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ABSTRACT

Using the soil-water sorption partitioning coefficient (Kd), this study quanti-
fied the spatial variation of 2,4-D sorption by soil in an undulating-to-hum-
mocky terrain landscape near Minnedosa, MB, Canada. Herbicide sorption was
most strongly related to soil organic matter content and slope position, with
greatest sorption occurring in lower landscape positions with greater soil or-
ganic matter content. The relation between sorption and slope position was
more pronounced under conventional tillage (CT) than under long-term zero-
tillage (ZT). Using multivariate regression and three independent variables
(soil organic matter content, soil clay content and soil pH), the prediction of
herbicide sorption by soil was very good for CT (R2 � 0.89) and adequately
for ZT (R2 � 0.53).
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INTRODUCTION

Herbicides are an important strategy in North American agriculture, particu-
larly with the increasing use of reduced-tillage systems. Herbicides are generally
applied over very large areas of agricultural land and the potential for surface-
water and groundwater off-site pollution is a concern (1). Understanding the un-
derlying factors and mechanisms determining the fate of herbicides in agricultural
systems is important to minimize nonpoint-source contamination and to improve
the quality of water used for drinking, irrigation and recreational purposes. Study-
ing herbicide fate in agricultural landscapes is also important for defining effective
weed control decisions.

The fate of herbicides in soils is controlled by transformation, retention and
transport processes. A variety of research, screening and management models have
been proposed to describe and simplify herbicide reactions in soils (2). The most
sensitive input parameter in many of these herbicide fate and transport models is
the soil-water sorption partitioning coefficient, a measure of herbicide sorption by
soil. Herbicide sorption in soil has been shown to influence herbicide volatiliza-
tion, degradation and leaching rates, and herbicide uptake by plants and soil fauna
(3,4,5). Complete understanding of herbicide sorption processes in soils is essen-
tial to a more fundamental comprehension of the fate of herbicides in soils, and to
further advance models for improving pesticide fate prediction in the field.

Pesticide sorption by soil is influenced by the molecular characteristics of the
pesticide, and the physical, chemical and biological properties of the soil. For ex-
ample, sorption of a given pesticide varies with soil clay content and mineralogy
(6), soil organic matter content and composition (7), soil pH, temperature and
moisture content (8), soil microbial biomass (9), and earthworm biomass in soil
(10,11).

Studies have found that spatial variation of selected soil properties within
fields reflected differences in landscape position and explained much of the mea-
sured variation in herbicide sorption within fields for the herbicides atrazine (12),
imazethapyr (13), and metolachlor (14). For most herbicides, the soil organic car-
bon content was the most important factor controlling herbicide sorption by soil
(12). To date, there are few reports that quantify how the spatial distribution of
herbicide sorption within the landscape is influenced by land management prac-
tices (15).

The herbicide 2,4-D [(2,4-(dichlorophenoxy)acetic acid] is widely used in
North America for the post-emergent control of broadleaf weeds in a variety of
crops. It is also a frequently detected herbicide in river waters (16). The objective
of this study was to quantify and correlate the spatial variability of soil properties
and 2,4-D sorption at the field-scale in a conventional- and zero-tilled field.
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MATERIAL AND METHODS

Site Description

The study site selected was located 3 km northwest of Minnedosa, MB, Can-
ada, and consisted of two adjacent zero- (ZT) and conventional (CT) tilled fields.
The ZT field was last cultivated in 1977, 21 years prior to the collection of the soil
samples. While agronomic practices other than tillage were not necessarily iden-
tical for both fields, the differences in tillage practices over the 21 years was the
major management contrast between the two fields. The landscape of the study site
was an undulating-to-hummocky terrain with five soil series (Angusville, Beres-
ford, Cordova, Newdale and Varcoe series) developed on glacial till of mixed
limestone, shale and granite origin. The dominant texture of the surface soil (Ap-
horizon) was clay loam.

Soil Sampling and Analysis

Both fields were georeferenced (global positioning system). Soil samples
were collected along four parallel transects 1000 m long, each 50 m apart, span-
ning both fields. Sampling points along transects were spaced at intervals of 50 m.
Soil samples were collected for all soil horizons but the study reported here only
used samples that were taken from 0 to 15 cm depth in the conventional-tilled field
and from 0 to 8 cm in the zero-till field. Because of tillage, we assumed that the
soil characteristics of the Ap horizon in the CT field were uniform throughout the
15-cm depth. Hence soil characteristics, measured for the entire Ap horizon, rep-
resented the surface layer (0 –8 cm) as well. In total, 80 surface soil samples were
subjected to 2,4-D sorption analysis. For these samples, total carbon was measured
by dry combustion in a Leco furnace model CHN-600, and inorganic carbon was
determined by measuring carbon dioxide evolved after digestion with 6M HCL.
Soil pH was measured in CaCl2 using a 1:1 ratio. Soil texture was measured using
the hydrometer method (17).

