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Using the Agricultural Policy/
Environmental eXtender to develop and
validate physically based indices for the
delineation of critical management areas

A. Mudgal, C. Baffaut, S.H. Anderson, E.J. Sadler, N.R. Kitchen, K.A. Sudduth, and R.N. Lerch

Abstract: Targeting critical management areas (CMAs) within cropped fields is essential
to maximize production while implementing alternative management practices that will
minimize impacts on water quality. The objective of this study was to develop physically
based indices to identify CMAs in a 35 ha (88 ac) field characterized by a restrictive clay
layer occurring within the upper 15 to 100 cm (6 to 40 in) and under a corn (Zea mays
L.)—soybean (Glycine max L.) crop rotation since 1991. Thirty-five subareas were defined
based on slope, depth to claypan (CD), and soil mapping units. The Agricultural Policy/
Environmental eXtender (APEX) model was calibrated and validated from 1993 to 2002
using measured runoft, sediment, and atrazine loads, and crop yields. CMAs were delineated
based on simulated subarea runoft, sediment, and atrazine loads. Correlation analysis was per-
formed between simulated output by subarea and physical parameters, including CD, surface
saturated hydraulic conductivity (Ksat), and subarea slope (SL). Two indices were developed,
the Conductivity Claypan Index (CCI; CD XKsat +~SL) and the Claypan Index (CPI; CD
+ SL), to correlate with simulated crop yields, runoff, atrazine, and sediment loads. Together,
these indices captured 100% of CMAs for simulated runoff and sediment yield and 60% of
CMAs for simulated atrazine in surface runoff, as predicted by APEX. These critical areas
also matched lower corn productivity areas. Management scenarios were simulated that dif-
ferentiated the management of the CMAs from the rest of the field. Indices, such as these, for
identifying areas of higher environmental risk and lower productivity could provide objective
criteria for effective targeting of best management practices.

Key words: APEX—critical areas—index—modeling—targeting

Therehavebeen many effortsandimprove-
ments to minimize the impact of nonpoint
source (NPS) pollutants on various water
bodies, including implementation of dif-
ferent management practices. While
working at small scales (e.g., plots or fields),
these practices demonstrate positive results in
relation to the reduction of NPS pollution.
However, at larger scales (e.g., watersheds),
many studies have shown very little water
quality improvement following implementa-
tion of best management practices (BMPs)
(Park et al. 1994; Inamdar et al. 2002; Simpson
and Weammert 2008; Meals et al. 2010).
Many factors could diminish the impact of
BMPs at the watershed outlet, including not
targeting critical areas, hydrologic lag time

JULY/AUGUST 2012—VOL. 67, NO. 4

(i-e., the time between implementation of
BMPs and detectable changes in water qual-
ity), insufficient number of BMPs, insufficient
area protected by these BMPs, maintenance
of BMPs, type of BMPs, and similar factors
(Meals et al. 2010).

Critical management areas (CMAs) can be
defined as areas that require special attention
because of high potential for surface runoft
and NPS pollutants, possibly also leading
to lower crop yields. Delineation of CMAs
would minimize one factor of uncertainty for
better placement of BMPs. Once CMAs are
delineated, they could be targeted as locations
for BMP establishment. To be understood by
and appeal to local land managers, farmers,
and stake holders, the delineation of CMAs

should be based on easily available and physi-
cally measured parameters. Such parameters
may include soil characteristics, topographic
variables, management, or upstream area.

Walter et al. (2000) defined CMAs in the
New York water supply watershed as the flat
areas, particularly at the base of hill slopes.
These areas were characterized by excessive
lateral flow because upstream steep slopes
have high infiltration capacity and are under-
lain by a low permeability, restrictive layer,
typically a fragipan or bedrock. As a result,
there was little runoff from these slopes but
significant subsurface flow. The bottom flat
areas became prone to saturation because of
incoming subsurface flow and thus to satu-
ration-excess runoff (Hewlett and Hibbert
1967). In contrast, Mudgal et al. (2010b)
suggested that in the claypan region of
Missouri the backslope was the landscape
position most critical for runoff generation
and subsequently for NPS transport. This was
attributed to the presence of a very shallow
top soil horizon over a restrictive high clay
content layer with low hydraulic conduc-
tivity, known as a claypan. These difterent
studies demonstrate that the location of these
critical areas and the selection of the param-
eters that define them are dependent on the
local hydrology, topography, soils, weather,
and agricultural practices. Therefore, param-
eters used for delineation of CMAs are likely
to be location specific.

There have been a few indices developed
for delineation of critical areas and for studying
the hydrologic behavior of specific locations.
Heathwaite et al. (2000) developed indices
for targeting critical areas that generate and
transport excess nutrients in a mixed manage-
ment watershed located in Pennsylvania. They
considered the proximity of areas to streams
and the factors influencing saturation-excess
runoff generation as the transport factors.
Fertilizer application method and rate, phos-
phorus (P) and nitrogen (N) levels in soils, and
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application method of organic fertilizer were
considered source factors (Gburek et al. 2000).
Based on source and transport potential of N
and/or P, the authors delineated and ranked
critical source areas. They found that critical
areas for P loadings were in close proximity
to streams whereas a majority of critical areas
for N loadings were on the outer boundaries
of the watershed.

This type of approach for delineation
of CMAs was more subjective while other
methods, such as the Topographic Wetness
Index (TWI; Beven and Kirkby 1979) and its
many modified versions (Hjerdt et al. 2004;
Ibbitt and Woods 2004; Sorensen et al. 2006;
Grabs et al. 2009), are more physically based.
The TWI is calculated as a function of local
slope and upslope drainage area and has been
used in combination with other indices and
tools to determine critical areas of a water-
shed (Tomer et al. 2003; Easton et al. 2008).
Fraisse et al. (2001) considered the potential
of TWI, elevation, slope, and apparent soil
electrical conductivity (EC) to explain crop
yield variability in a field with claypan soils
and found that elevation and soil EC were
the most important factors. Kitchen et al.
(2005b) confirmed their findings and con-
cluded that productivity zones developed
from the fields measured crop yield maps
agreed with the management zones delin-
cated using elevation and soil ECa data.

Simulation models have also been used
for delineating areas critical for generating
and transporting higher amounts of run-
off and NPS pollutants. Young et al. (1989)
used the Agricultural Nonpoint Source
Pollution model (AGNPS) for two water-
sheds in Winona and Big Stone counties in
Minnesota. To apply this grid-based model,
they divided the watershed into 0.4 to 16 ha
(1 to 39.5 ac) geographic cells. Areas gen-
erating higher sediments, nutrients (total N
and P), and runoff were classified as critical
areas and were targeted for BMP installa-
tion. Endreny and Wood (2003) used an
Export Coefticient Model coupled with
geographic information system raster maps
to delineate phosphorus-critical loading
areas in New York’s West Branch Delaware
River Watershed. A Contributing Area
and Dispersal Area weighting function was
developed for predicting spatial patterns
of P loadings; the Contributing Area and
Dispersal Area weighting function was based
on landscape position, run-on from upslope
areas, and availability of trapping opportuni-
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ties. They successfully classified these areas
into three parts: (1) areas where pollutants
were present, (2) areas vulnerable to pollut-
ant transport with runoff, and (3) areas with
likelihood of trapping pollutants using buf-
fers. The resulting CMAs generally matched
what was observed in the field.

