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ABSTRACT 1994, however, acetochlor has replaced alachlor in the
U.S. Midwest for corn weed control (Battaglin andThe occurrence of metabolites of many commonly used herbicides
Goolsby, 1999) and was detected in surface waters dur-in streams has not been studied extensively in tile-drained watersheds.
ing the year it was first used (Kolpin et al., 1996a). EachWe collected water samples throughout the Upper Embarras River

watershed [92% corn, Zea mays L., and soybean, Glycine max (L.) of these herbicides has been found in the Mississippi
Merr.] in east-central Illinois from March 1999 through September River as it nears the Gulf of Mexico, demonstrating
2000 to study the occurrence of atrazine (2-chloro-4-ethylamino-6-iso- their movement into rivers and subsequent transport
propylamino-s-triazine), metolachlor [2-chloro-N-(2-ethyl-6-methyl- downstream (Clark and Goolsby, 2000).
phenyl)-N-(methoxy-1-methylethyl) acetamide], alachlor [2-chloro- Studies of rivers in the Midwest have shown that
N-(2,6-diethylphenyl)-N-(methoxymethyl) acetamide], acetochlor quite often the highest concentrations of herbicides are[2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6-methylphenyl) acetamide],

measured during the first significant streamflow in-and their metabolites. River water samples were collected from three
crease (runoff event) after herbicide applications (Thur-subwatersheds of varying tile density (2.8–5.3 km tile km�2) and from
man et al., 1991; Scribner et al., 1994; Gentry et al.,the outlet (United States Geological Survey [USGS] gage site). Near-
2000). Therefore, many studies have focused samplingrecord-low totals for stream flow occurred during the study, and nearly

all flow was from tiles. Concentrations of atrazine at the USGS gage on the first streamflow event in late spring to early
site peaked at 15 and 17 �g L�1 in 1999 and 2000, respectively, and summer. From samples collected in 1989 through 1990,
metolachlor at 2.7 and 3.2 �g L�1; this was during the first significant USGS studies showed that atrazine and alachlor were
flow event following herbicide applications. Metabolites of the chloro- the primary herbicides in storm runoff in the Midwest
acetanilide herbicides were detected more often than the parent com- and that concentrations were frequently above drinking
pounds (evaluated during May to July each year, when tiles were water standards (Scribner et al., 1994). Battaglin andflowing), with metolachlor ethanesulfonic acid [2-[(2-ethyl-6-methyl-

Goolsby (1999) and Scribner et al. (2000a) used sam-phenyl)(2-methoxy-1-methylethyl)amino]-2-oxoethanesulfonic acid]
pling from the first large event following applicationsdetected most often (�90% from all sites), and metolachlor oxanilic
to examine whether changes in herbicide use were re-acid [2-[(2-ethyl-6-methylphenyl)(2-methoxy-1-methylethyl)amino]-
flected in concentrations in Midwestern rivers. They2-oxoacetic acid] second (40–100% of samples at the four sites). When

summed, the median concentration of the three chloroacetanilide indicated that both the decrease in alachlor use and
parent compounds (acetochlor, alachlor, and metolachlor) at the increase in acetochlor were reflected in river concentra-
USGS gage site was 3.4 �g L�1, whereas it was 4.3 �g L�1 for the six tions, but that for other herbicides (metolachlor, cyanaz-
metabolites. These data confirm the importance of studying chloroac- ine, and atrazine), changes in river concentrations could
etanilide metabolites, along with parent compounds, in tile-drained not be attributed solely to use patterns (Battaglin and
watersheds. Goolsby, 1999; Scribner et al., 2000a).

Clark and Goolsby (1999) evaluated acetochlor in
streams to determine the movement of this new herbi-

Illinois’ agricultural soils are some of the most cide in more detail. They found that most of the acet-
productive in the world, with corn and soybean the ochlor measured in the Mississippi River was from sub-

two major crops in the state. To achieve desirable eco- basins draining Illinois, Iowa, and Indiana, although
nomic yields that meet the increasing market demand only 2% of the samples exceeded the 2 �g L�1 standard
for more food worldwide, the use of herbicides and for drinking water (78% of the 375 samples collected
other agrochemicals is a critical component of current at 32 stream sites contained detectable concentrations).
production systems. The most commonly used herbi- Clark and Goolsby (1999) indicated that overall, acet-
cides in the USA before 1995 were atrazine, cyanazine ochlor behaved like other acetanilide herbicides, with
[2-[[4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl]amino]- less persistence than triazine herbicides, which was con-
2-methylpropionitrile], metolachlor, and alachlor (Meyer sistent with previous studies comparing acetanilides
and Thurman, 1996; Battaglin and Goolsby, 1999). Since with triazines (Larson et al., 1997; Clark and Goolsby,

