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Foreword 

The following papers were presented at the Water Quality Conference on February 1, 

1991 at the Holiday Inn Executive Center in Columbia, Missouri. The conference was 

sponsored by the Center for Water Quality of the College of Agriculture, Food, and 

Natural Resources and the Water Resources Research Center of the University of 

Missouri-Columbia in conjunction with Agriculture Science Week. The research studies 

included in the proceedings were supported in part by grants from the Missouri 

Agricultural Experiment Station Water Quality Special Grant Program. 

On behalf of the Center for Water Quality, I would like to express appreciation to 

those who presented their research at the Conference and who contributed to the 

proceedings. Requests for copies of this report should be directed to the address listed 

below. 
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Stephen H. Anderson, Coordinator 
Center for Water Quality 

146 Mumford Hall 
School of Natural Resources 
University of Missouri-Columbia 

Columbia, MO 65211 





THE ROLE OF AGROFORESTRY IN WATER QUALITY: 
OUR ONGOING RESEARCH PROGRAM 

Gray S. Henderson, John Krstansky, and Dan Ramsey 
School of Natural Resources 

University of Missouri, Columbia 

INTRODUCTION 

The University of Missouri College of Agriculture, Food and 
Natural Resources has recently initiated research on the role 
agroforestry might play in the management of water quality 
problems. Specifically, researchers from the School of Natural 
resources in cooperation with the UMC Greenley Research Center 
and the Missouri Departments of Natural Resources and 
Conservation are investigating the possible beneficial effects 
that agroforestry may have on decreasing erosion, nutrient runoff 
and pesticide runoff in agricultural areas. This is research 
which is just being initiated in plot and experimental watershed 
studies. The purpose of this paper is to outline our research 
approach and future experimentation. 

The Agroforestry Concept 

The basic concept of agroforestry is to intersperse 
agricultural crops with trees. It is not a new concept as it has 
been used in the tropics for a long time. In reality, we are 
borrowing from the tropical experience. Some types of 
agroforestry practiced in the topics are: 

1. Cultivation of coffee plants under shade provided by 
various tree species. Products additional to the coffee 
include firewood and lumber from the shade trees when they 
are periodically harvested. 

2. Cultivation of high value crops such as black pepper 
using leguminous trees which fix nitrogen as support for the 
pepper vines. In addition to support, the trees are also 
harvested for firewood or animal forage. 

3. Intensive culture of row crops such as beans, maize, or 
vegetables between closely spaced rows of leguminous trees. 
The tree foliage is periodically lopped off and added to the 
soil as mulch. In this way nitrogen fertilization is 
accomplished as is the recycling by the deep-rooted trees of 
other nutrients from deep in the soil to supply the row 
crops. From a water quality perspective, the trees are 
intercepting nutrients moving in soil water which otherwise 
would be destined for leaching into ground water. 
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There has been much less utilization of agroforestry in 
temperate zones. Where it is being used, it is usually in 
conjunction with either grazing or various row crops. The latter 
application is sometimes referred to as multicropping. The 
University of Missouri probably has the oldest agroforestry 
research program in the United States. Gene Garrett and Bill 
Kurtz, School of Natural Resources, in cooperation with Hammonds 
Products Company, Stockton, MO, have been studying the 
silviculture and economics of combinations of various agronomic 
crops with either eastern black walnut or pecan for 15 years 
(Garrett and Kurtz, 1983). 

Those of us involved in agroforestry research have often 
postulated that agroforestry should be effective in reducing the 
adverse impacts of agriculture on water quality. Specifically, 
we see potential benefits in three areas. 

1. Agroforestry should reduce erosion and sediment 
transport to streams through the sediment trapping ability 
of the forested strips . After all, agroforestry can be 
viewed as a form of strip cropping which has been employed 
in erosion control for decades. 

2. Agroforestry should reduce the movement of nutrients to 
streams and ground water. This would occur through enhanced 
interception and uptake by tree roots of the soil water in 
which nutrients are transported and through greater 
infiltration and retention of surface runoff in the forested 
strips. 

3. Agroforestry should reduce herbicide and pesticide 
movement by trapping and immobilizing them and their 
decomposition products in the forested strips. The greater 
organic matter in the strips should also increase the 
breakdown of these chemicals . 

It should be emphasized that these are postulated benefits. 
To date, research has not been conducted that demonstrates or 
quantifies these benefits. Our research program is attempting to 
quantify these benefits in order to answer the questions of 
agroforestry's effectiveness in controlling water quality 
problems. 

Are the claims of beneficial influences correct? 

Is agroforestry a viable practice when protection of water 
sources from sediment, nutrients, herbicides and pesticides is a 
goal? 

We don't have answers to these questions yet. out research 
in this area is just beginning and this research is the subject 
of this paper. 
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Seat Demonstration Area - Worth County 

At the Missouri Department of Conservation's Seat 
Demonstration Area we have been conducting agroforestry research 
since 1987. At this site our objectives are: 

1. Quantify the amount of erosion control offered by 
agroforestry. 

2. Compare the relative effectiveness in erosion control 
among five different combinations of trees and grasses when 
planted in strips on the contour. 

This research is being conducted with two intercrops, corn 
and soybeans. The crop strips are 25 feet wide and the 
grass;tree strips are 15 feet wide and laid in on the contour of 
a 10-12% slope. The five treatments are 1) walnut with 
orchardgrass and red clover, 2} walnut with warm season grasses, 
3) walnut without grass (to separate the effects of the trees 
from the grass), 4) sycamore (for possible use as a biomass 
energy source), and 5) Scotch pine (Christmas trees). The walnut 
are planted eight feet apart in a single row. The pine and 
sycamore are planted in three rows five feet apart and five feet 
apart within the rows. 

Fabric dams are being use to trap and measure sediment 
movement. Dissmeyer (1982). Within each replicate two traps are 
located on the upslope edge of the grass/tree strips to measure 
sediment input into the strip from the intercrop. On the 
downslope edge of each treatment another sediment trap is placed 
to measure the amount of sediment moving through the strip, and 
therefore by difference we can calculate the amount of material 
retained or trapped within each treatment. 

Our main conclusion to date is "If it doesn't rain, soil 
erosion doesn't occur!" We picked the worst possible time to 
initiate this study. In the 18 month period encompassing the 
1988 and 1989 growing seasons the Seat received only 18 inches of 
precipitation as compared to the normal expected precipitation of 
50 inches. In addition to not generating soil erosion the 
drought also caused problems with tree survival and grass 
establishment. 

This study is continuing. In 1990 we again tried to 
establish the treatments and the early results, with the 
exception of the warm season grasses, look good. Tree survival 
is high and the cool season grasses are doing well. We have 
taken an added precaution to protect the trees from deer browse; 
they are now encased in five-foot Tubex, plastic cylinders which 
offer protection and a greenhouse-like environment around each 
seedling. 
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Greenley Research Center - Knox County 

our research at this site is just beginning. In fact, we 
have yet to take the first measurement. Our objective is to 
quantify the movement of soil (erosion), nutrients and herbicides 
from conventionally cropped and agroforestry watersheds in order 
to document the effectiveness of agroforestry systems. We are 
using an experimental watershed approach that involves gauging 
representative watersheds with flow measuring structures (flumes) 
and equipping them with water samplers in order to sample runoff 
for analysis of its sediment, nutrient and herbicide 
concentration. 

We will be using three watersheds in this study ranging in 
size from 7 to 10 acres. One of the three will serve as a 
control, cropped with a rotation of corn and soybeans; a second 
will be managed with an agroforestry system with treejgrass 
strips on the contour and corn and soybeans as intercrops; and 
the third will be similar to the second but without the trees 
(only grass strips) in order to separate the influence of the 
trees from that of the grass. 

In experimental watershed studies the discharges of water 
(sediment, nutrients, or herbicides) from the treatment 
watersheds are compared to those from the control and differences 
are then attributed to the "effect" of the treatment (Figure 1) . 
In this case we are . postulating that the agroforestry system will 
reduce the discharge of sediments, nutrients and herbicides. 
However, different watersheds will display different discharge 
patterns due to natural variation in size and other topographic 
variables. In order to establish the baseline relationships 
between two watersheds a calibration period is essential to the 
experiment. During this calibration period the relationship 
between the discharges of two watersheds are established when 
they are cropped under the same control condition. This 
calibration is illustrated in figure 1. For a period of time 
(two to three years), data on discharge are collected from the 
watersheds and compared to each other (Fig. la). After 
sufficient calibration data are collected (dependent on 
precipitation and runoff events) a statistical regression 
relationship is calculated which compares the discharge from the 
watershed that is to be treated to that from the control 
watershed (Fig. 1b). It should be stressed that during the time 
these data are being collected both watersheds are managed in a 
"control" condition, in this case cropped in a corn - soybean 
rotation. 

After a satisfactory calibration is obtained the treatments, 
in this case agroforestry or grass strips, are then installed on 
the "treatment" watershed. Discharge measurements are continued 
on both the treatment and control watersheds. From the control 
watershed discharge data, the discharge from the treatment 
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watershed, as if it was still in the control condition, can be 
predicted (Fig. 1c). This predicted discharge is then compared 
to the actual measured discharge from the treated watershed and 
the difference is attributed to the "treatment". If the 
treatment had "no effect" then the predicted and measured 
dis~harges would be the same and the difference 0. This 
procedure is continued throughout the experiment and the 
resulting data on differences (Fig. 1d} are statistically 
compared to 0. If difference values are positive (above the 
regression line) it means the treatment resulted in an increase 
in discharge relative to the control. If the difference values 
are negative (below the regression line), the treatment resulted 
in a decrease in discharge. 

The specific agroforestry system we plan to implement at the 
Greenley Center will be adapted to the soil and topographic 
conditions at the site. The tree species currently under 
consideration are walnut, pecan, sycamore and chestnut. The 
grasses will include both warm and cool season varieties. 

In addition to the total watershed discharge measurements 
that are being made, additional detailed st·udies (utilizing soil 
water samplers and neutron access tubes) will be conducted within 
the watersheds in order to provide data useful for determining 
and modeling the flow paths of nutrients and herbicides within 
the watersheds. These data will be utilized to assess the 
relative potential impacts, and potential amelioration 
of impacts, that conventional agriculture and agroforestry have 
on quality of ground water as well as surface runoff. 

LITERATURE CITED 

Dissmeyer, George E . 1982. How to use fabric darns to compare 
erosion from forestry practices. Forestry Report SA-FR 13. 
Southeastern Area State and Private Forestry. U.S.D.A. Forest 
Service. 1720 Peachtree Road, N.W., Atlanta, GA 30367. 

Garrett, H. E. and W. B. Kurtz. 1983. Silvicultural and 
economic relationships of integrated forestry-farming with black 
walnut. Agroforestry systems 1:245-256. 
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Potential Reduction in Surface and Subsurface Losses of Agricultural Fertilizers 
from Claypan Soils Under Ridge Tillage Management 

W.H. Neibling, A.L. Thompson, D.L. Pfost and E.E. Alberts 

INTRODUCTION 

Responsible stewardship of our soil and water resources requires proper 
management of chemicals used in agricultural production. Development of 
alternative tillage practices and chemical placement methods has potential for 
both increased crop yields and reduced chemical movement from the point of 
application. Data from 6 years of nitrogen placement research on continuous no
till corn have shown a measurable yield advantage for subsurface placement over 
either surface broadcast or dribble treatments on soils at Columbia, Novelty and 
Corning, MO (Dr. Daryl Buchholtz, Agronomy Department, UMC, personal 
communication). 

Conceptually, the use of ridge tillage and the placement of fertilizers only in 
the ridge area should reduce the loss of N and P by surface and subsurface 
processes. With runoff concentrated in the furrow area but fertilizers placed 
only in the higher ridge area, the opportunity for loss in runoff or deep 
percolation should be reduced, particularly if fertilizers are placed in a 
subsurface band rather than surface applied. 

Surface and subsurface hydrology of ridges in claypan soils is much different 
than that of the deep well-drained loess soils that have been previously studied. 
Because of the low permeability (and therefore higher runoff potential) of 
claypan soils, loss of dissolved and sediment-bound nutrients in runoff could be 
greater than with similar topography deep loess soils. However, in ridge 
tillage, the presence of crop residues in the furrow area has been shown to 
reduce the loss of sediment -bound P, relative to losses from conventional 
tillage, both on high-clay soils (Stein et al., 1986) and on silt loam soils 
(Mcisaac et al., 1989). Loss of Alachlor (Lasso 4E) and Terbufos (Counter lSG) 
in surface runoff was also lower for ridge tillage than for conventional tillage 
on a well-drained Tama silt loam soil (Kenimer et al, 1989). 

Subsurface loss of nutrients from the ridge area should be lower in claypan soils 
than in deep loess soils because of the much lower permeability of the claypan 
soils. With fertilizers placed only in the ridges, subsurface nutrient movement 
within cracks on the claypan soils should also be minimized since most flow will 
be in the furrow area. 

OBJECTIVES 

The overall objective of this research is to determine the surface and subsurface 
water quality response of a claypan soil to tillage practice and fertilizer 
placement method. Specific objectives include: 
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1 . Measurement of N and P losses from surface runoff and sediment leaving 
tillage/fertilizer placement treatments exposed to simulated rainfall 
immediately after fertilizer application. 

2. Measurement of subsurface movement of N from each tillage/placement 
treatment under natural rainfall conditions . 

3 . Based on measured soil characteristics and subsurface movement data, 
determine the risk of nitrate movement to the groundwater from each 
tillage/fertilizer placement treatment by using an existing nutrient 
transport model and local weather data. 

MATERIALS AND METHODS 

Approximately 0.6 cubic meters (20 cubic feet) of Mexico silt loam surface soil 
was obtained from an area adjacent to the ERASE plots at the University of 
Missouri South Farm. Care was taken to ensure that the soil collected was from 
the A horizon and did not contain any claypan materia l. The soil was si ev e d 
through a 2-mm screen, air dried and stored until needed. This procedure was 
used to assure uniformity of erosion results from run to run (Neibling, 1984) and 
allows the soil to be stored for prolonged periods of time in a granular form to 
prevent re-aggregation during storage . 

Subsurface movement of infiltrated water into an initially dry soil was measured 
by filling a 0. 9 m wide, 0 . 6 m tall, 14 em thick plexiglass box with soil, 
packing to a density of 1.2 gjcubic em, and applying simulated rainfall at the 
rate of 12.4 cm/h for a 30-minute period . The initial soil surface was either 
flat, or formed to the "average" shape of furrow produced by a Buffalo ridge till 
cultivator equipped with ridging wings. Initial soil surface shapes are shown 
as the top lines in Figure 1 and 2. 

For each experiment run, the soil was carefully placed in the box and filled to 
the desired surface shape. Care was taken to avoid segregation of the soil into 
large and small particles. A uniform areal distribution of soil particle sizes 
was necessary to ensure uniform infiltration and percolation properties. A set 
of 4 aluminum rings of known volume were placed in the soil just below the soil 
surface to determine the bulk density of the soil in the box. 

Rainfall was applied at 12 . 4 cm/h for 30 minutes using an oscillating-nozzle 
rainfall simulator of the design described by Meyer and Harmon (1979). This 
rainfall rate was achieved by oscillating the nozzle continuously, with each 
point on the plot being wet approxima'tely once every 0. 5 second. Lower 
application rates are achieved by pausing nozzle oscillation on either side of 
the plot for a specified delay following each pass of rainfall across the plot. 
A Spraying Systems 80100 Vee-jet nozzle, commonly used on rainfall simulators for 
erosion studies, applied raindrops with approximately 80% of the energy of 
natural rainfall . Since this energy level is close to that of natural rainfall, 
formation of the surface seal and resulting temporal changes in infiltration 
characteristics should be similar to that observed under natural conditions . 
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A series of 35-mm slides, taken at intervals during each run, enabled the 
downward rate of movement of the wetting front to be determined . Rainfall was 
stopped for approximately 20 seconds to take each picture and was then resumed. 
Additional pictures were taken at 10-minute intervals from the time rainfall was 
stopped until ponded water in the test box had infiltrated and the wetting front 
profile had stabilize. Slides were projected and hand-digitized to obtain the 
shape of the wetting front at each measurement time. 

Sediment samples obtained from the same soil under 6.4 cm/h simulated rainfall 
were analyzed for undispersed size distribution using a Microtrac size analyzer. 
This represents the distribution of sediment sizes in runoff . This t yp e of 
sediment information is necessary to predict the fraction of eroded sediment that 
may be removed from runoff by deposition on the landscape. 

RESULTS 

Observation of the soil surface elevation at points on the ridgetop where no 
erosion occurred suggested that consolidation of the soil during the run did not 
appear to be a problem. Therefore, digitized wetting front profiles were assumed 
to measure the actual depth of wetting . Initial soil surface profiles and 
wetting front profiles are shown in Figures 1 and 2 for the ridge-till and flat
tilled profiles at a series of times following the start of rainfall. 

