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Abstract

The potential presence of steroid hormones in runoff from sites where biosolids have
been used as agricultural fertilizers is an environmental concern. A study was conducted to
assess the potential for runoff of seventeen different hormones and two sterols, including
androgens, estrogens, and progestogens from agricultural test plots. The field containing the
test plots had been applied with biosolids for the first time immediately prior to this study.
Target compounds were isolated by solid phase extraction (water samples) and pressurized
solvent extraction (solid samples), derivatized, and analyzed by gas chromatography-tandem
mass spectrometry. Runoff samples collected prior to biosolids application had low
concentrations of two hormones (estrone <0.8 to 2.23 ng L™ and androstenedione <0.8 to
1.54 ng L") and cholesterol (22.5 + 3.8 pg L7'). In contrast, significantly higher
concentrations of multiple estrogens (<0.8 to 25.0 ng L"), androgens (<2 to 216 ng L), and
progesterone (<8 to 98.9 ng L) were observed in runoff samples taken 1, 8, and 35 days
after biosolids application. A significant positive correlation was observed between
antecedent rainfall amount and hormone mass loads (runoff). Hormones in runoff were
primarily present in the dissolved phase (<0.7-um GF filter), and, to a lesser extent bound to
the suspended-particle phase. Overall, these results indicate that rainfall can mobilize
hormones from biosolids-amended agricultural fields, directly to surface waters or
redistributed to terrestrial sites away from the point of application via runoff. Although
concentrations decrease over time, 35 days is insufficient for complete degradation of

hormones in soil at this site.

Introduction
The presence of endocrine-disrupting chemicals (EDCs) in the environment, including
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natural and synthetic hormones, has become a growing concern because low part-per-trillion
concentrations of these chemicals have caused adverse impacts on aquatic organisms.l’ 2
Possible sources of hormones to the environment include discharges from wastewater
treatment plants (WWTPs),>” use of reclaimed water for irrigaltion,6 domestic septic

8-10

systems,” effluents from concentrated animal feeding operations (CAFOs),*"" and runoff

from agricultural fields where manure and biosolids (organic-rich solids resulting from

treatment of sewage sludge) are applied as fertilizers and soil amendments.'" "

Numerous laboratory studies have investigated the persistence and degradation

16, 17
and

pathways of hormones in manure,'" > WWTP-affected streams and groundwater,
biosolids.'® ' However, most studies investigating the behavior of hormones in manure or
biosolids-amended soils have been conducted under laboratory rather than field conditions.

Jacobsen et al."! investigated the impact of biosolids amendments to soils on testosterone

degradation in laboratory microcosms. The observed inhibition of ['*C]-testosterone

mineralization in a loam soil heavily amended with biosolids was suggested to result from
inhibition of microbial activity or increased sorption. Stumpe and Marschner® conducted
laboratory incubation experiments to determine the mineralization potential of 17p-estradiol
(BE2) and testosterone in soils with long-term biosolids application and wastewater irrigation,
and found that for BE2 the mineralization rate (5-7%) was lower and the sorption affinity was
higher than for testosterone in all test soils. Long-term application of biosolids had no effect
on the 21-day hormone mineralization rates while long-term irrigation with wastewater did,
likely due to soluble sorbents (e.g., colloidal and dissolved organic matter) decreasing
bioavailability. In another recent study, mineralization of estrogens was not related to changes
in sorption parameters, rather it was enhanced by up to 147% or depressed by up to 50%,
depending on site characteristics and the type of organic waste applied (i.e., manure, biosolids,
Wastewalter).21 In sum, these studies show that while these hormones can be transformed in
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agricultural settings, they likely persist long enough to potentially impact the quality of runoff

water.

