), lake
(gray dotted) or pond (gray). Abbreviations are defined in Table 1 and Fig. 1 caption.

Fig. 5. Reproductive endpoints of male largemouth bass. Statistical comparisons
were between sites at or near the same NWR (solid line). Measures that were
statistically different are denoted with an asterisk (Po0.05), ND¼not detected.
Sources of fish are denoted graphically: river (white dotted) reservoir (white), lake
(gray dotted) or pond (gray). Abbreviations are defined in Table 1 and Fig. 1 caption.
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Georgia, USA has been reported (Kellock et al., 2014).
Whether there is a natural baseline incidence of intersex in

centrarchids is a point of discussion and there is no comprehensive
dataset or controlled laboratory experiment that specifically ad-
dresses this question. Previous research has identified locations
where intersex is observed at 10–14% in male smallmouth bass or
as low as 0% (Blazer et al., 2014, 2007; Hinck et al., 2009). Inter-
estingly the positive correlations of intersex prevalence and se-
verity with anthropogenic land-uses, may suggest that scenarios
exist where the absence or very low incidence of intersex is the
natural physiological condition (Blazer et al., 2012). Comprehen-
sive investigations of the roach (Rutilus rutilus) suggest that the
phenomenon of intersex may be 0.5% under natural conditions
(Geraudie et al., 2010). Of relevant consideration here, there are
few aquatic habitats inhabited by smallmouth bass that are gen-
uinely pristine or unimpacted. Observations of intersex prevalence
in smallmouth bass seem to parallel that of the roach, which is
commonly used as a sentinel of EEDC–associated disruption in
European aquatic habitats (Tyler et al., 2007).

The current study reinforces previously documented differ-
ences in the prevalence and severity of intersex between the two
bass species. Namely, both the prevalence and severity of intersex
in smallmouth bass is typically higher than in largemouth bass
(Blazer et al., 2007). Given that these two species utilize different
habitats, this observation may simply reflect differential endocrine
disrupting potential in waters preferentially utilized by small-
mouth bass. It is also possible that these species exhibit differ-
ential sensitivities in regards to estrogen receptor signaling net-
works. To date species differences have not been comprehensively
evaluated. In the current study we only captured both species at a
single site, ORI2, making inter-species comparisons across a larger
geographical expanse impossible. That stated, the incidence of
intersex in smallmouth bass at this location (72%) was statistically
higher (P¼0.03) than that observed in largemouth bass (10%).
Moreover, this was also the case for intersex severity (P¼0.008).
No Vtg was detected in males of either species at this site. The fact
that GSI was not statistically different suggests that these fish were
at a similar stage of reproductive recrudescence.

There were two of five paired NWR sample locations that in-
dicated significant differences in EEDC exposure. There were no
differences in intersex prevalence in smallmouth bass at the
5 NWRs where this comparison was possible; however, there were
differences in intersex severity at the Moosehorn and Sunkhaze
NWRs (both of which are located in Maine). The Moosehorn
sampling locations are separated by a dam, and intersex severity
was statistically higher at the downriver location near a WWTP
and pulp mill. The uppermost site in the Sunkhaze is also near a
WWTP and a pulp mill. Intersex severity was significantly higher
and the gonadosomatic index lower in male bass at this location
compared to the on-NWR site located #40 km downriver. This
suggests biological effects associated with proximity to these point
sources.

For largemouth bass, there were six NWRs where similar
comparisons were possible. Differences in intersex prevalence
were only noted at the Great Meadows NWR in Massachusetts.
Intersex prevalence and severity were both greater in the Sudbury
River compared to the adjacent Concord River. Interestingly, the
Sudbury River was originally selected as the less impacted re-
ference based on the contribution of WWTP discharge. The only
other paired site with differences was observed at the Mason Neck
NWR. Here, Burke Lake had a significantly higher intersex severity
than Pohick Bay. These two locations are separated by a dam that
prevents movement from the bay into the lake. Interestingly,
Burke Lake has no known point source inputs and it was originally
selected as a reference relative to the Pohick Bay site which is
#4 km downstream from the largest WWTP (#378.5 million

liters per day) in Virginia. At both of these locations the intersex
results were not associated with point-source contributions.