Srinivasan et al. (2005) compared two
physically based models, the Soil and Water
(SWAT) the Soil
Moisture Distribution and Routing model,
for delineating critical source areas (similar
to CMAs) for runoff generation and P trans-
port. Busteed et al. (2009) used the SWAT
model to target critical source areas generat-
ing higher amounts of sediment and P loads
in the Wister Lake Basin, Oklahoma. They
found that just 10% of the basin was generat-
ing 85% of the total NPS pollutants. Using
that information, they were able to target
specific agricultural producers and enroll
them in their water quality program, thus
improving the cost effectiveness of limited
cost share funds. The Agricultural Policy/
Environmental eXtender (APEX) model, a
model from the same family as SWAT, has
been extensively used to estimate the effects
of agricultural lands, forest lands, and dairy
and meat farming on runoft, sediment yield,
herbicide loads, and nutrient loads (Saleh et
al.2004; Williams et al. 2006; Wang et al. 2007,
Wang et al. 2009;Yin et al. 2009; Gassman et
al. 2010). In many of these studies, different
BMPs were analyzed for their potential to
reduce pollutant transport to the streams at
subarea or watershed levels (Qiu et al. 2002;
Paudel et al. 2003; Harman et al. 2004; Willis
2008). However, the APEX model has never
been used for studying in-field variability of
environmental and agronomic risk.

Ideally, the delineation of CMAs should
be based upon easily accessible physical
parameters rather than based on complex
and technical procedures that are more
costly and time consuming (Wang and Cui
2005). However, because of the complexity
of delineating CMAs and their dependence
upon many parameters, criteria are often
simplified to an extent where they lose
their primary purpose; therefore, a balance
is needed between ease of delineation and

Assessment Tool and

accuracy when identifying critical areas (Line
and Spooner 1995).

In the present study area, which is char-
acterized by claypan soils, Lerch et al. (2005)
found that surface runoff was a main hydro-
logic process causing excessive losses of NPS

pollutants. Ghidey et al. (1997, 2005, 2010)
and Ghidey and Alberts (1999) concluded
that in claypan soils runoft events immediately
following herbicide and/or fertilizer applica-
tion were most risky for excessive losses of
these constituents to the downstream area
and water bodies. Therefore, it could be con-
sidered that runoff and related NPS pollutant
transport were the most important processes
to be controlled in claypan soils for minimiz-
ing environmentally hazardous impacts on
downstream areas and water bodies.

Mudgal et al. (2010b) provided back-
ground for the present study, namely that the
APEX model indicates that, in claypan soil
landscapes, the backslope position generates
and transports higher amounts of runoff and
greater atrazine loads than other landscape
positions. This landscape position typi-
cally has a shallower depth to claypan (CD),
lower surface saturated hydraulic conduc-
tivity (Ksat), and steeper slope (SL). Hence,
the hypothesis for the present study was that
these three physically based parameters, CD,
Ksat, and SL, could be used as the basis for
the delineation of CMAs in claypan soils.
Keeping the above hypothesis in mind, the
study was done with two main objectives: (1)
delineate CMAs that generate disproportion-
ate amounts of runoff, sediment, and atrazine
and (2) identify combinations of physically
based soil and land parameters that corre-
late well with simulated runoff, sediment,
and atrazine loadings as well as measured
crop yields and thus could be the basis for
an index to be used for CMA delineation in
claypan soils.

Materials and Methods

Study Area and Cropping System. The study
was conducted in a 35 ha (88 ac) agricul-
tural field (figure 1) managed by the USDA
Agricultural Research Service Cropping
Systems and Water Quality Research Unit
in Columbia, Missouri. This field is located
in the Goodwater Creek Experimental
Watershed (GCEW), a 7,250 ha (17,920 ac)
agricultural area in north-central Missouri.
The predominant soils in the watershed are
claypan soils (fine, smectitic, mesic, Aeric
Vertic Epiaqualfs and Vertic Albaqualfs). This
watershed is part of the Central Claypan
Areas (Major Land Resource Area 113),
which encompass about 3 million ha (8
million ac) in Missouri and Ilinois (USDA
NRCS 2006). Claypan soils have a slowly
permeable layer generally occurring 8 to 50
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Figure 1

claypan and soil type.
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cm (3 to 20 in) below the surface and having
much higher clay content than the overly-
ing material (Blanco-Canqui et al. 2002;
Lerch et al. 2005). In specific instances, the
claypan layer may be shallower or deeper
due to erosion or deposition, respectively.
In this field, the claypan was found approxi-
mately 15 cm (6 in) below the surface in the
most eroded areas to 100 cm (40 in) deep
in the deposition areas. The claypan controls
the hydrology of the field by impeding the
vertical flow of water, leading to increased
surface runoff (Kitchen et al. 1999; Jung et al.
2005). In addition, it limits the active avail-
able water-holding capacity of the soil profile
to that which is above the claypan. Average
annual precipitation at the study site is 968
mm (38.1 in), and average annual minimum
and maximum daily temperatures are 6.3°C
and 16.9°C (43.3°F and 62.5°F), respectively,
based on 30 years of observed data from
1978 to 2007. Historically, corn (Zea mays
L.), soybean (Glycine max L.), grain sorghum
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(Sorghum bicolor L.), and wheat (Triticum aes-
tivum L.) crops were grown using plow and
disk tillage in the northern three-fourths of
the field. The southern one-fourth was pas-
tured until 1981 when the whole field was
cropped for soybean, grain sorghum and
wheat under disk and field cultivator. From
1991 until 2002, the field was under uniform
management with a corn—soybean rotation
and mulch tillage (Lerch et al. 2005).
Runoff  Measurement and  Sample
Analysis. A 3:1 broad-crested, precalibrated
v-notch weir was constructed at the field
outlet (figure 1) in 1991 and was instru-
mented with a runoff water stage recorder
and a refrigerated automated pumping
sampler (ISCO 3230, Teledyne Isco Inc.,
Lincoln, Nebraska). The actual drainage area
at the weir was 32 ha (80 ac). Water stage
was recorded at a 5-minute interval and
aggregated to obtain daily values. Threshold
value for triggering the runoff sample col-
lection was 0.8 mm (0.03 in) after which up

to 24 separate samples were collected per
event, with each sample representing a com-
posite of up to three 100 mL (3.4 oz) sips
collected at a discharge interval of 0.82 mm
(0.032 in), thus characterizing up to 59 mm
(2.3 in) of runoft. Samples were then refrig-
erated, transported to the laboratory, and
analyzed for atrazine (6-chloro-2-ethyl-4-
[1-methylethyl]-1,3,5-triazine-2,4-diamine)
and suspended sediment concentrations.
Details on the sampling and atrazine analysis
methods were discussed in Lerch et al. (2005)
and Ghidey et al. (2010). Sediment concen-
trations were determined by the evaporation
method, as described in Dendy et al. (1979).
Samples were weighed and allowed to settle
undisturbed, after which excess liquid was
decanted from the top of the sample. The
remainder of the sample was then transferred
to an evaporating dish, oven-dried, and
weighed. The data collected from 1993 to
2002 were used for this study including daily
runoff, sediment, and atrazine. An automated
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Table 1

Measured soil properties as input in the model.

