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HERBICIDE TRANSPORT IN GOODWATER CREEK EXPERIMENTAL
WATERSHED: I. LONG-TERM RESEARCH ON ATRAZINE'

R.N. Lerch, E.J. Sadler, K.A. Sudduth, C. Baffaut, and N.R. Kitchen®

ABSTRACT: Atrazine continues to be the herbicide of greatest concern relative to contamination of surface
waters in the United States (U.S.). The objectives of this study were to analyze trends in atrazine concentration
and load in Goodwater Creek Experimental Watershed (GCEW) from 1992 to 2006, and to conduct a retrospec-
tive assessment of the potential aquatic ecosystem impacts caused by atrazine contamination. Located within
the Central Claypan Region of northeastern Missouri, GCEW encompasses 72.5 km? of predominantly agricul-
tural land uses, with an average of 21% of the watershed in corn and sorghum. Flow-weighted runoff and
weekly base-flow grab samples were collected at the outlet to GCEW and analyzed for atrazine. Cumulative fre-
quency diagrams and linear regression analyses generally showed no significant time trends for atrazine concen-
tration or load. Relative annual loads varied from 0.56 to 14% of the applied atrazine, with a median of 5.9%.
A cumulative vulnerability index, which takes into account the interactions between herbicide application,
surface runoff events, and atrazine dissipation kinetics, explained 63% of the variation in annual atrazine loads.
Based on criteria established by the U.S. Environmental Protection Agency, atrazine reached concentrations
considered harmful to aquatic ecosystems in 10 of 15 years. Because of its vulnerability, atrazine registrants will
be required to work with farmers in GCEW to implement practices that reduce atrazine transport.

(KEY TERMS: atrazine transport; correlation analysis; critical transport period; monitoring; cumulative
frequency distributions; regression analysis; watershed regression for pesticides model; watershed; cumulative
vulnerability index.)
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INTRODUCTION 2005 (USDA-NASS, 1992-2006). Because of its wide-

spread use and frequent detections in surface waters
(Blanchard and Lerch, 2000; Lerch and Blanchard,

Atrazine [6-chloro-N?-ethyl-N*-(1-methylethyl)-1,3,
5-triazine-2,4-diamine] remains the most commonly
used herbicide in the United States (U.S.), with over
26,000 mg used for corn (Zea mays) production in

2003; Scribner et al., 2005), atrazine transport to
streams in the Midwestern U.S. has been studied
extensively over the last 15 years (e.g., Thurman
et al., 1992; Lerch et al., 1995, 1998; Donald et al.,
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1998; Blanchard and Lerch, 2000; Lerch and
Blanchard, 2003; Battaglin et al., 2005; Scribner
et al., 2005; Gilliom et al., 2006). These studies
reported that atrazine was frequently detected and
occasionally occurred at concentrations that may be
harmful to humans and aquatic ecosystems in
streams throughout the Midwest (Solomon et al.,
1996; USEPA, 1996). In addition, these studies
demonstrated that a critical transport period exists
during the second quarter of the year because of the
coincidence of herbicide application and intense rain-
fall events that transport atrazine, via surface runoff,
from treated fields to streams. Because of this timing,
atrazine concentrations are highest immediately
following application and decline exponentially with
time (Leonard, 1990; Ng and Clegg, 1997; Ghidey
et al., 2005).

At the watershed scale (e.g., >20,000 ha), median
relative atrazine loads (i.e., load expressed as a per-
cent of applied mass) have been reported to be in the
range of 0.47 to 3.9% of the applied herbicide (Capel
et al., 2001; Lerch and Blanchard, 2003). Of course,
individual watersheds can have relative loads much
lower or higher than the range of reported median
values. For example, Capel and Larson (2001)
reported that relative atrazine loads for 35 water-
sheds across the U.S. ranged from 0.03 to 6.8% of
applied. Lerch and Blanchard (2003) reported that
relative atrazine loads for 20 watersheds within the
northern Missouri/southern Iowa region ranged from
0.28 to 13% of applied. These relative loads did not
include atrazine metabolites, and therefore, they rep-
resent conservative estimates of the total atrazine
transport (i.e., parent plus metabolites) in surface
runoff.

