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ARTICLE INFO ABSTRACT

Keywords: Estrone (E1), 17a-estradiol (17a-E2), 17p-estradiol (178-E2), and estriol (E3) are persistent in livestock manure
17p-estradiol equivalent and present serious pollution concerns because they can trigger endocrine disruption at part-per-trillion levels.
Low dose

This study conducted a global analysis of estrogen occurrence in manure using all literature data over the past 20
years. Besides, predicted environmental concentration (PEC) in soil and water was estimated using fate models,
and risk/harm quotient (RQ/HQ) methods were applied to screen risks on children as well as on sensitive aquatic
and soil species. The estradiol equivalent values ranged from 6.6 to 4.78 x 10* ng/g and 12.4 to 9.46 x 10* ng/L
in the solid and liquid fraction. The estrogenic potency ranking in both fractions were 17p-E2> E1>17a-E2>E3.
RQs of measured environmental concentration in the liquid fraction pose medium (E3) to high risk (E1, 17a-E2 &
17p-E2) to fish but are lower than risks posed by xenoestrogens. However, the RQ of PECs on both soil organisms
and aquatic species were insignificant (RQ < 0.01), and HQs of contaminated water and soil ingestion were
within acceptable limits. Nevertheless, meticulous toxicity studies are still required to confirm (or deny) the
findings because endocrine disruption potency from mixtures of these classes of compounds cannot be ignored.

Endocrine disruptors
Predicted environmental concentration
Feedlot effluent

manure-fertilizer application (Ying et al., 2002), wastewater treatment
plant (WWTPs) effluents (Valitalo et al., 2016) and runoff from agro-
ecosystems (Gray et al., 2017; Tran et al., 2018).

Natural SEs present the greatest endocrine disruption potency

1. Introduction

Steroid estrogens (SEs) are potent endocrine-disrupting chemicals

(EDCs), even at 2 ng/L (Caldwell et al., 2012; da Cunha et al., 2016;
Kolodziej et al.,, 2004). Estrone (E1), 17a-estradiol (17a-E2),
17p-estradiol (17p-E2), and estriol (E3) are regularly detected
manure-borne SEs in soil and aquatic ecosystems (Gross-Sorokin et al.,
2006; Hirano et al., 2004; Hutchinson et al., 1999; Jobling et al., 1998;
van Aerle et al., 2001). Steroid estrogens can reach drinking water
sources, provoking harmful human health effects (Barcel6 and Petrovic,
2008; Bergman et al., 2012; Lamb et al., 2014). They also contribute to
endocrine disruption activity in aquatic ecosystems (Arcand-Hoy and
Benson, 1998; Kidd et al., 2014), such as the occurrence of intersex fish
(Arlos et al., 2018; Harries et al., 1996; Jobling et al, 1998, 2006; Lee
Pow et al., 2017; Lei et al., 2020; Schultz et al., 2013). Their primary
introduction pathways into the environment include leakage from
feedlots and animal facilities (L. Zhao et al., 2010), biosolid fertilizers
(Gray et al., 2017), discharge of effluents (Snow et al., 2009),
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(Combalbert and Hernandez-Raquet, 2010) and have the highest bind-
ing affinity to nuclear estrogen receptors (ER), surpassing other xen-
oestrogens except pharmaceuticals designed with endocrine-mediated
mechanisms, e.g., 17a-ethinylestradiol (EE2) used for reproductive
control (Pillon et al., 2005; Tapiero et al., 2002). For example, the cell
line invitro test produced EEQ values of 17.6, 0.66, 0.32, and 246 for E3,
bisphenol A (BPA), nonylphenol (NP), and EE2, respectively (Balaguer
et al., 1999; Pillon et al., 2005).

Approximately 90% of estrogens in the environment come from
animal manure and effluents, which are rarely treated (He et al., 2019).
Zhang et al. (2014) reported that China’s livestock excretes 2.05 million
kg/yr. SEs annually. The European Union (EU) and the United States
(USA), livestock SEs loads are 33,000 kg/yr, and 49,000 kg/yr, respec-
tively (Lange et al., 2002). Despite these confirmations-no global
manure-borne SEs monitoring has been presented, limiting our
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Abbreviations

170-E2  17a-estradiol

17p-E2  17p-estradiol

BPA Bisphenol A

El Estrone

E3 Estriol

EDCs Endocrine-disrupting chemicals

EE2 17a-ethinylestradiol

EEQ 17p-E2 Equivalent

EU European Union

FAO Food and Agricultural Organization of the United
Nations

HQ Health Quotient

MEC Measured Environmental Concentration

NP Nonylphenol

PNEC Predicted Environmental Concentration

RQ Risk Quotient

SEs STPs Steroid estrogens Sewage Treatment Plants

TGD Technical Guidance Document

US EPA  United States Environmental Protection Agency

WHO World Health Organization

WWTPs Wastewater Treatment Plants

understanding of their risks on environmental matrices and organisms.
Risk assessment of SEs challenges conventional toxicology concepts,
especially the common perception that dose is directly related to toxicity
(Testai et al., 2013; Vandenberg et al., 2013; Welshons et al., 2003).
Effect probability cannot predict the effects at low doses (Kortenkamp,
2007; Zoeller and Vandenberg, 2015). Conversely, ubiquitous SEs have
received little pollution control attention. In contrast, highly monitored
and regulated EDCs such as BPA and NP have lower estrogenic potency
(Myers et al., 2009).

The adverse environmental effects of SEs have considerably raised
scientific concerns over the past 30 years (Adeel et al., 2017a; Hotchkiss
et al., 2008; Kolpin et al., 2002), necessitating inclusion in the regula-
tory lists of the European Commission (2003) and US Environmental
Protection Agency (USEPA) (2016). To ensure environmental protec-
tion, the EU Technical Guidance Document (EU TGD) has specified fate
models for estimating predicted environmental concentration (PEC) in
environmental matrices based on the measured environmental concen-
tration (MEC) of discharge or in applied manure (European Commission,
2003). The associated ecological and human health risks are then
characterized through standard deterministic procedures (Caldwell
et al., 2012; European Commission, 2003; Wang et al., 2019), which
compares the concentrations (MEC & PEC) and the worst-case predicted
no-effect concentration (PNEC) derived from standard toxicity assays
(European Commission, 2003).