Chemicals and Analytical Methods

[U-ring-14C]2,4-D (99% radiochemical purity; sp. act. 10 mCi mmol�1;
American Radiolabeled Chemicals Inc. St. Louis, MO) was used in experiments
to determine the sorption of 2,4-D by soil. Herbicide stock solutions for experi-
ments were prepared in 0.01 M CaCl2 by mixing the [U-ring-14C]2,4-D with ana-
lytical-grade 2,4-D (95% purity, Sigma Chemical Co., St. Louis, MO). The amount
of radioactivity in herbicide solutions and samples from experiments was deter-
mined by Liquid Scintalation Counting (LSC) (LS 7500 Beckman Instruments,
Fullerton, CA) using 10 ml of Scintisafe scintillation cocktail (Fairlawn, NJ).
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Partitioning Coefficients

Batch equilibrium measurements were conducted in triplicates to quantify
the sorption of 2,4-D by soil. Experimental procedures were as follows: The her-
bicide stock solution was prepared to give a radioactive concentration of 17 Bq L�1

and a total 2,4-D concentration of 10 mg L�1. The herbicide solution (10 mL) was
added to 5 g of air-dry soil in 50 ml Teflon centrifuge tubes and placed in a rotary
shaker for 24 hrs at room temperature in the dark to reach equilibrium. Previous
batch experiments have shown that 2,4-D sorption on soil occurs rapidly, with most
of the herbicides being removed from solution within the first few hours, and that
a 24 h equilibrium period is sufficient to characterize the second phase of slow
sorption (15). Preliminary testing revealed that 2,4-D did not adsorb onto Teflon.
The soil slurries were then centrifuged at 10,000 RPM for 10 minutes and the
supernatant was subsampled (1 mL) in duplicates to quantify the concentration of
herbicides remaining in solution by LSC. Amount of herbicide adsorbed on soil
was determined by the difference between the initial and equilibrium herbicide
concentration. The sorption distribution coefficient, Kd [L/Kg], was calculated as-
suming linear partitioning (1/n � 1): Kd � (X /M) / Ce, where X /M � amount of
herbicide adsorbed [g] / amount of adsorbent [1/Kg] and Ce � herbicide concen-
tration of equilibrium solution [g/L].

Statistical analysis included correlation using Statgraphics Plus 3.0 software
(Statistical Graphics Corp.) and multiple linear regression using SigmaStat 2.03
(SPSS inc.).

RESULTS AND DISCUSSION

Soil organic matter content ranged from 1.78 to 4.46% for ZT, and from 0.78
to 4.68% for CT. Soil organic matter content was on average greater for ZT (3.13%
� 0.60) than for CT (2.31% � 0.86). Zero-till soils contain often larger amounts
of organic matter than conventional-tilled soils (18).

Variability of soil pH within the landscape was small for both fields. Soil pH
ranged from 6.0 to 8.0 and from 6.6 to 8.1, with average values of 7.2 � 0.5 and
7.4 � 0.4, for ZT and CT, respectively. Clay content was more variable in ZT
(20.85% � 8.30) than CT (18.42% � 4.61), and ranged from 12 to 46% (ZT) and
from 8 to 31% (CT).

The herbicide 2,4-D was weakly sorbed by soil, as might be expected. The
sorption distribution coefficient ranged from 0.12 to 1.33 L/Kg for ZT, and from
0.11 to 0.97 L/Kg for CT. The amount of herbicide sorbed by soil was on average
slightly greater for ZT (0.56 L/Kg � 0.25) than for CT (0.51 L/Kg � 0.19) The
Kd values obtained in this study resemble the values obtained by other studies for
soils with a similar organic matter content (15).

Herbicide sorption in the CT field was only significantly correlated with soil
organic matter content (Table 1). For ZT, herbicide sorption by soil was correlated
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significantly with both soil organic carbon content and clay content. Other studies
have shown that soil organic matter is an important factor in the sorption of 2,4-D
by soil and sediment (19,20). It is likely that there was a range of adsorption
mechanisms and sorption intensities responsible for the retention of 2,4-D by soil
such as hydrogen-bonding van der Waals forces and hydrophobic partitioning
(21,22,23).