Ridge-tilled wetting front profiles : 

In Figure l the difference in wetting front advance between the ridge and furrow 
area is evident. Depth of wetting was essentially constant until water began to 
pond on the furrow bottom at approximately 20 minutes. After that time, 
differential wetting occurred, with deeper wetting in the furrow area and 
shallower wetting in the ridge area. Final wetting depth in the ridge was 
approximately 7.9 em and 17 em in the furrow area. Total volume of wetted soil 
was 1447362 cubic em. This resulted from rainfall application of 6.2 em of water 
or 781,200 cubic em of rainfall. Percent porosity then equals lOO*volume of 
voids (781,200 cubic cm)/total volume (1447362) or 54 . 0 %. 

Flat-tilled wetting front profiles : 

Flat-tilled wetting front profiles with time are shown in Figure 2. Depth of 
wetting was roughly constant with time and location across the test box . Only 
a thin film of water was present on the soil surface at any time. Surface water 
disappeared within 5 minutes after the stop of rainfall and the wetting front 
advance stabilized within 30 minutes after rainfall stopped. Average depth 'of 
wetting was 13.2 em, which was deeper than the wetting on the ridge area of the 
ridge-till profile . Total volume of wetted soil was 1476720 cubic em. Percent 
porosity was then 100*(781,200 cubic cm)/(1476720), or 53.0 %. 

Depth of wetting is 5.3 em less, or 40% less for the ridge area than for a flat 
tilled area exposed to the same rainfall. In an actual field situation, the 
depth of wetting in the furrow area would probably be less because most runoff 
would drain from the furrows within 10-20 minutes, not the 90 minutes that water 

was ponded in this furrow. 
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Undispersed sediment size distribution: 

To adequately mathematically model the transport and deposition within a field, 
and the sediment yield from the field, data on the undispersed sediment size 
distribution of the eroded soil particles are required. For example, sediment 
composed primarily of coarse sand would deposit within the field at the first 
reduction in transport capacity produced by increased surface roughness or 
reduction in slope steepness. In contrast, sediment composed mostly of fine 
material would be more difficult to remove from the flow by deposition, giving 
a greater chance of downstream water quality degradation. Distribution of the 
undispersed sediment sizes is shown in Figure 3. 

DISCUSSION 

From a similar ridge-till study in NW Ohio (Stein et al., 1986), almost all 
sediment larger than 35 urn was removed by runoff movement through the cornstalk 
residue in the furrow area . If this were the case for the sediment size 
distribution in Figure 3, nearly 55% of any sediment eroded from the ridge area 
would be deposited in the crop residue in the furrow. Additionally, runoff from 
the ridge till plot contained less than half as much 2-10 urn sediment as runoff 
from an adjacent ridge tilled plot with the residue removed, suggesting that crop 
residue was also effective in reducing the sediment load of finer material. 

Sediment and runoff were sampled for both total and soluble phosphorus (Defiance 
SWCD, 1983). Total phosphorus losses were highly correlated with soil loss and 
were therefore much lower for the ridge till plots than for either the ridge till 
plots with residue removed or the moldboard plow/disk treatment. For example, 
soil losses from an initially dry soil were 3.36, 0.44, and 1 . 84 Mg/ha/h for the 
ridges with residue removed, no-till ridges, and moldboard plow/disk treatments 
respectively . Corresponding total phosphorus concentrations in runoff were 5.3, 
1. 7, and 5. 7 mg/1, indicating that ridge tillage with the residue in place 
reduced both soil and total phosphorus losses relative to either bare ridges (no 
residue) or conventional moldboard plow/disk tillage. 

These NW Ohio results and the soils data collected from the Mexico soil near 
Columbia suggest that ridge tillage on the Mexico and similar soils has 
considerable potential for reducing nonpoint source pollution of surface waters 
by sediment and associated nutrients. Initial laboratory results suggest that 
because of the surface geometry of the ridge/furrow configuration, fertilizers 
or other agricultural chemicals placed in the furrow area are less likely to be 
lost to deep percolation, and therefore less likely to contribute to groundwater 
pollution. 
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Role of biological factors in pesticide 
degradation in soil 

G. A. Buyanovsky 
The School of Natural Resources 
University of Missouri-Colu.mbia 

Pesticides in the soil are subjected to many destructive processes, both biological and 
nonbiological. In most cases, microbial activity is a more important factor in the degradation of 
a pesticide than any physical or chemical mechanism. 

Some pesticides represent an energy source for microorganisms. Pesticides, in this 
case, are metabolized and transformed into C02 and other inorganic compounds which are 
usually non-toxic. In this process, microorganisms satisfy their requirements for growth and 
energy. Pesticides can also be transformed by indirect effects of microbes on the chemical or 
physical environment. In this case, a pesticide does not serve as an energy source but is 
destroyed due to the presence of an enzyme produced by microorganisms for other purposes. 
This process, called cometabolism, generally does not result in extensive degradation of 
pesticides. Destruction of a toxic compound by cometabolism usually is carried out by a group 
of different microorganisms when products of one organism can be used as a substrate by 
another. 

There is another route of pesticides' dissipation in nature. Chemical uptake by plants is 
known to be a major source of organic contaminants in the food chain. Pesticides have been 
found to accumulate in grain crops, natural vegetation, pine needles, and even in tree bark 
(Paterson et al., 1990). Absorbed by roots or green parts of such crops as corn, soybeans, or 
wheat, pesticides are metabolized and/or translocated within the plant. The so-called terminal 
residues accumulated in the field crop biomass (post-harvest plant residues) can be released to 
the soil. There are no reliable data, however, on the amount of pesticides absorbed this way nor 
of their ecological fate. There are reasons to suspect that they may represent a vast pool of 
biologically active chemicals. 

The Soil Microbiology and Biochemistry Laboratory of The School of Natural Resources 
has been involved in degradation studies for several years. In 1986-87, a study of degradation 
of fungicide captan under laboratory conditions was carried out (Buyanovsky et al., 1988). In 
this experiment, we found that during two months of incubation, 25-30% of the captan-C was 
released from the soil. Crop residues slightly increased degradation of the pesticide. Despite 
the general assumption that fungicide undergoes rapid biological transformations (Knackmuss, 
1981 ), we found up to 64% of captan in an extractable form after two months of incubation. 

Persistence of pesticides in soils depends upon many factors such as soil type, 
temperature, organic matter, and moisture content. All of these factors also define soil 
biological activity, i.e. the number and diversity of microorganisms. 

Within the same soil profile, the highest biological activity is usually observed in the · 
upper 20 em (plow layer). The microbial population in deeper parts of the soil profile is 100 
or even 1 000 times smaller (Alexander, 1977). Thus, the persistence time for pesticides 
penetrating to the deeper parts of the soil profile could be much longer. It is very important to 
know how pesticides will behave in the lower soil, if they will be transported there by water 
through cracks and crevices. These mechanisms of pesticide movement are quite possible in 
many Missouri soils with a high clay content. About 20% of the land area in the state is 
occupied with soils with a high shrink-swell potential in which downward movement is possible 
through large, continuous voids between soil aggregates. These soils are commonly used for row 
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crop production, and sometimes under no-till which requires additional applications of 
pesticides. 

To explain the fate of pesticides in the deeper part of the profile, we carried out an 
experiment with 14C-Iabeled carbofuran. Soil samples for this experiment were taken from 
different depths. The samples were incubated with carbofuran bearing a radioactive carbon 
(14C) label in the laboratory for six months. 14COz released by microorganisms in the process 
of carbofuran metabolism was measured every week. The activity of the microorganisms in 
each soil horizon could then be assessed. 

Table 1. Distribution of carbofuran after 5 months of laboratory incubation. 

Soil 
depth, 
em 

0- 1 0 

1 0-2 0 

50-6 0 

90-100 

Degraded 
and released 

as C02 

43 . 1 

N/A 

8.5 

N/A 

Extracted as 
hydroxy-

carbofuran carbofuran 
Non-extractable 

residues 

% of initial - - - - - - - - - - - - - - - - - - -

0.2 <0.1 42.5 

4.6 <0 .1 22.8 

30.7 <0.1 32.0 

40.3 <0.1 34.2 

We found that the degrading activity of microorganisms in the upper soil layer 
(0-20 em) is 5-6 times greater than in the lower part of the soil profile (below 50 em) 
(Table 1 ). As one can see from Figure 1, microorganisms need time before they can use 
carbofuran as an energy source. Presumably, a specific group of microorganisms able to 
proliferate on this exotic source of organic carbon was developing rapidly during the first 
several weeks of incubation. In upper layers, with a high content of organic material and very 
active microbial populations, this "adjustment" time was comparatively short (about 2-3 
weeks). Organisms from the lower part of the profile needed at least 50 days to develop 
measurable ability to metabolize carbofuran, but even after this, their metabolizing activity 
was much lower. As a result, the total amount of 14C-Iabel from carbofuran degraded in the soil 
from the lower layer was much smaller than in the soil from the upper 0-10 em (Fig. 2) . 

By the end of the experiment, a small amount of easily available organic carbon in the 
form of a simple sugar (glucose) was added to the soil. It was done to intensify biological 
processes. Daily production of C02, which characterizes the general activity of 
microorganisms, increased sharply for a short time (2-3 days). The degradation of carbofuran 
also increased but at a much smaller rate. 

It was also found that the number of carbofuran-degrading organisms in the upper part 
of the profile was 1 0-100 times greater than in the lower part. Activity of organisms isolated 
from the upper layers is much higher (R. Kremer, personal communication). 

All of this shows that if a toxic compound passed through the upper, biologically active 
part of the soil via cracks, crevices, or any other kind of voids, its chance to reach ground water 
increases dramatically. The lower part of the soil profile, due to the very low content of organic 
matter and extremely weak biological activity, cannot dissipate pesticides and other toxins at 
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the same rate as the upper, plow layer does. Persistence of carbofuran, for instance, is 3-5 
times greater at the depth of 1 m than in the surface soil. 

References 

Alexander, M. 1977. Introduction to soil microbiology, 2nd ed. J. Wiley, New York. 

Buyanovsky, G. A., G. J. Pieczonka, G. H. Wagner, and M. L. Fairchild. 1988. Degradation of 
Captan Under Laboratory Conditions. Bull. Environ . Contam . Toxicol. 40:689-695. 

Knackmuss, H. J. 1981. Degradation of halogenated and sulfonated hydrocarbons. 1n 
T. Leisinger, A. M. Cook, B. Hutter, and J. Nuesch (ed.) Microbial degradation of xenobiotics and 
recalcitrant compounds. Pp. 190-212. Academic Press, London. 

Paterson, S., D. Mackay, D. Tam, and W. Y. Shiu. 1990. Uptake of Organic Chemicals by Plants: 
a Review of Processes, Correlations and Models. Chemos., Vol. 21, 3:297-331. 

17 



INTEGRATED WETLAND - SOIL SYSTEM 
FOR ON-SITE WASTE DISPOSAL 

D.M . Sievers, R.J. Miles, C. J . Starbuck 
College of Agriculture 

University of Missouri - Columbia 

INTRODUCTION 

Officials in the Missouri Department of Health (DOH) estimate that 30 
percent of all housing units representing 750,000 people in the state utilize on
site sewage disposal. Several surveys within the state suggest that 70 percent 
or 150,000 on-site systems are not working properly . This number of systems 
represents approximately 60 million gallons of sewage per day that has a 
potential to pollute the state's surface and groundwater (1) . In its proposed 
groundwater protection strategy report, the Missouri Department of Natural 
Resources (DNR) lists septic tanks as a major pollution concern (2). 

Problems of on-site sewage disposal in Missouri are compounded by the wide 
variation of soils and geological formations in the state. Shallow aquifers of 
NW Missouri are vulnerable to nitrate pollution (3) and the poorly drained 
claypan soils of NE Missouri often result in surface seepage to surface wa ters 
(4). The Ozark areas south of the Missouri River exhibit steep slopes, shallow 
soils, fragipans, large volumes of coarse fragments and karst geology . The 
potential for groundwater pollution is increasing in this area due to a growing 
population of retirees and increased tourism (5). 

An alternative to the conventional septic tank-soil absorption field is 
needed that will provide for proper public health, protect water quality and te 
economically affordable 

CONSTRUCTED WETLANDS 

The small constructed wetland system is an economical alternative for 
treating on-site wastes. It is able to produce an excellent quality effluent 
from septic tank effluent. However, Missouri state law prohibits discharges from 
on-site domestic systems. All effluents must remain on the owner's property. 
We propose to link the wetlands concept to the more traditional soil absorption 
field. During the growing season (6-7 months) most of the water and many 
nutrients will be taken up by the plants in the constructed wetland providing a 
rest period for the soil. During the winter months when the wetland provides 
reduced treatment, the soil absorption field will have the capacity to receive 
and treat the effluent . This would allow the continued use of the economical 
septic tank system in marginal soil or geological areas while ensuring water 
quality protection. 

RESEARCH PROGRESS 

Five small submerged rock wetlands (30 . 5 m X 0.61 m X 0.46 m deep each) 
were constructed in a claypan soil (Mexico-Fine, montmorillonite, mesic Udollic 
Ochraqualf) on the University of Missouri's South Farm near a lightly loaded 
animal waste lagoon. The lagoon effluent is being used to simulate septic tank 
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effluent (anaerobic treatment and solids settlement) . The use of lagoon effluent 
will be a worst case situation in that it is more nutrient rich than domestic 
homesite sewage. 

Each wetland is filled with 30 em of 5 em diameter limestone rock topped 
with 15 em of 1 em diameter river rock (Figure 1). The water level is maintained 
to the top of the limestone rock . The river rock helps hold the plants and 
provides an aesthetically pleasing appearance. This design eliminates an open 
water surface which may be dangerous to children or pets and which may contribute 
odors. 

Eight species of aquatic plants were placed into the wetlands in July of 1990 : 
Cattail (Typha latifolia), Pickeral Rush (Pontederia cordata), Water Iris ( Iris 
pseudacorus), Horsetail (Equisetum hyemale), Arrowhead (Sagittaria latifolia) and 
Bull Rush (Scirpus lacustris), Soft Rush (Juncus effusus), and Flowering Rush. 
These plants were selected for their ability to grow in a wetland environment and 
for their ornamental effects. Two species are planted in each wetland. A fifth 
wetland contains no plants and serves as a control to assess the effectiveness 
of the plants to remove nutrients from the effluent . While some of the species 
selected grew less vigorously than others in the first year, an adequate stand 
of each species was achieved. 

Effluent from three of the wetlands is currently being discharged into three 
different soil absorption field configurations (conventional trench, gravelless 
trench and evaporative sand mound). Each wetland - soil system is being 
monitored for its ability to remove nutrients, coliform bacteria and other 
pollutants, for its impact on the quality of water moving down through the soil 
and for water-plant management problems over the year. 
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COMPOSTING DEAD SWINE ON THE FARMf 

Trygve L. Veum, Jeffre D. Firman, Charles D. Fulhage, 
Ronald L. Plain and Robert B. Miller 

The objectives are: 

(1) To develop a nonpolluting composting method for the sanitary 
disposal of dead swine. 

{2) To demonstrate that composting is a practical and effective 
means of reducing the biological contamination of surface 
and ground water. 

Justification 

About five million swine are produced in Missouri annually 
{MO Farm Facts, 1989). Death losses from birth to weaning 
average 20 to 25% {Gastonbury, 1977), with another 4 to 6% from 
weaning to market {Plain, 1989). Thus, these death losses 
represent about 1.2 to 1.7 million pigs from birth to weaning, 
with another .2 to .3 million from weaning to market, 
respectively. Most of these dead pigs are buried in the ground 
on the farm. An obvious result is contamination of the ground 
water andjor pollution of Missouri streams. Diseases may also be 
spread by wild animals and dogs feeding on the carcasses not 
appropriately buried. 

While burning of the carcasses is a sanitary means of 
disposal, the energy cost is high and the exhaust may contribute 
to acid rain, further compromising water quality in our streams 
and lakes. Thus it appears prudent to explore an environmentally 
sound approach to dispose of dead swine on the farm. We propose 
to develop a compost method, similar to a method developed for 
the composting of dead broilers and laying hens (Murphy, 1989a, 
b). Willson et al. (1980) have described the biological process 
of composting sewage sludge by the aerates pile method. 

awater Quality seed money ·grant funded by the College of 
Agriculture. 

Marvin D. Hoffman and Jamey R. Cline are thanked for operating 
the composting unit and collecting the data. 
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Why choose composting? 

1. It is a natural, biologically sound process. 

2. Properly done, composting generates internal temperatures of 
about 150°F which destroys pathogenic bacteria and viruses . 

