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Factors Influencing Degradation of Pesticides in Soil
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Degradation and sorption of six acidic pesticides (2,4-D, dicamba, fluroxypyr, fluazifop-P, metsulfuron-
methyl, and flupyrsulfuron-methyl) and four basic pesticides (metribuzin, terbutryn, pirimicarb, and
fenpropimorph) were determined in nine temperate soils. Results were submitted to statistical analyses
against a wide range of soil and pesticide properties to (i) identify any commonalities in factors
influencing rate of degradation and (ii) determine whether there was any link between sorption and
degradation processes for the compounds and soils studied. There were some marked differences
between the soils in their ability to degrade the different pesticides. The parameters selected to explain
variations in degradation rates depended on the soil—pesticide combination. The lack of consistent
behavior renders a global approach to prediction of degradation unrealistic. The soil organic carbon
content generally had a positive influence on degradation. The relationship between pH and
degradation rates depended on the dominant mode of degradation for each pesticide. There were
positive relationships between sorption and rate of degradation for metsulfuron-methyl, pirimicarb,
and all acidic pesticides considered together (all P < 0.001) and for dicamba and all bases considered
together (P < 0.05). No relationship between these processes was observed for the remaining seven
individual pesticides.
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INTRODUCTION processes (3). Although this group includes several important
contaminants of surface and groundwater, approaches to predict
their behavior in soils are poorly developed. lonizable pesticides
ossess either a basic or an acidic functional group. They can
e partially ionized within the range of natural soil pH, and
this strongly affects their reactivity in soils.

Many studies have demonstrated a positive influence of pH
on total microbial biomass and activity, although microbial
degradation seems to be restricted when pH becomes greater
than 8—8.5. Consequently, degradation of many neutral com-

Alongside sorption, degradation is the second most important
process used to predict the fate of pesticides in sbilsStandard
laboratory and field dissipation studies are performed to asses
the rate of degradation (often expressed as a first-order half-
life or DTsp, the time required for 50% of the initial dose to
disappear). Rates of degradation are influenced by physico-
chemical properties of the soil [such as pH and organic carbon
(OC) content], biological properties (activity and distribution

of microorganisms), and environmental conditions that control :
soil temperature and moisture content. Both route and rate of po_unqls has been shown to be faster at h|gh4_;))|.—|l(1 the case
of ionizable compounds, the strength of sorption decreases and

degradation also depend on properties of the chemical. Vari_the availability for degradation generally increases with increas-
ability in degradation rate is expected, and numerous studies. y 9 9 y

have provided evidence for field-to-field variation in the :Jnr?dgrIignﬁﬁreaﬂﬁrfsyesaggt?nbtlr?tleogzi\(t:g;ngep?gzgt?clnr?r\?victﬁssas
degradation rates of pesticide&y.(Extrapolation from measure- for ioﬁizablg comoounds subiect to micro%ial deara datiopn
ments on a set of soils to prediction for a different soil is a pol ject t . 9 :

. - However, when abiotic degradation is dominant (e.g., for most
common problem in environmental assessment. A greater

understanding of the factors that influence degradation rates issulfonylureas), the pH generally has a negative influence on

required to support this extrapolation and thus ensure the saferatses of.degradatlon (4). ffect biod dati inlv b
use of new and existing products. orption processes may affect biodegradation mainly by

. - . L . . modifying chemical bioavailability. A positive relationship
lonizable pesticides comprise a significant and increasing between sorption coefficienK() and half-life has been reported
proportion of the active substances used in Europe, and the

formation of acidic metabolites is common during degradation for many ionizable pesticidest). However, several factors
g deg might counterbalance the influence of sorption on degradation,
and the link between sorption and degradation is not always
I* To VY(hom correspondence should be addressed. E-mail: m.kah@ obvious (5—7). Conflicting results were sometimes observed
cs iggghti@ Science Laboratory. for the same compounds, and no general trend is apparent at

