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ABSTRACT: Exposure to environmental estrogens in wastewater treatment works (WwTW) effluents induces feminized
responses in male fish, including the development of eggs in male testes. However, the impacts on the offspring of exposed fish
are not well understood. In this study, we examined whether roach (Rutilus rutilus) from mothers that had been exposed to an
undiluted WwTW effluent from early life to sexual maturity had altered susceptibility to gonadal feminization and an impaired
capacity to reproduce. For males from both WwTW effluent exposed mothers and dilution water exposed mothers, effluent
exposure for up to 3 years and 9 months induced feminized male gonads, although the intersex condition was relatively mild.
There was no difference in the severity of gonadal feminization in roach derived from either WwTW effluent exposed or dilution
water exposed mothers. Furthermore, a breeding study revealed that roach with effluent-exposed mothers reproduced with an
equal success as roach with mothers exposed to clean water. Roach exposed to the effluent for 3 years in this study were able to
reproduce successfully. Our findings provide no evidence for impacts of WwTW effluent exposure on reproduction or gonadal
disruption in roach down the female germ line and add to existing evidence that male roach with a mild intersex condition are
able to breed competitively.

■ INTRODUCTION

Wastewater treatment work (WwTW) effluents contain tens of
thousands of chemicals, including natural and pharmaceutical
steroid estrogens. There is substantial evidence that exposure of
male fish to WwTW effluents causes feminization, and that
severely feminized male gonads impair breeding success of
those individuals.1−3 Feminized male phenotypes include the
production of the female yolk protein precursor vitellogenin,4

feminized reproductive ducts and the presence of both male
and female germ cells in the male gonad.5

The estrogenic activity of WwTW effluents predominantly
results from the presence of steroid estrogens emanating from
human excretion. These include estradiol (E2), its breakdown
product, estrone (E1) and the pharmaceutical estrogen 17α-
ethinylestradiol (EE2), a component of the female contra-
ceptive pill.6 Other substances detected in effluents shown to be
estrogenic include the pharmaceutical metformin,7 alkylphe-
noxy polyethoxylates (APEOs) and their breakdown products,8

and plasticizers (e.g., bisphenol A9). These chemicals may also

contribute to the feminization of male fish in some rivers
receiving high level industry discharges. Natural plant estrogens
occur widely in effluent discharges,10 but they are relatively
weak in potency compared with steroidal estrogens.11 There is
also some evidence supporting the involvement of chemicals
that can act as antiandrogens contribute to the feminization of
fish in some rivers.6,12−18

In the United Kingdom, concern regarding the impacts of
estrogenic effluents on fish health and fish populations led to a
£40 M investment to evaluate the ability of various secondary
and tertiary treatment processes to remove estrogens from
effluents19,20 and more recently a £100 M chemical
investigation program. From this work, it has been established
that although some tertiary processes, such as activated carbon,
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are highly effective, they are expensive and incur a greater
carbon footprint than more widely adopted secondary
treatment processes.19,21

Much of the current knowledge on the impacts of treated
estrogenic effluents is derived from studies on the cyprinid fish
roach (Rutilus rutilus), which commonly occurs in sewage-
contaminated rivers in the United Kingdom. Endocrine
disruption in fish was first reported when a low (5%) incidence
of intersex was found in wild roach populations living just
downstream of a WwTW effluent discharge into the River Lee
in the UK.22 Later surveys found roach with feminized gonads
at 86% of UK river locations surveyed.23,24 All feminized
phenotypes seen in wild roach have been induced through
controlled exposures to WwTW discharges19,25,26 and to
EE2,27,28 with induction of female germ cells in an otherwise
male gonad requiring persistent exposure during the period of
gonadal differentiation.
A major concern is whether WwTW effluents impact fish

populations by affecting reproductive output. Several exper-
imental exposures to EE2, at concentrations that have been
measured occasionally in WwTW effluents and encompassing
the period of sexual development, have found that exposure can
result in complete feminization and/or reproductive fail-
ure.28−32 Notably, exposure of an entire lake in Canada for 3
years to 4−6 ng EE2/L resulted in the collapse of the fathead
minnow (Pimephales promelas) population residing in this
lake.31 These exposures, however, exceed typical river

