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ABSTRACT

17B-estradiol (E2), a natural estrogenic hormone, degrades within hours and bind strongly to soils and
sediments; however, estrogens are frequently detected in the environment at concentrations that impact
water quality. Colloidal (COC) and dissolved (DOC) organic carbon may enhance the persistence and
mobility of E2. Soil batch experiments were used to identify the persistence and sorption of radiolabeled
E2 dissolved in solutions of (i) COC/DOC derived from liquid swine manure and (ii) CaCl,. Estradiol dis-
appeared from the aqueous phase before 7 d in the CaCl, solution, yet persisted throughout the duration
of the 14d experiment in the liquid manure solution. There was also concomitant formation of estrone
(E1; a metabolite of E2) as E2 dissipated in sterile batch experiments, which was attributed to abiotic
oxidation. The liquid manure solution appeared to interact with the estrogen and/or oxidation reaction
sites, reducing E2 degradation. Furthermore, the liquid manure solution reduced E2/E1 binding to the
soil surface resulting in more E2/E1 in the aqueous layer compared to the CaCl, solution. Ultrafiltration
results of liquid manure indicated that ~1/3 of E2 was associated with COC, which may be responsible
for the reduced degradation and sorption of E2 in the liquid manure solution.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Exogenous estrogens in the environment have the potential
of disrupting the endocrine systems of sensitive organism at low
concentrations [1,2]. Although laboratory studies indicate estro-
genic hormones are short-lived [3-5] and immobile [5,6], they
have been detected at relatively high frequencies and concen-
trations in field surface waters [7]. Certain organic carbon (OC)
fractions can contribute to facilitating the transport and persis-
tence of some immobile and/or labile contaminants within the
soil environment (e.g. [8-12]). The strong association of estrogenic
compounds with dissolved (DOC) and colloidal (COC) organic car-
bon fractions [13,14] suggests that they may have a major influence
on the fate and transport of hormones. Indeed, several field studies
have found correlations between E2 detections and DOC and COC
in soil leachate [15,16] and rivers [17].

A known source of estrogenic hormones in surface waters is
poultry and livestock manure [18,19]. Compared to other animal
feeding operations, manure from swine (Sus scrofa domesticus) ges-
tation and farrowing facilities has some of the greatest reported
potential to produce and contribute natural estrogenic compounds
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to the environment [20-22]. For example, Raman et al. [22] cal-
culated ratios of estrogen to macronutrient content (N, P, and K)
in various manures, and found ratios in liquid swine manure (i.e.,
excrete manure/urine mixture with >95% moisture content) were
4 times greater than those of manure from lactating dairy cows.
Hutchins et al. [23] also indicated that >95% of estrogens in liquid
swine manure are aqueous free (i.e. deconjugated and dissolved),
which is greater than other animal manure sources they measured.
This may be a reflection of typical swine housing, where slotted
floors allow immediate transfer of feces and urine to pits where
deconjugation of the sulfated and glucuronidated estrogens occur
by fecal bacteria.

Estrogenic hormones will preferentially associate with
DOC/COC fractions in soil and sediments [14,24,25], indicating that
DOC/COC may play a significant role in their fate and transport.
Holbrook et al. [14] found that 60% of aqueous 173-estradiol (E2),
the primary natural estrogenic hormone, will associate with COC
derived from wastewater. Holbrook et al. [14] defined COC as the
size fraction that passes through a 1.5 wm filter, but is retained
by a 1000 Da ultrafilter. The DOC was defined as the fraction that
passes through the 1000 Da filter [14]. By conventional definitions:
the particulate OC would be the fractions retained by a 0.45 um
membrane filter, while the <0.45 um filtrate contains DOC and
COC fractions. The OC fraction between 0.45 pm and 1000Da is
commonly accepted as the colloidal and DOC as below 1000 Da
[14,26,27].
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Liquid swine manure is a complex mix of different particle sizes,
but nearly 50% of the organic matter in liquid manure is present as
DOC and COC [28], which is potentially the most mobile fraction.
Liquid manure is injected within the top 10 cm of soil as a common
agronomic practice to improve soil fertility and health that results
from the nutrient and organic components of the manure. Kjaer
et al. [29] detected the estrogens, estrone (E1; the primary oxi-
dized metabolite of E2) and E2, in subsurface tile drainage beneath
a field that received swine liquid manure by surface injection. 173-
Estradiol and E1 were measured in the tile drainage (average depth
of 1m) up to 11 months after the liquid manure had been applied
[29].

