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Best management practices (BMPs) to
improve soil and water quality encompass
an array of strategies, including reduced
or no tillage, crop rotation, cover crops,
off-site bioremediation (e.g., vegetative
buffers), reduced chemical inputs, and
more efficient use of chemical inputs,
such as variable rate application (USDA,
1999; Ward et al., 1994; Larson et al.,
1997). Past research has focused on devel-

oping cropping systems that reduce soil ero-

sion as a way to sustain soil quality and

maintain or improve water quality (Ascough

and Flanagan, 2001). Hydrologic processes,

such as surface runoff and percolation, phys-

ically link soil erosion and soil quality to

water quality. Thus, a comprehensive

approach to implementation of conservation

systems should simultaneously address soil

and water quality. Precision conservation is

an example of such a system (Berry et al.,

2003). In this approach, soil and water con-

servation management practices are imple-

mented by taking into account spatial and

temporal variability across natural and agri-

cultural landscapes.

The soil quality concept involves the

capacity of a soil to function; included among

the soil functions are water flow and reten-

tion, physical stability and support, retention

and cycling of nutrients, and maintenance of

biodiversity, habitat, and crop productivity

(Karlen et al., 1997; Marques da Silva and

Soares, 2001; Andrews et al., 2004). Soil

erosion is a key factor controlling soil quality

and crop productivity (Larson et al., 1983;

Marques da Silva and Soares, 2001).

Moreover, soil quality and soil erosion are

closely linked. For example, water-stable soil

aggregates are important to maintenance of

soil structure, which improves infiltration,

reduces erosion, and enhances soil quality

(Kremer and Li, 2003). The concept of soil

quality not only includes sustaining crop pro-

ductivity but also maintaining environmental

quality, and it is likely the enhancement of soil

quality that would be a major step toward

improving or maintaining water quality

(Kennedy and Papendick, 1995; Delgado et

al., 1999; Delgado and Follett, 2002).

Various conservation tillage systems,

including no-till, have been among the most

frequently studied conservation practices, and

they have consistently been shown to reduce

soil erosion (Langdale et al., 1979;Ghidey and

Alberts, 1998; Klik et al., 2001; Reddy et al.,

2001) and improve soil quality (Arshad et al.,

1990; Doran, 1987). However, the water

quality benefits of conservation tillage can

vary substantially depending upon application

method, chemical properties of inputs, and

soil characteristics (Ghidey and Alberts,

1998; Klik et al., 2001; Reddy et al., 2001).

In a long-term study on a claypan soil,

Ghidey and Alberts (1998) reported that no-

till greatly reduced soil loss, but it increased

runoff volume by 14 to 20 percent com-

pared to conventional and chisel tillage.

This creates a vulnerable situation for no-till

systems implemented on soils with high

runoff potential because soil-applied herbi-

cides and, in some cases, fertilizers are not

incorporated. Hence, the greater runoff

volume associated with the use of no-till on

these soils may facilitate greater dissolved-

phase losses of herbicides and nutrients in

runoff compared to tillage systems that

incorporate chemical inputs.
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Conventional agronomic practices for row

crop production have degraded soil and water

resources in the Central Claypan Area (Major

Land Resource Area 113;USDA,1981) of the

Midwestern United States, a region dominated

by high runoff potential soils (Lerch and

Blanchard, 2003). In 1990, the Midwest

Management Systems Evaluation Area

(MSEA) project was initiated to address the

environmental impacts associated with row-

crop production (Ward et al, 1994). The

Missouri MSEA project was established with-

in Goodwater Creek watershed (Figure 1), an

area dominated by claypan soils. An initial

assessment of groundwater quality for three

fields within the watershed showed that

historical crop and fertilizer management

practices had significantly impacted ground-

water nitrate-nitrogen (NO3-N) levels

(Kitchen et al., 1997). In addition, several

studies showed that surface water contamina-

tion by herbicides (Alberts et al., 1995;

Donald et al., 1998; Lerch et al., 1995; Lerch

and Blanchard, 2003) and sediment (Ghidey

and Alberts, 1998) were significant water

quality problems within claypan soil water-

sheds. These ground and surface water qual-

ity studies provided an initial evaluation of

the impact of prevailing and historic crop-

ping systems on water resources within the

Central Claypan Area at both field and

watershed scales. Building on these prior

investigations, the objectives of this study

were to: 1) assess long-term surface and

groundwater quality in a conventionally

managed mulch-tillage field; 2) assess long-

term changes in soil quality in a convention-

ally managed field; and 3) use this assessment

to support development of a precision agri-

culture system. The goal of the precision

agriculture system, presented in the compan-

ion paper (Kitchen et al., 2005), is to use site-

specific management to improve profitability

and protect soil and water resources as com-

pared to past management practices.

Methods and Materials 
Field description. The 36-ha (89-ac) field is

located near the town of Centralia in north-

central Missouri (Lat. 39.2297, Lon. -

92.1169) (Figure 1). The field (Photo 1) is

typical of the Central Claypan Area, which

occupies about 4 million ha (10 million ac) in

Missouri and Illinois (Soil Survey Staff, 1992;

USDA, 1981). Within the field, 1.5 to 3.0 m

(5 to 10 ft) of loess overlies 3 to 12 m (10 to

40 ft) of glacial till. The modern soil devel-

Figure 1
Map showing location of the study field.

