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Temperature and Moisture Effects on Fumigant Degradation in Soil
J. Gan,* S. K. Papiernik, S. R. Yates, and W. A. Jury

ABSTRACT

Recent discovery of the contribution of methyl bromide fumigation
to stratospheric ozone depletion has revealed our limited understand-
ing of the environmental processes of fumigants. For instance, little
is known about fumigant degradation in soil under high temperature
or low moisture conditions that prevail near the soil surface during
fumigation. In this study we determined the interaction of soil temper-
ature and moisture with degradation of 1,3-dichloropropene (1,3-D)
and methyl isothiocyanate (MITC) for extended soil temperature and
moisture ranges. Fumigant degradation increased 5 to 12 times when
temperature increased from 20 to 50°C. It was further shown that
chemical transformation of fumigants always increased with increasing
temperature, but temperature effects on microbial degradation were
fumigant dependent. The relative contribution of microbial degrada-
tion to the overall fumigant degradation was highest for the soil with
highest organic matter content, and was greater for MITC than for
1,3-D isomers. When the temperature was >30°C, microbial degrada-
tion of 1,3-D was substantially suppressed, while that of MITC was
greatly stimulated. As soil moisture content increased, 1,3-D degrada-
tion accelerated, but that of MITC decreased. The specific responses
of fumigant degradation to temperature and moisture variations
should be considered when describing their transport in the environ-
ment, and also may be used for designing fumigation practices that
allow reduced atmospheric emissions.

URING the last few decades, soil fumigation has

been the most widely used method for soilborne
pest control (Noling and Becker, 1994; UNEP, 1995).
Many fumigants, however, owing to their negative attri-
butes such as high volatility, toxicity or carcinogenicity,
have caused various environmental concerns (UNEP,
1995; Baker et al., 1996). The problem culminated re-
cently as the emission of methyl bromide (MeBr) was
found to contribute to stratospheric ozone depletion
(UNEP, 1995; Yagi et al., 1995; Majewski et al., 1995;
Yates et al., 1998). This and the frequent detection of
fumigants in ambient air (van den Berg et al., 1994;
Baker et al., 1996) mandate that the processes and fac-
tors that affect fumigant fate in the environment be
better understood.

Degradation in soil is one of the most important pro-
cesses that counteract a fumigant’s upward diffusion
and subsequent atmospheric emission. Pesticide degra-
dation in soil is known to be dependent on soil tempera-
ture and sometimes on soil moisture content (Walker,
1978; Helweg, 1987; Choi et al., 1988; Walker et al.,
1992; Parkin and Shelton, 1994). The effect of these
two variables should have even greater significance for
fumigant degradation because of the extreme conditions
prevailing near the soil surface during fumigation. First,
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fumigation is usually conducted under warm conditions,
when temperature near the soil surface can be very high
but moisture content can be very low. Second, fumigated
fields are sometimes covered with plastic sheets, which
can result in drastically elevated surface temperatures.
For instance, temperatures as high as 60 to 70°C were
recorded under plastic sheeting in the field (Yates et
al., 1996). Thirdly, integration of nonchemical alterna-
tives for pest control with fumigation is under develop-
ment (Katan and DeVay, 1991; Lazarovits et al., 1991;
Chellemi et al., 1994), and some of the nonchemical
methods, such as solarization and surface irrigation,
greatly alter soil temperature and moisture regimes. For
instance, under optimal conditions, soil solarization can
raise surface soil temperature up to 60°C (Katan and
DeVay, 1991).

In previous studies, fumigant degradation has been
determined only at a single temperature (e.g., 20°C) or
moisture content (Smelt and Leistra, 1974; Roberts and
Stoydin, 1976; Smelt et al., 1989; Gan et al., 1994, 1998;
Ou et al., 1995), and little is known about their behavior
under other conditions. The main purpose of the present
study was to determine degradation of 1,3-dichloropro-
pene (1,3-D) and methyl isothiocyanate (MITC) across
a range of soil temperature (20-50°C) and moisture
(1.6-16%) conditions. These fumigants are the most
important alternatives to MeBr, and therefore their use
is expected to increase. Because of their toxicity—
carcinogenicity and reported high emission potential
(Leistra and Crum, 1992; van den Berg et al., 1994; Chen
et al., 1995; Baker et al., 1996; Gan et al., 1998), a better
understanding of their environmental behavior and the
underlying mechanisms of degradation is important.