In the case of other NWRs where differences in intersex were
not observed between paired sites, the uncontrolled variable of
fish movement may be a factor. Depending on the aquatic system,
largemouth bass is documented to range from a few to 21 km
(Freund, 2003; Nack et al., 1993; Richardson-Heft et al., 2000). The
homerange of smallmouth bass is reported to be hundreds of
meters to 109 km (Beam, 1990; Langhurst and Schoenike, 1990). To
the extent possible, we attempted to locate these sites where
barriers such as dams were present that would restrict fish
movement between the sites. In other cases, we selected collection
sites at least 10 km apart to lessen the likelihood of site im-
migration/emigration.

In addition to possible movement of fish between sites, factors
such as agricultural run-off originating above the upper most
collection site may also explain a lack of differences between the
paired sites. This was suggested as an explanation for the lack of
an observed WWTP effect on smallmouth bass in a previous study
of the Potomac River drainage (Iwanowicz et al., 2009). Observa-
tion of differences in the TO and Vtg endpoints at the upriver and
downriver locations at the Great Meadows, Blackwater (Garrett
Island Division), Mason Neck, Ohio River Islands, Moosehorn, and
Sunkhaze NWRs suggests that point source contributions may be
important. However, proximity to WWTP discharge was a poor
predictor of intersex in other systems. For example, there was a
30% intersex prevalence in LMB from Triadelphia drinking water
reservoir (PWR1) compared to the Western Branch (PWR2) site
that is adjacent to a major WWTP where 0% intersex was observed
(although this difference was not statistically significant; Fig. 4). Of
course, mixture effects of agonists and antagonists could possibly
explain this observation, but without chemical analysis this is
simple conjecture. Establishment and application of species spe-
cific in vitro assays using liver or testes could facilitate screening of
these environmental samples to assess cocktail effects. More
comprehensive investigations are required to investigate site
specific effects in regars to causation.

Observations of elevated plasma vitellogenin in smallmouth
bass collected from the Missisquoi and Cherry Valley NWRs were
indistinguishable from that of females (41 mg/ml) at the same
locations (data not reported here). At the present time there are no
diagnostic concentrations for vitellogenin in male plasma directly
indicative of exposure to a specific concentration of estrogen.
Conventional interpretation of this plasma vitellogenin data is that
males should not express appreciable amounts of this egg pre-
cursor protein (Bahamonde et al., 2013). Thus, in many regards it
can be used as a stand-alone indicator of exposure to estrogenic
chemicals in male and juvenile fishes. There is evidence that vi-
tellogenin has antimicrobial properties (Zhang et al., 2011) but it is
unclear if microbes induce the synthesis of this protein. Tem-
perature is also known to affect the response of fish to estrogens in
regards to vitellogenin expression as it modulates cellular bio-
chemical kinetics and may be an abiotic factor requiring con-
sideration in this study given that water temperatures ranged from
9.3 to 29.0 °C (Anderson et al., 2012; Brian et al., 2008; Korner
et al., 2008; Mackay and Lazier, 1993). A comprehensive re-eva-
luation that includes chemical analysis and seasonal snapshots of
both sites is necessary to identify the likely cause(s) of elevated
plasma vitellogenin in these male smallmouth bass.

Relationships between plasma vitellogenin and intersex are not
necessarily expected given temporal differences of biomarker in-
duction. Intersex is presumed to be induced during early devel-
opmental stages while the induction of vitellogenin in male fishes
can be the result of transient or prolonged exposure to an estro-
gen, and is less dependent on life stage. Interestingly we observed
a statistically significant negative correlation (albeit weak)
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between vitellogenin and intersex severity in smallmouth bass
based on 118 observations. To our knowledge this is the first time
such an observation has been published. Conversely a positive
correlation between these endpoints was observed in largemouth
bass based on 291 observations. At the scale of this reconnaissance
study it is not possible to make inferences regarding the me-
chanisms associated with these observations. It should also be
noted that while these relationships were statistically significant,
the strength of the relationships given the correlation coefficients
(r¼0.61 and 0.47) are modest at best.

