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a b s t r a c t

It has been previously demonstrated that vitellogenin (VTG) e a precursor egg yolk protein e is
produced in male fish exposed to estrogenic compounds in wastewater treatment plant (WWTP)
effluent. However, little attention has been given to examine whether any patterns of male VTG
production exists across fish species on a global scale. We hypothesized that a composite measure of
human population size over river discharge would best explain variations of protein levels in male fish.
We compiled VTG data in 13 fish species from 43 rivers receiving municipal WWTP effluent on 3
continents. We found that human population size explained 28% of the variation in male VTG concen-
trations, whereas population/flow rate failed to significantly correlate with VTG. We suggest this result
may be explained by the low solubility of estrogenic compounds, resulting in localized contamination
near WWTP outfalls, rather than dilution by river water.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Hormone-mimicking xenobiotic chemicals released into natural
ecosystems are a potential risk for human and ecosystem health,
and have sparked global scientific interest for several decades
(Folmar et al., 1996). These chemicals come in a wide variety of
forms, and have the capacity to interact with hormone receptors
within cells at environmentally relevant concentrations (Hayes
et al., 2003). Several researchers have discovered measurable
concentrations of numerous EDCs in surface waters, sediments,
groundwater, and drinking water around the world (Campbell
et al., 2006).

Estrogenic EDCs represent a sub-class of compounds that can be
divided into two groups: natural hormonal estrogens, and synthetic
chemicals that have the ability to mimic or induce estrogen-like
responses in exposed organisms (Campbell et al., 2006). The
predominant origin of these compounds in aquatic environments
has been identified as Wastewater Treatment Plant (WWTP)
effluent; however, agricultural run-off and industrial wastewater
contribute significantly as well (Atkinson, 2008). Natural steroidal
All rights reserved.
estrogens of significance in WWTP effluents include Estrone (E1),
17b-Estradiol (E2), and Estriol (E3). Synthetic estrogens, or xen-
oestrogens, derive from agriculture, industrial plastics, and phar-
maceuticals. Notable chemicals in this category include:
ethynylestradiol (EE2), a synthetic steroidal estrogen found in oral
contraceptive metabolites, alkylphenolic compounds, which origi-
nate through the degradation of non-ionic detergents, bisphenol A
(BPA), a monomer used primarily in the manufacturing of plastics
and resins, in addition to a variety of pesticides (Atkinson, 2008;
Folmar et al., 2001). All of these compounds have varying degrees
of estrogenic potency, depending on their affinities for estrogen
receptors (de Voogt and van Hattum, 2003). Estrogen Equivalent
Factors (EEF) are used to express the estrogenicity of compounds in
wastewater effluent relative to natural estradiol. E1, E2, and EE2
have been identified as the principal sources of estrogenicity in
wastewater effluent, with EEF values of 0.5, 1, and>1.5 respectively
(Campbell et al., 2006; Desbrow et al., 1998).

Several biomarkers can be used to assess estrogen exposure and
estrogenic effects in fish; one of these is male production of vitel-
logenin (VTG), an egg yolk precursor protein, which is naturally
synthesized in the liver of oviparous vertebrates. In normally
functioning female fish, endogenous estrogens, such as E2, regulate
the expression of genes that control protein synthesis. Thus, E2 is
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secreted into the bloodstream, and via the estrogen-receptor
pathway activates the production of VTG (Burki et al., 2006). Under
normal circumstances, estrogen levels in male organisms are
insufficient to initiate VTG production; however, production of the
protein can be induced by exposure to environmental estrogenic
compounds (Bjorkblom et al., 2008). As such, blood plasma VTG
concentration in males can provide a convenient indicator of
environmental estrogens. Moreover, VTG synthesis occurs in a dose
dependent fashion, which implies that its relative concentration in
males provides an indication of the amount of estrogen to which
they were exposed (Purdom et al., 1994; Legler et al., 2002; Thorpe
et al., 2008). Indeed, many studies have reported elevated VTG
concentrations in male fish from rivers across the United States and
Europe (Purdom et al., 1994; Folmar et al., 1996, 2001; Jobling et al.,
1996; Vermeirssen et al., 2005). For example, Jobling et al. (2006)
examined the occurrence of vitellogenin and intersex frequency
in male Roach at 45 sites in 39 rivers across the United Kingdom as
a function of steroid estrogen presence in effluent. The present
study builds on these investigations to determine whether VTG
production in male fish inhabiting a wide range of rivers
throughout the world is empirically linked to anthropogenic
wastewater loading.