In recent years, there has been considerable focus
on identifying the characteristics or factors that con-
tribute to a watershed’s vulnerability to herbicide
transport (Battaglin and Goolsby, 1999; Blanchard
and Lerch, 2000; Homes et al., 2001; Larson and
Gilliom, 2001; Lerch and Blanchard, 2003; Larson
et al., 2004). There is a general consensus from these
studies that four main factors control watershed vul-
nerability to herbicide transport: (1) chemistry of the
contaminant; (2) the hydrology and soils of the
watershed; (3) land use in the watershed (which
includes herbicide use and crop management); and
(4) climate (particularly precipitation). However,
there is disagreement in the literature about the
relative importance of these factors depending upon
the scale at which the studies were conducted. For
example, at plot to field scales, the timing of runoff-
generating precipitation events relative to herbicide
application is the critical factor affecting annual
variation in atrazine concentrations and loads
(Wauchope, 1978; Glotfelty et al., 1984; Capel et al.,
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2001; Shipitalo and Owens, 2003; Ghidey et al.,
2005). As scale increases to include multiple large
watersheds, the variation in soil properties, particu-
larly their impact on runoff potential, between water-
sheds emerges as the predominant factor affecting
transport (Blanchard and Lerch, 2000; Homes et al.,
2001; Lerch and Blanchard, 2003). At the national
scale, the Watershed Regression for Pesticides
(WARP) models developed by the U.S. Geological Sur-
vey (Larson and Gilliom, 2001) showed that herbicide
use intensity explained more of the variability in
herbicide concentrations in streams than parameters
for soils, climate, hydrology, and watershed area
(Larson et al., 2004). The WARP models predict
herbicide concentration at specified percentiles. This
allows for creation of a predicted cumulative fre-
quency distribution (CFD) for a given watershed.
Furthermore, WARP was developed based on data
from 112 watersheds located throughout the conti-
nental U.S., with atrazine use intensity that varied
from 0 to 57.2 kg/km? (Larson et al., 2004). Thus, the
CFD based on the WARP models provides a compari-
son of the predicted vs. observed atrazine contamina-
tion for a specified watershed against a national-scale
database of watersheds.

Concerns associated with atrazine contamination of
streams include human health and aquatic ecosystem
impacts. Human health concerns associated with her-
bicide contamination of drinking water and their pos-
sible toxic effects have been regulated for many years
in the U.S. by establishment of acceptable concentra-
tions for human consumption (USEPA, 1996). For
atrazine, the maximum contaminant level for finished
drinking water is 3 pg/1 based on the running average
of four quarterly samples. Recently, the United States
Environmental Protection Agency (USEPA) has been
requiring that registrants assess the possible aquatic
ecological effects of herbicides (USEPA, 2003; Hackett
et al., 2005). The USEPA atrazine interim re-registra-
tion eligibility decision (IRED) states that the level of
concern for aquatic ecosystems is approximately 10 to
20 pg/1 for exposure periods of two weeks to three
months (USEPA, 2003). The level of concern was
based on the USEPA’s review of 25 micro- and meso-
cosm studies that focused on the toxic effects of atra-
zine on phytoplankton, periphyton, and macrophytes.
Atrazine concentrations during the second quarter of
the year typically fall within the range of 0.05 to
200 pg/1 for streams in agricultural watersheds (Blan-
chard and Lerch, 2000; Lerch and Blanchard, 2003;
Scribner et al., 2005). This range includes the IRED
level of concern, indicating that potentially toxic atra-
zine concentrations may occur annually in streams of
agricultural watersheds.

