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Factors Affecting Degradation of Aldicarb and Ethoprop’

RUsSELL L. JoNEs AND FRANK A. NORR1s?

Abstract: Chemical and microbial degradation of the nematicides-insecticides aldicarb and ethoprop
has been studied extensively in both laboratory and field studies. These studies show that temperature
is the most important variable affecting the degradation rate of aldicarb and its carbamate metabolites
in surface soils. Temperature and organic matter appear to be the most important variables affecting
degradation rates of ethoprop in soils under normal agricultural conditions, with organic matter being
inversely related to degradation, presumably due to increased binding to soil particles. Soil moisture
may be important under some conditions for both compounds, with degradation reduced in low-
moisture soils. The rate of degradation of aldicarb residues (aldicarb + aldicarb sulfoxide + aldicarb
sulfone) does not seem to be significantly affected by depth from soil surface, except that aldicarb
residues degrade more slowly in acidic, coarse sand subsoils. Degradation of ethoprop also continues in
subsurface soils, although field data are limited due to its lower mobility. Both compounds degrade in
groundwater. Because microbial activity decreases with depth below soil surface, chemical processes are
important components of the degradation of both aldicarb residues and ethoprop. For aldicarb, trans-
formation to carbamate oxides in surface soils is primarily microbial, while degradation to non-
carbamate compounds appears to be primarily the result of soil-catalyzed hydrolysis throughout the soil
profile. For ethoprop, both chemical and microbial catalyzed hydrolysis are important in surface soils,
with chemical hydrolysis becoming more important with increasing depth.
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Aldicarb, the active ingredient in Temik
(Rhéne-Poulenc Ag Company, Research Tri-
angle Park, NC) brand aldicarb pesticide,
and ethoprop, the active ingredient in Mo-
cap (Rhone-Poulenc Ag Company, Research
Triangle Park, NC) brand ethoprop nema-
ticide-insecticide, are used to control a wide
variety of nematodes and insects on a num-
ber of crops. Field and laboratory studies
have been conducted with both compounds
to determine their behavior in the environ-
ment. This summary will focus on their deg-
radation in surface and subsurface soils.

ALDICARB

The behavior of aldicarb in the environ-
ment was reviewed in a recent paper (Jones
and Estes, 1995). Much of the information
in this section on aldicarb has been adapted
from this publication.

Degradation pathway: The degradation
pathway of aldicarb in soils is presented in
Fig. 1. One degradation mechanism is oxi-
dation, in which aldicarb is oxidized to aldi-

Received for publication 19 November 1996.

! Symposium paper presented at the Third Internatonal
Nematology Congress, 7-12 July 1996, Gosier, Guadeloupe, An-
tilles, French West Indies.

2 Environmental Fate Scientists, Rhéne-Poulenc Ag Com-
pany, P.O. Box 12014, Research Triangle Park, NC 27709-2014.

E-mail: rjones@rp-agro.com

carb sulfoxide, which in turn is oxidized to
aldicarb sulfone. The other mechanism is
hydrolysis, in which all three carbamate
compounds are concurrently degraded to
low-toxicity (non-carbamate) compounds
via the corresponding oximes and nitriles.
Although reduction of aldicarb sulfoxide
back to aldicarb (but not aldicarb sulfone
back to aldicarb sulfoxide) has been demon-
strated under anaerobic laboratory condi-
tions (Lightfoot et al., 1987; Miles and Del-
fino, 1985), field data consistently show that
neither is the sulfoxide reduced back to par-
ent aldicarb nor is the sulfone reduced back
to sulfoxide in the saturated or unsaturated
zones.

In this paper, the term aldicarb residues
refers to the sum of the three carbamate
compounds: aldicarb, aldicarb sulfoxide,
and aldicarb sulfone. Degradation rates are
for the transformation of the total carba-
mate residues to non-carbamate com-
pounds.