The primary objective of the study was to determine whether
global patterns of VTG production in male fish are quantitatively
related to anthropogenic loading. More specifically, this study,
which is ameta-analysis of data for 13 fish species from 43 rivers on
3 continents, examined the relationship between the magnitude of
the populations served by wastewater treatment facilities and
serum VTG concentrations in male teleost fish inhabiting down-
stream regions. We hypothesized that there is a positive correlation
between the size of the population served by WWTPs and the
serum VTG level in male fish collected downstream from the
effluent discharge sites. In addition, we use the ratio of WWTP
population size to river discharge (Q) to provide a discharge-cor-
rected effluent load value for rivers. This correction to effluent load
should account for dilution, and therefore, variations in EDC
response (Jobling et al., 1998).

2. Materials and methods

We conducted a topical search of peer reviewed articles using on-line electronic
databases (e.g., SCOPUS, Web of Science, JSTOR, PubMed). Keywords were selected
to target publications containing quantitative information on serum VTG levels in
wild or caged teleost fishes. In order for a publication to be included in our meta-
analysis, it was necessary for it to include the following information: river name,
location and discharge rate (e.g., Q in m3/sec), location of sampling and/or name and
size of the population served by the upstreamWWTP. In some cases it was possible
to acquire the requisite information (e.g., WWTP details) using additional on-line
resources (Municipal websites, Google maps, etc.).

Although a river’s EDC content may derive frommultiple sources, we limited the
analysis toWWTPs receiving predominantly domestic wastes. In a few instances the
precise size of the population served by a WWTP was not available, and population
equivalence (PE) was used to estimate the size of the population served. PE assumes
that each individual ‘person equivalent’ contributes 60 g to the five-day BOD
(biochemical oxygen demand) of a municipal wastewater. Thus, BOD values can be
employed to provide PE, an estimate of the true population size (Keller et al., 2006).
River discharge rates were gathered directly from the studies, or, as with other
parameters, average annual discharge values were acquired from on-line resources
or other published articles.

Prior to analysis, all values were log10 transformed to equalize the variance
across the range of observations, and meet the assumptions of ordinary least
squares linear regression and analysis of variance. Least squares linear regres-
sions to examine the relationships between anthropogenic loading and serum
VTG concentrations were performed using Microsoft Excel 2007. Regression and
correlation coefficients, as well as analysis of variance results, were employed to
examine the magnitude, direction and statistical significance of the relation-
ships. As this study included results from several fish species, analysis of
covariance was used to examine the effect of species and population, as well as
the populationespecies interaction, on VTG concentration. ANCOVA was per-
formed using SAS 9.2 (SAS Institute Inc., NC, USA). The residual error term for all
analyses was assumed to be independent and normally distributed with mean
zero and variance of s2. This was verified by visual examination of a normal
probability plot.

3. Results

The meta-analysis was conducted on data from 23 publications,
and included 56 observations of VTG concentration in 13 fish
species from 43 rivers on 3 continents. The dataset includes values
from 13 species encompassing 6 separate families, with the Perci-
dae, Salmonidae and Cyprinidae being most frequently observed
(Table 1). Due to data limitations, the analysis was not restricted to
any specific fish taxa. The dataset includes values from rivers in
North America, Europe, and Asia. Table 1 provides a summary of the
collected data, including river name and location, average VTG
serum concentration in mg/mL, and the size of the population
served by the upstream WWTP. Average VTG concentrations in
male fish ranged between 0.1 mg/ml in brown trout from small
streams in Denmark to 52,000 mg/ml in rainbow trout from the
river Aire in the United Kingdom (Table 1). Similarly, the size of the
populations served by the WWTPs ranged from 500 to 1,800,000
people. River and effluent discharge rates varied by several orders
of magnitude.