The processes that lead to estrogen persistence and mobility in
the field environment are not well understood. This lack of under-
standing is especially true in the context of manure management,
where there is the potential for high estrogenic concentrations and
strong association of estrogens with mobile OC fractions. The pur-
pose of this study was (i) to measure the effect of COC/DOC derived
from swine liquid manure, on the sorption and persistence of E2
in soil, and (ii) to identify the relative distribution of E2 + E1 within
the OC fractions.

2. Experimental

The soils used in this study came from the surface (0-15 cm) and
subsurface (15-30 cm) of a Garborg loamy fine sand (Sandy mixed
frigid Typic Endoaquoll), which were obtained from southeastern
North Dakota, USA. These soils were obtained from the same loca-
tions of previous field [16,30] and laboratory [5,31,32] experiments.
The soils were air-dried and ground to pass through a 2 mm sieve
and were stored frozen until the batch experiments commenced.
The main difference between the two horizons was the organic
matter content and electrical conductivity (Table 1).

The solutions used for both the batch and ultrafiltration studies
were 0.45 pm-filtered liquid manure and 0.01 M CaCl,. The lig-
uid manure was obtained from a farmstead within 3 km of where
the soil was collected. The liquid manure was obtained from a
storage pond that received slurry manure drained from subfloor
pits beneath a series of enclosed pens [16,30]. The liquid manure
was filtered through a 0.45 pwm Whatman filter to remove partic-
ulates before its use in the experiments. The liquid manure was
characterized for chemical and physical parameters by Servi-Tech
Laboratories (Hastings, NE) using their Lagoon Analysis package
(Table 2).

2.1. Batch experiments

2.1.1. Aqueous phase

For both the batch and ultrafiltration studies, various concentra-
tions of radiolabeled (#C) E2 (American Radiolabeled Chemicals, St.
Louis, MO) were first dissolved in an ethanol stock solution, which
was then added to the batch vialsin 10 wLinjections to obtain initial
solution concentrations. Masses of 1.6 g of soil were added to 10 mL
clear glass vials, then 8 mL of solution (i.e., liquid manure or CaCl,)

Table 1
Physical and chemical properties of the surface and subsurface Garborg soil used in
this study.

Depth Sand Silt Clay om? pH CECP EC¢
cm gkg! gkg! gkg! gkg! cmol(+)kg~!  dSm~!
0-15 73.8 14.6 11.6 214 76 109 0.2
15-30 74.0 151 10.6 16.0 75 113 1.07

2 OM: organic matter.
b CEC: cation exchange capacity.
¢ EC: electrical conductivity.

Table 2
Physical and chemical parameters of the <0.45 wm fraction of the liquid manure
used for the batch and ultrafiltration studies.

Parameter Concentration
Total N (mgL~1) 162
Organic N(mgL~") 12
Ammonium N (mgL-1) 150
Nitrate-N (mgL~") <1
Magnesium (mgL—1) 3
Sodium (mgL-') 30
Zinc (mgL") <1
Iron (mgL-1) 4
Manganese (mgL-1) <1
Copper (mgL-1) <1
Electrical conductivity (dSm~") 12.6
Phosphorus (mgL-1) 6
Potassium (mgL~') 67
Sulfur (mgL-1) 11
Calcium (mgL-1) 17
Boron (mgL~1) 2
Moisture (%) 99.4
Total solids (mgL-1) 600
Organic matter (mgL-') 300
Ash (mgL1) 300
Carbon to nitrogen ratio 1:1
pH 7.42

2 CaCl; solution pH 7.4.

were added to the vials. Vials were then sealed with Teflon septa
and metal crimp caps. Experimental controls contained aqueous
phase without soil. After solutions were added all batch vials were
sterilized by exposing them to a !37CsCl Gamma Irradiator (Model
#M38-4 Gammator, 1970) for 16h at 8.5kGy. Post-irradiation,
14C stock solutions were injected through the septums to deliver
0.7, 0.3, 0.07, and 0.01 w.Ci in 10 pL of ethanol. The final #C con-
centrations were 0.088, 0.038, 0.009, and 0.001 wCi mL~!, which
corresponded to 433, 186, 43, and 6 g L~!. The batch studies were
conducted in triplicate. Although the concentrations of 14C-labeled
E2 were above typical levels found in manures that have been
applied to agricultural fields [22,23], these concentrations were
necessary to ensure detection of radioactivity in samples.

