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• Hormones and metabolites were detected in runoff from test plots fertilized with cattle manure.
• Composting can reduce the hormone concentration in manure compared to stockpiling.
• About 10% of applied hormones can be lost through the dissolved phase of runoff.
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a b s t r a c t
Runoff generated from livestock manure amended row crop ﬁelds is one of the major pathways of hormone transport to the aquatic environment. The study determined the effects of manure handling, tillage
methods, and rainfall timing on the occurrence and transport of steroid hormones in runoff from the row
crop ﬁeld. Stockpiled and composted manure from hormone treated and untreated animals were applied
to test plots and subjected to two rainfall simulation events 30 days apart. During the two rainfall simulation events, detection of any steroid hormone or metabolites was identiﬁed in 8–86% of runoff samples
from any tillage and manure treatment. The most commonly detected hormones were 17␤-estradiol,
estrone, estriol, testosterone, and ␣-zearalenol at concentrations ranging up to 100–200 ng L−1 . Considering the maximum detected concentrations in runoff, no more than 10% of the applied hormone can be
transported through the dissolved phase of runoff. Results from the study indicate that hormones can
persist in soils receiving livestock manure over an extended period of time and the dissolved phase of
hormone in runoff is not the preferred pathway of transport from the manure applied ﬁelds irrespective
of tillage treatments and timing of rainfall.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The occurrence of natural and synthetic hormones in surface
water is a concern to the scientiﬁc community due to potential
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impacts from chronic exposure to aquatic organisms and public
health at low nanogram per liter concentrations [1–4]. Runoff from
the crop ﬁelds treated with livestock manure generated in the Concentrated Animal Feeding Operations (CAFOs) can be a potential
source of hormones to the surface water. The increased density of
animals in CAFOs generates greater amounts of manure often with
insufﬁcient land area for distribution at agronomic rates. Like all
other animals, cattle excrete endogenous hormones through feces
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and urine as a natural physiological process. In addition to that,
almost 96% of the cattle in U.S. CAFOs receive steroid hormone
treatments for growth promotion through implants behind the ear
or as feed additives [5]. Based on typical hormone excretion rates,
each year an estimated 43 Mg of hormones can be released to the
environment from approximately 15 million Mg of manure generated by feedlot cattle [6–8]. In the U.S., treatment of animal manure
is not required as long as it is not discharged directly into surface
water. A signiﬁcant portion of this manure (if not all) is applied to
agricultural ﬁelds as a source of fertilizer. Therefore, surface runoff
from manure amended ﬁelds can potentially transport hormones
from cropland to surface water resources [9,10].
The environmental fate of hormones and their metabolites is
complex. After excretion in feces or urine, hormones and metabolites generally change forms through chemical and microbial
transformation [11,12]. Both natural and synthetic hormones and
their metabolites have been detected in manure, soil and wastewater of cattle feedlots [13–16]. Studies evaluating the persistence of
speciﬁc hormones in soils observed that most steroid hormones and
their metabolites exhibit relatively strong adsorption-desorption
characteristics with low aqueous solubility [17–19]. Soil microbiology and surrounding physio-chemical characteristics are major
factors controlling transformation among the steroid hormones
and their metabolites. For example, Mansell et al. [20] reported
the presence of parent hormones such as 17␣-estradiol, 17␤estradiol, and testosterone (ranging from 5 to 175 ng L−1 ) in
runoff from feedlot surface during a rainfall simulation event conducted immediately after the animals were removed from the
pens but they found the presence of metabolites such as estrone,
androstenedione, and progesterone (ranging from 50 to 250 ng L−1 )
in runoff when they conducted another rainfall simulation 7 days
later. They concluded that the dominant forms of hormones and
metabolites were determined by changing soil microbial composition along with surrounding physio-chemical properties of
the soil. Thus, the likelihood for occurrence of these common
forms of hormones or metabolites in surface water is greater from
soil near the vicinity of CAFOs [21–23]. Studies have detected
the presence of four types of natural and synthetic hormones,
namely androgens (17␣- and 17␤-trenbolone), estrogens (estrone,
17␤-estradiol and estriol) and progestogens (progesterone and
melengestrol acetate) in river water samples and identiﬁed their
adverse impacts on aquatic life (e.g., fathead minnow) at different
sites impacted by livestock production facilities along the Elkhorn
River in Nebraska [22,24,25]. Result from a study in Israel found
that hormones can be detected in rivers up to 60 km away from a
CAFO [26].
A review of the literature suggests that although the occurrence of natural and synthetic hormones at various sites in manure,
soil, and water has been well documented, there are no efforts
that determine the transport of all four major steroid hormone
categories in runoff from crop ﬁelds under different agricultural
management practices. Considering this knowledge gap, this study
was designed to evaluate the performance of two common manure
handling (compost and stockpiling) and three tillage practices
(disk, moldboard plow with disk, and no-till) on the occurrence
of steroid hormones in surface runoff from two one-month-apart
rainfall events. It was hypothesized that manure treatment can
reduce the concentration of hormones; the types of soil, timing
of rainfall, and tillage can play a signiﬁcant role to inﬂuence the
transport of hormone through runoff. To verify the hypothesis, artiﬁcial rainfall was applied to row crop ﬁelds amended with beef
cattle manure to determine the impact of rainfall timing, manure,
and tillage practices on the concentration of hormones and their
associated metabolites in surface runoff from row crop ﬁelds.
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2. Materials and methods
2.1. Feedlot and manure management
This study was conducted at the Haskell Agricultural Laboratory
of the University of Nebraska-Lincoln near Concord, Nebraska, U.S.
(42◦ 22 52.7 N, 96◦ 57 31.3 W). Soils at the site were mapped as a
Nora silty clay loam (ﬁne-silty, mixed, mesic Udic Haplustolls) with
28% sand, 48% silt, and 24% clay and organic carbon fraction (foc ) of
2.2% [27]. The soil has permeability in the range of 15–50 mm h−1
and available water holding capacity of 0.17–0.22 mm mm−1 soil
[28]. The study area has an average annual rainfall of 672 mm y−1
and average annual temperature of 8 ◦ C [29].
Ninety-six heifers (average weight 230–270 kg) that received
no hormone treatments prior to the experiment were split into
two groups and housed in six pens (16 animals in each). One group
of three pens contained animals that was treated with RalgroTM
(36 mg of ␣-zearalanol) and RevalorTM -H (140 mg of trenbolone
acetate and 14 mg of 17␤-estradiol benzoate) and fed an additive
MGA® 200 Premix (0.45 mg of melengestrol acetate per animal per
day) with daily rations. The remaining group (control/untreated) of
three pens contained animals that received no implants and were
fed regular rations. In each pen, the accumulated manure was collected after cattle were removed from the pens after the 112 days
trials. The detailed description of the cattle feeding study in the
feedlot is described in Bartelt-Hunt et al. [14].
Collected manure from each pen was then split into two piles,
one for composting and one for stockpiling. Twelve manure piles
(six of compost piles and six of stockpiled) were stored on a concrete pad under a roof to prevent rainfall from entering the manure
piles. The stockpiled manure was stored under roof and remained
undisturbed before application to the test plots. For compost piles,
corn silage was added to create a manure: silage ratio of 21:1 on a
dry weight basis to increase the carbon content. A one-time application of 379 L of water was applied to each compost pile. The corn
silage and water were thoroughly mixed using a skid loader. The
compost piles were turned weekly for the ﬁrst four weeks and then
biweekly for the next eight weeks to facilitate proper aeration during the composting process. The temperature of the compost pile
went up to 55 ◦ C during the second to third week of composting
and gradually went down after that. The complete description of
manure management study is supplied in Bartelt-Hunt et al. [15].
The average weight of each pile was estimated to be between
3600 and 4000 kg. Four manure types were produced: 1) composted manure from hormone treated animals (CT); 2) composted
manure from untreated animals (CU); 3) stockpiled manure from
hormone treated animals (ST); and 4) stockpiled manure from
untreated animals (SU). At the end of composting and stockpiling
period, manure samples were collected from bottom, top, center,
and outer edges of a pile. Samples of a pile were then mixed in
a stainless steel bucket (cleaned with methyl alcohol) to make a
composite sample of each pile, and frozen before sending to the
laboratory for analysis. The chemical and physical properties of the
manure are provided in Table 1.