Most global studies on SEs pollution have focused on risk assessment
in sediments, surface waters, and WWTPs. For example, Du et al. (2020)
analyzed the occurrence and risks of SEs in WWTPs and surface water,
Tran et al. (2018) summarized the occurrence and environmental fate of
El, 17a-E2, 17p-E2, E3 and EE2 in WWTPs and Adeel et al. (2017a)
studied selected occurrence and risks of E1, 17a-E2, 17p-E2, E3 and EE2
in soil, animal manure and water bodies close to WWTPs and Sewage
Treatment Plants (STPs). However, the occurrence and risks of SEs in
manure and feedlot effluents were relatively less observed.
Manure-borne estrogens studies have focused on national and regional
cases (Combalbert and Hernandez-Raquet, 2010; Xu et al., 2018; Z. Zhao
et al., 2010). Under this context, we applied EU and USEPA fate models
to elucidate the risks of SEs on sensitive organisms and human health
based on MECs data from the literature.

To date, no study has used the global MECs of manure-borne SEs to
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assess the ecological and human health risks in manure, surface water
and manure-amended soil. This study’s synthesis approach involved
aggregating MECs reported in publications from January 2000 to
December 2020 and categorized them into liquid and solid fraction
concentrations. Then the global burden of manure-borne SEs was
mapped, and their risks to vadose zone soil organisms and human
ingestion of soil after manure application were estimated. Assessments
of associated ecological and human health risks were performed in
aquatic ecosystems and drinking water. Finally, the risks of the SEs were
compared to those posed by xenoestrogens (NP, BPA, atrazine, and
glyphosate).

2. Materials and methods
2.1. Data collection

We retrieved SEs concentration data from livestock manure reported
in gray literature and scientific journals from Google Scholar (Google
Inc., Mountain View, CA, USA), Web of Science (Thompson Reuters,
New York, NY, USA), and international Dissertation and Thesis re-
pository (ProQuest). Included studies had reported monitoring data. The
expanded search terms were: (1) (manure or droppings or dung) and
(steroid hormones or steroid estrogens); (steroid hormones or steroid
estrogens in manure or droppings or dung); (steroid hormones or steroid
estrogens concentration in manure or droppings or dung); (2) (manure
slurry or manure sludge) and (steroid hormones or steroid estrogens);
(steroid hormones or steroid estrogens in manure slurry/sludge or
droppings slurry/sludge or dung slurry/sludge); (steroid hormones or
steroid estrogens concentration in manure slurry/sludge or droppings
slurry/sludge or dung slurry/sludge).

The data obtained were further refined using the following criteria;
(1) if the location had SE data for several years, the selection criteria
included the most recent monitoring data; (2) in cases of multiple data
values, we used median values and (3) the chosen studies should contain
the individual SE concentration in the manure or slurry. The inclusion
and exclusion criteria is highlighted (Fig. S1). In total, 55 articles on SEs
were selected; 32 reported concentration in solid fraction and 38 re-
ported concentration in the liquid fraction (Tables S1 and S2). This study
has also included data on concentrations of xenoestrogens (NP, BPA,
atrazine and glyphosate) commonly observed in surface waters adjacent
to agroecosystems. Overall, 72 articles published within the same period
mentioned above were selected (18 for each xenoestrogen) (Table 54).

2.2. Ecological risk modeling

2.2.1. Risk quotient

According to the TGD, risk quotients (RQ) have been widely applied
for risk characterization and quantitative environmental risk assess-
ments. Therefore, ecotoxicological risks were evaluated in the aquatic
and terrestrial ecosystems using RQ methods (Fig. 1) (European Com-
mission, 2003). The RQ of each SE in soil and surface water was assessed
based on the ratio of MEC to the PNEC below which no adverse effects
are to happen (Eqn. (1)).

MEC
RQ=pNEC )
where MEC is the monitored concentration of pollutants in (ng/g or ng/
L) and PNEC is the predicted no-effect concentration. According to
standard environmental risk ranking criteria, ecological risks have four
levels: insignificant risk (<0.01); low risk (0.01 = RQs<0.1); medium
risks (0.1 = RQ < 1), and high risk (RQs>1). The screening-level anal-
ysis applies RQ values; therefore, values > 1 only indicate the need for
additional research, not necessarily showing likely adverse ecological

impacts.
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2.2.2. Estrogenic activity analysis

Based on the reported SE concentration in environmental matrices,
the 17p-E2 equivalent (EEQ) calculation applied Eqn. (2).
EEQs=» _ (EEFi x MECi) (2

i=1

EEQs in ng/L or ng/g is the concentration of f-E2 equivalency. EEFi
is the 17p-E2 factor of estrogen i MECi (ng/L or ng/g), the measured
environmental concentration of estrogen i and n = 3. According to
literature results, the EEQ values for 17p-E2, E1, 17a-E2, and E3 are 1,
0.33, 0.125, and 0.033, respectively (He et al., 2015).

2.2.3. Predicted concentration in surface water and soil

The PECs in surface waters and soils were estimated according to
TGD’s model Eqns. (3) and (4) (European Commission, 2003). In the
case of surface water concentrations, the distance from the point of
contaminated water discharge to the point with complete mixing do
vary with locations, climate, seasons, and geographical condition.
However, a fixed dilution factor was applied and calculated according to
Eqns. (3) and (4) for PEC water and soil, respectively.

MECeffluent

PECwater = 3
(14 Kpsusp x SUSPwater x 106) DILUTION

. MEC x APPLmanure
PECsoll = P THsoil x RHOsoil @

where Kpgysp represents the soil-water partitioning coefficient of sus-
pended matter (0.1 L/kg), SUSPy¢er is suspended matter concentration
in the surface water (15 mg/L), and DILUTION is the dilution factor
(10). APPLanure is the manure application rate (0.5 kg/rn2 for agricul-
tural soils); DEPTHyg; is the mixing depth of soil (0.20 m for farm soils),
and RHO4 is the bulk density of wet soil (1700 kg/m?>) for agricultural
soil (European Commission, 2003; Stasinakis et al., 2013).