3. Composting produces a · useful, inoffensive product, which may 
be applied on the land. 

4. Composting is a relatively simple, cheap and effective means 
of degrading biological material. 

Experimental Approach 

Compost Facility: 

Initially, consideration was given to constructing a compost 
shed similar to that designed for composting poultry (Murphy, 
1989 a,b) at the UMC Swine Farm. Alternatively a more modest 
approach was chosen. Two pens on the end of an old open front 
swine building at the UMC Swine Farm were utilized for this 
composting project. Each 9.5 x 24 foot pen has a solid concrete 
floor, with the rear 9.5 foot under roof. The rear wall and pen 
partitions are solid concrete to a height of 4 feet. 

Two compost bins, 3.2 x 9.5 foot, were constructed under 
roof in each pig pen. Removable dividers were made by using 
treated (CCA) boards (2" x 6")· stacked vertically. The bins are 
covered with a wire mesh gate until completely filled to prevent 
access by animals, (particularly dogs) which may scatter debris. 
The roof is essential to keep rain off the bins. Excess moisture 
will prevent air from entering the bin. 

Composting Procedure: 

Dead pigs are being composted using a procedure similar to 
that described by Murphy (1989b) and Willson (1989). Important 
requirements include: 

(1) carbon/Nitrogen ratio of 15 to 40. 

(2) Moisture content of 40 to 60%. 

(3) A pH of 5 to 12. 

(4) At least 30% free air space . 

The recipe used during the fall of 1990 was as follows: 
Layer 1. The concrete floor must have a good layer of dry straw. 

This is essential to absorb moisture and allow 
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(continued) 
sufficient air (oxygen) into the bottom of the bin. 
Ab~ut 150 pounds (three bales) of straw was added, 
wh1ch was about 5 pounds per sq. foot of floor space. 
This appears adequate for farrowing and nursery pigs. 
However, if finisher pigs or sows are added first the 
amount of straw should be increased accordingly, 
possibly by 100 to 200 pounds. 

Layer 2: Addition of dead pigs. This was done once daily when 
material was available. Leave at least 6 inches around 
the perimeter for air circulation. Spread out in a 
flat layer. 

Layer 3: Dry manure - straw mixture. Use an amount equal to the 
weight of the pigs added. 

Layer 4: Straw equal to one half the weight of the pigs added. 

This was repeated, starting with layer 2, until the bin 
was full. Composting will occur while the bin is being 
filled, which will enable the operation to continue 
adding material until the bin is full. 

Progress Report 

Two bins have been filled. The first bin filled has been 
manually transferred and relayered (inverse to original) in an 
adjacent bin. Most small pigs were composting satisfactorily. 
One sow was not composting well, which appeared to be the result 
of insufficient straw added. 

Our preliminary results suggest that the manure-straw 
mixture should be fairly dry. The straw must be dry. 

In comparison to the poultry composting formula, it appears 
that more attention must be given to avoiding the use of wet, 
sloppy manure or a wet manure-straw mixture when composting 
swine. This results from. the fact that poultry excreta is 
generally dryer than swine waste, dependent upon the amount of 
bedding (straw, etc.) used (if any). Thus, if a relatively dry 
manure mixture is not available, it may be necessary to use less 
manure and more dry straw, especially when composting market hogs 
and sows. 
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Managing Broiler Litter for Economic Profitability 

and Water Quality Protection• 

Tony Prato, Joe Vandepopuliere, Charles Fulhage and Tim Haithcoat•• 

Introduction 

Rapid expansion in broiler production in southwestern Missouri can 

increase the risk of surface and ground water contamination from land 

application of broiler litter. Southwestern Missouri is especially 

vulnerable to water contamination from broiler litter because land 

application is the major disposal method and the area has karst 

topography and large openings in the aquifer ( Env. Protec. Agency, 

1987). Contamination of water in this region could have adverse 

economic and health impacts because water-based recreation is a 

significant sector of the regional economy and groundwater is the major 

source of drinking water. 

From 1982 to 1987, the inventory of poultry (broilers, turkeys and 

layers) in Missouri's five southwestern counties (Barry, Jasper, 

Lawrence, McDonald and Newton) doubled from 6 to 12 million birds 

(Missouri Dept. of Nat. Res., 1989). Annual broiler processing capacity 

in this five-county region is expected to increase from 127 million 

birds in 1989 to 245 million birds in 1995, or 93 percent. All of this 

expansion is expected to occur in Barry County. Georges' plant in 

Butterfield, Missouri accounts for 61 percent of the new broiler 

processing capacity in Barry county. A recent report indicates that 

Barry county is in a region where groundwater has nitrate-nitrogen 

levels exceeding 3 mg/1 (Nielsen and Lee). Growth in broiler production 

in Barry county is estimated to require an additional 42,400 acres for 

land disposal of broiler litter. Currently, 46,200 acres are used for 

this purpose (Missouri Dept. of Nat. Res., 1989). 

Total land within a 25-mile radius of Georges' processing plant exceeds 

the projected acreage required for land application of litter. However, 

spatial variability in land use, soil types and hydrogeologic features 

make large portions of the available area highly vulnerable to surface 

and ground water contamination. Accounting for this spatial variability 

when determining the locations and rates of litter application would 

reduce the risk of water contamination. 

Objectives 
The purpose of this research is to develop a prototype system for 

determining the locations of broiler houses, the locations and rates of 

litter application, and the litter management practices that maximize 

the economic (fertilizer) value of the litter while minimizing the risk 

of surface and ground water contamination in a watershed near Georges' 

•This study is funded in part by the Missouri Water Resources Research 
Center and the Missouri Agricultural Experiment Station. 

••Professor, Department of Agricultural Economics, Professor, Department 
of Animal Science, Associate Professor, Agricultural Engineering 
Extension, and Senior Research Specialist, Department of Geography. 
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plant.! Shoal Creek Watershed, west of Butterfield, 
selected as the target watershed for this research. 
objectives are as follows: 

Missouri, has been 
Specific research 

1. To delineate subareas of the watershed that are suitable for land 
application of broiler litter. 

2. To determine the locations of broiler houses and the locations and 
rates of application of broiler litter removed from these houses that 
maximize the economic value of litter while minimizing the risk of 
surface and ground water contamination in the watershed. 

3. Evaluate alternative economic incentives for stimulating the adoption 
of economically efficient and environmentally acceptable broiler house 
densities, litter application rates and litter management practices. 

Related Previous and Current Research 
Few studies have attempted to identify economically 
environmentally acceptable broiler house locations 

efficient and 
and litter 

application rates, locations and management practices for a watershed. 
Several studies have analyzed aspects of this problem. D 'Itri and 
Walfson determined that groundwater contamination can occur by either 
deep percolation of dissolved nutrients or from surface pollution of 
losing streams which are a common feature in southwestern Missouri 

(Missouri Dept. Nat. Res., undated) . 2 Losing streams make a region 
highly vulnerable to groundwater contamination (Mesko and Berkas). 
While portions of southwestern Missouri have clay and fragipan soils 
that retard deep percolation, these soils exhibit wide variation in 
permeability (Rogers and Lentz). 

The risk of contaminating surface and ground water by land application 
of broiler litter depends on many factors including the nitrogen (N) and 
phosphorus (P) content of the litter, application rates, soil type, land 
slope, vegetative cover, proximity to streams, depth to groundwater, 
vadose characteristics, topography and climate. Steele found that 
groundwater in a poultry producing area of northwestern Arkansas had 
nitrate-nitrogen concentrations that were 6 to 8 times greater than in a 
nearby wildlife area. Wolf et al. concluded that soil and environmental 
conditions are important determinants of potential nitrate contamination 
of surface and ground water from poultry manure/litter. Huneycutt et 
al. found that poultry litter should not be used on grass-legume 
mixtures and that N from broiler litter is less efficient than N from 
inorganic fertilizer. Gilmour et al. estimated the N, P 

2
o

5 
and K

2
o 

content of broiler litter. Gilbertson, et al. estimated the quantities 
and nutrient content of livestock and poultry manure under different 
management practices. 

1. Litter management practices refer to the frequency with which broiler 
houses are cleaned out and the timing and procedures for applying litter 
to the land. 
2. A losing stream is a stream which is losing a significant proportion 

of flow to the subsurface. 
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A geographic information system (GIS) is becoming increasingly popular 
as a means of organizing and displaying the input and output data for 
evaluating the physical and economic impacts of agricultural management 
practices on nonpoint source water pollution. Prato et al. and Prato 
and Shi used a GIS to evaluate resource management systems and the 
economic efficiency of alternative policies for controlling erosion and 
surface water pollution in an agricultural watershed. The Soil 
Conservation Service ( SCS) has developed a GIS to analyze potential 
water quality problems associated with land application of poultry and 
dairy wastes in the Illinois River Basin (Soil Cons. Ser., 1989). Many 
of the studies being conducted in support of the President's Water 
Quality Initiative will employ a GIS. 

Accomplishments 
Accomplishments to date fall in five areas: litter sampling; development 
of a geographic information system; water quality evaluation procedures; 
economic assessment; and development of an integration model. Each of 
these areas is discussed in detail. 

Litter Sampling 
In order to evaluate the potential effects of current and alternative 
litter application rates on water quality, litter composition and the 
current amounts of nutrients applied to representative fields within the 
watershed must be determined. The litter sampling phase of the study 
will provide information on the quantity and composition of litter for a 
sample of broiler houses in the Shoal Creek Watershed. Litter samples 
will be collected and the total quantity of litter removed from a 
broiler house will be determined for three producers from each of three 
integrators (nine houses). Litter samples will be analyzed for 
nitrogen, phosphorus, potassium, carbon, COD, energy content and other 
elements. This information will be combined with the quantity of litter 
removed from the house to determine the total nutrients applied to the 
fields on which the litter is spread. 

The following procedure is being used to obtain representative litter 
samples from each broiler house. A flat shovel is used to remove a 
uniform strip of litter along a trench that transects the broiler house. 
Trenches are dug on 30' intervals to obtain samples from sections of the 
house subjected to different growing management practices. Litter from 
each trench is piled on 4 'x 8 'x 0. 2 5" exter lor-grade plywood that is 
placed on the floor of the house and parallel to the trench. The litter 
is then mixed with a flat shovel and a large sample is removed from each 
pile and placed in a plastic bag. 

Each load of litter removed from the house is weighted to determine the 
total quantity of litter removed from the house. To account for 
differences in the growing management practices used in each section of 
a house, the quantity of litter coming from each section is weighted 
separately. Portable truck scales, each with a capacity of 10,000 lbs. 
in 10 lb. increments, are placed under each of the four wheels of the 
truck. Subtracting the truck's tare weight from the weight including 
litter gives the litter weight for each truck load. The number of truck 
loads applied to each field is also recorded. Using the weight of the 
litter applied to each field and the corresponding nutrient composition 
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of the litter, it is possible to determine the average quantity of 

nutrients applied to the field. 

one house was sampled in fall of 1990. The remaining eight houses will 
be sampled and all litter samples analyzed in spring of 1991. 

Geographic Information System 
A GIS is being used to analyze the potential spatial and temporal 
impacts of growth in the broiler industry on water quality and economic 
returns for different broiler management strategies. The GIS is being 
developed by the University of Missouri's Geographic Resources Center 
using the GIS software package ARC/INFO. The GIS database includes 
seven layers: streams; springs; roads; soils; slope/aspect; land cover; 
and location/size of poultry houses. The necessary maps have been 
compiled and digitization is underway. Land cover and house location 
will be determined with aerial photography. Other layers will be added 
as information becomes available. Data layers that may be added 
include: dye-trace results, water quality sampling stations, well 
locations and geology. 

Tabular databases needed for the study are being designed. Databases 
include the incorporation of soil survey information and its link to 
soil layers, a poultry house database and its link to the house location 
layer, and a database which will be used to assess, rank, and evaluate 
different land application rates, locations and management practices. 

The first analysis conducted on these data was an evaluation of the road 
network. This analysis produced a subset of roads that define a travel 
time of 30 minutes to Georges' processing plant. This data subset will 
be combined with the location of broiler houses, per mile transportation 
costs and other information to estimate the total cost of shipping live 
birds from houses to the processing plant and costs for transporting 
litter from houses to fields in the watershed. Other analyses planned 
include: a) using litter loading schemes and water quality models to 
delineate and rank those areas suitable for land application of broiler 
litter; b) modeling alternative litter application scenarios with 
present and future broiler production levels; and c) evaluating the 
spatial arrangement of houses and the spatial distribution of litter 
that minimizes the potential risk of surface and ground water 
contamination in the watershed. 

Water Quality Evaluation 
Nitrogen and phosphorus leaching through the root zone will be simulated 
for alternative litter application locations, rates and management 
practices for representative fields in the watershed. Simulations will 
be based on the CREAMS (Knisel), GLEAMS (Leonard et al.) and/or AGNPS 
(Young, et al.) models. The number of simulations will be determined 
based on spatial variability in soil types, land uses and hydrogeologic 
conditions across fields. Current water quality in streams and wells 
will be determined from existing data published by the u.s. Geological 
Survey (USGS) . USGS data will be supplemented by analyzing water 
quality samples drawn from a sample of springs in the watershed. The 
number and location of samples will be based on USGS water quality data, 
the fields available for litter application, and the location of 
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existing broiler houses . Litter application rates determined 
guidelines published by the SCS (Soil Cons. Ser., 1975), EPA 
Protec. Agency, 1979) and MDNR (Missouri Dept. Nat. Res., et al., 
will be compared to the rates determined in this study. 

Economic Assessment 

using 
(Env. 
1982) 

Enterprise budgets will be used to estimate the net returns (returns 
minus costs) of alternative litter application rates, locations and 
management practices. Returns will be determined based on the estimated 
fertilizer value of litter. Net returns will be used to: a) rank the 
litter application rates, locations and management practices according 
to their cost and economic efficiency; b) value the litter disposal 
activities in the mathematical programming model; and c) evaluate the 
willingness of growers to adopt alternative litter application rates and 
management practices. 

Integration Model 
An integration model will be used to determine the optimal spatial 
distribution of broiler houses and litter given the nutrient composition 
of litter, the profitability of alternative litter management 
strategies, the cost of transporting litter and broilers, the risk of 
surface and ground water contamination for different fields in the 
watershed, and other economic, environmental and institutional 
considerations. In particular, the locations of houses and the 
locations and rates of litter application that maximize the net economic 
value of litter (as a fertilizer) subject to surface and ground water 
quality constraints will be determined using a mathematical programming 
model. The integration model will also be used to evaluate the 
potential economic and water quality impacts of limiting the density of 
poultry houses and/or the areas in which broiler litter can be spread as 
well as a variety of economic incentives and policies designed to 
encourage environmentally acceptable disposal of broiler litter. 

The volume and nutrient composition of waste loads generated by 
livestock, dairy and poultry will be considered in determining broiler 
litter application rates for specific fields. Waste volumes for animals 
other than broilers will be estimated by multiplying the number of 
animals of each species, as determined from the 1987 Census of 
Agriculture, by the corresponding waste load per animal estimated by 
Gilbertson, et al. The nutrient composition of livestock, turkey and 
layer waste will be based on published data. 

Concluding Remarks 
Growth and development in Missouri's broiler industry can be a potential 
threat to surface and ground water quality if not managed properly. The 
study discussed in this paper will develop and test an integrated 
database and modeling system that can be used to simulate the potential 
economic and environmental effects of varying the locations of broiler 
houses, the fields on which litter is applied and the rates of litter 
application. Hopefully, this system will be used by resource 
managers/planners to minimize the adverse environmental impacts of 
growth and development in Missouri's broiler industry. 
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ABSTRACT 

There has been a lot of concern, in recent months, about the use of 
pesticides in the United States. The greatest use of fungicides in 
the USA is on turfgrass. Systems have been developed that monitor 
the weather and that forecast disease infection periods for Pythium 
blight and brown patch of Turfgrass. A 25% reduction in the amount 
of fungicide applied to 'Manhattan' ryegrass for Pythium blight 
control was obtained during 1988 using disease-forecasting proce
dures. A 75% reduction in the amount of fungicide applied for 
brown patch control was achieved in 1989. These results were a
chieved by using disease-forecasting information, rather than using 
standard spray schedules. The objectives of this research project 
are to determine: (1} if selected fungicides can be found in ef
fluent from putting greens under our test conditions and {2} if 
fungicides are found in the effluent, established if the reduction 
in fungicide applications realized by disease predictionjpostinfec
tion spraying results in an equal or greater reduction in fungicide 
in the effluent. A 25 x 50-ft USGA-specification putting green 
containing 32 replicated plots was built to determine if fungicides 
can be found in the effluent from putting greens. Each plot is 5 
x 5 ft with a 1-ft border and contains a 3-ft diameter by 1.5-ft 
deep lysimeter. Each lysimeter is attached to a 2-in drain line 
which ends in a central collection facility. The green has auto
mated irrigation with meters to determine the amount of water ap
plied daily. The green was finished in June 1990 and was seeded 
with 'Penncross' creeping bentgrass. Effluent from each lysimeter 
will be collected daily and analyzed on a Kratos MS25 double-focus
ing mass spectrometer interfaced with a carlo Erba 4100 series gas 
chromatograph. 