8 University of York. present. Even a weak correlation between sorption and degrada-
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Table 1. Main Properties of the Nine Arable Soils Studied
pH %
—-33kPawater  bioactivity®
soil texture UK vegetation oca CaCOs3 CEC content (g water/ (mg TPF
classification when sampled water  KCl clay st sand (gkg™!) CIN® (%) (cmol* kg™h) 100 g dry soil) kg ~* soil)
1 silty clay loam set aside 820 802 385 487 128 17.7 9.6 76.40 6.96 32.2 202.3
2 sandyclay loam  wheat 7.81 754 257 248 495 32.4 9.1 36.30 16.60 28.0 381.4
3 sandyclay loam  cereals 808 741 275 210 515 10.8 94 0.49 12.90 17.7 91.7
4 sandy clay loam  grass/clover ley 791 729 345 215 440 20 10.1 0.70 18.10 26.9 136.0
5 sandyclayloam cereals 685 627 199 265 536 23.8 10.4 0.09 11.60 26.3 113.8
6 sand maize and weeds ~ 7.07  6.46 5.6 46 898 7.65 12.4 0.21 341 9.7 15.2
7 loam w.wheat 689 638 236 357 407 16.8 10.5 0.09 10.30 25.5 99.0
8 clay set aside 596 487 415 330 255 323 11.5 0.09 22.30 355 321
9  sandy loam set aside 528 440 135 201 664 15 114 0.09 6.62 20.1 52.2

2QC, organic carbon content. ? C/N, ratio of carbon and nitrogen content. ¢ Bioctivity measured on soils sampled in July 2004 after 2 weeks of incubation.

tion greatly influences probabilistic analysis of leaching through Table 2. Main Properties of the Pesticides (10)*
soil and reduces the predicted extent of leachi@y More
experiments coupling measurement of sorption and degradation

Acidic Compounds

under differing conditions are required to better understand the , faf o DTef o solubilly
extent and mechanisms of interactions between these processes CASRN _ pKs® (mLg™) (days) (inwater, gL~
In the current study, degradation and sorption parameters were, carboxylic acids
determined for six acidic and four basic pesticides in nine 4D W IsT 297 3697 575906
. - ’ T dicamba 1918-00-9 197 3-8 14-11 65
contrasting arable soils. Results were submitted to statistical fiuroxypyr 69377-81-7 294 50-136 5-68 0.091
analyses against a wide range of soil and pesticide propertiesfluazifop-P 83066-88-0 2.98 26-60  2-168 0.780
to (i) identify any commonalities in factors influencing rate of NHSO; acids (sulfonylureas)
degradation and (ii) determine whether there was any link metsulfuron-methyl ~ 74223-64-6 3.75  8-32 4-100 0.548 (pH 7);
between sorption and degradation processes for the compounds 213 (pH 9)
and soils studied. flupyrsulfuron-methyl 144740-54-5 4.94 38-94 6-26  0.063 (pH 5);
0.600 (pH 6)
MATERIALS AND METHODS Basic Compounds
The set of soils and pesticides used in this study was previously Koc® DTso! ) solubility
used in experiments aimed at predicting the sorption of ionizable CASRN  pK® (mLg™) (days) (inwater,gL™")
pesticides in soils. More detailed descriptions of the soils, the pesticides, triazines
and the measurement of sorption can be found irbref metribuzin 21087-64-9 1 9-76 6-377 1.05
Soils.Nine arable soils were sampled from the top 20 cm in several terbutryn 886-50-0 43  66-3262 14-50 0022
locations in southern England in July 2004 (2,4-D and dicamba others
degradation study and all sorption experiments), September 2004 pirimicarb 23103-98-2 454 212-4026  7-234 3(pH74)
(degradation of fluroxypyr, fluazifop-P, metsulfuron-methyl, and flupyr- ~ fenpropimorph  67564-91-4  6.98 ~ 124-484  15-127  0.0043 (pH7)