2.2. Rainfall simulation study
Research plots were established in a continuous corn ﬁeld that
had been under no-till practices for more than 5 years. Plots were
oriented in the up-and-down hill direction with an average ﬁeld
slope of 8%. Manure was applied to a plot at either an application rate of 193 Mg ha−1 (wet weight) of stockpiled manure or
159 Mg ha−1 (wet weight) of composted manure to meet soil nitrogen requirements. The recommended nitrogen requirements are
170 kg-N ha−1 for dryland continuous corn in northeast Nebraska

438

S. Biswas et al. / Journal of Hazardous Materials 324 (2017) 436–447

Table 1
Summary of the properties of stockpiled and composted manure.

Stockpile
Compost

pH

Moisture content (%)

OM (%)

OC (%)

Total N (%)

ON (%)

C:N

7.7
7.8

15
21

13.1
14.0

7.6
8.1

0.66
0.76

0.58
0.70

11.4
10.6

OM = organic matter, OC = organic carbon; ON = organic nitrogen; C:N = ratio of total percent organic carbon to total percent nitrogen; sample size, n = 6.

Fig. 1. Schematic of runoff plots along with the experimental design.

[30]. Tillage treatments occurred immediately after manure application.
The statistical design was a randomized complete block design
in a split-plot arrangement with three replications [31]. Three
tillage treatments: 1) no-till (NT); 2) single disk (DK); and 3) moldboard plow plus single disk (MP), were randomly assigned to the
whole plots where the ﬁve manure treatments (CT, CU, ST, SU,
and control- NM) were applied randomly to the subplots (Fig. 1).
Each tillage block was approximately 30 m wide and 18 m long and
received a single pass over the plot. Each of the 5 manure subplots was 5 m wide by 18 m long. Each manure subplot was further
divided into 2 sub-subplots that were 2.2 m wide and 3.4 m long to
allow two rainfall simulation events: one day after manure treatment (1 DAT) and 30 days after manure treatment (30 DAT). In the
center of the 2.2 m × 3.4 m plot area, a runoff plot 0.75 m wide by
2.0 m long was isolated on three sides by galvanized steel borders.
A 150-mm I.D. PVC pipe with a 2.6 m long by 100 mm wide slot, cut
lengthwise, was used to collect runoff and deliver the runoff to the
collection site outside the water application area (Fig. 2). To prevent bypass ﬂow around the collection pipe, a piece of “L” shaped
galvanized steel was pressed into the soil at the downstream end
of the plot and directed runoff water into the PVC pipe. All borders
and drain pipes were pressure washed prior to use on another plot.
Several natural rainfall events totaling 107 mm were recorded
30 days prior to conducting the 1DAT rainfall simulation. During
the 30 days between the two rainfall simulation experiments, the
plots were undisturbed and a total of 43 mm of natural rainfall was
recorded by the HPRCC weather station located less than 0.5 km
from the ﬁeld site (Fig. 3). Simulated rainfall was applied at a rate
of approximately 70 mm h−1 using a rainfall simulator as described
by Humphry et al. [32]. Each rainfall simulator had only one nozzle