INTRODUCTION 

There has been much concern, in recent months, about the use of 
pesticides in the United States. Apple growers have been most af
fected because of the Alar "scare" and concern about the use of the 
EBDC fungicides in fruit production. However, all aspects of pesti
cide use have come under scrutiny by concerned environmental groups 
and the public-in-general. 

1Copyright!O 1991 
Curators of the University of Missouri 

All rights reserved 
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The greatest use of fungicides in the United States is on turfgrass 
(Dr. Michael A. Castagner; Director of Fungicide Research; Rohm and 
Haas Co.; Philadelphia, PA: personal communication). Most fungi
cides applied to turfgrass for disease control are applied in urban 
areas to golf courses, athletic fields, parks, cemeteries, and home 
lawns. They are usually applied on a calendar schedule and as of
ten as eight times in one season. Current surveys indicate that 
highly-managed turfgrass will increase in acreage well into the 
next century. Because of their value and use, golf course putting 
greens receive the most attention. Putting greens are often valued 
at $20,000 to $40,000 each and there are at least 18 per course. 

USGA (United States Golf Association) putting greens are made using 
a 4-in layer of pea gravel overlayed with a 2-in layer of coarse 
sand, and, finally, a 12-in layer of greens mix on top (Fig. 1). 
Greens mix is composed of 80% to 90% sand and 10% to 20% peat moss. 
Drain tiles are commonly used to allow excess water to drain from 
them. The effluent from these drains is normally allowed to flow 
to some predetermined location (Fig. 2). Putting greens are water
ed daily. Because of the porosity of the greens mix, excess irri
gation and rain water may flow through the green and seep into and 
out of the drain tiles. Chemicals and fertilizers may be leached 
during this process. 

The Envirocaster™ (Neogen Corp.; Lansing, MI) is a commercially 
available disease-forecasting system. It monitors environmental 
parameters and forecasts the occurrence of infection periods for 
specific plant pathogens. During 1988, the model designed for use 
with Pythium blight was evaluated. A 25% reduction in the number 
of applications of fungicide was realized (1). Disease control was 
slightly better when using forecasting to time fungicide sprays, 
rather than using current spray procedures. 

A real-time system to monitor weather and forecast infection per
iods has been developed at the University of Missouri. This systems 
uses ARAX International (Vanderbilt, PA) Remote Meteorological Sta
tions that report via radio telemetry, to a base computer. We use 
Hazelwood Systems (Rhineland, MO) Uniquad II multi-tasking/multi
user computers for this purpose. Environmental conditions are mon
itored every 15 min and the status of disease infection periods is 
updated automatically by software developed at the University of 
Missouri. During 1989, a model to predict infection periods for 
the brown patch pathogen was developed. Using this model to pre
dict when to make the first fungicide application, a 75% reduction 
in the application of the fungicide Chipco 26019 was obtained, when 
compared to a conventional calendar schedule (2). 

The objectives of this research are to determine: (1) if selected 
fungicides can be found in effluent from putting greens under Mis
souri conditions and (2) if fungicides are found in the effluent, 
to establish if the reduction in fungicide applications realized by 
disease predictionjpostinfection spraying result in an equal or 
greater reduction in fungicide in the effluent. 
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MATERIALS AND METHODS 

A 25 x 50-ft research putting green was constructed during 1990 ac
cording to USGA specifications. It is divided into 32 replicated 
plots (Fig. 3). Each plot is 5 x 5 ft with a 1-ft border and con
tains a 3.0 x 1.5-ft lysimeter. Figure 4 gives a cross section of 
the green we built. 

A 25 x 50-ft area was graded flat using a bulldozer. A sight level 
was used to check for accuracy. Two 4-in perforated flexible drain 
lines were placed 4 in below grade, 8 ft apart, and 8 ft from each 
side to allow excess water to be removed from the site. The lines 
were run parallel to the longest dimension of the green, hooked to
gether at the end, and allowed to drain below grade. The lines 
were placed an 8 x 8-in ditch and set on and covered with pea 
gravel. 

Thirty-two 3 x 3-ft x 0.25-ft pedestals were made using buckshot 
limestone; 32 110-gal fluorinated Mini-bulk tanks were cut in half 
and the top portion was inverted and placed on the pedestals as ly
simeters. Holes were drilled into 2-in plugs and the plugs were 
screwed into the bottom of the lysimeter. A 2-in pvc drain line 
was connected to each lysimeter and a 0.25-ft layer of pea gravel 
was placed between the limestone pedestals. 

Six Toro Super 300 matched precipitation pop-up sprinkler heads 
were placed 25 ft apart around the perimeter of the green. Three 
heads were placed on each side of the green and were connected by 
a l-in pvc pipe. A Great Plains Industries (Wichita, KS) Nema 4 
water meter was placed in each line. The l-in lines were connected 
to a 2-in main water line controlled by an automated solenoid valve 
equipped with a 50 psi pressure regulator. 

A uniform 4-in layer of pea gravel was placed inside and between 
the lysimeters and was overlayed by 2 in of coarse choaker sand. 
Finally, a 12-in layer of USGA specification greens mix was placed 
on top of the coarse sand. This mix contained 90% sand plus 10% 
Dakota reed sedge peat moss by volume. The top layer of greens mix 
was leveled and seec;Ied with 2 lb/1000 ft2 'Penncross' creeping 
bentgrass on June 20, 1990. The green was watered four times daily 
to help establish the turf. After the grass was established, it 
was mowed at 3/16 in daily using a Toro Greensmaster walk-behind 
greensmower. 

Fungicide Applications 

Fungicide sprays are applied with a R&D Sprayers, Inc. (Opelousas, 
LA) Model GS C02 backpack sprayer. The sprayer is operated at 25 
psi and is calibrated to deliver 80 gal/acre. A three-nozzle boom 
sprays a 5-ft swath. Plots are 5 x 5 ft. 

Two fungicide schedules will be followed. The first will use cal
endar timing beginning in early summer. The second will use dis
ease-forecasting models to time applications. The UMC/ARAX Uniquad 
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II weather-monitoring and disease-forecasting system will be used 
to determine when infection periods occur. Fungicide applications 
will be made only after pathogen infection periods have been iden
tified. Fungicide applications will not be repeated again until 
the next infection period following the regular calendar-timed ap
plication interval. 

Because of the flexibility built into the green design, one to sev
eral disease prediction models can be studied simultaneously on 
this green. However, due to the expense of processing samples 1 

only a limited number of tests may be studied at one time. 

Sample Collection and Analysis 

Effluent from each lysimeter is individually piped to a collection 
building; 2~ gal fluorinated containers are used to collect efflu
ent. After the first spray treatment, samples will be collected 
daily from sprayed and unsprayed lysimeters. A 500-ml aliquot from 
each sample will be removed and stored at 4 C or frozen, depending 
on the chemical stability of the fungicide being tested, until ana
lyzed. 

Samples will be extracted with appropriate solvents for the fungi
cide being tested. After evaporator drying and resuspension, the 
samples will be analyzed on a Kratos MS 25 Mass spectrometer inter
faced with a Carlo Erba 4100 series gas chromatograph. 

RESULTS 

Since the green was not finished until the middle of the 1990 sea
son, we were unable to conduct full-season comparisons of standard 
and postinfection fungicide treatments. We did, however, conduct 
an alternate experiment. 

Two metalaxyl (CIBA-GEIGY) treatments were compared to determine if 
this fungicide could be found in the effluent from the putting 
green. If so, would a change in management affect it? Metalaxyl 
applied at a rate of 1 oz/1000 ft2 applied every seven days or 2 
oz/1000 ft2 applied every 14 days was compared to an unsprayed 
check. A total of 4 oz metalaxyl was applied in each fungicide 
treatment. 

Samples of effluent were collected daily and stored at 4 C until 
analyzed. Samples are currently being analyzed and results will be 
presented at a later date. 

CONCLUSION 

This putting green offers an excellent method to study movement of 
pesticides in a "real world" setting. .The movement of water 
through the lysimeters appears to be similar in each lysimeter. 
Samples can be collected daily for analysis. Comparisons can be 
made on movement of metalaxyl in a newly established green and 
later in an actively growing green. 
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SUBSURFACE IRRIGATION OF GOLF GREENS 
WITH SEWAGE EFFLUENT 

T. A. McKay* 

UMC Horticulture Department 

Potable water has become a precious commodity throughout the 
world. Overuse and misuse of water has caused the supply to become 
seriously depleted in many ways. The world-wide shortage of 
potable water is the basis for an accelerated search for 
alternatives to potable water use other than that used for human 
consumption. In the U. S., this especially applies to the 
irrigation of non-essential ornamental crops used on home lawns, 
parks, athletic fields and golf courses. All of the above 
mentioned have large swards of turfgrass which tend to have a high 
consumptive demand for water. 

One alternative to potable water is the use of sewage effluent 
to supplement or replace fresh water irrigation sources. The 
practice of irrigating with effluent is slowly becoming accepted 
throughout the turfgrass industry. This trend is most obvious in, 
but not limited to, areas that have been impacted by water 
shortages. However, challenging problems must be overcome before 
consistent use of sewage effluent can be achieved. For example, in 
areas where heavy industry is prominent, toxic substances such as 
salts, heavy metals and other harmful chemical discharges may be 
present. On · the other hand, in areas that are more suburban, 
detergents and pesticides will most likely be found in the sewage 
effluent. Turf managers who continually utilize these effluents 
will run the risk of building up excess concentrations of harmful 
materials in the soil which will create a potentially toxic 
environment for turf. Bacterial and viral contamination are also 
concerns where sewage effluent is used. The effluent water must be 
treated to eliminate these pathogens before it can be utilized in 
conventional above-ground sprinkler systems. Even when these 
pathogens are properly controlled, there is still a considerable 
amount of negative public reaction concerning sewage effluent use 
and its proximity to housing and heavily used turf areas such as 
golf courses. To market sewage effluent effectively as a viable 
alternative to potable water, public perception of sewage effluent 
as an odorous, disease-bearing menace must first be overcome. 

* Project Leader is J. H. Dunn, Horticulture Department. 
Cooperators, in addition to Mr. McKay, Horticulture Research 
Assistant, are: D. D. Minner and B. F. Fresenburg, 
Horticulture Department; w. H. Shaffer, Plant Pathology 
Department 
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A means for overcoming concerns related to above-ground 
irrigation of turf with sewage effluent would be to utilize this 
resource in a subsurface irrigation system. Subsurface irrigation 
will provide a method of supplying sewage effluent to the roots of 
the turfgrass plants without exposing individuals to pathogens or 
undesirable odors. Salts and other toxic substances that might 
accumulate in the soil may be leached out with supplemental 
irrigation from time to time. Subsurface irrigation might also be 
utilized for the application of root-absorbed systemic pesticides 
plus fertilizers. Above-ground application of chemicals and 
fertilizers is often criticized because of their perceived runoff 
contamination of soil and water or direct injury to wildlife. 

snyder, et al. (1974, 1980) and Stroud (1987) point out many 
additional benefits of subsurface irrigation. This irrigation 
practice will reduce conflicts between turf users and above-ground 
sprinkler systems. It allows the area to be in use while 
irrigation proceeds. There are no sprinkler heads exposed to 
potential damage and energy costs will be lowered due to reduced 
pump size and lower operating pressure. In addition to lower cost 
of sewage effluent compared with potable water, there is less 
evaporation, surface runoff, distribution problems due to wind, and 
surface areas surrounding the system will not be water saturated. 

Turfgrass areas are logical sites for disposal/recycling of 
sewage effluent water due to their high consumptive use of water. 
one 465 square meter putting green may use up to 17,790 liters of 
water per week during the summer months (June through September). 
This totals about 5.68 million liters of water per year for the 
greens of an 18-hole golf course. Athletic fields may consume 
similar quantities of water on a per-acre basis. 

A modified version of an earlier subsurface irrigation system 
described by Kneebone and Pepper ( 1982) will be used for the 
delivery and collection of sewage effluent. A porous pipe (line 
source) type of subsurface irrigation line was selected as the 
delivery system because it emits water along the entire length of 
the pipe. Snyder et al. (1980) suggest that the use of a porous 
pipe tends to reduce the chance that dry spots, caused by clogging 
of emitters of point-source delivery systems, will form over 
localized areas of the pipe. Objectives of the study include: 1) 
determine the feasibility of a subsurface irrigation system for the 
uniform distribution of sewage effluent to a turfgrass rootzone; 
2) compare effectiveness of subsurface irrigation systems with 
above-ground irrigation for application of both sewage effluent and 
potable water to turfgrass; 3) monitor levels of N, P and K in the 
effluent as sources of nutrients for the turfgrass; 4) monitor 
levels of potentially toxic materials such as sodium, salts and 
heavy metals which may have an adverse affect on soil and turf 
quality; 5) compare effectiveness of sprinkler "flushing" of soil 
subsurface irrigated with sewage effluent with no "flushing" as a 
means of controlling the possible buildup of toxic substances in 
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the soil; 6) determine the effectiveness of the subsurface 
irrigation system to deliver root-absorbed pesticides; and 7) 
compare the growth and vigor of turf irrigated with sewage effluent 
and potable water. 
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ESTIMATION OF PESTICIDE TRANSPORT AND 
DEGRADATION PARAMETERS IN 

HIGHLY AGGREGATED SOILS2 

S.H. Anderson, C.J. Gantzer, G.A. Buyanovsky, and H.V. Kazemi1 

ABSTRACT 

Recent well surveys on water quality throughout the central U.S. have created concern 
over the leaching of pesticides through soil profiles. Few studies have investigated the effects of 
antecedent soil water content and timing of initial water application after chemical application 
on the transport and degradation of pesticides. The objectives of this study were to investigate 
the effects of wet vs. dry initial soil water content and no delay vs. a 24 hour delay of initial 
water application after chemical application on aldicarb and carbofuran transport and 
degradation parameters at a field site containing highly aggregated soils. The soil at the site of 
this experiment was Menfro silt loam (fine-silty, mixed, mesic Typic Hapludalf). Aldicarb and 
carbofuran were applied to plots half of which were near saturation (wet) and half of which 
were near the permanent wilting point (dry) . Half of the dry and wet plots received irrigation 
water immediately after chemical application and the other half received irrigation after 24 
hours. Soil cores were removed at selected depths and times and were analyzed for the two 
chemicals. The transport and degradation parameters were estimated using the CXTFIT code 
(Parker and van Genuchten, 1984). Estimated values of the dispersion coefficient, D, for 
aldicarb and carbofuran were as much as an order of magnitude higher for the initially wet plots 
as compared to the initially dry plots. D values were lower for the wet plots when the initial 
application of irrigation water was delayed for 24 hours compared with no delay. Estimated 
values for the retardation factor, R, for both aldicarb and carbofuran did not vary significantly 
from the values computed using published data and measured soil properties. For aldicarb, the 
estimated R values were approximately 33% higher for the plots which were initially dry 
compared to the initially wet plots. Estimated R values were also approximately 33% higher 
for the plots which received the initial irrigation after a 24 hour delay compared with no delay. 
For aldicarb, estimated values of the degradation coefficient, J.L, did not vary significantly 
between treatments and were not significantly different from published values (0.0248 day·1). 
For carbofuran, estimated J.1 values were twice as high for the initially wet plots compared to 
the dry plots. Estimated J.1 values for the initially dry plots had values similar to published 
values (0 .0173 day-1). 

1 S.H. Anderson is Assistant Professor of Soil Physics, C.J. Gantzer is Associate Professor of Soil 
Conservation, G.A. Buyanovsky is Associate Professor of Soil Microbiology, and H.V. Kazemi is a 
Graduate Research Assistant in the School of Natural Resources at the University of Missouri, 
Columbia, MO 65211 . 