Goodwater Creek
watershed

Audrain County

Boone
County

Study field

3 km

Photo 1
Photograph of the study field and adjacent research plots, taken on December 9, 2004, showing

groundwater flow direction and the location of the weir, weather station, and well nests (A-E). 
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oped from the loess and contains a claypan

that limits water percolation and promotes

surface water runoff. Clay content in the

argillic horizon is usually greater than 500 g

kg-1 (50 percent) and is comprised of smec-

titic (high shrink-swell) clay minerals. These

soils have a unique hydrology with slow per-

colation in the soil matrix of the clay layer

when wet (i.e., mainly winter and spring sea-

sons), but rapid preferential flow through

cracks after the profile dries in late summer

and early fall (Jamison et al., 1968). The soils

on fields in this area are generally classified as

Adco silt loam (fine, smectitic, mesic aeric

Vertic Albaqualfs) and Mexico silt loam (fine,

smectitic, mesic aeric Vertic Epiaqualfs). The

deeper loess and till collectively define the

glacial till aquifer; the source of groundwater

monitored in this research. Groundwater

recharge occurs primarily by flow through

cracks in the claypan and other preferential

pathways (Blevins et al., 1996).

Management history before 1991. Most

crop fields lack reliable historical information.

Consequently, the best historic management

information for this field was obtained 

by interviewing previous landowners and

leaseholders (Table 1). We also obtained a

sequence of aerial photos of the field, dating

back to the 1930s (Figure 2), from the county

U.S.Department of Agriculture Farm Service

Agency (USDA-FSA) (then the Agricultural

Stabilization and Conservation Service).

These two information sources were used to

create an understanding of pre-1991 agricul-

tural practices on the field. Our assessment

found this field comparable to other claypan

soil crop production fields in this area

(Kitchen et al., 1997).

Management and assessment from 1991-

2003. In October 1990, this field was

selected as a research site for the Missouri

Management Systems Evaluation Area project

(MSEA) (Ward et al., 1994). A weather

station was installed on the west side of the

field (Photo 1) to collect climatic variables,

including hourly and daily precipitation, tem-

perature, wind, and solar radiation. Spatially

variability in soil properties and crop produc-

tion from this field have been previously pub-

Table 1. Management of the Missouri claypan soil study field.

Time period Management practices

early 1900s - 1960 • Crop production under plow and disc tillage for north end of field (north of east-west treeline).

• Unsure of crops but most likely corn and wheat based on historical records of crops generally grown in this area.

• South of east-west treeline pastured (approximately 7 ha).

• Little or no manure application on field.

1961 - 1980 • Crop production under plow and disk tillage north of treeline.

• North of treeline, cropped in soybean, corn, and grain sorghum (approximately 85, 10, and 5 percent of the time

respectively).

• South of east-west treeline pastured.

• Some manure application from nearby feedlot.

1981 -1990 • Crop production under disc and field cultivator tillage for whole field (pasture taken out about 1981).

• Cropped in soybean, grain sorghum, and wheat (approximately 40, 40, and 20 percent of the time respectively).

• No animal manures applied.

1991 - 2003 • Uniform management (i.e., no variable-rate management).

• Corn (odd yrs) - soybean (even yrs) rotation (one exception: grain sorghum replaced corn in 1995 because persistent

spring rains delayed planting).

• Mulch tillage, typically 1 disc and 1 or 2 field cultivation passes in spring prior to planting.

• Corn/grain sorghum herbicides: 2.24 kg ha-1 of both atrazine and alachlor from 1991 to 1995; and 2.24 kg ha-1 of

both atrazine and of metolachlor from 1997 to 2003.

• Soybean herbicides: 2.24 kg ha-1 of alachlor from 1991 to 1995, and 2.24 kg ha-1 metolachlor from 1996 to 2003.

Also, 0.13 L ha-1 of imazaquin, all years.

• Nitrogen: 190 kg N ha-1 (123 kg N ha-1 for grain sorghum) usually as urea-ammonium-nitrate solution, pre-plant

broadcast, then incorporated.

• Phosphorus: 90, 56, 90 kg P2O5 ha-1 in 1993, 1995, and 2001, respectively, pre-plant broadcast, then incorporated.

• Potassium: 67, 56, 90 kg K2O ha-1 in 1993, 1995, and 2001, respectively, pre-plant broadcast, then incorporated.

• Lime: 6.7 Mg ha-1 in December 1999.

Figure 2
Aerial photos of the study field showing historic farmsteads and different field divisions over the

years.

1939 1956 1968 1982 1990
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persistence over time (at 18 days R2 = 0.50;

at 28 and 58 days R2 = 0.35) were developed

from measurements of soil organic matter

content, cation exchange capacity, and pH

(Ghidey et al., 1997). This model was then

applied to grid soil sample points over the

whole field (n = 468), kriged, and mapped.

Soil quality assessment. Two aspects of

soil quality are reported here: 1) a mapping

analysis of topsoil depth; and 2) measures of

soil microbial activity and aggregate stability.