Degradation in surface soils: After applica-
tion by soil incorporation, soil water rapidly
dissolves and releases aldicarb from the
granule. Once in solution, the degradation
processes begin immediately. The oxidation
of aldicarb to aldicarb sulfoxide and aldi-
carb sulfone, primarily the result of soil mi-
croorganisms, is relatively rapid. Usually,
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Fic. 1. Degradation pathway for aldicarb (from Jones and Estes, 1995).

little or no parent aldicarb remains 1 month
after application and under most circum-
stances is mostly confined to the root zone.

The degradation of aldicarb, aldicarb sulf-
oxide, and aldicarb sulfone to non-
carbamate compounds is the result of both
microbial and chemical action. In the field
studies summarized in Table 1, degradation

rates were about the same in surface and
subsurface soils, except on the Florida ridge.
Therefore, halflives in surface soils ranged
between 0.3 and 3.5 months. Included in
this table are six trials with aldicarb sulfone
(also known as the nematicide aldoxycarb)
because the degradation rates to non-
carbamate compounds are similar for aldi-



TaBLe 1. Summary of degradation rates for total aldicarb carbamate residues measured in field studies.
Properties of surface soil
Unsaturated
Organic zone
Location and description matter halflife
of study* Crop Soil texture (%) (months) Reference
China
Nantong, Jiangsu Province catton sandy loam 1.4 0.5 Cai et al.,, 1993
Germany
Bohmte, Lower Saxony bare soil humous sand 53 0.7 Stein, 1991, unpubl.
Frondenberg (Ostbiiren II), bare soil loam 1.6 0.8 Stein, 1991, unpubl.
North Rhine-Westphalia 1990
Frondenberg (Ostbiren IIY, bare soil foam 1.6 14 1993, unpubl.
North Rhine-Westphalia 1991
Winkelsett, Lower Saxony bare soil sandy loam 3.2 16 1993, unpubl,
The Netherlands
Eeserveen potato sand 33 2.2 Jones, 1992, unpubl.
Ter Apel potato sand 27 2.2 Jones, 1992, unpubl.
United States
Arizona Maricopa cotton sandy loam 04 Jones et al., 1986a
Aldicarb at emergence 0.5
Aldicarb at planting and emergence 0.5,0.8
Aldicarb sulfone at planting 0.5
Aldicarb sulfone at emergence 0.3
California Manteca tomato loamy sand 0.6 1.5-2.0 Jones, 1987
Livingston grape loamy sand 0.2 1.5-2.0 Jones, 1987
Fresno grape sandy loam 0.9 1.5-2.0 Jones, 1987
Fresno winter application grape sandy loam 0.7 3.5 Jones, 1991, unpubl.
Mendota cotton sandy clay loam 0.9 1.5° Norris, 1991, unpubl.
San Juan Bautista cotton loam 1.2 2.0 Norris, 1991, unpubl.
Florida Lake Hamilton citrus (ridge) sand 0.3 0.6-5.0° Jones et al,, 1987a; 1988
Oviedo citrus (flatwoods) fine sand 1.8 0.6 Jones et al,, 1988
Fort Pierce (aldicarb sulfone) tomato fine sand 09 0.6 Jones et al.,, 1986a
Davenport citrus (ridge) sand 0.8 0.4-5.0° Hornsby et al., 1990
Georgia Dougherty Plain peanut loamy sand to sandy loam not given Smith and Parrish, 1993
1984 0.5
1985 0.6
1986 0.7
1987 0.5
Indiana Bluecast corn silty clay loam 2.9 1.1 Jones et al,, 1986a
Maine Presque Isle potato loam 4.2 Jones et al., 1986b
Planting application 33
Emergence application 2.8
Massachusetts Deerfield potato silt loam 3.7 11 Jones et al,, 1992
Michigan Blissfield corn sandy loam 2.6 0.7 Jones et al., 1986a
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TapLe 1. Continued.