Of the 56 observations of VTG concentrations, values for WWTP
effluent discharge were only available for 20 sites. Initial analyses
showed that VTG concentrations are significantly correlated with
WWTP effluent discharge rate (Fig. 1, F ratio ¼ 7.8, p ¼ 0.012,
r2 ¼ 0.30). Additional analysis showed a stronger relationship
between serum VTG concentration and the size of the population
served by the upstream WWTP. The results obtained, which are
illustrated in Fig. 2, showed a statistically significant positive rela-
tionship that explains 28% of the variation in VTG concentration
(n ¼ 56, r2 ¼ 0.28, F ratio ¼ 21.5, p < 0.0001).

Using 19 observations where data were available, it was found
that serum VTG concentration did not correlate significantly with
water estrogen concentrations, measured as estrogen equivalents
(EEQ) (n¼ 19, r2 ¼ 0.11, F ratio¼ 2.11, p¼ 0.16). Similarly, water EEQ
was not correlated with river discharge rates (n ¼ 18, r2 ¼ 0.14, F
ratio ¼ 2.69, p ¼ 0.12). As the distance from the WWTP as well as
the ratio of effluent discharge to river discharge is presumed to
influence estrogenic activity in streams, analyses were done to
examine these variables on VTG concentrations. Firstly, no general
trend was observed between fish sampling distance from WWTPs
and VTG concentration (n ¼ 35, r2 ¼ 0.038, F ratio ¼ 1.32, p ¼ 0.26),
presumably because most sites were under 5 km from the effluent
discharge location. Likewise, VTG concentrations were not signifi-
cantly correlated to effluent loading, measured as the ratio of
effluent flow rate to river flow rate (n ¼ 20, r2 ¼ 0.16, F ratio ¼ 3.6,
p ¼ 0.074).

Since the magnitude of the downstream exposure to EDCs
released from WWTPs may depend on the amount of discharge
dilution, subsequent analyses investigated the relationship
between serum VTG concentration and the ratio of population
served to river discharge in m3/s (i.e., discharge-corrected pop-
ulation). The ratio of WWTP population size and river discharge
should provide a superior measure of wastewater effluent
concentration and downstream exposure to substances released in
municipal wastewaters. Jobling et al. (1998) proposed a similar
measure to account for effluent dilution in river water, and as such,
allow for better comparisons between sites. Interestingly, our
analysis revealed no significant relationship between the
discharge-corrected measure of population and serum VTG in male
fish (n ¼ 56, r2 ¼ 0.055, F Ratio ¼ 3.16, p ¼ 0.08).

Analysis of covariance was employed to simultaneously
examine the effect of species and WWTP population on VTG
concentration. Although the collected data include values for 13



Table 1
Sources of data included in the meta-analysis examining the effect of anthropogenic loading on serum VTG in male teleost fish collected downstream from WWTPs.

Source Country River Fish Species Population
served by
WWTP (�105)

River
flow rate
(m3s�1)

Sampling
distance from
WWTP (km)

Mean
VTG
(mg/ml)

# of Fish
examined

Aerni et al., 2007 Switzerland Glatt Oncorhynchus mykiss 0.88 0.52 <1 130.0 28
Switzerland Rontal Oncorhynchus mykiss 0.27 0.09 <1 10.0 11
Switzerland Sureatal Oncorhynchus mykiss 0.38 0.17 <1 500.0 14
France Confidential Oncorhynchus mykiss 0.30 0.08 <1 500.0 29
France Confidential Oncorhynchus mykiss 0.29 0.07 <1 500.0 29