2.3. Toxicity to aquatic organisms

The endpoints used to assess aquatic ecotoxicology included;
reproduction impacts, internal vitellogenin formation, and hermaphro-
ditism. This study focused on selecting fish and crustaceans as the target
ecological receptors because they are sensitive to aquatic contaminants
and are widely applied in lifecycle studies (Table S1). The reproductive
effects of fish represent the most significant biologically sensitive
endpoint for short and long-duration studies, and crustaceans represent

widespread aquatic invertebrates (Andersen et al., 2001). The current
study used PNEC of SEs derived using the species sensitivity distribution
(SSD) based on chronic fish toxicity assessments. The PNECy,ter values
adopted for aquatic risks to fish were 6, 16, 2, and 60 ng/L for E1,
17a-E2, 17B-E2, and E3, respectively (Caldwell et al., 2012). The
PNECwater for the crustaceans was inferred using the assessment factor
method based on the US EPA’s recommended toxicity assessment values
(Eqn. (5)).

PNECwater = Li(E)SOl:; NOEC

(5)
where L(E)50 is the half lethal concentration (ng/L), NOEC is the no
observed effect concentration (ng/L), and AF is the assessment factor.
Chronic toxicity data can better represent an organism’s exposure to
continuous environmental contaminants; hence, the chronic data
(NOEC) were obtained from the EPAECOTOX database and Song et al.
(2018).

2.4. Toxicity to soil organisms

The PNEC,,; values were estimated from PNEC,ater because of the
literature’s limited toxicological data of natural SEs on terrestrial com-
partments. The PNEC,,; values from the literature were calculated by
applying the equilibrium partition approach (Eqn. (6)).

PNEC;,; = PNEC uer X Ky (6)

where Ky is the soil-water partition coefficient, which considers both
adsorption and absorption of contaminants on soil’s particles, and Kq4
values from the literature were used to determine the PNECg,; of soil
invertebrates (Nie et al., 2014). The PNEC values applied in assessing
risks of manure application on agricultural soil invertebrates were; 0.99
ng/g (S. purpuratus), 7.92 ng/g (S. purpuratus), 2.51 ng/g (T. battagliai),
and 711 ng/g (S. purpuratus) for 178-E2, 17a-E2, E1 and E3, respectively
(Martin et al., 2012).

2.5. Human health risks

The World Health Organization (WHO) and USEPA have not pro-
vided carcinogenic risk evaluation parameters and potency factors for
assessing human health risks from exposure to SEs. Therefore, this study
evaluated the non-carcinogenic risks of total EEQs in manure and slurry.
Children were selected as the risk receptors because they are sensitive to
non-carcinogenic effects compared to adults (Song et al., 2018). The



F.O. Gudda et al.

liquid fraction concentrations can reach surface water sources used for
potable water; therefore, oral drinking was the considered pathway. The
dose of each exposure pathway was calculated using Eqns. (7) and (8)
(US EPA, 2009):

OISE,. x ED, x EF, x ABS,

.
BW, x AT,. x 106 @

OISER,, =

_ WCR, x ED, x EF,

CSWER,,. = BW, x AT, x 106 ®

OISERy, oral intake of soil exposure (kg.kg'.d!); OISEy. oral soil
intake amount for children (200 mg d’l); ED, is the duration of exposure
(6 years); EF. is the exposure frequency (350 days); ABS, is the oral
intake absorption efficiency factor (1); BW, is the bodyweight of chil-
dren (15.9 kg); AT, is the average time of non-carcinogenic effect (2190
days); CSWER,,. is the exposure dose through drinking of the affected
surface water (L.kg’l.d’l), and WCR, is the daily drinking water
quantity of children (0.87 L ah.

The dose threshold effect expresses the non-carcinogenic effects of
SEs based on the HQ method (Fig. 1). An HQ value < 1 indicates no
harmful effects on human health, and HQs with values > 1 were linked
to unacceptable levels of non-carcinogenic risks. Eqns. (9) and (10) show
the formulae of estimating HQs of soil and water, respectively (US EPA,
2009):

OISERnc x Csur

HQsoil = ——>one¢ X Zsur
Qsoil =R Do x SAF

9

CSWERnNc x Csw

HQsW = Do x WAF (10)

HQsoi1 is the risk associated with the pathway of oral intake of soil,
and HQgy is the risk quotient under the path of drinking surface water.
Cgyr is the pollutant concentration in the topsoil in (PEC mg.kgfl); Csw i
the pollutant concentration in surface water sources; SAF is the refer-
ence dose distribution coefficient exposed to soil; RfDo is the oral
ingestion reference dose (5.0-E5 mg.kg 1.d1); SAF is the reference dose
distribution coefficient exposed to soil (0.2), and WAF represents the
reference dose distribution exposure to surface water (0.2). All
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parameter values were from USEPA.
3. Results and discussion
3.1. Spatial livestock and steroid estrogen distribution

3.1.1. Contamination hotspots of manure-borne SEs

Global risk assessment of manure-borne SEs hinges on the access to
excretion data from the livestock population and their sub-national
spatial distributions. However, potential pollution hotspots remain pri-
marily unreported. Thus, the global abundance of livestock species and
distribution can be used to quantify manure production. For this pur-
pose, the Food and Agricultural Organization’s (FAO) latest global
livestock distribution maps (areal weighting) were used to highlight the
potential nation-level manure production (Gilbert et al., 2018). The
areal weight model spreads the individual species evenly on a census
polygon, and the density in each pixel represents the average population
per km? of suitable land. The national livestock dataset was generated
using Random Forests, a machine learning technique that disaggregates
livestock data and provides accurate gap filling (Nicolas et al., 2016).

Fig. 2 highlight the potential SEs contamination from livestock in all
regions. For example, cattle are the most populous animal species with
high numbers of >50 heads per km? in India, Brazil, Europe, Central
America, East, West, and South Africa, but disproportionately small
numbers in Russia, North Canada, Western Australia, and North Africa.
The largest proportion of chicken (>250 per krnz) was in China,
Southern Europe, Mexico, India, the Middle East, and West Africa.
However, pigs had the lowest global footprint, with China and Western
Europe having the highest population (>250 pigs per km?). High goat
populations were in Brazil, Southeast Asia, central, west, and East Af-
rica. Ducks’ population was high (250-1000 per Km?) in Bangladesh,
China, Egypt, France, Nigeria, and Southeast Asia.