Properties of surface soil

Organic Unsaturated zone
Location and description matter halfdife
of study® Crop Soil texture (%) (months) Reference
Nebraska Bartlett corn loamy sand 0.9 1.0 Jones et al., 1987b
New York Phelps potato sandy loam 1.0 Porter et al., 1990
Planting application 1.0
Emergence application 0.9
Savannah potato loamy sand 2.1 1.1 Jones et al., 1992
North Carolina Harrellsville tobacco sandy loam 0.9 Jones et al., 1986a
Aldicarb at transplanting 1.3
Aldicarb sulfone at transplanting 0.9
South Carolina Edisto loamy sand 0.9 Hegg ct al., 1988
soybean 0.3
bare soil 0.3
Tennessee Shelby County cotton silt loam not given Olsen et al., 1994
Conventional tillage 0.5
No-till 0.5
Virginia Blackstone tobacco clay loam 14 Jones et al., 1986a
Aldicarb at transplanting 1.1
Aldicarb sulfone at
transplanting 1.3
Washington Pasco potato sandy loam 0.7 2.1 Jones ¢t al., 1986a
Wisconsin Hancock, 1982 potato sand 0.8 Wyman et al., 1985
Emergence application,
moderate irrigation 12
Planting application,
moderate irrigation 1.7
Cameron potato sand 1.0 Wyman et al., 1985
Emergence application 15
Planting application 2.0
Hancock, 1983 potato loamy sand 0.7 Wyman et al., 1987
Aldicarb at emergence 1.3
Aldicarb at planting 0.9
Aldicarb sulfone at planting 1.1

2 Studies were conducted with aldicarb unless otherwise noted.

® Degradation rate during growing season only; overall halflife considerably longer due to dry soils.
€ First value is for surface soils; second value is estimate for subsoils.
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carb and aldicarb sulfone. Results from
these studies, which include a wide range of
soils and climatic conditions, indicate that
soil temperature appears to be the most
dominant variable affecting the unsaturated
zone halflife of aldicarb residues under nor-
mal agricultural conditions. In contrast to
the findings of distilled water studies as
shown in Fig. 2, the effect of pH in the field
studies appears to be of minor importance.
The relatively minor effect of soil pH in sur-
face soils also is substantiated by the work of
Anderson (1985) with plots of different pH
established by long-term liming. Only the
degradation rates from the studies con-
ducted in California seem to be unusually
long for the temperatures encountered dur-
ing the trials. The 1990 California studies
show that soils in this arid region are often
near the wilting point and that at least part
of the increased halflife might be due to
decreased availability of water for hydrolysis
and possibly decreased microbial activity.
Because soil temperature appears to be the
most important variable affecting the degra-
dation rate under normal agricultural con-
ditions, degradation rates can be extrapo-

lated using the existing data base that covers
a wide range of climatic conditions.
Degradation in subsoils: In field studies, no
significant changes in the degradation rate
of aldicarb residues were observed as a func-
tion of time, except when acidic, coarse sand
subsoils were present (as in central Florida
or on Long Island, NY). Therefore, the over-
all rates reported in Table 1 also reflect deg-
radation rates in subsurface soils. Except
for studies on the Florida ridge (central
land area of deep sandy soil), degradation of
residues was approximately constant
throughout the study, even when aldicarb
residues moved to depths up to 2 to 3 m
below the soil surface. Since microbial popu-
lations decrease with depth, this relatively
constant degradation rate as a function of
depth indicates that soil-catalyzed chemical
hydrolysis may be the most important deg-
radation mechanism even in the root zone
of many soils. This mechanism is also con-
sistent with results of laboratory studies
(Lightfoot et al., 1987). The continuing
degradation of aldicarb residues below the
root zone is an important characteristic that
distinguishes aldicarb from those com-
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Fic. 2. Hydrolysis of aldicarb sulfoxide and aldicarb sulfone in buffered distilled water solutions at 14 and 25°C
(developed from the equations presented by Lightfoot et al., 1987).
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pounds that degrade primarily due to soil
microbes.