Pesticide degradation in nonsterile soil is often a com-
bination of chemical and microbial reactions. Chemical
degradation is commonly measured as the degradation
in sterile soils, while the reduction in degradation caused
by sterilization is attributed to inhibition of microbial
degradation. Many studies indicate that pesticide degra-
dation in nonsterile soils accelerates with increasing
temperature (Walker, 1978; Walker et al., 1992; Parkin
and Shelton, 1994). This conclusion, however, has been
drawn from observations using temperatures <30°C,
and may not be valid for higher temperatures because
of the potential inhibition of microbial activity at high
temperature. Thus, another objective of this study was
to measure the effect of temperature on chemical and
microbial transformations, and to quantify the relative
contribution of microbial and chemical processes to the
total degradation of fumigants as a function of tem-
perature.

Abbreviations: 1,3-D, 1,3-dichloropropene; MITC, methyl isothiocya-
nate; OM, organic matter; GC, gas chromatography; pnECD, micro-
electron capture detector; E,, activation energy.
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MATERIALS AND METHODS
Soils and Chemicals

Two Californian soils, an Arlington sandy loam (coarse
loamy, mixed, thermic, hapllic Durixeralf) and a Carsitas
loamy sand (mixed, hyperthermic Typic Torrpsamments), and
a Minnesotan soil, a Waukegen silt loam (fine silty, over sandy
or sandy-skeletal, mixed, mesic Typic Hapludoll), were used
in this study. The two Californian soils were both taken from
the southern California region, and the Waukegen silt loam
was included as a reference soil from a cooler climate region
where the soil is normally not treated with fumigants. The
Arlington sandy loam contained 0.92% organic matter (OM)
and had a pH of 7.2. The Carsitas loamy sand contained 0.22%
OM and had a pH value of 8.0. The Waukegen silt loam
contained 3.1% OM and had a pH of 5.5. Soils were sieved
through a 2-mm mesh without air-drying, and stored at room
temperature before use. 1,3-D (48% cis isomer and 50% trans
isomer) and MITC (99%) standards were purchased from
Chem Service (Bellefonte, NJ). Telone EC formulation pro-
vided by Dow AgroSciences LLC (Indianapolis, IN) contained
89.3% 1,3-D.

Incubation Experiments for Temperature Effects

In the first incubation experiment, degradation of 1,3-D
and MITC was determined in nonsterile soils at 20, 30, 40,
and 50°C. Before fumigant treatment, soils were adjusted to
12% (w/w) moisture content, and 10 g of soil (oven dry wt.)
were weighed into 21-mL glass headspace vials. Solutions of
fumigants in water (5 pg pL™!) were prepared in closed serum
bottles. To overcome solubility limitation, 1,3-D solution was
prepared by mixing Telone EC formulation with water. One
hundred microliters of fumigant solution was added to the
headspace vials using a gas-tight syringe, and the treated sam-
ples were capped with aluminum seals and Teflon-faced butyl
rubber septa. The closed soil vials were then kept at the speci-
fied temperatures in incubators, with temperature variation
<0.5°C.

At different times, triplicate vials were removed from each
treatment and immediately stored at —20°C. For extraction,
the sample vials were decapped while still frozen, and after
addition of 10 mL ethyl acetate and 10 g anhydrous sodium
sulfate, the vials were immediately recapped. After the sam-
ples were thawed at room temperature, they were vortexed
at a high speed for 2 min, and the supernatant was transferred
into a gas chromatography (GC) vial. Preliminary studies indi-
cated that the recovery of fumigant residues was >95% using
the above procedure. Analysis of fumigant residues was done
using a HP 6890 GC equipped with a micro-electron capture
detector (LECD). The GC conditions were 30 m X 0.25 mm X
1.4 wm RTX-624 capillary column (Restek Co., Bellefonte,
PA), 1.0 mL min~! column flow, 110°C isothermal oven tem-
perature, 240°C inlet temperature, and 300°C detector tem-
perature.

To differentiate between chemical and microbial transfor-
mations, fumigant degradation at the different temperatures
also was measured using sterilized soils. Soil with 12% water
content was weighed into headspace vials at 10 g per vial, and
then autoclaved twice at 121°C for 60 min, with a 24-h interval
between the first and second autoclaving. Soil samples were
aseptically spiked with fumigants at the same rates as above.
The treated soil vials also were incubated in the dark at 20,
30, 40 or 50°C. At different times, triplicate samples were
removed, extracted, and analyzed using the procedures de-
scribed above. In addition to autoclaving, mercuric chloride
poisoning at 1000 mg kg~* was used as an alternative steriliza-
tion method in the preliminary experiment. The impact on

fumigant degradation was found to be similar between the
two sterilization techniques.