Powers et al. (2019) reported that manure-rich agricultural land was
most abundant in Europe, Brazil, China, South East Asia, and India, with
small patches occurring in Central USA, East and Central Africa, and
Central America. Moreover, the study observed that manure-rich culti-
vated areas (>90th percentile and >90% cropland) accounted for 3.2%
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Fig. 2. Global livestock occurrence and distribution map in Gilbert et al. (2018).
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of the global manure-fertilizer application and were abundant in China
and India. Lower manure production (<75 percentile) was in Indonesia,
western Russia, China’s interior, and west Africa. These findings are
congruent with global spatial livestock distribution statistics. Notably,
global animal densities have increased consistently over the past 20-40
years and are expected to continue growing, raising the potential SEs
excretion in manure. The phenomenon could be attributed to the rising
human population that requires higher meat, poultry, and dairy for
consumption (Acosta and De los Santos-Montero, 2019; Herrero and
Thornton, 2010; Metson et al., 2016, 2014).

3.1.2. Spatial distribution of reported steroid estrogen

Figs. 3 and 4 illustrate the spatial distributions of SEs (percentage
concentrations of all detected SEs per location) in solid and liquid
manure matrices, respectively. Most of the studies were from North
America (55.71%) and Asia (24.29%) (Fig. S2). It is, however, essential
to note that the manure monitoring studies are pretty erratic, with most
publications in 2010 (11.59%) followed by 2007 and 2009, both at
10.14%. Fig. S3 illustrates the publication patterns, and most studies
were between 2007 and 2012, with a tapering off from 2015, indicating
that SEs have not been receiving monitoring impetus despite the asso-
ciated increasing scientific attention (Adeel et al., 2017a; Hotchkiss
et al., 2008; Kolpin et al., 2002). On the contrary, studies of SEs in
surface water, WWTPs, and biosolids within the same period have been
described to be at a sustainable research phase because the number of
studies is progressive, with an annual range of 24-28 articles per year
between 2015 and 2020 (Du et al., 2020).

MEGs in the liquid and solid fraction had majority entries of 178-E2
followed by El. These can be attributed to their ubiquity and an
emphasis on monitoring the two SEs because of their adverse environ-
mental and human health risks, such as reproductive defects in aquatic
and terrestrial organisms and human beings (Caldwell et al., 2010; US
EPA, 2011). Notably, monitoring and reporting SEs is not a universal
phenomenon; nevertheless, limited data does not mean that the loca-
tions experience a low SEs pollution burden. The global livestock pop-
ulation data highlighted potential hotspots in all regions, but the spatial
distribution of occurrence data varies substantially with glaring data
gaps in the literature. For example, areas known to be practicing
intensive animal operations such as Australia, South Africa, Europe, and
Asia may be contributing significant estrogen loads to the environment.
Similar scarce data from these locations have been reported by studies
focusing on global estrogen pollution in surface waters (Adeel et al.,
2017a; Du et al., 2020). Generally, manure-borne estrogens’ spatial
distribution highlights the differences in livestock farming practices,
environmental characteristics, legislative frameworks, research di-
rections, and farm waste management.

oe
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Similarly, there is a global shift in diet and consumption preferences
towards livestock products, increasing the production of SEs. The world
population and income have been rising over the last few decades and
are expected to demand higher livestock products. For example, the bulk
of the world population is in Asia’s developing countries, with their
meat consumption growing at 4% and dairy products at 2-3% per
annum (FAO, 2006; Prakash and Stigler, 2012). Aggregate SEs pollution
is shaped by these trends, not only through an increase in livestock
production per se but also by linking to artificial estrogen released in
manure that may eventually reach water sources and terrestrial habitats.

Notably, livestock production covers the most considerable agricul-
tural land use globally; hence, the projected global population growth
that needs more livestock and their products will have negative envi-
ronmental implications linked to manure-borne estrogen pollution
(Dangal et al., 2017). Moreover, the spatial distribution of MEC may be
attributed to the high number of studies in some regions (Figs. 3 and 4)
but does not correlate with the global SE contamination hotspots
(Fig. 2), showing a significant gap of knowledge in such regions. The
variations may also provide information on hormones as growth pro-
moters in animal production (Fekadu et al., 2019; Xu et al., 2018).

3.2. Steroid estrogen concentration in global manure

The concentrations of SEs in the liquid and solid fraction of manure
are shown in Tables S2 and S3. 17p-E2 and E1 were the most frequently
detected estrogens in the solid fraction of manure. The concentrations of
El, 170-E2, 17-E2, and E 3 in the solid fraction ranged from 7.3 to
99,667 (median 183.2 ng/g), 2.9 to 33,333 (median 93 ng/g), 0.54 to
1500 (median 104.4 ng/g) and 9.88 to 9733 (median 86 ng/g),
respectively. Based on the ranking of median total EEQs, 17p-E2 had the
highest percent EEQ of 58.22%, followed by El1 (33.71%), 17a-E2
(6.48%), and E3 (1.59%).

The liquid fraction SEs concentration in E1, 17a-E2, 17p-E2, and E3
were 15.6-25,395 (median 618.31 ng/L), 10.2 to 3000 (median 965 ng/
L), 2.5 to 72,000 (median 250 ng/L), and 10.3 to 6298 (median 430 ng/
L), respectively. The EEQs concentration in the liquid fraction was
dominated by 17p-E2 (42.46%) followed by El1 (34.64%), 17u-E2
(20.49%), and E3 (2.41%). Fig. 5 illustrates the log concentration of the
individual SEs in liquid and solid fractions. Overall, the estrogenic po-
tency in both manure fractions was in the order of 17p-E2> E1>17a-
E2>E3.