The objective of the topsoil depth analysis

was to highlight where and to what extent

topsoil depth has degraded (i.e., soil quality

degraded) since cultivation of crops started

150 to 200 years ago. Profile descriptions of

similar soils on un-cultivated sites allowed for

the assignment of possible horizonation and

topsoil depth, circa 1800. The un-cultivated

topsoil depth was then estimated by identify-

ing the exposed horizon from unambiguous

areas of bare-soil remotely-sensed images of

the field following procedures in Hong et al.

(2002). For example, dark color areas were

classified as soil mostly un-eroded, light-grey

color areas were where the A horizon had

been lost and the E horizon was exposed, and

red-orange areas showed where the Bt hori-

zon was exposed. Assuming that topsoil loss

processes were dependent on topography, a

quadratic model (R2 = 0.66) of slope and

elevation was used to map the original topsoil

depth based on the image-derived point

estimations. To quantify topsoil loss and to

identify specific areas of the field with the

greatest topsoil loss, we constructed a topsoil

depth difference map by subtracting the

current topsoil depth map, based on EM-38

soil electrical conductivity (ECa) data

obtained in 1999 (Sudduth et al., 2003), from

the estimated 1800 topsoil depth map.

For soil quality measurements of microbial

activity and aggregate stability, a limited

dataset of indicators was available from long-

term cropping system research plots adjacent

to the study field (see Photo 1). Management

on one of the cropping systems has been

nearly identical to management practices on

the study field (Kitchen et al., 1998). Surface

bulk soil samples (0 to 10 cm or 0 to 4 in

depth) were collected in 2001, 2003, and

2004 using a stainless steel probe [10-cm

diameter (4 in)] along transects within each

research plot. From these samples, soil

microbial activity expressed as fluorescien

diacetate hydrolysis and dehydrogenase enzy-

matic activity was determined following pro-

lished (Kitchen et al., 1999; Kitchen et al.,

2003; Sudduth et al., 2003), and additional

details are provided in the companion paper

(Kitchen et al., 2005).

Crop management practices. The study

field was managed uniformly for a high yield

goal in a corn-soybean (Zea mays L. - Glycine

max (L.) Merr.) rotation, using mulch-tillage

to maintain ~30 percent residue cover. Corn

was grown in odd years and soybean was

grown in even years. Because a wet spring

delayed planting in 1995, grain sorghum

(Sorghum bicolor L.) was substituted for

corn. Additional practices are described in

Table 1. Background information on the

overall goal of this system has been described

(Ward et al., 1994).

Water quality assessment. In the early

spring of 1991, the field was instrumented

with five groundwater well nests, with four

wells per nest. Three nests were located

within the field boundary and two nests were

positioned along the field edge (Photo 1).

The wells within each nest were within close

proximity of each other, with the total nest

area encompassing about 25 m2 (270 ft2).

The wells within each nest were drilled and

screened at different depths to determine

groundwater flow direction and water quality

differences by depth. In June 1992, an addi-

tional shallower well was drilled at each well

nest. Screened intervals of the five wells at

each nest ranged from 1.2 m (4 ft) (top of 

the glacial till) to 15.7 m (51.6 ft) (bottom of

the glacial till). Additional details of well

installation and sample collection procedures

were previously documented (Blanchard and

Donald, 1997; Kitchen et al., 1997). Well

samples were collected quarterly (March,

June, September, and December) from June

1991 through June 1996, and semi-annually

(March and September) from 1997 through

2004. Because of low recharge rates, some

deeper wells were sampled annually.

Between 1991 and 2004, over 650 ground-

water samples were collected and analyzed.

To help interpret the potential source of

groundwater NO3-N, the amount of fertilizer

N left on the field after a growing season was

mapped, both annually and cumulatively for

all years with N fertilizer inputs. N removed

with harvested grain was determined by yield

mapping (corrected for moisture) combined

with the average corn or sorghum grain N

content of 0.016 kg N ha-1 (0.014 lb N ac-1).

The residual N maps were then derived by

subtracting the amount of N removed with

grain harvest from the amount of fertilizer

applied (Table 1) [i.e., fertilizer N - (mapped

yield X 0.016 kg N per kg grain)].

For surface water assessment, a v-notch

concrete weir was constructed in 1991 at the

north end of the field and equipped with a

runoff water stage recorder and a refrigerated

pumping sampler (Photo 1). Runoff from all

but three percent of the total field area dis-

charges at this location, and there was no

runoff from adjacent fields onto this field.

The sampler automatically collected a sample

when flow over the weir was approximately

0.8 mm (0.03 in), and continued to sample

through the runoff event. Samples were

refrigerated before transport to the laboratory.