The predicted no-effects concentration (PNOEC) for 17β-estra-
diol has been derived by others and ranges from 1 to 10 ng/L
(Caldwell et al., 2012; Young et al., 2004). A more recent PNOEC of
0.73 ng E2/L has been recommended for protecting organisms
from chronic and full-life cycle exposure to E2 (Wu et al., 2014). A
PNOEC for E2 has not been experimentally derived for large or
smallmouth bass, and differential species sensitivity to estrogens
is well accepted (Miyagawa et al., 2014). Here, sites above the 1 ng/
L PNOEC were the Cherry Valley site CHV2, Assabet River site ASR1
and Rappahannock River Valley site RPP4. Water samples collected
from 79% of the sites were above the 0.73 ng/L PNOEC. The CHV2
site is 0.2 and 1.3 km from two major WWTPs which likely ex-
plains the estimated EEQ of 0.99 ng/L. Elevated vitellogenin con-
centrations observed in male smallmouth bass from this location
were indistinguishable from those observed in females. Mean
plasma vitellogenin in males at this location was one of the highest
recorded during the course of this study. The ASR1 site had the
highest non-effluent EEQ (2.2 ng/L) measured during the study.
Interestingly while largemouth bass had a significantly higher
prevalence of intersex than those at the uppermost reservoir
(ASR2), plasma vitellogenin was not detected in the males sam-
pled. The EEQ estimated in Wilna Pond (RPP4) was 1.3 ng/L. This
water body has no known contaminant sources suggesting that
estrogenicity is either associated with non-point source run-off, or
possibly phytoestrogens. Similar to the observation at ASR1 there
was no measurable plasma vitellogenin in males. Intersex was not
observed in largemouth bass from this site. These observations
highlight the temporal disconnect and complexities encountered
when comparing data obtained from discrete water samples and
biomarkers in resident fish. All of these measures have a kinetic
component that cannot always be easily captured with snapshot
sampling. Of note, nuclear receptor agonist activity (glucocorticoid
and androgen) other than estrogenicity was measured at these
sites, thus highlighting the need for a holistic evaluation of ex-
posure to other endocrine active chemicals in addition to estro-
gens. Here, we should note that analysis of single grab water
sample at the time of fish collection only provides a snap-shot of
potential organismal exposure. More frequent sampling or passive
sampling methods would likely provide a better estimation of
exposure.

The prevalence of intersex was high at all 12 locations where
smallmouth bass were collected (Fig. 2). Currently the specific
chemicals and other factors specifically associated with intersex in
smallmouth bass are unknown; however, agricultural land-use
(livestock density) and WWTP flow have been statistically asso-
ciated with this observation (Blazer et al., 2012, 2007). Based on
the observations of elevated vitellogenin, intersex prevalence and
severity further investigations of the Missisquoi, Moosehorn,
Sunkaze Meadows, Assabet River and Great Meadows NWRs that
include a biological effects monitoring strategy over several sea-
sons and comprehensive chemical analysis of contaminants of
emerging concern is warranted. Results from such work should
better inform management decisions on lands on or near National
Wildlife Refuges.

5. Conclusions

Here we identify that prevalence and severity of intersex in
smallmouth bass inhabiting aquatic habitats in and proximate to
NWRs is higher in the Northeast region of the United States
compared others previously sampled. Intersex prevalence and
severity in male smallmouth bass was higher than that observed
in largemouth bass, but these fish were also observed in different
habitats. Biomarkers indicative of male fish exposure to estrogens
were evident in fish from a number of NWRs. In short, NWRs in
the Northeast region of the United States are impacted by EEDCs.
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