1999).
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the Midwest (e.g., Kladivko et al., 1991; David et al., of an herbicide’s measured concentration was in the
1997; Gentry et al., 1998), particularly during high rain- form of metabolites in Iowa ground water. Kalkhoff et
fall events. Recent studies have also shown that tiles al. (1998) suggest the reason chloroacetanilide herbi-
can transport large amounts and high concentrations of cides were so infrequently found in previous studies was
P through preferential flow processes (i.e., where solutes because the metabolites were not determined.
are transported through only a small portion of the soil Phillips et al. (1999) evaluated metolachlor and its
volume) (Gaynor and Findlay, 1995; Gächter et al., 1998; metabolites in both tile drainage and stream runoff in
Stamm et al., 1998). In areas with low livestock intensit- New York. They observed that two metabolites of meto-
ies and extensive tile drainage, such as east-central Illi- lachlor (metolachlor ESA and metolachlor oxanilic acid
nois, tile transport of P can be as important or more [OA]) were 200 to 1800 times higher in concentrations
important than surface transport (Xue et al., 1998). Pest- than the parent compound in tile drainage. In the stream
icide transport in tiles may also be as important as sur- they evaluated, metolachlor ESA was 2 to 45 times
face runoff in extensively tile-drained watersheds of Il- higher in concentration than metolachlor, although con-
linois. centrations of both were much less than in tile-drainage

Although the movement of nitrate is well known in water. In fine-textured soils, Phillips et al. (1999) foundtile-drainage waters (and P is just becoming known), that the transport of metolachlor ESA was greater thanpesticides have not been as well studied (Flury, 1996).
metolachlor OA. Aga and Thurman (2001) reportedKladivko et al. (1991) demonstrated on experimental
that both alachlor ESA and metolachlor ESA werefarms that preferential flow to tile lines could quickly
transported at higher concentrations and to deeper soilcause the movement of small amounts of pesticides from
depths as compared with their parent compounds.soils into tile lines. Buhler et al. (1993) pointed out
Tauler et al. (2000) found that the major source ofthat herbicide movement in subsurface drainage from
alachlor ESA in outflows from reservoirs in the Midwestagricultural land is still not well understood despite a
was related to the spring flush and seasonal runoff, withlarge body of information on herbicides in the environ-
ground water a source. These studies suggest thatment. Gentry et al. (2000) showed that herbicides (atra-
ground water may be a much more important sourcezine and metolachlor) can be rapidly transported through
of chloroacetanilide metabolites than their parent com-soils to tile drains and surface waters in central Illinois.
pounds, and we would expect surface waters in heavilyGaynor et al. (1995, 2001) have also shown the impor-
tile-drained watersheds to reflect this.tance of both surface and subsurface transport of herbi-

Chlorinated atrazine metabolites (primarily deethyla-cides, and how alterations in one can change the other.
Donald et al. (1998) examined herbicide distribution trazine [DEA], 2-amino-4-chloro-6-isopropylamino-

and variability across a small watershed in Missouri, s-triazine, and deisopropylatrazine [DIA], 2-amino-
and observed that there are few published studies on 4-chloro-6-ethylamino-s-triazine) are known to be
herbicide concentrations and variability in surface wa- common contaminants of surface and ground waters in
ters at this scale (7250 ha). Fenelon and Moore (1998) the Midwest (Thurman et al., 1992; Burkart and Kolpin,
studied the transport of herbicides in the Sugar Creek 1993; Kolpin et al., 1995, 1996b; Barrett, 1996). How-
watershed in Indiana that had extensive tile drainage. ever, Lerch et al. (1998) reported that hydroxylated
They observed that tile-drainage patterns of atrazine atrazine metabolites can also be important, demonstra-
and atrazine metabolites in the watershed were similar ting that the number of herbicide metabolites being
to seasonal trends in Sugar Creek. detected is continually increasing. For example, cyanaz-

Metabolites of pesticides are now known to be impor- ine degradates were recently observed to be more preva-
tant contaminants of both ground water and surface lent than the parent compound in ground water across
water (Kalkhoff et al., 1998; Kolpin et al., 1996b, 2000, Iowa (Kolpin et al., 2001).
2001; Scribner et al., 2000b), and in many studies the In this study, we collected water samples and mea-metabolites have been found at higher concentrations sured herbicides (triazines and chloroacetanilides) inthan the parent compounds. This was known previously

river waters to obtain concentrations throughout thefor triazine herbicides, but has only recently been shown
Upper Embarras River watershed, Illinois, and to esti-for chloroacetanilide herbicides (parent compounds are
mate herbicide loads (in subwatersheds with variableacetochlor, alachlor, and metolachlor). Thurman et al.
subsurface drainage densities and the overall water-(1996) found that the median concentration of an alachlor
shed). The specific objectives of our study were to (i)metabolite (alachlor ethanesulfonic acid [ESA], 2-[(2,6-
report herbicide concentrations and loadings in the riverdiethyphenyl) (methoxymethyl)amino]-2-oxoethane-
of an agricultural watershed at several locations acrosssulfonic acid) exceeded the median concentration of
a range of tile-drainage densities, focusing on the periodalachlor in rivers and reservoirs of the Midwest. Kalk-
when tile drainage occurs; (ii) evaluate the importancehoff et al. (1998) determined that several metabolites
of tile drainage versus surface runoff in contributing toof chloroacetanilide herbicides were common in Iowa
herbicide concentrations and loads during various flowsurface waters and ground waters, and were found more
events in each subwatershed; and (iii) examine the oc-frequently and at higher concentrations than the parent
currence and concentrations of both parent compoundscompounds (80% of the mass in surface waters consisted

of metabolites). Kolpin et al. (2000) showed that most and metabolites of the studied herbicides.
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the use of glass sampling containers. In addition to these fourMATERIALS AND METHODS
sites, 13 other sampling locations were established in the water-