located at the center of the frame, and positioned 3 m above the
surface of the plot. Water (pH 7.4) was used from the main irrigation
well at the Haskell Agricultural Lab. The pressure at the nozzle was
maintained at 15 psi to generate the required rainfall intensity. The
water application rate was equivalent to the rainfall intensity index
(EI) of a single rain storm event expected to occur once every two
years in the study area [33].
Rainfall was applied to each plot until runoff occurred for 30 min.
The amount of rainfall for each plot was recorded using a water
meter attached to the rainfall simulator. Rainfall starting times and
runoff initiation times were recorded for each plot. Runoff samples (270 mL amber jars) were collected from each plot at 5, 10, 15,
20, 25, and 30 min after initiation of runoff. Runoff volumes were
calculated using the runoff ﬂow rates recorded at each sampling
interval. In total, 270 runoff samples were collected during each
rainfall simulation experiment and frozen at −20 ◦ C until analyzed
for 17 hormones or metabolites at the Water Sciences Laboratory of
the University of Nebraska-Lincoln. The experiment was repeated
again 30 days after manure application (30 DAT).
2.3. Steroid hormone analysis
Runoff water samples were analyzed using on-line solid phase
extraction (SPE) liquid chromatography-tandem mass spectrometry (LC/MS/MS) with a Spark Holland Symbiosys Environ automated
extraction system (Spark Holland, AJ Emmen, The Netherlands)
and a Waters Quattro Micro liquid chromatograph tandem mass
spectrometer (Waters Corporation, Milford, MA, USA) system with
atmospheric pressure photoionization (APPI) source. Microwaveassisted solvent extraction (MASE) was used for manure samples.
The instrument detection limits, method detection limit and aver-
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Table 2
Instrument detection limits (IDL), method detection limits (MDL), and average recovery rates for on-line solid phase extraction (SPE) and microwave-assisted solvent
extraction (MASE) using LC/MS/MS with APPI for seventeen hormones and metabolites and their estimated octanol-water partition co-efﬁcient (SciFinder) (Adapted from
Snow et al. [34]).
Hormones and Metabolites

IDL (pg)

Online SPE MDL
(ng L−1 )

Average recovery
(%)

MASE MDL
(ng g−1 )

Average recovery
(%)

Androgens

Testosterone
11-Ketotestosterone
4-androstenedione
Androsterone
17␣-trenbolone
17␤-trenbolone

16.0
16.2
15.2
48.6
9.4
18.2

3.2
3.4
1.3
2.4
3.2
4.5

100.9
116.6
70.2
94.3
85.4
93.9

0.07
0.09
0.12
0.34
0.16
0.29

110.7
103.6
56.1
51.8
109.9
121.1

3.179 ± 0.27
1.296 ± 0.47
2.717 ± 0.34
3.932 ± 0.32
2.316 ± 0.35
2.316 ± 0.35

Mycotoxins

␣-zearalanol
␤-zearalanol
␣-zearalenol
␤-zearalenol

33.3
33.5
43.6
37.6

9.0
6.9
2.0
4.0

82.6
195.1
41.5
115.4

0.54
0.59
0.71
0.58

135.7
61.0
81.8
109.6

3.859 ± 0.50
3.859 ± 0.50
4.168 ± 0.79
4.168 ± 0.79

Estrogens

17␣-estradiol
17␤-estradiol
Estrone
Estriol

21.0
23.7
35.1
62.5

2.7
4.2
4.9
7.5

28.0
55.6
88.8
69.4

0.18
0.52
0.60
1.87

87.2
77.2
110.8
185.5

4.146 ± 0.25
4.146 ± 0.25
3.624 ± 0.36
2.527 ± 0.28

Progestagens

Melengestrol Acetate
Progesterone
17␣-hydroxyprogesterone

13.4
21.0
26.6

2.8
2.7
3.6

59.5
72.7
95.0

0.2
0.26
0.22

71.1
50.9
85.4

4.206 ± 0.42
3.827 ± 0.28
3.040 ± 0.36

Log Kow

Spiked analyte concentrations were 5 ng L−1 for on-line SPE and 0.5 ng g−1 for test soil.

with internal standards (13 C6- estradiol and d5-testosterone) and
a known concentration of 17␣-methyltestosterone used as a measure of extraction efﬁciency and to monitor for any matrix effects.
Analyte recovery in laboratory fortiﬁed blanks analyzed at the same
time as the rainfall simulation samples ranged from 76 to 118%
and averaged 98 ± 33%. Recovery of analytes analyzed in fortiﬁed matrix samples (spiked duplicates) ranged from 80 to 147%
and averaged 101 ± 41%. Laboratory method blanks, spiked only
with internal standards and surrogate, were well below method
detection limits (Table 2) and generally zero. Recovery of the
methyltestosterone surrogate added to all samples and quality controls averaged 117.5 ± 42.9%. Details of the manure analysis and
quality controls are reported in Bartelt-Hunt et al. [15].
Concentrations of seventeen steroid hormones or metabolites were quantiﬁed and recorded for each manure and runoff
sample. Three naturally occurring hormones are commonly
used as implants in beef cattle: 17␤-estradiol, testosterone,
and progesterone. Three estrogens, 17␣-estradiol, estrone, and
estriol, are all metabolites of 17␤-estradiol; 11-ketotestosterone,
4-androstenedione, and androsterone are the metabolites of
testosterone; and 17␣-hydroxyprogesterone is a metabolite of
progesterone. The semi-synthetic non-steroidal estrogen- zeranol
(␣-zearalanol) is a resorcylic acid lactone and can be derived from
zearalenone, and subsequently form ␤-zearalanol, ␣-zearalenol,
and ␤-zearalenol. Trenbolone acetate (TBA), a synthetic anabolic,
is used as single or in combination with the natural hormones
as implants [35] and is metabolized to form either 17␣- or
17␤-trenbolone in vivo. Additionally, a synthetic progestagen,
melengestrol acetate (MGA), is used as feed additive to the daily
ration of the feedlot cattle.
Fig. 2. Field runoff plot boundaries with runoff collection tube.

2.4. Statistical analysis
age recoveries for on-line SPE and MASE for hormones and
metabolites are given in Table 2. A detailed description of the analytical procedures can be found in Snow et al. [34]. Calibration for
the on-line SPE uses aqueous calibration standards prepared and
analyzed as the same time as each batch of 20 samples. Quality controls prepared analyzed with every batch of 20 samples includes
a method blank, fortiﬁed blank, laboratory duplicate, and fortiﬁed matrix (ﬁeld) sample. All ﬁeld and quality controls are spiked

Statistical Analysis Software [36] was used to determine the
impact of tillage and manure on rainfall and runoff volume between
the two simulations by using PROC GLIMMIX. Rainfall simulation
timing (1 DAT and 30 DAT), tillage (DK, MP, and NT), and manure
management (C and S) were used in the model statement and replication, replication × tillage and replication × tillage × manure were
used in random statement. The least signiﬁcance difference (LSD)
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Rainfall (mm)
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(July 30, 2008)
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5
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5
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26

2
9
September

16

23

30

Fig. 3. Natural rainfall events during the time leading up to and between the 1 DAT and 30 DAT sampling events in the study area in 2008.