Other studies have indicated that land application of manure can result in hormone
leaching and runoff.'> % Agricultural management practices such as tillage and rate of
manure application may also affect the eventual exports of steroid hormones in runoff.
Compared with raw litter and reduced tillage, no-tillage and pelletized litter treatments
yielded much lower exports and concentrations of estrogens, indicating that pelletized litter
and no-tillage could be used as best management practices to reduce estrogen exports from
agricultural fields.”® Testosterone (6 to 19 ng L'l) and BE2 (19 to 389 ng L'l) were observed
in runoff following poultry litter application depending on tillage conditions,” whereas
another study detected PE2 (6 to 66 ng L) in groundwater adjacent to fields amended with

poultry litter and cattle manure.” Nichols et al.**

demonstrated that field-applied poultry
litter can contribute BE2 to runoff, and amending poultry litter with alum reduced mean BE2
concentrations. Finlay-Moore et al.* measured the BE2 (20 to 2530 ng L") and testosterone
(10 to 1830 ng L) in runoff water and soil from poultry (broiler) litter-amended grasslands.
In field soil, the highest observed concentration of BE2 and testosterone was 675 and 165 ng
kg™, respectively. In these studies, runoff concentration appeared strongly dependent on the

litter application rate and frequency.”* %

Mansell et al.' investigated soil and runoff concentrations in simulated rainfall
experiments from steer feedlots. Whereas only three of the six hormones they measured were
detected in fresh manure, all six were detected in surficial soil after two weeks. This is likely
due to conversion of testosterone to androstenedione and aE2 to E1 and BE2 as the soil aged.
Androstendione and progesterone in aged soils were present at levels much higher than could
be accounted for by antecedent levels of testosterone. Other research indicates that both of
these compounds can be generated from sterols that are likely to be present in manure as well
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. . . 26
as in biosolids.

In the United States, it is estimated that the average WWTP produces 240 kg dry
weight of solids per million liters of wastewater treated, resulting in approximately 8 million
tons (dry weight basis) of biosolids produced per year, of which about 50% are land
applied.27 Surprisingly, little is known about the potential for runoff of hormones after land
application of biosolids, although some inferences can be drawn from the existing studies
conducted with manure and poultry litters indicating that hormones can be mobilized from
solid material by rainfall. Agricultural operations both through livestock emission and
spreading of manure can be an important source of hormones to the environment.”® Thus,
the main objectives of this study were to evaluate the potential for hormone (compounds
listed in Table S1 of the Supporting Information) runoff from agricultural test plots applied

with biosolids and to elucidate the major transport mechanisms.

Experimental Section
Experimental Site and Sample Collection

During April to June, 2008, three experimental plots (6 m?; 2 m wide by 3 m long) in
eastern Colorado (latitude 40°06°08”N, longitude 104°12°43”W, Figure S1) were established.
The experimental plots are located in a dryland winter wheat field (wheat-fallow rotation)
with reduced tillage, typical of the fields receiving biosolids from Denver and suburbs.
Rainfall simulations replicating a 100-year rainfall event (approximately 65 mm hr'') were
performed 5 days before, and 1, 8, and 35 days after routine biosolids application. Biosolids
had not been previously applied to this site. The biosolids applied to the test plots were
produced through anaerobic digestion and dewatering of concentrated solids from primary

and secondary treatment at an urban wastewater treatment plant in Colorado. The actual
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application rate was about 3.5 dry metric tons of biosolids per hectare. Immediately after
application, the biosolids were partially incorporated into the soil with a chisel plow to a
depth of about 15 cm. The plots were established parallel to the slope (~3%), and the soil at
the lowest position (plot 1) had the finest texture and most gentle slope (Table S2, Figure S1).
Before each simulated rainfall, soil samples were collected from locations outside the
experimental plots in tared cans, at depths of O to 2, 2 to 6, and 6 to 10 cm for soil moisture
measurement (Figure S2). Cans were weighed, dried at 105 °C for 24 h, and then weighed
again to determine soil moisture. Soil was sampled at 9 randomly selected points in the O to
10 cm layer. The 9 samples were combined to yield one composite sample for soil properties
analysis. The soil type on the experimental site was loamy sand (% sand/silt/clay: 82/12/6) to

sandy loam (% sand/silt/clay: 86-88/8-9/4-5; Table S2).

