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Abstract
Organic compounds such as sterols and hormones have been detected in surface waters at
ecologically relevant concentrations with sources including effluent discharged from publicly
owned treatment works (POTWs) as well as leachate and runoff from land amended with
municipal sludge (biosolids). Greater than 20% of regulated effluents discharged into U.S. surface
waters experience in-stream dilution of <10 fold and potential impacts are particularly likely in
receiving waters dominated by POTW effluents. The increasing use of biosolids on agricultural
land exerts additional stress, thereby necessitating environmental monitoring for ecological and
human health. Alternatively or in addition to monitoring efforts, screening for potentially
hazardous chemicals can be performed using empirical models that are scalable and can deliver
results rapidly. The present study makes use of data from U.S. EPA's Targeted National Sewage
Sludge Survey (TNSSS) to predict the aqueous-phase concentrations and removal efficiencies of
10 sterols (campesterol, β-sitosterol, stigmasterol, β-stigmastanol, cholesterol, desmosterol,
cholestanol, coprostanol, epicoprostanol, ergosterol) as well as the putative toxicity posed by four
specific hormones based on their reported biosolids concentrations using published empirical
models. Model predictions indicated that removal efficiencies for sterols are uniformly high
(∼sim;99%) and closely match removal rates calculated from chemical monitoring at POTWs
(paired t-test; p = 0.01). Results from toxicity modeling indicated that the hormones estrone,
estradiol and estriol had the highest leaching potentials amongst the compounds considered here
and that 17 β-ethinylestradiol was found to pose a potentially significant threat to fathead
minnows (P. promelas) via run-off or leaching from biosolids-amended fields. This study
exemplifies the use of in silico analysis to (i) identify potentially problematic organic compounds
in biosolids, (ii) predict influent and effluent levels for hydrophobic organic compounds (HOCs)
of emerging concern, and (iii) provide initial estimates of runoff concentrations, in this case four
prominent hormones known to act as endocrine disruptors.

Keywords
Biosolids; sterols; hormones; endocrine disruption; modeling

© 2012 Elsevier B.V. All rights reserved.
*Corresponding author. Tel.: +1 480 727 0893; fax: +1 480 727 0889, bchari@asu.edu (B. Chari), Halden@asu.edu (R.U. Halden).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Sci Total Environ. Author manuscript; available in PMC 2013 December 01.

Published in final edited form as:
Sci Total Environ. 2012 December 1; 440C: 314–320. doi:10.1016/j.scitotenv.2012.05.042.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



1. Introduction
The National Stream Reconnaissance conducted during the years 1999 and 2000 by the U.S
Geological Survey (USGS) served to identify and quantify a wide range of emerging
contaminants in U.S surface waters (Kolpin et al., 2002). Follow-up work on the behavior of
organic compounds (OCs) during wastewater treatment firmly established a range of
theoretically biodegradable compounds that are only removed incompletely and remain
detectable in both treated effluent and biosolids, i.e., treated sewage sludge deemed fit for
application on land (Ingrand et al., 2003; Lorenzen et al., 2004; Ying and Kookana, 2005;
Cicek et al., 2007). When treated effluent and biosolids are used for beneficial purposes such
as irrigation and soil amendment, there exists a threat of releasing the contained chemicals
into the environment (Xia et al., 2005; Kinney et al., 2006; Wu et al., 2010).

The behavior of organic compounds during wastewater treatment is difficult to characterize
due to the diversity of chemical structures and the complexity of the processes involved.
Within the publicly owned treatment works (POTWs), the influent gets segregated and
transformed into two distinct process flows, organic-rich biosolids and the liquid effluent.
Compounds undergo preferential partitioning between the aqueous phase and the sludge
primarily based on their hydrophobicity, which typically is gauged by examining their n-
octanol-water partition coefficient (KOW) (Kinney et al., 2006; Heidler and Halden, 2008).
Whereas hydrophobic compounds having large KOW values (>10,000) partition almost
completely into biosolids, compounds having lower KOW values (<10,000) typically are
removed by a combination of biodegradation and sorption processes. Since one of these
processes results in the transformation of a chemical's mass (biodegradation) and the other
merely implies a transfer of chemicals from the aqueous phase into the sorbed, solid phase,
it is important to distinguish among the two when evaluating the fate of a chemical during
municipal wastewater treatment.