1 DAT

30 DAT
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Frequency of Detection (%)

80
70
60
50
40
30
20
10
0

S

C

NM

S

DK

C
MP

NM

S

C

NM

NT

Fig. 4. Probability of detecting at least one hormones or metabolites out of the seventeen in runoff samples from the two rainfall simulation events (1 DAT and 30 DAT)
considering manure management and tillage (DK = single disk, MP = moldboard plow plus single disk, NT = no-till; C = composted manure, S = stockpiled manure; sample size,
n = 36; NM = control/no-manure, n = 18).

method was used for pairwise comparison among the treatments
with the level of signiﬁcance being set at ␣ = 0.05.
3. Results and discussion
3.1. Manure analysis
Twelve of the seventeen hormones or metabolites were
detected in the composted or stockpiled manure samples from
hormone treated and untreated animals prior to land application (Table 3). The summed total concentrations of hormones
and metabolites in the hormone treated stockpiled (ST) and composted (CT) manure were 26.7 ng g−1 and 14.7 ng g−1 (dry weight),
respectively, and they were slightly greater than the summed
total concentrations of 24.7 ng g−1 and 9.9 ng g−1 (dry weight),
respectively in the untreated stockpiled (SU) and composted
(CU) manure. The average concentration in composted (CT + CU)
manure (12.3 ng g−1 dw) was less than half of the stockpiled
(ST + SU) manure (25.7 ng g−1 dw), whereas the average concentrations of hormone treated (ST + CT) manure (20.7 ng g−1 dw) were

marginally greater than untreated cattle manure (SU + CU) concentration (17.3 ng g−1 dw). The reduction of hormone concentration
in composted manure from treated and untreated animals is consistent with the ﬁndings of several other studies where the authors
found that composting can be an effective alternative to stockpiling
the manure [15,37,38].
The three most commonly detected hormones or metabolites
were 4-androstenedione (1.8–6.8 ng g−1 ), estrone (3.7–5.4 ng g−1 ),
and progesterone (0.7–4.1 ng g−1 ) in both composted and stockpiled manure, irrespective of hormone treatments to cattle
(Table 3). Bartelt-Hunt et al. [14] analyzed fresh manure samples
from the feeding pen surface, and reported that 4-androsterone,
estrone, and progesterone were the most commonly found hormones or metabolites in fresh manure at concentrations ranging
from 1.1 to 1.5, 11 to 25.6, and 0.84 to 7.7 ng g−1 , respectively.
Considering the time difference between the manure collections
from pen to the time before ﬁeld application, it can be expected
that some forms of hormones or metabolites are more persistent
in the environment than others. After storage, fewer samples contained detectable residues of exogenous hormones (␣-zearalenol

26.7

9.9

24.7

<0.5

ND

ND
ND
0.8
8.8 (11.4)
ND
ND

<0.5
ND
ND
ND
ND

<0.5
11.4 (3.8)
1.9
ND

ND
<0.5
ND
SU

2.0
ND
ND
CU

ND
ND
<0.5
ST

Testosterone, 11-ketotestosterone, 17␣-trenbolone, 17␤-trenbolone, and ␤-zearalanol were not detected in any of the manure samples.
CT = Composted manure from hormone treated animals, ST = Stockpiled manure from hormone treated animals, CU = Composted manure from animals not treated with hormones, SU = Stockpiled manure from animals not treated
with hormones; ND = Below detection limit.

14.7
<0.5

0.7
(0.4)
4.1
(1.1)
0.9
(0.5)
4.0
(3.6)
<0.5

1.0
(0.9)
ND
ND
ND
3.5

3.3
(2.6)
5.3
(1.9)
1.8
(1.2)
6.8
(4.9)
5.4
(3.0)
3.7
(1.0)
5.1
(3.4)
4.3
(5.6)
<0.5
<0.5
CT

ND

Melengesterol Progesterone
Acetate
␣-zearalenol
17␣-estradiol
Manure

17␤ −estradiol

Estriol

Estrone

4-androstenedione

Androsterone

Mycotoxins
Androgens
Estrogens

Table 3
Average hormone concentrations (±SD) (ng g−1 , dry weight) in manure before ﬁeld application (sample size, n = 3).

␤-zearalenol

␣zearalanol

Progestagens

17␣hydroxyprogesterone

Summed
Concentrations
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or melengestrol acetate) and only from treated animals, and some
of the detections were close to or below the method quantiﬁcation
limit (Tables 2 and 3).
The implant compound, ␣-zearalanol (zeranol) and its metabolite ␤-zearalenol, were detected in manure collected from both
hormone treated or untreated animals and from control plots. The
presence of these compounds in manure collected from untreated
animals or control plots may be attributed to formation of Fusarium
mold that may have been present in corn silage or grain included in
feed rations [14,39,40]. Lack of detections of synthetic hormones in
manure is consistent with previous studies and may be attributed
to rapid degradation during composting [13,41].
3.2. Frequency of detection in runoff samples
Since there was no statistically signiﬁcant difference in hormone
concentrations in manure from treated and untreated animals
in either composted (14.7 vs 9.9 ng g−1 ) or stockpiled (26.7 vs
24.7 ng g−1 ) manure before ﬁeld application, the results were summarized averaging the hormone treatment effects based on manure
management (e.g. composting and stockpiling only). The number
of runoff samples testing positive for steroid hormone was very
low and inconsistent between the two rainfall simulation events. In
addition, because of the low frequency of detections, it was not possible to observe temporal concentration variations in the samples
collected at 5 min intervals until 30 min after runoff initiation. Thus,
the results of sampling and analysis are reported as the frequency of
detection and range of concentrations using box and whisker plots.
The probability of detecting any single hormone or metabolite is
presented in Fig. 4 and it varied from 8% to 86% in runoff samples
under any particular tillage and manure treatment (n = 36). However, there was some detections of hormones or metabolites from
the control (NM) plots (n = 18) under each tillage treatment which
indicated the ubiquitous presence of these tracer compounds.
Comparison of the frequency of detection among the two rainfall simulation events found fewer hormone detections in runoff
samples in the DK and MP tillage from both composted and stockpiled manure applied plots during the 1 DAT rainfall simulation
(Fig. 4). This is likely due to the incorporation of the manure during
the tillage treatments. In contrast, more frequent detections were
recorded in runoff samples from NT tillage during the 1 DAT rainfall
simulation in both manure applied plots as the applied manure was
not incorporated for the NT treatment and the applied rainfall was
free to detach and transport the manure and hormones in surface
runoff.
The highest frequency of detection in runoff from the 30 DAT
rainfall simulation was recorded from DK and MP tillage treatments when compared to the NT treatment. This difference could
be explained by more transformation of hormones or metabolites in
the surface applied manure, and greater persistence after incorporation. The greater frequency of detection recorded in runoff from
soils receiving composted manure under DK tillage at 30 DAT and
NT tillage at 1 DAT was unexpected since the applied hormone
concentration in stockpiled manure was lower than the composted manure. More frequent occurrence could be associated with
microbial transformation of conjugated hormones, breakdown, and
release of protein-associated hormones, and the strong adsorptiondesorption characteristics of these compounds as observed by
others [42–44].
The overall low frequency of detection of hormones in surface
runoff samples was also observed in previous studies [14,20,45].
Mansell et al. [20] estimated that 37% to 99% of hormones can
be associated with the organic matter of the suspended sediment
depending on the dissolved organic carbon in runoff, whereas the
current study analyzed the liquid potion of the runoff samples
after ﬁltering the suspended sediment. However, the increase in
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Table 4
Linear equilibrium sorption coefﬁcients (Kd ) for commonly found hormones and
metabolites.
Hormone/Metabolite