Surface layer soil properties Depth to

Organic Cation exchange Ksat Bulk density Texture (%) claypan*
Soil series carbon (%) pH capacity (cmol g*)  (mmh™?) (g cm3) Silt Clay range (cm)
Adco 1 1.1 5.8 21.7 47.7 1.40 72.4 21.8 15 to 38
Argialboll 1.2 5.7 19.8 136.3 1.39 71.0 23.8 30to 55
Argiaquolls 1.2 5.0 18.5 12.5 1.34 79.3 19.8 60 to 100
Leonard 1.0 5.8 171 15.4 1.50 70.1 18.7 2510 40
Leonard 3 1.2 4.8 21.0 75.8 1.42 67.3 24.6 2310 53
Mexico 1 0.9 5.6 15.4 5.6 1.40 78.3 16.2 15 to 40
Putnam 1.3 5.0 20.1 15.3 1.41 70.4 23.2 30t

Note: Ksat = saturated hydraulic conductivity.

* Estimated from apparent soil electrical conductivity (ECa) measurements.
T No range as there was only one subarea with Putnam soil.

weather station was installed in the field in
1991, from which hourly rainfall (mm),
temperature (°C), average solar radiation
(MJ m™), relative humidity (fraction), and
wind speed (mm h™') data were collected,
recorded and maintained in a server database
managed by USDA Agricultural Research
Service Cropping Systems and Water Quality
Research Unit at the University of Missouri-
Columbia (Sadler et al. 20006).

Soil, Elevation, and Crop Yield Data
Collection. An order 1 soil survey (1:5,000
scale) was conducted in the field during 1997,
and the field was categorized into seven dif-
ferent soil series (figure 2). Soil properties,
including texture, cation exchange capacity,
organic carbon content, sum of bases, and
pH, for four to six horizons in each soil pro-
file had been measured at nineteen points
spread around the field during earlier studies
(i.e., Sudduth et al. 2003, 2005). Soil hydrau-
lic properties, including field capacity and
wilting point, had been measured at these
same points by Jiang et al. (2007), and satu-
rated hydraulic conductivity (Ksat) and bulk
density had been measured by Mudgal et al.
(2010a). Major soil properties for each soil
series are presented in table 1.

Apparent electrical conductivity (EC)
is a sensor-based parameter that is relatively
easy to measure in comparison to other soil
physical and chemical properties. Soil EC_ is
affected by soil physical properties, includ-
ing clay content, clay mineralogy, and/or soil
moisture content, and provides an indirect
measurement of these properties (Kachanoski
et al. 1998; Rhoades et al. 1976). Sudduth
and Kitchen (2006) and Sudduth et al. (2010)
found EC  data highly correlated with CD at
the present study site. In this study, CD was
estimated using the best field-specific regres-
sion equation given in Sudduth et al. (2000).
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Figure 2

Soil classification of the field based on order 1 soil survey (1:5,000 scale).
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Independent data for this regression were the
inverse of the shallow measurement channel
of a DUALEM-2S EC, sensor (i.e., EC™)
(Dualem Inc., Milton, Ontario, Canada), and
dependent data were measured CD from 19
baseline sites within the field. The regression
was then applied to mobile EC_data collected
on transects spaced 10 m (32.8 ft) apart with a
4 to 6 m (13.1 to 19.7 ft) data spacing to gen-
erate a spatially dense CD estimate (Kitchen
et al. 2005a; Sudduth et al. 2005).

Additional data included elevation data
(vertical accuracy 3 to 5 cm [1.2 to 2 in])
collected during previous studies using a real-
time kinematic global positioning system
survey on 10 m (32.8 ft) transects (Fraisse
et al. 2001; Kitchen et al. 2005a). The data
were processed into a digital elevation model
(DEM) from which slopes were calculated
using ArcInfo 9.2. Spatially distributed crop
yields were measured from 1993 to 2002
using combines with commercially available
yield sensing systems as explained in Kitchen
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et al. (2005a). The data were collected at a
1-second interval and generally interpolated
to a 10 m resolution to create productivity
maps using methods and software described
by Sudduth and Drummond (2007).

Agricultural Policy /Environmental
eXtender Model Setup. APEX is a field/
watershed scale model that provides flexibility
to define weather, land use, soils, topography,
and management practices such as tillage, crop
rotations, and agricultural inputs. The model
is a powerful tool to estimate the impact of
different management scenarios on erosion,
water quantity and quality, and soil organic
carbon, and simulates the fate and transport
processes for runoft, sediment, nutrients and
herbicides/pesticides (Saleh et al. 2004; Wang
et al. 2006). APEX performs these processes
across complex landscapes, routing constitu-
ents to the outlet of a small watershed or
field through channels, subsurface flow, or
groundwater (Srivastava et al. 2007; Gassman
et al. 2010). In short, runoff is calculated
using a modification of the curve num-
ber method, in which the curve number is
adjusted as a function of a soil moisture index
to estimate antecedent moisture conditions.
Soil water is subject to evapotranspiration,
percolation, and subsurface flow. Erosion is
calculated using the MUST variant of the
Modified USLE equation (Williams 1995),
in which the cover factor is calculated as a
function of live biomass and ground cover.
Atrazine is subjected to degradation using a
first order decay process and can be trans-
ported to the outlet with surface runoff and
subsurface flow. This study was conducted
with the latest APEX version 0604 available
in December 2008 and updated with the
July 2010 version; a theoretical documen-
tation and a user’s manual document how
processes are simulated and what input data
are needed (Williams et al. 2008; Steglich and
Williams 2008).

The first step in APEX model setup was
to divide the field into smaller spatial units
called subareas represented with homog-
enous soil and topographic properties. A
depth to claypan map was created using the
values derived from EC_measurement data
by classifying these values into 6 classes with
the Jenks algorithm available in Arclnfo.
Finally, the resulting claypan depth map was
intersected with the order 1 soil map of the
field. Each resulting polygon with homog-
enous CD and soil type was treated as one
subarea. Using this technique, the field was
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divided into 35 different subareas (figure
1). The DEM was used in ArcInfo for cre-
ating the flow paths in the field that were
then used for describing the APEX routing
scheme from one subarea to another and to
the field outlet.

After subareas were delineated, soil and
topographic characteristics were determined
for each subarea based on field estimations
and soil data. The profiles of the soils were
adjusted based on an average estimated CD
calculated for each subarea; the range of these
depths for each soil series is presented in table
1. The routing channel dimensions were also
measured in the field and were input to the
model. Weather and management inputs were
the same for the whole field. All the weather
variables were collected from the weather sta-
tion situated adjacent to the field from 1991
to 2002 and aggregated to a daily time step.