The risk of adverse effects from exposure to chemicals contained in wastewater effluent
increases for aquatic biota in surface waters with decreasing instream dilution. Depending
on the season, some streams can be partially or fully dominated by discharged POTW
effluent (Brooks et al., 2003). Such a scenario occurs in perennial and ephemeral streams in
arid and semi-arid regions around the world and especially the southwestern U.S. (Mladenov
et al., 2005; Brooks et al., 2006). Aquatic ecosystems that are supported in part or
completely by effluent flow are quickly gaining interest in ecotoxicology owing to their
unique and challenging water quality characteristics (Taylor, 2002; Brooks et al., 2005). One
class of compounds that have long been scrutinized with regards to their occurrence in
surface waters are phytosterols. Phytosterols occur naturally in the environment and also are
major constituents of pulp and paper mill effluents. Sterol mixtures are known to be capable
of inducing sexual and morphological changes in aquatic organisms (Nakari et al., 2003;
Honkanen et al., 2004; Lopez et al., 2011), and a large volume of literature shows that the
products of microbially mediated breakdown of phytosterols, such as androstenedione and
steroid hormones, possess endocrine disrupting properties at the ng/L range (Jenkins et al.,
2003; Orrego et al., 2009).

A secondary objective of this paper was to also consider the potential for runoff and
leaching of chemicals following application of biosolids on land for inexpensive disposal
and for soil conditioning and fertilization. In the present study a validated empirical model
leveraging mass balance approaches and partitioning theory (Deo and Halden, 2009) was
used to model the aqueous concentrations of 10 sterols based on their reported biosolids
concentrations. The model was originally introduced as a screening tool to identify
potentially problematic sewage constituents and to predict the behavior and extent of
partitioning a given compound is likely to undergo during treatment in a real-world POTW
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(Heidler and Halden, 2008; Deo and Halden, 2010). The sole parameters required for
operation of the model are the compound's concentration in biosolids (Cbiosolids), its pH-
adjusted n-octanol/water partitioning coefficient (DOW) and a dimensionless curve-fitting
parameter (pfit) (Deo and Halden, 2009; Weir et al., 2010). Thus far, the model has been
applied only to compounds within a limited range of log DOW values of 4.9 – 6.4. The
present study intended to expand the applicability of the model and to validate its
performance using data available in the peer-reviewed literature.

There have been several lab-scale and field-scale studies conducted that evaluate the
leaching potential of compounds from land-applied biosolids to surface waters and
groundwater. Although largely confined to pharmaceuticals and personal care products
(PPCPs), studies conducted by Lapen et al., (2008), Topp et al., (2008) and Edwards et al.,
(2009) confirmed that biosolids can act as a non-point sources of water contamination when
sorbed compounds migrate from the site of application to tile drainage systems and
eventually to surface waters. Key parameters that were identified to influence the transport
of compounds from biosolids-amended fields were macroporous structures in the soil, soil
texture, composition and moisture of the biosolids, and the method of biosolids application
(e.g., surface spreading of solids vs. injection of the materials as a slurry). A recent field
study confirmed that hormones in land-applied biosolids are mobilized following strong
rainfall events and that the total estrogen concentration in runoff exceeded thresholds for
biological effects for time periods of >30 days post application (Yang et al., 2012). The
authors also stated that 35 days after application, biosolids-borne hormones were still
detectable in the soil and did not complete degrade. Langdon et al. (2010) further utilized
another model to estimate the toxicity posed by natural and synthetic hormones contained in
biosolids using pore-water concentrations (Cporewater) as model input. This model adopted
an equilibrium-based partitioning approach that required Cbiosolids and KOW as primary
input parameters in addition to general parameters discussed hereafter. In this study, the
DOW value was used in place of the tradition KOW value to correlate each hormone's pH-
dependent hydrophobicity profile with its respective migration potential. Both models were
combined to estimate the concentration in influent and effluent (Cinf and Ceff, respectively)
for 10 sterols, and the run-off potential for four hormones that have been frequently reported
in literature, estrone (E1), estradiol (E2), estriol (E3) and 17-β-ethinylestradiol (EE2).

2. Materials and Methods
Aqueous phase concentrations were calculated for 14 hydrophobic organic compounds
(HOCs) based on their Cbiosolids and log DOW values using two independent models.