Studies of long-term trends in herbicide contami-
nation of streams have mainly investigated changes
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in concentration over broad geographic areas (e.g.,
the Corn Belt) and under spring runoff conditions
(Battaglin and Goolsby, 1999; Scribner et al., 2000,
2005). These studies reported that, in general,
changes in median concentrations were associated
with changes in herbicide use. However, median atra-
zine concentrations decreased from 1989 to 1998
despite similar use over this time (Battaglin and
Goolsby, 1999; Scribner et al., 2000, 2005). Battaglin
and Goolsby (1999) speculated that the observed
decreases in atrazine concentration may have been
due to changes in herbicide management and better
utilization of herbicide best management practices
(BMPs). While these geographically broad studies
highlight overall trends in herbicide contamination of
streams, they do not involve intensive sampling
throughout the year to provide detailed annual vari-
ation in concentrations and loads over an extended
time period for the same location. Furthermore,
much more detailed information with respect to
changes in land and herbicide use, stream discharge,
and precipitation may be acquired for smaller
watershed areas than can be acquired at broader,
regional scales.

This article summarizes the results of a 15-year
study of atrazine transport conducted in the Good-
water Creek Experimental Watershed (GCEW) in
northeastern Missouri. The two primary objectives of
this study were to analyze trends in atrazine concen-
tration and load in GCEW from 1992 to 2006, and to
conduct a retrospective assessment of the potential
aquatic ecosystem impacts caused by atrazine con-
tamination of this watershed using criteria estab-

lished in the 2003 IRED. A secondary objective was
to assess the key factors controlling annual variation
in atrazine transport at the watershed scale via the
development of an annual index of herbicide loss vul-
nerability that accounts for the complex interactions
of application timing, atrazine dissipation kinetics in
soil, and the extreme temporal variability of surface
runoff.

MATERIALS AND METHODS

Watershed Description

The GCEW is located in northeast Missouri
within the Salt River Basin (Figure 1). The
watershed encompasses 77 km? of which 72.5 km?
is instrumented, with a stream network comprised
of first- through third-order streams. Topography is
characterized by broad gently sloping divides, with
roughly 37-m elevation change from divide to outlet,
which is at 235 m MSL. The GCEW is a subwater-
shed of Young’s Creek (172 km?), which is one of
two major subwatersheds within Long Branch Creek
(466 km?). Long Branch Creek drains directly into
Mark Twain Lake, the major public water supply in
the region.

The watershed lies within the Central Claypan
Region (Major Land Resource Area 113) (USDA-
NRCS, 2006). The major soil series include Adco silt
loam (0-2% slopes; fine, smectitic, mesic Vertic Alba-

Goodwater Creek Experimental Watershed

Salt River
Basin

0 100 200 300 400 km

0

Land Use/ Land Cover
2 Impervious (2.3%)

[l Urban (2.5%)

Cropland (68.8%)

I Grassland (16.9%)

[ Forest (5.9%)

I Wetland (2.8%)

[ Open Water (0.8%)

3 6 Kilometers

E Weather Station

@ Raingages & Weir

FIGURE 1. Monitoring Infrastructure and Land Use/Land Cover in Goodwater Creek Experimental Watershed.
Land-use/land-cover data obtained from 30-m resolution Landsat imagery from 2000 to 2004.
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qualfs), Mexico silt loam (1-3% slopes, eroded; fine,
smectitic, mesic Vertic Epiaqualfs), and Putnam silt
loam (0-1% slopes; fine, smectitic, mesic Vertic Alba-
qualfs). These soils are characterized by a naturally
formed claypan argillic horizon (B;) with an abrupt
and large increase in clay content compared to the
overlying horizons (Soil Science Society of America,
2008). The claypan represents the key hydrologic fea-
ture of the watershed resulting in high runoff poten-
tial soils that are predominantly classified as
hydrologic soil groups C and D.