Samples were filtered through a 0.45-µm

nylon filter and analyzed for atrazine 

[6-chloro-2-ethyl-4-(1-methylethyl)-1,3,5-

triazine-2,4-diamine], alachlor [2-chloro-N-

(2,6-diethylphenyl)-N-(methoxy-methyl)

acetamide], metolachlor [2-chloro-N-(2-

ethyl-6-methylphenyl)-N-(2-methoxy-1-

methylethyl) acetamide], dissolved nitrogen

(NO3-N, NH4-N), dissolved phosphorus

(P04-P), and sediment. From 1991 to 1996,

herbicides were isolated and concentrated by

solid-phase extraction and quantified by gas

chromatography with an N-P detector

(Lerch et al., 1995; Blanchard and Donald,

1997). For surface runoff samples, limits of

detection for the gas chromatography/N-P

method were 0.04 µg L-1 (parts per billion,

ppb) for atrazine, 0.23 µg L-1 for alachlor,

and 0.29 µg L-1 for metolachlor, and limits of

detection for groundwater samples were one-

half that of surface runoff samples (Blanchard

and Donald, 1997). Beginning in 1997,

atrazine and metolachlor in runoff samples

were analyzed by magnetic particle enzyme-

linked immunosorbent assays (Strategic

Diagnostics, Inc., Warminster, Pennsylvania).

Limits of detection for the enzyme-linked

immunosorbent assay method were 0.05 µg

L-1 for both herbicides. Samples from the

first two to three runoff events each year typ-

ically were diluted to be within the linear

range of the enzyme-linked immunosorbent

assay kits (0.05 to 5 µg L-1). Dissolved nutri-

ent analyses were determined by colorimetric

methods using a Lachat flow injection system

(Lachat Instruments, Milwaukee, Wisconsin)

as described by Lerch et al. (2001). Between

1993 and 2001, 815 surface runoff samples

were collected and analyzed.

To illustrate herbicide persistence spatially,

multivariate regression models for atrazine
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cedures in Kremer and Li (2003).

Fluorescien diacetate is a general substrate for

several hydrolytic enzymes including esteras-

es, lipases, and certain proteases; dehydroge-

nase estimates respiratory activity of viable

soil microorganisms. Water-stable aggregates

in 10 mm (0.4 in) sieved, air-dried soil sam-

ples were measured and expressed as the per-

centage of total aggregates, greater than 250

µm, that were water-stable after wet-sieving.

Results and Discussion
Groundwater quality. NO3-N concentra-

tions were quite variable, ranging from a low

of 0.3 mg L-1 (parts per million, ppm), to a

high of 46 mg L-1. Averaged over all samples,

NO3-N concentration was 5.2 mg L-1, with

seven percent of the well samples exceeding

10 mg L-1, a common state and federal drink-

ing water standard. Nitrate concentration

averaged over all wells in 1993 (after the shal-

lower wells were installed) was 5.1 mg L-1

(parts per million, ppm), and in 2004 (exclud-

ing the shallow well in nest C), NO3-N was

5.6 mg L-1, suggesting little change over time.

Of the five wells in each nest, NO3-N

levels in shallow, medium, and deep wells

were plotted over a 14-year period to further

illustrate that NO3-N in most wells changed

little over this time period (Figure 3). Within

a nest, NO3-N concentrations at varying

depths of the glacial till can be nearly identi-

cal over time (nest B), or vary greatly (nest A).

There were no consistent relationships found

between NO3-N level and well depth. Also,

in a few wells NO3-N concentration rose and

fell rapidly around the year 2002 (see nests A,

D, and E in Figure 3 as examples). These

results support a characterization of the

glacial till aquifer in which NO3-N storage

was stratified and water movement predomi-

nantly occurred by preferential flow through

fractures (Blevins et al., 1996; Kitchen et 

al., 1998). The shallow well in nest C 

had unusually high NO3-N concentration

increases from 2000-2004. For eight years,

NO3-N concentrations in this 2.7-m (8.9 ft)

deep well were less than 5 mg NO3-N L-1.

Starting in the fall of 2000, NO3-N concen-

tration in this well dramatically increased, first

to about 20 mg L-1, then to above 40 mg L-1

in recent years. Extremely dry conditions

from July through September of 1999

(Kitchen et al., 2005, Table 1) resulted in

unusually large soil cracks visible at the soil

surface that summer. In addition, well eleva-

tion levels during this period dropped below

the depth of shallow wells on the field

(unpublished data). Thus, these cracks effec-

tively connected the soil surface to the top of

the glacial till and allowed preferential flow

and influx of soil water containing high 

NO3-N levels. Other than the few wells that

Figure 3
Groundwater nitrate-nitrogen (NO3-N) concentration over 14 years from three wells at each of the

five well nests (A-E) on the study field (left graphs). Right shows annual (top) and cumulative

(bottom) maps of the fertilizer N left on the field as determined by subtracting estimated grain N

from the amount of fertilizer applied.
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the other well nests have been three to five

times higher than nest B. Near nest B is 

an abandoned fence line with associated 

trees and shrubs (Photo 1 and Figure 2).

Vegetation in this fence row may be remov-

ing NO3- from groundwater similar to trees

along a riparian zone (Lowrance et al., 2000).

Also, low NO3-N in groundwater in these

wells could be attributed to the fact that no N

fertilizers were applied within the tree-lined

fence row.

Herbicides (as well as several herbicide

degradation products) used for weed control

on this field were only occasionally (about

showed NO3-N spikes since 2000, no clear

trend exists to indicate groundwater NO3-N

has been greatly impacted as a result of crop

management practices over the last 13 years.

Characteristics of the field soils, the glacial

till, and climate help explain the spatial varia-

tion observed in groundwater NO3-N levels.