The changes in residual concentrations over time for each
treatment were fitted to a first-order kinetic model to obtain
the degradation rate constant k (d™'). Fumigant degradation
in sterile soils was assumed to be chemical degradation and
that in nonsterile soils to be total degradation. The difference
in rate constant between nonsterile and sterile treatments was
assumed to be due to microbial degradation.

Incubation Experiments for Moisture Effects

In a separate experiment, the effect of soil moisture content
on fumigant degradation was measured at 30°C. Only Arling-
ton sandy loam and Carsitas loamy sand were used in the
moisture experiment. Soils were adjusted to four different
moisture contents and weighed into headspace vials at 10 g
(dry wt.) per vial. The soil vials were then spiked with 100
pL fumigant solutions. The final moisture contents were 1.8,
6, 11, and 16% (w/w) for both soils. Triplicate samples were
removed after different time intervals and analyzed on GC
following solvent extraction. Disappearance of fumigants in
soil was fitted to the first-order kinetic model, and the esti-
mated rate constants were subjected to analysis of variance
at a = 0.05 for different moisture levels.

RESULTS AND DISCUSSION

Temperature Effect on Total
Fumigant Degradation

Degradation of fumigants in nonsterile soils, or total
degradation, is well described by first-order reaction
kinetics (r > 0.90). Degradation of all fumigants in all
three soils consistently accelerated as the temperature
increased (Fig. 1, 2, 3). For instance, in the Arlington
sandy loam, the half-life of cis-1,3-D at 20, 30, 40, and
50°C was 5.2, 3.0, 1.9, and 1.0 d, respectively. In the
same soil at the corresponding temperatures, the half-
life of trans-1,3-D was 4.7, 2.0, 1.4, and 0.7 d, respec-
tively, and that of MITC was 5.3, 3.5, 1.3, and 1.1 d,
respectively. Thus, degradation of cis-1,3-D, trans-1,3-
D, and MITC increased by 5.2,7.1, and 5.1 times, respec-
tively, as temperature increased from 20 to 50°C. The
respective increases were 8.8, 11.9, and 10.6 times for
Carsitas loamy sand, and 6.9, 5.6, and 4.8 times for
Waukegen silt loam. The positive association of fumi-
gant degradation with soil temperature implies that un-
der typical fumigation conditions, fumigants may de-
grade considerably faster in the surface layer than in
the subsurface soil. This effect should be especially sig-
nificant when the air temperature is high, or when a
surface cover is used. For instance, if the temperature
were elevated to 50°C, the half-life of 1,3-D and MITC
would be <1 d for both Arlington and Carsitas soils.

The temperature dependence of fumigant degrada-
tion can have implications both for the description of
fumigant behavior after injection into the soil, and for
the development of practices that may prevent excessive
emissions. For instance, to simulate fumigant transport
in soil more accurately, different degradation rates may
need to be allocated for different soil depths in transport
models. In practice, as surface soil temperature is greatly
enhanced when surface tarps are used, tarping may re-
sult in reduced fumigant emissions because of increased
degradation at elevated temperatures. On the other
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Fig. 1. First-order rate constants (k, d ') for total, chemical and micro-
bial degradation of fumigants in Arlington sandy loam at different
soil temperatures. (a) cis-1,3-D; (b) trans-1,3-D; and (c¢) MITC.
Vertical bars are the standard error of k.

hand, if fumigation occurs in cold, nontarped soil, the
fumigants may degrade more slowly in soil, leaving more
of the applied material available for volatilization.

Temperature Effect on Chemical
and Microbial Transformations

Degradation rates of fumigants in sterile soils were
different from those in nonsterile soils, which indicates
that both chemical and microbial mechanisms were in-
volved (Fig. 1, 2, 3). Chemical degradation of each fumi-
gant consistently increased with increasing temperature
in all soils, and the relationship closely followed the
empirical Arrhenius equation (r > 0.97). Activation en-
ergy (E,) calculated by fitting the estimated k values to
the Arrhenius equation ranged from 61.2 to 74.9 kJ
mole™ for the Arlington sandy loam, 53.5 to 76.4
kJ mole~! for the Carsitas loamy sand, and 67.9 to 82.9
kJ mole! for the Waukegen silt loam. These activation
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Fig. 2. First-order rate constants (k, d ") for total, chemical and micro-
bial degradation of fumigants in Carsitas loamy sand at different
soil temperatures. (a) cis-1,3-D; (b) trans-1,3-D; and (c) MITC.
Vertical bars are the standard error of k.

energies indicate an average increase in degradation
rate per 10°C increase in temperature of between 2.0
and 3.2 times. It also was observed that in the same soil
at the same temperature, chemical degradation of 1,3-
D isomers was 1.7 to 5.9 times greater than that of
MITC. In a previous study, it was shown that 1,3-D
can undergo chemical transformation via nucleophilic
substitution with soil organic matter (Gan et al., 1998).
These results together suggest the importance of chemi-
cal transformation of 1,3-D in soil.

