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ABSTRACT where C is chemical concentration (mg kg21 ) at time t
(h), Co is initial concentration (mg kg21 ), and k1 is theSoil fumigation using shank injection creates high fumigant concen-
first-order rate constant (h21 ) independent of C and Co.tration gradients in soil from the injection point to the soil surface.

A temperature gradient also exists along the soil profile. We studied In deriving Eq. [2], it is assumed that only pesticide
the degradation of methyl isothiocyanate (MITC) and 1,3-dichloro- concentration changes during the course of observation;
propene (1,3-D) in an Arlington sandy loam (coarse-loamy, mixed, concentrations of other species, such as degrading mi-
thermic Haplic Durixeralf) at four temperatures and four initial con- croorganisms, remain unchanged. A general equation
centrations. We then tested the applicability of first-order, half-order, for nth-order kinetics (n ? 1) of this type is given by
and second-order kinetics, and the Michaelis–Menten model for de- (Sparks, 1989):
scribing fumigant degradation as affected by temperature and initial
concentration. Overall, none of the models adequately described the 1

n 2 1
(

1
Cn21

2
1

Co
n21

) 5 knt [3]degradation of MITC and 1,3-D isomers over the range of the initial
concentrations. First-order and half-order kinetics adequately de-
scribed the degradation of MITC and 1,3-D isomers at each initial

where kn is the rate constant for nth-order kinetics,concentration, with the correlation coefficients greater than 0.78 (r 2 .
independent of C and Co. For example, for second-order0.78). However, the derived rate constant was dependent on the initial
kinetics (n 5 2), plotting 1/C with respect to time (t)concentration. The first-order rate constants varied between 6 and
should yield a straight line.103 for MITC for the concentration range of 3 to 140 mg kg21, and

between 1.5 and 43 for 1,3-D isomers for the concentration range of For most pesticides used in agricultural systems, the
0.6 to 60 mg kg21, depending on temperature. For the same initial effect of concentration on pesticide degradation may be
concentration range, the variation in the half-order rate constants was reasonably approximated by pseudo first-order kinetics,
between 1.4 and 1.73 for MITC and between 3.1 and 6.13 for 1,3-D as these pesticides are applied at rates from less than 1
isomers, depending on temperature. Second-order kinetics and the kg ha21 to a few kg ha21 (Grover et al., 1997; Wolt,
Michaelis–Menten model did not satisfactorily describe the degrada- 1997; Kearney and Wauchope, 1998). However, several
tion at all initial concentrations. The degradation of MITC and 1,3-D

studies have shown that even in a well-controlled envi-was primarily biodegradation, which was affected by temperature
ronment, degradation of pesticides in soils did not al-between 20 and 408C, following the Arrhenius equation (r 2 . 0.74).
ways follow first-order kinetics (Hamaker et al., 1968;
Hance and McKone, 1971; Helweg, 1975; Reffstrup et
al., 1998). A difficulty commonly encountered is thatAccurate assessments of the environmental effects
when degradation of a pesticide is assessed for a wideof soil fumigants require information on their deg-
range of initial concentrations, degradation at each ini-radation in the soil, as this is one of the key parameters
tial concentration can be reasonably described by first-in determining the fate and transport of chemicals in the
order kinetics, but the derived first-order rate constantenvironment. Pesticide fate models also need pesticide
(k1 ) varies with initial concentration, which is contradic-degradation rates for the fate and exposure assessments.
tory to first-order kinetics. Several other models haveSoil moisture, soil temperature, and chemical concentra-
been proposed to describe pesticide degradation in soilstion may all affect pesticide degradation. The effect
(Hamaker, 1972, Hamaker and Goring, 1976; Soulas,of soil moisture on pesticide degradation is frequently
1982; Hill and Schaalje, 1985; Schmidt et al., 1985; Alex-described by the power function developed by Walker
ander and Scow, 1989). Of the models proposed, half-(1978), and that of soil temperature by the Arrhenius
order kinetics and the Michaelis–Menten model haveequation:
attracted the most attention. The half-order kinetics can

