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The Management Systems Evaluation 
Areas (MSEA) program was established 
in 1990 in response to growing concerns 
about the effects of agricultural practices 
on the Nation’s water resources. Scien-
tists from the U.S. Geological Survey 
(USGS), the Agricultural Research Ser-
vice, the U.S. Environmental Protection 
Agency, and State agricultural experiment 
stations conducted multi-disciplinary 
research at scales that ranged from the 
laboratory to the basin. The USGS MSEA 
research evaluated processes and factors 
that govern the behavior of agrichemicals 
in the environment, developed new tools 
for hydrologic investigations, and charac-
terized the hydrogeology and water qual-
ity of study sites.

Prevailing and modified farming systems 
were studied at 10 locations in 8 Mid-
western states (fig. 1). The sites were 
established in areas where more than 50 
percent of the land was in corn and soy-
bean production and that were underlain 
by distinct hydrogeology (Onstad and 
others, 1991). Sites examining alluvial 
settings were located in Minnesota, 
Nebraska, and Ohio; loess and glacial till 
settings were examined in Iowa and Mis-
souri (Kilpatrick, 1996).
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Most agrichemical applications are either 
fertilizers or pesticides. Fertilizers include 
the plant nutrients nitrogen (N), phospho-

rous, and potassium. Nitrogen accounts 
for the largest input of agrichemicals to 
croplands, and its use in commercial fer-
tilizers has increased 20-fold since 1945 
(Puckett, 1995; Kitchen and others, 1997). 
Pesticides include herbicides, insecti-
cides, and fungicides. In the Midwest, 

herbicides (including atrazine and 
alachlor) applied to control weeds in corn 
and soybean fields constitute most of the 
pesticide applications. Consequently, the 
fate and transport of N fertilizer and her-
bicides using various farming systems is 
of particular concern. 

Agrichemical behavior in the environ-
ment is related to the interaction between 
hydrology and the method, timing, and 
persistence of the chemical application. 
Climate, soil type, geology, and local 
farm practices affect this interaction. 
Once in the environment, the potential 
exists for complex transformations of 
agrichemicals to occur (fig. 2). 

Fertilizers and pesticides behave differ-
ently in the environment. Nitrogen fertil-
izer generally is applied to fields in excess 
of plant needs to ensure consistently high 
yields. Consequently, soils have an excess 
of N for much of the year. If the excess N 
(that part not used by crops) exists in a 
mobile phase, such as nitrate (NO3), some 
of it can be lost during runoff events or 
move below the root zone by intense or 
prolonged infiltration events. However, 
evapotranspiration often restricts most N 
fertilizer movement to the root zone dur-
ing the spring and summer. Excess N fer-
tilizer often is released in the fall and 
winter when it cannot be used by plants. 
Infiltration can quickly transport this N 
into shallow ground water.
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•Prevailing farming systems affect 

the quality of surface water, soil, 
and ground water.

•Fertilizer applied in excess of crop 
needs often is leached to ground 
water.

•Pesticide effects on water quality 
were observed more frequently in 
surface water than in ground 
water. 

•Rapid transport of agrichemicals 
from the soil surface to ground 
water often occurs through pref-
erential flow paths in both sandy 
and clayey soils.

•Vertical and horizontal flow rates 
in ground water often are slow 
enough that the effects of succes-
sive agrichemical applications 
overlap. 

•Improvements in sample collection 
and analytical methods have 
decreased the cost of future 
research.

•Stable isotopes are an effective tool 
to evaluate the movement of 
agrichemicals through the 
unsaturated zone.

•Long-term studies (a minimum of 3 
to 5 years) are required to fully 
evaluate the effects of farming 
systems on ground-water quality.
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Most herbicides, such as atrazine, are 
applied in the spring and early summer to 
inhibit weed growth. While herbicides 
can adsorb to soil organic matter, which 
tends to limit their downward movement 
in the soil profile (Komor and Emerson, 
1994), they generally are designed to 
degrade rapidly in soils. Therefore, herbi-
cide losses often occur in runoff events 
that occur shortly after application, when 
the concentrations and mobility of herbi-
cides in the soil are still relatively high 
(Soenksen, 1996). Although concentra-
tions of selected herbicides can be high in 
these initial events, total herbicide runoff 
losses typically are only a small fraction 
of the original application. However, pes-
ticides can move rapidly through soils, 
especially where soil structure includes 
preferential flow paths (Tindall and Ven-
cill, 1995). 

