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a b s t r a c t

Concentrated animal feeding operations (CAFOs) are known to be a source of nutrients and

hormones found in surface water bodies around the world. While the fate and transport of

nutrients have been studied for decades, much less research has been conducted on the

fate and transport of hormones. To facilitate a comparison of nutrient and hormone export

dynamics from farm fields, nitrate þ nitrite (N), dissolved reactive phosphorus (DRP), 17a-

and 17b-estradiol (E2), estrone (E1), and estriol (E3) were monitored in a tile drain and

receiving ditch for one year on a working farm in north central Indiana. Repeated animal

waste applications led to high frequency detection of hormones (>50% in tile drain; >90% in

the ditch) and nutrients (>70% for DRP; 100% for N). Hydrologic variability was found to be a

dominant factor controlling export of N, DRP, and E1 to the drain and ditch. Of the estro-

gens, the temporal trend in E1 export was most similar to that of DRP. Differences in

temporal export between P and the other estrogens likely were due to differences in the

biogeochemical processes that affect their fate and transport within the agroecosystem.

During short periods when the flowrate exceeded the 80th percentile for the year, over 70%

of the total mass export of DRP and E1 occurred for the year in both the tile drain and ditch,

demonstrating the importance of high-flow events. Therefore, best management practices

must be effective during large flow events to substantially reduce transport to downstream

locations.
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1. Introduction

The environmental impacts associated with land application of

animalwasteshave traditionally focusedonnutrients;however,

livestock waste has been identified as a source of hormones

found in surface water bodies around the world (Chen et al.,

2010; Kjær et al., 2007; Kolok and Sellin, 2008; Matthiessen et al.,

2006; Nichols et al., 1997; Soto et al., 2004). The natural and

anthropogenic processes influencing the availability of constit-

uents for export from agricultural fields to downstream loca-

tionshave important implications forwater quality.While these

processes fornutrientshavebeenstudied fordecades,much less

research has been conducted on the fate and transport of hor-

mones. To date, no studies have been reported that fully

compare the dynamics of exported loads (i.e., masses) of nutri-

ents and hormones to receiving streams in an agroecosystem.

Hormone transport from agricultural fields has been

investigated in several previous studies. In Delaware, Dutta

et al. (2010) sampled surface runoff from fields treated with

poultry litter during 10 storm events occurring up to 4 months

after the litter was applied. Throughout the study period,

significant correlations between rainfall depth and estrogen

loads were found. In Denmark, Kjær et al. (2007) sampled tile

drainage for one year following subsurface injection of swine

slurry. They detected hormones in the tile drains for up to 11

months after the slurry had been injected. Our previous

research on hormone concentrations (Gall et al., 2011) and

loads (Gall et al., 2014) discharged from a tile-drained agro-

ecosystem also found persistent hormone export, with export

occurring up to 4 months following multiple applications of

animal wastes. Overall, the results of these studies and others

suggest that preferential flow (Gall et al., 2014, 2011; Kjær et al.,

2007; Steiner et al., 2010) and surface runoff (Dutta et al., 2010;

Finlay-Moore et al., 2000; Haggard et al., 2005; Jenkins et al.,

2006) are important transport pathways for hormones.

In general, the installation of tile drains and subsequent

changes from natural to agricultural land use cause an in-

crease in discharge and nutrient export (Skaggs et al., 1994).

However, as the drainage density of tile drains increases,

phosphorus (P) and organic nitrogen loads generally decrease

and nitrate (NO3
�) loads generally increase compared to agri-

cultural sites with lower drainage densities (Kladivko et al.,

2004; Simard et al., 2000; Skaggs et al., 1994). This trend is

due to differences in the affinity for soil and the transport

pathways for phosphorus compared to nitrate. Surface runoff

is reduced and the soil infiltration capacity is increased when

tile drains are installed, thereby reducing the primary trans-

port pathway for P and enabling P to be retained by the soil

matrix (Simard et al., 2000). These changes cause an increase

in the primary transport pathway for NO3
� (Kladivko et al.,

2004), which does not sorb to the soil matrix.