k 5 Ae2
Ea
RT [1] be obtained by setting n 5 0.5 in Eq. [3]. The Michaelis–

Menten model is a variable-order equation, approaching
first-order at low concentrations and zero-order at highwhere k is pesticide degradation rate constant, A is a
concentrations (Hamaker et al., 1968). Therefore, theo-fitting parameter, Ea is activation energy, and R is the
retically the model may describe pesticide degradationuniversal gas constant. The effect of concentration on
in soils over a range of initial concentrations:pesticide degradation is often described by first-order

kinetics: dC
dt

5
VmC

Km 1 C
[4]

C 5 Coe2kl t [2]

where Vm (h21 ) is the maximum rate of pesticide degra-
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integral form of the equation after an appropriate ar- Incubation Experiments at Different Temperatures
and Initial Concentrationsrangement is:

Ten grams (dry weight) of fresh soil was weighed into 20-
mL vials after adjustment of soil water content to 5% by
weight. These samples were spiked with 0.5 mL of MITCCo 2 C

t
1 Km

ln
Co

C
t

5 Vm [5]
solution to result in initial concentrations of 3.31, 24.35, 56.01,
and 142.70 mg kg21, respectively. The lowest concentration
(3.31 mg kg21 ) corresponds to 7% of the recommended fieldIf degradation follows the Michaelis–Menten equa-
application rate (250 kg ha21 ), assuming a uniform distributiontion (Eq. [5]), the plot of in the top 30 cm of soil; while the highest concentration (142.70
mg kg21 ) corresponds to 2.8 times the recommended field
application rate. This concentration range is within that ex-
pected in the field when MITC is applied by shank injection.Co 2 C/t against

ln
Co

C
t These vials were capped immediately with aluminum seals

and Teflon-faced butyl rubber septa and then transferred intoshould yield a straight line with slope of Km and intercept temperature-controlled rooms or incubators at 20, 30, 35, and
of Vm. 408C, with temperature variation less than 0.58C.

Compared with other pesticides, soil fumigants as a Triplicate vials were taken at different time intervals and
class have notable differences in their biocidal activities immediately stored at 2208C until analysis. For extraction,
and methods and rates of application. For example, soil the sample vials were decapped while still frozen, and after

addition of 10 g of anhydrous sodium sulfate and 10 mL offumigants are normally injected into the soil at certain
ethyl acetate, the vials were immediately recapped. The vialsdepth at application rates of |250 kg ha21, which is
were placed on a shaker for 1 h at 5000 rph, then 1.5 mL ofapproximately two orders of magnitude higher than the
the supernatant from each vial was transferred into a gasapplication rates of most other pesticides. Higher appli-
chromatography (GC) vial. Preliminary studies showed thatcation rates create higher initial concentrations at the
this extraction method gave an average recovery of 95% forinjection points that may reduce the populations of de- MITC. The concentration of MITC was determined by a HP

grading microorganisms (Parr, 1974; Ladd et al., 1976; (Palo Alto, CA) 6890 GC equipped with a microelectron cap-
Macalady et al., 1998). At locations away from the injec- ture detector (mECD). The GC conditions were 30-m 3 0.25-
tion points, fumigant concentrations are much lower, mm 3 1.4-mm RTX-624 capillary column (Restek Co.,
and the inhibitory effect of the chemicals on degrading Bellefonte, PA) at a flow rate of 1.3 mL min21. The starting

oven temperature was 508C and then the temperature wasmicroorganisms may be less significant. Because some
increased at 158C min21 until it reached 1258C. The inlet tem-fumigants degrade largely by biodegradation (Tu, 1972;
perature was 2408C and the detector temperature was 3008C.Smelt et al., 1989; Gan et al., 1999), it is expected that

Additional experiments were conducted to determineconcentration may have a significant effect on the degra-
whether the degradation of MITC was primarily by chemicaldation rate of fumigants in soils. However, this hypothe-
or by microbial degradation by comparing degradation in ster-sis is yet to be validated. ilized and nonsterilized soils at low (3.34 mg kg21 ) and high