An evaluation of groundwater elevation

within the five well nests indicated ground-

water flow to be in a north-west direction.

To determine which areas within the field

contribute more N to groundwater nitrate,

we developed maps of the fertilizer N left 

on the field as determined by subtracting

grain N from the amount of fertilizer 

applied (Figure 3). Leaching of fertilizer N,

as NO3-, to groundwater is just one of 

many potential N transformation pathways.

However, the maps provided a reasonable

depiction of temporal (year-to-year) and

spatial (within field) variability in fertilizer

N that has the potential for leaching to

groundwater. When examining individual

years, residual fertilizer N was relatively high

in all years except 1995, which had an

extremely wet spring and early summer

(Kitchen et al., 2005, Table 1), suggesting a

high degree of denitrification for this year.

For 1997, 1999, 2001, and 2003, corn yield

was low because of droughty conditions

during the growing season (Kitchen et al.,

2005,Table 1), and it was lowest in field areas

with shallow topsoil thickness (Figure 4). A

map of the cumulative residual fertilizer N

(Figure 3) showed that its spatial patterns

closely corresponded to soil ECa, an indirect

measure of topsoil depth (Kitchen et al.,

1999). In essence, corn growth and yield

were poor in areas where topsoil thickness

was <15 cm (6 in). This was considered to

be a result of decreased plant-available water

in the topsoil. The water holding capacity

of a soil profile with 100 cm (39 in.) of top-

soil is about twice that of a soil profile with

only 15 cm (6 in.) of topsoil (USDA-

NRCS, 1995). Notably, the area just east of

nest C (where NO3-N in the shallow well

increased most dramatically) is where N fer-

tilizer left in the field was greatest.

Of the five well nests, well nest B consis-

tently had the lowest NO3-N levels.

Averaged over all samples, NO3-N levels of

Figure 4
Topsoil depth has changed as a result of modern agriculture. Estimated topsoil depth map prior

to modern tillage practices (left), current topsoil depth map (center), and the map of net loss of

topsoil (right) obtained by taking the difference of the first two maps.
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10 20 30 40 50 60 70 80 90
100

110
120 -45 -20 0 20 45

Table 2. Annual summary of herbicide, nutrient, and sediment transport in surface runoff from the field.

Year Crop Precipitation Runoff Atrazine Alachlor Metolachlor NO3-N NH4-N PO4-P Sediment

————— cm ————— ———————— g ha-1 ———————— ————— kg ha-1 ————— Mg ha-1

1993 Corn 134 54 17.10 6.71 NA 7.57 0.89 1.09 6.94

1994 Soybean 86 22 0.34* NA NA 0.18† 0.01* 0.04* 0.50

1995 Sorghum 115 38 47.30 46.90 NA 6.34 1.53 0.47 6.32

1996 Soybean 88 7 0.03* 0.02* 2.59 0.68† 0.02* 0.10* 0.43

1997 Corn 94 21 35.70 NA 41.30 10.70 0.97 0.10* 6.56

1998 Soybean 116 34 0.70* NA 26.00 2.03* 0.09* 0.82* 2.79

1999 Corn 82 24 12.60 NA 11.00 15.80 1.38 0.16* 0.84

2000 Soybean 93 12 NA NA 1.60 0.46* 0.04* 0.03* 0.18

2001 Corn 103 34 29.70 NA 20.90 12.60 0.60 0.15 6.47

g ha-1* (8.93 X 10-4) = lb ac-1; kg ha-1* 0.893 = lb ac-1; Mg ha-1* 0.446 = t ac-1.

* Represents residual transport from previous application.

NA = not applied and no residual transport detected.
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five percent of the time) detected in ground-

water, and concentrations were typically less

than 0.05 µg L-1. Overall, very limited

herbicide contamination of groundwater also

was reported for this field and throughout

Goodwater Creek from 1991-1995

(Blanchard and Donald, 1997). We concluded

that movement of herbicides and their degra-

dation products into this aquifer was minor,

but that when it occurred it was primarily by

preferential flow through the restrictive clay-

pan. The primary recharge period for these

soils occurs during the non-growing season

(October to May). Thus, there are two rea-

sons for no or low herbicide contamination

of groundwater on this field: (1) the claypan

restricted downward water movement; and

(2) recharge of groundwater occurred well

after herbicide application. For example,

eight weeks after herbicide application, soil

atrazine and alachlor levels were less than five

percent of levels measured just after applica-

tion (Ghidey et al., 1997).

Surface water. Mean annual precipitation

at this site, from 1970 to 2003, was 94 cm 

(37 in), and the mean growing season precip-

itation (May to September) over this same

time period accounted for 53 percent of the

annual precipitation or about 50 cm (20 in.)

of rainfall (Table 2). Annual precipitation 

in 1993, 1995, 1998, and 2001 was nine to 

42 percent above the long-term mean, with

1993 having the highest annual precipitation

(Table 2). In 1994, 1996, 1999, and 2000,

annual precipitation ranged from two to 13

percent below average, and 1997 was nearly

equal to the long-term mean. As expected,

the four years with above average precipita-

tion were also the years with the greatest

amount of runoff. In the other five years,

runoff was considerably lower than the wet

years, but the amount of runoff was not

directly proportional to precipitation. For

instance in 2000, 93 cm (36 in) of precipita-

tion resulted in only 12 cm (4.7 in) of runoff,

but in 1999, 82 cm (32 in) of precipitation

resulted in 24 cm (9.4 in) of runoff. Thus, on

an annual basis, the distribution, number,

intensity, and duration of precipitation events

were more important than the total precipita-

tion in determining the magnitude of runoff.