The field was under uniform management
from 1991 to 2002 in a corn—soybean alter-
nate annual crop rotation, where corn was
planted during odd years and soybean during
even years. The field was under mulch tillage,
maintaining around 30% residue cover with
usually one disk and one or two field cultiva-
tion passes before the spring planting of the
crop. There were exceptions. In 1995, corn
was replaced with grain sorghum because of
a delay in sowing as a consequence of a very
wet spring; an extra fall tillage operation was
also added to remediate the soil compaction
caused by field operations on wet soils dur-
ing the spring (Lerch et al. 2005).

Once the model was set up, it was cali-
brated and validated for runoff,
sediment, and atrazine, where events were
defined as one or more days with daily flow
equal to or greater than 0.8 mm (0.03 in)
surrounded by days with flow less than 0.8
mm, which was the autosampler triggering
threshold. The calibration period was from
1993 to 1997, and the validation period was
from 1998 to 2002. The model’s goodness
of fit was evaluated through linear regres-
sion (r?), Nash and Sutcliffe (1970) efficiency
(NSE), ratio of the root mean square error to
the standard deviation of the measured data
(RSR), and percent bias (Pbias) calculated
on an event basis. These calibration indica-
tors have been extensively used in modeling
studies (Ramanarayanan et al. 1997; Santhi et
al. 2001; Wang et al. 2007) and are explained
in detail by Krause et al. (2005) and Moriasi
et al. (2007). Many researchers have con-
sidered various acceptable ranges for r?

event

NSE, and Pbias based upon the amount of
available measured data, output time inter-
val, and purpose of the study. Moriasi et al.
(2007) provided acceptable ranges for NSE
and Pbias when quantifying the accuracy
of monthly simulations of watershed runoff
and pollutant loadings. Considering an event
time step typically yields less accurate simula-
tions than a monthly time step (Moriasi et al.
2007), acceptable values in the present study
for calibration and validation were defined
as r> > 0.5, NSE > 0.45, and RSR < 0.74.
Acceptable values of Pbias were different
depending on the model output. For runoff,
the selected range was —25% < Pbias < 25%;
for sediment and atrazine load, it was —55%
< Pbias < 55%. These ranges resulted from
an analysis of uncertainties in measured run-
off and load estimates (Harmel et al. 2006)
caused by the procedures for flow measure-
ment, sample collection, sample preservation,
and laboratory analysis of constituents.

Index  Development  for  Critical
Management Area Delineation. Model
output of crop yield, runoff, sediment, and
atrazine for each subarea were used for
CMA delineation, and indices were devel-
oped. The CMA designation in the field
was based upon the 1993 to 2002 average
annual value of the output variable, calcu-
lated for each subarea individually. The three
parameters: CD, surface Ksat, and SL were
estimated for all subareas and were correlated
in different combinations with each of the
selected model output variables estimated
for these subareas. The significance of cor-
relation coefficient (r) values were estimated
by using f-statistics with n — 2 degrees of
freedom at the 95% confidence level (Kaps
and Lamberson 2007). The n value was 35
as there were 35 different subareas delin-
eated for the field and the same number of
observations. The r-value was considered
significant if it was greater than 0.28 with
5% confidence interval estimated from a
one tailed t-test. When the correlation fac-
tor was significant, the combinations of these
parameters were treated as a possible index
to be used in future studies for CMA delin-
eation. The combinations of parameters used
for r-value estimation with selected outputs
were CD, surface Ksat, SL, CPI = CD/SL
(Claypan Index), and CCI = (CD X Ksat)/
SL (Conductivity Claypan Index).

A spatial distribution map for each out-
put variable and for each retained index was
developed using ArcInfo, and the total range
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of values for all the subareas was divided into
five different classes using Jenks’ optimiza-
tion technique or natural break method in
ArcInfo. Jenks method (Jenks 1967) attempts
to form classes so that the differences
between observations within the same class
are minimized and the differences between
classes are maximized. It attempts to find the
natural breaks in a rank-order graph. The
Jenks optimization method is also known
as the goodness of variance fit. CMAs were
then estimated for each output and for each
index separately and defined as the subareas
that had amounts of output falling in the
two most extreme classes, as divided by Jenks
method. CMAs obtained for each output
variable and for each index were compared
based on the percentage of area classified as
critical, the percentage of area misclassified as
critical, and the percentage of area misclassi-
fied as noncritical.

Finally, average crop vyields from 1993 to
2002 for corn and soybean were also aver-
aged for each subarea in order to show any
relationship between CMAs delineated for
environmental hazards and crop productiv-
ity from these subareas. The same statistical
correlation procedure was used to estimate
significant r~values between measured and sim-
ulated crop yields and the developed indices.

Best Management Practices and Simulation
Scenario Analyses. Four BMP scenarios were
simulated in the field for the 30-year period
from 1979 to 2008 and compared to the base-
line, which describes the management that
took place between 1991 and 2002. These
scenarios represent hypothetical management
possibilities to reduce the environmental risk
stemming from cropping this field.

In BMP scenario 1, perennial switchgrass
(Panicum virgatum L.) was planted on the
CMAEs, keeping the rest of the field with the
same corn—soybean mulch till management.
Switchgrass was sown on the 21st of March
of the first simulation year and was harvested
on September 18th of each subsequent
year. Scenario 1 was divided into two parts
based on the technique used to delineate the
CMAs: in the first part, CMAs were delin-
cated using the model results while in the
second part, CMAs were delineated using
the indices. The other 3 scenarios were not
targeted to CMAs. They represent common
conservation practices that are currently used
by producers to reduce environmental risk.
Scenario 2 is a mitigating practice, i.e., the
loss of sediment and nutrients is captured by
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a filter strip located at the downstream edge
of the drainage way. A filter strip of area 1
ha (2.5 ac) was simulated immediately before
the field outlet, i.e., in subarea 35 (figure 1)
where the soil type is Argiaquoll (table 1).
The strip was managed under continuous
fescue grass (Festuca L.) that was never har-
vested during the 30-year simulation period.

Scenarios 3 and 4 are two components
of a possible alternative management of the
field where the two areas on either side of
the channel are in a wheat—soybean rota-
tion, and the channel itself is planted with
grass. In scenario 3, the total field was man-
aged with a wheat—soybean rotation in which
soybean production management was similar
to that used during calibration and validation.
Wheat operations included N and P applica-
tion followed by mulch tillage prior to fall
sowing and one more N application during
the spring of the following year. Wheat was
harvested in the summer following the fall
planting. Scenario 4 had similar crop manage-
ment as the baseline everywhere in the field
but in the channel areas. Those, (subareas 19,
25, 33, and 35) were put under switchgrass
and managed the same way as in scenario 1.

All scenarios involve planting different
crops in separate areas of the field, which
are expected to result in reduced amounts of
runoff, atrazine, and sediment loads through
various processes. Crops that belong to dis-
tinct land covers (grain versus grass for
example) are characterized by difterent curve
numbers that directly impact the amounts
of runoff, sediment, and atrazine generated.
Crops that grow and use soil water at a dif-
ferent time in the year may also affect runoft.
For example, wheat water uptake occurs dur-
ing fall and spring while corn and soybean
take water during the summer. Factors that
affect sediment loss are the live biomass and
the amount of residues on the ground. APEX
calculates the cover factor (USLE_C) as a
function of these variables, which will vary
from crop to crop. Tillage also affects erosion
by removing residues from the ground sur-
face. In addition, sediment transport can be
reduced across grass areas that have greater
infiltration capacities, slow the flow down,
and allow settling of soil particles. These
areas are characterized by higher saturated
conductivities and Manning n coefficients.
In terms of atrazine load, switching to crops
that do not require atrazine eliminates the
herbicide amount in those areas and thus the
field-scale loss.