The watershed is dominated by agricultural land
uses (Figure 1); row crops and grasslands cover
85.7% of the watershed. Other land cover includes
farm ponds and small lakes, impervious surfaces,
urban areas in and around Centralia, Missouri, on
the southern watershed divide, and stream channels
with narrow forested and wetland riparian corridors.
Crops include soybean (Glycine max), corn (Zea
mays), wheat (Triticum aestivum), and grain
sorghum (Sorghum bicolor). The predominant crop
production system is a corn-soybean rotation with
some form of minimum tillage used for corn and
no-till for soybeans.

Land and Herbicide Use Estimates

General land-use information for the major land-
cover classes (forest, urban, impervious, cropland,
grasslands, wetlands, and open water) was obtained
from 30-m resolution Landsat imagery data col-
lected from 2000 to 2004 (http://www.msdis.mis-
souri.edu/data/lulc/lulc05.htm, accessed  August,
2008). Crop-specific data for GCEW were obtained
for 1992 and 1993 by Heidenreich (1996) from
county-level USDA-Farm Service Agency (FSA)
records. These records covered about 68% of the
~5,300 ha known to be cropland within the
watershed (Figure 1). The unassigned cropland for
these two years was assumed to have the same dis-
tribution as the USDA-FSA crop specific data. The
relevant crops for the herbicide data presented in
this and the companion article (Lerch et al., this
issue) were corn, soybean, and sorghum; thus, esti-
mates of crop-specific land use focused only on
these three crops. In 2006, a windshield survey was
conducted, augmented with aerial photography, to
determine the planted areas of corn, soybean, and
sorghum. From 1994 to 2005, the relative annual
change in these three crops was estimated using
Audrain County planted area data (USDA-NASS,
1994-2005) since the majority of the watershed lies
within this county. The Audrain County data were
combined with an annual adjustment factor that
forced the data to converge toward the known 2006
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data. For example, if Audrain County data showed
a 10% increase in planted corn area for a given
year, the same percent increase was applied to
GCEW. Applying these changes over years caused
some slight divergence from the observed 2006
land-use data; thus, the annual adjustment was
applied retroactively to force convergence with the
observed data.

Herbicide use estimates were obtained from 1992
to 2006 from the USDA-NASS (1992-2006) annual
crop reports. The USDA-NASS wuse estimates
included the fraction of a crop treated with a given
herbicide and the average application rate. A farmer
survey conducted in 2006 confirmed that the USDA-
NASS estimates were generally applicable to GCEW
(Lerch et al., this issue). Corn planting progress esti-
mates for the northeastern Missouri crop reporting
district, which includes GCEW, were also obtained
from USDA-NASS (1996, 2000, 2003) and used as a
surrogate for herbicide application timing. These data
were scaled as percent of expected planting, which
sometimes is not realized because of within-season
weather conditions. Relative annual herbicide loads
at the watershed scale (i.e., loss as a percent of
applied) were based on the monitored watershed area
(see below and Lerch et al., this issue).

Watershed Instrumentation

The key instrumentation for the 15-year period of
record reported here (1992-2006) includes a broad-
crested 5:1 V-notch weir, rain gauges, and a weather
station (Figure 1). The V-notch weir was installed
near the watershed outlet (latitude 92°03'W; longi-
tude, 39°18'N). The initial rating curves were devel-
oped between 1971 and 1986, with on-going
refinement of the rating curve for high discharge
events. A Salt River basin-scale water balance assess-
ment indicated that the GCEW discharge data were
overestimated by an average of 10% during the study
period due to errors at the high end of the rating
curve. This resulted in overestimation of atrazine
loads (see below) by an average of 8%. Electronic
head measurements were recorded at five-minute
intervals, and all discharge data were aggregated to
average daily discharge. A network of nine weighing,
recording rain gauges was installed across the
watershed in 1971. In 1997, load cells were installed
under the buckets of all rain gauges to automate the
measurement at two-minute intervals. An automated
weather station, that also includes a rain gauge, was
installed in 1991 (Figure 1). Additional details of the
watershed infrastructure, data management, and
quality assurance were reported by Sadler et al.
(2006).
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Water Quality Monitoring and Herbicide Analysis