2This study was conducted as a part of Missouri Agricultural Experiment Station Project No. 
401, with financial support from (i) the Missouri Agricultural Experiment Station Water 
Quality Special Grant Program (Modeling Pesticide Transport Through Macropores in Highly 
Aggregated Soils), (ii) the Department of the Interior, U.S. Geological Survey, through 
Missouri Water Resources Research Center ( USDI-GS-14-08-0001 -G1572) , and (iii) the 
U.S. Department of Agriculture through a CSRS Water Quality Grant (USDA-CSRS-89-COOP-
1-4723). The contents of this publication do not necessarily reflect the views and policies of 
the Department of the Interior or Department of Agriculture, nor does mention of trade names 
or commercial products constitute their endorsement by the U.S. Government. 
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INTRODUCTION 

The increase in the reports of detections of pesticides in groundwater throughout the 
central United States has created concern about the mechanisms of chemical transport through 
soil materials (Hallberg, 1986). Most research evaluating the transport of chemicals through 
soil has been conducted in laboratory settings with disturbed soil columns which grossly alters 
the soil fabric and greatly underestimates, from 1 to 2 orders of magnitude, the rate and route 
of solute-solvent transport to the groundwater. Soils have natural features such as planar voids 
(inter-aggregate pores), weather-induced cracks, and biologically-induced, highly conductive 
macropores which act as channels for water and chemical transport. Thomas and Phillips 
(1979) found that a 2.54 em application of labeled tritiated water was detected at an 80 em 
soil depth in Maury silt loam (loess-derived soil) with little or no increase of the water content 
of the soil. This indicates that a given rainfall or irrigation may not always wet the root zone 
(the first 50 em of soil) before moving deeper. Aley (1977) estimated that water entering soil 
with macropores without openings (not sink-holes) contributes five times as much to 
groundwater recharge than does diffuse (Darcy) flow in the Missouri Ozarks. Most chemical 
transport models have not included macropore flow to groundwater thus underestimating the 
actual arrival times to the groundwater. The effect of macropores on chemical transport is not 
only manifested in the convective transport but also in the time of residence in the biologically 
active zone in the soil. Gish and Coffman (1987) and Kazemi and Anderson (1991) presented 
field data on atrazine leaching which suggest that retention of atrazine in the soil may be less 
that the values predicted using the method of Rao and Jessup (1982) in which measured soil 
properties and the carbon partition coefficient for atrazine found in the literature are used to 
estimate the retention of atrazine in the soil. This indiates that field experiments are necessary 
to verify the transport and adsorption parameters for specific chemicals. 

To investigate the effect of soil rhacropores on pesticide transport, an experiment was 
proposed in which pesticides were applied to soil profiles which were near saturation (wet) and 
near permanent wilting point (dry) prior to pesticide application. The hypothesis of these 
treatments was that pesticides can move deeper in the soil profile when soils are dry and 
shrink-swell cracks are fully expressed compared to a soil profile which is wet and the 
shrink-swell cracks are shut. This preferential movement also depends upon the time of water 
application subsequent to chemical application. Therefore, another experimental factor was 
proposed--time delay before initial irrigation. The hypothesis of these treatments was that 
more leaching of the chemical would occur if there was no time delay before the initial 
irrigation was applied versus a one day delay. Two insecticides were chosen for investigation: 
aldicarb [2-methyl-2-(methylthio) propionaldehyde 0 (methylcarbamoyl)oxime] and 
carbofuran [2,3-dihydro-2,2-dimethyl-7-benzofuranyl methylcarbamate]. Aldicarb and 
carbonfuran are systemic carbamate insecticides. In Missouri, aldicarb is used with cotton 
( Gossypium hirsutum ) and carbofuran is used with corn (Zea mays ) for corn rootworm 
(Diabrotica undecimpunctata howardi ) control and with alfalfa (Medicago sativa) for alfalfa 
weevil (Hypera postica) control. Aldicarb and carqofuran were chosen since they are 
considered leachers as predicted by the GUS model (Gustafson, 1988 and 1989). The survey of 
rural well water quality in northern Missouri by Sievers and Fulhage (1989) indicated that 
1'7% of insecticide detections were of carbofuran. The other insecticides detected in the well 
survey were considered to be non-leachers due to high carbon partition coefficients. Even 
though aldicarb was not detected in the rural well water survey (samples were not evaluated for 
aldicarb since it has only minor use in southeastern Missouri) it has been found in groundwater 
in several states (Gustafson, 1989). 

Therefore, the objectives of the experiment were: i) measure aldicarb and carbofuran 
concentrations as a function of time and soil depth at a field site containing highly aggregated 
soils with the treatments mentioned in the previous paragraph, ii) estimate the transport and 
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degradation properties of aldicarb and carbofuran using a least-squares inversion method for 
the treatments, and iii) compare and contrast the estimated parameters with reported values. 

THEORY 

The principal mechanism of solute transport through soils is considered to be mass flow 
which is the velocity of water passing through the soil pores or the pore water velocity. The 
hydrodynamic dispersion and diffusion mechanisms are also important but since these processes 
are often difficult to separate they are both incorporated in the effective diffusion-dispersion 
coefficient. When predicting the vertical leaching and degradation of organic chemicals such as 
herbicides and insecticides, the mechanisms of adsorption of the solute onto the surface of soil 
particles, usually referred to as retardation, and the dissipation or transformation of the 
solute, referred to as degradation, are also considered. Definitions of these solute transport and 
degradation processes (SSSA, 1987) are as follows: 

"Mass flow: The movement of solutes associated with net movement 
of water. 

Hydrodynamic dispersion: The process wherein the solute concentration in 
flowing solution changes in response to the interaction 
of solution movement with the pore geometry of the soil, 
a behavior with similarity to diffusion but only taking 
place when solution movement occurs. 

Diffusion: The movement of solutes in soil that results from a 
concentration gradient. 

Retardatio~ factor: The capability of a soil for slowing or retarding the 
movement of a solute, and is defined for solutes subject 
to equilibrium reactions with the soil matrix. 

Degradation: The process whereby a compound is transformed into 
simpler compounds, although products more complex 
than the starting material may be formed." 

The convection-dispersion equation is the most commonly used model for representing 
the processes described above (Nielsen and Biggar, 1962; Biggar and Nielsen, 1976). This 
model assumes that the solute mass flux can be represented as the sum of a mass flow term 
describing the passive convection of dissolved solute within the moving soil solution, and a 
second term describing the random mixing of solute by diffusion-dispersion within the moving 
fluid. The convection-dispersion equation for the resident fluid concentration including terms 
for the processes of retardation and degradation is as follows (Parker and van Genuchten, 
1984): 

[ 1 ] 

where R is the retardation coefficient (dimensionless), Cr is the volume-averaged (resident) 

solute concentration (ML-3), t is time after application (T), D is the solute dispersion 
coefficient (effective diffusion-dispersion coefficient) (L2T-1) , z is the soil depth (L), u is 
the pore water velocity (LT-1), and Jl is the degradation coefficient (T-1). The retardation 
coefficient (assuming linear equilibrium adsorption of the solute) can be estimated as 
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R = 1 + pk/e [ 2] 

where p is the soil bulk density (ML-3), k is the partition coefficient (L3M-1) and e is the soil 
water content (L3L-3). k is usually estimated ask= f0 ckoc where foe is the mass fraction of 

organic carbon (MM-1) in the soil and koc is the carbon partition coefficient (L 3M-1) for the 
specific chemical. 

To analytically solve the convection-dispersion equation, initial and boundary conditions 
need to be specified. For the experiment discussed in this paper, the initial solute concentration 
is small and the chemical of interest is applied at the surface as a pulse. The initial and 
boundary conditions for this type of application are: 

Initial Condition: 
1) Cr = Ci. z ::2: 0, t = 0 [ 3 ] 

Boundary Conditions: 
1) Cr - (0/u) ac r/az = C0 , z = 0, 0 < t < t1 [ 4a] 
2) Cr - (0/u) ac r/az = 0, z = 0, t > t1 [ 4 b J 
3) ac r/az = 0, z -7 oo, t > 0 [ 4c] 

where t1 is the pulse duration. An analytical solution of Eq. [1] subject to Eqs. [3] and [4] was 
solved analytically by Parker and van Genuchten (1984). 

where: 

Cr(z,t) = Ci A(z,t) + C0 B(z,t), 0 < t < t1 

C r(z,t) = Ci A(z,t) + C0 B(z,t) - C0 B(z,t-t1 ), 

A(z,t) = exp(-IJ.t/R) {1 - 1/2 erfc[(Rz- ut)/2(0Rt)112] 
- (u2tht0R)1/2 exp[-(Rz- ut)2/40Rt] + 1/2 (1 + uz/0 
+ u2t!OR) exp(uz/0) erfc[(Rz + ut)/2(0Rt)112]} 

B(z,t) = u/(u + u) exp[(u - u)z/20] erfc[(Rz- ut)/2(0Rt)112] 
+ u/(u - u) exp [(u + u)z/20] erfc[(Rz + ut)/2(0Rt) 1 12] 

+ u2/21J.O exp (uz/0 - IJ.t/R) erfc[(Rz + ut)/2(0Rt) 1 12] 

u = (u2 + 41J.0)112 

[Sa] 

[ 5 b] 

and erfc is the complimentary error function. For the experiment described in this paper, the 
initial concentration was zero as determined from measured background concentrations, so the 
first term in Eq. [5] drops out. 

In this study, we assumed the pore water velocity to have a log-normal distribution. 
Thus, the probability density function of ln(u), p[ln(u)], is 

p [In (u )] = [ CJin(u) (2rt) 1 12]-1 exp{ -[1 n(u) - IJ.In{u)l212(crln{u))2 } [ 6] 

where llln(u) and O"ln(u) are the mean and standard deviation of the log-transformed pore water 
velocities (u). The first moment of the probability density function is the expected value of u 
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<U> = exp [ J..Lin(u) + 1/2 (crln(u))2]. [ 7] 

In this study, we determined <u> as the net water input flux over the duration of the experiment 
divided by the space- and time-averaged volumetric soil water content, <9>. 

The chemicals in this experiment were applied uniformly as fine spray that was allowed 
to dry at the soil surface before infiltration. The chemicals were subsequently leached 
continuously with a solute-free fluid. To determine the pulse duration (t1) for this type of 
boundary condition, we must define a cumulative mass input of chemical function, m(t). The 
restriction on m(t) is that m(t ~ oo) = m0 , where m0 is the total mass applied on a local-scale 
to the soil per area of surface. m(t) can be expressed as: 

m(t) = u e Co t, 

m(t) = m0 = u e Co t1, 

0 < t < t1 [8a] 

[ 8 b] 

For times greater than t1, u and t1 vary inversely because m0 and e (an average value is used) 
are constant. Since an average u is used for the site, t1 can be estimated from m0 . Thus, the 
transport and degradation parameters of D, R, J..L, and O"ln(u) are estimated using m0 and u 
determined from experimental conditions. The transport parameters; D, R, and J..L; are assumed 
to be deterministic and that the stochastic component is taken care of with the distribution of u. 

The solution, Eq. [5], is strictly only applicable to steady state conditions. However, the 
transient field problem can be accommodated by transforming the temporal variable to a 
variable defined as the ratio of cumulative net infiltration and the average net infiltration rate. 
The transformation converts real time to a flux time using the following computation (Gish and 
Coffman, 1987): · 

tmax 
t* = J <Jw> 't dt I [ J <Jw> 't dr/tmax] [ 9] 

0 0 

where ( is flux time (T), t is real time (T), <Jw> is the spatially averaged daily net water 
input flux (LT-1 ), and tmax is the duration of the experiment (T). Thus, the dates of soil 
sampling are converted to flux times for transport and degradation parameter estimation. 

MATERIALS AND METHODS 

The field site of this experiment was 0.01 ha in size and was located at the University of 
Missouri Horticulture Farm in New Franklin, Missouri. The soils were Menfro silt loam 
(fine-silty, mixed, mesic Typic Hapludalf). The site had been undisturbed for several years, 
and had a stand of perrenial grasses. The experimental design was a factorial with four 
replicates and four treatments (two factors at two levels): initial soil water content (SWC) and 
irrigation delay (I D). The levels of initial soil water content were field capacity (Wet) and 
wilting point (Dry). The irrigation delay levels were initial irrigation immediately after 
application (0 hours of delay) and initial irrigation one day after application (24 hours delay). 
To achieve the design, the site was divided into 16 plots having 1.5 m by 1.5 m dimensions. 
Rainout shelters were constructed over eight plots (Dry) 75 days before application of 
chemicals which allowed the grasses to deplete the water from the soil profile. The other eight 
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plots (Wet) received 203.2 mm of water in addition to natural precipitation before the 
application of chemicals. This water was applied to assure the complete wetness of the soil 
profile compared to the soil in the dry plots. The site had received no chemicals for several 
years. The grasses were mowed with a weed-eater prior to chemical application. Glyphosate 
[isopropylamine salt of N -(phosphoro-methyl)glycine] was sprayed to kill the grasses and 

. after three days the grass residues were removed from the soil surface. 

On October 1 0, 1989, 2.978 kg/ha each of aldicarb and carbofuran were applied to all 
plots. The chemicals were applied using a 1.5-m long hand sprayer boom. A depth of 92.4 mm 
of water was applied to all plots after chemical application and soil samples were removed using 
the following approach. First, chemicals were applied to all of the 16 plots (8 dry and 8 wet). 
Water was then applied immediately to eight plots (4 dry and 4 wet) and soil samples were 
subsequently removed. Water was then applied to the other eight plots (4 dry and 4 wet) 24 
hours after chemical application and soil samples were subsequently removed. This method 
resulted in four treatments. Since more leaching was suspected in the wet plots, soil samples 
were removed down to a depth of 130 em and 70 em in wet and dry plots, respectively. After 
the initial irrigation water was applied, the plots were covered by plastic to prevent any 
addition or removal of water. A depth of 46.2 mm of water was applied to the plots before the 
second sampling date (14 days after application). After the second sampling date, the plots were 
left uncovered. Soil samples were removed on five selected dates: 0, 14, 42, 120, and 214 
days after chemical application. A truck-mounted hydraulic soil probe was used for sampling. 
After each soil core was removed, it was segmented in 10 em increments. To avoid 
contamination of soil samples during core removal, only the inner portion of each depth 
increment was collected. The samples were placed in glass containers for storage. The total 
number of samples collected throughout the experiment was 872. The actual number of samples 
analyzed for chemical concentration was 384 (Table 1 ). 

After transporting the samples to the laboratory, they were placed in storage at -5° C. 
Before chemical extraction, the samples were removed from storage and allowed to equilibrate 
to room temperature. Aldicarb and carbofuran were extracted using proceedures developed at 
the University of Missouri Trace Substances Laboratory. The extracts were then analyzed for 
each chemical using HPLC. The chemical extraction and analysis were performed at the 
University of Missouri Trace Substances Laboratory. 

Rainfall and daily maximum and minimum temperature data were collected at the site. A 
neutron access tube was installed in each plot and weekly readings were made to determine the 
soil water content at selected depths. Soil depths were 15, 30, 45, 60, 75, 90, and 1 OS em. 
Potential evaporation was estimated using the Thornthwaite method and the daily water balance 
for the plots was determined from the weekly water content readings, rainfall, and evaporation 
data similar to an approach used by Kazemi (1990). 

The estimation of aldicarb and carbofuran transport and degradation parameters was 
done using the CXTFIT code (Parker and van Genuchten, 1984) as was done by Gish and Coffman 
(1987) and Kazemi (1990). The initial estimates of the parameters for both carbofuran and 
aldicarb are listed in Table 2.· The concentrations used in estimating the parameters in this 
report are the average concentrations (average of four replicates) for each treatment. 

RESULTS AND DISCUSSION 

Pore Water Velocity: The distributions of cumulative water input, evapotranspiration 
(ET), and net input as a function of days after chemical application are shown in Figure 1. The 
initial steep rise in the cumulative water input curve is due to the addition of 92.4 mm of water 
immediately after chemical application. The steep rise during the next two weeks is due to the 
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Table 1 . Time of sample extraction, maximum soil depth and number of samples analyzed 
for carbofuran and aldicarb. 

Days 
After 
Application 

0 
14 
42 
120 
214 
TOTAL 

Depth 
(em) 
45 
55 
45 
45 
25 

#of Samples 

80 
96 
80 
80 
48 
384 

Table 2. Initial values of aldicarb and carbofuran transport and degradation parameters 
used for least-squares estimation. 

pore water velocity 
standard deviation of ln(u) 

dispersion coefficient 
retardation factor 
degradation coefficient 

amount of chemical applied 
initial concentration 

applied concentration 

u = 0.781 em day-1 
O'ln(u) = 1.00 (for aldicarb and carbofuran) 
D = 10.00 cm2 day·1 (for aldicarb and carbofuran) 
R = 1.486 (for aldicarb) and 2.133 (for carbofuran) 
f.l = 0.0248 day-1 (for aldicarb) and 0.0173 day-1 

(for carbofuran) 
SOLOAD = 85.079 g cm-2 (for aldicarb and carbofuran) 
Ci = 0.000 (none of the chemicals were applied 

previously) 
C 0 = 30 g cm-3 (for aldicarb and carbofuran) 

so 
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addition of rainwater and 46.2 mm of irrigation water added. Subsequent water applied was 
from rainfall. The cumulative ET was low during the first two weeks since the plots were left 
covered to prevent ET. The amount of ET was low over the duration of the experiment since the 
chemicals were applied in October and ET is low throughout the winter months. The net input 
over 2i4 days was 585 mm of water which results in an average daily flux (<q>) of 2.73 
mm/day. To obtain the average daily pore water velocity (<u>), the <q> is divided by the 
average volumetric soil water content (<9>) which was 0.35. The average daily pore water for 
this site was 7.8i mm/day. Even though variations in initial soil water content existed between 
plots, the average water content was not significantly different over the 214 day period. 
Therefore, the average daily pore water velocity as computed above was used for predicting 
chemical concentrations in the plots. 