Field Sampling and Monitoring shed to obtain grab samples from all branches and subwater-
sheds (Fig. 1). Samples from these locations were collectedFour instrumented sampling sites in the Upper Embarras
monthly from March 1999 through August 2000. For the USGSRiver watershed were used in this study. This watershed has
gage site on the Embarras River, samples were collected dailybeen previously described (David et al., 1997) and has been
to weekly to monthly, depending on flow, from 29 Mar. 1999the focus of detailed studies on N and P export (Xue et al.,
through 12 Sept. 2000, for a total of 71 samples for herbicide1998). It is 92% row-cropped in corn and soybean agriculture
analysis. During the largest flow events, samples were col-(typical of the Midwest) and is extensively tile-drained. The
lected twice a day at this site.primary sampling site was located at the USGS streamflow

The grab samples were collected in precleaned 120- orgaging station (Embarras River near Camargo, IL; Station
500-mL glass bottles with Teflon-lined caps by submergingno. 03343400), the outlet of the 48 173-ha watershed. Three
the bottle in the middle of the river or in an area with rapidsubwatershed sites were selected from detailed geographic
flow. Several bottles were used to provide samples for eachinformation system tile maps of the Upper Embarras River
of the laboratories conducting herbicide analyses. All bottleswatershed (David et al., 2002). These sites were equipped with
were cleaned using a machine washing procedure followed byflow monitoring devices at points that represent subwater-
heating in a muffle furnace (475�C for 4 h). Field samplessheds with low (S2, 2.8 km tile km�2), medium (S3, 4.35 km tile
were immediately placed in a closed cooler with ice packs andkm�2), and high (S1, 5.3 km tile km�2) tile-drainage densities.
returned to the laboratory for analysis.Corresponding watershed areas were 9300, 3100, and 2939 ha

Glass bottles (precleaned 375 mL) from Isco automaticfor low-, medium-, and high-tile-drainage subwatersheds. Each
samplers were collected no more than one day following anof these three sites was equipped with an Isco (Lincoln, NE)
event, with samples placed in a cooler following removal fromModel 2900 water sampler that allowed for flow-proportional
the Isco sampler. While samples were in the Isco sampler theysampling. The normal sampling line into the Isco sampler was

replaced with Teflon tubing, and special Isco bases allowed were shaded and in the dark. All glass bottles used in the Isco

Fig. 1. Map of land use and sampling locations in the Upper Embarras River watershed showing high- (S1), medium- (S3), and low-density (S2)
tile subwatershed sites, and the United States Geological Survey (USGS) gage site (outlet of watershed).
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water samplers were precleaned as described above for the chose samples for detailed metabolite analysis (metabolite
grab samples. A full quality assurance–quality control (QA– analysis was limited due to cost). Because of the low river
QC) program was used for all sampling and analysis. For the flows throughout much of the study period with corresponding
sampling component, this included field duplicates and travel low immunoassay concentrations, metabolite analysis was only
blanks with each set of samples. obtained during late March through June 1999, and May

Three monitoring sites were established in sections of the through July 2000. This is when tiles were flowing in the
watershed with varying drain density as detailed previously. watershed. Therefore, our results concerning chloroacetani-
Each site was equipped with a data logger, which was con- lide herbicide metabolites only apply to the tile-flow period
nected to a Starflow meter (Unidata Australia, O’Connor, during each year of the study. No metabolite analysis was
Western Australia) and an Isco sampler. The Starflow used conducted during the intervening low-flow period.
an ultrasonic Doppler technique and recorded water velocity,
depth, and temperature at 15-min intervals (Unidata Austra-

Comparison of Herbicide Analysis Techniqueslia, 1996). A wireless weather station was also installed to
measure rainfall at each site. The flow rate and total flow Immunoassays were used on all samples as a screening tool
amounts were computed based on channel profiles from sur- to identify samples for further analysis and to provide a larger
veying data. data set to examine the sources and movement of herbicides

in the watershed. A comparison of immunoassay and GC–MS
atrazine concentrations indicated that the immunoassay rou-Laboratory Analysis
tinely overestimated this herbicide, although the response was

Laboratory analysis was divided among three laboratories, linear (r2 � 0.96, n � 62). The equation was:
each determining different analytes. Immunoassay techniques

GC–MS atrazine � immunoassay atrazine � 0.5366 [1]were used on all samples as a screening tool to determine
when more detailed analyses should be conducted. Both atra-

When all GC–MS triazines (atrazine, DEA, DIA) werezine and metolachlor were determined using immunoassays
compared with immunoassay concentrations there was a bet-(van Emon et al., 1989) in the Department of Natural Re-
ter agreement at concentrations below 5 �g L�1, but littlesources and Environmental Sciences at the University of Illi-
change above that concentration because the parent com-nois. Samples were filtered through 0.45-�m Gelman acrodisc
pound dominated at high concentrations.filters (Pall Corporation, Ann Arbor, MI) into 3-mL glass

For metolachlor, immunoassays were closer to GC–MS con-vials with Teflon caps, and were then analyzed using atrazine
centrations overall, but there was considerable scatter and theand metolachlor kits from Strategic Diagnostics (Newark,
r2 of the regression line was 0.76 (n � 61). The equation was:DE). The quantitation limit was 0.1 �g L�1 for both atrazine

and metolachlor using this technique. Holding times were less GC–MS metolachlor �
than 7 d.