Artificial rainfall was applied to each 6-m” plot with a rainfall simulator that used a
TeeJet™1/2 HH-SS50WSQ nozzle placed in the center of the simulator.”” The nozzles and
associated water piping, pressure gauge, and electrical wiring were mounted on an aluminum
frame. The simulator was placed approximately 3 meters above the soil surface, and
hormone-free well water was used in all experiments (pH = 6.5 to 7, EC = 0.04 to 2 dS m™).
Metal borders were installed (0.2-cm thick and 15.2-cm wide) 7 cm above ground and 9.25
cm below ground to isolate surface runoff. A runoff collection gutter was installed at the
down-slope edge of each plot to divert runoff to the collection point. Calibration cans were
placed at three sides of the plot to collect rainfall in order to determine the uniformity of flow
over the plot. Runoff and particulate matter yields from each 6-m’ plot were measured during
each experiment. The runoff flow rate was measured as described previously . Rainfall was
applied and periodic samples were collected until ca. steady-state runoff rate was observed
(30 to 60 min per test). Twelve runoff samples were collected in 1-L amber glass bottles from

each plot through the course off each simulated rainfall event, and then placed on ice in the
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dark and transported to the laboratory. The 12 runoff samples collected from each experiment
were then composited into 3 samples using a cone splitter, representing the early, middle, or
late periods of the rainfall event. A total of 9 composited samples collected from three
experimental plots were analyzed. Isotope-dilution standards (IDSs) were added to each
sample (Tables S3 and S4), and samples were stored at -60°C in high-density polyethylene
(HDPE) containers until analysis. The samples were extracted and analyzed without
filtration, so reported concentrations include both dissolved and suspended-particle bound

hormones.

To investigate the primary phase responsible for transporting hormones, the
percentage of hormones partitioned to the suspended-particle bound phase and in the
dissolved phase were determined for a subset of unfiltered runoff samples by filtering the
runoff through a 0.7-um (nominal) glass-fiber filter (Whatman GF/F, 142 mm diameter,

Whatman Inc. Piscataway, NJ). Both the filter and the filtrate were retained and analyzed.

A composite biosolids sample was collected from several points within the pile
applied to the field at the time of application. This composite sample was subsampled in the
laboratory 5 times (denoted biosolids A through E) and analyzed for the same 19 compounds
determined in the water analyses. All subsamples were taken from one jar and were intended

to provide an estimate of method and sampling variability and precision (Table S5).

Sample Analysis

Seventeen natural and synthetic hormones, comprising nine estrogens, six androgens,
and two progestins, and two related sterols were measured in unfiltered (combined dissolved
and suspended-particle bound phases) and filtered runoff, filtered suspended particles, and

biosolids samples (Table S1). Many of the hormones have previously been detected in
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biosolids, so biosolids application to agricultural fields represents a viable source to the
environment.'® ! Although the sterols (cholesterol and coprostanol) are not hormonally
active, they are typically present in biosolids at high concentration and are useful for

comparative purposes.

Standards and reagents are described in the SI. Prior to use, all glassware was
silanized. Hormones were extracted from filtered or unfiltered runoff samples using C;3 solid-
phase extraction (SPE) disks and isolated using Florisil cartridges; hormones in the
suspended-particle bound phase from filters and biosolids samples were extracted using
pressurized solvent extraction (PSE), and interferences were removed by isolation on OASIS
HLB cartridges and elution across Florisil cartridges. Both SPE and PSE extracts were
derivatized with activated N-methyl-(N-trimethylsilyl)trifluoroacetamide (MSTFA, Sigma-
Aldrich) and analyzed by gas chromatography-tandem mass spectrometry (GC/MS/MS).
More detail on extraction, isolation. and analysis can be found in Foreman et al.’> The PSE
extraction and sample cleanup was modified after the method of Burkhardt et al.*; the only
difference was that Florisil cartridges were eluted with 95% dichloromethane (DCM)/5%
methanol rather than a DCM/diethethyl ether solvent mixture. The derivatization and
instrumental analysis was carried out as in the water method with the exception that 500 uL
of MSTFA was used (versus 200 pL) to minimize reagent limitations previously observed in

the more complex solid extract matrix.
Quality Assurance/Quality Control

Throughout the study, regular verification of method performance was conducted in
the form of spike-recovery experiments and analysis of blank samples. At least one spike
and one blank was analyzed per set of 10 samples, for a total of 8 of each during the course of
the study. For all target compounds, spike recovery averaged 93 + 11.6%, ranging from 71