sulfuron-methyl), and April 2005 (degradation of the four bases). Soils
were selected to give a gradient in pH (pH in 1 M KCI from 4.4 to @Molecular structures and additional properties can be found in Kah and Brown
8.0) and to have a range in texture (clay content from 5.6 to 41.5%) (9). ”pKa: dissociation constant ¢Koc: distribution coefficient in soils normalized
and OC content (7.6—32.4 g kg Table 1). The soil water content to the OC content, measured in Kah and Brown (9) ¢DT50: half-life in soil, time
for the incubation was determined with a pressure membrane systemrequired for 50% of the initial dose to be degraded.
for samples of sieved soil loosely repacked into a ring of 1 cm height
and 4 cm diameter (roughly 20 g of soil, three replicates). Samples
were left in cells under a pressure-683 kPa until there was no further Two-dimensional molecular properties were calculated for each
change in weight. The moisture content was then determined by the pesticide using AdmeWorks ModelBuilder Version 2.1 (Fuijitsu Kyushu
difference in weight from oven-dried samples. System Engineering Ltd.). Estimates of degradation potential were
Pesticides.Ten ionizable pesticides were selected, comprising four included in the list of pesticide descriptors. Six estimates of aerobic
carboxylic acids, two sulfonylureas, two triazines, one carbamate, and biodegradability were determined using BIOWIN1j. The software
one morpholine (Table 2). On the basis of pre-experiments (data not calculates biodegradation probabilities based on the fragments of a
shown), it was assumed that no competition effects operate at low molecule. The parameters Biowinl and Biowin2 are calculated based
concentration. Pesticides were paired (2,4-D with dicamba, fluroxypyr upon the fragments derived from a data set of 187 chemicals, through
with fluazifop-P, metsulfuron-methyl with flupyrsulfuron-methyl, linear and nonlinear regressions, respectively. Biowin5 and Biowin6
metribuzin with pirimicarb, and fenpropimorph with terbutryn) and are calculated in a similar way, but regressions are based on another
studied together by high-pressure liquid chromatography (HPLC) and data set comprising 884 compounds. Biowin3 and Biowin4 are
gas chromatography with mass spectrum detection (GC-MS). Sorption estimations of the time required for primary (transformation of the
of the weakly sorbed pesticides (2,4-D, dicamba, metsulfuron-methyl, parent compound to an initial metabolite) and ultimate biodegradation
and flupyrsulfuron-methyl) was measured using radioisotof®s (  (transformation to carbon dioxide and water), respectively. They are
Considering the application rates in the field and incorporation in the calculated based on a survey conducted by the U.S. Environment
upper 2.5 cm of the soil profile with a density of 1, degradation Protection Agency on 200 chemicals. As there is no consensus on the
experiments for eight of the pesticides were carried out at 2 mé kg  most appropriate estimation method for a particular compound, all six
Sulfonylurea herbicides are applied at very low rates in the field but estimates were tested independently. ThreeD/alues from the
were studied at a relatively high concentration (1 mg'k¢o facilitate literature were included as well for each pesticide (laboratory, field,
analysis. and typical half-life reported in the Footprint databat).
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Table 3. Details of Extraction and Analytical Procedures for the Acidic Pesticides?

HPLC analysis
extraction injection retention  detection
purity (soil: solvent HPLC T wavelength flowrate volume time limit recovery
pesticide (%) ratio,1:2, v.v) mobile phase (°C) (nm) (mL/min)  (ul) column (min)  (mgL™?) (%)

2.4-D 99.6 methanol acidified ACIEI(;V\(I&.IOEA]I’ ﬁcgjgiid 30 202 1 20 Dist;m{ggy r%S 4.6 mm 4.7 0.01 95-106
dicamba 97.1 (0.25% H3POy) (4b:60, VZ\BI) ¢ 5 um ' 6.7 0.01 95-106
fluroxypyr 99.2 methanol acidified ACIEJG\A(/)%&: ﬁcgjg“;d 30 200 1 20 Agilent eclipse XDB-C8, 29 0.02 90-131
fluazifop-P 90-93 (1% H3PO,) ( 1555 V:\i) 4 4.6 mmx 150 mm, 5 um 8.8 002  97-112
metsulfuron-methyl 99.3 Acgfiol\(ﬁilum acetate ACIEIG\A%;J Sggjgze)d 25 225 0.5 20 Agilent eclipse XDB-C8, 5.9 0.02 93-106
flupyrsulfuron-methyl  99.0  pH 6.5 (75:25) (5050, v:v) 46mmx 150 mm, 5um , 017 59-120

@ Analysis of basic and radiolabeled compounds is described in Kah and Brown (9).