The highest total SE concentration in solid and liquid fractions was
from North Dakota (1.33 x 10° ng/g) and North Carolina (2.65 x 10°
ng/L), respectively (Tables S1 and S2). The European data had no wide
variability among the nations. For example, in Spain, France, Denmark,
and The Netherlands, 17p-E2 concentrations in the solid-fraction ranged

OF J¢

Fig. 3. Global distribution of steroid estrogens in solid-fraction manure. Pie chart comprises of individual steroid estrogen as a proportion of total at each site. The
country abbreviations are DN-Denmark, FR-France, NT-Netherlands, SN-Spain, CN-China, VT-Vietnam, CAN-Canada, and the USA-United States of America.
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Fig. 4. Global distribution of steroid estrogens in liquid-fraction manure. Pie chart comprises of individual natural estrogen as a proportion of total at each site. The
country abbreviations are DN-Denmark, SZ-Switzerland, FR-France, CN-China, JP-Japan, VT-Vietnam, NZ-New Zealand, TN-Taiwan, BR-Brazil, and the USA-United

States of America.
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Fig. 5. Log concentration of estrogens in liquid-fraction (A) and solid-fraction (B) manure.

from 50 ng/g to 202.3 ng/g. Similarly, studies on SEs in the European
water bodies also reported no wide variability across the Czech Re-
public, Italy, France, Luxemburg, Germany, and Spain (Fekadu et al.,
2019). On the contrary, there were large variations in MECs of 17p-E2 in
the USA and China with range values of 1500 ng/g and 700 ng/g,
respectively. The concentrations of 17p-E2 in the solid fraction of
manure in Europe are about 9.8 and 4.6 times lower than those reported
in the USA and China. Similarly, significant MEC variations were re-
ported in the liquid fraction, and the 17f8-E2 concentrations ranged from
5.6 ng/L to 7.2 x 10* ng/L, which were higher levels than the data re-
ported in the other regions.

The lowest total MECs in the solid and liquid fraction was reported in
Mekong Delta, Vietnam, and Miyazaki, Japan. The latter data were
measured after manure digestion in a biogas plant, and the system had
removed 80% of the 178-E2 from the digestion liquid, whereas the
former was measured in fresh cow feces (Tables S2 and S3). Notably, in
the Mekong Delta, animal excrements are disposed directly into surface
water, with only a few pretreatment cases using vermicomposting sys-
tems or biogas plants, potentially polluting surface water in the region
(Gudda et al., 2020; Le et al., 2013).

Furthermore, the total number of estrogen entries in the studies
varied probably because of differences in sample source and study
contexts. In general, SEs’ concentration in solid-fraction manure was
higher than those in liquid fractions. The SEs tend to accumulate in the
solid fraction because of their low volatility and high hydrophobic na-
ture; hence they may probably be absent in the liquid fraction in some

cases (Paterakis et al., 2012). Moreover, estrogens have a log Ko value
> 3, indicating that they can potentially undergo sorption into
solid-fraction manure, sediments, and soil compartments, posing addi-
tional risks (Matthiessen et al, 1998, 2006). These findings demonstrate
the importance of monitoring manure’s estrogen concentration as they
can undergo desorption after farm application, posing environmental
pollution risks.

Estrogen concentration varied substantially. The variations are
attributable to animal types, manure characteristics, reproductive cy-
cles, and the livestock’s biological characteristics (Leet et al., 2012;
Raman et al, 2001, 2004). For example, cows excrete 256-7300
pg/cow/day, and pregnant cows excrete 11,300-31,464 pg/cow/day.
Pregnant pigs’ manure has an estrogen load of 16-80 pg/pig/day and
700-1700 pg/pig/day in urine, whereas cycling pig’s urine has 64-100
ug/pig/day. Dairy manure has 39 ng/g E1, and 18.4 n/g 17-E2 and
slurry has 1.5 pg/L 17B-E2 and 4.5 pg/L E1 (Johnson et al., 2006; Raman
et al., 2004). Pig slurry has 2 pg/L 17-E2 and 6-14 pg/L El, while
farrowing sows slurry has 4 pg/L 178-E2 and 6 pg/L E1 (Raman et al.,
2004). Broilers excrete 27.5 pug/L 178-E2 (Finlay-Moore et al., 2000) and
14-65 pg/L combined 17p-E2 and E1 (Shore et al., 1993), while layers
litter has 31 ng/g 17p-E2 (Hanselman et al., 2003). Pregnant livestock
contributes a higher SE load.

However, developing patterns to explain the variations locally and
globally is technical because they were collected under different
experimental setups and study contexts. Most studies reported 17p-E2
and E1 as the key contributors of estrogen loads in manure. Similarly,



F.O. Gudda et al.

studies of estrogens in surface water adjacent to farms, tile-drained
ecosystems, and waste treatment effluents have documented related
observations (Atkinson et al., 2012; Damkjaer et al., 2018; Gall et al.,
2014; Raman et al., 2004).

The range of MECs was above those reported in WWTPs influent and
effluent in Europe (Tiedeken et al., 2017), Asia, Europe, North America,
and Africa (Barbosa et al., 2016), Asia, America, Europe, and Oceania
(Ghirardini et al., 2020). And higher than concentrations in solid
matrices, i.e., soil and sediment in Africa (Madikizela et al., 2020),
biosolid and sludge in Latin America (Reichert et al., 2019), and in
global sludge, manure, and sediment (aus der Beek et al., 2016). How-
ever, some of these studies included EE2, 17 a-Estradiol-3-sulfate, 17
B-E2-3S, 17p -Estradiol-3-sulfate; 17 p -E2-17S, 17 p -E2-17G, etc. These
observed lower concentrations in non-manure matrices show that live-
stock wastes require concerted monitoring and treatment before
discharge into the environment.

Comparison of PECs with estrogen concentration in WWTPs effluents
show that the median levels are lower than those reported in Finland,
France, Netherlands, USA, Spain, Australia, Japan, France, Portugal,
Canada, and Greece (Valitalo et al., 2016). The maximum concentra-
tions were within the ranges reported in Korea (Sim et al., 2011b), North
America (de Mes et al., 2005; Kolpin et al., 2002), and Europe (de Mes
et al., 2005; Ribeiro et al., 2009). but lower than levels in Canada
(Atkinson et al., 2012), Brazil (Pessoa et al., 2014), China (Ben et al.,
2018; Lei et al., 2020), South Africa (Kibambe et al., 2020), Tanzania
(Dambkjaer et al., 2018), and Argentina (Valdés et al., 2015). Effluent
sample concentrations vary with locations, and several cases were on a
similar level to PECs. The results indicate a need to monitor and advance
the feedlot effluent treatment process, especially for large-scale feedlots
with significant waste loading.