+ 14.9% (equilin) to 116 = 22.0% (cholesterol) (Table S3). Seventeen of 19 compounds
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were never detected in blank samples, two compounds (cholesterol and coprostanol) are
commonly observed in method blanks, but neither ever exceeded censoring levels. For every
sample, IDS response was evaluated independently to estimate absolute compound recovery,
although reported results are recovery corrected by isotope dilution. Recovery of IDS
compounds averaged 57.7%; for individual compounds average recovery during the study

ranged from 46 + 17.5% (cholesterol-d7) to 71 + 19.1% (estrone-d4) (Table S4).
Statistical Analysis

Pearson's correlation analysis was performed using SAS PROC CORR (version 9.2 )

on hormone mass loads and antecedent rainfall amount.

Results & Discussion
Steroid Hormone Runoff during a Series of Rainfall Events

Six out of seventeen hormones were detected in the biosolid samples, representing a
wide range of concentrations (Table S5). Estrone was found at highest concentration (78+5.8
ng g") in biosolids, followed by androstenedione (22+5.3 ng g") and cis-androsterone (18
+1.4 ng g'l). Twelve of the seventeen hormones, coprostanol, and cholesterol were detected in
at least one unfiltered runoff sample during the experimental period (Tables S6 and S7). Four
synthetic hormones, diethylstilbestrol, norethindrone, ethinyl estradiol and mestranol, were
not detected in any of the samples, nor was equilin, a natural estrogen that is used in hormone
replacement therapy (Tables S6 and S7). In the rainfall simulation 5 days prior to biosolids
application, only androstenedione (one of nine samples, 1.54 ng L'l), estrone (six of nine
samples 0.95 to 2.23 ng L™), and cholesterol (nine of nine samples, 22.5 + 3.8 pg/L) were

detected in runoff (Table S6).

In contrast, significant concentrations of hormones were observed in runoff samples
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one day after biosolids application (Figure 1). One day after biosolids application, 14 of 19
compounds were observed in runoff with 82.5% detection frequency among detected
compounds. The average concentrations of coprostanol and cholesterol in runoff were 153
and 112 pg L', respectively. The hormones that were detected were present at parts-per-
trillion concentrations (ng L™). Runoff samples collected one day after biosolids application
contained significantly (p < 0.05) higher concentrations of estrogens, as well as androgens
and progesterone based on Pearson’s correlation analysis (Figure S3-S5). Overall, estrogen
(E1, aE2, BE2, and estriol (E3)), androgen (testosterone, epitestosterone, 11-ketotestosterone,
cis-androsterone, and androstenedione), and progestogen (progesterone) concentrations one
day after biosolids application ranged from <0.8 to 15 ng L, <2 to 220 ng L", and 17 t0 98.9

ng L respectively (Table S6).

Concentrations (ng L) for each rainfall event are shown averaged across plots for
different time points (Figure 1), and generally decreased or remained constant for most
compounds from day 1 to day 35. Increased runoff rate as soil became saturated meant that
hormone load (ng min™) increased substantially over the course of each rainfall simulation

(Figure 2). The mass load was calculated in the following way:
Mass load (ng min™) = Runoff rate (L min™) x Runoff concentration (ng |

Furthermore, for compounds that were not detected in 100% of samples, the non-detections
were clustered during the early periods of runoff sampling. At 8 and 35 days after biosolids
application (Table S6 and Figure S3-S5), similar patterns of generally lower concentrations
and lower frequency of detection (42.1% detections on day 8, 58.3% on day 35) were

observed.