We studied the degradation of methyl isothiocyanate (142.58 mg kg21 ) initial concentrations. The sterilized soil was
(MITC) and two isomers of 1,3-dichloropropene (1,3-D) obtained by autoclaving the soil twice at 1218C, each for 60
in an Arlington sandy loam soil under well-controlled min, with a 24-h interval. Sterilized water was added into the
conditions using four initial concentrations at four tem- sterilized soil samples to bring soil water content to 5% by

weight. Comparisons of MITC degradation in sterilized andperatures. We then tested the applicability of first-order,
nonsterilized soils can also reveal whether there was an inhibi-half-order, and second-order kinetics, and the Michae-
tory effect by the chemical on degrading microorganisms atlis–Menten model for describing the degradation of the
elevated concentrations.fumigants as affected by temperature and initial concen-

Similar experiments and analyses were carried out for 1,3-Dtration. We used MITC and 1,3-D in this study because isomers using initial concentrations of 0.60, 9.95, 14.18, and
of their high usage, which is expected to further expand 58.82 mg kg21 for the (E)-isomer and 0.65, 9.98, 15.27, and
when methyl bromide is phased out by the year 2005. 60.33 mg kg21 for the (Z)-isomer. The 1,3-D isomers were

extracted from the soil using ethyl acetate and their concentra-
tions determined by GC with the same capillary column as

MATERIALS AND METHODS for MITC. The gas flow rate was set at 1.2 mL min21. The
starting oven temperature was 708C and then the temperatureSoil and Chemicals
was increased at a rate of 208C min21 until it reached the final

The soil was an Arlington sandy loam taken from the top temperature of 1408C. The inlet temperature was 2308C and
20 cm in a field at the University of California Agricultural the detector temperature was 2808C. Under these conditions,
Experiment Station at Riverside, about 1 km southeast of the the recoveries were 93 and 89% for (E)- and (Z)-1,3-D iso-
campus. The soil had a pH of 7.4 and consisted of 64% sand, mers, respectively, at an initial concentration of 9.95 mg kg21.
7% clay, and 0.92% organic matter. Fresh soil was passed Degradation of 1,3-D isomers in sterilized and nonsterilized
through a 2-mm sieve and stored at room temperature before soils was also compared at initial concentrations of 1.19 and
use. Technical standards of MITC (99%) and 1,3-D [48% (E)- 1.97 mg kg21 for the (E)- and (Z)-isomer, respectively.
and 49% (Z)-isomer] were purchased from Chem Service The degradation data thus obtained were fitted to first-
(Bellefonte, NJ). The chemicals were dissolved in ultrapure order, half-order, and second-order kinetics, and the Michae-
water just before use and a range of concentrations was pre- lis–Menten model using a least-square regression method. The

adjusted coefficient of fitting (r 2 ) was used to evaluate thepared for the study.
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Table 1. The first-order (k1 ) and the half-order (k0.5 ) degradation rate constants of methyl isothiocyanate (MITC) at different temperatures
and initial concentrations.

Temperature (8C)

Initial concentration 20 30 35 40

mg kg21 k1† 3 102 (h21)
3.31 2.08 6 0.21 (0.99)‡ 4.54 6 0.23 (0.99) 4.80 6 0.35 (0.99) 5.14 6 0.18 (0.99)
24.75 0.39 6 0.04 (0.97) 0.90 6 0.06 (0.99) 1.18 6 0.04 (0.99) 1.65 6 0.10 (0.99)
56.01 0.30 6 0.04 (0.97) 0.70 6 0.07 (0.97) 0.85 6 0.04 (0.99) 1.14 6 0.04 (0.99)
142.70 0.23 6 0.03 (0.93) 0.45 6 0.04 (0.97) 0.57 6 0.04 (0.98) 0.86 6 0.07 (0.98)

k0.5† 3 102 (h21)
3.31 1.88 6 0.15 (0.88) 5.24 6 0.20 (0.98) 5.72 6 0.21 (0.98) 5.78 6 0.28 (0.97)
24.75 1.68 6 0.07 (0.97) 3.10 6 0.14 (0.96) 3.74 6 0.16 (0.96) 4.36 6 0.26 (0.93)
56.01 1.90 6 0.12 (0.93) 3.70 6 0.21 (0.94) 4.48 6 0.16 (0.98) 5.44 6 0.20 (0.97)
142.70 2.38 6 0.15 (0.92) 4.24 6 0.23 (0.95) 5.36 6 0.20 (0.97) 7.06 6 0.32 (0.96)