Kd (L kg−1 )

References

17␣-estradiol

22.8

[58]

17␤estradiol

170.48
83.2
26.2
83.2
32.6
50

[59]
[60]
[61]
[62]
[58]
[63]

Estrone

48.1
17.8
48.1
54

[60]
[61]
[62]
[63]

Estriol

16

[63]

Testosterone

79.9
42.7
42.7

[27]
[60]
[62]

Androstenedion
17␣-trenbolone
17␤-trenbolone
MGA
␣-zearalanol

142
7.5
15.4
63.9
14.5

[60]
[64]
[64]
[61]
[61]

frequency of detections at 30 DAT agrees with results from the
previous study by Mansell et al. [20].
Overall, among the hormones and metabolites, estrone and
estriol were the two most commonly detected metabolites, occurring in 9% of the runoff samples (n = 216, 30 DAT) irrespective
of tillage and manure treatments (data not shown). Among synthetic hormones or metabolites, MGA, 17␣-trenbolone, or zearanol
metabolites were detected in 3% of the runoff samples from the
1 DAT sampling event (n = 216) and 16% of the runoff samples
detected synthetic hormone during the 30 DAT sampling event
(n = 216). The high detection of four zeranol metabolites in 30 DAT
samples could be produced by the commonly found fungi in the
row-cropped ﬁelds. Bartelt-Hunt et al. [14] found the presence of
estrone in 29% samples but only 2% detection of 17␤-trenbolone
and 6% detection of MGA in runoff samples generated directly
from feedlot surface; whereas there was no presence of 17␣trenbolone when n = 50. From a ﬁeld study in Indiana, Gall et al.
[45] reported the detection of estrone in 10% to 41% of water samples (n = 190–589) from tile drains and 36% to 55% of water samples
(n = 372–683) from drainage ditches. In contrast to the other natural hormones, they reported the low detections of 17␣-trenbolone
(maximum 5.6% when n = 589) and 17␤-trenbolone (maximum 2%
when n = 508) in water samples from the subsurface tile drains and
drainage ditches, respectively. Thus, low detection of synthetic hormone of this study agrees with the ﬁndings of the previous studies.
The presence of hormones or metabolites in runoff are primarily
governed by their sorption characteristics in soil-water system. The
values of linear sorption co-efﬁcient (Kd ) of commonly studied hormones or metabolites in the similar soil are reported in Table 4. The
compounds with higher Kd values showed greater sorption afﬁnity with soil. Thus, 17␤-estradiol, testosterone, androstenedione,
and MGA are less likely to be detected in dissolved phase of runoff
compared to sediment bound portion. On the contrary, sorption
is inversely proportional to desorption. Ma et al. [19] studied the
desorption capacity of testosterone in the same soil and found less
than 10% desorption after ﬁrst cycle of analysis which indicated
low desorption of testosterone in the soil-water systems especially
if it was sorbed on top soil or on a soil with high clay content. A
greater OM content caused stronger binding of testosterone with
soil and resulted less desorption. The similar phenomenon is true

for other hormones and metabolites with higher linear partitioning
co-efﬁcient values in OM enriched soil.