Allen et al., 1999 England Mersey Platichthys flesus 13.65 66 3.5 1000.0 65
Bjerregaard et al., 2006 Denmark Giber Brook Salmo trutta 0.053 0.65 NA 0.4 58

Denmark Knubbro Brook Salmo trutta 0.033 0.08 NA 0.4 82
Denmark Voel Brook Salmo trutta 0.01 0.06 NA 4.0 61
Denmark Hoed Brook Salmo trutta 0.006 0.14 NA 0.1 52
Denmark Orum Brook Salmo trutta 0.011 0.31 NA 0.1 45
Denmark Usserod Brook Salmo trutta 0.30 0.78 NA 1.5 38
Denmark Badrekaer Ditch Salmo trutta 0.008 0.10 NA 0.2 27
Denmark Hojen Brook Salmo trutta 0.005 0.17 NA 0.5 17

Burki et al., 2006 Switzerland Luetzelmurg Salmo trutta 0.12 0.70 1 0.2 41a

Folmar et al., 1996 USA Mississippi River
side channel

Cyprinus carpio 18.00 129.41 <1 1113.0 10

Folmar et al., 2001 USA Mississippi River
side channel

Stizostedion vitreum 18.00 229.14 5e32 790.0 10

Giesy et al., 2003 USA Battle Creek Carassius auratus 0.082 17.94 NA 0.1 10a

USA Grand Carassius auratus 0.053 11.98 NA 0.1 10a

USA Shiawassee Carassius auratus 0.15 9.71 NA 0.2 10a

USA Red Cedar Carassius auratus 0.034 4.67 NA 1.7 10a

Harries et al., 1997 England GreatRiverStour Oncorhynchus mykiss 0.89 2.21 0.1 10.0 20a

England Arun Oncorhynchus mykiss 0.70 2.10 13 11.0 20a

England Chelmer Oncorhynchus mykiss 0.12 0.85 1 8.0 20a

England Stour Oncorhynchus mykiss 0.012 0.14 8 9.0 20a

England Aire Oncorhynchus mykiss 1.12 35.80 2 52000.0 20a

Hecker et al., 2002 Germany Elbe Abramis brama 20.00 788 NA 1.0 26
Germany Elbe Abramis brama 8.25 788 NA 12.0 15

Hemming et al., 2001 USA Lewisville Pimephales promelas 1.10 4.20 1 25.4 20a

Hinck et al., 2006 USA Columbia Micropterus salmoides 0.55 7790 NA 700 10
Hinck et al., 2007 USA Green Micropterus salmoides 0.10 137 NA 280 9
Jeffries et al., 2008 Canada Bow Rhinichthys cataractae 10.00 91.10 59 650.0 10

Canada Oldman Rhinichthys cataractae 0.73 81.80 41 11.0 10
Jobling et al., 2002 England Nene Rutilus rutilus 0.22 6.00 3 76.0 111

England Aire Rutilus rutilus 6.75 35.72 15 9.3 95
Lavado et al., 2004 Spain Ebro Cyprinus carpio 4.60 340.00 8 300.0 6
Nichols et al., 1999 USA Grand Pimephales promelas 0.053 14.70 NA 1.1 35a

USA Shiawassee Pimephales promelas 0.15 9.71 NA 5.9 35a

USA Grand Pimephales promelas 6.14 23.02 NA 0.9 35a

USA Red Cedar Pimephales promelas 0.034 4.67 NA 3.2 35a

Solé et al., 2002 Spain Anoia Cyprinus carpio 1.80 2.00 23 60.0 30
Spain Cardener Cyprinus carpio 2.00 2.70 4 22.0 30

Solé et al., 2003 Spain Anoia Cyprinus carpio 1.80 2.00 23 2180 21
Tarrant et al., 2008 Ireland Liffey Salmo trutta 0.68 13.80 2.5 260.0 57
Vajda et al., 2008 USA Boulder Creek Catostomus commersoni 1.36 0.21 0.2 200.0 64
Van Aerle et al., 2001 England Aire Gobio gobio 6.75 35.72 10 8.0 71