Multiple linear regression for ZT revealed that the best prediction was made
by using soil organic carbon in combination with clay content and/or soil pH, but
the prediction was average (R2�0.53, Table 2). For CT, the prediction of Kd was
very good (R2�0.82) with soil organic carbon as the sole independent variable.
Including clay content and/or did not improve the prediction to a great extent
(Table 2).
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Table 1. Pairwise Coefficients of Linear Correlation of the Soil-Water Sorption Partitioning Coef-
ficient (Kd) with Soil Properties (Significance Levels Are in Brackets)

Soil Organic Carbon Soil pH Soil Clay Content

Kd – zero-till field 0.63 (0.00) 0.10 (0.62) 0.61 (0.00)
Kd – conventional-tilled field 0.89 (0.00) �0.21 (0.20) �0.04 (0.79)

Table 2. Regression Equations Describing Dependency of the
Soil-Water Sorption Partitioning Coefficient (Kd) on Soil Or-
ganic Carbon Content (OC), pH, and Clay Content

Regression Equation R2

Zero-till field

0.754 � 0.228OC � 0.159pH � 0.0118clay 0.530
�0.203 � 0.174OC � 0.0111clay 0.469
0.736 � 0.314OC � 0.160pH 0.422
0.640 � 0.0712pH � 0.0211clay 0.385
0.160 � 0.0196clay 0.370
�0.220 � 0.249OC 0.351
0.295 � 0.0366pH 0.005

Conventional-tilled field

0.152 � 0.199OC � 0.00541clay 0.899
0.466 � 0.193OC � 0.0544pH 0.896
0.639 � 0.196OC � 0.0635pH � 0.00606clay 0.889
0.0586 � 0.196OC 0.823
1.372� 0.109pH � 0.00299clay 0.221
1.281 � 0.104pH 0.209
0.544 � 0.00178clay 0.043
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The spatial dependency between soil organic matter content and herbicide
sorption by soil was very evident in CT (Fig. 1), but was present to a lesser extent
in ZT (Fig. 2). The results for CT were better than for ZT, most likely, because the
range of soil organic matter content within the landscape was larger for CT than
for ZT. This was expected as water, wind and tillage erosion rates are usually larger
for conventional-tilled fields, relative to conservation-tilled sites (24). With a
larger range of soil organic matter content in the landscape, spatial differences in
herbicide sorption by soil are also larger.

Soil organic carbon content was greater at bottom-slope position and caused
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Figure 1. The spatial distribution of soil organic carbon content [%] (A) and the 2,4-D soil-water
sorption partitioning coefficient [L/Kg] (B) in the conventional-tilled field.
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increased adsorption of 2,4-D by soil, relative to the top-slope positions (Fig. 1 and
2). Because soil organic content was strongly related to slope position, the extent
of herbicide sorption by soil can also be estimated based on landscape position.
Slope position and soil properties such as soil organic carbon are more readily
determined than herbicide sorption partitioning coefficients and therefore may
serve as easier input parameters in screening and management models for predict-
ing herbicide behavior in soil.

CONCLUSION

Soil organic matter content, soil clay content, soil pH, and the 2,4-D soil-
water partitioning coefficient was measured for 80 grid-points in an undulating-to-
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Figure 2. The spatial distribution of soil organic carbon content [%] (A) and the 2,4-D soil-water
sorption partitioning coefficient [L/Kg] (B) in the zero-till field.
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hummocky terrain landscape near Minnedosa, MB, Canada. Using multivariate
regression and the three soil characteristics as independent variables, the predic-
tion of herbicide sorption by soil was very good for a conventional-tilled field
(R2 � 0.89) and adequately for a zero-till field (R2 � 0.53). Soil organic carbon
content was the most important soil characteristic influencing the soil-water parti-
tioning coefficient. Upper-slope positions with lesser soil organic carbon content
showed lesser herbicide retention by soil, relative to lower-slope positions with
greater soil organic matter content. Since sorption is one of the most important
processes influencing herbicide fate and movement in soil, our results have prac-
tical implications for the development of management strategies (e.g. site-specific
and variable-rate herbicide application) and pesticide regulatory assessments.

ACKNOWLEDGMENTS

We gratefully acknowledge the financial support by the Natural Sciences and
Engineering Research Council of Canada, the Scientific and Environmental Affairs
Division of the North Atlantic Treatment Organization, and the University of
Manitoba.

REFERENCES

1. Corwin, D.L., Loague, K. and Ellsworth, T.R. Advanced information technologies
for assessing nonpoint source pollution in the vadosezone: conference overview. J.
Environ. Qual. 1999, 28 (20), 357–365.

2. Wagenet, R.J. and Rao, P.S.C. Modeling pesticide fate in soil. In Pesticides in the Soil
Environment: Processes, Impacts, and Modeling; Cheng, H.H. Ed.; SSSA: Madison,
WI, 1990; 351–399.

3. Walker, A., Availability of linuron to plants in different soils. Pestic. Sci. 1973, 4 (5),
665–675.

4. Baker, J.M., Koskinen, W.C. and Dowdy, R.H. Volatilization of EPTC: simulation
and measurement. J. Environ. Qual. 1996, 25 (1), 169–177.