3.3. Bulk steroid hormone transport
The concentration of hormones and metabolites in runoff samples from the two rainfall simulation events under different tillage
and manure treatments are presented in Figs. 5–7 . Thirteen out
of seventeen hormones or metabolites were detected in the runoff
samples above the method detection limit at least once. The synthetic androgen metabolite 17␤-trenbolone was not detected in
any runoff samples from any simulation event. Additionally, ␣zearalenol, ␤-zearalenol, and 17␣-estradiol were not detected in
any of the runoff samples from simulation at 1 DAT and 11ketotestosterone was not detected during the 30 DAT rainfall
simulation.
In the DK tillage plots when stockpiled manure was applied,
there were more hormone detections in runoff from the 30 DAT
rainfall simulation event compared to the 1 DAT (Fig. 5a). Estrone
was the most commonly detected metabolite during the 1 DAT
simulation with a concentration range of 6–33 ng L−1 . Estrone was
also the prominent form of estrogen in composted and stockpiled
manure (Table 3). Lafrance and Caron [46] found the concentration
of estrone in stream samples up to 58.1 ng L−1 from seven sampling
locations 24 h after manure application. During the 30 DAT rainfall simulation, 4-anderostenedione and ␣-zearalanol were the two
most commonly detected hormones or metabolites with concentrations ranging from 6 to 8 ng L−1 and 10 to 34 ng L−1 , respectively.
Among the androgens, 4-anderostenedione was the most dominant
form in both applied composted and stockpiled manure (Table 3).
Runoff from the composted manure applied plots in DK tillage,
had a greater frequency of detections in runoff from the 30 DAT
event compared to the 1 DAT event (Fig. 5b). Runoff from 30 DAT
plots recorded ␤-zearalanol more frequently and at concentrations
ranging from 8 to 25 ng L−1 , while 17␤-estradiol concentrations
ranged from 36 to 189 ng L−1 .
Overall, steroid hormones were more frequently detected in
runoff from the MP and DK tillage plots for the 30 DAT event compared to the 1 DAT event. Estrone was most commonly detected
in runoff from the MP tillage plots treated with either stockpiled
or composted manure. Concentration of estrone ranged from 6
to 202 ng L−1 and 15 to 59 ng L−1 , respectively during the 30 DAT
sampling event (Fig. 6a). Androsterone (20–164 ng L−1 ) was the second most frequently detected compound in runoff from the 1 DAT
sampling event when plots were treated with stockpiled manure.
Melengestrol acetate was detected in samples during the 1 DAT
sampling event at concentrations ranging from 5 to 19 ng L−1 and 6
to 52 ng L−1 , respectively from stockpiled and composted manure
applied plots (Fig. 6b).
Under surface application (NT tillage) for both stockpiled and
composted manure, greater steroid hormone and metabolite detections were recorded in runoff at 1 DAT. Progesterone was the most
commonly detected steroid hormone at concentrations ranging
from 6 to 58 ng L−1 and 7 to 62 ng L−1 in runoff from stockpiled
and composted manure treated soils, respectively (Fig. 7a and b).
Other steroids detected in 1 DAT simulation event runoff samples
included testosterone (6–84 ng L−1 ), 17␤-estradiol (15–39 ng L−1 ),
and estrone (12–51 ng L−1 ). By comparison, estrone concentrations
ranged between 31–80 ng L−1 from the stockpiled manure applied
plots 30 DAT.
During 30 DAT, there was some detections of naturally found
hormones and metabolites from a control (NM) plots under the
DK tillage and it was suspected that might have some wildlife
source (Fig. 4 & Table 5). Traces of other natural hormones were
also observed from other two tillage treatments. The presence of
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Fig. 5. Concentrations of different hormones in runoff from 1 DAT and 30 DAT rainfall simulation events from (a) stockpiled and (b) composted manure applied plots under
disk tillage (sample size, n = 36).
bE2 = 17␤-estradiol, E3 = estriol, E1 = estrone, T = testosterone, 4A = 4-androstenedione, A = androsterone, aTB = 17␣-trenbolone, MA = melengesterol acetate, P = progesterone,
aHP = 17␣-hydroxyprogesterone, aZA = ␣-zearalanol, aZE = ␣-zearalenol, bZA = ␤-zearalanol, bZE = ␤-zearalenol, Box-whisker plot, Box: middle line = median, upper line = 75th
percentile, lower line = 25th percentile; Whisker: upper = maximum, lower = minimum

Table 5
Maximum concentrations (ng L−1 ) of hormones or metabolites detected in the runoff samples from control plots (n = 18).
Tillage

1 DAT

DK

Testosterone

22.6

Testosterone
4-androstenedione
␣-zearalenol
␤-zearalanol
17␣-estradiol
17␤-estradiol
Estrone
Progesterone
17␣-hydroxyprogesterone

20.3
27.8
325.5
32.2
10.4
20.2
39.9
6.6
5

MP

Androsterone
Estriol
17␣-hydroxyprogesterone

11.3
40.9
6.1

␣-zearalanol
Estriol
Estrone

20.1
14.3
8.7

NT

␤-zearalanol

5.1

␤-zearalanol

29.6

mycotoxins from all the control plots was associated with the relationship of Fusarium metabolites with corn.
The transport mechanism of hormone in runoff is governed
by the partitioning between sediment-associated and aqueousfraction and is the underlying reason for the presence of hormones
in surface runoff from agricultural ﬁelds. Sangster et al. [47] studied
the sorption of 17␤-estradiol, estrone, progesterone, and testosterone in silty loam sediments and concluded that at low aqueous
concentrations (1 ng/L) up to 93% of sediment associated hormone
found in the ﬁne fraction and the smaller particles have a greater
tendency to be suspended in and move with the water column.
The low frequency of detection in our study might be correlated
with the phenomenon as the reported concentrations are based on
analyzing the aqueous portion of samples. However, Qu et al. [18]

30 DAT

examined the fate of metabolites from synthetic growth promoters
(trenbolone acetate, melengestrol acetate, and zeranol) in sterilized
soil. They found that in organic-rich soil the extent and reversibility
of sorption did not generally correlate with compound hydrophobicity (Kow values), and it is likely that speciﬁc binding interactions
(hydrogen bonding through hydroxyl groups for the trenbolone
and melengestrol families) can also contribute to sorption. They
also showed that soils with lower organic carbon contents (1–5.9%
OC) can support sorption occurring in parallel with surface reaction on inorganic mineral phases. Subsequent experiments with
pure mineral phases (iron, silica, and manganese oxides) suggested
that growth promoters are prone to mineral-promoted oxidation,
hydrolysis, and/or nucleophilic (H2 O or OH ) addition reactions in
their study. Additionally, the physio-chemical dynamics of the soil-
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Fig. 6. Concentrations of different hormones in runoff from 1 DAT and 30 DAT rainfall simulation events from (a) stockpiled and (b) composted manure applied plots under
moldboard plow plus disk tillage (sample size, n = 36).
aE2 = 17␣-estradiol, bE2 = 17␤-estradiol, E3 = estriol, E1 = estrone, T = testosterone, 4A = 4-androstenedione, A = androsterone, aTB = 17␣-trenbolone, MA = melengesterol
acetate, P = progesterone, aHP = 17␣-hydroxyprogesterone, aZA = ␣-zearalanol, bZE = ␤-zearalenol, Box-whisker plot, Box: middle line = median, upper line = 75th percentile,
lower line = 25th percentile; Whisker: upper = maximum, lower = minimum