England Aire Gobio gobio 8.47 35.72 10 13.0 21
Vermeirssen et al., 2005 Switzerland Frenke Salmo trutta 0.12 0.09 0.5 0.3 4

Switzerland Glatt Salmo trutta 0.50 0.45 0.5 1.1 5
Switzerland Glatt Salmo trutta 0.48 1.67 0.5 0.3 2
Switzerland Luetzelmurg Salmo trutta 0.14 0.13 0.5 0.5 3
Switzerland Schuss Salmo trutta 0.08 0.13 0.5 1.1 5
Switzerland Sissle Salmo trutta 0.09 0.12 0.5 66.8 3
Switzerland Winkelbach Salmo trutta 0.066 0.05 0.5 9.7 4
Switzerland Wyna Salmo trutta 0.08 0.41 0.5 4.0 1

Vethaak et al., 2002 Netherland Dommel Abramis brama 0.55 6.00 NA 15000 23

a Caged fish were used in experiment.
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species, the dataset contained 5 or more observations for only 4
species (i.e., Onchorynchus mykiss, Salmo trutta, Cyprinus carpio,
Pimephales promelas). The results, which are summarized in Table 2,
reveal significant effects of species and population, but no signif-
icant interaction between the two variables (i.e., slopes are
homogeneous). The ANCOVA results (N ¼ 38, r2 ¼ 0.59,
F ratio ¼ 11.7, p < 0.0001) yielded the model shown below.
Coefficients accompanied by the same letter are not significantly
different at p < 0.05.
Log VTGðmg=mLÞ ¼ ð0:53� 0:24*Log PopulationÞ2 3
�664
�1:96ðSalmoÞ A
�1:83ðPimephalesÞ A
�0:54ðCyprinusÞ B
�0:39ðOnchorynchusÞB

775

Fig. 3 illustrates the ANCOVA result, showing the effect of fish
species and population on VTG.
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Fig. 1. Average vitellogenin concentrations (mg/ml) in male teleost fish in rivers
receiving WWTP effluent as a function of effluent discharge rate (L/s) (n ¼ 20). VTG
concentrations were Log10 transformed and effluent discharge was multiplied by
1000, then Log10 transformed.
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4. Discussion

In their survey of multiple river systems in the United Kingdom,
Jobling et al. (1998) found highly significant relationships between
the concentration of effluent in rivers, expressed as adjusted PE,
and both intersex frequency and plasma VTG level. Our expanded
analysis across numerous species and river systems revealed that
the estrogenic activity in rivers, expressed as serum VTG in male
fish, is significantly correlated to population size, but not discharge-
corrected population size. Contrary to the Jobling et al. study, our
findings reveal that the inclusion of an effluent dilution effect of
river discharge rates significantly obscures the relationship
between VTG concentrations in fish and the population served by
the upstream WWTP. Our results also showed that general water
parameters, such as the effluent to river discharge ratios, river
EEQs, and river flow rates, did not better correlate with serum VTG
concentrations than human population size.