Although atrazine and either alachlor or

metolachlor were applied at equal rates (Table

1), atrazine loads in surface runoff exceeded

alachlor or metolachlor in all years except

1996 to 1998 (Table 2). Averaged over 1993

and 1995, atrazine load was 17 percent higher

than alachlor. However, numerous and

intense rainfall events within 30 days after

application in 1995 resulted in high loads for

both herbicides. For years in which both

atrazine and metolachlor were applied, 1997

was the only year in which metolachlor load

exceeded that of atrazine, and average atrazine

load over these years was 11 percent greater

than metolachlor. In 1996 and 1998, meto-

lachlor was applied to soybeans, resulting in

higher metolachlor loads while atrazine loads

in these two years represented residual chem-

ical from the previous year’s application.

Atrazine loads, as a percent of applied, ranged

from 0.56 percent in 1999 to 2.4 percent in

1995 with a mean of 1.3 percent. Alachlor

loads ranged from 0.30 percent to 2.1 percent

with an average of 1.2 percent. Metolachlor

loads ranged from 0.07 percent in 2000 to

1.84 percent in 1997 with an average of 0.77

percent. The lower average loss rates of

metolachlor in runoff from the field were at

least partially due to low precipitation and

runoff during the 1996, 1998, and 2000

growing seasons. The average herbicide loss

of atrazine, alachlor, and metolachlor in this

study were similar to, but consistently lower

than, mean losses reported by Capel et al.

(2001) for over 100 field studies conducted at

comparable scale (i.e., less than 60 ha or 148

ac). Average losses in surface runoff for these

studies were 1.7 percent for atrazine, 2.1 per-

cent for alachlor, and 1.2 percent for meto-

lachlor (Capel et al., 2001). Despite the high

runoff potential of the soils, average relative

loss rates in runoff were low, in part, due 

to incorporation of the herbicides. The

observed differences in loads between the

three herbicides largely reflected differences

in field dissipation rates of these chemicals.

All three herbicides have similar soil sorption

intensity, but compared to atrazine, the

acetanilide herbicides are more water soluble,

degrade more rapidly in soils, and are more

volatile (Vencill, 2002). Thus, the greater

persistence of atrazine in these soils resulted

in a larger pool of the parent compound

available for transport as a function of time

after application compared to the acetanilide

herbicides (Ghidey et al., 1997). Differences

in herbicide transport between years mainly

reflected the timing of significant rainfall

events relative to chemical application. For

example, 1993 had the highest precipitation

and runoff, but the larger runoff events in this

year occurred later in the growing season,

resulting in relatively low herbicide loads. In

contrast, 1995, 1997, and 2001 had high her-

bicide loads because multiple runoff events

occurred within 30 days of application.

Dissolved N transport in surface runoff was

primarily related to mass input (Table 2).

The highest nitrate and ammonium loads

occurred in the years N fertilizer was applied,

regardless of annual or seasonal runoff

amounts. For example, 1997 and 1999 had

intermediate amounts of runoff on an annual

basis, but greater nitrate transport and similar

or greater ammonium transport than the high

runoff years of 1993 and 1995. Both 1997

and 1999 had only three runoff events with

greater than 0.1 cm (> 0.04 in) of runoff after

N fertilizer application, but there were major

runoff events in both years that occurred

within about three weeks of application. In

1997, the first event accounted for 72 percent

of the annual N transport, and the first two

events in 1999 accounted for 83 percent of

the annual N transport. The impact of N

fertilization on ammonium and nitrate loads

was evident when comparing loads between

fertilizer application and non-application

years. Average nitrate load in fertilizer appli-

cation years was 10.6 kg N ha-1 (9.5 lb ac-1)

compared to an average load of only 0.84 kg

N ha-1 (0.75 lb ac-1) in non-application years.

Assuming an organic-N mineralization

rate of two percent per year, average soil

organic-N content of 2.0 g kg-1 (0.2 percent),

and negligible atmospheric N inputs, the

combined nitrate and ammonium loads in

surface runoff accounted for 4.8 percent of

the applied and mineralized N from 1993 to

2001. This represents considerably greater 

N losses in surface runoff than have been

reported in other studies in which N losses

accounted for less than one percent of applied

N (Alberts et al., 1978; Barisas et al., 1978;

Owens and Edwards, 1993). The high runoff

potential of the claypan soils, combined with

significant runoff events within 30 days of

application, led to the overall high N losses in

runoff at this site.

Dissolved P transport in surface runoff was

mainly related to mass input, runoff amount,

and soil pH (Table 2). Three of the five high-

est P loads occurred in the same year as P

fertilizer application (1993, 1995, and 2001),

and all three years also had high annual runoff

and multiple runoff events following P appli-

cation, leading to the high observed loads.