All batch vials were placed onto a rotating drum (360°/5s) and
aqueous aliquots were sampled at 0.17,0.33, 1, 2, 3, 7, and 14 d. At
each sampling time, batch vials were removed, centrifuged (380 x g
for 20 min), sampled using a syringe, and placed back onto the
rotating drum. Aqueous samples were taken using a clean syringe
that was inserted twice into a vial to obtain (i) a 100 pL sample for
analysis of total radioactivity assay by liquid scintillation counting
(LSC),and (ii)a 150 p.Lfor thinlayer chromatography (TLC) to detect
E2 metabolites. The 100 p.L aliquots were added to 5 mL of Ecolite
scintillation fluid (88247505, MP BioMedicals, Solon, OH) and then
analyzed by LSC. The 150 pL aliquot samples were concentrated
on a centrifugal rotary evaporator (SpeedVac, Savant Instruments,
Farmingdale, NY) to approximately 10 L and then spotted onto
a reverse-phase TLC plate (RP-18F 266013, Analtech, Newark DE)
along with standards (E1 and E2). The solvent ratio was 48:2 chlo-
roform to methanol. Radioactivity on plates was analyzed using a
TLC System 2000 Imaging Scanner (Bioscan, Inc., Washington, D.C.).
Verification of the TLC data was supported using liquid chromatog-
raphy tandem mass spectrometry analysis with preparation and
analysis of samples as described by Thompson et al. [16].

2.1.2. Soil extraction

In addition to the batch vials, seven additional vials were created
of the lowest concentration (0.001 wCimL~!, chosen for cost con-
siderations) of 1¥C-labeled E2. One vial at each time point (seven
total vials) was removed from the experiment, injected with 216 L
of formaldehyde (2.7%) to inhibit or stop biological transforma-
tions of E2, and frozen (—4.4C°) until further analysis. Later, the
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seven vials were thawed, centrifuged at 380 x g for 10 min, and
the supernatant decanted, placed in a separate vial, and refrozen
(—4.4C°). The remaining soil in the vials was washed with 3 mL
of nanopure water, sonicated for 30 min, centrifuged at 380 x g for
10 min, and supernatant decanted into a 10 mL polypropylene plas-
tic bottles. This soil washing procedure was repeated twice using
nanopure water, and performed a third time using acetone. Inde-
pendent extractions were collected in separate bottles and stored
frozen. After the soil had been washed, it was then air-dried for
5d at 25°C. Aliquots (100 L) of each of the soil extracts were
assayed for 14C using LSC. The air-dried soil was mixed with a
sterile spatula and six aliquots of 0.1 g soil were combusted in a
tissue oxidizer (Packard Model 307 Oxidizer; Downers Grove, IL)
to allow the calculation of non-extractable #C. During the high
temperature combustion analysis, the non-extractable 4C was
converted #CO, and trapped in a sodium hydroxide solution. The
14C was then quantified in the sodium hydroxide solution using LSC
analysis.

2.2. Ultrdfiltration

Volumes of 10 mL of (i) 0.01 M CaCly, (ii) nanopure water, and
(iii) 0.45 pm-filtered liquid manure were spiked with 7 L of 14C-
labeled E2 stock solution (0.001 wCi wL~1) in triplicate, and stirred
for 15 min prior to ultrafiltration. Each of the three solutions spiked
with 14C-E2 were ultrafiltered using a 1000 Da filter (PLAC02510,
Millipore Regenerated Cellulose Ultrafiltration Membrane, Biller-
ica, MA) and a 10 mL Amicon stirred cell (Model 8010; Billerica,
MA). The stirred cell ultrafilter was placed under 22 kPa pressure
using N, gas for up to 4 h (times varied depending on solution being
filtered). When ultrafiltration was complete, three 100 L filtrate
aliquots were analyzed for 4C by LSC. The stirred cell was then
dismantled and the 1000 Da filter was removed, and placed onto
aluminum foil to air-dry at 23 °C for 24 h. The filters were then cut
in half (so as not to exceed the mass limits for combustion) and each
half was submitted for combustion analysis (described in Section
2.1.2) to quantify the amount of 4C retained on the 1000 Da filter.
The #C measured on the two filter halves was summed. The above
ultrafiltration procedure was replicated three times for all three
solutions. The 6.35 mm diameter HDPE polypropylene tubing used
for output from the Amicon stirred cell was replaced between each
run to avoid cross contamination.