Desiccation cracks, worm burrows, plant 
rootlets, and variations in soil structure 
can all lead to the formation of preferen-
tial flow paths in soils. These pathways 
allow water and dissolved solutes to 
bypass the soil matrix, thus limiting 
chemical sorption and degradation oppor-
tunities, which might exist if the flow 
occurred entirely through the soil matrix. 
Agrichemical movement along preferen-

tial flow paths was observed in both 
sandy and clay soils (Kelly and Pomes, in 
press; Komor and Emerson, 1994). 
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Multiport sampling wells for use in surfi-
cial sand and gravel aquifers were 
designed and tested at the Princeton, Min-
nesota, site (Delin and Landon, 1996).    
These wells have numerous stainless steel 
sample ports that allow for vertical profile 
sampling of ground water from a single 
well. Advantages of multiport well design 
over multiple well nests include reduced 
construction and installation costs, easier 
onsite installation, increased flexibility in 
construction materials, and more discrete 
aquifer sample intervals. Multiport sam-
pling wells were used to evaluate the 
effects of various farming systems on 
ground-water quality at the Minnesota, 
Nebraska, and Ohio MSEA sites (Delin 
and others, 1995; Jagucki and others, 
1995).

Less expensive, safer, and more efficient 
onsite and laboratory methods for N iso-
tope analyses were developed and tested 
(Silva and others, 1996; fig. 3). These 
methods enabled use of an isotopically 
labeled (15N) fertilizer to trace N move-

ment through plants, soil, runoff, and the 
saturated and unsaturated zone (Blevins 
and others, 1996; Wilkison and others, 

1996). The use of isotopically labeled fer-
tilizers is important in hydrologic investi-
gations as tracers of fertilizers. A further 
modification to this technique is being 
tested on samples to determine if the iso-
topic ratios of N (δ15N) and oxygen 
(δ18O) in NO3 can reveal the sources of 
NO3 that are discharged by the Missis-
sippi River into the Gulf of Mexico (Bat-
taglin and others, 1997).
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Knowledge of travel times and pathways 
of agrichemicals in the unsaturated zone 
is crucial to understanding the effects of 
farming systems on ground-water quality. 
Stable isotope values for oxygen (δ18O) 
and hydrogen (δD) in water were used to 
trace water sources and NO3 movement at 
sites in Minnesota and North Dakota that 
are underlain by sand and gravel aquifers 
(Komor and Emerson, 1994). Spring 
snowmelt (although low in NO3 concen-
trations) recharged ground water quickly, 
in part through preferential flow paths 
(M.K. Landon, U.S. Geological Survey, 
written commun., 1998). Although travel 
times through the unsaturated zone were 
much longer than in the spring, infiltra-
tion that occurred during the summer 
flushed NO3 from fertilizer applications 
into ground water (table 1). Consequently, 
ground water often is comprised of a mix-
ture of younger and older waters. The 
most important factors controlling 
recharge and water movement at the Min-
nesota MSEA were precipitation amounts 
and intensities and the initial soil moisture 
conditions. Runoff directed recharge into 
lowland areas and caused the increased 
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transport of agrichemicals into ground 
water (Delin and others, in press). 
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The fate and transport of a single N fertil-
izer application through plants, soil, run-
off, and the unsaturated and saturated 
zones were determined for four growing 
seasons at the Centralia, Missouri, site. 
Claypan soils, which underlie the site, 
were hypothesized to restrict the move-
ment of agrichemicals from the soil sur-
face to ground water. However, N 
fertilizer moved rapidly through preferen-
tial flow paths in the soil and into the 
underlying glacial till. Most N transport 
occurred during the fall and winter when 
crops were not available to use excess N. 
Some excess N was retained in the soil 
and used by successive crops. 

Forty months after application, 33 percent 
of the fertilizer had been removed by 
grain harvests, 30 percent had been tran-
spired to the atmosphere, and 33 percent 
had migrated to ground water (fig. 4). 
Although runoff volumes were 50 percent 
greater than infiltration, less than 2 per-
cent of the fertilizer was lost to runoff. 
Small denitrification rates and large dis-
solved oxygen concentrations in ground 
water indicate that the fertilizer (in the 
form of NO3) would remain stable in 
ground water (Blevins and others, 1996). 

The results for a site with a clayey soil 
were comparable to those from a sandy 
soil. As at the Minnesota site, the predom-
inant N transport pathways at the Mis-
souri site appear to be plant uptake and 
leaching to ground water. However, the 

6CDNG����/KPKOWO�CPF�OCZKOWO�VTCXGN�VKOGU�KP�VJG�WPUCVW�

TCVGF�\QPG�HQT�YCVGT�TGEJCTIGF�DGPGCVJ�EQTP�HKGNFU�CV�VJG�2TKP�

EGVQP��/KPPGUQVC��UKVG�FWTKPI����� ����DCUGF�QP�EJCPIGU�KP�

δ��1�XCNWGU
[<, less than]