3.3. Ecological risks of steroid estrogens

3.3.1. Aquatic risk assessment

RQs of slurry-contaminated surface water were used to assess risks to
invertebrates and fish in aquatic ecosystems by applying various PNECs
(Table 2). The RQs calculations were based on MECs (Table S3) and
PECs (Table 1), and the RQ values were used to develop a risk charac-
terization matrix (Fig. 6). Aquatic risks of the MECs were high, with
33.33% exhibiting RQs>1. All the 17p-E2 and E1 RQs on fish were >1,
thus categorized as posing high risks. The median and maximum MECs
of 17a-E2 had RQ values > 1, posing high risks to fish. Notably, only
6.25% of the median MECs had RQs >1 across all the aquatic test spe-
cies, indicating low risks. Conversely, 62.5% of the RQs of the maximum
MECs, which represent the worst-case scenario, were >1, exhibiting a
compulsive estrogenic risk potency. RQs in surface water was relatively

Table 1
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low. Correspondingly, only fish exposed to the maximum 17p-E2 and E1
faced high risks, and 75% of the test species experienced insignificant
risks. Generally, SEs contaminated effluents pose higher risks to fish.

As illustrated in Fig. 6, risks to invertebrates were low for the median
PEC in surface water. However, all the invertebrates experience low to
high risks from exposure to medium effluent concentrations except
exposure to E3 and shrimps exposed to 178-E2. Notably, maximum
MECs pose a high risk to all the invertebrates. Likewise, none of the
MECs presented insignificant risks to fish, confirming these contami-
nants’ ecological significance. The toxicity results are based on widely
used species in North America, Asia, and Europe, representing fish and
invertebrates found in natural waters in those regions, and the data are
based on multigenerational risk assessment of sensitive species; hence
the PNECyter applied is protective (Caldwell et al., 2012).

Comparatively, Table S4 summarizes the concentration of pesticides
(atrazine and glyphosate) and industrial chemicals (BPA and NP) in
surface waters. Fig. 7 illustrates the log concentration of the SEs in ef-
fluents discussed so far compared to the four xenoestrogens’ surface
water concentrations. The RQ values of atrazine, glyphosate, NP and
BPA were 0.01-160 (median 0.59), 0.004-84 (median 0.43), 0.04-939
(median 1.19) and 0.05-133 (median 2.04), respectively. BPA and
nonylphenol pose high risks (RQ > 1), whereas atrazine and glyphosate
pose medium risks (0.1 < RQ < 1) to the test species. In this situation,
xenoestrogens’ ecological risks on aquatic species are higher than those
from SEs in surface waters but within the same range as risks posed by
feedlot effluents. In general, the maximum RQs of xenoestrogens were
more than 1000-fold; hence their contamination risks are more serious.

Ninety-eight percent of estrogens’ EEQs in effluents are way above
the PNEC of 2 ng/L protective to fish (Caldwell et al., 2012). There is a
high likelihood that EEQs in receiving aquatic ecosystems may exceed
the safety threshold, thereby posing risks to aquatic life (Gadd et al.,
2010). Particularly, 17p-E2 and E1 pose significant risks to aquatic or-
ganisms, and there is a need for concerted attention on their monitoring
and removal in effluents. Also, decomposition and manure holding can
degrade SEs because of their short half-lives (Combalbert and
Hernandez-Raquet, 2010; Li et al., 2018; Mirzaei et al., 2019; Raman
etal.,, 2001; Song et al., 2018; Villemur et al., 2013). Unfortunately, few
policy regulations and national environmental protection bodies focus
on this group of estrogens, emphasizing regulation of synthetic estro-
gens (EE2), which are more persistent (Capolupo et al., 2018; Hannah
et al., 2009; Zhang et al., 2007). Manure-borne SEs are ubiquitous in
environmental matrices at parts-per-billion levels, and consequently,
their known detrimental effects on biota at trace exposure levels warrant
global pollution control attention.

Measured and predicted concentration of estrogens and estradiol equivalents in manure.

Estrogen Solid fraction concentration (ng/g)

MEC EEQ PEC EEQ

median Max median max median max median Max
El 150 99,667 49.5 32890.11 0.27 146.61 0.09 (34.62) 48.38 (84.6)
17a-E2 92.85 33,333 11.61 4166.63 0.14 49.03 0.02 (7.69) 6.13 (10.72)
17p-E2 104.4 1500 104.4 1500 0.15 2.21 0.15 (57.69) 2.21 (3.86)
E3 22 9733 0.73 321.19 0.13 14.32 0.004 (1.54) 0.47 (0.82)
Total 369.25 144,233 166.24 38877.93 0.69 212.17 0.26 57.19
Liquid fraction concentration (ng/L)
El 618.35 253,951 204.05 83803.83 0.03 13.83 0.009 (17.65) 4.15 (25.89)
17a-E2 965 3000 120.63 375 0.02 0.06 0.0025 (4.90) 0.01 (0.06)
17p-E2 250 72,000 250 72,000 0.04 11.88 0.04 (78.43) 11.88 (74.11)
E3 430 6298 14.19 207.83 0.001 0.03 0.00003 (0.06) 0.0001 (0.0006)
Total 2263.35 335,249 588.87 156386.7 0.091 25.8 0.051 16.03