0.4364 � (immunoassay metolachlor � 0.5589) [2]More detailed analyses of herbicides in samples were
conducted at the Waste Management and Research Cen-

Comparing immunoassay metolachlor with the sum of acet-ter (WMRC), Champaign, Illinois. Each sample was disk-
ochlor and metolachlor by GC–MS did not improve the rela-extracted (47-mm Empore high-performance SDB-XC ex-
tionship, demonstrating that the immunoassay is probably nottraction disks; 3M, St. Paul, MN) and analyzed for atrazine,
detecting acetochlor.DEA, DIA, cyanazine, acetochlor, alachlor, metolachlor, pendi-

The relationship observed between immunoassay andmethalin [(N-1-ethylpropyl)-2,6-dinitro-3,4-xylidine], and tri-
GC–MS atrazine is well known (Aga and Thurman, 1993),fluralin (�,�,�-trifluoro-2,6-dinitro-N,N-dipropyl-p-toluidine)
and is in part due to cross-reactivity by both organic andby gas chromatography–mass spectrometry (GC–MS). The
inorganic compounds as well as metabolites of atrazine. Agaquantitation limits were 0.5 �g L�1 in 1999 and 0.4 �g L�1 in
and Thurman (1993) used a solid-phase extraction procedure2000 for each of these compounds.
to remove much of the interfering compounds. However, ourSamples were also shipped to the USGS Organic Geochem-
linear relationship between the methods was quite strong andistry Research Laboratory in Lawrence, Kansas, for determi-
most of the variation was explained. Therefore, all immunoas-nation of alachlor, metolachlor, and acetochlor metabolites.
say results reported in this paper have been corrected usingThese included ESA and OA forms of these three herbicides.
the relationships shown above.For samples collected before 23 May 2000, all analyses were

analyzed by high-performance liquid chromatography (HPLC)
with diode-array detection (DAD) with a quantitation limit Detection Frequencies
of 0.2 �g L�1, and following that date by liquid chromatogra-

The analytical detection limits for the parent compoundsphy–mass spectrometry with a quantitation limit of 0.05 �g
(0.5 �g L�1) were greater than their degradation productionsL�1 (Zimmerman et al., 2000; Hostetler and Thurman, 2000).
(either 0.2 or 0.05 �g L�1), so raw data would not be appro-For the samples collected before 23 May 2000, confirmation
priate when comparing frequencies. Therefore, we used a com-of alachlor ESA and acetochlor ESA [2-(2-ethyl-6-methyl-
mon detection threshold of 0.5 �g L�1 to assess the frequencyphenyl) (ethoxymethyl)amino-2-oxoethanesulfonic acid] by
of detection for all chloroacetanilide compounds, similar toHPLC was not possible by HPLC–MS (Kalkhoff et al., 1998;
the approach used by Kalkhoff et al. (1998). However, dataE.M. Thurman, personal communication, 2003).
above the appropriate detection limits were used in allThe QA–QC program for all analyses included field and
other analyses.analytical duplicates, spikes, travel blanks, and calibration QC

samples. During the project a total of 500 water samples were
collected (not counting QA–QC samples), and all were ana- Recent Herbicide Use in Illinois
lyzed using the immunoassay techniques. Of the 500 samples,

Herbicide use in Illinois has changed greatly during the last87 were then analyzed by the Waste Management and Re-
10 yr. In the early 1990s, atrazine, cyanazine, metolachlor,search Center, and 70 of those by the USGS laboratory.

We used immunoassay concentrations and stream flow to and alachlor were the most-applied herbicides, with smaller
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Fig. 2. Herbicide use in Illinois from 1992 through 2000 (USDA Na-
tional Agricultural Statistics Service, 2002).

amounts of pendimethalin and trifluralin (Fig. 2). However,
following the approval of acetochlor in 1993 (with first applica-
tions in 1994), alachlor quickly was phased out so that by 1996
alachlor was not used in Illinois, and acetochlor use was nearly
3000 metric tons yr�1. Cyanazine use also decreased through
this time period, and was not used in 1999 or 2000. The other

Fig. 3. Discharge and concentrations of atrazine and metolachlormajor change was with glyphosate [N-(phosphonomethyl)-
(corrected immunoassay) in surface water at the United Statesglycine], which increased greatly in use in 1998 through 2000.
Geological Survey (USGS) gage site on the Embarras River fromTherefore, during 1999 and 2000, the major herbicides in use
1 Mar. 1999 through 1 Oct. 2000.in Illinois were (in order of metric tons of active ingredient)

atrazine, metolachlor, acetochlor, glyphosate, pendimethalin,
events that typically occur once or twice each waterand trifluralin.
year. This lack of flow events greatly limited our ability
to examine a range of events where we would haveRESULTS AND DISCUSSION expected surface runoff and tile drainage to vary as
contributors to river flow. Because rainfall intensitiesEmbarras River Flow
were always less than infiltration rates during the studyThe 1999 and 2000 water years had less flow than
period, we assumed all events during the project sam-average, with the only large events at the USGS-gaged
pling period were driven by tile-drainage flow alone,outlet of the Upper Embarras River watershed during
except for the event that began on 24 June 2000 atJanuary and February 1999, before herbicide applica-
subwatershed S3, where there was some surface runoff.tions. From 1973 through 1998, yearly flow averaged
However, our Isco sampler failed at this site during this169 million m3 yr�1 for the Upper Embarras River water-
time period (a weekend), and no samples were obtained.shed. Yearly flows were 132 and 51.6 million m3 yr�1