The runoff patterns observed for each of the hormones during the experimental period

are likely associated with differences in partitioning behavior, (bio)transformation, and
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(de)conjugation of the individual compounds. Mean concentrations of hormones detected in
biosolids samples ranked in the following order: E1 > androstenedione > cis-androsterone >
progesterone. This order suggests that both the initial hormone concentration in biosolids
and physicochemical properties affect the observed runoff concentrations. Some observed
hormones may be generated microbially from sterols or through interconversion of hormones,
as other studies have observed increases of androstenedione and progesterone in manure™
and manure-impacted soils' as they aged. However, the concentrations of androgens in
runoff had decreased by day 8 and day 35, which is consistent with previous reports and
suggests that biodegradation or mass loss via leaching may also be an important factor

affecting runoff concentrations.'" ¥

Observed runoff concentrations could also be affected by differential rates of in situ
degradation for the hormones after biosolids application to the soil. Previous batch, column,
and field studies have also shown that the sorption affinity of testosterone is lower, while the

dissipation/transformation rate and potential for migration is higher than for BEZ.ZO’ 233,

These results demonstrate that runoff from biosolids-amended agricultural soils can
transport hormones laterally off-field, and suggest that such runoff could be an important
source of hormones to receiving waters, especially in areas where application of biosolids is
common, and where a substantial portion of surface water flow is derived from such runoff.?
Further, runoff from these experiments had hormone concentrations that exceed biological
effects thresholds' (Figure 1), suggesting potential for effects on aquatic organisms exposed
to such runoff. However, the rainfall rate used in the experiments corresponds to a 100-year
rain event for eastern Colorado, so these results likely represent an upper bound on hormone

runoff at this site.

Among the hormones, androstenedione was found in the highest concentration in
runoff on day 1, followed by cis-androsterone and progesterone. Temporal trends in hormone
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load were similar between the three plots (Figure 2). However, the runoff concentrations of
hormones observed at day 1 after biosolids application followed the order: androstenedione >
cis-androsterone > progesterone >> El. The fact that testosterone, epitestosterone, 11-
ketotestosterone, aE2, and BE2 were observed in runoff samples but not in biosolids is likely
due to less sensitivity of solid versus liquid analytical methods, although microbial

production of these hormones as the soil aged is possible.

One day after biosolids application, the concentration of androstenedione was
between one and two orders of magnitude higher than E1 or BE2 (Figure 1 and Table S6). In
general, the highest concentrations of androgens in runoff occurred on the first day after
biosolids application. For example, in plot 1, the runoff concentrations of testosterone,
dihydrotestosterone, androstenedione, and cis-androsterone decreased by 50 to 75% from day
1 to day 8, and decreased again by more than 44% from day 8 to day 35 (Figure S3). Similar
trends were observed for runoff concentrations of coprostanol and cholesterol. In plot 1 on
day 1, the highest concentration of coprostanol and cholesterol were 400 and 280 ug L',
respectively (Table S6). Conversely, in plot 1, the runoff concentrations of EI and BE2
increased by more than 42% from day 1 to day 8, but decreased by more than 40% from day

8 to day 35 (Figure S3).

In contrast to the androgens, total estrogen (i.e., El, aE2, and BE2) runoff
concentrations did not markedly decrease in the month following biosolids application.
Previous studies have suggested that the most predominant factors contributing to the fate
and transport of BE2 and testosterone in the field were soil-water status (i.e., soil moisture
percentage), organic matter content, and colloid-facilitated transport®’. The higher runoff rate
observed during the second simulated rainfall event (day 8) after biosolids application is
likely due to the high antecedent moisture content of the soil (Figure S2) and intervening

natural rain (25.4 mm rain between days 1 and 8). The total estrogen concentration in runoff
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at day 35 still exceeds biological effects thresholds.' The concentrations of E1 were found to

be consistently greater than aE2 and BE2 for all simulated rainfall events.

Finally, the runoff concentrations of progesterone were reduced at least 87% at day 8,
and then increased to a similar level as day 1 on day 35 (Figure S3, Tables S6 and S7). The
trends observed in plots 2 and 3 are provided in SI (Figures S4 and S5). The concentration of
progesterone in day 1 runoff decreased significantly (p <0.0001) for the subsequent rainfall

event (D-8), and then increased again on day 35 (p = 0.0017).