† The first-order (k1) and the half-order (k0.5) degradation rate constants were obtained by fitting measured concentrations at different times to first-order
and half-order kinetics respectively using the least-square-error fitting procedure.

‡ Mean 6 standard error. Data in parentheses are coefficients of fitting (adjusted r 2 ).

goodness of fit. All statistical analyses were performed at the ram. Analyses of MITC degradation curves at 30, 35,
0.05 significance level unless otherwise specified. and 408C show similar results (Table 1). These results

demonstrate that a single first-order rate constant can-
not adequately describe the degradation of MITC at allRESULTS AND DISCUSSION
initial concentrations, even though the degradation atDegradation of MITC and 1,3-D Isomers each initial concentration can be fitted to first-orderas Affected by Concentration kinetics (r 2 . 0.93).

Degradation of (E)-1,3-D isomer at each initial con-Degradation of MITC at each initial concentration
centration can be also described by first-order kineticscan be described by first-order kinetics (r 2 . 0.93) (Ta-
(r 2 . 0.78) (Table 2). As for MITC, only degradationble 1). Only data at 208C are shown in Fig. 1, as data
curves at 208C are shown (Fig. 3). Fits were generallyat other temperatures followed a similar pattern. There
good (r 2 . 0.95) except at the highest initial concentra-was a ninefold difference in the derived first-order deg-
tion (Table 2). The derived first-order degradation rateradation rate constants between the lowest and the high-
constants of (E)-1,3-D at an initial concentration ofest concentrations at 208C (Table 1). A general trend
0.60 mg kg21 were 2.1 to 4.1 times those at an initialexisted that the derived first-order rate constant de-
concentration of 58.82 mg kg21, depending on tempera-creased with increasing initial concentration (Fig. 2),
ture (Table 2). There existed a general trend that thewhich is contradictory to the basic assumptions of first-
derived first-order rate constant decreased with increas-order kinetics. Hance and McKone (1971) reported a
ing initial concentration. Likewise, degradation of thesimilar correlation between initial concentration and

first-order rate constant for atrazine, linuron, and piclo- (Z)-1,3-D isomer at each initial concentration can be

Fig. 1. Degradation of methyl isothiocyanate (MITC) in Arlington sandy loam at different initial concentrations at 208C. The points are the
means of three measurements (6standard errors) and the curves are first-order fits.
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Fig. 2. Correlation between initial concentration and derived degradation rate constant for methyl isothiocyanate (MITC) in Arlington sandy
loam at 208C. The points are mean (6standard errors) degradation rate constants obtained by fitting to respective kinetics.

also fitted to first-order kinetics (r 2 . 0.85) (Table 2). ences in the first-order rate constants for MITC (Table
1) and 1,3-D isomers (Table 2) at different initial con-Good fits (r 2 . 0.96) were obtained at lower initial

concentrations, as was observed for the (E)-1,3-D iso- centrations suggest that significant errors can be intro-
duced in model predictions of the chemical fate andmer (Table 2). The first-order degradation rate con-

stants of (Z)-1,3-D at an initial concentration of 0.65 exposure. In studying the effect of the first-order rate
constant on pesticide leaching predictions, Boesten andmg kg21 were 1.5 to 2.9 times those at an initial concen-

tration of 60.33 mg kg21, depending on temperature van der Linden (1991) demonstrated that a 23 variation
in the first-order degradation rate constant led to 103(Table 2). Thus, one single first-order rate constant can-

not adequately describe the degradation of each isomer changes in predicted pesticide leaching. While the first-
order degradation rate constants or half-lives are oftenover the entire concentration range used in the study

