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INTRODUCTION

In investigations and descriptions ofthe contribution of
runoff from agricultural fields to nonpoint source
pollution problems, the effect of study area size on the
applicability of results at the watershed and basin scale
becomes an important concem. Spatial variability of
rainfall and other weather factors, soil characteristics,
topography, geology, vegetation, and drainage
pattems lead to uncertainties when applying results
from field and small plot studies to larger geographical
areas (Bailey and Swank 1983; Smith et al. 1985).

Baker and coworkers (Richards and Baker 1993) have
made the following observations with regard to
pesticide concentration pattems in the Lake Erie Basin:
peak observed concentrations increase as watershed
size decreases; and the average length of time during
which intermediate pesticide concentrations are
continuously exceeded tends to increase with
watershed size. These workers assert that scale effects
are to be expected down to the plot scale. An
additional scale effect that has been reported is that
sediment yield (sediment/unit area) decreases as
watershed size increases (Johnson and Moldenhauer
1970; Gottshalk 1964).

FIELD METHODS

Since 1985 we have been stUdying runoff of various
herbicides and insecticides, nitrate, and suspended
sediment from fields planted to com. Our early work
was performed on 2- to 4-ha plots (Southwick et al.
1990b); since 1994 we have made investigations on
0.2-ha stUdy areas (Willis et al. 1991). The earlier work
was done on Commerce clay loam, a Mississippi River
alluvial soil graded to 0.1 % slope; the later studies
were conducted 0.2-0.5 km away on Commerce silt
loam graded to 0.2 % slope. This work has been
conducted on plots with and without subsurface drains.
Table I lists relevant properties of the chemicals
treated in this paper.

OBJECTIVES

In this paper we compare/contrast runoff of herbicides
and suspended sediment to test for trends that might
be due to the differences in plot sizes in our field work.

-120-

We look at results for atrazine and metolachlor in
runoff from 4.4-ha plots in 1987 (Southwick et al.
1990b) and from 0.21-ha plots in 1995 (Southwick et
al. 1997a) and 1996. We also compare/contrast runoff
oftrifluralin from the 4.4-ha plots in 1992 (Southwick et
al. 1997b) with results for pendimethalin from the 0.21
ha plots in 1996. We discuss the suspended sediment
in runoff in these studies (Southwick et al. 1997a;
Bengtson et al. 1998). We consider here results only
from plots without subsurface drains. In our
comparisons we also assess the size of an "elemental
area" (Huggins and Bumey 1982) in these field studies.

RESULTS AND DISCUSSION

Concentrations of Atrazine and Metolachlor in
Runoff

Disappearance of pesticides from soil usually shows an
exponential decrease with time and often approximates
to first order kinetics. These kinetics are properly called
pseudo first order, since the mechanism of
disappearance is a complicated combination of
physical and chemical processes such as irreversible
sorption to the soil, volatilization, leaching, runoff, and
chemical and microbiological decomposition (Benson
1960; Guenzi 1974; Sawhney and Brown 1989; Cheng
1990). Similarly, concentrations of pesticides in runoff
diminish exponentially with time, corresponding to the
decrease in concentration in the runoff-active zone of
the soil (Leonard et al. 1979).

Our field studies with atrazine have routinely shown
that the concentration of this herbicide in runoff quickly
drops with increase in elapsed time after application
(Figure 1). This disappearance of atrazine in runoff
closely fits modified first order decay curves (Table II).
These equations predict that at t = 0, the initial
concentration is (a + b) ).<g/L; k is the modified first
order rate constant. As t increases, these equations
predict that C", approaches (a) ).<g/L. The equations
allow calculation of DTsoS (50% disappearance times)
for the chemical in runoff. Runoff DT50 values in Table
II correspond to soil DTsoS of 35 (Southwick et al.
1990a [1987)),18 (Southwick et al. 1997a (1995)), and
15 (Southwick et al. 1998 [1996)) days. In our field
work, we observe that DT50 (runoff conc.) < DT50 (soil
conc.).