The effects of temperature on microbial degradation
of fumigants were different from those on chemical deg-
radation, and the relative effects appeared to be inde-
pendent of soil type. In both Arlington and Carsitas
soils, microbial degradation of 1,3-D remained essen-
tially unchanged across the range from 20 to 40°C. When
temperature increased further to >40°C, microbial deg-
radation of 1,3-D was inhibited completely (Fig. 1 and
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Fig. 3. First-order rate constants (k,d™") for total, chemical and micro-
bial degradation of fumigants in Waukegen silt loam at different
soil temperatures. (a) cis-1,3-D; (b) trans-1,3-D; and (c) MITC.
Vertical bars are the standard error of k.

2). Microbial degradation of MITC in Arlington sandy
loam, however, increased rapidly when temperature in-
creased from 20 to 40°C, and then decreased slightly
when temperature increased further to 50°C (Fig. 1c).
In Carsitas loamy sand, microbial degradation of MITC
increased consistently as temperature increased (Fig.
2c¢), and microbial degradation at 50°C increased by 18
times compared with that at 20°C. A similar pattern
also was observed for the cold climate Waukegen soil,
in which microbial degradation of 1,3-D isomers was
inhibited at high temperatures, while significant micro-
bial degradation of MITC occurred at 40 or 50°C (Fig. 3).

The difference in temperature effects on chemical
and microbial degradation also was reflected by the
relative contribution of these two mechanisms to total
fumigant degradation (Fig. 4). For 1,3-D isomers in Ar-
lington and Waukegen soils, microbial degradation ac-
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Fig. 4. Relative contribution of microbial degradation to total fumi-
gant degradation as a function of soil temperature. (a) Arlington
sandy loam; (b) Carsitas loamy sand; and (c) Waukegen silt loam.

counted for about 50% of the total degradation at 20
and 30°C. This contribution, however, diminished as
temperature increased further, and became negligible
at temperatures above 40°C. Microbial degradation of
1,3-D isomers in Carsitas loamy sand contributed signifi-
cantly less to the total degradation than in the other
two soils at the same temperatures (Fig. 4b). Again,
total suppression of microbial degradation was observed
at >40°C. Microbial degradation apparently played a
much greater role in MITC degradation. In both Arling-
ton and Waukegen soils, microbial degradation was the
predominant pathway of MITC degradation, contribut-
ing 51 to 77% to the total degradation in Arlington -
sandy loam (Fig. 4a), and 84 to 97% in Waukegen silt
loam (Fig. 4c). In Carsitas LS, although microbial degra-
dation of MITC was less predominant than in the Ar-
lington soil, its relative contribution increased with in-
creasing temperature, reaching 44% at 50°C (Fig. 4b).

The active involvement of soil microorganisms in
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Fig. 5. First-order degradation rate constants (k, d~") of 1,3-D isomers
and MITC in soil at 30°C in soil with different moisture contents.
(a) Arlington sandy loam; and (b) Carsitas loamy sand. Vertical
bars are the standard error of 4.

MITC degradation suggests that soils, including those
from cooler regions without fumigation history, may
have indigenous microbial consortia that can degrade
MITC metabolically or cometabolically. This is possible
because MITC is a single C compound that structurally
resembles some simple microbial substrates such as
methane. In comparison, the three-C 1,3-dichloropro-
pene is apparently more recalcitrant for microbial degra-
dation. Numerous studies have shown that pesticide-
degrading microorganisms in growth media have maxi-
mum metabolism activity at 28 to 30°C (e.g., Alexander,
1994; Smith et al., 1994). Our observation suggests that
the populations responsible for fumigant degradation
may differ in their sensitivity to high temperatures. It
appears that 1,3-D degraders were not active at temper-
atures >40°C. In contrast, MITC degraders, regardless
of their soil origination, were relatively insensitive to
high temperatures, and generally more microbial degra-
dation occurred at higher temperatures.