concentrations of estrogens.33 Nevertheless, EE2 exposures at
concentrations <1 ng/L, equivalent to the combined estrogenic
potency of all estrogens found at heavily polluted river
stretches, have found impacts on reproductive output that
could potentially impact populations.32,34,35 A competitive
breeding study found the majority of wild intersex roach caught
from two WwTW impacted UK rivers were able to breed
successfully, although gonadal feminization impaired breeding
success of male fish by up to 76% dependent on the severity of
the feminization.2 Impacts on roach at a population level in the
wild have also been examined using population-genetic analysis.
An analysis of population-genetic structures of roach in
southern England found high levels of genetic diversity in
polluted river stretches, and also identified some populations
confined to polluted river stretches that are not reliant on
immigration from unpolluted river stretches. However, in that
analysis a substantial impact on effective population sizes, which
relates to the number of breeding fish, could not be excluded.36

There is also concern that exposure to WwTW effluent could
harm the offspring of exposed fish. Schwindt et al.37 found that
the offspring of female fathead minnows exposed to EE2 (3.2
ng/L) had reduced survival, even though the embryos had
never been exposed to waterborne EE2. The mechanism was
unknown, but it was suggested that changes in DNA
methylation patterns could be responsible.37 There is good
evidence that exposures to a range of chemical contaminants
present in effluents, including estrogens38,39 alter the DNA

Figure 1. Experimental setup for the breeding study conducted after maintaining the fish for 3 years in either clean water conditions, or exposed to
100% WwTW effluent. The mothers and fathers of the fish colored purple and yellow were kept in clean water conditions, whereas the mothers of
fish in red and green were exposed to an undiluted effluent for approximately three years, as described in Lange et al.26 The actual sex ratios differed
from the intended ratio (shown here) in some cases (Table S1).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b03777
Environ. Sci. Technol. 2015, 49, 12994−13002

12995

http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b03777/suppl_file/es5b03777_si_001.pdf
http://dx.doi.org/10.1021/acs.est.5b03777


methylation patterns of adult fish.31,32 Additionally, studies
using zebrafish (Danio rerio) have shown DNA methylation
patterns are retained to a much greater extent than in
mammals, where the majority of these patterns are “wiped
clean” during early embryonic development.40 In roach,
exposure to EE2 (4.0 ng/L) for 120 days caused sensitization
to this estrogen when subsequently exposed 398 days after the
original exposure, as measured by induction of estrogen
receptor 1 (esr1), estrogen receptor 2b (esr2b), and gonadal
aromatase (cyp19a1a) transcript levels.28 Again, it is not known
whether this resulted from altered DNA methylation patterns.
Thus, at present there is no information on whether WwTW
effluent exposure impacts on gonadal development or
reproductive success of the offspring of exposed fish.
In a previous study conducted in our research group, roach

were exposed for over 3 years to a treated WwTW effluent that
contained sufficient estrogenic activity to induce sex reversal of
genetic males.26 It will have also contained a cocktail of
thousands of other chemicals including metals41 and
pharmaceutical products42 found in WwTW effluents. At 50%
dilution, this induced gonadal feminization (intersex and
ovarian cavities) in male fish whereas exposure to the undiluted
effluent resulted in an all-female population. In breeding
scenarios that employed roach derived only from the exposure
to 100% effluent, there was reproductive failure due to the
absence of males. However, females exposed to 100% effluent
reproduced successfully with males grown in clean water. In the
present study, the offspring of these WwTW exposed females
and clean water males were exposed to effluent from the same
WwTW for up to 3 years and 9 months. An assessment of the
reproductive ability of fish derived from effluent exposed
mothers against fish derived from clean water mothers was
subsequently assessed using competitive breeding trials and
parentage analysis with DNA microsatellites. This was under-
taken after maintaining these fish in effluent or clean water for 3
years. In this study, we thus aimed to investigate for effects of
exposure to WwTW effluent over two generations in the roach
and assess whether maternal exposure to WwTW effluent alone
causes sexual disruption and/or affects reproductive health of
the offspring.