Measured daily rainfall and temperature
data were used for the whole simulation
period, but average daily solar radiation, rela-
tive humidity, and wind speed were simulated
from 1979 to 1990 because measured data
were not available. Monthly characteristics
of precipitation, temperature, daily radiation,
relative humidity, and wind speed were cal-
culated based on measured weather data from
1991 to 2008. These monthly characteristics
were used to simulate missing daily weather
data from 1979 to 1990 using the weather
generator intrinsic to APEX (Williams et
al. 2008). After 1991, all weather variables
used in the model were obtained from daily
or subdaily measurements. Significance in
differences between model outputs from a
BMP scenario and the baseline were evalu-
ated using the nonparametric Wilcoxon
statistical test (Kaps and Lamberson 2007)
with the SAS PROC NPAR1WAY proce-
dure (SAS Institute 1999) at a confidence
level of 95% (p < 0.05).

Results and Discussion

Model  Calibration  and  Validation.
Calibration and validation results are pre-
sented in figure 3. Model performance
ratings for runoff, calculated on an event
basis, were strong with r? around 0.80. NSE
values were 0.78 and 0.72 and RSR values
were 0.47 and 0.53, for calibration and vali-
dation, respectively. On a daily basis, these
criteria were also strong: greater than 0.70
for r* and NSE and less than 0.55 for RSR.
Results were in accordance with perfor-
mance ratings found by various researchers
in other APEX studies; Yin et al. (2009) in
Huaihe River watershed, Henan province,
China, found r? and NSE values of 0.56 and
0.52 at a daily time step, and Williams et al.
(2006) had r* values of 0.72 and 0.73 in a
Bison feedlot in North Dakota. The r* and
NSE values in the simulation study done on
claypan soils for 12 different plots (Mudgal et
al. 2010b) ranged from 0.52 to 0.98 and 0.46
to 0.94, respectively; percent bias from —12%
to —59% showed an overprediction of runoft.
In contrast, the simulation of surface runoft
in this study produced smaller bias: 5.6% and
23% for calibration and validation, respec-
tively (figure 3).

The model performed very well for atra-
zine loads, with all calibration criteria better
than the minimum set for acceptable results.
APEX was able to simulate atrazine load
effectively because the atrazine application
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Figure 3

and sediment yield (1998 to 2002).
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rate and timing were exactly known during
the whole simulation period. Also, including
a tillage practice just after atrazine application
effectively represented the incorporation
of atrazine in the field. On the other hand,
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sediment yields were well simulated dur-
ing the calibration period but overpredicted
during the validation period, especially dur-
ing the winter. In general, small events were
overpredicted while larger events tended to

be underpredicted. The validation period
did not include any large events of the size
that occurred during the calibration period.
It was observed in the field that there was
always accumulation of sediment just in front
of the weir at the field outlet, thus reducing
the measured sediment yield in comparison
to the actual sediment eroded and trans-
ported to the edge of the field.

Flow, sediment, and atrazine loads were
higher during the calibration period than
during the validation period whether they
were measured or simulated. Measured aver-
age annual values of sediment and atrazine
loads decreased by 67% and 45%, respectively,
while simulated values decreased by 25% and
24%, respectively. Precipitation decreased
by 5%, and average annual values of both
measured and simulated flow decreased by
12%. While higher precipitation during the
calibration period (1045 mm [42 in] annual
average from 1993 to 1997) in comparison
to the validation period (990 mm [40 in]
annual average from 1998 to 2002) may have
been a factor, the switch from conventional
to mulch tillage implemented in 1991 could
also have accentuated the effects. Gradual
changes in soil properties caused by the till-
age modifications, e.g., organic matter, were
not taken into consideration in the model
and may explain the differences in calibra-
tion indicator values between the calibration
and validation periods. In addition, at low
flows the weir acted as a small dam, allowing
water to pond and sediment to be deposited
before it went over the notch, which could
result in under-measured loads for the smaller
events. One difficulty with the APEX model
is the large number of parameters one can
adjust, which makes it difficult to determine
whether unsatisfactory results are caused
by the model itself or its parameterization.
Alternatively, it could be that conditions in
the field have changed between the calibra-
tion and validation periods. Lerch et al. (2005)
measured sudden and significant increases in
shallow aquifer nitrate concentrations in one
of five groundwater wells at this field starting
in 1999, a very dry year. Other wells were
characterized by increasing and decreasing
nitrate concentrations in 2002, another dry
year. These sudden changes were attributed
to cracks, which developed in the soil profile
during dry conditions and extended to the
soil surface. The development of these cracks
and their impact on the hydrology and pol-
lutant transport in the field was not simulated
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Figure 4

Jenks optimization technique.
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with APEX. Finally, the combination of high
clay content soils with a restrictive layer close
to the surface and a climate that includes
large interannual variations of precipitation
may be at the limit of APEX capabilities.
‘Whatever the reason, these validation results
for sediment reduce our confidence in the
model sediment predictions.

Average annual values of field-average
corn and soybean yields measured from
1993 to 2002 were 5.8 and 2.3 t ha™ (92
and 34 bu ac'), respectively, whereas area
weighted average simulated corn and soy-
bean yields for the same period were 5.9
and 2.1 t ha' (94 and 31 t ac™'), or 1% more
and 9% less, respectively. In 1995, sorghum
was planted, and the bias between measured
and simulated yields in that year was 11%.
The temporal variation in simulated yields
reflected that of the measured yields with
a coeflicient of determination (r*) of 0.74.
The very wet summer of 1993 led to no
water stress and the highest measured and
simulated corn yields, 7.2 t ha™ (115 bu ac™)
and 8.2 t ha™' (130 bu ac™), respectively. The
smallest measured yields were obtained in
1994 and 1999 for soybean and corn yields,
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respectively. The largest annual bias between
measured and simulated yields occurred in
1996 (33%) and 1999 (=78%) for soybean
and corn, respectively.

The flow and water quality calibration and
validation were based on values measured at
the outlet of the field. The only observations
available at subarea scale were the crop yields,
and we used those to investigate whether the
model was responding to changes in slope,
Ksat, and CD that characterize the spatial
variability of soil properties across the field.
The model was able to simulate spatial varia-
tions of average 1993 to 2002 corn yields
across the 35 subareas with some success (r*
= 0.20).The correlation was strongest during
1997 (r* = 0.26). However, wet years such
as 1993 and 1995 led to no spatial correla-
tion between simulated and measured crop
yields. There was also no spatial correlation
between average measured and simulated
soybean yields. However, the variations in
measured soybean vyields were also much
smaller: the ranges of variation relative to
the average yield were 29% and 18%, for
corn and soybean, respectively. During the
calibration process, we observed that simu-

lated corn yields, as well as flow and water
quality at the outlet, were especially sensi-
tive to soil Ksat and CD. Soybean yields, on
the other hand, were not. Although smaller
than for corn yields, variability in measured
soybean yields suggests that other processes
than water availability are affecting soybean
growth. However, no attempt was made
during this study to investigate what these
parameters may be.