3. Results and discussion
3.1. Persistence

Degradation of E2 is predominantly a biological process [3,5];
nonetheless, in the present study under sterile conditions E2 was
transformed to E1 (Fig. 1). The first-order rates of removal of E2
from the aqueous phase were calculated to be 15.60d~! (stan-
dard error, SE=2.09) and 18.96d~! (SE=1.34) for the surface and
subsurface soils with CaCl, solution, respectively. For the liquid
manure solution, the respective rates were 11.69d~! (SE=1.96)and
12.85d~1 (SE=2.72) for the surface and subsurface soils. Photolysis
is an abiotic process that could produce E2 from E1 [33,34]. How-
ever, previous studies have shown no significant photolysis of E2 in
identical batch experiments, perhaps resulting from low transmis-
sion of light through the glass vial and batch soil-water solution
[32].

Abiotic transformation of E2 to E1 can also be caused by oxi-
dation by soil manganese oxides. Plant available manganese is
prevalent in soils in ND [35], and Mn oxides are described in the
official soil survey description of the Garborg soil series used in this
study [36]. Oxidation occurs when the hydroxyl group at position

17 of the E2 molecule is oxidized to a carbonyl [37,38]. Estradiol
oxidation by manganese oxides can be rapid in sterile soil, i.e., 57%
and 95% of E2 dissipated by 1d and 4 d, respectively [37]. Similarly,
in the current study, E2 was removed rapidly from the aqueous
phase for the CaCl, solution in the presence of either surface or
subsurface soils, and was difficult to detect at 7d. For the liquid
manure solution, however, the E2 persisted in the aqueous layer
throughout the duration of the experiment (14 d) for surface and
subsurface soils. Loss of compounds from the aqueous phase will be
retarded if they are bound to suspended or colloidal particles, which
may explain the persistence of E2 in the liquid manure solution
with abundant COC/DOC. For example, pesticides bound to sus-
pended (defined as >0.7 wm) and colloidal (defined as <0.7 um)
particles in river water will persist compared to aqueous free
pesticides [39].

The difference in loss of E2 from the aqueous phase in the
presence of liquid manure versus CaCl, solutions could also result
from interactions between DOC/COC and soil manganese oxide
reaction sites. Solutes, such as DOC, can potentially reduce the
oxidation capacity of soil manganese oxide by adsorbing to Mn
oxide reaction sites or competing with reactants (e.g. E2) for
reaction locations [40]. Furthermore, the DOC/COC suspended in
the aqueous phase could bind to the E2 molecule prohibiting
contact with Mn oxide surface reaction sites [38]. Compared to
the CaCl, solution, the more abundant DOC/COC of the liquid
manure solution, and its corresponding interactions with Mn oxide
might explain the difference in E2 loss between the two solutions
(Fig. 1).

Besides degradation, aqueous dissipation or loss can also result
from sorption to the solid soil surface. Higher DOC/COC concentra-
tions will reduce soil sorption affinity of E2 [14,17]. The greater
dissipation of E2 in the CaCl, solution, compared to the liquid
manure solution, could have resulted from this greater surface
sorption. Whereas, the liquid manure solution has greater abun-
dance of DOC/COC that could bind the E2, allowing the E2 to remain
in the aqueous layer bound to suspended COC/DOC particles unable
to partition to sorption sites on the soil surface.

3.2. Radioactive recoveries

3.2.1. Aqueous phase recoveries

When interpreting the aqueous radioactivity in this study, the
approach of Holthaus et al. [41] was used, where radioactivity
was assumed to represent a composite concentration of E2 and E1
(E1/E2).This assumptionis based on similarities of E2 and E1 molec-
ular structures, physiochemical properties (e.g., molecular mass,
solubility), and sorption parameters. Furthermore, the 14C label at
the C-4 position of the A-ring and is maintained in the steroidal
structure during transformation of E2 to E1 [41]. For the current
study, this assumption proved appropriate because TLC analysis
indicated the presence of only E1 and E2.