Incubation to Measure Degradation and Analysis.Samples of are provided inTable 3. Nonextractable residues were considered to
fresh soil were preincubated for 8 days prior to application of pesticide be degraded, and the extraction efficiency was assumed to remain
(moisture content just below33 kPa, 15°C, in the dark) to allow constant over the course of the experiment.

germination and removal of seeds and to establish equilibrium of  Three kinetic models were fitted to the degradation curves: a simple
microbial metabolism following the change from sampling or storage first-order equation, a first-order multicompartment (Gustafson &
conditions to incubation conditions. The period between sampling and Holden) model, and a first-order sequential (Hockey-Stick) mati). (
the beginning of incubation never exceeded 3 months to comply with parameters were optimized according to recommendations by FOCUS
OECD guidelines (13). (15) using the least-squares method with Microsoft Excel Solver. The
Technical grade pesticide solution in deionized water (5 mL) was simple first-order kinetic model always described the data adequately
applied dropwise to the equivalent of 200 g of dry soil (three replicates) (and often better than the other two models). The first-order rate of
to reach an initial concentration of 2 mg a.s. kgl mg a.s. kg* for degradation and the RJ (time required for 50% of the initial dose of
the two sulfonylureas). When the chemical properties did not allow pesticide to be degraded) of each compound in each soil were
dissolution in water (terbutryn and fenpropimorph), the pesticides were determined with the following equations: and
dissolved in acetone and 0.5 mL of pesticide solution was applied to
the soil with a 0.5 mL syringe (Agilent Technology). Soil was
thoroughly mixed, and the moisture content was adjusted by weight to
exactly—33 kPa. The soil was then transferred to a 500 mL glass flask Ln2
and incubated at 1%C in the dark. During the incubation, the moisture DTgo=—
content was maintained by weight twice a week and lids were not tightly r
closed to avoid anaerobic conditions being created. At appropriate time
intervals, samples of 20 g of soil were weighed into 125 mL amber WhereC; is the concentration of pesticide remaining in soil (mgg
glass jars and immediately frozen. Nine samples were taken during after t (days),C, is the initial concentration of pesticide (mg kg,
the incubation period. The duration of incubation was chosen according andr is the rate of degradation (day.
to half-lives previously reported in the literature for each pair of Batch Experiments To Measure Sorption.Sorption coefficients
pesticides. It ranged from 42 (2,4-D/dicamba) up to 119 days (met- (Kq, mL g% were determined at one concentration (similar to the
sulfuron-methyl/flupyrsulfuron-methyl). incubation experiment) and with four replicates using a standard batch
The soil bioactivity was evaluated by measuring the dehydrogenase equilibrium method 16). After a pre-equilibration period of 14 h, soil
activity after 2 and 6 weeks of incubation (triplicates). This enzyme is suspensions in 0.01 M CaQlvere spiked with a pesticide solution
only active in living organisms and thus is an indicator for soil microbial and returned to shaking for 72 h. The samples were then centrifuged
activity (14). Soil samples (5 g) were incubated at’8with 5 mL of at 5000gfor 10 min, and the supernatant was analyzed to measure the
colorless TTC solution (0.5% by weight, 2,3,5-triphenyl-2H-tetrazolium concentration of pesticide remaining in solution after sorption. Samples
chloride, 98%, Avocado Research Chemicals Limited) in 0.1 M tris were maintained in the dark at 4C throughout the procedure to
buffer adjusted to pH 7.6 with HCI [tris(hydroxymethyl)aminomethane, minimize degradation. A detailed description of the procedure and
general purpose grade, Merck Science]. TTC is reduced by dehydro-results can be found in réf.
genase enzymes to red water-insoluble TPF (triphenylformazane) and  Statistical Analysis. The first objective was to identify the best
was extracted with 25 mL of acetone after 24 h of incubation. The combination of properties to describe the variation in rates of degrada-
samples were shaken for 1 h (end-over-end shaker, 22 rpm) andtion. For screening purposes, the three best properties to include in the
centrifuged at 2500¢pr 10 min. The intensity of the red color of the regression equations were selected with MobyDigs Version1Z)) &
supernatant was measured by spectrophotometry at 485 nm (UV-160A,program designed to identify an optimal regression model where a large
UV —visible recording spectrophotometer, Shimadzu) and converted to number of potential parameters are available, using a genetic algorithm
bioactivity (mg TPF kg') based on a set of TPF standards (1,3,5- approach coupled with ordinary least-squares regression. A genetic
triphenylformazane, Sigma-Aldrich Co. Ltd.). algorithm is a search technique inspired by evolutionary biology that
Extraction and quantification of pesticide remaining in soil were is used to find solutions to optimization and search problems.
undertaken at the end of the respective incubation period. DegradationEssentially, the approach consists of generating populations of possible
was measured through the relative decline of residues extracted withsolutions (in the current case comprising combinations of variables to
an appropriate organic solvent (soil to solution 1:2; see detailglie predict rate of degradation), testing the fithess of these solutions, and
3). After 1 h of end-over-end shaking (22 rpm), the samples were then recombining and/or mutating the fitter elements of the population
allowed to stand until the soil had settled (1 h), and the pesticide into a successor generation. The process is then reiterated until either
concentration in the clear supernatant was determined. Subsamples o& specified number of generations or a predetermined level of fitness
supernatant containing metsulfuron-methyl and flupyrsulfuron-methyl is attained. Each pesticide and soil were first considered individually.
were concentrated two-fold by evaporation under nitrogen flow prior The data for the acids and bases were then integrated, and the software
to analysis. Basic pesticides were extracted with acetone. Subsamplesvas run again. Finally, the whole data set was considered. The same
of supernatant were evaporated to dryness under nitrogen flow andapproach was followed for the descriptors with separate analysis for
redissolved in ethyl acetate. Analysis was by HPLC and GC-MS. Details soil descriptors, pesticide descriptors, and finally all descriptors
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Table 4. DTso (Days) of Six Acidic and Four Basic Pesticides Measured in Nine Arable Soils?