Critical Management Area Delineation.
CMA delineation was based on APEX simu-
lated runoft, sediment, and atrazine 30-year
average annual values for individual areas.
After classifying the subareas based on these
output variables, subareas in the highest
two classes for each of them (figure 4) were
treated as APEX-based CMAs. Resulting
threshold average annual values of model
outputs used to delineate critical areas were
270 mm (10.6 in) for runoff, 44 g ha™ (0.039
Ib ac™) for atrazine loads, and 6 t ha™ (2.7
tn ac™) for sediment yields. All the resulting
areas with runoff or loads greater than these
values were treated as CMAs. Twenty percent
of the total field area was found to be critical
due to excess runoff generation, 48% due to

JULY/AUGUST 2012—VOL. 67, NO. 4

U INO|
| J/(goo

-#82:(7)/9 UOITeAIBSUOD IBTEMN PUR |I0S JO [el
101005 UOITeAJSSU0D) BT PUe |10S ZT0Z O

§]

611 |1

BI0'SOMS MMM 66
"PonIesa ISy

291


http://www.swcs.org

292

atrazine load and 35% due to sediment yield.
The total CMA delineated was 66% (20.8 ha
[51.4 ac]) of the total field area. While 76%
and 92% of critical areas for surface runoff
were also critical for atrazine and sediment,
respectively, close to 70% and 50% of critical
areas for atrazine and sediment, respectively,
were not critical for surface runoft. Thus,
in this field, most areas generating higher
amounts of surface runoff also generated
higher amounts of atrazine and sediment, as
determined by the APEX simulation results.
Those were the subareas with low perme-
ability (Ksat < 16 mm h™' [0.6 in hr']); only
subarea 9 had a higher permeability but very
low CD (15 c¢m [6 in]). Most of these areas
had CDs less than 25 cm (10 in). Areas pro-
ducing the lowest amounts of runoft; atrazine,
and sediment were in and adjacent to the
channel and in the south end of the field; all
had CDs greater than 25 cm (10 in) and most
had Ksat greater than 47 mm h™' (1.9 in hr").
Other areas generated high amounts of atra-
zine or sediment without generating high
surface runoff, as shown in figure 4. Those
included subareas on the east and west edges
of the field: areas 35,26,22,17,16,and 11 on
the east side and 31,21,20,15,14,7,and 6 on
the west side. Area 31 had a 1.5% slope, the
highest in the field. Others had higher per-
meability but low CD. Only one, area 17, had
low permeability and greater CD. Given the
low confidence in sediment results, one may
question the validity of the critical areas for
sediment. From those, four were not critical
for runoff or atrazine: areas 15, 17, 21, and
35. They represent 13% of the field or 20%
of the APEX-delineated critical areas. Thus,
80% of the APEX-delineated critical areas
were critical for runoff or atrazine indepen-
dently of the results for sediment.

Runoff generation from any subarea was
found to be highly dependent on the sur-
face Ksat (r = —0.66) and to CD (r = —0.50).
Depth to claypan was more important for
atrazine loss (r = —0.59) while sediment was
most correlated with Ksat (r = —0.41). In
APEX, runoffis calculated as a function of the
retention using the curve number method.
However, several adjustments can be made
to either the curve number or the retention
parameter to account for slope, soil water
content, and frozen soils. Most important to
this study is the adjustment of the retention
parameter with soil water content. R etention
is adjusted as a function of soil water content,
retention associated to dry conditions (mois-
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ture condition 1), and two shape parameters,
which are set so that retention is equal to
average condition retention (moisture con-
dition 2) when soil water content is 60% of’
field capacity and equal to wet condition
retention (moisture condition 3) when avail-
able water is half that at saturation. Soil water
content is itself adjusted based on plant water
uptake, vertical flow (i.e., percolation and
evaporation), and lateral flow, which includes
subsurface flow to the nearest downstream
subarea and quick return flow to the chan-
nel. Williams et al. (2009) provide equations
for all the simulated processes. Without going
into details, percolation and lateral flow are
functions of Ksat, water content at field
capacity, porosity, soil layer thickness, and soil
layer water content. While the model allows
for user-specified soil water contents at field
capacity and wilting point, those were left
blank and thus estimated by the model with
the Rawls method (Saxton et al. 1986). In
addition to these parameters, slope steepness
and slope lengths intervene in the calculation
of horizontal travel time. Finally, the partition
of lateral flow between subsurface flow and
quick return flow is a function of the slope
length relative to the channel length. Once
vertical and lateral movements are calculated,
remaining excess water is transferred back to
the layer above, all the way through to the
top layer and surface runoff if necessary. This
may occur when hydraulic conductivities are
too small to route excess water or when bot-
tom layers become saturated.

In this case of shallow CD and low Ksat,
it was expected that Ksat, layer thickness, and
slope would be sensitive parameters. Porosity
and field capacity, which were estimated by
the model as a function of texture, were rela-
tively homogeneous throughout the field and
were less sensitive. This may be important to
revisit in an area where these two parameters
are not uniform.

Index Development. The results of this and
other studies done in similar soils (Kitchen
et al. 2005b; Lerch et al. 2005; Fraisse et al.
2001; Kitchen et al. 1999) confirm that the
CD is an important parameter, impacting
not only the generation of NPS pollutants
and runoff but also the crop yield. In the
present study, the coefficients of correla-
tion (1) between CD and generated runoff,
sediment yield, and atrazine load were —0.50,
—0.35,and —0.59, respectively. After including
the slope factor with CD, thus creating the
Claypan Index (CPI), the relationship wors-

ened for runoft (r = —0.28), strengthened for
sediment yield at (r = —0.50), and remained
similar for atrazine load to (r = —0.56). CPI
was able to delineate CMAs that generated
the highest sediment yield and atrazine load.
By multiplying CPI by Ksat, a new index
was developed and called the Conductivity
Claypan Index (CCI). CCI was best at iden-
tifying runoff CMAs (r = —0.69) and worse
for atrazine (r = —0.39). Thus CD may be
the dominating factor for atrazine transport.
Coefficients of correlation () and scat-
ter plots between model outputs and index
values are shown in figure 5. As simulated
environmental variables were negatively cor-
related with these proposed indices, lower
values of either index implied higher envi-
ronmental risk, and subareas having values in
the lowest two classes of indices were treated
as index-based CMAs as shown in figure 6.
CMAs delineated with these two indices
were able to capture 71% of CMAs delin-
cated by the model outputs (figure 4).

Both indices were positively correlated
with corn yields (table 2), and especially with
simulated corn yields (r > 0.6). The positive
correlation was expected because lower values
of these indices are indicative of more sensi-
tive areas that are likely to be less productive.
In addition, correlation between each index
and measured corn yields was verified (table
2), thus confirming that increased estimated
environmental risk goes along with observed
decreased corn yields in this field. Since we
do not have measured data to assess the spatial
variability of the environmental risk across
the field, crop yields are our best surrogate
for it. For corn, CPI performed slightly bet-
ter than CCI, as indicated by the correlation
coefficients. For soybeans, the only significant
correlation was between CCI and simulated
soybean yields. Again, there was also lower
variability in measured soybean yield in the
field as estimated by Kitchen et al. (2005a).
This lower variability could be attributed to
reduced water demand of soybean compared
to corn (Thompson et al. 1991).