Therefore, all of our analysis of herbicide data is forfor the 1999 and 2000 water years, with 2000 having the
events driven by tile flow, and we could not separatelowest flow recorded during the last 28 yr (even less
the effects of surface runoff versus tile drainage.than the drought years of the 1980s). Therefore, our

results must be placed in the context of much-lower- Immunoassay Herbicide Resultsthan-normal flow in this watershed.
During the late spring through early summer period The largest flow in the Embarras River at the USGS

gage site was during April 1999, before application ofwhen we would expect herbicide transport to be great-
est, there were only two flow events each in 1999 and herbicides (Fig. 3). No extremely large flows (�50 m3

s�1 based on flow patterns during the last 30 yr) occurred2000. These events produced flow rates of 15 to 25 m3

s�1, considerably less than the 50 to 150 m3 s�1 flow from late April 1999 through the summer of 2000. How-
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ever, the first 10 to 20 m3 s�1 storm event that occurred L�1, and concentrations of both herbicides were less at
all other sampling sites in the watershed. Even in a dryduring late May through June each year did have the

greatest concentration of herbicides as measured by im- year, events that occur after the initial flush apparently
do not cause parent compound concentrations to in-munoassay atrazine and metolachlor. Concentrations of

atrazine at the USGS gage site peaked at 15 and 17 �g crease much. However, metabolite concentrations dur-
ing these events will be discussed below.L�1 in 1999 and 2000, respectively, and metolachlor at

2.7 and 3.2 �g L�1. As observed in other rivers of the
Midwest (Thurman et al., 1991), the spring flush led Herbicide Parent Compound andto the highest concentrations of herbicides measured Metabolite Concentrationsduring the project.

Detection FrequencyEach of the subwatersheds responded in a similar
manner (data not shown). Highest concentrations of Frequency of detection (by GC–MS, liquid chroma-
immunoassay atrazine and metolachlor occurred during tography–diode-array detection, and HPLC–MS) was
these early events following applications. The highest summarized to obtain an indication of how often both
concentrations did vary greatly among the subwater- the parent compounds and metabolites of the herbicides
sheds, and this was probably due to differences in rain- commonly applied in Illinois were found. However, only
fall intensity. We measured different rainfall amounts selected samples (based on immunoassay concentra-
and increases in flow among the subwatersheds for each tions and flow considerations) were analyzed, nearly all
event, which no doubt greatly affected the herbicide during the period of the year when tiles were flowing.
concentrations. All subwatersheds had much greater im- Atrazine was detected in 60 to 75% of the samples at
munoassay atrazine and metolachlor concentrations each of the four sites, DEA 20 to 50%, and DIA from
than the overall watershed, with atrazine concentrations 0 to about 15%. Therefore, for this heavily applied her-
reaching a maximum of 49 �g L�1 at S2 on 23 May 2000. bicide, the parent compound was detected in many more
However, this was well before the large flow event that samples than the metabolites DIA and DEA. Other
began on 27 May. herbicides, such as trifluralin, cyanazine, and pendi-

On 23 May 2000, atrazine concentrations were vari- methalin, were not detected in any samples (other than
able throughout the watershed (0.5–49 �g L�1). At this one sample with cyanazine), suggesting that they sorb
point herbicide applications were probably completed strongly to soil particles and did not move through soils
by all farmers, but there had only been some small rain into tiles. There is also the possibility that these herbi-
events that led to low-tile-flow events. Concentration cides were not used recently in this watershed (e.g.,
of atrazine upstream of S3 was 6.4 �g L�1, but increased cyanazine). However, given the large amounts used in
to 49 �g L�1 at S2. Other branches of the river all had Illinois on corn and soybean, there is no reason to think
relatively low atrazine concentrations (	8 �g L�1). The they were not used in similar amounts in our study wa-
highest concentration in the main branch on this date tershed.
was below Villa Grove (46 �g L�1); at the USGS gage The chloroacetanilide herbicides had different pat-
the concentration was low (1.2 �g L�1). With only low terns than the triazines and other compounds. Acet-
flow occurring, this pattern indicates that atrazine had ochlor and metolachlor were both detected in many
entered the river along some branches, but was not yet samples, ranging from 0 to 50% of samples for acet-
leaving the watershed. With the large flow events on 27 ochlor, and 50 to nearly 80% of samples for metolachlor
to 28 May, however, this changed. Concentration of (Fig. 4). Metabolites were found at about the same fre-
atrazine at S1 reached a high of 38 �g L�1 on 27 May, quency as the parent compounds, with metolachlor ESA
whereas the upstream sites from S2 decreased to about detected most often (�80% from all sites). Acetochlor
4.6 �g L�1. On 28 May the river concentration at the ESA and acetochlor OA (2-[(2-ethyl-6-methylphenyl)
USGS gage site peaked with the peak in flow at 17 �g (ethoxymethyl)-amino]-2-oxoacetic acid) were de-
L�1 (Fig. 3). Together this pattern of atrazine concentra- tected in about half of the samples. Alachlor and
tions shows variable movement into the branches during alachlor ESA were also detected in a few samples, which
low flow, and a flushing of the herbicide during the first is interesting since this herbicide has not been used since
event following applications. 1995. However, the number of detections was much less