sails 1 2 3 4 5 6 7 8 9
2.4-D 29(0.26)  26(037)  47(052)  55(0.38)  3.0(0.36) 6.2 (0.56) 37(022)  46(012)  4.6(0.36)
dicamba 151(068)  7.6(042)  242(042)  113(044)  9.1(058)  46.1(1.16) 91(067)  82(031)  15.0(0.92)
fluroxypyr 86(0.62)  86(027) 134(0.36)  9.9(0.36)  74(081)  213(0.78) 9.2(042)  93(033)  6.6(0.73)
fluazifop-P 60(0.18)  61(010) 103(037)  63(0.14) 113(040)  16.6(0.76) 7(049)  10.6(0.80) 13(0.92)
metsulfuron-methyl 544(097)  350(1.11)  894(216)  409(122)  37.1(1.05)  1759(2295  71.8(3.04)  238(1.30) 352 (L30)
flupyrsulfuron-methyl ~ 7.8(0.42)  7.9(0.68)  16.1(109)  105(153)  21.3(0.88)  12.2(1.39)  21.7(1.40)  75(0.60) 215 (5.46)
metribuzin 93(0.31)  106(060) 233(111)  156(0.60)  166(0.74)  494(215)  157(0.70)  21.4(L37)  19.5(0.85)
pirimicarb 125(038)  144(0.61)  57.2(L77)  209(054)  17.1(0.46)  47.8(2.05) 7.9(046)  66(062)  15.4(0.55)
fenpropimorph 79(027)  83(058) 421(381) 143(0.75) 445(482)  206(263)  539(334) 307 (3.12) 62 (6.33)
terbutryn 85(0.11)  71(011) 151(055)  8.8(0.29) 12(0.35)  56.8(1.37)  16.6(053)  141(047)  22.3(0.62)

2The value between parentheses is the standard error associated with the estimation of DTs with a first-order kinetic model (three replicates).

considered together. Correlation analysis was performed using Genstaffable 5. Best Predictors for Variability in Rate of Degradation
for Windows, 7th edition, Rothamsted Research). Selected by the MobyDigs Package and Regression Coefficients When
Three Properties Are Considered?

RESULTS AND DISCUSSION

soil properties ?