While the transport pathways for hormones and P in tile-

drained systems are similar, the magnitude and rates of the

biogeochemical processes affecting phosphorus (P) and hor-

mones such as sorption/desorption andmicrobial degradation

can differ greatly. Hormones can be biotransformed or

mineralized (Carmosini and Lee, 2008). Under aerobic condi-

tions, 17a-estradiol (17a-E2) and 17b-estradiol (17b-E2) bio-

transform to estrone (E1), with an apparent half-life of hours

to days (Colucci et al., 2001; Combalbert and Hernandez-

Raquet, 2010; Lee and Liu, 2002; Lee et al., 2007; Mashtare

et al., 2013). Under anaerobic conditions, both 17b-E2 and 17a-

E2 degrade predominantly to E1, but reversibly, and inter-

conversion between isomers also occurs (Mashtare et al.,

2013). Anaerobic biotransformation of 17a-E2 to estriol (E3)

has also been observed (Xuan et al., 2008). The microbial

processes affecting nutrients are quite different. Conversion

of dissolved reactive phosphorus (DRP) into organic matter

makes phosphorus less mobile (Mullins, 2009). During

mineralization, organic phosphorus is converted to DRP,

which is then more available for plant uptake or hydrologic

export. The processes influencing nitrate levels include plant

uptake, production frommineralization of organicmatter and

nitrification, and losses due to denitrification and

immobilization.

Sorption of hormones occurs predominantly due to hydro-

phobic partitioning; however, hydrogen bonding and electron

donoreacceptor interactionswith soil organicmatter likely also

cause hormones to sorb to soils (Mashtare et al., 2011; Shareef

et al., 2006; Sun et al., 2012; Yamamoto and Liljestrand, 2003).

Qiao et al. (2011) identified hydrogen bonding as a more impor-

tant sorption mechanism for 17b-E2 compared to 17a-E2. Sorp-

tion of orthophosphate is largely through electrostatic

interactions to specific sites. The results of desorption studies

have yielded mixed results, with hormones being observed to

desorb from soil and sediments relatively quickly and easily

(Hildebrandetal., 2006) andwithcontinuedextraction fromsoils

that have beenwashed successively (Loffredo and Senesi, 2002),

while others observed strong hysteretic desorption (Dur�an-
�Alvarez et al., 2014; Lai et al., 2000). Dissolved organic carbon

(DOC)hasbeenshowntoplayanimportantrole inthesorptionof

hormones to soils, with greater DOC impacts to sorption occur-

ring in soils amended with sludge or manure (Stumpe and

Marschner, 2010; Qiao et al., 2011). P desorption exhibits strong

hysteresis, with only a small amount of adsorbed P readily

available for desorption (Pierzynski et al., 1994). However, rates

of P release canbecomehigherwhen soils approachP saturation

(Torrent and Delgado, 2001).

Significant insight into the role of biogeochemical and

hydrologic factors affecting hormone transportmay be gained

by comparing the export dynamics of hormones to nutrients,

which have been studied extensively. Previous studies have

shown that tile drained fields export hormones and nutrients,

but were not conducted at a sufficiently high temporal reso-

lution to quantify and compare hormone and nutrient export

dynamics. The goal of this study was to compare the export

dynamics of nutrients and estrogens from a tile-drained

agricultural field using several techniques in order to assess

the roles that hydrologic and biogeochemical factors play in

controlling their fate and transport. These techniques include

an examination of concentrationedischarge (CeQ) relation-

ships, loadedischarge (LeQ) relationships, and a quantifica-

tion of the importance of high-flow events to total annual

eported loads. An improved understanding of the similarities

and differences of how natural and anthropogenic drivers

affect nutrients (e.g., N, P) and hormones (e.g., estrogens) will

provide additional insight into whether best management
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