The pattern of metolachlor concentrations and move- than for the currently used metolachlor and acetochlor,
ment in streams throughout the watershed during this and alachlor OA (2-[(2,6-diethylphenyl)(methoxymeth-
period were similar to atrazine (although concentrations yl)amino]-2-oxoacetic acid) was not detected in any
were much lower), with variable concentrations in the samples. For chloroacetanilide herbicides, these results
watershed (0.5–2.5 �g L�1) before the large flow events demonstrate that the metabolites are generally present
on 27 to 28 May, and then highest concentrations at the in water samples in the watershed where they are ap-
watershed outlet during 28 and 29 May. Concentrations plied during the periods when tile drains were active
measured at the USGS gage site were 2.9 �g L�1 on 28 (April or May into July in 1999 and 2000).
May, and 3.2 �g L�1 on 29 May.

The largest event during spring through early summer
Atrazine(May through July) of the two-year period occurred on

26 June 2000 at the USGS gage site, but both the atra- The median concentration of atrazine by immunoas-
say for all samples was about 0.3 �g L�1, but manyzine and metolachlor concentrations were only 1.0 �g
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Fig. 4. Detection rates of chloroacetanilide herbicides and their sulfonic and oxanilic metabolites. Data from March to June 1999 and May
through July 2000, the period of tile flow in the Upper Embarras River watershed. ESA, ethanesulfonic acid; OA, oxanilic acid.

samples were well beyond the 90th percentile (Fig. 5a). Acetochlor had the next highest median concentra-
When analyzed by GC–MS, the median concentration tions of 0.5 to 0.7 �g L�1 for the ESA and OA metabo-
was 5 �g L�1 (Fig. 5b), primarily because we chose lites, respectively, with individual samples as high as 6
samples for this analysis based on the concentration by �g L�1. Metolachlor ESA had by far the highest median
immunoassay (higher concentrations were analyzed by concentration, however, of 2 �g L�1, and metolachlor
GC–MS). When viewed by subwatershed and at the OA and acetochlor OA had similar median concentra-
USGS gage site, median concentrations were all similar, tions (0.6 �g L�1). Again, similar to acetochlor metabo-
ranging from 0.3 to 0.7 �g L�1 (Fig. 6). However, as lites, many samples had metolachlor ESA concentra-
discussed previously, high atrazine concentrations were tions of more than 2 �g L�1.
observed during the first flow event following April and The median value of the sum of the three chloroacet-
early May applications. anilide parent compounds was 3.4 �g L�1, whereas it was

The two atrazine metabolites were measured at gen- 4.3 �g L�1 for the sum of the six metabolites. Kalkhoff et
erally low concentrations when detected, with median al. (1998) measured values of 0.13 and 6.4 �g L�1 for
concentrations of 0.8 and 1 �g L�1 for DIA and DEA, the same parent compounds and metabolites in surface
respectively (Fig. 5b). Therefore, during this study these waters of Iowa in 1996, and observed a pattern of ESA �
metabolites were about 25% of the concentration of the OA � parent compounds. Our pattern of concentra-
parent compound. tions differed among the three herbicides, with parent

compounds � metabolites for acetochlor and alachlor,
Chloroacetanilides but ESA � parent compound � OA for metolachlor.

Our results support the importance and persistence ofMetolachlor was found at much lower concentrations
chloroacetanilide metabolites as discussed by Kalkhoffthan atrazine (Fig. 5a). The median concentration was
et al. (1998), but the concentrations of metabolites were0.6 �g L�1 for all 500 samples analyzed by immunoassay,
not as high as in their study. There are several possiblebut was measured as high as 8.2 �g L�1. There was no
reasons for this difference, including size of the rivers,trend among the subwatersheds, and the USGS gage
amount of tile drainage, sampling periods, and runoff.site had similar median concentrations (Fig. 6). When
We sampled three subwatersheds and the outlet of theanalyzed by GC–MS, each of the parent chloroacetani-
overall watershed that were small in size, whereas thelide compounds had a similar median concentration of
Kalkhoff et al. (1998) study included major river sam-just more than 1 �g L�1 for all samples, although acet-
pling sites in eastern Iowa. A large part of the watershedochlor and metolachlor had much higher concentrations
that they sampled was also not tile-drained, which maymeasured than alachlor (Fig. 7a). When detected, the
alter breakdown and transport of herbicides. Finally,metabolites (OA and ESA) for each of the chloroacet-
we sampled during two low-stream-flow years, whichanilides had different concentrations (Fig. 7b). Alachlor
may have greatly affected transport of these herbicides.ESA and OA had the lowest median concentrations,
The dry conditions may have caused a slower break-ranging from 0.1 to 0.25 �g L�1, with no concentrations

above 0.6 �g L�1. down of the parent material as well. Our results do
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ratio as Phillips et al. (1999) observed in tiles, which
again indicates that stream flow was dominated by tile
water during the May through July period each year
when these compounds were measured. Both meto-
lachlor ESA and OA formation is thought to occur
when water has significant contact time with the soil,
which should occur during tile drainage (Phillips et al.,
1999) compared with surface runoff. However, our SAM
ratios were similar to Phillips et al. (1999) surface water
samples, not their tile samples. We measured much
higher concentrations of metolachlor in our samples,
compared with Phillips et al. (1999), which could reflect
less sorption in our soils compared with the New York
watershed.