■ MATERIALS AND METHODS
Experimental Design. The roach used in this work

originated from two of the breeding scenarios of a study
conducted in 200826 (Figure 1): (1) female fish that had been
exposed to an undiluted (100%) effluent from 35 days post
hatch (dph) to three years in age and that reproduced with
males kept in clean water (control) conditions for 2 years or
(2) both male and female fish that had been kept in clean water
conditions for 2 years. Thus, both scenarios had clean water
(control) fathers but one had WwTW effluent exposed mothers
and the other had clean water exposed mothers. Fertilized
roach eggs from the two tank replicates of each breeding
scenario were separately maintained in clean water as described
previously and hatched between the 5th and 22nd May 2008.26

When fry were sufficiently robust to be transferred to the field
site, fry from the two replicate tanks for each scenario were
then (7/16/2008) combined and transferred into four 1 m3

tanks (“treatment tanks”) that were supplied with dechlorinated
tap water [filtered through granulated active charcoal (GAC)
(clean water)] or an undiluted (100%) WwTW effluent. During
the exposure, roach were fed with γ-irradiated bloodworm
(Chironomus sp.), dry coldwater flake food (TetraMin), and

Cyprico Crumble EX dry food (Coppens International bv,
Helmond, The Netherlands). The fish were kept under
ambient temperature and photoperiod and each tank was
aerated. Flow rates were maintained at 5 L/min. In April 2010
(at 2 years of age), the fish from each clean water tank were
subdivided into three “treatment” tanks and fish from each
effluent tank were subdivided into two “treatment tanks” in
order to reduce densities and encourage growth. The WwTW
effluent originated from a treatment works the employs two
types of treatment technologies: biological filters (BF) and
activated sludge (AS) that run in parallel. Approximately 50%
of the flow is treated in two BF streams (30% to one, 20% to
the other) and the rest is treated in the AS plant (ASP). The
effluent is blended before being discharged. Two AS lanes ran
in parallel on the ASP stream until November 2009 when a
third lane was installed that was 3465 m3 in volume (the same
as the original 2), therefore increasing the ASP stream capacity
by ∼50%.
The employed level of exposure (100% effluent) is higher

than occurs in rivers, although treated effluents can make up a
large proportion of the flow in some rivers, particularly during
dry weather conditions. Using data from Jobling et al.24 for 44
lowland river stretches, Lange et al.26 calculated the average
proportion of river flow comprising effluent was 27%, with the
most polluted of these having an average of 50%. However, the
proportion and quality of effluent in receiving river waters
changes with annual and seasonal variations in rainfall. For
instance, in the River Lee downstream from Harpenden and
East Hyde WwTWs, the average proportion is 70%, increasing
to 90% in dry weather conditions.36 Higher rainfall and low
temperatures lead to poorer effluent quality due to low
retention time and low bacterial activity, respectively. More-
over, effluents treated via trickling filters alone are known to be
of poorer quality, and contain more estrogenic substances than
those treated through the activated sludge process.43

Breeding Study. A competitive breeding experiment was
carried out in 2011 after the fish had been held for
approximately 3 years in either full strength WwTW effluent
or in clean water. Roach breed once a year, generally between
April and May, depending on temperature and photoperiod. In
April (4/6/2011), roach were assorted into eight “breeding
tanks”, each supplied with dechlorinated water for the period of
the breeding experiment. The breeding study was conducted in
clean water rather than effluent, to enable us to monitor the
breeding process and facilitate collection of the embryos after
spawning. These tanks were the same design as those used for
the exposure, with the exception of the inclusion of a layer of
Enkamat (a three-dimensional synthetic mat consisting of
randomly placed nylon filaments) placed on the bed of each
breeding tank as a spawning substrate.26 The aim was to have
an equal number of males and females in each breeding tank;
sex was determined based on secondary sex characteristics:
roughness of skin caused by breeding tubercles and milt
production in males. While setting up the breeding tanks, fin
clips were taken from each fish and stored in 100% ethanol, so
that the specific tank history of each fish could be traced after
sampling by matching DNA microsatellite genotypes.
Two breeding scenarios were employed (Figure 1), each with

an equal number of roach with clean water and effluent-exposed
mothers from the Lange et al. study.26 Each of the four
breeding tanks of the first scenario (Tanks A−D) held 24 roach
from clean water tanks, of which 12 were from tanks with
effluent-exposed mothers and the other 12 were from clean