When the aqueous radioactivity was expressed as a fraction of
original radioactivity, or relative radioactivity (n=12; i.e., four ini-
tial concentrations and three replicates), then the relative aqueous
radioactivity for the individual experimental controls (e.g. sur-
face/subsurface, CaCl,/liquid manure) followed the same trends
through time regardless of initial radioactivity applied (Fig. 2). For
the CaCl, solution, the aqueous radioactivity was significantly dif-
ferent (probability <0.05) for surface than subsurface soils at two
measurement times (0.17 and 1d), which can be attributed to
the hydrophobic sorption of E2/E1 to soils [42]. Specifically, there
would be greater sorption of E2/E1 in soil with greater OC con-
tent, such as surface compared to subsurface soil (Table 1). For the
liquid manure solution, however, there was no difference in aque-
ous radioactivity for the surface and subsurface soils. Furthermore,
the liquid manure solution aqueous concentrations of E2/E1 were
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Fig. 1. Fractional recovery of radioactivity in aqueous phase as 17(-estradiol or estrone in calcium chloride (CaCl,) and liquid manure solutions, in the presence of surface
and subsurface soils (identified by TLC). The relative concentrations of the four initial concentrations were calculated and each data point represents the average of these

four relative concentrations at the various measurement times.

significantly greater (probability <0.05) than the CaCl, solutions
(Fig. 2) at the end of 14d. The hydrophobic sorption to the solid
soil was apparently inhibited by the more abundant DOC/COC of
the liquid manure solutions. These results show E2 can associate
with suspended DOC/COC fractions, in agreement with previous
reports [14], reducing E2/E1 available for binding to soil surfaces,
and thereby increasing its potential for transport in soil/water sys-
tems.
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Fig. 2. The average percent of the applied radioactivity recovered from the aqueous
phase through time for the calcium chloride solution (CaCl; ) and liquid manure solu-
tion for the surface and subsurface soils. The error bars represent standard deviations
of the % applied radioactivity for the four initial concentrations and three triplicate
reaction vials (n=12).

3.2.2. Sorbed phase recoveries

Radioactivity in the sorbed phase was recovered in three pools,
which were (i) exchangeable or water extracted, (ii) potentially
exchangeable or acetone extracted, and (iii) irreversibly bound
(Fig. 3). The partitioning of E2/E1 into potentially extractable and
non-extractable or irreversibly bound sorption sites is consistent
with previous studies [32]. Irreversible sorption of organic com-
pounds in the soil OC has been accounted for by diffusion, physical
entanglement, and/or covalent binding [43,44].

The acetone extract and combusted fractions of radioactivity
were greater for all CaCl, solutions compared to liquid manure
solutions (Fig. 3). The association of these hormones with the sus-
pended COC/DOC resulted in less sequestering of the presumed
E2/E1 to irreversible sorption sites (14C quantifiable, but structural
identification not possible), which could increase E2 availability
and mobility in soil. This result is consistent with field lysimeter
studies that have suggested DOC derived from soil and/or manure
can facilitate hormone transport [45]. The facilitated transport of
E2 was observed through soil monoliths and was attributed to
preferential flow paths and/or by association with swine manure
organic matter [15]. Significant correlations between DOC and E2
detections in field lysimeter and well samples near a swine farm
suggested DOC enhances estrogen mobility and persistence [16].

The average mass recovery for all experiments was approx-
imately 75%, with individual mass recoveries ranging from 60%
to 120% for the various time points and experimental conditions
(e.g., surface/subsurface soil, CaCl,/liquid manure solution, ini-
tial concentrations). Low mass recoveries may be caused by the
hydrophobic nature of E2 and/or E1 where E2/E1 could have pre-
cipitated onto experimental equipment, such as the glassware, thus
reducing mass recoveries. Also, incomplete combustion of the soil
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Fig. 3. The radioactivity recovered from the sorbed phase by combustion, water extraction, and acetone extraction through time.

during the soil combustion analysis could result in low mass recov-
eries [5]. There were only two measurement points where the mass
recoveries were greater than 100%. This overestimation of mass
recovery may have resulted from adding background disintegra-
tions per minute (dpms) from the LSC analysis towards the actual
14¢C, which occurs at the lower detection limits of the LSC.