There was no initial lag phase on any degradation curve. A 4p bioactivity, P,0s, Al 0.929
lag phase is normally attributed to adaptation of the microbial dicamba pH, Log (OC), Al 0.971
population. First-order half-lives are reportedriable 4. There fluroxypyr Fe, K, Na 0.768
were some marked differences between soils in their ability to ~ fluazifop-P clay, Mg, K 0979

. . . metsulfuron-methyl bioactivity, OC, Al 0.926
degrade different pesticides. Blvalues for the acids were flupyrsulfuron-methyl CEC. Al Na 0.936
generally much larger in soil 6; this was probably related to all acids CIN, P;0s, Mg 0.008
the very weak bioactivity of this soil. metribuzine CIN, P20s, Mn 0.968

Multivariate Statistical Analysis. The MobyDigs package fe'mggiﬁorph I\S/IIé;AleK 8-8‘1‘2
was u_sed to select the best cqmblnatlon of_ parameters, among e ivn Mg, K, Na 0.985
26 soil and almost 200 pesticide properties, to explain the all bases bioactivity, sand, P;0s 0.463
variability in degradation rate. Each pesticide and soil was all pesticides CIN, P,0s, Mg 0.131
considered individually before combining the data for acids,
bases, and all the pesticides. Separate analyses were also pesticide properties (all soils) I
undertaken with soil and pesticide descriptors and with both all acids N3C, S0, V6P 0.742
combined. When several pesticides were considered, rates of  allbases NDB, EDMN 0.690
degradation were expressed as a percentage of the median. Main &l pesticides ALLP2, S6C, EDMX 0.635
results from the analysis are givenTable 5.

Different combinations of soil properties were selected for all properties (all soils) *
the different pesticides. The level of microbial activity and the  allacids Log (OC), NATM, V6P 0.801
OC content of the soil are known to be essential parameters allbases Log (OC), CaCOs, ALLP4 0.496
determining degradation rates. However, these properties were 2 Pestcides  loam, ALLP2, EDMX 0670
selected relatively infrequentliR2 values decreased significantly ~ ALLP2 ALLP 1/number of atoms in structure
when several pesticides were grouped, and this indicates that E\ELJS ALLP 3/number of atoms in structure

. . . . minimum electron density value
soil parameters driving degradation rates depend on the pesti- gpyx maximum electron density value
cide. N3C third-order molecular connectivity number

The same procedure was applied with pesticides properties NATM number of nonhydrogen atoms
and each soil to determine whether a particular behavior could NPB number of double bonds Ny

S6C sixth order cluster molecular connectivity

be deduced from the characteristics of the pesticide (results g, zero-order molecular connectivity

partlally shown inTable 5) The combinations of pestICIde V6P sixth order path molecular connectivity valence

descriptors selected were different for the different soils. The

descriptor ALLP (number of path in the structure) was selected  2Rates were expressed as the percentage of the median when several

for all soils except soil 6 and when all pesticides were considered compounds were considered together.

together. The parameter describes the topological complexity

in a molecule and might be useful to rank pesticides according

to their intrinsic degradability. No other pesticide descriptor was by results from the current study. The failure of such a global

common to several soils, and the large regression coefficientsapproach (quantitative structuractivity relationship type ap-

are probably due to the great number and variety of parametersproach) could be expected considering the complexity of

available. Calculated biodegradability (BiowWin6, BioWinl) and interactions between different processes that influence break-

DTso reported in the literature (typical value, Footprib®) were down of organic compounds in soils. The routes and rates of

selected as the best parameters to discriminate the pesticides idegradation are influenced by chemical, biological, and physical

only three of the nine sails (soils 5, 7, and 9, respectively). This properties of soils and also depend on the properties of the

confirms that values from the literature must be used with care pesticide. Soil properties are interrelated and may influence these

since degradation rates strongly depend on both the compoundprocesses in opposite directions, thereby exhibiting a stimulating

and the soil type. and restricting effect on the overall degradation process. The
An equation predicting the degradation of a range of dominance of one process over another depends on the soil