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b03777
Environ. Sci. Technol. 2015, 49, 12994−13002

12996

http://dx.doi.org/10.1021/acs.est.5b03777


water mothers. Fish judged to be the most sexually mature
(based on production of milt and roughness of the skin for
males and body shape for females) were placed in Tank A, then
B etc., so that Tank D contained those fish judged to be least
mature, which were also generally the smallest in body size.
This was done in order to match fish of similar size and
maturity so to minimize differences in reproductive success due
to these factors within each breeding tank; larger male roach
have previously been shown to be more successful in
completive breeding scenarios.2 Each of the four tanks of the
second scenario (Tanks G−J) contained 16 roach from the
effluent exposed tanks (fewer fish were available than for the
clean water fish), of which 8 were from exposed mothers and 8
from clean water mothers. These were also organized such that
tank G contained the fish that appeared to be the most mature
and Tank J the least mature. Three adults from the clean water
fish died during the experiment, but there were no deaths in the
effluent-exposed fish. After sampling, sex ratios differed slightly
from the expected ratios (Table S1), as sex determiantion using
external characteristics can be difficult, particulary for smaller
fish and those that have been exposed to effluent; WwTW
exposure has been shown to suppress the development of male
secondary sex features, as shown for male fathead minnow.44

Eggs were removed from tanks on the 15th and 20th of April
2011 by cutting out a section of the spawning substrate and no
spawning occurred after this. Fertilized eggs were hatched at
the University of Exeter and 100, 5 dph fry were terminated by
lethal anesthesia using benzocaine (ethyl-p-aminobenzoate)
and placed in 100% ethanol for parentage analysis. 2 weeks
after the eggs were removed from the breeding tanks, parent
fish were terminated on the 5th of May by lethal anesthesia
using benzocaine (ethyl-p-aminobenzoate), and according to
UK Home Office procedures. Fork length and wet weight were
recorded and a fin clip was taken and stored in 100% ethanol
for subsequent DNA microsatellite analysis. The remainder of
the body was preserved in Bouin’s solution for histological
analysis to assess gonadal development.
During the breeding study, 36 fish from the effluent exposed

tanks were kept in clean water then returned to be exposed to
100% effluent until they were sampled in April 2012 (4/24/
2012), after 3 years and 9 months of exposure, for histological
analysis. Gonads from these fish were removed from the body
cavity prior to preservation in Bouin’s solution, so the presence
of feminized ducts could not be determined. After fixation, all
samples were processed for histological analyses and an
assessment was made of alterations in germ cell development
and/or to the structural organization of the gonad due to the
exposure.
Parentage Assignment and Genetic Sex Testing. DNA

was extracted from fin tissue of all adults and from the fry using
the HotSHOT45 extraction method. Each adult and 50
offspring from each tank (except tank J, where only 46 fry
were available) were genotyped using 19 DNA microsatellites
described previously.36,46 The origin of each fish was
determined by matching the microsatellite genotypes from
fins taken at sampling to those from fins taken during the
setting up of the breeding study using GenAlEx 6.5.47 The
programs Colony v2.0.5.048 and Cervus 3.0.7.49,50 were used for
parentage analysis. For the Colony analysis, we did not assign
sexes to the fish, to allow for the possibility of intersex fish
reproducing as either males or females, although in a previous
breeding study wild intersex fish reproduced only as males.2 In
Colony we used full likelihood with long runs. A PCR-based

genetic sex test for roach (unpublished) was applied to
determine the genetic sex of all adult fish.