Enhanced microbial degradation: The adap-
tation of soil microorganisms, resulting in
more rapid degradation of repeatedly ap-
plied pesticides, is a common process affect-
ing many different compounds including al-
dicarb residues (Anderson et al., 1993; Bro-
milow et al., 1996; Chapman and Harris,
1990; Felsot, 1989; Smelt et al., 1987). How-
ever, the degradation rates reported in
Table 1 are not likely to be influenced by
enhanced microbial degradation because
one of the criteria for site selection was that
aldicarb had not been applied to the field
for at least 2 years before the start of these
studies.

The best documented case for enhanced
microbial degradation of aldicarb residues is
a 20-year study conducted by Bromilow
(1996), in which aldicarb was applied annu-
ally to spring barley at 6 kg a.i./ha. At the
end of the study the hydrolysis of aldicarb
sulfone and aldicarb sulfoxide was 18 and 6
times faster, respectively, in soil samples col-
lected from the treated plot compared to
the control plot. As in the previous work by
Smelt (1987), there was no effect on the oxi-
dation rates of aldicarb to aldicarb sulfoxide
and aldicarb sulfoxide to aldicarb sulfone.
The development of the enhanced micro-
bial degradation, as measured by crop yield,
was relatively slow. The application of aldi-
carb increased yield in the first four 4-year
periods, but no difference was observed in
the last 4-year period. Aldicarb continued to
decrease the population densities of plant-
parasitic nematodes 2 years before the end
of the test but presumably did not provide
prolonged control of insect pests. The slow
buildup of enhanced microbial activity, even
at relatively high application rates, is prob-
ably why essentially no efficacy problems re-
lated to enhanced degradation have been
encountered by the registrant, although a
few instances have been summarized by Fel-
sot (1989).

The potential for applications of other
compounds to enhance microbial degrada-
tion of aldicarb also has been studied. Cross-
conditioning by carbofuran (Chapman and

Harris, 1990; Felsot, 1989) and oxamyl
{Smelt et al., 1987) has been reported, but
other research (Racke, 1990; Racke and
Coats, 1988b; Wilde and Mize, 1984) showed
no cross-conditioning by carbofuran.

Degradation in groundwater: Because of the
rapid oxidation process in the root zone,
parent aldicarb is rarely detected in the satu-
rated zone. Generally, when detected, par-
ent aldicarb constituted less than 5% of the
total residues. In the saturated zone, resi-
dues are usually a mixture of aldicarb sulf-
oxide and aldicarb sulfone in roughly equal
proportions (although instances have oc-
curred where either the aldicarb sulfoxide
or the aldicarb sulfone was the dominant
compound). In some locations, the percent-
age of aldicarb sulfoxide tends to decrease
with time. Parent aldicarb in groundwater
usually has been confined to the rare in-
stances when transport from the surface to
the water table occurred within a few days.

If aldicarb residues move downward into
the saturated zone or groundwater, degra-
dation of the residues continues. The deg-
radation mechanism appears to be mainly
chemical hydrolysis catalyzed by soil surfaces
(Lightfoot et al., 1987). Laboratory experi-
ments have shown that the degradation rate
increases under low redox conditions, per-
haps the result of reduced iron (Bromilow
et al., 1986; Smelt et al., 1983, 1995; Vonk et
al., 1992). In a few instances (shallow
groundwater in warm areas) microbial deg-
radation processes also may be significant.
Factors that tend to increase the degrada-
tion rate are warm temperatures, high pH,
small soil particle size, and low redox poten-
tial. Estimates from field data for the half-
life of aldicarb residues in the saturated
zone range from under 1 month to about 3
years, (Table 2).