Fig. 7. Concentrations of different hormones in runoff from 1 DAT and 30 DAT rainfall simulation events from (a) stockpiled and (b) composted manure applied plots under
no-till tillage (sample size, n = 36).
bE2 = 17␤-estradiol, E3 = estriol, E1 = estrone, T = testosterone, 11K = 11-ketotestosterone, A = androsterone, aTB = 17␣- trenbolone, P = progesterone, aZA = ␣-zearalanol, Boxwhisker plot, Box: middle line = median, upper line = 75th percentile, lower line = 25th percentile; Whisker: upper = maximum, lower = minimum
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water systems and non-equilibrium condition of hormones after
ﬁeld application play an important role.
Estrogens and estrogenic substances were the most commonly
detected compounds in runoff from all treatments. Environmentally signiﬁcant concentrations of estrogens were most closely
associated with estrone and estriol, both metabolites of 17␤estradiol. According to the Environment Agency of the United
Kingdom, the Predicted-No-Effect-Concentrations (PNEC) was
1 ng L−1 for 17␤-estradiol and 3–5 ng L−1 for estrone, while no PNEC
is available for estriol [48]. Barel-Cohen et al. [49] reported that
10 ng L−1 as the Lowest Observable Effect Level (LOEL) for total
estrogen (17␤- estradiol + estrone). The results of this study are
similar to previous reports by Mansell et al. [20] and Yang et al.
[50]. DeLaune and Moore [51] also showed that manure type, application rate, and time until the ﬁrst runoff event after manure
application can affect the transport of steroid hormones to surface
water. Gall et al. [45] reported that estrone (1.3–40 ng L−1 ), testosterone (2.4–50.5 ng L−1 ), and androstenedione (1.6–16.6 ng L−1 )
were the most frequently detected steroid hormones in runoff
from tile-drained ﬁeld treated with manure at concentrations
(5.0–210.9 ng L−1 , 5.0–83.9 ng L−1 , and 5–84.5 ng L−1 , respectively)
comparable to the present study. Zhang et al. [52] also reported
the presence of estrogens (average concentration 3.35 ng L−1 ),
androgens (14.0 ng L−1 ), and progestogen (0.82 ng L−1 ) in surface
drainage from intensive vegetable cultivated ﬁeld. The results of
our study are consistent with the reported results. The increasing
concentrations of Fusarium metabolites in runoff samples during
30 DAT rainfall simulation may be explained by the in-situ fungal
action from the Fusarium genus which is widely distributed in soil
and associated with corn plants [14,23,53]. These fungi occur in
corn or barley and have been found to naturally produce mycotoxins like ␣-zearalanol and its metabolites.
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reduced tillage was inconsistent among the rainfall events. In a
similar study, Jenkins et al. [55] found signiﬁcantly lower runoff
loads of estradiol and testosterone from no-till plots than from conventional tilled plots. The authors attributed the results to lower
runoff and greater inﬁltration rates from the no-till plots when
compared with the tilled plots. These studies suggest that tillage
to incorporate hormones into the soil may not successfully reduce
the movement of manure-borne hormones in runoff. Therefore, the
range of incorporation methods as well as manure management
methods considering hormone treatment and environmental conditions need to be examined more extensively in order to mitigate
the transport of hormones to surface water.
In contrast, Biswas et al. [57] conducted a rainfall simulation
study 24 h after manure application using 17␣-ethynylestradiol
(EE2) applied to manure-treated soil as a surrogate to measure
losses from no-till soil. The EE2 and manure were incorporated
using a single disk treatment or left on the soil surface using a
no-till practice. Rainfall simulations were conducted in the same
manner as the current study. Results indicated 96% less EE2 mass
transport from disk tilled plots compared to no-till. The greatest
loss of EE2 was 156 and 6 mg ha−1 from no-till and disked plots,
respectively. Results from the study showed that a single-pass disk
tillage treatment can limit the overland transport of steroid hormones from crop production areas. Overall, the results of current
study indicated that tillage might alter the hydrologic characteristics of a row crop ﬁeld but the short term advantages of tillage are
quickly replaced by a long term reduction in soil water inﬁltration
rates and an increased potential for surface runoff when compared
with the use of no-till practices. In addition, no-till practices withstand a rainfall event with a greater intensity and duration than
tilled ﬁelds without generating runoff.
3.5. Representative mass loss of hormone or metabolite in runoff

3.4. Effect of tillage and runoff potential
During both rainfall simulation events, rainfall intensity was
maintained at 70 mm h−1 , and Table 6 shows the amount of rainfall, runoff, and runoff initiation time to generate 30 min equivalent
runoff from different treatment plots. The average amount of rainfall required to generate 30 min of runoff was similar from different
tillage treatments irrespective of manure types in 1 DAT; however,
at 30 DAT, it varied among the tillage treatments. There was no
signiﬁcant difference in runoff initiation time among the treatment plots during the 1 DAT rainfall event (Table 6). This was
expected since newly tilled soils (DK and MP) typically exhibit
greater porosity and initial inﬁltration capacity, though compaction
tends to even out differences after 30 days at the second rainfall
simulation event [54]. The amount of simulated rainfall needed
to initiate runoff was signiﬁcantly greater for NT soils (139 mm
and 227 mm in stockpiled and composted manure applied plots,
respectively) during the 30 DAT event compared to MP (62 mm
and 61 mm, respectively) and DK (99 mm and 97 mm, respectively)
tillage treatments. During 30 DAT, runoff initiation times from the
NT plots were also signiﬁcantly higher compared to DK and MP
plots. Previous studies have reported a relation between total surface runoff and hormone losses from crop ﬁelds [55,56]. In the
current study, the frequency of detections from the stockpiled
and composted manure applied plots were positively related with
runoff volume from the NT treatment where greater runoff volume resulted in greater frequency of detection during the two
sampling events, though in general greater runoff volume was not
associated with the tilled soils. Dutta et al. [56] found that runoff
from no-till resulted in less estrogen export in surface runoff in
comparison to other tillage treatments, and the mass of estrogen
export was closely related to the depth of rainfall per event. They
also found that mass export of estrogens in surface runoff from