Statistical Analysis. To deduce whether reproductive
success significantly differed between fish with exposed mothers
and clean water mothers, influences on reproductive perform-
ance were assessed by fitting linear mixed-effect (LME) models
using the proportion of offspring sired per fish as the response
variable. A random (breeding) tank effect was included in each
model, as reproductive performance of each fish depends on
the other fish in the same breeding tank. Fixed factors included
in the full models suspected of influencing reproductive
performance were size (length), treatment tank (i.e., tank the
fish was in prior to the breeding study) and maternal exposure.
For male fish exposed to effluent, the presence of oocytes was
also included as an additional fixed factor in the analysis.
Minimum adequate models (MAM) were obtained by
sequentially removing fixed factors with the highest p values
from the full model, until all factors in the model had a p value
<0.05. MAM, with p values <0.05 validated using permutation
tests. To do this, the proportion of offspring for each fish was
shuffled randomly within each tank 1000 times. p values for the
permutation tests were calculated as the proportion of
permutation slopes that were equal or greater to the observed
slope.2 Throughout the paper, variation is given as standard
error of the mean (SEM). All statistical analyses were
conducted in ‘R’.51

Analysis of Effluent Quality (Ammonia) and Estrogen
Content. The WwTW serves a population equivalent of
∼138 000. The steroid estrogen content for this effluent has
been measured previously, most recently in 2005, where
average concentrations of E1 were 42.1 ng/L, 17α-E2 was 0.17
ng/L and 17β-E2 was 2.49 ng/L, and EE2 was 0.57 ng/L.
Equine estrogens (used in hormone replacement therapy) 17ß-
dihydroequilenin (17β-Eqn) and equilenin (Eqn) were
measured at 0.10 and 0.43 ng/L, respectively.52 For this
study, ammonia content was used as a proxy for effluent
quality; over a daily cycle, ammonia content correlates closely
with steroid estrogen content.53 Ammonia, nitrates and nitrites
and total oxidized nitrogen (TON) were quantified using
discrete automated colorimetric analysis with an Aquakem 600
Photometric Analyzer at Northumbrian Water Scientific
Services. Nitrate concentrations were calculated from TON
and nitrite concentrations. Additionally, a spot sample was
taken for measurement of steroid estrogen content during
exposure of the fish in this study in June 2012 for chemical
analysis (Severn Trent Services). Estrogens were quantified
using LC-MS/MS, using an Agilent system for LC and AB
SCIEX 5000 for MS/MS, and nonylphenols were quantified
using GC−MS.

■ RESULTS AND DISCUSSION
Gonadal Feminization. Exposure of roach to the undiluted

WwTW for 3 three years resulted in feminization of male
gonads, consistent with other published experimental exposures
of roach to WwTW effluents19,26,54 and studies of wild fish.23

We found no evidence for disruption of sexual development in
males kept in clean water conditions irrespective of maternal
exposure to WwTW effluent (Figure 2, Figure S1). In contrast,
all male roach sampled after 3 years of exposure to 100%
effluent had female-like ducts. Feminized ducts form in the first
few months of development26,55 and in the previous study26

ducts were formed in fish by 67 dph. However, in this study the
ducts must have formed at an older age as some of the
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experimental fish were 70 dph when they were first transferred
to effluent. Low numbers of primary oocytes were found
scattered throughout the testicular tissue in the gonads of most
(85%) of the males exposed to the WwTW effluent (Figure 2).

No oocytes were observed in four of the effluent exposed
males. The development of eggs in male gonads requires
persistent exposure and gonads tend to become increasingly
feminized throughout the exposure.26,28 Average lengths and
weights for clean water roach were 8.5 ± 0.8 cm, 8.0 ± 2.9 g
compared to 8.9 cm ±1.2 cm and 9.0 g ± 2.8 cm for exposed
roach (Figure S2). For clean water fish, those with exposed
mothers were, on average, significantly longer (ANOVA, F =
10.8, p = 0.0015) but lengths did not significantly differ
between males and females (p = 0.42). For the exposed fish,
females were significantly longer than males (ANOVA, F = 8.5,
p = 0.0051), but lengths did not significantly differ between fish
with effluent-exposed mothers compared to those with clean
water mothers (p = 0.69).
After an additional 9 months of exposure, four male fish had