Aldicarb Parameters: The results of the parameter estimation for aldicarb as a function of 
the four treatments are shown in Tables 3 and 4. The results in Table 4 are from estimating D 
and crln(u) while fixing the R and J.1 values to those estimated from measured soil properties and 

parameters from the literature. The carbon partition coefficient for aldicarb is 0.012 m3/kg 
of organic carbon (Nofziger and Hornsby, 1985). Using this value and measured soil 
properties of organic carbon content, bulk density, and water content, the computed R value for 
aldicarb was 1.486. The half-life of aldicarb is 28 days (Nofziger and Hornsby, 1985) which 
predicts a degradation coefficient of 0.0248 day-1 . 

For aldicarb, the estimated R values were approximately 33% higher for the plots 
which were initially dry compared to the initially wet plots (Table 3). Although these 
differences were not signifiant this result suggests that there was less leaching in the dry plots 
compared to the wet plots which rejects the original hypothesis that more leaching would occur 
in dry plots. Estimated R values were also approximately 33% higher for the plots which 
received the initial irrigation after a 24 hour delay compared with no delay (Table 3). This 
result supports the hypothesis that delay of initial application of water reduces the leaching of 
chemicals through the soil profile. For aldicarb, estimated values of the degradation coefficient, 
J..l, did not vary significantly between treatments and were not significantly different from 
published values (0.0248 day-1 ). However, the estimated J..l values were all higher than the 
published which is surprising since the experiment was conducted throughout the winter and 
the temperatures were cooler than would be present during the summer. 

The D values estimated for aldicarb indicate greater dispersion in the dry plots compared 
to the wet plots (Table 3). This result was not consistent when the R and J..l values were fixed as 
shown in Table 4. It is noted that the D values are much larger when R and J.1 values are fixed. 

Carbofuran Parameters: The results of the parameter estimation for carbofuran as a 
function of the four treatments are shown in Tables 5 and 6. The results in Table 6 are from 
estimating D and crln(u) while fixing the R and J..l values to those estimated from measured soil 
properties and parameters from the literature. The carbon partition coefficient for carbofuran 
is 0.029 m3/kg of organic carbon (Nofziger and Hornsby, 1985). Using this value and 
measured soil properties of organic carbon content, bulk density, and water content, the 
computed R value for aldicarb was 2.133. The half-life of carbofuran is 40 days (Nofziger and 
Hornsby, 1985) which predicts a degradation of O.Oi 73 day-1. 

For carbofuran, the estimated R values did not indicate any trends for more or less 
leaching in dry vs. wet plots or in plots which received irrigation water immediately vs. after 
one day (Table 5). For carbofuran, estimated J.1 values were twice as high for the initially wet 
plots compared to the dry plots (Table 5). Estimated ll values for the initially dry plots had 
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Table 3. 

S.WQ IQ 
hr 

Dry 0 

Wet 0 

Dry 24 

Wet 24 

Table 4. 

S.WQ IQ 
h r 

Dry 0 

Wet 0 

Dry 24 

Wet 24 

Aldicarb transport and degradation parameters as a function of initial soil water 
content (SWC) and irrigation delay (ID). Standard errors of 
estimated parameters are included below the parameters in parentheses. 

Q 8 LL crln(u) 82 --
cm2fday day-1 

0.037 3.13 0.039 1. 79 0.75 
(0.00046) (4.28) (0.041) ( 1 . 7 0) 

0.587 2.53 0.033 2.43 0.80 
(0.0044) (1.19) (0.0055) (0.15) 

0.020 4 .77 0.039 1.32 0.86 
(0.45) (2.21) (0.015) (0.62) 

0.092 3.40 0.040 2 .05 0.75 
(2.~1) (2.1:1) (Q,Q21l Q,j 1) 

Aldicarb transport and degradation parameters as a function of initial soil water 
content (SWC) and irrigation delay (I D) using fixed retardation factors (R) and 
degradation coefficients (J.L). Standard errors of estimated parameters are 
included below the parameters in parentheses. 

Q crln(u) 
82 __ 

cm2fday 
1.29 2.80 0 .73 

(2.07) (0.18) 

2 .02 3.12 0.68 
(6.68) (0.52) 

1 6.14 3.03 0 .79 
(3.11) (0.10) 

2.01 3.15 0.73 
(6.ZJl (Q,5J) 
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Table 5. 

s.wc. IQ 

hr 
Dry 0 

Wet 0 

Dry 24 

Wet 24 

Table 6. 

s.wc. IQ 
h r 

Dry 0 

Wet 0 

Dry 24 

Wet 24 

Carbofuran transport and degradation parameters as a function of initial soil 
water content (SWC) and irrigation delay (ID) . Standard errors of 
estimated parameters are included below the parameters in parentheses. 

Q 8 u. O'ln(u ) 82 --
cm2tday day-1 

0.0039 1 .87 0 .0155 1.01 0.91 
(0.502) (0.96) (0 .0063) (0.28) 

0.037 1. 73 0.0287 1.16 0.95 
(0.359) (0.59) (0 .0032) (0.24) 

0.0042 1 . 78 0.0157 1.06 0.89 
(0.013) (0.54) (0 .0053) (0.023) 

0.014 2.01 0.0355 1 .07 0 .97 
(0 .694) (0.22) (0.0019) (0.01 0) 

Carbofuran transport and degradation parameters as a function of initial soil 
water content (SWC) and irrigation delay (ID) using fixed retardation factors 
(R) and degradation coefficients (J.l). Standard errors of estimated parameters 
are included below the parameters in parentheses. 

0 O'ln(u) 82 --
cm2/day 
0 .0089 0 .91 0.92 

(0.00017) (0.086) 

1 .49 1 .06 0.87 
(1 .81) (0.13) 

0 .0054 0 .88 0.91 
(0.040) (0 . 11) 

9 .28 1 . 1 9 0.91 
(6.13) (Q I j Z) 
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values similar to published values (0.0173 day-1 ). The D values estimated for aldicarb 
indicate greater dispersion in the dry plots compared to the wet plots (Table 5). This result 
was also consistent when the R and ~ values were fixed as shown in Table 6. It is noted that the 
D values are larger when R and ~ values are fixed. 

CONCLUSIONS 

The conclusions from this study are as follows. Estimated values of the dispersion 
coefficient, D, for aldicarb and carbofuran were as much as an order of magnitude higher for the 
initially wet plots as compared to the initially dry plots. D values were lower for the wet plots 
when the initial application of irrigation water was delayed for 24 hours compared with no 
delay. Estimated values for the retardation factor, R, for both aldicarb and carbofuran did not 
vary significantly from the values computed using published data and measured soil properties. 
For aldicarb, the estimated R values were approximately 33% higher for the plots which were 
initially dry compared to the initially wet plots. Estimated R values were also approximately 
33% higher for the plots which received the initial irrigation after a 24 hour delay compared 
with no delay. For aldicarb, estimated values of the degradation coefficient, ~. did not vary 
significantly between treatments and were not significantly different from published values 
(0.0248 day-1 ). For carbofuran, estimated ~ values were twice as high for the initially wet 
plots compared to the dry plots. Estimated ~ values for the initially dry plots had values 
similar to published values (0.0173 day-1). 

The approach used in estimating the transport and degradation parameters in this paper 
was the method of Parker and van Genuchten (1984). Another approach which might be 
considered in the future is to use the transfer function model of Jury et al. (1982). This 
incorporates the stochastic nature of the prediction without restricting the model to a 
deterministic form like the convection-dispersion equation. 
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GRAVEL PACK MODIFICATIONS TO CONTROL WATER MOUNDING 
IN ROCK-BED CONSTRUCTED WETLANDS 

A. L. Thompson, D. M. Sievers, and W.H. Neibling 

Introduction 

Adequate waste water management and treatment for many small rural 
communities is becoming an increasingly important problem. Although mechanical 
water treatment methods are available, energy requirements and high costs are 
often prohibitive to be a useful means of meeting state and local discharge 
standards. Recently, natural methods for waste treatment, such as lagoons, h ave 
become a viable option. Although lagoons are capable of successfully treating 
waste materials, they frequently are unable to meet final discharge standards . 
Therefore, these communities are faced with either providing additional expensive 
mechanical treatments or paying fines for failure to meet the standards. 

An alternative to mechanical methods is the use of wetlands . Wetlands are 
capable of "polishing" wastewater to meet final discharge standards when used as 
a secondary treatment method (Reed et al., 1988) . Constructed wetlands with 
subsurface water flow are desired since they provide the necessary treatment 
capabilites without the associated problems of surface waters found in other 
wetland systems. Such systems are adaptable to both small municipalities as well 
as individual home owners. Unfortunately, many subsurface water flow systems are 
plagued by water mounding problems near the point of water inlet due to flow 
restrictions in the gravel pack. The result is that the full benefit of these 
systems are not realized. Therefore, a means of modifying the flow 
characteristics through the gravel bed as a function of rock size, velocity, and 
bed slope (Kadlec, 1989) are needed for controlling water mounding problems that 
result in surface water flow. 

The specfic objectives of this study are to: 

1. Determine the effect of rock diameter, packing, and bed slope on water 
velocity in rock-bed wetlands for systems with and without plant roots. 

2. Based on results from objective 1, develop the necessary relationships for 
determining the appropriate rock diameters, packing, and bed slope to 
prevent development of water mounding when plants are present while 
maintaining sufficient resident time to provide adequate water treatment. 

Overview of Rock-Bed Wetlands 

Rock-bed wetlands are typically constructed having depths ranging between 
45 and 60 em. The depth should not be so great that plant roots will not extend 
to near the bottom, otherwise this lower portion of water may not receive 
adequate treatment. To maintain acceptable treatment and efficiency, width of 
the bed is normally limited to between four to six times the bed depth. Rock 
diameters normally range from 1 to 7 em, and may be placed in the trench in 
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layers, with the upper 10 to 15 em having smaller rock diameters than the lower 
portion . The upper layer is primarily used for structural support of the plants, 
and when properly designed should remain free of standing water . Water treatment 
is dependent on plant root activity and associated microorganisms, and requires 
a specific resident time for treatment to be complete. For conditions in 
Missouri, it is normally recommended to provide between 0.2 and 0.3 m2 surface 
area for each 30 em depth of wetland. Total resident time for water to receive 
adequate treatment (as a secondary treatment) is between two to four days, 
depending on the time of year. 

Modeling of Water Flow 

Water flow through a rock-bed wetland can be modeled using one of several 
different mathematical relationships. For fully saturated flow in fine grained 
soils, sand, and gravels, Darcy's equation is valid . Darcy's equation can be 
written as (Corey, 1977): 

where: 

Q flowrate 
K hydraulic conductivity 
A cross-sectional area 
P pressure head 
x travel distance 

o = -KA aP ax (l) 

Darcy's equation is valid for fully saturated flow in fine grained soils , sand, 
and gravels. It can be modified for unsaturated flow for certain conditions a n d 
soil types. However, it is not valid for conditions where free surface flow is 
present. Under these conditions an alternative method is Ergun's equation (Bird 
et al . , 1960) which can be written as: 

where: 

pgS 

S slope of the free surface 
p fluid density 
g acceleration of gravity 
~ fluid viscosity 
V average velocity 
n porosity 
DP - particle diameter 

(2) 

59 



Using Ergun's equation, it is possible to develop a relationship between line ar 
velocity, diameter of the flow media, porosity, and slope of the free wa ter 
surface for a given fluid. From Eq'n 2 it can be seen that for velocity to 
increase, slope of the free water surface must also increase, assuming that all 
other parameters remain constant. Under steady-state flow conditions, the 
outflow rate must equal the inflow· rate. As resistance to water flow through the 
wetland develops over time, which frequently occurs as the volume of plant roots 
increase resulting in smaller porosities for a given rock diameter and packing, 
the slope of the free water surface must increase to maintain the same velocity. 
Water mounding occurs when the depth of this water increases suffici ently to 
surface at the inlet. 

Viable alternatives to control water mounding must be acceptable under the 
given constraints of the system. Inflow rate is typically a constant for a fi x ed 
number of users, and is approximately 190 liters day- 1 for each person (Beas l ey 
et al., 1984). Both maximum depth and width of the rock-bed h a ve limits for a 
given system, as discussed previously; therefore, alternatives to controlling 
water mounding are limited to an increase in bedslope (which has a direct e ffect 
on slope of the free water surface), an increase in porosity, or an increase in 
rock diameter or gradation. From a practicle viewpoint , slope is norma lly 
limited by the natural soil slope, although on a level site some slope should be 
provided. The only means to increase bedslope on a level site is to increa se the 
depth of the bed with distance from the inlet. Because of the ma ximum depth 
restrictions, as noted earlier, the extent of this modification is limited. For 
example, the length of a wetland for 100 people may be up to 120m. Under s uch 
a system, to increase the slope by only 0.2% would result in an increase in depth 
of 24 em over the length of the wetland. For installations on natura l slopes 
greater than 2 %, velocities may become excessive resulting in insufficient 
resident time for satisfactory water treatment. If wetlands are to be install ed 
on steep slopes, they should be placed as much on contour as possible to preve nt 
excessive velocities. 

Porosity can be calculated as: 

n (3) 

where: 

Vv ~ volume of void space 
V = unit volume of material (voids and solids) 

Porosity is a function of the packing arrangement and gradation of rock . If the 
rock is assumed nearly spherical and of equal diameter, . then packing may be 
cubic, rhombohedral, or random. Cubic packing results when every sphere in each 
successive layer is stacked directly atop a lower sphere. The cubic packing 
produces a porosity of 47.7%. In rhombohedral packing, every sphere in e a ch 
successive layer is stacked in the naturally occurring cavity formed by the lower 
three spheres. This packing results in a porosity of 26.0%. Random packing 
produces a porosity in the range between these two extremes. From Eq'n 2, it can 
be seen that velocity increases as both porosity and diameter increases . 
Therefore if all of the spheres are of the same diameter, porosity is limited to 
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between 26.0 and 47.7"1.. Based on Ergun's Eq'n, any additional increase in 

velocity above that which would occur as a result of a porosity of 47.7% would 

have to result from an increase in rock diameter. Because the rock acts as a 

support media for plant roots, there is likewise a limit on its maximum size 

(approximately 7 em as discussed earlier). Note also that by using a gradation 

of rock sizes, the resulting porosity may be less than 26%. 

Water velocity can be calculated as either the bulk velocity, which is 
written as: 

where: 

V Average or Bulk Density 

or as the linear velocity: 

where: 

vl ~ linear velocity 

v = 2. 
A 

v 
n 

(4) 

(5) 

Bulk velocity is an average or superficial velocity and is useful in evaluating 

the total flow capacity of the system. It is calculated by measuring the volume 

of water discharged from the system during a specific time period and then 

dividing by the total cross-sectional area for flow . It is useful in determining 

the total volume of water that the system is capable of handling for a particular 

rock packing and bedslope. The linear or seepage velocity is a measure of the 

actual time for a specific parcel of water to move through the system . It is 

equal to or greater than the bulk velocity and increases as porosity decreas es. 

It is important in computing the actual resident time for water treatment. 

Current Progess 

A series of flumes are being constructed in the laboratory to validate 

Ergun's equation (Eq'n 2) for at least three different sizes of spheres. An 

initial set of data are being collected for spheres of 1.6 em diameter arranged 

in a rhombohedral packing. Overall dimensions of the "rock-bed" are 200 em by 

16 em by 16 em. Data include the resulting velocities and mounding heights for 

a series of bedslopes and inflow rates. This will be repeated for spheres of 

approximately 3.2 and 6.4 em diameter . Once Ergun's equation has been validated , 

additional measurements will be taken with plants in each of these systems to 

determine how plant roots affect the resulting water velocities and mounding 

heights. Measurements will also be taken using a gradation of "rock" sizes and 
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packing. This information will be used in developing a computer model for 
designing rock-bed wetlands having the appropriate resident times for wastewater 
treatment but which do not develop water mounding problems. The model will be 
verified with an existing rock-bed wetland under field conditions. 
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ESTIMATION OF BROMIDE AND ATRAZINE 
TRANSPORT AND DEGRADATION PARAMETERS 

IN A FIELD OF ALLUVIAL SOILS2 

H. V. Kazemi and S.H. Anderson 1 

ABSTRACT 

Leaching of solutes into groundwater can cause health risks. Therefore, estimation of 
solute transport and degradation parameters to use in predicting chemical transport is an 
important area of research. The objective of this study was to determine the transport and 
degradation parameters for atrazine and bromide in a field of alluvial soils under no-till 
management. The experimental site was 0.1 ha in size. The soil was a Sarpy (mixed, mesic 
Typic Udipsamment) with surface texture varying from sand to loam. The field site was 
classified into three areas according to surface texture. Atrazine was applied at 2.2 kg/ha and 
bromide was applied at 115 kg/ha. Sorghum (Sorghum bicolor) was grown on the site. Soil 
cores were extracted and segmented into 7.5 em increments and were analyzed for each chemical 
separately. Dates for sampling were 7, 30, 60, 90, and 120 days after application of 
chemicals. Approximately 400 and 3500 soil samples were extracted for atrazine and bromide 
analysis, respectively. Three averaging methods were used in estimating the transport and 
degradation parameters for bromide and atrazine: Plot, Area, and Field averaging methods. 
Bromide and atrazine sample concentrations were used to estimate the transport and degradation 
parameters. The parameters were estimated in 1 0 cases where in each case selected parameters 
were fixed or estimated. The value of the average pore water velocity, u, computed from 
meteorological information was 1.78 em/day. The estimated value of the bromide dispersion 
coefficient, D, was 7.83 cm2/day when u was fixed at 1.78 em/day. The value of D for atrazine 
varied from 0.24 to 2.62 cm2/day for the four cases in which it was estimated. The retardation 
factor, R, of atrazine computed from soil properties was 1 0.87. However, the estimated value 
of R for the four cases in which it was estimated varied from 4.74 to 4.94 which was 45% of 
the computed value. The degradation coefficient, Jl, of atrazine varied from 0.017 to 0.029 
day-1 for the four cases in which it was estimated. For bromide, the R2 value was 0.79 when u 
was computed from meteorological data while the R2 was 0.81 when u was estimated. For 
atrazine, an R2 value of 0.88 was obtained when D, R, and Jl were estimated. The R2 decreased 
to 0.82 when D and R were estimated and was 0.81 when all of the parameters were fixed. 
There were no significant variations between parameters estimated using the different 
averaging methods. 