All water samples were collected at the V-notch
weir (described above). Grab samples were collected
weekly under base-flow conditions. Under runoff con-
ditions, flow-weighted samples were collected using
an automated sampler that was programmed to col-
lect samples for events of up to 150 mm of runoff. A
maximum of eight separate samples were collected
per runoff event, with each individual sample repre-
senting a composite of up to nine 100-ml sips
collected at a discharge interval of 2.1 mm. The auto-
mated sampler was programmed to sample runoff
events at a minimum discharge of 234 m®/h. Samples
were transferred to the laboratory on ice within
48 hours of collection, and stored in a cold room at
2-4°C.

In the laboratory, samples were filtered through
0.45-um nylon filters within 48 hours of receipt, and
herbicides were extracted with Cg solid-phase extrac-
tion cartridges using 200-ml samples spiked with
terbutylazine [6-chloro-N?-ethyl-N*-(1,1-dimethyleth-
yD)-1,3,5-triazine-2,4-diamine] to a concentration of
50 png/l. From 1992 to 1997, samples were concen-
trated 200-fold and atrazine concentrations were
determined by gas chromatography (GC) with N-P
detection (Donald et al., 1998; Lerch and Blanchard,
2003). The limit of detection was 0.04 pg/l. From
1998 to 2006, samples were concentrated 600-fold
and atrazine concentrations were determined by
GC-mass spectrometry (GC/MS) using a Saturn 2000
ion-trap MS detector (Varian Inc., Harbor City, CA,
USA). The limit of detection was 0.003 pg/l. Details
of the GC/N-P and GC/MS methods were detailed by
Lerch and Blanchard (2003).

Computations and Statistics

Cumulative frequency distributions were developed
on a daily basis for flow-weighted atrazine concentra-
tions, atrazine load, and stream discharge to facilitate
interpretation of temporal trends in the data (Ooster-
baan, 1994). To compute daily flow-weighted concen-
trations, raw concentration values from grab and
automated samples were interpolated linearly to esti-
mate concentrations on un-sampled days. As the goal
was to sample all runoff events, the only instances
for which interpolations were conducted between two
grab samples with an wun-sampled runoff event
between them was in the case of equipment failure or
the inability to replace sample bottles from an event
before a subsequent event occurred. A grab sample
was obtained during most events to prevent the pos-
sibility of an un-sampled runoff event caused by such
circumstances.
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For days with multiple samples collected during
runoff events, the concentration and corresponding
discharge were used to compute the load for each
sample; the masses were then summed for all sam-
ples to obtain the total load and divided by the total
discharge to obtain flow-weighted concentration. For
days with a single measured or interpolated concen-
tration, loads were computed by multiplying the con-
centration by the daily discharge. All CFDs were
developed by sorting the data in ascending order and
computing the percentiles for each day. Percentiles
were determined for all data (15 years) and for five 3-
year periods (1992-1994, 1995-1997, 1998-2000, 2001-
2003, and 2004-2006), and plotted as cumulative
frequency vs. the log of stream discharge, atrazine
concentration, or atrazine load.

Linear regression analysis was performed to dis-
cern temporal trends in selected percentile concentra-
tions, annual load, and use on an annual basis, with
time, in years, as the independent variable. Correla-
tion analyses were also performed to determine if a
relationship existed between second quarter dis-
charge and relative or absolute annual loads. The a
priori level of significance for linear regression or cor-
relation analyses was chosen to be o« = 0.10 because
of the highly variable annual data and the limited
number of observations for the regression and corre-
lation analyses. In addition, autocorrelation among
years was assessed for first-order autocorrelation,
and the a priori level of significance for the Durbin-
Watson statistic was o = 0.05. Both positive and
negative autocorrelations were tested. If the Durbin-
Watson statistic was significant, then autoregression
analysis was performed using the maximum-
likelihood estimation of the AR(1) generalized linear
model, and these regression statistics were then
reported. The WARP models for 5th, 10th, 15th, 25th,
median, 75th, 85th, 90th, 95th, and maximum con-
centrations were used to generate estimates of atra-
zine concentrations for comparison against the
observed GCEW data (Larson et al., 2004; Stone
et al., 2008). The WARP input data for GCEW were
as follows: 15-year average use intensity, 30 kg/km?;
rainfall erosivity factor, 179; area-weighted soil erod-
ibility factor, 0.413; Dunne overland flow, 1.33; and
watershed area, 72.5 km® The input data for the
area-weighted soil erodibility factor and Dunne over-
land flow were obtained from the USGS (Wesley
Stone, personal communication, 2009).