MEC: measured environmental concentration in manure; PEC; predicted environmental concentration in manure amended soil (solid-fraction) and surface water
(liquid fraction); EEQ; 17B-E2 equivalent concentration. Data of median and maximum concentrations and values in bracket are the percentage EEQ contribution of

individual estrogens in final environmental matrices.
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Table 2
Data on chronic toxicity of 17p-E2 on target aquatic organisms.
Estrogen Organism Subphylum Test PNECyyater (ng/L) PNEC;0i (ng/g) Reference
17p-E2 Water flea Crustacean NOEC:6 days 1000 N.A. Song et al. (2018)
Calanoid copepod NOEC:30 days 600 N.A
Shrimp NOEC:3 days 1000 N.A
Pacific purple sea Urchin Crustacean ECso N.A 0.99 Martin et al. (2012)
Fish Fish NOEC 2 N.A Caldwell et al. (2012)
170-E2 Fish Fish NOEC 16 N.A Caldwell et al. (2012)
Pacific purple sea Urchin Crustacean ECso N.A 7.92 Estimated in this study
El Pacific purple sea Urchin Crustacean LCs0:10 days N.A 711 Martin et al. (2012)
Fish Fish NOEC 6 N.A Caldwell et al. (2012)
E3 Harpacticoida Crustacean ECso N.A 2.51 Martin et al. (2012)
Fish Fish NOEC 60 N.A Caldwell et al. (2012)
GP Fish Fish NOEC 196,000 N.A
AT Fish Fish NOEC:100 days 10,000 N.A
Aquatic invertebrates Crustacean NOEC:100 days 10,000 N.A
BPA Aquatic species NOEC 60 N.A
NP Aquatic species NOEC 330 N.A

EC50: Effective Concentration; LC50: Lethal Concentration; LOEC: Lowest Observed Effect Concentration; NOEC: No Observed Effect Concentration.

Effluent Surface  Water Fig. 6. The potential risks to aquatic organisms
Estrogen Species name/group  Minimum  Median  Maximum Minimum Median  Maximum exposed to steroid estrogens from the liquid-fraction
-E. Water flea . . s
17p-E2 - Water flea of manure. The risk quotient (RQ) is based on the
Colanoid copepod Risk level . .
Shrimp measured environmental concentrations and pre-
Fish B i dicted environmental concentrations in surface wa-
170-E2  Water flea ters (minimum, median, and maximum) against the
Colanoid copepod Medium lowest predicted no effect concentration values of
Shrimp . . .
. select steroid estrogen on target organisms. Risk cat-
Fish _ Low . . e . .
El Water flea egories applied were; insignificant risk (<0.01); low
Colanoid copepod _ Insignificant risk (0.01< RQs<0.1); medium risks (0.1 = RQ < 1),
Shrimp and high risk (RQs>1).
Fish
E3 Water flea
Colanoid copepod
Shrimp
Fish

3.3.2. Risks to vadose zone microbial communities

The calculated RQs of soil on the test species were <1, indicating
insignificant ecological risk of SEs introduced through manure appli-
cation. The highest RQ values correspond to maximum PECs on Pacific
purple sea urchin; 17p-E2 (2.2) and E1 (19.3). Generally, the soil biota’s
ecological risks were not severe because the RQs did not exceed the risk
threshold of the terrestrial invertebrates. The RQ of soil organisms was
lower than those of aquatic organisms. Notably, the maximum PEC
posed high risks to the test species, except for those exposed to E3.
Similar observations were reported by Song et al. (2018) on ecological
risk assessment of microbes exposed to livestock and poultry manure.

According to Zhou et al. (2020), the manure fertilizer application can
introduce other micropollutants such as antibiotics and artificial hor-
mones in farm soils. Several studies have reported the occurrence of free
estrogens in the runoff after dairy manure application (Dyer et al.,
2001), in streams close to grazing fields (Matthiessen et al., 2006), and
in groundwater close to manure holding structures (Arnon et al., 2008;
Song et al., 2018). Therefore, future risk assessments should include
assays on the toxicities of SE mixtures with other micropollutants such
as xenoestrogens and antibiotics to elucidate synergistic or antagonistic
outcomes.

Immunocytochemistry and in-situ hybridization studies on the
expression of alpha and beta receptors (ERa and ERp) in Podarecis sicula
during its annual breeding season showed that it’s Cauda and efferent
ductules expressed ERa and ER throughout the year on exposure to
estrogens (Verderame et al., 2012). Verderame and Scudiero (2018) also
reported that amphibians, fish, reptiles, and birds showed widespread

ER in ducts and testicular cells. The two studies affirm that environ-
mental estrogens may exert phylogenetically conserved consequences,
but their physiological effects impact male reproductive processes.
Finally, there has been little clarity on the relationship between struc-
tures and activities of ERa and ERp ligands in steroid hormones. How-
ever, recent findings show that trace level compounds with similar
structures to estrogens can activate ERa and ERp receptors (Berggren
et al.,, 2015; Leung et al., 2016; Maggiora, 2006; Tan et al., 2020).
Molecular dynamic simulations and molecular docking predicted
agonistic, antagonistic, or the mixed action of trace level EDCs; thus,
confirming that estrogens pose risks at environmentally relevant levels
(Tan et al., 2020).

3.4. Human health risks

The HQs of SEs through drinking surface water exposure were all <1.
And the total median HQs of exposure to surface water and soil was <1.
The median integrated exposure of the two pathways was 0.0002, also
<1. These values indicate very low non-carcinogenic risks to human
health and are within acceptable levels. Notably, the risks of oral uptake
of soil through ingestion were higher with HQs >1 for the maximum
PEC,i of E1, 170-E2, and 17p-E2. The HQs of maximum concentration
of El in soil were higher than that of 17p-E2 by a magnitude of 22.
Generally, the non-carcinogenic risks of surface water were within
acceptable levels and did not pose health risks to children.

The non-carcinogenic health risks of surface water contaminated by
effluents showed low risks. Based on the PECs in surface water, the
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Fig. 7. Log concentration of estrogens in liquid fraction & select endocrine-
disrupting chemicals in surface waters. Box-and-whisker plot showing estro-
gens and four xenoestrogens in surface water. The horizontal line in the box
represents the median value, “7” represents the mean value and the lower and
upper edges of the box represent the 25th and 75th percentiles, respectively.
The whiskers extending from the top and bottom sides of the box represent the
highest and lowest values. “4p” are the outlier values. NP; Nonylphenol, BPA;
Bisphenol A; AT; Atrazine; GP; Glyphosate, E1; Estrone, 17a-E2; 17a-estradiol,
17p-E2; 17p-estradiol and E3; Estriol.

contamination levels fall within safe limits for children. However, the
risks of soil ingestion are higher but present lower public health hazards
because children’s oral intake of agricultural soil is less likely to occur.
Non-carcinogenic harm of estrogens in soil and effluents contaminated
drinking water should not be assumed as falling within acceptable levels
because of estrogen disruption potency at trace concentrations.