compounds has not been proposed to date and is not supporte@esticide combination and cannot therefore be generalized.
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Table 6. Correlation Coefficients between Degradation Rates, Some biodegradation. The abiotic hy_dr_olysis _O_f sulfonylureas !S
Soil Properties, and Sorption Coefficients? generally more favored under acidic conditions, and a negative
- relationship between degradation and pH was reported for
OC  bioactivity pHKClI — clay Kq chlorsulfuron, prosulfuron, primisulfuron methyl, rimsulfuron,
24D 0.361 0.618** 0379 0280  —0.014 thifensulfuron methyl, and triasulfuron (4). Flupyrsulfuron-
]f:'camba g-z%:** 8-222 ‘ggég 8-2(3)‘5‘** 833;* methyl is a sulfonylurea herbicide as well. However, its
uroxypyr ' e e e hydrolysis was reported to be faster at alkaline pH (25). No
fluazifop-P 0.380 0.758 0.657** 0,606 0.102 I . ; : .
metsuffuron-methyl ~ 0.830%* 0132  -0500% 0.468*  0.824" significant influence of pH on its degradation was observed in
flupyrsulfuron-methyl ~ 0.552%*  0.454* 0312  0.621* 0377 the present study, and this confirms that common rules are
all acidic compounds ~ 0.232* 0229 0090  0.194* 0295 difficult to apply, even for chemicals with similar structures.
metribuzine 0455*  0.808**  0520% 0518+  0.084 Link between Sorbfi 4D dation P Th
pirimicarb 0.600%* —0.028 —0.402* 0.508* 0.668%* In e .ee.n orp |.0n an' egradation .rocesse .nere .
fenpropimorph 0.241 0.749%*  0.681** 0295  —0.026 was no statistical relationship between sorption and degradation
terbutryn 0.639%*  0.864"*  0.592*  0.639** -0.019 for most of the pesticidesTéble 6). Significant correlations
allbasic compounds ~ 0.458** 0537 0.303" ~ 0.458"*  0.265* were only observed for dicamba, metsulfuron-methyl, and

1 1 e LLtd KKk * kK —| - . . . . . .
allionizable pesticides  0.259™ 0275 0.128" 0233 ~001L pirimicarb, with faster degradation in soils with stronger

sorption. As discussed above, metsulfuron-methyl and pirimicarb
seem particularly sensitive to chemical hydrolysis, and sorption

onto humic acids might have catalyzed their degradation.
Acidic compounds are generally weakly sorbed in temperate
tion and main soil parameters were investigated for each soils, and their sorption might be too weak o cou_nterbalange
the effect of OC on degradation through an increase in

pesticide and are reported irable 6. A positive correlation pioactivity. Indeed, the OC content has a positive influence on

between OC content and degradation rates was observed foi) - . oo

- - . oth degradation and sorption processes and this might lead to
most of the pesticides, and a very strong correlation was obtained : o . . -

o : - mistaken inference of a positive relationship between sorption
when all pesticides were considered togethiahble 6). This .
. S . and degradation parameters.
relationship is generally seen as the reflection of an enhanced ) .
bioactivity in soils with a larger OC content (the OC content _ Although the sorption of basic compounds was generally
much stronger than that of acids, no relationship between

and bioactivity were strongly correlated for the set of soils . .
studied here). Any inhibition of degradation due to stronger sorption and degradation rates could be observed except for

sorption and thus reduced bioavailablity in soils with large OC pirimi_carb_. Metribuzin, fenprppimorph,_ and _terbqtryn seem to
content was insufficient to overcome the effect of OC on D€ Primarily degraded by microorganisms in this set of soils
bioactivity. Moreover, sorption to humic substances could (strong correlation between degradation and soil bioactivity).

facilitate the abiotic transformation of the molecule, reinforcing 1€ Possibilities need thus to be considered as follows: (i)