In order to better understand why population alone was more
indicative of exposure than discharge-corrected population, or
adjusted PE, and other water parameters, it is necessary to consider
contaminant transport and fate. Estrogenic activity downstream
fromWWTP effluent discharge sites has been shown to decline due
to the physical processes of dilution, chemical degradation, and
sorption to particulate matter (Holthaus et al., 2002). In our study,
river discharge significantly hindered the VTG-population rela-
tionship, suggesting that the magnitude of the river’s discharge
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Fig. 2. The relationship between mean serum vitellogenin concentration (mg/ml) in
male teleost fish and the size of the human population served by the upstream WWTP.
Data were Log10 transformed.
does not strongly affect exposure of fish to EDCs. Similarly, our
results indicated that river EEQ was not significantly correlated
with serum VTG. In general, estrogenic EDCs are relatively hydro-
phobic and tend to adsorb to sediment rather than remaining in
solution (Lei et al., 2009). Specifically, natural and synthetic estro-
gens, as well as BPA and alkylphenols, have log Koc values ranging
from 2.5 to 6.6 (Campbell et al., 2006). Robinson et al. (2009)
reported higher concentrations of BPA, EE2 and E2 in sediment
than in surface waters in Halifax Harbour. BPA, for example,
reached 2.6 ng/L in seawater and 9.5 ng/g in sediments, and E2
concentrations were almost doubled in sediment compared to
seawater (Robinson et al., 2009). Likewise, Peck et al. (2004) found
that estrogenic activity in sediments of streams and rivers in the
United Kingdom are 532- to 748-fold higher than that of the
overlying water. This indicates that exposure by fish to many of
these compounds may derive from sediment or benthos rather
than via water, and this seems to conform with the results of our
meta-analysis.

The low solubility of these compounds further supports the
notion that they will not remain in solution, and will be associated
with suspended and deposited particulatematerial (Campbell et al.,
2006). Their high log Koc values indicate that these compounds will
preferentially associate with organic material in aquatic environ-
ments, such as suspended particulate matter, which tend to
aggregate and settle onto surface sediment (Robinson et al., 2009).
Williams et al. (1999) estimated the likely distribution of E1, E2, and
EE2 in three U.K. rivers using the EXAMS model and found that in
two of the three rivers, the bed sediment accounted for over 50% of
E1 and EE2 load, with slightly lower values for E2. The proportion of
the estrogens associated with the sediment of the third lake was
much lower because it was assigned lower sediment distribution
coefficients and had greater water depth (Williams et al., 1999).
Similarly, Staples et al. (1998) modeled the fate of BPA using a Level
1 Fugacity Model, and concluded that about 50% of the residual BPA
would tend to bind to aquatic sediments or soils.

Fig. 2 reveals a cluster of values with extremely high VTG
concentrations for population values in the 500e15,000 mg/ml
range. These outliers tended to be observations downstream from
regions with significant industrial and/or agricultural loading. The
Osberstown WWTP in the Liffey River, for instance, is also located
downstream from a contraceptive pill manufacturer. Similarly, the
WWTP in River Aire receives significant influent from textile
industries. We tried to restrict the analysis to areas that received
wastewater predominantly from municipal WWTPs; however, in
several instances, industrial wastewater input into the municipal
WWTPs was significant, and this input may have contributed to the
total EDC load. Indeed, removal of values where specific industrial
activity was cited to significantly contribute to the WWTP influent
improved the strength of the relationship between mean serum
VTG and population size (n ¼ 51, r2 ¼ 0.32, F ¼ 23.3, p < 0.0001).
These results support the assertion that industrial inputs can also
affect VTG production in male fish. Nevertheless, it should be noted
that although the volumetric proportion of WWTP effluents for
large municipalities that are of industrial origin can be as high as
60%, most are below 25% (White and Rasmussen, 1998).

The analysis of covariance revealed that fish species also has
a significant effect on observed VTG concentration (p < 0.0001). As
illustrated in Fig. 3 and shown in the predictive model, Cyprinus
carpio (carp) and Oncorhynchus mykiss (rainbow trout) had signif-
icantly higher plasma VTG responses than Pimephales promelas
(fathead minnow) and Salmo trutta (Brown trout). Both carp and
trout are bottom-dwelling omnivores that feed predominantly on
benthic invertebrates (DFO, 2010). This observation supports the
hypothesis that the major source of EDCs to aquatic fish is from the
benthic environment; however, other species, such as Pimephales



Table 2
Analysis of covariance of plasma vitellogenin concentration in male teleost fish.
Analyses restricted to Onchorynchus mykiss, Salmo trutta, Cyprinus carpio, and
Pimephales promelas.