The other two years with high P loads (1998

and 1999) occurred several years after P fer-

tilizer application, had few runoff events, and
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ECa measurements. Of the soil quality

indicators measured, topsoil depth was most

strongly related to crop productivity.

Previous analysis on claypan soil fields sup-

ported this conclusion (Kitchen et al., 1999;

Kitchen et al., 2003). Water erosion, acceler-

ated by modern agricultural practices, results

in significant soil loss and a change in topsoil

depth for claypan soils (Jamison et al., 1968).

Topsoil loss has been highest in the northern

three-quarters of the field. Topsoil losses

were estimated to be as high as 30 cm (12 in)

in some areas on the north end of the field

(Figure 4). The portion of the field south of

the east-west tree-filled fence line has only

been in crop production for about 30 years

(Table 1) and is quite flat (Kitchen et al.,

2005, Figure 1). Averaged over the whole

field, we estimated 13 cm (5 in) of soil loss

(i.e., moved off the field) over the last 150

years. Using an average topsoil bulk density

of 1.3 g cm-3 (Jung et al., 2005), this represents

1690 Mg ha-1 (754 t ac-1), or about 11.3 Mg

ha-1 yr-1 (5.0 t ac-1 yr-1) when assuming 150

years of intensive agricultural practices. This

calculated average soil loss is considerably

more than that measured from 1993 to 2001

(Table 2); however, we suspect moldboard

plowing practices of earlier years increased

erosion rates compared to recent mulch

tillage practices. Because the physical and

chemical characteristics of the argillic claypan

horizon are not well suited for crop root

growth (Scrivner et al., 1985), loss of topsoil

thus, P transport in these years could not be

explained by P input mass or amount of

runoff. P solubility is highly pH dependent

and it increases with decreasing pH (Lindsay,

1979). The use of Ca-based liming agents to

maintain near-neutral soil pH will result in

the precipitation of calcium phosphates, but

as soil pH drops below six, dissolution of the

calcium phosphates will substantially increase

PO4
3- solubility. By 1997, significant por-

tions of the field were below pH six since it

had been over seven years since the previous

lime application (Table 1; Kitchen et al.,

2005, Figure 1). Hence, the high P loads

observed in 1998 and 1999 very likely reflect-

ed the low soil pH. Furthermore, after lime

was applied in December 1999,P load during

2000 was the lowest observed for the study.

Average annual dissolved P load was 0.33 kg

ha-1 (0.29 lb ac-1), and total dissolved P load

over the nine years accounted for 1.3 percent

of the applied fertilizer P. The average annual

dissolved P load from this field was greater

than that reported in other surface runoff

studies in which dissolved P load was

typically less than 0.25 kg ha-1 (0.22 lb ac-1)

for conventional and conservation tillage

systems (Barisas et al., 1978; Johnson et al.,

1979; McDowell and McGregor, 1984).

However, McDowell and McGregor (1984)

reported similar or higher dissolved P losses

for no-till corn than those reported here.

Sediment transport from the field was a

function of annual runoff amount and the

time of year in which major runoff events

occurred (Table 2). Four of the five highest

annual sediment loads occurred in the high-

est runoff years. The high sediment load in

1993 occurred as a result of multiple large

runoff events in July and September of that

year. The largest sediment load of the study

occurred during a series of two runoff events

from April 12-20, 1993, with total runoff of

6.5 cm (2.6 in). This event accounted for 

63 percent of the annual sediment load.

Despite record precipitation in 1993, the

sediment load for the year was only slightly

higher than the “erosion factor T”of 6.72 Mg

ha-1 (3 t ac-1) for these soils (USDA-NRCS,

1995). In 1997, three large runoff events that

occurred during the winter and spring

months resulted in high sediment

concentrations that accounted for 90 percent

of the annual sediment load. Overall, mean

sediment load was 3.45 Mg ha-1 (1.59 t

ac-1) or about 53 percent of the erosion factor

T for these soils.

Two studies place herbicide and sediment

loss within a spatial context. First, spatially-

variable sediment loss off-field was obvious

when change in topsoil depth as a result of

modern agriculture was estimated. Net soil

loss was greatest on the northern half of the

field, suggesting this was the most vulnerable

area of the field to erosion processes

(explained further under “Soil quality”).

Second, spatial variability of herbicide con-

centration in the soil over time was assessed

on a portion of this field, and then related to

other soil properties (Ghidey et al., 1997).

Soil herbicide persistence increased with

increasing cation exchange capacity and soil

organic matter, but decreased with increasing

pH. Thus, areas of the field that have both

high soil cation exchange capacity and

organic matter and low pH will correspond

to areas with the greatest herbicide persist-

ence. Atrazine persistence was greatest on a

few small areas on the south end of the field

(associated with high organic matter from

historic farmsteads), and areas in the north

half of the field (Figure 5). Since slope

(Kitchen et al., 2005, Figure 1) and therefore

runoff generation is greater in the north end

of the field, this area represents the greatest

risk of herbicide loss in runoff.

Soil quality. Jung et al. (2005) spatially

evaluated selected chemical, physical, and

microbiological parameters of soil quality on

this study field during the 2002 growing

season, and correlated these to sensor-based

Figure 5
Predicted atrazine persistence in the soil at 18, 30, and 58 days after application as a function of

soil pH, organic matter, and cation exchange capacity (CEC).