the positive effect of OC on degradation rate. This effect has Micr_oorganisms are generally more abundant at, or near, soil
been previously shown for metribuzin and its metabolitg),(  Particle surfaces26), and sorption may thus concentrate the
for azimsulfuron (19), and for triasulfuron (20). pfestlude in regions of greatest m|crob|§I activity; anql (||)_
A positive correlation between clay content and degradation b|od<_agradat|on might not always be restricted to chemical in
rates was observed for most of the pesticides as well. This solution (27—-30). .
probably resulted from the very strong correlation between clay ~ Beulke and Brown§) suggested that the effect of sorption
and OC contents (&= 0.550**), highlighting the difficulty in on degradation might be dominant |_f soils with a wide range c_>f
determining the effect of a single soil parameter on degradation. OC contents are compared. For instance, a strong positive
Several studies suggest that the determination of the type and€lationship betweeKq and DTz was noticed for metazachlor
activity of degrading microorganisms is necessary to describe When studied in 10 plots within the same fiefd 0.9, 1.5<
the influence of microbial population on dissipation of pesticides OC (%) < 6.6] while no clear relationship appeared when 18
(21, 22. Particularly slow degradation was observed in the soil Sils were considered [0.6 OC (%) < 2.4; 31]. Significant )
exhibiting the weakest bioactivity (soil 6), and this parameter elationships between sorption or degradation processes and soil
was strongly correlated with degradation rates for five of the Properties are more likely when similar types of soils are
pesticides studied, as well as when all pesticides were consideredompared because the range in other influences on degradation
together. Numerous methods are available to characterize theS somewhat restricted. The set of soils conS|_dered in the present
microbial activity of soils, and the determination of dehydro- Study does not represent an extreme range in OC content (0.7
genase activity is one of the simplest techniques. Although it 3-4%) but it presents large differences regarding texture and
provided a good indicator for ranking the soils according to pH.. These character!stlcs might not bg favorable to emphasize
their biodegradation potential, more specific measurements 2 link between sorption and degradation processes.
would provide further information. Conclusion. There were some marked differences between
Many studies have demonstrated a positive influence of pH the soils in their ability to degrade the different pesticides. The
on total microbial biomass and activitg,23), and a very strong parameters selected to explain variations in degradation rates
positive correlation was observed in the present study as well depended on the seipesticide combination. Degradation is the
(r = 0.619***). This probably explains the strong positive result of a complex interaction between different processes, and
correlation between pH and degradation rates for fluazifop-P, the lack of consistent behavior renders a global approach to
metribuzin, fenpropimorph, and terbutryfable 6). A similar prediction of degradation unrealistic.
influence of pH was previously reported for metribuz24). On the other hand, a correlation analysis permitted us to
Conversely, pH and degradation rates for metsulfuron-methyl identify distinct types of behavior. Metsulfuron-methyl and
and pirimicarb were negatively correlated. Degradation rates pirimicarb (and perhaps dicamba) seemed mainly degraded by
for these two compounds were not correlated to soil bioactivity, abiotic acidic hydrolysis. The degradation rates of these three
and this supports a dominance of abiotic hydrolysis over pesticides were positively influenced by soil OC content and

ax * and ** indicate a significance at p < 0.05, 0.01, and 0.001 levels,
respectively.

Correlation Analysis. Correlations between rates of degrada-
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negatively influenced by soil pH. A positive relationship linked  (14) Viswanath, N. R.; Patil, R. B.; Rangaswami, G. Dehydrogenase
their sorption and degradation parameters, probably as a activity and microbial population in a red sandy soil amended
consequence of a catalyzed hydrolysis after sorption onto soil and unamended with incubatiodentralbl. Bakteriol. Para-
organic matter. In contrast, microbial degradation seemed to sitenkd. Infektionskr. Hydl977,132, 335-339.

dominate the breakdown of 2,4-D, fluazifop-P, flupyrsulfuron- ~ (15) FOCUS.Guidance Document on Estimating Persistence and
methyl, metribuzin, fenpropimorph, and terbutryn. As a con- Degradation Kinetics from Enronmental Fate Studies on

d dati i th icid Pesticides in EU RegistratiprReport of the FOCUS Work
sequence, degradation rates of those pesticides were very Group on Degradation Kinetics, EC Document Reference Sanco/

sensitive to soil bioactivity level, positively influenced by soil 10058/2005, version 2.0; FOCUS: Brussels, Belgium, 2006.
pH, and not related to sorption. Finally, fluroxypyr had an (16) OECD Guidelines for the Testing of Chemicals Test No. 106:
intermediate behavior, and the influence of soil properties on Adsorption—Desorption Using a Batch Equilibrium Method
its degradation was unclear. The dominance of one route of Organisation for Economic Co-Operation and Development:
degradation over another strongly depends on the characteristic Paris, France, 1997.

of the pesticide. Pesticides with similar structures may also (17) Todeschini, R.; Ballabio, D.; Consonni, V.; Mauri, A.; Pavan,

behave differently as shown in the current study for the two M. Mobydigs, Version 1.0; Talete srl.. Milano, Italy, 2004.
sulfonylureas. (18) Henriksen, T.; Svensmark, B.; Juhler, R. K. Degradation and

sorption of metribuzin and primary metabolites in a sandy soil.
J. Environ. Qual.2004,33, 619—628.
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