1 H.V. Kazemi is a Graduate Research Assistant and S.H. Anderson is Assistant Professor of Soil 
Physics in the School of Natural Resources at the University of Missouri, Columbia, MO 
65211. 

2This work was conducted as a part of Missouri Agricultural Experiment Station Project No. 
401, with financial support from the Department of the Interior, U.S. Geological Survey, 
through Missouri Water Resources Research Center (USDI-GS-14-08-0001-G-1432 and 
USDI-GS-14-08-0001-G-1572). The contents of this publication do not necessarily reflect 
the views and policies of the Department of the Interior, nor does mention of trade names or 
commercial products constitute their endorsement by the U.S. Government. 
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INTRODUCTION 

Movement of agricultural chemicals (herbicides, insecticides, etc.) through the soil 
profile to groundwater has become a public concern since the increase in reports of 
groundwater contamination (Hallberg, 1986; Jury et al., 1987). Knowledge of the mechanisms 
of solute transport and the soil parameters affecting the movement of chemicals is needed to 
predict potential contamination of groundwater reservoirs. Studies have been conducted 
evaluating the transport of solutes in soil (Rao and Jessup, 1983; Biggar and Nielsen, 1976; 
Jury et al., 1982; and Thomas and Phillips, 1979). Some of these studies have evaluated the 
effects of climate and soil and chemical properties on the movement of specific solutes. The 
conventional convection-dispersion equation (Biggar and Nielsen, 1967) describes most of the 
physical and chemical processes involved in the transport of solutes. The most important 
physical parameter is the velocity of water passing through the soil. Because the total flux of 
water moving through field soils is often small, the hydrodynamic dispersion and diffusion 
mechanisms should also be considered in the study of solute transport (Biggar and Nielsen, 
1967). In the evaluation of the fate of organic contaminants, the adsorption characteristics, the 
rate of degradation, and the rate of volatilization are also important parameters. 

Chemicals added to a soil profile at the surface may leave the zone of incorporation by 
one of three possible pathways (Jury et al., 1987). The first pathway, known as leaching, 
takes place principally by mass flow and refers to the downward movement of dissolved 
chemicals. The second loss pathway, volatilization, refers to loss of chemical vapor to the 
atmosphere through the soil surface. The final loss pathway, degradation, refers to the 
biological or chemical transformation of the specific chemical to a different form with 
properties distinct from those of the chemical prior to transformation. The distance a chemical 
will travel through the soil will be determined by the tortuosity of the total path length it 
follows. Because the degree of convection and diffusion vary for soils having different pore size 
distributions, the flow path for a chemical will not be the same between soils. Therefore, if the 
distribution of the chemical concentration is monitored over time, it will provide information 
about the mechanisms of how water is carrying solutes flowing through different soils 
(Wagenet, 1983). 

Jury et al. (1982) found that under field conditions, the solute distribution is associated 
with the quantity and distribution of infiltrating water. They also found that the variability in 
the velocity of soil water could best be described as a stochastic process. This method may 
provide a better estimate of the earliest arrival time of chemicals to groundwater. This arrival 
time of chemicals to groundwater is critical in evaluating the potential contamination of 
groundwater. Bromide has been used as a tracer to indicate the movement of solutes in the soil 
since it is an inorganic, non-reactive chemical (Gish and Jury, 1982). Gish and Coffman 
(1987) studied the movement of bromide under no-till corn field conditions. They concluded 
that convection is the primary transport mechanism under no-till conditions. When comparing 
theoretical model and field data, they concluded most of the variability associated with solute 
dispersion can be attributed to the water velocity even in the presence of plants. Jury et al. 
(1986) found evidence of split peak concentrations using an applied pulse of napropamide [2-
(a-naphthoxy)-N,N-diethylpropionamide]. This was after two weeks and 25 em of irrigation 
water in a 0.6 ha field experiment. In this study, the adsorption coefficient measurements had 
suggested that the compound would be found between the top 20 em of the soil profile. Rao et al. 
(1974) studied the movement of picloram (4-amino-3,5,6-trichloropicolinic acid) through a 
Hawaiian field soil plot. They found that although most of the chemical was recovered at shallow 
soil depths, some was found at a depth of 1.4 m. However, the movement to 0.4 m was expected 
based on the laboratory adsorption measurements. Gish et al. {1986) conducted an experiment 
on simultaneous leaching of bromide and atrazine (2-chloro-4-ethylamino-6-
isopropylamino-1,3,5-triazine) under rainfed field conditions. They assumed all of the 

64 



atrazine not recovered in the field cores to have either degraded or moved beyond the depths 
sampled. Even though there was a poor agreement between predicted and observed atrazine 
concentration, atrazine was found to be more mobile than predicted. They were not successful in 
describing the convective component associated with atrazine movement using the bromide data 
due to the various pathways in which atrazine was lost. They attributed the early transit time 
of atrazine to preferential flow. 

More field studies are needed for better understanding of the mobility and movement of 
solutes under natural field conditions. The objectives of this study were: (1) to determine the 
variability of bromide and atrazine concentrations as a function of time and depth under no-till 
field conditions, and (2) to estimate the transport and degradation parameters of bromide and 
atrazine. 

THEORY 

The conventional convective-dispersive equation used by many researchers (Biggar and 
Nielsen, 1976; Parker and van Genuchten, 1984; Gish and Coffman, 1987) to predict the 
transport and degradation parameters, is as follows: 

R acJat = o a2cJaz2 - u ac1az - ~c [ 1 ] 

where R is the retardation coefficient, C is solute concentration, t is time, 0 is the dispersion 
coefficient, z is soil depth, u is pore water velocity, and 11 is the degradation coefficient. The 
retardation coefficient can be estimated as 

R = 1 + pk/6 [ 2] 

where p is the soil bulk density, k is the partition coefficient and 6 is the soil water content. k 
is usually estimated as k = f0 ckoc where foe is the mass fraction of organic carbon in the soil 
and koc is the carbon partition coefficient for the specific chemical. 

This second degree partial differential equation can be solved analytically. The initial 
and boundary conditions required to solve this equation are as follows: 

Initial Condition: 
1)C =Ci, z 2! 0, t = 0 [3] 

Boundary Conditions: 
1) C - (0/u) aC/az = C0 , z = 0, 0 < t < t1 [4a] 
2) c - (0/u) ac/az = o, z = 0, t > t1 [ 4 b] 
3) iJC/iJz = 0, z ~ oo, t > 0 [ 4 c I 

where t1 is the pulse duration. The initial condition Ci = 0 can be assumed since none of the 
chemicals were applied to this site for the previous three years. The boundary conditions Eq. 
[4a] and [4b] describe the chemical concentration at the surface and condition Eq. [4c] 
describes the chemical concentration at the bottom boundary. 

The solution of Eq. [1] knowing the initial and boundary conditions is: 

C(z,t) = Ci A(z,t) + C0 B(z,t), 0 < t < t1 

C(z,t) = Ci A(z,t) + C0 B(z,t) - Co B(z,t-11 ), t > t1 
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where: 

A(z,t) = exp(-J.tt/R) {1- 1/2 erfc[(Rz- ut)/2(0Rt)1/2] 
- (u2tf7t0R)112 exp[-(Rz- ut)2/40Rt] + 1/2 (1 + uz/0 
+ u2t/DR} exp(uz/D} erfc[(Rz + ut}/2(0Rt} 1 /2]} 

B(z,t} = u/(u + u) exp[(u- u)z/20] erfc[(Rz- ut)/2(0Rt)1 12] 
+ u/(u - u) exp [(u + u)z/20] erfc[(Rz + ut)/2(0Rt) 1 12] 
+ u2/21J.O exp (uz/D- Jlt/R) erfc[(Rz + ut)/2(0Rt)112] 

where erfc is the complementary error function (Biggar and Nielsen, 1976). 

There are several methods developed for estimating the transport parameters 
from the solution of the convective-dispersive equation. The parameter optimization code 
CXTFITT of Parker and van Genuchten (1984) was used for estimating the transport and 
degradation parameters in our study. This is a curve fitting method using the maximum 
neighborhood method of Marquardt (1963} to minimize the sums of squares of the residuals 
between observed and calculated concentrations (Parker and van Genuchten, 1984). This model 
assumes that the water velocity is the primary stochastic component. Knowing the initial and 
boundary conditions and concentration of chemicals as a function of time and depth, the 
transport and degradation parameters can be estimated. 

Since rainfall is a stochastic meteorological event, infiltration and hence field average 
soil water flux will not be steady state . (Gish and Coffman, 1987}. Therefore, transient field 
problems can be approximately accommodated by transforming the temporal variable to a 
variable defined to be the ratio of the cumulative net infiltration and the average net infiltration 
rate. This transformation converts the real time to a flux time. Since the calculation of flux 
time is dependent upon the net infiltration, if plants are present, the flux time should only be 
calculated for days when water input exceeds evapotranspiration, ET. The flux time can be 
represented as (Gish and Coffman, 1987): 

t tmax 
( = f <Jw> 't d't I [ J <Jw> 't d't/tmax] [ 6 1 

0 0 

where ( is flux time, t is real time, <Jw> is the spatially averaged daily net water input flux, 
and tmax is the duration of the experiment. 

MATERIALS AND METHODS 

Fjeld Experimental Details. The field experiment was located near Hartsburg, Missouri, 
with less than 1% slope. The site was on the flood plain of the Missouri River and was classified 
as Sarpy (mixed, mesic Typic Udipsamment). The soil surface texture varied from loam to 
sand. The field site was classified into three areas according to surface texture (Fig. 1 ). The 
experimental site was 0.1 ha in size and was divided into 49 plots each having 4 by 4 m 
dimensions. Four plots were chosen as control plots to which no chemicals were applied (Fig. 
2). 
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Area II 
Sandy Loam 

Area Ill 
Loam 

-..~-------28 m 

N 

Area I 
Sand 

Fig. 1. Schematic diagram of experimental site showing the distribution of soil areas. 
Soil areas were designated by difference!:) in surface texture. 
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43 36 29 22 15 8 1 

30 23 16 

45 38 31 24 17 

46 39 32 25 18 1 1 4 

47 33 26 19 5 

48 41 34 27 20 13 6 

49 42 35 28 21 14 7 t4m .. ~ 

0 Neutron Meter Access Tube 
4m 

1m Control Plot 

Fig. 2. Schematic diagram of the experimental site outlining plot numbers, control plots, 
and locations of access tubes. 
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Rainfall and irrigation water applied with a center pivot system were monitored using 
two recording precipitation gauges. One was installed at the experimental site to measure the 
total water added to the site. The second gauge was installed outside of the experimental site to 
measure the distribution and amount of natural rainfall. A neutron meter was used weekly to 
monitor the water content of the soil profile throughout the growing season at selected locations 
of the experimental site at selected depths. The depths for this measurement were at 1 o, 20, 
30, 40, 50, 60, 70, 80, 90, 100, 110, 120, and 130 em. The crop at the time of experiment 
was grain sorghum (Sorghum bicolor) which was planted under no-till management right 
before the application of chemicals. The previous crop was soybean (Glycine max). No 
atrazine had been applied to this field for at least three years prior to the study. 

Atrazine is a widely used selective herbicide that will control most annual broadleaf and 
grassy weeds. On May 1987, atrazine was sprayed at 2.0 kg/ha after sorghum was planted. In 
addition, metolachlor (2-chloro-N- (2-ethyl- 6-m e thy I phe ny I)- N- (2-m et hoxy-1-
methylethyl) acetamide) was applied with atrazine at 1.5 kg/ha. Seven hours after application, 
14 surface soil samples 400 cm2 by 3.0 em deep were collected to determine the uniformity 
and average concentration of atrazine. There was no irrigation or rainfall before these samples 
were collected. 

Bromide was applied as sodium bromide (NaBr) at 115 kg/ha five days later. By this 
time the herbicide had killed the weeds, thus minimizing plant uptake of bromide. Twenty 
surface soil samples 400 cm2 by 0.5 em deep were removed to determine the uniformity and 
average concentration of the bromide. Plant uptake of bromide was assumed to be minimal (Gish 
et al., 1986). 

Soil Sample Collection and Analysis. Soil cores were removed using a truck-mounted 
hydraulic soil probe. Samples were taken systematically at 20 plots for atrazine and 49 plots 
for bromide (Fig. 2). Soil cores were extracted from different depths at each date and 
segmented into 7.5 em increments. Samples were taken at 7 days, 30 days, 60 days, 90 days, 
and 120 days after application of the chemicals. Sampling data are presented in Table 1. To 
minimize degradation of atrazine due to light exposure and heat, samples were wrapped in 
aluminum foil and kept frozen while stored. Bromide samples were stored in plastic bags and 
kept at room temperature. 

Atrazine samples were first mixed with sodium sulfate and allowed to dry over night. 
200 ml of methylene chloride was added to the sample and the sample was shaken for one hour to 
complete extraction. The extract was filtered and concentrated using a rotoevaporator. The 
extract was subsequently fractionated using a Florisil column. Finally, the extract was analyzed 
using gas chromatography/mass spectrometry. The procedure was the standard atrazine 
analysis done at the University of Missouri Trace Substances Laboratory (lopez-Avila et al., 
1985; Davoli et al., 1987; and De leu and Copin, 1987). 

A bromide selective ion electrode was used to determine bromide concentration. In the 
determination of bromide concentration, the soil sample was mixed with distilled water at a 1 :1 
ratio. Then the bromide electrode which was hooked up to a meter was inserted into the soil
water mixture while the mixture was being stirred constantly. The readings collected were the 
activity of the bromide in millivolts. The activity of the bromide was an indication of bromide 
concentration. This measurement was done by direct reading from soil-water mixture 
(Adriano and Doner, 1984). The bromide concentrations (mg/kg) were derived after standard 
curves were constructed based on known sample readings. 

Transport Parameter Estimation. The initial estimates of parameters that were 
determined with the CXTFITT model (Parker and van Genuchten, 1984) are shown in Table 2. 
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Table 1. Number of samples analyzed for atrazine and bromide at selected sampling dates. 

Dectb (c;m) #of samples 
Qate Atrazine 

Application 2.5* 

1 45 

2 45 

3 45 

4 

5 45 
Total 

* Surface samples 
Depth increment: 7.5 em 
Sample size: 7.5 em x 4.8 em 
Sample volume: 135.72 cm3 

Bromide Atrazine Bromide 

2.5* 14 1 4 

60 96 392 

90 96 588 

120 96 784 

120 784 

150 96 980 
398 3542 

Application dates for atrazine and bromide were May 20 and May 27, 1987, respectively. 
Dates 1 through 5 were 7, 30, 60, 90, and 120 days after application. 

Table 2. Initial values of bromide and atrazine transport and degradation parameters 
used for least-squares estimation. 

pore water velocity 
standard deviation of ln(u) 

dispersion coefficient 

retardation factor 

degradation coefficient 

amount of chemical applied 

initial concentration 

applied concentration 

u = 1.777 em day-1 
<rln(u) = 1.00 (for bromide; values estimated from 

bromide were used for atrazine) 
0 = 10.00 cm2 day·1 (for bromide; D values 

estimated from bromide were used for atrazine) 
R = 1.00 (for bromide) 

= 1 + Pbk/8 (for atrazine) 
J.1. = 0.000 day·1 (for bromide) 

= 0.0204 day-1 (for atrazine) 
SOLOAD = 10,959.4 J.~.g cm-2 (for bromide) 

= 174 . 614J.~.g cm-2(for atrazine) 
Ci = 0.000 (none of the chemicals were applied 

previously) 
C 0 = 3000 J.~.g cm-3 (for bromide) 

= 30 g cm·3 (for atrazine) 
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The concentrations of bromide and atrazine measured as a function of time and soil depth, C(t, 
z), were used to estimate the transport and degradation parameters. Chemical concentrations 
were measured at selected depths at 7, 30, 60, 90, and 120 days after application (Table 1 ). 
Chemical concentrations were converted to g cm-3 of soil solution using soil bulk density and 
soil water content. Time after application was transformed into flux days. The class A 
evaporation pan (located approximately 40 km away) data, adjusted for periodic crop 
coefficients, were used to estimate the daily ET. 