Day 18 Day 30 Day 58

Atrazine residual (ppm)

0 0.45 0.9 1.35 1.80 2.25 2.7 3.15 3.60 4.05         4.5
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represents irreparable soil quality degradation.

The interaction of erosion with landscape

topography will largely control the spatial

variability in soil quality and crop productiv-

ity within the field. This is supported by

Marques da Silva and Soares (2001), who

reported that spatial variation in hay produc-

tion was primarily explained by the clay + silt

content of soil and profile curvature (i.e. con-

cave or convex hillslopes). These two param-

eters essentially reflected erosion patterns over

the field, which in turn, controlled the spatial

variation in soil quality and hay productivity.

Our limited research on adjacent plots

showed that soils collected from a long rotation

(three or more crops) with no-till or perma-

nent vegetation cool-season grasses had greater

fluorescien diacetate hydrolytic and dehydroge-

nase activities than soils under short rotation

(corn-soybean) with minimum tillage (Table

3). From 1991 to 2004, the corn-soybean,

minimum tillage system on the plots has been

managed the same way as the study field. The

proportion of water-stable soil aggregates was

associated with higher soil enzyme activity

except for the long rotation-no-till system

(Table 3). The representative enzyme activities

and water-stable aggregate analyses determined

in our survey are useful parameters for assessing

soil quality (Dick, 1997). Increased microbial

activity and the associated improved soil aggre-

gation in the cropping systems under longer

periods of continuous vegetation may reflect a

greater availability of substrates that support

such activity.

Summary and Conclusion
Nitrate leaching is a potential threat to the

glacial till aquifer, and it posed a much greater

risk of contaminating groundwater than do

herbicides in this setting. However, the con-

ventional crop management practices

employed on this field over the last 13 years

have not significantly increased groundwater

NO3-N concentrations over levels caused by

historical management. Observed increases

in groundwater NO3-N have generally been

limited to preferential flow in localized areas

of the field following summer droughts that

restricted crop growth and N uptake, leading

to high levels of residual N in the surface 

soil. This aquifer is generally less vulnerable

than others because of low soil percolation

through the claypan, especially in spring and

early summer (the time period of most

herbicide and fertilizer applications).

Herbicide,nutrient, and sediment transport

in surface runoff showed that surface water

quality impacts from conventional manage-

ment were of much greater concern than

groundwater contamination in this setting.

Over a nine-year period, the key factor con-

trolling herbicide transport in surface runoff

was the timing of runoff events relative to

application, but herbicide incorporation did

slightly reduce annual losses compared to

other field studies. The greater losses of

atrazine compared to alachlor and meto-

lachlor were mainly due to the greater soil

persistence of atrazine. Dissolved N losses in

surface runoff were primarily a function of

input mass whereas dissolved P transport was

related to input mass, annual runoff quantity,

and soil pH. Nutrient transport in runoff was

generally greater from this field than that

reported in the literature. The use of a mulch

tillage system reduced average annual soil loss

to about one-third of the historic erosion rate

for the field. However, in four out of nine

years, erosion rates were essentially equal to

the erosion factor T for these soils.

Preliminary spatial assessment indicated that

the field does not uniformly add to surface

water quality impairment. Generally, the

northern half of the field has been the most

significant source of herbicides, nutrients, and

sediment transported in surface runoff from

this field.

The soil quality parameters measured at

the adjacent cropping systems site appear to

be sensitive in detecting changes in soil func-

tion due to different management practices.

Soil enzyme activities were closely related to

the amount of continuous vegetative cover,

and water-stable aggregates were consistently

lower in cropped plots compared to perma-

nent vegetation cool-season grass plots.

These soil quality parameters may be useful in

predicting and/or monitoring changes in soil

function on this field under the newly devel-

oped precision agriculture system. Topsoil

loss and, therefore, decreased depth to the

claypan from historic erosion of the field has

been shown to limit crop productivity due to

restricted root growth and lower plant

available water in the claypan. Moreover, the

spatial variability in soil loss over the last 150

to 200 years controls the soil quality, water

quality, and crop productivity patterns cur-

rently observed within this field. Soil erosion

is the fundamental process through which the

various indicators of environmental quality

are integrated. Therefore, spatial variability in

soil erosion, or a surrogate measure such as

depth to claypan, serves as a useful template

upon which a comprehensive precision agri-

culture system can be developed.

Acknowledgements
We thank the U.S. Department of Agriculture

Cooperative State, Research, Education, and

Extension Service’s Special Water Quality Grants

programs for financial support of this research.

Thanks to Dr. L. Stanley, J.S. Absheer, W.M.

Olson, M.R. Volkmann, S.T. Drummond, K.W.

Holiman, and R.L. Mahurin for their assistance in

Table 3. Microbial enzyme activity and water-stable aggregates in a claypan soil on the cropping systems evaluation plots adjacent to the

precision agriculture system field.

Water-stable

Cropping system Year FDA* hydrolase Dehydrogenase aggregates

————— µmol product g-1 soil h-1 ————— (%)
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