ETHOPROP

Degradation pathway: The degradation
pathway of ethoprop in soils is presented in
Fig. 3. The major pathway under both aero-
bic and anaerobic conditions is hydrolysis to
O-ethyl-S-propyl-phosphorothioic acid. Al-
though this chemical is the major soil me-
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TABLE 2.  Saturated zone degradation rates estimated from field data (from Jones and Estes, 1995).
Location Halfife (months)? Reference

California (central) 2-3 Jones, 1987
Florida (coastal) 1-2 Jones, 1983, unpubl.”
Florida (ridge) 8 Jones et al., 1987a
Massachusetts (western) <12 Jones et al., 1992
Nebraska (sand hills) <1 Jones et al,, 1987b
New York (Long Island) 24-36 Pacenka et al., 1987¢
New York (central) <12 Jones et al., 1992
Wisconsin (central) 6-36 Harkin et al., 1986°

*Due to the variability of field data, these halflife estimates are relatively imprecise.
® Unpublished monitoring data collected at Indiantown, Florida.
¢ Reference does not draw conclusions about degradation rate but provides data on which the estimate is based.

tabolite, concentrations in soil metabolism
studies never exceed 4% of the applied
ethoprop and do not accumulate during the
incubation period. Because of the small
amounts formed, analyses for metabolites

have not been performed in the ethoprop
field studies discussed in this paper.
Degradation in surface soils: Early laboratory
and field research conducted on ethoprop
(Argauer and Cantelo, 1980; Leidy and
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Sheets, 1980; Rohde et al., 1980; Smelt et al.,
1977) showed that ethoprop in surface soils
has a half-life of 3 to 30 days, except in high-
organic peat or humic soils in which half-
lives of about 3 months were measured. The
results of the more recent field studies in
Table 3 are in general agreement with this
research and show halflives from 0.3 to 1.4
months. These field dissipation studies seem
to indicate that temperature is the most im-
portant factor affecting degradation. Degra-
dation is faster in the warmer Florida soils
and slower in the cooler Washington soils.
As demonstrated by the work of Smelt et al.
(1977) with high-organic soils, organic mat-
ter content also affects degradation rate.
The two-phase degradation pattern ob-
served at Bradenton, Florida, also may sug-
gest that organic matter is important since
rototilling reduced the organic matter con-
tent. Evidently the degradation processes
are slowed by sorption of ethoprop to or-
ganic matter. This relationship is in contrast
to the common hypothesis that degradation
of chemicals in soil is enhanced in higher
organic soils due to increased microbial ac-
tivity. There was no apparent effect of soil
pH in the field study results, even though

TABLE 3.

degradation rates in distilled water hydroly-
sis are faster under basic conditions (Fig. 4).
Because the primary degradation process
appears to be hydrolysis (either microbial or
chemical), the degradation rate of ethoprop
would be reduced in low-moisture soils.
Degradation in subsoils: Because of its lower
mobility in soil, field data showing continu-
ing degradation of ethoprop in subsurface
soils are not as extensive as for aldicarb. In
all of the field studies conducted in the
United States (Table 3), smail amounts of
ethoprop were found below 0.3 m in early
sampling intervals. However, at the San Juan
Bautista, Bradenton, and possibly the Eph-
rata sites, the residues could have been the
result of contamination from the surface
layer containing residues about two orders
of magnitude higher. At the Clayton and
Lake Hamilton sites, residues below 0.3 m
made up a substantial fraction of the re-
maining residues about a month after appli-
cation (eliminating the likelihood that these
residues were the result of contamination
from surface soils), and residue levels con-
tinued to decline in the samples collected
about a month later at both sites. Because
the sample depth was adequate to prevent

Summary of degradation rates for ethoprop measured in field studies.