This observation is reasonably presumed to be due to
rapid leaching of the runoff-available residue to just
below the runoff extraction zone (Leonard 1990;
Leonard and Wauchope 1980; Southwick et al. 1998)
but not as quickly below the zone removed in soil
sampling procedures (in our case, usually the top 2.5
cm soil layer). The analyses reported in Table II yield
identical rate constants k for 1987 and 1995;
consequently, the DTsoS are the same for these two
study seasons. Therefore, the plot size differences
between these two studies did not influence the
persistence of atrazine in runoff.

Similar to that of atrazine, our field work has revealed
rapid decreases of metolachlor runoff concentration
with time after application (Figure 2). The
disappearance curves of Figure 2 fit modified first
order equations (Table III) that provide DTsoS that are
shorter than the respective soil DTso values:
corresponding metolachlor soil DTsoS were 20
(Southwick et al. 1990a [1987]), 29 (Southwick et al.
1997a [1995)), and 17 (Southwick et al. 1998 [1996))
days. As for atrazine in Table II, the metolachlor
resu~s of Table III show a similarity in rate constant k
(and therefore in persistence in runoff) across plot size
(1987 and 1996).

Concentrations of Atrazine and Metolachlor in
Runoff as Functions of Soil Concentrations

Leonard et al. (1979) developed a power equation, Y
=0.05X' 2, R2 =0.86, to describe the relation between
runoff concentrations (Y) of various herbicides
transported in the water phase and their respective soil
surface concentrations (X). These investigators viewed
the soil concentration coefficient to be an "extraction
coefficient" and suggested that the greater distance
from unity shown by the exponent reflected lower
extraction efficiency with increasing time after
application. Therefore, runoff extraction was more
efficient early after application when soil
concentrations were at their highest. Thus, when aged
soil residues become more tightly bound or degraded,
extraction becomes less efficient and hysteresis is
observed (Koskinen and Harper 1990; Ma et al. 1993).
We have related the runoff concentrations of atrazine
(Figure 3) and metolachlor (Figure 4) to their
respective soil surface concentrations and have
developed power regression equations (Table IV) to
describe these relationships.

The analyses of Table IV reveal a generally consistent
statistically significant difference between the
extraction coefficients b with respect to plot size and/or
year. For both chemicals the extraction coefficient is
lower with the smaller plot size (except for the 1995
atrazine value). For atrazine, bo.21 = 0.59b•.•; for
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metolachlor, bo.21 = 0.40b.... If these trends are due to
the plot size differences, the longer runs of the larger
plots before the samples passed through the sampling
flumes conceivably could have led to increased
extraction efficiency from the runoff-active zone of the
soil. With the larger plots there is greater time for the
herbicides to desorb from the soil. Figures 1 and 2
indicate that higher runoff concentrations of atrazine
and metolachlor occur in the larger plots as a function
of time after application. Another observation to make
in Table IV is that extraction coefficients are
consistently higher for atrazine than for metolachlor:
the 10-fold differences (within same year, atrazine >
metolachlor) seen in this table are consistent with the
two-fold differences in K,.,s (Table I, metolachlor >
atrazine).

Trifluralin and Pendimethalin Yield in Runoff

In 1992, we studied runoff of the dinitroaniline
herbicide, trifluralin. Our 1996 work considered runoff
of another dinitroaniJine, pendimethalin. Since both
water solubilities (0.3 ppm) and K,.,s (8000 mUg,
trifluralin; 5000 mUg, pendimethalin) are the same or
similar for the two compounds (Table I), we have
compared the yield in runoff as a function of flow and
have developed regression equations for these
relationships (Table V). We express yield as percent
of application since the dinitroaniline application rates
for the two years differed slightly. The flow coefficient
b (Table V) is statistically higher for the 1996 (0.21
ha)data than for the 1992 (4.4 ha) resu~ <bo.21 ha =
1.86b... ,.}. This higher coefficient forthe smaller plots
is consistent with the application difference between
the two years-incorporated in 1992 but not in 1996.
Trifluralin and pendimethalin exhibit water solubilities
and I<ocs (Table I) that favor association with sediment
in runoff (Leonard 1990; Wauchope 1978): the greater
coefficient b from the smaller plots also corresponds to
the largersediment yields from these plots (see below).