To predict the loss of hormone/metabolite in 30 min runoff during the two rainfall events, the highest detected concentrations of
four hormones/metabolites (from the four major categories) were
selected in the composted or stockpiled manure. The total mass of
an applied hormone in manure from a single runoff plot was determined by multiplying the concertation of a hormone/metabolite in
Table 3 with the mass of applied manure. The mass of manure was
determined by multiplying the plot area with the manure application rate. The wet weight of manure was adjusted considering
the moisture content of manure in Table 1. Similarly, to determine
the mass of hormone in 30 min runoff, the detected concentration
of a hormone in runoff was multiplied with the volume of 30 min
runoff. The percent loss of a hormone/metabolite in 30 min runoff
was calculated based on the mass in applied manure under each
tillage-manure treatment.
Results from the analysis found that less than 10% mass of
the applied hormone was lost through the dissolved phase of
runoff from any rainfall events during the experiment (Table 7).
Estrone, 4-anderostenedion, progesterone, and ␤-zearalenol were
selected due to their occurrence at the greatest concentrations
in manure from the four major hormone categories of estrogens,
androgens, progestagens, and mycotoxins, respectively. The percentage of mass loss in runoff during the two rainfall events is
shown in Table 7. Estrone is one of the most commonly reported
estrogen metabolites in environment and the losses went up to 1.2%
and 2.8% in runoff during the 1 DAT and 30 DAT rainfall events,
respectively. They have a relatively low sorption equilibrium coefﬁcient (Kd ) compared to 17␤-estradiol (Table 4) and could be the
reason of frequent detection in the environment compared to the
other estrogens. Among the androgens, androstenedion is another
commonly found metabolite with a very high Kd value (Table 4).
The low occurrence of androstenedione in the dissolved phase of
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Table 6
Summary of hydrological parameters during the two rainfall simulation events.
Tillage

Manure

DK

Rainfall (mm)

S
C
NM
S
C
NM
S
C
NM

MP

NT

Runoff (mm)

Runoff initiation time (min)

1 DAT

30 DAT

1 DAT

30 DAT

1 DAT

30 DAT

144b
109bcb
127
103bcd
130bc
160
129bc
109bc
140

99cd
97cd
148
62d
61d
115
139bc
227a
206

9bcd
12ab
13
11abc
14a
12
10abc
15a
10

6cdef
5def
4
9bcde
10bc
8
4ef
3f
2

78b
54bc
43
51bcd
66b
71
66b
54bc
43

45bcd
77b
42
22cd
14d
38
82b
143a
95

Means within each column and grouping followed by the same letter are not statistically different at P < 0.05.
1 DAT = rainfall simulation conducted within 1 day of manure application; 30 DAT = rainfall simulation conducted 30 days after manure application; DK = single disk incorporation, MP = moldboard plow with single disk incorporation, NT = no till; C = composted manure, S = stockpiled manure, NM = control or no manure plots.

Table 7
Percentage of hormone loss (%) in 30 min runoff during the two rainfall events.
Tillage

Manure

Estrone
1 DAT

DK

S
C

0.5
0

MP

S
C

NT

S
C

␤-zearalenol

4- anderostenedione

Progesterone

30 DAT

1 DAT

30 DAT

1 DAT

30 DAT

1 DAT

30 DAT

0
0.2

0
6.9

0
0.1

0.5
0

0
0

0
0

0.3
0

0
0

2.8
0.8

0
0

0.2
0

0.2
0

0.5
1.3

0
0

0.1
–

1.1
1.2

0.1
0

0
0

0
0

0.9
9.9

0
0

0
0

0
0

runoff is in connection with the phenomenon that soil/sediment
bound transport may be the most possible way of its loss in the
runoff. For progesterone, there is no sorption study in any type
of soil or sediment, to our best knowledge; however, the highest
loss (∼10%) was observed in the NT treatment at 1 DAT rainfall
event. It can be recommended that further studies are warranted to
understand its transport mechanism in soil-water systems. The low
detection of mycotoxin ␤-zearalenol can be explained by its microbial transformation as discussed earlier. Mycotoxins are commonly
found Fusarium metabolites in row crop ﬁelds and detected in several interchangeable forms in nature. Runoff samples conﬁrmed the
presence of other three forms of mycotoxin metabolites; although
the parent form was almost absent in runoff samples from both
rainfall events in all three tillage treatments.

4. Conclusions
The current study summarized ﬁeld research aimed at
determining the impact of rainfall timing, tillage, and manure management practices on the occurrence and transport of hormones
in surface runoff from manure-amended cropland. The results of
study suggested that surface runoff may contain detectable levels
of steroid hormones in dissolved form irrespective of tillage and/or
manure treatment but that may not be the major contributor of
these compounds in the environment. A partial mass balance calculation of four hormones or metabolites demonstrated that there
can be maximum 10% loss through dissolved form in runoff. While
extended composting can reduce export of hormones, there was
no signiﬁcant difference in hormones or metabolites concentrations from hormone treated and untreated animal manure. Results
of this study suggest that timing of rainfall as well as tillage relative to manure application can be a signiﬁcant factor in exporting
the hormones or metabolites in runoff. In addition to that, several
hydrological factors such as rainfall intensity, duration, and timing,
runoff, inﬁltration, initial soil water content as well as soil properties like organic matter content, organic carbon content, and clay

content are some of the factors than can impact the transport of
hormones in soil-water system.
The low frequency of detections in surface runoff samples suggested that at the recommended manure application rates, sorption
to soils and organic matter can limit the transport of hormone losses
in runoff. The relatively high partition co-efﬁcient values for many
hormones comply with the published literature of their hydrophobic nature in soil-water systems and a signiﬁcant portion of these
hormones may attach with sediment/soil during the ﬁrst rainfall
event. In connection with that, the desorption kinetics as well as the
organic carbon content of the soil can be another inﬂuential indicator for the transport of those hormones in runoff in between two
rainfall events. The possibility of degradation of hormone before
the second rainfall event can potentially reduce the losses of hormones in surface runoff, especially from the no-till plots. The 30 min
runoff sample didn’t produce enough sediment to determine the
sediment-bound concentration of hormones. The results of study
will help to comprehend the occurrence and transport of hormones through surface runoff; however, further information will
be required (inﬁltration, soil, and sediment bound transport) to
understand the holistic nature of the process.
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