5CORNG�VKOG /KPKOWO /CZKOWO

Spring snow-
melt, 1993

<1 week–
2.5 months

4–7 months

Summer infil-
tration, 1993

3.5–6 months 7–12 months

Spring snow-
melt, 1994

<5 days–
1.5 months

1.5–4.5 months

Summer infil-
tration, 1994

1.5–2.5 months 6–12 months

peak mass of NO3 moved to ground water 
faster under sandy soils (18 months) than 
for clayey soils (40 months). 
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Multi-disciplinary research initiatives 
such as the MSEA program combine 
knowledge of agrichemical fate and trans-
port processes with a thorough under-
standing of the site hydrogeology. Surface 
and ground water at the Ohio site, for 
example, was shown to be highly inter-
connected. Flow paths between the out-
wash aquifer and adjacent streams often 
reverse during periods of high stream 
flow (Jagucki and others, 1995). The peri-
odic inflow of surface water to the aquifer 
created a zone of oxidation in shallow 
ground water that was characterized by 
elevated NO3 concentrations. At greater 
depths, the aquifer chemistry changes and 
naturally consumes and decreases NO3 
contamination.

Research at the Iowa MSEA site demon-
strated that most NO3 in streams at the 
site originates as ground water, whereas 
the bulk of the herbicide load is trans-
ported by surface runoff (Soenksen, 
1996). Herbicides in surface water 
migrate to ground water as streams lose 
water to the underlying alluvial aquifer 
(Buchmiller, 1995). 

Current and historical water-level data at 
the Nebraska site indicated the shallow 
aquifer (used for crop irrigation) to be in 
long-term, dynamic equilibrium (Kil-
patrick, 1996). A ground-water flow 
model of the site aided the design and 
interpretation of ground-water sampling 
of the aquifer (McGuire and Kilpatrick, 
1998). Adequate evaluation of the effects 
of farming systems on ground-water qual-
ity was based on this information.
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The MSEA program brought many Fed-
eral and State agencies in a collaborative 
research partnership to better understand 
agricultural environmental issues. The 
length of many of the studies (3 to 5 
years) afforded examination of complex 
issues. One of the cornerstones of the pro-
gram was education. The USGS scientists 
worked closely with extension personnel 
and conveyed interdisciplinary research 
findings to farmers and resource manag-
ers through newsletters, workshops, and 
farm field days (Cooper and others, 
1995). 
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Assessment of farming systems requires a 
thorough understanding of hydrology 
because agrichemicals affect surface- and 
ground-water quality differently. Travel 
times and pathways from the soil surface 
to ground water vary considerably. 
Ground water often contains a mixture of 
recent and older water that makes source 
analysis difficult. Surface- and ground-
water interactions also may occur. The 
USGS MSEA research identified many of 
these processes and improved the under-
standing of the environmental implica-
tions of farming systems on water 
resources.

Nitrogen fertilizer applied in excess of 
crop needs can reside in soils for several 
years. Elevated NO3 concentrations in 
surface and ground water result from suc-
cessive fertilizer applications that overlap 
and saturate ecosystems with N. Chemi-
cal conditions in aquifers can favor long-
term stability of N in ground water (Mis-
souri site) or can moderate N concentra-
tions through consumptive reactions 
(Minnesota and Ohio sites). Elevated 
NO3 concentrations in ground water can 
persist from years to decades (Kitchen 
and others, 1997). 

Enhanced N fertilizer management is 
needed to improve the nutrient efficiency 
of crops and prevent degradation of water 
quality. To minimize negative environ-
mental effects, N fertilizer recommenda-
tions should incorporate realistic site-
specific yield goals; apportion N credits 
from manure, legumes, or irrigation 
returns applied to cropland; and account 
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for variations in soil fertility across the 
landscape. Farming systems that decrease 
N application rates, split fertilizer appli-
cations, increase fertilizer recovery effi-
ciencies, or immobilize N during winter 
recharge also would help to decrease the 
risk of N-saturated ecosystems.

Herbicides are most likely to affect runoff 
that occurs shortly after agrichemical 
application. Initial concentrations of her-
bicides in runoff can be high and detec-
tions frequent throughout the year. 
However, the amount of herbicide loss to 
runoff generally is only a small part of the 
total amount applied. Herbicides were 
infrequently detected in ground water 
beneath crop land. Reduction in the envi-
ronmental effects associated with herbi-
cide use involves integrated pest 
management. Integrated strategies 
include tillage and crop rotation patterns 
that decrease the need for herbicides or 
decrease surface runoff, irrigation water 
management, the use of biological con-
trols and grass buffer strips, crop monitor-
ing to ensure that pest control methods are 
implemented at key times in the pest life 
cycle, and employment of control strate-
gies only when crop damage exceeds 
established economic thresholds.

—By Donald H. Wilkison
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For more information on technical reports and 
hydrologic data related to programs in the 
Missouri District, please contact:

District Chief
U.S. Geological Survey
1400 Independence Road, MS 100
Rolla, Missouri 65401
(573) 308-3664

Additional information on other U.S. Geologi-
cal Survey programs in Missouri can be 
obtained by accessing 
            http://mo.water..usgs.gov
on the World Wide Web.
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