5. Barriuso, E., Houot, S. and Serra-Wittling,C. Influence of compost addition to soil
on the behaviour of herbicides. Pestic. Sci. 1997, 49 (1), 65–75.

6. Ukrainczyk, L. and Ajwa, H.A. Primisulfuron sorption on minerals and soils. Soil
Sci. Soc. Am. J. 1996, 60 (2), 460 – 467.

7. Farenhorst, A. and Bowman B.T. Sorption of atrazine and metolachlor on earthworm
surface castings. J. Environ. Sci. Health, Part B. 2000, B35 (2), 157–173.

8. Brucher, J. and Bergstrom, L. Temperature dependence of linuron sorption to three
different agricultural soils. J. Environ. Qual. 1997, 26 (5), 1327–1335.

9. Liu, D., Maguire, R.J., Lau, Y.L., Pacepavicius, G.J., Okamura, H. and Aoyama, I.
Microbial adsorption of cyanazine and metolachlor. J. Environ. Sci. Health, Part B.
1998, B33 (1), 1–15.

10. Farenhorst, A., Topp, E., Bowman B.T., and Tomlin, A.D. Influence of earthworms
on the dissipation and distribution of atrazine in the soil profile. Soil Biol. Biochem.
2000a, 32 (1) 23–33.

386 FARENHORST ET AL.



ORDER                        REPRINTS

11. Farenhorst, A., Topp, E., Bowman B.T., and Tomlin, A.D. Influence of earthworm
burrowing and feeding activity and the potential for atrazine transport by preferential
flow. Soil Biol. Biochem. 2000b, 32 (4) 479– 488.

12. Novak, J.M., Moorman, T.B. and Cambardella, C.A. Atrazine sorption at the field
scale in relation to soils and landscape position. J. Environ. Qual. 1997, 26 (5),1271–
1277 (1997).

13. Oliveira, RS., Koskinen, W.C., Ferreira, A.F., Khakural, B.R., Mulla, D.J. and Robert,
P.J. Spatial variability of imazethapyr sorption in soil. Weed Sci. 1999, 47 (2), 243–
248.

14. Wood, L.S., Scott, H.D., Marx, D.B. and Lavy, T.L. Variability in sorption coeffi-
cients of metolachlor on a Captina silt loam. J. Environ. Qual. 1987, 16 (3), 251–256
(1987).

15. Mallawatantri, A.P. and Mulla, D.J. Herbicide adsorption and organic carbon contents
on adjacent low-input versus conventional farms. J. Environ. Qual. 1992, 21 (4),
546 –551.

16. Rawn, D.F.K., Halldorson, T.H.J., Turner, W.N., Woychuk, R.N., Zakrevsky, J. and
Muir, D.C.G. A multi-year study of four herbicides in surface water of a small prairie
watershed. J. Environ. Qual. 1999, 28 (3), 906 –917.

17. Gee G.W. and Bauder J.W. Particle-size analysis. In Methods of soil analysis—Part 1.
Physical and Mineralogical Methods; A. Klute, Ed.; ASA/SSSA: Madison, WI,
1986; 383– 412.

18. Arshad, M.A., Schnitzer, M., Angers, D.A. and Ripmeester J. A. Effects of till ver-
sus no-till on the quality of soil organic matter. Soil Biol. Biochem. 1990, 22 (5),
595–599.

19. Cheah, U.B., Kirkwood, R.C. and Lum, K.Y. Adsorption, desorption and mobility of
four commonly used pesticides in Malaysian agricultural soils. Pestic. Sci. 1997, 50
(1), 53–63.

20. Reddy, K.S. and Cambrell, R.P. Factors affecting the adsorption of 2,4-D and methyl
parathion in soils and sediments. Agric. Ecosystems Environ. 1987, 18, 231–241
(1987).

21. Khan, S. U. Equilibrium and kinetic studies of the adsorption of 2,4-dichlorophenoxy
acetic acid and picloram on humic acid. Can. J. Soil Sci. 1973, 53 (4), 429– 434.

22. Senesi, N. 1992. Binding mechanisms of pesticides to soil humic substances. Sci.
Total Environ. 1992, 123/124, 63–76.

23. Stevenson, F.J., J. Organic matter reactions involving herbicides in soil. Environ.
Qual. 1972, 1 (4), 333–343.

24. Elliot, J.A. and Efetha, A.A. Influence of tillage and cropping system on soil organic
matter, structure and infiltration in a rolling landscape. Can. J. Soil Sci. 1999, 79 (3),
457– 463.

Received August 7, 2000

SORPTION OF HERBICIDES 387