The current model used to assess human health risks is uncertain
because it is based on PECs, PNECs, and cumulative assessment of in-
dividual estrogens without factoring EDCs mixtures in environmental
matrices and other synergistic substances. The analysis also utilized
chronic health impacts without considering the potential for acute
toxicity associated with periodic peak concentrations. Numerous envi-
ronmental estrogen risk assessments focus on the relationship with
breast cancer (Ibarluzea et al., 2004; Moos et al., 2009; Trevino et al.,
2015) and monitoring concentrations in drinking water and evaluating
their threshold against ADIs or dietary intakes (Caldwell et al., 2010;
Fan et al., 2013; Nie et al., 2014). Overall, most global studies showed
that the estrogen concentration in drinking water is within acceptable
risk levels. Similarly, this study predicted that surface water concen-
trations were below 10 ng/L, which does not surpass the USEPA, WHO,
and EU limits (European Commission, 2003; Kuster et al., 2008).
Admittedly, exposure to estrogen at negligible or low-risk levels can
interfere with hormone signaling leading to endocrine system disruption
through nuclear receptors. Numerous studies have reported that estro-
gen in drinking water can affect reproductive development (Birnbaum,
2010), contribute to menopause, lead to sperm count decline and males’
feminization (Hopkinson et al., 1977; Li et al., 2013; Strom et al., 2004;
Sumpter and Jobling, 2013). Nevertheless, despite estrogens’ global
footprint in water, environmental authorities and water resource man-
agers rarely include estrogens and other EDCs from livestock farms in
routine screening programs (Gee et al., 2015; Sim et al., 2011a; Wee and
Aris, 2019). Similar findings have been reported in surface waters and
soils contaminated by pharmaceuticals (Cha and Carlson, 2018; Drewes
and Shore, 2001; Ramirez-Morales et al., 2021; Sim et al., 2011a; Wohde
et al., 2016) and antibiotic resistance genes (Chen et al., 2015; Dungan
et al., 2018; Heuer et al., 2011; Joy et al., 2014; Soni et al., 2015; Sui
et al., 2012; Wen et al., 2019; Zhang et al., 2013). These observations
highlight the prevailing risks and knowledge gaps on trace-level
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estrogens’ potential human health risks from feedlot effluents into
drinking water sources.

4. Implications and future perspectives

The presence of estrogens in livestock manure and their discharge or
leakages into environmental matrices represent ubiquitous and persis-
tent contamination globally. However, most studies have focused on the
occurrence and risks of SEs in WWTPs and surface water (Adeel et al.,
2017b; Du et al., 2020), whereas limited research is on animal hus-
bandry sources (He et al., 2015). The global footprint of livestock and
potential estrogen hotspots of SE contamination in most regions is a key
concern because of associated endocrine disruption impacts. Although
SEs have low environmental persistence, their ubiquitous state,
pseudo-persistence, and estrogenic potency at trace concentrations
necessitate holistic monitoring, control, and regulatory frameworks to
protect organisms and human health.

Occurrence, fate, hazards, and mixture exposure assessment of
manure-borne SEs need to be improved before the global ecological and
human health risks can be assessed and mapped. Therefore, routine
monitoring studies and regulatory limits of SE levels in manure and
effluents are necessary, emphasizing toxicological tests and human
health risk assessments. Future studies should also monitor SEs excre-
tion by more miniature studied livestock such as goats, sheep, buffaloes,
and horses. Their population has been increasing in recent decades and
has footprints in most regions (Gilbert et al., 2018). Also, SEs are
excreted in free and conjugated forms (Palme et al., 1996), but the latter
have been rarely investigated; hence associated risks require quantifi-
cation and inclusion in monitoring and risk assessment studies. Experi-
ments of SEs risks to soil-dwelling species are necessary to identify
hazards on terrestrial species based on manure application frequency
and seasonality. Moreover, estrogens may have synergistic, antago-
nistic, agonist, or mixture outcomes determined by action with other
xenoestrogen and contaminants; hence such action requires further
investigation (Archer et al., 2020; Chen et al., 2007; Frische et al., 2009).
Nonetheless, manure treatment and recognizing the need to monitor and
remediate SEs in livestock effluents will reduce associated ecological
and human health risks.

5. Conclusions

The study highlighted the global livestock footprint, manure-borne
SEs concentration, predicted concentration in manure amended soils,
and effluent contaminated surface water. Most of the data were from
studies in the USA and China, with no available literature data from the
Middle East and Africa. The total EEQs in the solid and liquid fractions of
manure were predominated by 17p-E2, contributing 58.22% and
42.46%, respectively, and were ranked in the following order: 17-
E2>E1>17a-E2>E3. There were compulsive risks to fish from MECs in
the liquid fractions. The RQ values of PECs are <1 for terrestrial or-
ganisms exposed to manure amended soils and aquatic organisms in
contaminated surface water, indicating the low ecological concern,
however, the maximum PEC of 173-E2 and E1 representing the worst-
case scenario, posed high risks to fish. Xenoestrogens (atrazine, glyph-
osate, NP and BPA) pose comparatively higher ecological risks on
aquatic species than SEs in surface waters but within the same range as
risks posed by feedlot effluents. Notably, maximum concentrations
exhibited plausible risks to organisms and human health. Therefore,
monitoring and controlling feedlot wastewater and manure disposal
discharge is essential in reducing estrogens’ potential risk in surface
water and manure-amended soils. Given the limited monitoring data on
manure-borne estrogens in literature, more studies are necessary to
assess livestock’s contribution to the burden of environmental estrogens.
These results suggest that manure-borne estrogens’ ecological and
human health impact should not be ignored, and fate after manure
application or effluent discharge into surface water requires further
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investigations. Finally, rigorous manure-borne estrogen monitoring and
manure treatment are necessary to control SEs pollution and endocrine
disruption risks.
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Box-and-whisker plots illustrating estrogens in manure. The hori-
zontal line in the box represents the median value, and the lower and
upper edges of the box represent the 25th and 75th percentiles,
respectively. The whiskers extending from the top and bottom sides of
the box represent the highest and lowest values. “*” is the outlier values,
and “@” are the individual measured environmental concentrations. The
distribution curve shows the scattering of all data points representing
the concentrations.
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