The runoff mass loads in nanograms per minute, of hormones and runoff rates for
plots 1, 2, and 3 on day 1, 8, and 35 are shown in Figure 2. The concentration of each
compound was multiplied by the runoff rate measured closest to each sampling time. The
overall trend of mass load changes is consistent between different rainfall events, and the
highest mass load of hormones correlated with the antecedent rainfall amount for 90% of the
samples (p <0.05; Table S8). Hormone loads were highest towards the end of each rainfall
simulation. Because the simulated rainfall corresponded to an intense storm, it is likely that
the early runoff concentrations are more indicative of what would be observed during a
typical rainfall event. Significant correlations (R ranged from 0.67 to 0.98, p value <0.05;
Table S8) were observed between antecedent rainfall amount and mass loads of androgens
(i.e., androstenedione, cis-androsterone, dihydrotestosterone, and testosterone), estrogens
(i.e., E1, aE2, and BE2), and progesterone for the three experimental plots on day 1, 8, and
35. This observation is in agreement with a recent study that also reported significant
correlations between antecedent rainfall amounts and mass exports of estrogens from poultry
litter amended soil and suggests that mass exports and concentrations of estrogens do not
necessarily monotonically decrease with successive rainfall events.” This observation is
consistent with our findings with respect to E1, which actually increased in concentration on

day 8 compared to day 1. Collectively, our results suggest that higher rainfall amount may
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promote runoff with higher hormone loads from both manure- and biosolids-amended soils.

Whereas both oE2 and BE2 were observed at very low concentrations (< ~2 ng L") in
runoff, on day 35 E1 was present in runoff at much higher concentration (>10 ng L™). The
greater E1 concentrations on day 35 are most likely due to release from the biosolids and to a
smaller extent biodegradation of BE2 to EIl, suggested by the observation that the
concentration profile of BE2 followed the profile of E1 (Figure 1). Interestingly, a recent
study found that E1 had a higher soil sorption coefficient (K4 =33 L Kg'1 soil) and a higher
soil sorption coefficient per unit organic carbon (Ko = 1557 L Kg™) than BE2 (Kq = 23 LKg™
soil and K,. = 1082 L Kg'l) based on investigations of 121 surface (0-15 cm) soils.>¢ Thus,
stronger sorption of BE2 is not a likely explanation for this observation. However, it is likely

23,37
1%

that some aE2 and BE2 were degraded to E in the biosolids-amended soil and may, in

part, have contributed to the observed concentration of E1 on the day 8 and day 35.

There was no natural precipitation between the day biosolids were applied to the field
and one day after biosolids application. However, natural precipitation events did occur
between days 1 and 8 after biosolids application (25.4 mm) and between day 8 and 35 after
biosolids application (10.4 mm). The intermittent wetting and drying of the soil and applied
biosolids throughout the entire study could influence the transport and biodegradation of
hormones. In WWTPs, higher removal efficiencies have been found for androgens and
progestogens (91-100%) than for estrogens (67-80%), with biodegradation being the major
removal route.” The absence of progesterone (<8 ng L) at day 8 and the reappearance at day
35 suggests either a slow desorption from the biosolids into the soil solution or microbial
formation, perhaps from sterols.'” Further research is needed to determine if wetting the soil

could induce rapid degradation of progesterone.

Kjer et al.? assessed leaching of estrogens from manure-treated structured soils and

found that leaching appears to be influenced by preferential transport, fast solute transport,
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and drainage water dynamics. While our results demonstrate that hormones do runoff from
biosolids-amended soils, additional studies are needed to address the mechanisms of transport
(e.g., leaching potential of hormones from biosolids-amended soils). The past history of
conventional-tillage on the reduced-tillage plots could have resulted in the development of
impeding layers, which could have reduced infiltration and enhanced runoff. *® Jenkins et al.
12 observed higher exports of BE2 in runoff from conventional-tillage (1300 pg ha) versus
no tillage (600 pg ha™') with poultry litter plots. Further research is also required to evaluate
the potential for hormone transport from biosolids-amended soils with different agricultural

management practices.
Steroid Hormone Fractionation between Dissolved and Suspended-Particle Bound
Phases