3.3. Aqueous and sorbed phase distributions

While E2 and E1 were the only radiolabeled compounds
detected in the aqueous phase, a large fraction of the radioactive
dose was irreversibly sorbed to soils. No chemical composition
of the irreversibly sorbed or water and acetone extractions of
radioactivity could be performed. In the case of the extractions,
this was due to insufficient radioactivity in the samples for TLC
analysis. Therefore, the development of independent isotherms
for E2 and E1 was impossible due to this lack of quantifiable and
qualifiable E2 and E1 sorbed to the soil surface. However, using
the approach of Holthaus et al. [41], explained in Section 3.2.1,
E2 and E1 were assumed to have identical sorption properties.
Furthermore, the amount of E2 and E1 bound to the soil surface

Table 3

was determined by mass balance difference between the applied
radioactivity and radioactivity recovered in the aqueous phase. Lin-
ear sorption isotherms were developed and sorption partitioning
coefficients (Ky) were determined for composite E2 and E1 (Fig. 4).
The log Ko (=log 10(K4/0C)) values derived from the Ky values
for the CaCl, (average=2.89; min.=2.31; max.=3.39) and liquid
manure (averages=2.52; min.=2.05; max.=2.99) solutions agreed
well with previously reported log Ko values for soil [42,46]. The fit
of the linear isotherms to the data were acceptable as indicated by
high coefficients of determination (r2), where values ranged from
0.98 to 1.00. The Ky values for the liquid manure solution were the
same for both the surface soil and subsurface soil indicating that the
DOC/COC derived from the liquid manure minimized the sorption
potential to soil regardless of soil OC content. The DOC/COC within
the liquid manure hindered the E2/E1 sorption potential to the soil
surface, which decreased the Kj.

3.4. Ultrdfiltration

Ultrafiltration results were used to determine whether the radi-
olabeled E2 was preferentially bound to the DOC or COC fraction of

Ultrafiltration results showing the average fraction of radioactivity recovered in the filtrate (dissolved organic carbon (DOC)), on the filter (colloidal organic carbon (COC)),

and total recovered.

Solution Average radioactivity recovered in Average radioactivity recovered on Average total radioactivity
filtrate (<1000 Da) filter (=1000 Da) recovered

Liquid manure 0.56 (0.11)? 0.33 (0.08) 0.89[0.71-1.08]°

CaCl, 0.74 (0.03) 0.06 (0.06) 0.80[0.73-0.89]

Nanopure water 0.99(0.03) 0.03 (0.01) 1.02 [0.98-1.06]

2 Values in parenthesis are standard deviations.
b Values in brackets are ranges.
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Fig. 4. The linear sorption-partitioning coefficient calculated through time for the
two solutions and for the surface and subsurface soils.

aqueous solutions. A third of the radioactivity was measured in the
COC fraction for the liquid manure solution, compared to little or no
radioactivity recovered in this fraction for the CaCl, and nanopure
solutions (Table 3). The results indicated the COC associated with
the #C-E2 in the liquid manure solution and could be responsible
for greater persistence and/or lower sorption of 14C-E2 compared
to the CaCl, solution. Low mass recoveries reported in Table 3. may
have resulted from the low water solubility of E2 and its precipita-
tion onto experimental equipment (e.g. glassware, tweezers). For
example, if the E2 precipitated onto the glassware and was not
recovered using a solvent rinse, then the precipitated E2 would
reduce the calculated mass recovery. Additionally, there may have
been a “salting out” effect of the CaCl; in the water solution [47],
where the CaCl, would attract water molecules thereby decreas-
ing the number of water molecules available to interact with the
hydrophobic organic molecule, E2. The salting out effect would then
facilitate the precipitation of E2 from solution onto glassware, and
thereby reducing its mass recovery.

4. Conclusion

The purpose of this study was to observe the abiotic effects of
liquid manure on the fate and transport properties of estrogen. It
was demonstrated that in the presence of liquid manure, estro-
gens (E2 and E1) will persist longer in the aqueous phase as a
result of reduced potentials to degrade and/or sorb to soil. These
results are important, because in the context of manure manage-
ment, liquid manure-derived DOC/COC could potentially extend
the aqueous persistence and thus the mobility of estrogens in the
environment. Nonetheless, further study is needed to identify the
effects of liquid manure-derived DOC/COC on E2 degradation and
sorption under natural, not sterile, conditions. Fecal bacteria are
effective in degrading E2 [48], but it is unknown whether this
biodegrading potential is reduced when estrogens are bound to
DOC/COC. Until similar experiments are conducted under natural
conditions, full environmental implications cannot be determined.
Additionally, although the association of estrogen with DOC/COC
can potentially facilitate its transport and persistence, it is also
important to identify whether the DOC/COC reduces the biologi-
cal/toxicological effects of estrogen, or whether estrogens can be
released from DOC/COC. Presumably, the association of estrogen
with DOC/COC will affect the ability of the estrogen to bind to estro-
gen receptors in the endocrine system, and decrease its potential
for environmental harm.
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