2.1 Empirical model I
The fraction of the total mass of a given compound entering a POTW (fbiosolids) was
calculated using an established empirical model (Eq. 1) that previously had been validated
for application in the log DOW range of 4.9 – 6.4 (Deo and Halden, 2010). Prior studies also
had identified a value of 1.76 x 10-6 as appropriate for the dimensionless fitting parameter,
pfit.

(Eq. 1)

Using mass-balance approaches, the concentration of a chemical in biosolids, Cbiosolids, can
be determined as a function of the total concentration of the chemical entering the POTW,
Cinfluent, the fraction amenable to sequestration in biosolids (fbiosolids) and the yield of
biosolids per volume of raw wastewater treated (Y).
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(Eq. 2)

The value of Y was taken from the literature, 2.4 × 10-4 kg/L (Kinney et al., 2006). Eq. 2
was rearranged as shown in Eq. 3 to yield influent concentrations.

(Eq. 3)

Weir et al. (2010) showed that the concentration of a given sorption-contolled compound
leaving a POTW, Ceffluent, can be estimated with reasonable accuracy using Eq. (4) as
follows:

(Eq. 4)

The modeled values are conservative estimates that represent the maximum concentration of
sterols that can be expected to occur in the influent and effluent streams. The removal
efficiency of individual compounds and the model's accuracy was validated using the most
recent results obtained from a study conducted on the removal of sterols in POTWs in
Canada (Furtula et al., 2011). Removal efficiencies (Predicted vs. Observed) were matched
for each compound by a paired t-test at the confidence level of p = 0.01.

2.2 Empirical Model II
The leaching potential of hormones was predicted based on Cbiosolids values reported in the
recent Targeted National Sewage Sludge Survey (TNSSS) conducted by the U.S. EPA
(USEPA, 2009a). Model II was developed previously by another research group (Langdon
et al., 2010). It was specifically used for analyzing hormones, since these compounds are not
as hydrophobic as the sterols, and previous models had a restrictive use with regards to
compounds of low hydrophobicity.

The concentration of a given hormone in homogenized mixtures of soil and biosolids was
calculated according to Eq. 5

(Eq. 5)

, where Cbiosolids and Csoil represent the mass of biosolids and soil, respectively, that were
mixed together during application. For moist soils, the partitioning of a given compound
between the solid and aqueous phases was estimated using Eq. 6,

(Eq. 6)

, where Mb is the mass in μg of the compound associated with the solid phase at
equilibrium, and Msoln in units of μg is the mass of the compound present in the dissolved
state in the aqueous phase at equilibrium. Representative values for soil density, Ms, of 1.3 g
cm3 and for soil moisture content, Vo, of 0.22% were taken from the literature (De Lannoy
et al., 2006). The soil:biosolids mixing ratio was assumed to equal 25:1 based on
recommendations by the U.S. EPA (McClellan and Halden, 2010).
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The pore-water concentration of a given compound at equilibrium was calculated using Eq.
7,

(Eq. 7)

, where Cporewater is the concentration of a compound in saturated soil (μg/L) and Mo is the
mass of compound in 1 cm3 of soil after equilibration (μg/1.3gm).

3. Results
3.1 Validation of empirical model I

The present study served to expand the applicability of an existing empirical model and
validate its output by comparing the predicted versus actual removal efficiencies (expressed
in %) for the sterol compounds shown in Table 1. A paired t-test was performed for nine of
the ten sterols considered here; ergosterol could not be included because the dataset by
Furtula et al, (2012) lacked information on this compound. Predicted values were found to
match observed ones very closely, as indicated by a factor of 1.04 ± 0.04 that was very close
to the ideal value of unity. Results from the t-test analysis confirmed the two datasets to be
statistically indistinguishable at the 99% confidence interval.

3.2 Modeled Cinf and Ceff values
Modeling results for aqueous phase concentrations are shown in Fig. 1. For a comparative
analysis, the concentrations were plotted as logarithmic equivalents of the obtained values.
The top panel shows concentrations estimated for raw sewage entering the POTWs. The
middle panel shows the model input values, i.e., the concentrations of analytes in biosolids
on a dry weight basis. The bottom panel of Fig. 1 shows the range of effluent concentrations
returned by the model. An examination of the top and bottom panels of Fig.1 and the
information presented in Table 2 reveals that the predicted removal efficiencies for all
sterols were uniformly high at 99.9% and thus were in good agreement with those (86.4 to
99.1%) determined experimentally by Furtula et al. (2011). Similarly, values reported by the
U.S. EPA for Cinf and Ceff detected at POTWs (USEPA, 2009b) were of the same
magnitude as those predicted here and depicted in Fig. 1.