Sediment Yield in Runoff

From our 4.4 ha plots we have a series of years of
monthly sediment yields in runoff. For a 9-year period,
1988-1996, we have calculated means and standard
errors of the means (yields normalized with respect to
flow, kglhalmm) for each of the months April, May,
June (Table VI). We have also calculated the
respective means and standard errors of sediment
yields from the 0.21 ha plots for the 1995 season
(mostly in May) and the 1996 season (mostly in April).
The trend is toward higher sediment yields from the
smaller plots. Averaging the Sediment Yield (Y)/Runoff
Volume M for the respective plot sizes, we calculate

t;(N)O.21 ha = 3.0t;(N)•.• ha'



where Y is in kglha, and V is in mm. When ANOVA is
used to compare the 1995 and 1996 4.4 ha data with
the 0.21 ha results of the same years,

CfN),.21 .. = 3.2CfN)u ..'

a difference significant at P< 0.016. This greater yield
of sediment from smaller plots translates to higher
yields of sediment-associated chemicals from these
plots.

SUMMARY AND CONCLUSION

In this assessment of field data of the runoff of
herbicides of both moderate and low water solubility,
we have observed that this runoff shows trends
variably assignable to plot size differences. From both
plot areas of our studies, the water soluble compounds
atrazine and metolachlor demonstrated rapid
concentration declines with increasing time between
application and the runoff event. When these runoff
concentration data are regressed with time after
application (Tables II and 111), the resulting modified
first order equations produce the same DTsoS across
plot size. Regression of atrazine and metolachlor
runoff concentrations against those of soil (Table IV)
indicated more effective desorption from the soil in the
larger plots.

The herbicides of low water solubility (trifiuralin and
pendimethalin) also show trends that are consistent
with a plot size influence. The probability of this effect
is enhanced since the observed trend (Table V) is in
the same direction as that of sediment. But the issue
is clouded by the fact that application differences (year
effect) are also in line with the trends of Table V.

Sediment yield in runoff (Table VI) seems to show a
definite trend attributable to plot size. In the analysis of
these sediment runoff data, the three 4.4-ha data sets,
each extending over a 9-year period, demonstrate a
consistently lower runoff sediment yield compared to
the two 0.21-ha studies. This difference stands when
the 1995 0.21-ha data (collected mostly in May) are
compared with the May 1995 4.4-ha data and when the
1996 smaller plot data (mostly from April) are
compared with the larger plot data of April 1996.

Huggins and Bumey (1982) assign to an elemental
agricultural area the following characteristics: uniform
soil type, constant vegetation cover, constant overall
slope, and uniform distribution of precipitation. In our
studies, these conditions are generally met at both plot
size levels. The lack of a consistent trend attributable
to plot size in our runoff data for atrazine and
metolachlor points to a general similarity of the above
plot characteristics across the areas of our studies, as
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these characteristics affect runoff of these compounds
of high water solubility. The data do indicate that from
soil of similar atrazine and metolachlorconcentrations,
larger concentrations result in a runoff event from the
larger plot size. But a general breakdown in elemental
area across the plot sizes in the work described in this
paper shows up in our sediment data. The runoff of
herbicides of low water solubility may suggest a plot
size effect between the two areas of our studies with
respect to these two chemicals.

The possibility of plot size effects on field results of
studies of agricultural practices on water quality should
always be of concern. But in many (probably most)
cases, the conditions of an elemental agricultural area
are not met. Thus, the results coming out of the
Mississippi Delta Management Systems Evaluation
Area (MD MSEA) generally cannot be assessed with
respect to a plot size effect because of the variability in
soil type, vegetation cover, slope, and precipitation
across the various areas of this study. This variability
is a result of the sizes of the individual study areas
(small watersheds) and of the separation between the
study sites.
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• $..., water solubility, mgIL; Koe , soil organic carbon sorption coefficient,
mUg; Vp , vapor pressure, mm Hg; tIt'll soil half life, days.