When examined by site, some interesting patterns
were identified for the chloroacetanilide metabolites.
At the USGS gage site, metolachlor and its metabolites
were the dominant chloroacetanilide herbicide (Fig. 8).
Metolachlor ESA concentrations were remarkably con-
stant throughout tile-flow period, ranging from 1.2 to
3.9 �g L�1 at this site during late March to June 1999
and May through July 2000. There was no relationship
of this metabolite to flow during these periods. It ap-
pears that metolachlor ESA is a common metabolite
that is present at relatively high concentrations in the
river during the tile-flow period each spring and early
summer. Among the subwatersheds, there was no ap-
parent pattern with tile density for the chloroacetani-
lides or their metabolites (data not shown). The S3 site
(medium tile density) had lower median concentrations
of metolachlor and ESA and OA metabolites compared

Fig. 5. Concentrations of (a ) atrazine and metolachlor (corrected with the other subwatersheds. This difference could re-
immunoassay) and (b ) gas chromatography–mass spectrometry sult from application rates of the herbicides in the sub-
(GC–MS) atrazine, deisopropylatrazine (DIA), and deethylatra- watersheds.zine (DEA) for all surface water samples collected in the Upper
Embarras River watershed from 1 Mar. 1999 through 1 Oct. 2000.
Box plot shows median (line in center of box), 25th and 75th Herbicide Loads
percentiles (bottom and top of box, respectively), 10th and 90th
percentiles (bottom and top error bars, respectively), and values 	 Load calculations were made for the entire Upper
10th percentile and � 90th percentile (solid circles below and above Embarras River watershed using data from the USGS
error bars, respectively). gage site and the medium- and high-density subwater-

sheds. An estimated 27 Mg of atrazine, 13.5 Mg of meto-
point out that significant herbicide concentrations of lachlor, and 12.6 Mg of acetochlor were applied in 1999
chloroacetanilide parent and metabolite compounds can and 2000 to the watershed on corn. These were esti-
move into streams of central Illinois through tile flow mated by using the application rates and the percent of
alone (no surface runoff). crop they are applied to from state summaries, because

Ratios of metolachlor ESA to metolachlor (SAM) more detailed information was not available. The area
and metolachlor ESA to metolachlor OA (SAO) can of the watershed and percent in corn was taken from
also be used to examine the fate of metolachlor (Phillips David et al. (1997). An estimated 138 and 65 kg of
et al., 1999). The mean SAM and SAO ratios for the atrazine was exported from the watershed during the
USGS gage site were 3.0 (range of 0.7–6.7) and 3.5 1999 and 2000 water years, respectively (1999 water year
(range of 1.0–9.4), respectively, with mean SAM ratios estimate only began in March, when data collection was
of 1.3 to 2.1 for the subwatershed sites (S1, S2, and S3) initiated). This was 0.5 and 0.2% of the amount applied
and mean SAO ratios of 2.4 to 4.1. Phillips et al. (1999) each year for 1999 and 2000, respectively, and was much
measured wider SAM ratios ranging from 2 to 45 in lower than rates observed for the Mississippi River basin
the Canajoharie Creek in New York, with much higher but similar to what Gentry et al. (2000) measured in
ratios in the two tile drains sampled (approximately tile drainage from a field in the Upper Embarras River
1200). Their SAO ratios in tile drains (range of 1.7 to watershed (0.5% of amount applied during 1997). Clark
5) were similar to our river ratios, and they only detected and Goolsby (2000) estimated that 2% of the atrazine
metolachlor OA in one surface water sample (SAO applied in the Mississippi River basin from 1991 to 1997
ratios in the Canajoharie Creek were therefore not cal- entered the Gulf of Mexico. They also determined that

most of the herbicide load occurred during May to Au-culated). Our surface water samples had a similar SAO
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Fig. 6. Concentrations of surface water atrazine and metolachlor (corrected immunoassay) by site in the Upper Embarras River watershed for
samples collected from 1 Mar. 1999 through 1 Oct. 2000. Box plot shows median (line in center of box), 25th and 75th percentiles (bottom
and top of box, respectively), 10th and 90th percentiles (bottom and top error bars, respectively), and values 	 10th percentile and � 90th
percentile (solid circles below and above error bars, respectively).