Properties of surface soil

Unsaturated
Organic zone
Soil matter halflife
Location and description of study Crop texture (%) (months) Reference
The Netherlands
Vredepeel bare soil sand 4.9 a.7# Boesten et al., 1994
United States
California San Juan potato silt loam 1.5 0.8 Norris, 1990, unpubl.
Bautista
Florida Lake Hamilton citris (ridge) coarse sand 14 0.5 Norris et al., 1991
Bradenton tomato fine sand 1.7 0.4-1.8>  Norris et al., 1991
North Carolina  Clayton
Emulsifiable  potato loamy sand 1.6 0.3 Norris, 1990, unpubl.
concentrate
Granular potato loamy sand 1.7 0.3 Norris, 1990, unpubl.
Washington Ephrata
Emulsifiable potato sandy loam 1.0 14 Norris, 1990, unpubl.
concentrate
Granular potato sandy loam 1.0 1.3 Norris, 1990, unpubl.

* About haif of the material, applied in late November, disappeared in 22 days. The degradation rate was considerably slower

during the winter months.

® The higher value was prior to removal of the polyethylene muich in the high organic matter surface soil. The lower value was
after the mulch was removed and the ethoprop was rototilled into the surface soil.
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Fic. 4. Hydrolysis of ethoprop in buffered distilled
water solutions at 20 and 35°C.

losses of ethoprop due to leaching, presum-
ably this decline was the result of continuing
degradation in subsoils. In North Carolina,
the data suggest that the rate of degradation
may have even increased, perhaps due to
decreased organic matter content in the
subsoils. Because this degradation rate is
faster than observed in distilled water hydro-
lysis studies (Fig. 4) and because of decreas-
ing microbial populations in subsoils, soil-
catalyzed hydrolysis (such as observed for al-
dicarb) may be an important degradation
process for ethoprop in subsoils.

Enhanced microbial degradation: Work by
Rohde et al. (1980) and Smelt et al. (1987)
showed that ethoprop was degraded more
rapidly in soil from annually treated plots
than in soil from untreated plots (Felsot,
1989). However, the degradation rates re-
ported in Table 3 are not likely to be influ-
enced by enhanced microbial degradation
because one of the criteria for site selection
was that ethoprop had not been applied to
the field for at least 2 years before the start
of these studies.

Few efficacy problems related to en-
hanced degradation have been encountered
by the registrant, although two instances
were pointed out by Felsot (1989) (see also
Rohde et al., 1980; Smelt et al., 1987). No
cross-conditioning effects have been ob-
served as a result of previous applications of
aldicarb, oxamyl, carbofuran, isofenphos, or
fonofos (Smelt et al., 1987; Racke and Coats,
1988a).

Degradation in groundwater: Field data sug-

gest degradation of ethoprop in subsoils is
by chemical hydrolysis; thus, degradation of
ethoprop will continue by this process if it
reaches groundwater. The rates observed in
distilled water hydrolysis studies (Fig. 4)
should be considered as the minimum deg-
radation rate occurring in groundwater. As
discussed in the previous section on subsoils,
soil surfaces may also catalyze the hydrolysis
of ethoprop. The existing field data support
the hypothesis of continued degradation of
ethoprop in groundwater, but the results are
not conclusive. In both Florida studies and
in a Long Island monitoring study, etho-
prop residues were detected in isolated in-
stances and residues seemed to decline with
time. However, point sources were thought
to be the cause of all of these instances of
residues, and the possibility that dispersion
contributed to the decline in residues can-
not be discarded.

CONCLUSIONS

Although aldicarb and ethoprop are dis-
similar in their structure (carbamate versus
organophosphate), the factors affecting
their degradation are surprisingly similar.
Under normal agricultural conditions, tem-
perature appears to be the most important
factor influencing the degradation rate for
both chemicals; however, the level of or-
ganic matter also is important for ethoprop.
Although hydrolysis rates in buffered dis-
tilled water solutions vary greatly with pH,
the soil pH has little effect on degradation
rates measured under field conditions. Soil
moisture levels generally do not affect deg-
radation rates under most normal agricul-
tural conditions, but rates may be reduced
in dry soils. Both compounds degrade by a
combination of microbial and chemical pro-
cesses. The chemical processes result in con-
tinued degradation in subsoils and ground-
water.
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