3.3 Modeled Cporewater values
Porewater concentrations (shown in Table 3) indicate the migration potential of compounds
applied on soils in biosolids. Chemicals present in porewater are available for leaching into
ground and surface water during rainfall events. Modeled Cporewater values for hormones,
shown in Table 3, were in the parts-per-trillion range, owing to the low Cbiosolids values.

In order to assess the hazard posed to aquatic organisms by the flushable mass fraction of
compounds present in the aqueous phase (i.e., porewater), toxicity values taken from the
literature were plotted alongside modeled values. As can be seen in Figure 2, the expected
range of porewater concentrations of all 4 analytes considered bracketed the toxicity values
for sensitive aquatic species including fathead minnows (P. promelas) (Dammann et al.
2011), Zebra fish (D. rerio) (Brion et al. 2004) and Japanese Medaka fish (O. latipes)
(Metcalfe et al. 2001). Additional information on calculated minima, means and maxima is
presented in Table 3 along with specific information on observed adverse outcomes (Table
3, footnotes).
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4. Discussion
4.1 Sterols

As shown in Table 2, the predicted removal efficiencies for all sterols were >99% which
resulted in the extremely low concentrations in the effluent (Figure 1). These predictions
matched closely the empirical removal efficiencies observed at treatment plants, as reported
by Furtula et al., (2012). Of the compounds that were analyzed, four were grouped as
phytosterols (campesterol, β-sitosterol, stigmasterol and β-stigmastanol), five were
associated with cholesterol as either precursors or breakdown products (cholesterol,
desmosterol, cholestanol, coprostanol and epicoprostanol), and one was a fungal cell-wall
component (ergosterol).

Phytosterols are naturally occurring compounds that are known to be present in high
concentrations in paper mill effluents and have been detected at the parts-per-billion range
downstream of rivers receiving effluent from mills. These compounds have been linked to
androgenic effects in aquatic organisms caused either directly or as breakdown products of
the parental sterols (Ellis et al., 2003; Jenkins et al., 2003; Orrego et al., 2009). Similar to
phytosterols, cholesterol and related compounds have long been suspected of causing
androgenic effects or giving rise to compounds that have androgenic effects (Ellis et al.,
2003; Jenkins et al., 2003). More specifically, androstenedione, a microbial transformation
product of phytosterols and cholesterol, is a known androgen (Jenkins et al., 2004). In the
present study, androstenedione (not presented in Fig. 2) was found to have highest runoff
potential among the hormones analyzed, owing to its low hydrophobicity (log DOW = 2.72)
(See Table 1, Table 3). The Cporewater value calculated for androstenedione was 211 ng L-1

and nearly five times greater than that of the hormone estrone (E1), which had the highest
migration potential amongst the four hormones analyzed. Considering that both phytosterols
and cholesterol related compounds were detected in mg kg−1 range in biosolids, the
concentration of androstenedione that could migrate/leach into the aqueous phase could
potentially be higher than the values reported here. EPA's PBT Profiler software suggests
aquatic half-life values for the sterols considered here on the order of 60 days (Table 1).

4.2 Hormones
A recent study ranked hormones among the most studied compounds with regards to their
presence in the environment, and the compounds estrone (E1) and 17-β-estradiol (E2) being
the most thoroughly investigated (Miège et al., 2009). The list of hormones analyzed in this
study comprises both naturally occurring (E1, E2, E3) and synthetic (EE2) ones. While E1,
E2 and E3 are excreted by humans naturally, EE2 is excreted only by women taking
contraceptive pills. All of these hormones have been detected in the natural environment in
the part-per-trillion range and above, especially in surface waters and all are known to cause
a variety of secondary effects in aquatic organisms, including reversal of sex-ratios and
delayed fertilization (Brion et al., 2004; Parrott and Blunt, 2004; Schäfers et al., 2007;
Dammann et al., 2011).