Effect of Soil Moisture Content

Response of fumigant degradation to soil moisture
variation appeared to be dependent on both the fumi-

gant and soil type (Fig. 5). In Arlington sandy loam,
degradation of 1,3-D isomers was not significantly af-
fected by soil moisture content. In Carsitas loamy sand,
however, degradation of both isomers increased steadily
with increasing moisture content, and the relationship
was linear (r > 0.99). The increase in k for each incre-
mental moisture increase was significant at « = 0.05.
Compared with that at 1.8% moisture content, degrada-
tion at 16% moisture content was 2.3 to 2.6 times faster.
Degradation of MITC showed the opposite trend; as
soil moisture water increased, degradation of MITC
generally became slower, and this was more evident in
Carsitas loamy sand than in Arlington sandy loam (Fig.
5). In Arlington soil, the greatest decrease (P < 0.05)
occurred when moisture content increased from 6 to
11%. In Carsitas soil, MITC degradation consistently
decreased as moisture content increased from 1.8 to
11%, and remained the same as moisture content in-
creased from 11 to 16%. Degradation of MITC at 16%
moisture content was 2.6 times slower than at 1.8%
moisture content.

Pesticide degradation has generally been found to
increase with increasing soil moisture content and the
relationship follows the empirical equation:

T1/2 =4a M_b [1]

where T, is the half-life, M is the soil moisture content,
and a and b are constants (Walker, 1978; Walker et al.,
1992; Parkin and Shelton, 1994). This model only fitted
data for degradation of 1,3-D isomers in Carsitas loamy
sand in this study. The reasons for the fumigant- and
soil-dependent reactions of fumigant degradation to soil
moisture variation are, however, not clear from this
study. It is known that pesticide degradation typically
occurs in the solution phase, but sometimes catalyzed
also by adsorption. It is likely that different moisture
conditions influenced the relative distribution of fumi-
gants in the different phases, and thus the degradation.

Soil moisture content in a fumigated field can change
drastically both spatially and temporally. In some cases,
these changes are brought about through management
practices such as surface irrigation or covering. Results
from this study suggest that the response of fumigant
degradation to variation in soil moisture may vary
among the fumigants as well as among soils, and there-
fore should be evaluated separately. Under field condi-
tions, because fumigant diffusion is reduced in wet soils,
the residence time of fumigants in soil increases, which
may allow more extensive degradation to occur (Jin and
Jury, 1995; Jury et al., 1997). Thus, to better understand
the impact of soil moisture on the environmental fate
of fumigants, the influences of soil water on fumigant
degradation and transport must be considered simulta-
neously.

CONCLUSIONS

The results from this study demonstrate that furnigant
degradation is modified by variations in soil tempera-
ture or soil moisture content. The effects of temperature
on fumigant degradation result from concurrent influ-
ences on chemical and microbial degradation processes.
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While temperature dependence of chemical degrada-
tion closely followed the Arrhenius equation, a similar
dependence for microbial degradation was not always
found for the extended temperature range. For 1,3-D
isomers, microbial degradation played a relatively small
role at 20 to 40°C, and was completely inhibited at tem-
peratures >40°C. For MITC, microbial degradation
generally accelerated with increasing temperature up to
50°C. It can be postulated that fumigant degradation at
high temperatures will depend on the sensitivity of the
pesticide-degrading population of soil microorganisms
to high temperatures.

Interacting effects of temperature and moisture on
fumigant degradation should be considered in the inter-
pretation of fumigant behavior in the soil-water—air
phases. For instance, 1,3-D degradation increased with
increases in both temperature and soil moisture content.
The effects of soil temperature and moisture content
on 1,3-D degradation would tend to be in opposite direc-
tions in surface soil, where high temperature and low
moisture are expected. On the other hand, MITC degra-
dation decreased with increasing soil moisture content
but increased with increasing soil temperature, so its
effect would be magnified in the hot, dry surface layer
of soil. This knowledge can be useful for designing strat-
egies to minimize the hazardous effects of fumigants on
the environment while sustaining their use in produc-
tion agriculture. For example, several nonchemical ap-
proaches, including soil solarization, flooding and
steaming, are currently under development as alterna-
tives to MeBr fumigation. Most of these methods, how-
ever, are relatively inconsistent in efficacy for pest con-
trol when compared with fumigation. Since these
techniques can drastically alter soil temperature and
moisture regimes, it is conceivable that proper integra-
tion of these nonchemical methods with fumigation may
not only result in an improvement of pest control effec-
tiveness, but also in reduced fumigant emissions as a
result of increased degradation. For example, when sur-
face soil is kept moist due to tarping or irrigation, the
surface layer might be both hot and wet, which would
maximize 1,3-D degradation near the soil surface, thus
reducing its emission into the atmosphere. Studies
should be made to explore such integrated pest manage-
ment practices in more details.
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