moderate numbers of oocytes in each gonadal section and no
oocytes were observed in the gonads of five male fish (Figure 2,
Figure S1). Average length of these fish was 12.2 ± 1.0 cm and
average weight was 27.4 ± 7.6 g. At both sampling points, there
were similar levels of disruption in the gonads of fish with
exposed mothers compared to fish where the mothers were
exposed to clean water (Figure 2). Application of a genetic sex
test suggested that sex-reversal of genetic males due to effluent
exposure had not occurred. For roach kept in clean water, 80 of
87 fish for which sex could be clearly determined histologically
had matching of genetic and histological sex. All 7 fish in which
genotype and phenotype did not match were genetic females
with histological male gonads. Failure of the genetic test to
identify males may potentially result from genetic poly-
morphisms in the primer binding sites, or recombination
between this region and the “true” sex determination gene. For
roach kept in effluent (combined for both sampling times),
genetic sexes matched histological sex for 86 of 90 fish where

Figure 2. Sex ratios determined by gonadal histology of roach exposed
to either clean water conditions or 100% WwTW effluent for 3 years
and 3 years and 9 months, showing comparisons between fish with
WwTW exposed mothers and “control” mothers (kept in clean water
conditions). For roach with undifferentiated gonads, application of a
genetic sex test revealed that for 3 year clean water fish, two were
genetic males and two were genetic females; for effluent exposed fish
sampled at 3 years, three were males and two were females and the
one undifferentiated effluent exposed fish sampled at 3 years and 9
months was a genetic female.

Figure 3. Reproductive success of male and female roach in two breeding scenarios. The results summarize reproductive output of four breeding
tanks, each with 24 fish for the clean water tanks or four tanks each with 16 fish for the effluent-exposed tanks. Each tank contained a similar number
of males and females and an equal number of fish with mothers that were exposed to an effluent for three years in26 and fish with “control” mothers
that were kept in clean water conditions in the same study.
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sex could clearly be determined histologically. Only one
histological female gave a male genetic genotype, but this is
within the error rate for this test so it does not constitute strong
evidence for sex reversal. Overall, these results do not suggest
that maternal exposure influenced sexual development of the
fish in these offspring.
Breeding Success. Spawning occurred in all (eight)

breeding tanks. Parentage analysis revealed a higher proportion
of fish kept in effluent (81% of males and 62% of females)
reproduced, compared to those kept in clean water conditions
(50% of males and 37% of females), Figure 3. The difference is
likely a result of the larger size of the fish kept in effluent
(Figure S2), which may result from additional nutrients and
food obtained from the effluent. Wild male roach reach sexual
maturity after 2−3 years, compared with 3−4 years for
females,56 and the rate of sexual development is dependent
on growth.55 It is therefore likely that a higher proportion of
the roach kept in effluent were sexually mature. We cannot,
however, exclude a direct effect of exposure to estrogen or
other substances in effluent advancing puberty, but this has
never been tested experimentally. These proportions of fish
reaching sexual maturity at 3 years are lower than those from
the Lange et al. study,26 a likely consequence of the larger fish
in that study, where body lengths were 11.0−13.2 cm for those
in clean water and 12.2−14.5 cm for effluent-exposed fish. The
ability of exposed females to breed confirms the results of the
previous exposure to this effluent,26 and is also consistent with
the finding that the majority of wild females sampled from
WwTW contaminated rivers breed successfully.2 All intersex
fish that reproduced did so as males, consistent with the results
of a previous breeding study using wild roach.2

Roach with effluent-exposed mothers and roach with clean
water (control) mothers both reproduced in the breeding trial
(Figure 3). For nonexposed females, no factors included in the
analysis correlated with reproductive success (p ≥ 0.12). For
nonexposed males, there was no significant relationship
between maternal exposure and the proportion of offspring
sired (full linear mixed effects (LME) model, p = 0.81).
However, males of greater length were significantly more
successful at siring offspring (linear mixed effects (LME) model
coefficient = 0.052, p = 0.0005, permutation p < 0.002), a
relationship that has been found previously for roach in a group
spawning scenario.2 For tanks with exposed fish, females with
exposed mothers (LME model coefficient = −0.13, p = 0.0069,
permutation p = 0.009) and those of greater length (LME
model coefficient = 2.17, p = 0.038, permutation test p = 0.011)
produced significantly more offspring. The greater success of
females with exposed mothers may be a consequence of the
greater average weight of these fish, despite the fish being of
similar length (Figure S2). No factors measured (treatment
tank, parental exposure, presence of oocytes in testes)
significantly correlated with male reproductive success (full
LME model, p ≥ 0.08). Roach with ovarian cavities and those
with low numbers of oocytes in their testes reproduced
successfully, as found previously.2