Three averaging methods were used to estimate the transport and degradation parameters 
for the field site: Plot, Area, and Field methods. The Plot method used the average of the 
parameters estimated using concentrations at each individual plot. The Area method used the 
weighted average (based on number of plots per area) of parameters estimated with area
averaged concentrations. Finally, the Field method used the parameters estimated with field
averaged concentrations. 

Two cases were used to estimate the parameters for bromide and eight cases were used to 
estimate the parameters for atrazine (Table 3). For Cases 1 and 2, bromide concentration data 
were used. For Case 1, the average pore water velocity, u, apparent dispersion coefficient, D, 
and O"ln(u) were estimated, while the retardation factor, R, and degradation coefficient, J.l, were 

fixed (R = 1.00, J.l = 0.000 day-1 ). For Case 2, D and O"ln(u) were estimated while other 
parameters were fixed. 

For Cases 3 through 10, atrazine concentration data were used to estimate the 
parameters. The values of O"ln(u) from Case 2 (bromide) were used for all these cases. The 
values for the retardation factor, R, were computed for each plot, area, and the field using soil 
property data. These values were used as initial retardation factors. The initial values of the 
dispersion coefficient, D, were the values estimated from Case 2 (bromide). For Cases 3 
through 6, the dispersion coefficient, D, was estimated while for Cases 7 through 1 0, it was 
fixed. For Cases 3, 4, 7, and 8, the retardation factor, R, was estimated while in Cases 5, 6, 9, 
and 10, it was fixed. For Cases 3, 5, 7, and 9, the degradation coefficient, ll· was estimated, 
while in Cases 4, 6, 8, and 1 0, it was fixed. 

RESULTS AND DISCUSSION 

Profile Chemical Concentrations. The mean concentration of bromide measured in the 
surface samples at application was 103.6 kg/ha with a coefficient of variation of 18.5%. The 
average atrazine concentration of the surface samples indicated that the application rate was 
1.65 kg/ha with a coefficient of variation of 25.6%. 

Table 4 summarizes the percent recovery of bromide at each sampling date. The mean 
percent recovery for all plots at selected dates was 90% or higher. Eventhough, these field data 
are variable, the percent recovery was good for the experiment. At the fifth sampling date, 
about 95% of the bromide was recovered. The large percent recovery suggests that bromide· 
uptake by plants was negligible in this study. Plant uptake of bromide may under some 
conditions be substantial (Owens et al., 1985; Kung, 1990}. 

Average bromide concentrations as a function of soil depth for the five sampling dates are 
shown in Figure 3. Bromide moved to the 30 em depth within the first week after application. 
After one month after application, bromide was detected at a depth of 80 em. The highest 
concentration (peak concentration) of bromide seven days after application was at the soil 
surface (Fig. 3a). At 30 days after application, the peak had moved down to the 40 em depth, 
and at 60 days after application to the 60 em depth. All areas had similar results for the first 
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Table 3. Selected cases for which transport and degradation parameters were estimated using 
bromide and atrazine concentration data. 

E~B~MEIEBS 
Case Chemical 1) D B u crln(u)--

1 Bromide E E F F E 
2 Bromide F E F F E 
3 Atrazine F E E E F 
4 Atrazine F E E F F 
5 Atrazine F E F E F 
6 Atrazine F E F F F 
7 Atrazine F F E E F 
8 Atrazine F F E F F 
9 Atrazine F F F E F 
10 Atrazjne F F F F F 

F = Fixed parameter 
E = Estimated parameter 

Table 4. Percent recovery of bromide at selected sampling dates. Sampling dates of 1 through 5 
were 7, 30, 60 , 90, and 120 days after application, respectively. 

Sarnolioo Dates 
EIQt 1 2 3 4 5 
1 97.9 86.2 125.1 114.9 140.2 
2 86.4 84.5 136.4 99.9 126.5 
3 107.8 64.4 127.5 118.2 130.4 
4 88.9 64.0 102.2 106.0 82.4 
5 97.4 70.2 91.7 115.8 1 04 .5 
6 15.9 84.5 86.1 15.4 1 06.0 
7 87.8 110.8 108.4 123.3 85 . 9 
8 83.5 94.9 114.7 129.5 90.9 
9 (control plot) 

10 89.9 109.2 109.8 92.1 89.0 
11 85.1 90.9 107.8 102.5 90.9 
12 (control plot) 
13 104.1 96.5 96.7 110.9 96.8 
14 91.3 86.0 109.3 130.5 86.0 
15 70.8 102.2 102.0 105.6 83.3 
16 84.8 101.9 136.1 90.9 98 . 1 
17 74.5 98.8 99.1 106.7 89.3 
18 88.6 104.6 96.9 96.5 108.6 
19 114.6 102.7 102.8 97.5 107.7 
20 114.9 92.2 86.1 98.0 88.9 
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Table 4. (continued) 

21 103.3 98.7 86.1 103.3 80.9 
22 96.5 102.8 102.7 82.3 87.1 
23 93.9 1 01 .0 92.7 88.3 87.8 
24 89.0 114.7 93.1 94.9 75.0 
25 103.7 98.8 95.7 90.1 1 03.5 
26 95.9 96.5 86.8 89.4 112.7 
27 112.0 104.6 100.0 99.8 92.7 
28 101.4 94.7 101.8 115.1 97.3 
29 51.1 105.7 115.4 113.2 97 . 0 
30 56.5 101.5 89.5 102.7 99.9 
31 87.6 113.6 85.5 87.9 97.7 
32 107.6 103.9 102.1 95.7 1 01 .4 
33 116.9 52.2 84.6 87.5 87.8 
34 89.1 110.8 98.2 107.6 ao. 1 
35 85.9 107.5 93.8 117.7 100.9 
36 78.4 97.5 100.9 79.8 1 01 . 1 
37 (control plot) 
38 87.3 103.0 85.3 93.6 92.1 
39 94.0 109.3 90.8 92.5 94.4 
40 (control plot) 
41 128.9 101.7 98.8 98.7 89 . 8 
42 97.1 109.8 89.8 94.3 88.2 
43 109.9 108.1 89.5 74.3 94.6 
44 107.6 107.9 91.0 83.1 100.2 
45 90.2 107.6 86.0 83.9 94.5 
46 105.7 72.6 87.2 98.8 93.5 
47 99.3 88.2 103.2 108.8 78.0 
48 80.2 68.7 108.8 100.7 89.0 
49 79.4 76.5 95.4 114.6 45.8 

Area 0 
I 18 86.22 95.89 124.40 99.25 99.85 

II 15 96.75 93.33 92.25 98.41 95.97 
Ill :12 lH.:l:l 9Z.28 9Z.52 :lQZ.S:l 85.9Z 
Weighted 91.83 95.41 106.52 101.17 94.85 
Mean 
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Fig . 3. Mean bromide concentrations vs. soil depth measured at (a) 7 days, (b) 30 days, 
(c) 60 days, (d) 90 days, and (e) 120 days after application. 
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60 days. However, on later dates, there were variations in the depth at which the peak 
concentration occurred. At 90 days after application, the peak concentrations were at about 85 
em, 80 em, and 70 em for Areas I, II, and Ill, respectively. At 120 days after application, the 
peak concentrations were at about 110 em, 70 em, and 65 em for Areas I, II, and Ill, 
respectively. The depth of peak concentration was highest in Area I and least in Area Ill. These 
differences could be related due to differences in the water holding capacity of the soil areas. 
Area I had a lower water holding capacity due to coarser texture compared to Areas II and Ill. 
Therefore, a given amount of precipitation could have penetrated to a deeper soil depth in Area I. 
Another reason for these differences could have resulted from observed poorer plant groW1h and 
subsequent lower transpiration in Area I compared to Areas II and Ill. 

Average atrazine concentrations as a function of soil depth for the four sampling dates 
are shown in Figure 4. Atrazine concentration in the surface 7.5 em is highest in Area Ill and 
lowest in Area I, seven days after application (Figure 4a). As the time after application 
increases, atrazine concentration in the 7.5 em depth increment decreased largely due to 
degradation and leaching (Figure 4 b, c, and d). Although atrazine leaching was minimal, some 
atrazine was detected at soil depths below 7.5 em. Atrazine concentration was always highest in 
the 7.5 em depth increment due to the retardation of this organic chemical which was attributed 
to adsorption by organic matter content. 

Atrazine was detected at a depth of 18.75 em within the first week after application. 
This may be due to the presence of macropores (1-5 mm diameter holes) open to the surface. 
Atrazine was detected at the 26.25 em depth one month after application. At two and four 
months after application, the atrazine concentration was minimal, especially in the lower 
depths. 

Transport Parameter Estimation. The meteorological data were used to determine the net 
input flux. Figure 5 shows the cumulative water input, cumulative ET, and net water input 
(which is the difference between cumulative input and ET) as a function of days after 
application . The input flux calculated using meteorological data was 1.78 em/day. 

The means of the estimated parameters computed by selected averaging methods and cases 
are presented in Table 5. The values in parentheses are the standard deviations for each 
parameter. The last column is the R2 (square of the correlation coefficient between observed 
and fitted concentration data). 

For Case 1, the estimated value of u was approximately 25% higher than that computed 
from meteorological data. However, the estimated values of u did not vary significantly between 
the averaging methods. The estimated values of D did vary between the averaging methods, but 
were not significantly different. The estimated value of O'ln(u) did not vary significantly between 
the selected averaging methods. The agreement between the observed and predicted values as 
noted by the R2 indicated the prediction was good (R2>0.80). However, the R2 was higher when 
the parameters were estimated by Area or Field methods. For Case 2, the u value determined 
from meteorological data was used (1.78 em/day). It is noted that the R2 reduced by only 2.5%. 
This suggests that using u from the meteorological data is appropriate. The R2 in Cases 1 and 2 
was highest for the Field averaging method and lowest for the Plot averaging method. In this 
Case, there was an increase in D values and a slight decrease in estimated O'ln(u) values when u 

was fixed compared to Case 1. 

For Cases 3 through 10, atrazine concentration data were used. The value of R2 was 
0.88 for Case 3 which indicated a good agreement between observed and predicted values. The 
R2 decreased to 0.82 when J.1 was fixed in Case 4. The next best R2 was achieved in Case 1 0 
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Fig . 4. Mean atrazine concentrations vs. soil depth measured at (a) 7 days, (b) 30 days, 
(c) 60 days, and (d) 120 days after application. 
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Table 5. Means and standard deviations of transport and degradation parameters estimated for 
selected cases and averaging methods. Cases 1 and 2 are for bromide, and Cases 3 
through 10 are for atrazine. 

Case 1 
Averaging 
metbQd ll !SI:D D !SD) s:IIn(u) (SQ) 82 

em/day cm2/day 
Plot 2.250 (0.63) 5.881 (7.65) 0.774 (0.17) 0.81 
Area 2.206 (0.46) 4.699 (3.43) 0.797 (0.11) 0 .88 
Field 2.289 (0.26) 3.105 (1.80) 0.849 (0 .07) 0.89 

Case 2 
Averaging 
melbQd D (SD) s:IIn(u) !SD) 82 __ 

cm2fday 
Plot 7.825 (6.55) 0.700 (0.09) 0.79 
Area 6.340 (1.27) 0.702 (0.03) 0.86 
Eield 6.Q2Q Cl.Z8) Q,ZQ:l (Q,Q~) Q.88 

Case 3 
Averaging 
metbQd D !SD) R (SD) IJ (SD) 82 

cm2/day. day-1 
Plot 0.2380 (0.640) 4.883 (2.68) 0.0286 (0.046) 0.88 
Area 0.0013 (0.001) 3.840 (0.62) 0.0076 (0.012) 0.92 
Field Q,QQ02 W,O:l2) 4,550 (Q,:l :l) Q.QQQ2 (Q.Q53) Q,98 

Case 4 

Averaging 
metbQd D 'SD) 8 (Sm 82 -

cm2/day 
Plot 0.7320 (1 .250) 4.826 (2.96) 0.82 
Area 0.0004 (0.000) 3.350 (0.69) 0.87 
Eield Q,QOQ1 (O,QOQ) 2.951 (0,60) Q.89 

Case 5 
Averaging 
metbQd D !SD) R(fjxed)"' LL (SD> 82 -

cm2/day day-1 
Plot 2.413 (1.55) 10.865 0.0220 (0.037) 0 .77 
Area 2.413 (0.44) 10.593 0.0000 (0.000) 0.76 
Eield 2.52~ (5.33) 1Q.572 Q.QQQ:l (Q,:l38) Q,Z7 
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Table 5. (continued) 

Case 6 
Averaging 
wm~etwh~o~d ____________ ~o~~(~S~D~) __________ _n8·2 ___ _ 

Plot 
Area 
Fjeld 

Case 7 
Averaging 
method 

Plot 
Area 
Fjeld 

Case 8 
Averaging 
method 
Plot 
Area 
Fjeld 

Case 9 
Averaging 
method 

Plot 
Area 
Fjeld 

Case 10 
Averaging 

8 

cm2fday 
2.618 (1.60) 
2.4 78 (0.41) 
2.484 (9.76) 

(SO} LL 
day·1 

4.74 (2.43) 0.02313 
3.70 (0.67) 0.01040 
3.55 (1,68) 0.01085 

8 (SO) 
4.94 (2.92) 
3.61 (0.68) 
3.45 (1,61) 

u (SO) 
day-1 

0.01684 (0.031) 
0.00000 (0.000) 
0.00000 (0.015) 

method 92 __ 
Plot 0.81 
Area 0.86 
Fjeld 0.87 

0.78 
0.81 
0.81 

(SO) 

{0.034) 
(0.004) 
(0.041} 

s2 -
0.66 
0.68 
0.69 

82 __ 

0.80 
0.84 
0.84 

82 

0.72 
0.69 
0.70 

.. These values were used as fixed parameters but are given to show what numbers were used. 
u = Average pore water velocity 
D = Dispersion coefficient 
8 = Retardation coefficient 
82 = square of the correlation coefficient between observed and predicted values 
J..L = Degradation coefficient 
O"ln(u) = Standard deviation of ln(u) 
SO = Standard deviations for Plot and Area averaging methods. For the Field averaging method, 

the value is the standard error of the estimated coefficient. 
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when all of the parameters were fixed. This indicated that even when all of the parameters were 
fixed (Case 1 0), the agreement between observed and predicted values was better than in Cases 

5, 6, 7, 8, and 9, when D, R, and 1.1 were estimated. The R2 was again highest for the Field 
averaging method compared to the Plot or Area averaging methods in Cases 3, 4, 8, and 10. 

The atrazine dispersion coefficient, D, varied from 0.24 +1- 0.64 to 2.62 +1- 1.60 
when estimated by the Plot method in Cases 3 through 6. However, since the SD was large, the 
variability was not significant between the averaging methods. In Cases 5 and 6, D did not vary 
significantly. The retardation factor, R, calculated using the soil properties, was 10.87. The 
value of R in Cases 3, 4, 7, and 8 varied from 4.74 +1- 2.43 to 4.94 +1- 2.92 when estimated 
by the Plot method. As noted, R was about 45% of that calculated from soil properties which 
was significantly lower. The lowest value of R was estimated in Case 4 by the Field method 
which was about 28% of the soil property-estimated value of R. The SD of R was always highest 
when estimated by the Plot method as compared to the Area or Field methods. However, the 
variability of R was not significantly different between averaging methods. The estimated value 

of the degradation coefficient, Jl, varied from 0.017 +1- 0.031 to 0.029 +1- 0.046 day-1 
when estimated by the Plot method in Cases 3, 5, 7, and 9. The value of 1.1 was always highest 
when estimated by the Plot method and lowest when estimated by the Field averaging method. 

Case 2 probably presented the best estimate of transport parameters for bromide since 

the R2 value did not decrease substantially and u was estimated from meteorological data which 
is felt to be more reliable. For atrazine, Case 10 produced the best prediction with the least 
cost. However, some improvement did occur with estimation of some parameters. The Plot 
averaging method is felt to have produced the best estimates of parameters since it shows the 
mean and standard deviation of the parameters estimated with concentration data from each plot 
before averaging the concentrations. Since the SO of the Plot averaging method was usually 
high, the averaging methods were not significantly different for the selected cases. 
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