For this study, dissolved-phase hormones are operationally defined as the fraction of
hormones in water that pass through a 0.7-um glass-fiber filter. The runoff samples were
filtered the day after collection and stored at -60 °C until analysis. Likewise, particle-bound
hormones are defined as the fraction of hormones that are retained on the same filter. The
percentages of hormones bound to the suspended-particle phase and in the dissolved phase
were compared (Figure 3) to determine the importance of each phase for hormone transport.
These comparisons were made for compounds that were present in the day 1 and 8 samples

from all 3 plots, and day 35 samples from plots 1 and 2.

Coprostanol (>98%) and cholesterol (> 98%) were present primarily in the suspended
particles (i.e., particles >0.7 um), BE2 was present approximately 50 % bound to suspended
particles, while the rest of the hormones remained primarily in the dissolved phase. At 1 day
after biosolids application, the percentage of particle-associated hormones varied from <0.8

to 16% for testosterone, 6 to 17% androstenedione, 6 to 16% for cis-androsterone, 22 to 45%
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for E1, and 46 to 63 % for BE2 based on the results from three experimental plots. More than
95% of progesterone was observed in the dissolved phase. Similar trends were observed 8
days and 35 days after biosolids application (Figure 3), but with a higher frequency of non-

detections.

Coprostanol and cholesterol were present on suspended particles to a greater extent
than estrogens, androgens, and progesterone, likely due to their hydrophobic properties. In
general, the mean percentage of particle-bound hormones observed in this study followed the
order sterols >> estrogens > androgens and progesterone. This pattern is in partial agreement

. . . 39,40
with previous studies®”

and may be due to the lower water solubility of estrogens (Sy = ~1
to 4 mg L") than androgens (Sy, = ~20 to 875 mg L) and progesterone (S, = 8.81 mg LY
(Table S1). The log K,y for progesterone (3.67 to 3.87) is higher than the log K, values
(1.92 to 3.69) for the androgens but similar to or lower than the log K,y (3.13 to 4.01) of E1

and BE2 (Table S1).

Physicochemical properties could also influence distribution of hormones between
particles and aqueous phases. Dipole effects, which could influence particle association by
interaction with charged clay particles, would be stronger for estrogens than the other
compounds due to the presence of a phenol substituent rather than a conjugated ketone in the
A-ring of the steroid.”® The fraction of biosolids in the soil is relatively low so there could be
some polar interactions occurring with clays.*’ Indeed, Khan et al.*' and Mashtare et al.*’
show differences in sorption to agricultural soils between stereoisomers of estradiol and
trenbolone, a synthetic androgen, with stronger partitioning observed for the 17 isomer
relative to the 17a isomer.  Since stereochemical configuration does not affect K, values,
they attributed the observed differences to polar interactions between the hormones and soil

mineral phases. The present study results confirm that the 17 stereoisomers of testosterone

and estradiol are more strongly associated with particulate matter than the 17a stereoisomers
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(Figure 3).

Finally, three compounds were observed at concentrations near their detection limit in
the dissolved phase and not detected in the suspended-particle phase. Therefore, for
progesterone, aE2, and 11-ketotestosterone the minimum fraction present in the dissolved
phase is reported. However, the failure to detect progesterone, 11- ketotestosterone, and oE2
in particulate samples, coupled with detection limits that approach their aqueous

concentrations, precludes reliable determination of their partitioning behavior.