gust, peaking in June. We also estimated that most of differ in herbicide loads, following the same patterns as
the atrazine was discharged during May through July concentration data presented previously (Fig. 9). The
(105 and 58 kg for the 1999 and 2000 water years, respec- high-density subwatershed (S1) had estimated meto-
tively, 76 and 89% of the yearly sum). Due to the below- lachlor ESA losses of about 3.1 g ha�1 during May
normal hydrologic conditions during this study, it is not through June each year, whereas the medium-density
surprising that atrazine losses were small. However, at- subwatershed (S3) had much lower losses of only 0.8 g
razine is often thought to be lost primarily through sur- ha�1. Metolachlor OA export was generally less than
face runoff (Ng and Clegg, 1997); our losses were from the parent compound at both subwatershed sites (with
tile drainage only. Gaynor et al. (1995, 2001) found the exception of S1 in 2000), demonstrating either that
approximately equal losses from tile and surface trans- metolachlor ESA and OA move through soils into tile
port, but indicated that hydrology and application meth- lines and into the river system differently or that the
ods can affect losses. The lack of large flow events that metolachlor OA formation rate or its persistence was
are typical during most springs in our watershed no less than the ESA form.
doubt limited atrazine losses, but did show that losses
(although a small percentage of application amounts)
can occur only through tile transport into streams. CONCLUSIONS

Metolachlor ESA was the dominant chloroacetanilide
We sampled the Upper Embarras River watershedherbicide residual compound in the river at the USGS

for herbicides during two dry springs with low streamgage site during May and June (tile-flow period) in both
flow (compared with historical data). Rainfall intensities1999 and 2000 (Fig. 9). It was 53 and 62% of summed
and soil infiltration rates suggested that during the sam-metolachlor compounds in 1999 and 2000, respectively.
pling period there was only one rainfall event that gener-Metolachlor OA loads were similar to metolachlor dur-
ated some surface runoff, and that was only in a portioning both years in the May to June period. Clark and
of the watershed. Therefore, the herbicide concentra-Goolsby (2000) determined that the percentage of chlo-
tions that were observed were almost entirely due toroacetanilide herbicides that was exported from the Mis-
subsurface tile flow throughout the sampling period.sissippi River basin was generally much less than 1%
Due to the lack of storms causing large flow events, weof the applied amount, much less than atrazine. Our
were not able to evaluate the influence of surface runoffresults are somewhat different than Kalkhoff et al.
on herbicide transport and concentrations. The varying(1998) and Phillips et al. (1999), because we did not find
density of tiles among the subwatersheds studied didthe level of dominance of chloroacetanilides metabolites
not influence concentrations of herbicides during thethat were measured in their studies, as discussed pre-
study, which may have been due to the low rainfall andviously using the metolachlor ESA to metolachlor and
stream flow observed. Because tile-drainage capacitymetolachlor OA ratios.

The subwatersheds with gaged flows (S1 and S3) did was never exceeded, we did not observe a difference in



DAVID ET AL.: STREAM TRANSPORT OF HERBICIDES AND METABOLITES 1799

Fig. 7. Concentrations of chloroacetanilide (a ) herbicides and (b )
their metabolites for all surface water samples collected in the
Upper Embarras River watershed. Data from March to June 1999

Fig. 8. Concentrations of chloroacetanilide (a ) herbicides and (b )and May through July 2000, the period of tile flow in the watershed.
their metabolites for surface water samples collected at the UnitedESA, ethanesulfonic acid; OA, oxanilic acid. Box plot shows me-
States Geological Survey (USGS) gage site in the Upper Embarrasdian (line in center of box), 25th and 75th percentiles (bottom and
River watershed. Data from March to June 1999 and May throughtop of box, respectively), 10th and 90th percentiles (bottom and
July 2000, the period of tile flow in the watershed. ESA, ethanesul-top error bars, respectively), and values 	 10th percentile and �
fonic acid; OA, oxanilic acid. Box plot shows median (line in center90th percentile (solid circles below and above error bars, respec-
of box), 25th and 75th percentiles (bottom and top of box, respec-tively).
tively), 10th and 90th percentiles (bottom and top error bars, re-
spectively), and values 	 10th percentile and � 90th percentile

herbicide concentrations due to varying drainage den- (solid circles below and above error bars, respectively).
sities.

Atrazine was found in streams throughout the water-
which was found in nearly all samples analyzed for thisshed and peaked in concentration during the first flow
compound. The summed median concentration of theevent each year in late May to early June. Similar to
six metabolites was greater than the sum of the threeprevious studies in the Midwest, we observed a spring
parent compounds, demonstrating the importance offlush that transported the greatest concentrations of
analyzing both types of compounds. These metabolitesatrazine from the watershed. Atrazine metabolites DIA
have only recently been investigated and detected inand DEA were detected in many samples, but were
surface waters, and there are no drinking water stan-generally much lower in concentration than the parent
dards established for them. One metabolite that shouldcompound. On a mass basis, 	0.5% of the applied atra-
be further studied is metolachlor ESA, which was foundzine was exported from the watershed.
at concentrations of 1.2 to 3.9 �g L�1. ConcentrationsFor the chloroacetanilide herbicides (alachlor, meto-
of this metabolite did not appear to vary with flow.lachlor, and acetochlor), metabolites were detected in
Whether chronic exposure to this chemical in combina-many samples during late spring and early summer (dur-
tion with other herbicides causes adverse effects oning periods of no tile flow and low stream flow, metabo-

lites were not analyzed), particularly metolachlor ESA, aquatic ecosystems or human health is unknown.
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