While adequate details on the presence of E3 in the environment could not be gathered, the
hazard posed by the remaining four hormones was assessed. The range of Cporewater
predicted for E1, E2, E3 and EE2 was noted to encompass the values at which these
compounds exert adverse effects on fathead minnows and zebra fish (see Table 3 and Figure
2). EE2 was found to have the smallest Lowest Observed Effect Concentration (LOEC)
value amongst the hormones and was determined to possess the highest toxicity, whereas E1
was found to have the highest leaching potential, due to its relatively high concentration in
biosolids and comparatively low hydrophobicity (log DOW 3.62 at pH 7.5). Yang et al.
(2012) suggested that both increased rainfall and increased hormone load applied in
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biosolids on land can trigger elevated runoff concentrations. The mass of hormones
contained in runoff and leachate also is expected to vary based on the temporal precipitation
profile, with intermittent rains potentially leading to the largest concentrations released due
to the extended equilibration time. However, the present model does not take into
consideration variations in rainfall and assumes constant soil moisture content.

4.3 Environmental implications
The present study served to predict influent and effluent concentration ranges for 10 sterols
and investigate the implications of four hormones detected in biosolids samples as reported
in the 2009 TNSSS study. The results presented in this study are representative of effluent
discharges that receive little or no dilution via surface waters, and the here presented
empirical model serves to function as a screening tool that can be used to calculate the
theoretical removal rates and the aqueous phase concentrations based on reported Cbiosolids
values for compounds with log DOW values in the range of 4.9 to 10 at pH 7.5, i.e., in
conditions typical of POTWs (Deo and Halden, 2009).

Also calculated in this study were the migration potentials of four hormones included in the
TNSSS. Modeled Cporewater values indicated that the migration potential of the hormones
were in the descending order of E1>E3>E2>EE2; EE2 was found to have a problematic
hazard potential since the compound had the smallest LOEC value. The run-off predictions
presented here and the order of migration potentials were found to agree with those
presented by Yang et al. (2012). In conjunction with these results, a medaka assay conducted
by Metcalfe et al. (2001) revealed the relative estrogenic potentials of these four hormones
were EE2>E2≈ E1>E3. Conventional POTWs are faced with the challenge of treating a
continuous load of organic compounds, including phytosterols and hormones that possess
endocrine disrupting properties. Findings from this study suggest that although sterols are
removed from wastewaters at high efficiencies they tend to accumulate in biosolids, where
they may be subject to microbial conversion to metabolites that possess relatively greater
endocrine disrupting potential than the parent compounds. Compounds sequestered in
biosolids and subsequently applied on land potentially can migrate into groundwater and
surface waters and thus can pose a significant hazard to aquatic organisms, as shown by the
results of this study. However, it is important to note that the mass fraction of compounds
present in porewater is very small when compared to the amount of chemical sorbed onto
particles, and that equilibrium concentrations present in porewater will be diluted
significantly during rainfall events. Thus, a hazard assessment based on equilibrium
porewater concentrations has to be interpreted as a worst-case scenario. In reality, flushed
porwater volumes will be diluted significantly by rainwater, thereby lowering due to dilution
the risk of harmful exposures. Results of this modeling study suggest that although
hydrophobic compounds readily partition into biosolids, they also are expected to be
bioavailable at levels sufficiently high to cause endocrine disruption in sensitive aquatic
species upon leaching from field soils amended with biosolids.

5. Conclusions
The expansion, validation and application of mathematical modeling performed in this work
provided new estimates on the concentration range of ten sterols and four hormones in
environmental compartments. A hazard assessment revealed that the hormones E1, E2 and
E3 feature high migratory potentials in soil, with E1 and E3 projected to yield the highest
porewater concentrations, and EE2 posing a potential threat to fathead minnows (P.
promelas). This work underscored the utility of modeling for assessing the potential impact
of endocrine disrupting compounds sequestered in biosolids during wastewater treatment.
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Highlights

• We model the concentrations of endocrine disruptors in raw and treated
wastewater

• We obtain additional info on levels of endocrine disruptors leaching from soils

• We estimate the risk associated with hormone release to the environment

• We show how modeling can inform environmental monitoring needs
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Figure 1.
Predicted concentration ranges of 10 steroids, plotted on a logarithmic scale, in POTW
influe (Cinf) and effluent (Ceff), calculated based on concentrations in biosolids (Cbiosolids)
reported in the peer-reviewed literature. Values that exceed or fall below the upper and
lower quartiles by 1.5x appear as outlier symbols marked with the asterisk symbol (*). The
greatest and smallest values excluding the outliers are denoted by the whiskers, whereas the
box is delineated by the upper quartile (top of box), lower quartile (bottom of box) and the
median value (center line).
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Figure 2.
Predicted Cporewater range based on Cbiosolids values for 4 hormones. Circles represent
aquatic toxicity threshold values reported in the literature.
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Table 1

List of sterols that were analyzed in this study. Cbiosolids (μg kg1) values were taken from the TNSSS 2009
reports (U.S. EPA, 2009) and compound structures, log Dow values at pH 7.5, and CAS numbers were taken
from RSC online database and the literature (Ying et al., 2002). Half-life values reported are for aquatic
environments and were estimated using the PBT Profiler of the U.S. EPA.