Esperanza et al.”’ assessed the fate of sex hormones in two pilot-scale municipal
WWTPs and found that testosterone, androstenedione, and progesterone tended to remain in
the dissolved phase (filtrate; passing through 1-um filters) and did not partition significantly
to the solids. It is noted that the dissolved and suspended-particle phases were separated by a
standard 0.7-um glass-fiber filter in the present study. Interestingly, we did not detect
progesterone in the particulate fraction (Figure 3). Thus, it is likely that the aqueous fraction
contained small particles and/or colloids containing sorbed steroid hormones. Holbrook et
al.** observed that up to 60% of BE2 and EE2 in wastewater is associated with aqueous
colloidal material, but the log K, values and log K, values were not well-correlated with
estrogen sorption to colloids. Similar poor linear relationships between log K,, and
partitioning to colloidal organic carbon for E1, BE2, and EE2 have been shown previously.45
This further suggest that hydrophobic partitioning does not completely explain sorption
behavior of hormones and that aquatic colloids may play an important role in the
environmental behavior of steroid hormones. Additional research is needed to evaluate the

physicochemical properties of colloids that influence transport of hormones.

Environmental Implications
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The present study assessed the runoff potential for estrogens, androgens, and
progestogens from agricultural test plots receiving a first-time application of biosolids. Three
factors need to be considered when evaluating this dataset: (1) the data likely represent a
worst-case scenario (100-year rainfall event or 65 mm h™) for runoff conditions at our field
site, (2) while hormones were present in runoff from biosolids-amended fields, farther
transport to surface waters, wetlands, or elsewhere on the landscape, requires additional
study, and (3) if hormones did reach receiving waters, concentrations likely would be diluted
and impact on aquatic organisms would thus be mitigated. Nevertheless, our findings
demonstrate that hormones can be present in runoff from biosolids-amended agricultural
fields, and that relatively high concentrations of androgens and progesterone are likely to be
found in the surface runoff even after multiple heavy rainfall events and over one month
following the original application of biosolids. The hormone mass load correlated with
antecedent rainfall amount, emphasizing that a heavy rainstorm event will promote a pulse of
hormones in runoff. This suggests that biosolids could be an important source of hormones to
surface waters. The concentrations of estrogens and androgens, in particular androstenedione,
detected in this study are higher than concentrations that have been shown to alter
biochemistry and behavior in susceptible fish." 4630 The lowest observed effect level (LOEL)
affecting vitellogenin production in juvenile female rainbow trout was found to be as low as
3.3ng E1/L.’! Furthermore, the possible impact of hormone exposure on terrestrial organisms
has not been documented. However, Kinney et al.”* demonstrated the uptake of wastewater-
derived compounds by earthworms and this suggests the potential for bioaccumulation of
these compounds in the food web. Additional research is required to evaluate the potential for
hormone transport from biosolids-amended soils with different soil composition, means of
biosolids application, and climate conditions (e.g., precipitation rate) and across longer

distances.
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FIGURE CAPTIONS

FIGURE 1. Boxplot showing runoff concentration distribution of detected compounds in a

total of nine runoff samples collected from all three plots during simulated rainfall 5
days prior to biosolids application (-5) and 1, 8, and 35 (no measurements were made
from plot 3 on day 35; six runoff samples were analyzed) days afterwards. Boxes
indicate 25™ and 75" percentile values and whiskers are drawn to the highest and
lowest data points that are not outliers (AND: cis-androsterone, ADSD:
androstenedione, T: testosterone, EpiT: epitestosterone, DHT: dihydrotestosterone, 11-
KT: 11-ketotestosterone, El: estrone, a-E2: 17a-estradiol, B-E2: 17B-estradiol, E3:

estriol, EQN: equilenin, P: progesterone).

FIGURE 2. Hormone mass load and runoff rate (blue circles on secondary axis) from all

three plots 1 day, 8 days, and 35 days after biosolids application. No measurements

were made for plot 3 on day 35.

Figure 3. Mean (three sampling times) coprostanol, cholesterol, and hormone percentages in

the dissolved (including <0.7-um particles) and suspended-particle bound phases in
runoff samples collected from plots 1-3 during the rainfall events 1, 8, and 35 days
after biosolids application (AND: cis-androsterone, ADSD: androstenedione, T:
testosterone, EpiT: epitestosterone, DHT: dihydrotestosterone, 11-KT: 11-
ketotestosterone, E1: estrone, aE2: 17a-estradiol, BE2: 17B-estradiol, P: progesterone).
No measurements were made for plot 3 on day 35. ‘Compounds were observed at

concentrations near their detection limit which may lead to larger errors.
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