Following analysis of productivity data
in the field, Kitchen et al. (2005b) hypoth-
esized that EC and elevation could be used
to delineate productivity zones, dividing
the field into 3 zones. Management zone A,
where crop production had not been profit-
able for much of the area, encompasses the
area north of the east-west line formed by
the southern boundary of subareas 16 to 18,
excluding the channel subareas 19, 24, 25,
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Figure 5
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and 33. Management zone B, the most pro-
ductive area in the field, encompasses both
the drainage channel and the foot slope posi-
tion in this field (Subareas 19,24, 25, and 33).
Management zone C includes approximately
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the southern half of the field and represents
the broad summit and some shoulder land-
scape position soils where profitability has
generally been positive. The simulation results
obtained with APEX confirm the productiv-

ity results but also indicate that, along with
lower crop vyields, the back slope areas on
either side of the channel present a higher
environmental risk in terms of sediment loss
and atrazine transport (figure 7).

Since runoff, sediment, and atrazine are all
important, the critical areas based on these
three simulated variables were combined
to form the APEX-based CMAs. Similarly,
because simulated runoff, sediment, and atra-
zine are better correlated with one or the
other index, CPI and CCI critical areas were
combined to form the index-based CMAs.
The final APEX and index critical areas are
shown in figure 8. Index-based CMAs delin-
eated by using the index-based technique
included 20.9 ha (51.7 ac) and captured 71%
of the 20.8 ha (51.4 ac) of CMAs delineated
using model outputs. In addition, the indi-
ces captured 2.8 ha (6.9 ac) that were not
found critical based on model results. Index-
based delineation captured 100% of CMAs
for runoft and sediment yield and 60% for
atrazine load.

The Jenks algorithm was used in this study
to classify subareas based on their APEX
simulated output variables and on the val-
ues of the indices. The threshold values that
differentiate critical areas from noncritical
ones are a result of this classification method,
are specific to this field, and could not be
directly applied to another one, nor could
they be directly applied to a larger water-
shed. The methodology proposed here was
designed to find the most critical areas in the
field. It resulted in a good match between
results obtained with the APEX model and
the indices. Other methods, such as dividing
subareas based on log scale, defining intervals
manually, or using a multiple of the standard
deviation, did not produce consistent results
when based on APEX results and on indi-
ces. In this case study, using the two most
extreme classes out of the five classes resulted
in critical areas consistent with the least pro-
ductive areas of the field as determined by
Massey et al. (2008). Ultimately, the number
of classes used in the classification and the
determination of how many are deemed
critical should be defined in relation to water
quality objectives, production and profitabil-
ity goals, and availability of resources for soil
and water conservation.

Best  Management  Practices  and
Simulation Scenario Analyses. The 30-year
annual average runoff, sediment yield, and
atrazine load were estimated for all the simu-
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Figure 6

Critical management areas (CMAs) delineated in the field using two indices—(a) Claypan Index
(CP1) and (b) Conductivity Claypan Index (CCl). The shaded regions in each map were the lowest
two classes when classified into five classes by the Jenks optimization technique.

the 35 subareas.

(a) (b)
Legend Legend
N < 1,923 B < 48,125
1923103572 [ 48,125 t0 93,750
[ ]>3572 [ ]>93750
Table 2

Coefficients of correlation (r) between measured and simulated crop yields and indices for

Crop r-value with CPI r-value with CCI
Measured

Corn *0.46 *0.39

Soybean 0.21 -0.17
Simulated

Corn *0.68 *0.62

Soybean 0.22 *0.33

* Values greater than 0.28 are significant.

Notes: CPI = Claypan Index. CCI = Conductivity Claypan Index.

lated scenarios. Scenarios 1, 2, and 4 were
able to significantly reduce sediment and
atrazine loads in comparison to the baseline
(table 3). Replacing the corn—soybean rota-
tion with a soybean—wheat rotation (scenario
3) was expected to reduce runoff, sediment
yield, and atrazine load in two ways: elimina-
tion of atrazine load because there would be
no application of atrazine and reduction of
runoff and sediment loss because wheat has
a longer growing period in comparison to
corn and provides ground cover during the

JULY/AUGUST 2012—VOL. 67, NO. 4

winter and early spring. However, simulation
results suggested there was no significant
change in sediment yield (-5%) or in surface
runoff (5%) in comparison to the baseline.
A necessary component of that rotation,
and one which was not simulated in this
study, may be the use of a cover crop after
the wheat is harvested. Without one, there is
no uptake of water during the summer, fall,
and winter that follow wheat harvest, which
usually occurs in late June. Thus, any ben-
efit from wheat providing ground cover and

water uptake during the winter and early
spring may be countered by the lack of water
uptake following its harvest.

The two most effective scenarios for sedi-
ment load reduction were the establishment
of a filter strip (scenario 2) just before the field
outlet and planting grasses (scenario 4) in the
channel subareas (subareas 19, 25,33, and 35).
Establishment of a filter strip of fescue grass
just before the field outlet was able to reduce
runoff, sediment yield, and atrazine loads
significantly in comparison to the baseline.
The impact of filter strips in reducing run-
off and NPS pollutants is well documented
in the literature (Gilliam 1994; Udawatta et
al. 2002; Lovell and Sullivan 2006; Kumar et
al. 2008). The model is able to predict flow
and sediment reductions from grass areas
through different processes: grasses dewater
the profile in the spring rather than later in
the summer; the curve number for grasses
is lower than for row crops; grasses provide
groundcover throughout the year, which
reduces soil erosion; and finally, the overland
and channel Manning coefficients are lower
and result in slower flow and lower sediment
transport capacity. In APEX, the reduction in
atrazine loadings results only from infiltra-
tion of runon from upstream areas into the
filter strip. Thus the predicted reduction is
of the same magnitude as the runoft reduc-
tion. Lin et al. (2008) did a lysimeter study
in Missouri to ascertain the impact of filter
strips in reducing atrazine by degrading it to
lower toxicity metabolites. They found that
switchgrass converted 80% of atrazine into
less toxic metabolites and 47% less mobile
by-products. Therefore, filter strips not only
reduce the mobility but also the toxicity of
pollutants. This phenomenon is not simu-
lated by APEX.

Planting switchgrass in the channel subar-
eas (scenario 4) may be attractive to farmers
in that it offers the possibility of production
income. Although not simulated as a filter
strip, warm season grasses acted as one, trap-
ping sediment and taking water out of the
soil profile during the wettest part of the year
(Schilling et al. 2008). They also provided
ground cover throughout the year, which
reduced soil and channel bank erosion.