Desmosterol Stigmasterol

log Dow: 9.27 log Dow: 10.07

CAS: 313-04-2 CAS: 83-48-7

Cbiosolids: 2230 (min) Cbiosolids: 455 (min)

806,000 (max)

94,400 (max) 120,671 (mean)

14,816 (mean) t1/2: 60 days

t1/2: 60 days

β-Stigmastanol

Ergosterol log Dow: 10.07

log Dow: 9.3 CAS: 83-45-4

CAS: 57-87-4 Cbiosolids: 3440 (min)

Cbiosolids: 2180(min) 1,330,000 (max)

152,834 (mean)

91,900 (max) t1/2: 60 days

20,080 (mean)

t1/2: 60 days β-Sitosterol

log Dow: 10.73

Campesterol CAS: 83-46-5

log Dow: 9.97 Cbiosolids: 1210 (min)

CAS: 474-62-4 1,640,000 (max)

Cbiosolids: 2840(min) 302,123 (mean)

t1/2: 60 days

524,000 (max)

97,298 (mean) Estrone (E1)

t1/2: 60 days log Dow: 3.62

CAS: 53-16-7

Coprostanol Cbiosolids: 19.70 (min)

log Dow: 10.06 965 (max)

CAS: 360-68-9 109.34 (mean)

Cbiosolids: 7720(min) t1/2: 38 days

43,700,000 (max) 17-β-Estradiol (E2)

2,795,254 (mean) log Dow: 4.15

t1/2: 60 days CAS: 50-28-2
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Cbiosolids: 16.20 (min)

Cholestanol 355 (max)

log Dow: 10.07 35.57 (mean)

CAS: 80-97-7 t1/2: 38 days

Cbiosolids: 3860(min)

Estriol (E3)

4,590,000 (max) log Dow: 2.53

473,067 (mean) CAS: 50-27-1

t1/2: 60 days Cbiosolids: 5.80 (min)

232 (max)

38.85 (mean)

Cholesterol t1/2: 38 days

log Dow: 9.62

CAS: 57-88-5 17-β-Ethinylestradiol(EE2)

Cbiosolids: 2,340(min)

log Dow: 4.15

5,390,000 (max) CAS: 57-91-0

727,338 (mean) Cbiosolids: 12.80 (min)

t1/2: 60 days 61.90 (max)

22.53 (mean)

t1/2: 38 days

Epicoprostanol

log Dow: 10.06 Androstenedione

CAS: 516-92-7 log Dow: 2.72

Cbiosolids: 868 (min) CAS: 63-05-8

6,030,000 (max) Cbiosolids: 57.70 (min)

818,673 (mean) 1520 (max)

t1/2: 60 days 328.44 (mean)

t1/2: 60 days
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Table 3

Modeled porewater concentrations for four hormones.

Cporewater(ng L-1) Cporewater(ng L-1) Cporewater(ng L-1) Aquatic toxicity(ng L-1)

Compound Minimum Maximum Mean

Estrone (E1) 0.00 43.47 4.57 10d, 15a

17-β-Estradiol (E2) 0.38 8.23 0.82 5b

Estriol (E3) 0.00 40.91 6.52 10d

17-α-Ethinylestradiol (EE2) 0.00 0.70 0.55 0.32c

Androstenedione* 0.00 211.30 42.40 -

*
Androstenedione is an androgen that was selected for modeling purposes only.

a
Increased aggressiveness of fathead minnows (P. promelas) as seen during a 21-day study by Dammann et al. (2011).

b
Caused vitellogenin induction in adult male Zebra fish (D. rerio) as reported by Brion et al. (2004).

c
Decreased male sex characteristics and reduced egg fertilization success observed in adult male P. promelas were reported by Parrott and Blunt

(2005).

d
Altered sex ratio seen in Japanese Medaka fish (O. latipes) as reported by Metcalfe et al. (2001).
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