To assess the possible ecological impacts of
atrazine contamination in streams, running average
herbicide concentrations were computed for 14-, 30-,
60-, and 90-day intervals for the entire period of
record using Proc Expand (SAS Institute Inc., Cary,
NC). These time intervals were chosen based on the
USEPA atrazine IRED (USEPA, 2003). The exceedance
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criteria established by the IRED were 38, 27, 18, and
12 pg/1 for the 14-, 30-, 60-, and 90-day running aver-
ages, respectively (USEPA, 2003). Daily flow-
weighted herbicide concentrations were used for the
running average calculations.

Creating a Cumulative Vulnerability Index
for Predicting Herbicide Loss

A cumulative vulnerability index (CVI) was devel-
oped in an effort to predict annual atrazine loads.
The index accounts for the interactions of atrazine
application, atrazine dissipation kinetics, and the
extreme temporal variability of surface runoff. The
index was based on two equations, one for computing
daily weights (Equation 1) and the other for comput-
ing the CVI for a given year (Equation 2). Equa-
tion (1) accounts for timing after application without
involving quantitative discharge data by reducing the
hydrograph to a series of binary event indicators,

LA
DW; = Ev; xel ™, (1)

i=1

where DW, is the daily weight; Ev; is the daily value
of the event indicators, set equal to 0 if the daily dis-
charge was <10 mm/day and equal to 1 if daily dis-
charge was >10 mm/day; %k is the first-order rate
constant for atrazine dissipation kinetics, set equal to
0.0625/day based on field data from Ghidey et al.
(2005); ¢ is time, in days; and LA is the length of time
over which the daily weights were computed, chosen
to be 100 days. This corresponded to a minimum
weight of 0.000335 using k2 = 0.0625/day. The appli-
cation of a single value for 2 was based on the
assumption that the atrazine dissipation rate was
uniform in space and constant in time. Equation (2)
computes the annual index weight for any particular
year as given by,

LS
CVI = DW] * DPj, (2)

J=1

where CVI is the cumulative vulnerability index, DW;
is the daily weight computed from Equation (1), DP;
is the daily planting progress fraction, and LS is the
length of the planting season for a given year. Daily
planting progress was used as a surrogate for herbi-
cide application timing, and these data were obtained
from weekly planting progress data for the northeast-
ern crop reporting district (USDA-NASS, 1992-2006a).
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In these data, the first reported planting progress
value is the first nonzero value observed. Thus, a zero
is prepended one week ahead of the first nonzero
value, and all values are scaled to the maximum
planting progress, making a range of weekly values
from O to 1. This series of weekly values was then
expanded to daily values by linear interpolation, and
the daily planting values (DP;) were found by differ-
ence from the prior day. The first day, last day, and
length of the planting season were also obtained here.
The time series of planting progress and runoff
events started the first day of planting and was
extended 100 days beyond the last day of planting.
The CVI was determined for each of the 15 years of
the study and then correlated to atrazine load to
determine if the CVI explained a significant amount
of the variation in annual atrazine load.