Source of Variance Adjusted SS df MS F

Species 36.64 3 12.21 13.94***
Log Pop 4.22 1 4.22 4.82*
Species*Log Pop 1.51 3 0.50 0.55NS

Error 28.92 33 0.88

***p < 0.001.
*p < 0.05.
NSNot significant at p < 0.05.
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promelas, also feed on benthic organisms but yield VTG responses
that are significantly lower than those observed for Carp and
Rainbow Trout. Thus, feeding and habitat preference alone cannot
explain the noteworthy differences in species illustrated in Fig. 3.

Estrogen receptor density and affinity, as well as receptor
sensitivity to EDCs, have been proposed as important factors in
explaining differences in species specific VTG responses (Routledge
et al., 1998; Latonnelle et al., 2002; Palace et al., 2009). In a study of
4 wild fish species exposed to similar EE2 levels in a whole lake
experiment, Palace et al. (2009) found significant differences in
VTG induction in each species. They proposed that the varying VTG
responses were related in part to species differences in the density
of hepatic estrogen receptors. Latonnelle et al. (2002) confirmed
that differences in estrogen receptor density exist between species,
showing that sturgeon required less estradiol to saturate estrogen
binding sites on hepatic nuclear extracts compared to trout.
Furthermore, based on EC50 values for vitellogenesis, Rankouhi
et al. (2004) observed that carp and rainbow trout were much
more sensitive to E2 than bream, indicating interspecies differences
in E2 binding affinity for the estrogen receptor or interspecies
differences inmetabolic rates. These findings suggest that Cyrprinus
and Oncorhynchus are physiologically more sensitive to EDCs, and
thus exhibit much higher VTG responses for a given population
size. The ANCOVA results are consistent with this assertion.

There are numerous additional factors that are potentially
contributing to the unexplained variance in serum VTG concen-
tration. First, VTG kinetics and the transient nature of estrogen
exposure with wild populations of fish are two factors that may be
influencing the results of this study. Hemmer et al. (2002) found
that maximum ceiling concentrations of VTG can be reached by low
exposures to estrogenic compounds, and that these concentrations
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Fig. 3. Relationships between mean serum vitellogenin concentration (mg/ml) and
human population served by the upstreamWWTP in 4 species of male teleost fish. The
trend lines represent predicted VTG concentrations for each fish species based on the
ANCOVA model. From top to bottom, the trend lines represent: Oncorhynchus mykiss
(-), Cyprinus carpio (A), Pimephales promelas (,), and Salmo Trutta (C). Data were
Log10 transformed.
can be sustained for prolonged depuration periods of up to several
weeks. The long half life of plasma VTG combined with the
migratory nature of fish in streams and the large geographical
range of certain fish species results in difficulty to establish a clear
temporal relationship between sampling location and VTG
concentrations (Hyndman et al., 2010). The type of wastewater
treatment system is another factor that influences VTG as it can
affect the estrogen loading of effluent entering nearby rivers and
streams (Campbell et al., 2006). Braga et al. (2005) compared the
effectiveness of a primary and tertiary sewage treatment plant for
removal of natural and synthetic estrogens from influent and found
that the advanced tertiary plant removed between 70 and 90%
more EDCs than the primary plant. Duong et al. (2009) suggested
that sediment composition and size might also influence the
bioavailability of estrogenic chemicals to fish. Other factors that
could contribute to the magnitude of serum VTG include the
magnitude and types of industrial contributions, the chemical
composition of the EDCs, differences in VTG measurement tech-
niques, and the method employed for effluent disinfection. Despite
these sources of variability, this study has successfully demon-
strated that population size alone accounts for a defined fraction of
the variation in serum VTG concentration in male teleost fish
worldwide.

This study has highlighted the need for researchers to evaluate
and publish data not only on VTG and other biomarkers, but to also
include the many other parameters that come into play (i.e., river
and effluent discharge rates, EEQ, population size, water quality,
etc.). The inclusion of these parameters in future studies will
facilitate the development of a more comprehensive model for the
prediction of estrogenic effects in fish from rivers downstream of
WWTPs.
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