In scenario 1, in which the model delin-
cated CMAs were targeted to switchgrass,
there was a reduction of 16%, 48%, and 70%
in runoff, sediment yield, and atrazine load
respectively. When index delineated CMAs
were targeted, there was a reduction of 11%,
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Figure 7

Spatial distribution of (a and c) simulated and (b and d) measured annual average crop yield
from 1993 to 2002. The shaded regions in each map were the lowest two classes of crop yields
when classified into five classes by the Jenks optimization technique.

(@)
Corn simulated yield
Legend
I 4.42t05.60 that
[ 15.60to7.61that
(c)

Soybean simulated yield

Legend

I 1.74 t0 2.06 t hat
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(b)
Corn measured yield
Legend
Il 4.84 10 5.60 t ha
[ 15.60t06.53that
(d)

Soybean measured yield

Legend

Bl 2.11t02.25that
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34%, and 51% in runoff, sediment yield, and
atrazine load respectively. While the treated
areas were slightly different with the model-
and index-based techniques, total land area
treated with either method was 66% of the
field, leaving only one third of the field in
grain production. Given the uncertainty in
model performance for sediment, we also
investigated the atrazine loading reductions
predicted by the model if the only targeted
areas were those delineated as critical for
atrazine or runoff. In that case, atrazine load-
ings would be reduced by 55%, which would
still be a significant reduction from the base-
line scenario.

Scenario 1 would not only lead to
increased atrazine load reductions at the out-
let but may also have extended economic
benefits. As shown in figure 7, the critical
areas correlate with areas of lowest corn
and soybean yields. Yet the field is managed
in a uniform manner, which leads to lower
profits or even losses in these critical areas.
This was established earlier by Massey et al.
(2008) by looking at the spatial distribution
of profits over a 10-year period. Growing
alternative crops that bring sustained profits
year after year would decrease the economic
risk of farming this field. This study suggests
that growing switchgrass or small grain crops
may be suitable. High yielding and profit-
able areas (channel subareas and south end of
the field) could remain in grain production.
Enrollment in the Conservation Reserve
Program or the near-future potential for
income derived from grasses used for bio-
energy could provide the needed financial
incentives to achieve a conversion from grain
to forage production.

Summary and Conclusions

The present study was conducted to delin-
eate CMAs in a 32 ha (80 ac) field located
in the Goodwater Creek Experimental
Watershed, with predominant soils classified
as claypan soils (fine, smectitic, mesic, Aeric
Vertic Epiaqualfs and Vertic Albaqualfs). The
field was divided into 35 subareas based on
topography, CD, and soil type. The APEX
model was calibrated and validated for runoff,
sediment yield, and atrazine load at the field
outlet, from 1993 to 2002. The model was
able to simulate runoft and atrazine within
acceptable limits. The sediment validation
results were not satisfactory, which could
have been due to different causes, includ-
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Table 3

Scenarios with best management practices (BMPs) applied and 30-year (1979 to 2008) simulation results of annual average runoff, sediment yield,

and atrazine load.

Dissolved atrazine load

Runoff Sediment yield in surface runoff

Scenario Best management practices mm % change tha? % change g hat % change
Baseline No BMPs applied, and 1991 to 2002 crop 221 - 8.9 - 10.1 —

management in the field was simulated.
1 All the CMAs were cropped with switchgrass,

and the rest of the field was left under 1991 to

2002 crop management. Based on the CMAs

targeted, this scenario was further divided into

two parts:

a. CMAs delineated by model-based technique. 184 -16 4.6* -48 3.0* -70

b. CMAs delineated by index-based technique. 196 -11 5.8* -34 4.9% -51
2 One hectare area immediately before the field outlet ~ 140* =37 3.3*% -63 6.6 -35

was managed as filter strip, and the rest of the

field with 1991 to 2002 crop management.
3 The field was put under wheat-soybean crop rotation. 232 5 8.4 -5 0.0* -100
4 Subareas that included the main channel of the 136* -38 3.2% -64 5.3* -48

field were put under switchgrass, and the rest of
the field was left under 1991 to 2002 crop management.

Notes: CMA = critical management area.

* Values significantly different from baseline

Figure 8

Critical management areas (CMAs) delineated using (a) APEX model outputs and (b) indices
(Claypan Index and Conductivity Claypan Index).

(a)

(b)

APEX delineated CMAs Index delineated CMAs

Legend

|:| Noncritical
I Critical

Legend

|:| Noncritical
I critical
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ing some changes in soil properties during
the simulation period. The simulated crop
yields were also compared to measured ones
to verify the spatial variability of the mod-
el’s response. Results showed that simulated
corn yields varied as a result of variability
in saturated hydraulic conductivity and CD
throughout the field, which control water
availability. Soybean yields did not respond
to these properties and may respond to dif-
ferent processes than corn.

The average annual runoft, sediment
yield, atrazine load, and corn and soybean
yields were estimated for all 35 subareas dur-
ing the total simulation period. Based on
Jenks optimization technique, all the out-
puts were divided into five different classes,
and the subareas that produced the high-
est amounts of runoff, sediment yield, and
atrazine load were considered as CMAs. All
three approaches used for delineating CMAs
resulted in 66% of the field being designated
as critical areas. Twenty percent of the total
field area was found to be critical because of
excess runoff generation, 27% due to atra-
zine load, and 35% due to sediment yield.

The values of the two indices developed
for delineating CMAs, CPI, and CCI were
found to significantly correlate to runoff,
atrazine, and sediment average annual values
calculated by the APEX model. Therefore,
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these indices were also used to identify
CMA:s in the field. Index-based delineation
of CMAs captured 71% of the CMAs delin-
cated by the model simulation technique.
We conclude that further investigations are
warranted to determine whether these two
indices, CPI and CCI, can be used for delin-
eating CMAs in claypan areas without the
use of complex hydrologic models.

The scope of the present study was lim-
ited to one field-scale study using fine scale
elevation and soil data. While the field-scale
size of the study is the relevant scale at which
most BMPs are implemented, these high-
resolution elevation and soil data are not
yet widely available to the USDA Natural
Resources Conservation Service in charge
of assisting farm managers and landowners
to implement these BMPs. Behavior of these
indices using coarser data such as the USDA
Natural Resources Conservation Service Soil
Survey Geographic soil database (SSURGO;
1:24000 scale) and USGS DEM is pres-
ently undetermined. If these indices can be
shown to accurately delineate CMAs using
the coarser scale data, they could be applied
to the watershed scale in claypan regions. In
addition, there is a need to investigate the
effects of the classification scheme used to
select CMAs; alternative methods should be
investigated at this and larger scales.

This study demonstrated that APEX could
represent the spatial variability of the soil
properties in this field and reflect the effects
of this variability in the simulated corn yields.
The model results imply that the most critical
areas in terms of environmental risk also have
poor corn production, thus indicating that
crop production may be a useful indicator of
the environmental risk associated with hydro-
logic transport of contaminants. While this
simulation study would benefit from experi-
mental verification of the conclusions related
to higher amounts of runoff, sediment yield,
and atrazine load from CMAs, the model can
be used to design new agricultural practices
that take into account these production and
environmental risks. The alternative scenarios
considered in this study can be refined to
consider practical aspects of farming in this
field and economic considerations. The results
indicate that some practices may be able to
protect water quality and lead to more sus-
tainable agricultural production.
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