RESULTS AND DISCUSSION

Precipitation and Stream Discharge

Annual precipitation is reported as the deviation
from the 37-year average annual precipitation of
915 mm for GCEW (Figure 2). Relative precipitation
varied from 18.2% below to 49.5% above the annual
average, with the two most extreme years occurring
in 1992 and 1993. Eight years had above-average pre-
cipitation, and seven years had below-average precip-
itation. The magnitude of deviation from the annual
average was greater overall for the wetter than nor-
mal years, with six of eight years >15% above normal
precipitation.
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FIGURE 2. Relative Annual Precipitation in Goodwater
Creek Experimental Watershed From 1992 to 2006.
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FIGURE 3. Annual and Quarterly Stream Discharge in Goodwater
Creek Experimental Watershed From 1992 to 2006.
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Stream discharge varied from a low of 140 mm in
2000 to a high of 757 mm in 1993 (Figure 3). Dis-
charge as a percent of precipitation averaged 39%
over the 15-year period and ranged from 15% in 2000
to 57% in 1995. Second quarter discharge is poten-
tially most important to herbicide transport as this
period coincides with herbicide application and, as
discussed above, is when the majority of the herbicide
transport occurs. Those years in which >40% of
annual discharge occurred during the second quarter
included 1994-1996, 1999, 2001-2003, and 2006. In
four years (1994, 1996, 2002, and 2006), ~70% of
annual discharge occurred in the second quarter. For
daily discharge, the low end of the distribution
(<0.001 mm) showed that all three-year periods,
except 1995-1997, had similar cumulative frequencies
(8-13%) and an average of 30-40 days per year in
which there was no discharge (Figure 4). In 1995-
1997, there was an average of only nine days per
year with no discharge. There was an increased fre-
quency of discharge (i.e., lower cumulative frequency)
in the 0.005-0.2 mm range during 1992-1994 and
1995-1997 compared to later periods. At the upper
end of the distribution, the frequency of higher daily
discharges (>1.0 mm) showed differences among the
three-year periods, but no consistent time trend was
apparent. The average number of days per year
exceeding 1.0 mm of discharge was in the order:
1992-1994 (42 days) > 1998-2000 (39 days) > 1995-
1997 (33 days) > 2001-2003 and 2004-2006 (28 days).
Over the course of the study, overall changes among
the major land-cover classes were minimal, but sig-
nificant changes in the area planted to specific row
crops did occur (Figure 5). Compared to variations in
annual precipitation, the changes in row crop areas
would be expected to have a negligible effect on
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FIGURE 4. Cumulative Frequency Diagram of Daily Average
Stream Discharge in Goodwater Creek Experimental Watershed.

3500 70

3000 -

2500 A

Cropland (ha)
- N
(o)) o
8 8

1000 4

Proportion of Watershed
in Soybean, Corn, and Sorghum(%)

500 -

- N
o O
o O
N N

Il Soybean [_]Corn [] Sorghum

—— Proportion of watershed in soybean,
corn, and sorghum

FIGURE 5. Planted Areas for Corn, Sorghum, and Soybean
in Goodwater Creek Experimental Watershed, and the
Combined Relative Proportion of the Watershed Planted
to These Three Crops From 1992 to 2006.

stream discharge. These results indicated that higher
base flow and/or more frequent small runoff events
occurred during the first six years of the study, but
the frequency of large runoff events showed no con-
sistent time trend over the period of record.

Land and Herbicide Use

From 1992 to 2006, cropland areas within the
watershed were in the order of soybean > corn > sor-
ghum (Figure 5). Cropland planted to soybean ranged
from 2,301 ha in 1992 to 2,998 ha in 1999, accounting
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for 32-41% of the watershed. From 2000 to 2006,
planted soybean area remained steady at about
2,700 ha. Cropland planted to corn ranged from
507 ha in 1995 to 1,277 ha in 2002. From 1992 to
1998, planted corn area was <1,000 ha, but in 1999 it
increased to 1,182 ha and remained near 1,200 ha
through 2006. Given the recent increase in demand
for corn because of ethanol production, it was antici-
pated that planted corn area would increase in 2005
and 2006 compared to previous years. However, in
2005, planted corn area was very similar to previous
years (i.e., 1999-2004), and it actually declined
slightly in 2006. The area planted t