t Hornsby et al . 1996; t Southwick. et aI., 1990a; ~ Southwick et al , 1997a;
§ Southwick et at . 1997b.
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Figure 1 Concentration of alrazine in runoff.
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1.00 206 0.111 0.986 6.23

[0.50, I.50J [164, 259J [O.101,O.122J [5.68,6.89J
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Table I. Herbicide Properties·

Herbicide S. K~ Vp t,n Ref

At(azine 33 100 29 x 10.2 35 U
Metolachlor 530 200 3.1 x 10" 23 U
Pendimethalin 0.3 5000 9.4 x 10" 55 U
Trifluralin 03 8000 I I x 10~ 31 t. §

Table II. Atrazine Concentration in Runoff
Model. C~ = a + bexp(-kt)

Parameters, and [95% Confidence IntervalsJ
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• C~. cone., J-lgfL; t. days after application.
t 50"10 Disappearance time.

Year

1987

1995

1996
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Figure 2. Concentration of metolachlor in runoff.

Table III. Metolachlor Concentration in Runoff'
Model: Cre = a + bexp(-kt)

Parameters, and [95% Confidence Intervals]

Vear a b k R' DTSO> days'

1987 0

1995 14.7
[9.14,20.32]

1996 14.7
[9.14,20.32]

4.4 ha
1944 0.136 0.988

[1598,2364] [0.122,0.149]

0.21 ha
1944 0.356 0.988

[1598,2364] [0.311,0.400]

232 0.136 0.988
[205,263] [0.122,0.149]

5.12
[4.66,5.67]

1.95
[1.73,2.23]

5.12
[4.66,5.67]

'Cre, conc., "gIL; t, days after application.
'500.!o Disappearance time.
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Table IV. Atrazine and MelOlachlor Concentration in Soil and Runoff'
Model: Crn ; a + bC,'

Parameters, and [95% Confidence Intervals]

Year haT a b R'

Atrazine
1987 4.4 0 00626 0.986

[0.045, 0.080]

1995 0.21 0 0.0874 0.985
[00532, 0.122]

1996 0.21 0 0.0369 0.990
[0.0317,0.0422]

Metolachlor
1987 4.4 -0.0326 0.00650

[-0.0521, -0.0132][0.0054, 0.0076]

1995, 0.21 0.0159 0.00260
1996 [0.0034,0.0284] [0.00230,0.00289]

, Crn, runoffconc., J,lg/L; C" soil conc., J,lglkg. TPlot size, ha.

0.35

0.30 -.... 1987,4.4 ha
-<>- 1995. 0.21 ha

E 0.25 -----,....- 1996,0.21 ha
0.
0.

U
c 0.20
0

U
:to
0 0.15c
::>

'"'" 0.10c
.;;j

["
0.05;;:

0.00

0.987

0.990

o 2

Atrazine Soil Cone., ppm

Figure 3. Concentration of atrazine in soil and runoff.
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E
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Q. --.- 1996.0.21 ha
U

0.3c
0
()
'l=
0
c 0.2
"a:
.Q
.c
u 0.1
'":§
"::;;

0.0

0 2 3 4

Metolachlor Soil Cone., ppm

Figure 4. Concentration of metolachlor in soil and runoff.

5

Table V. Yields ofTrifluralin (1992) and Pendimethalin (1996) in Runoff'
Model: Y = a + bV,n

Paramelers, and [95% Confidence Intervals]

Year ha a b

1992 4.4 -0.0104 0.00412
[-00150, -0.0058] [O.00329,O.00495J

1996 0.21 -0.0140 0.00765
[-0141, -0.0139] [O.00522,O.010IJ

• Y, herbicide yield, % ofappl:; V, runoff flow, mm.

Table VI. Sediment YieldlRunoffFlow •

R'

0.987

0.826

Year N YieldlRunoff Volume'
kglha/mm

1988-96, April
1988-96, May
1988-96, June

1995, 33 days
1996, 41 days

4.4 ha
14
12
13

0.21 ha
16
32

10.0 ± 16
15.6 ± 3.4
16.5 ± 2.6

416±63
414±47

• 4 4 ha, 2 reps, 0.21 ha, 4 reps.
t mean ± standard error of the mean.
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