Overall, our finding that roach exposed to a WwTW effluent,
and those whose mothers were exposed were able to breed
successfully, is consistent with some of the data that are
available for wild roach populations living in effluent-polluted
rivers: breeding studies have found that the majority of roach
from several effluent-exposed rivers were capable of reproduc-
tion.1,2 Furthermore, evidence from a population genetic
analysis suggests that populations of roach exist in effluent-

polluted river stretches that receive minimal immigration from
unpolluted river stretches.36 However, fish species vary in their
sensitivity to estrogen exposure,57,58 so these results for roach
do not allow us to draw definitive conclusions on the treat of
WwTW effluent exposure on other fish species. For instance, a
study on the Chinese rare minnow (Gobiocypris rarus) found
complete reproductive failure for an exposure to 0.2 ng EE2/L,
equivalent to 2 ng/L E2eq, a concentration that has not been
known to affect reproduction in other fish species35 and is at
the low end for the estrogenic content in most WwTW
effluents tested.

Comparison of Effluent Composition Between the
Two Studies. The mild gonadal feminization of males
observed in this study contrasts with the results of the previous
3 year exposure study to effluent from the same WwTW that
resulted in an all-female population.26 This difference could be
explained by (1) the slower growth rate of the roach in this
study, as the rate of sexual development is dependent on size in
roach;55 (2) a later start of exposure (between 55 and 70 dph),
compared to 35 dph in the first study; and/or (3) lower
estrogenic activity of the effluent in this study. The increase in
the capacity of the ASP in November 2009 would have
increased hydraulic retention times (HRT). Increasing HRT
has previously been shown to reduce both ammonia
concentrations and natural estrogens.59 Estrogen concentra-
tions were not measured in either study. However, exposure
concentrations of ammonia, nitrate, and nitrite differed between
the two studies (Figure S3) and a study found ammonia and
estrone concentrations to correlate strongly over a 24 h period
within a WwTW.53 Conversely, there was no consistent
relationship between the two when comparing between
different WwTWs.43 Thus, effluent quality differed between
the two studies, which may be associated with different
estrogen concentrations. The absence of any intensive chemical
testing for estrogens, or other chemicals that may contribute to
estrogenic activity,16 does not allow us to draw any definitive
conclusion on the nature of the differences in chemical content
in the study effluent over time.
Further evidence that estrogen concentrations may have

differed between the studies comes from a spot sample of
effluent taken in June 2012, ∼2 months after the exposure
period in the present study. Measured concentrations of
steroidal estrogens were 19 ng/L E1, 2.1 ng/L E2, and no EE2
was detected (detection limit = 0.1 ng/L). This equates to an
estrogenic potency of 8.4 E2 equiv (E2eq), from the
concentrations and potency of all the steroid estrogens.33 Of
the nonylphenols tested, only NP1EC was detected at a
concentration of 409 ng/L whereas nonylphenol monoethox-
ylate (NP1EO), nonylphenol diethoxylate (NP2EO), and long
chain nonylphenol polyethoxylates (NP3-12EO) were below
the limits of detection at 50 ng/L. This is substantially lower
than measurements taken between September and November
of 2005 during the Lange et al.26 exposure study, which gave an
estrogen potency equivalent to 22 E2eq52 with individual
estrogens measured at 42 ng/L E1, 2.7 ng/L E2, and 0.57 ng/L
EE2. A modest reduction in estrogenic activity may be all that is
required to explain the differences in feminization. For instance,
male roach exposed to 50% effluent for almost 3 years in the
previous study had ovotestes, but these had a few oocytes per
gonadal section, whereas those exposed to 100% effluent in the
same study were completely feminized.26 In the present study, a
50% reduction in estrogen concentration, compared that the
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Lange et al. study26 may be sufficient to explain the difference
between the levels of feminization observed in the two studies.
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