(Table 2). used in the pesticide literature, either because of sim-
plicity, convenience, or apparent validity, care must beThese results demonstrate that the derived first-order

rate constants are not concentration-independent, as the taken to verify their accuracy in representing pesticide
degradation in soils. Otherwise, attempts to accuratelyfirst-order kinetics implies, but are dependent on the

initial chemical concentration. Therefore, the assump- predict chemical concentration distributions in the soil
profile may fail.tion in some integrated simulation models that degrada-

tion of pesticides in soils can be represented by a single The applicability of second-order and half-order ki-
netics and the Michaelis–Menten model was then testedfirst-order rate constant may be invalid. Large differ-

Table 2. The first-order degradation rate constants (k1 ) of (E )- and (Z )-1,3-dichloropropene (1,3-D) isomers at different temperatures
and initial concentrations.

Temperature (8C)

Initial concentration 20 30 35 40

mg kg21 k1† 3 102 (h21)

(E )-1,3-D

0.60 1.07 6 0.10 (0.98)‡ 2.20 6 0.17 (0.99) 2.82 6 0.14 (0.99) 3.43 6 0.38 (0.98)
9.55 0.56 6 0.06 (0.96) 0.91 6 0.05 (0.99) 1.43 6 0.10 (0.99) 1.84 6 0.09 (0.99)
14.18 0.40 6 0.04 (0.95) 0.87 6 0.08 (0.98) 1.01 6 0.10 (0.98) 1.58 6 0.10 (0.99)
58.82 0.26 6 0.03 (0.93) 0.93 6 0.15 (0.92) 0.93 6 0.28 (0.78) 1.64 6 0.26 (0.95)

(Z)-1,3-D

0.65 0.83 6 0.08 (0.97) 1.89 6 0.13 (0.99) 2.48 6 0.14 (0.99) 3.17 6 0.28 (0.99)
9.98 0.57 6 0.06 (0.96) 1.00 6 0.04 (0.99) 1.52 6 0.04 (0.99) 2.20 6 0.10 (0.99)
15.27 0.42 6 0.08 (0.85) 1.01 6 0.07 (0.99) 1.22 6 0.08 (0.99) 2.01 6 0.12 (0.99)
60.33 0.28 6 0.03 (0.94) 1.07 6 0.16 (0.94) 1.27 6 0.35 (0.94) 2.17 6 0.30 (0.97)

† The first-order degradation rate constants were obtained by fitting measured concentrations at different times to first-order kinetics using the least-
square-error fitting procedure.

‡ Mean 6 standard error. Data in parentheses are coefficients of fitting (adjusted r 2 ).
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Fig. 3. Degradation of the (E )-1,3-dichloropropene isomer in Arlington sandy loam at different initial concentrations at 208C. The points are
mean of three measurements (6standard errors) and the curves are first-order fits.

for MITC and 1,3-D isomers at all temperatures. Plot- describe the degradation of MITC and 1,3-D isomers
at all initial concentrations (not shown). In some cases,ting the inverse of the measured concentration (1/C)

with respect to time (t) at different initial concentrations the fits were poor and the fitted parameter values (Km,
Vm ) were negative, suggesting that the Michaelis–Men-did not yield a constant slope (second-order rate con-

stant) for MITC (Fig. 2) or 1,3-D isomers (not shown). ten model does not apply. Overall, first-order and half-
order kinetics fit the data better than second-order ki-The fits were generally not as good as those for first-

order kinetics (r 2 . 0.76), although better fits were ob- netics and the Michaelis–Menten model. However, none
of the models tested satisfactorily described the degra-tained at higher initial concentrations (r 2 . 0.91). Over-

all, the derived second-order degradation rate constant dation of MITC and 1,3-D isomers over a range of
initial concentrations.decreased with increasing initial concentration (Fig. 2),

as is for the first-order rate constant. The maximum Degradation of MITC in sterilized soil was compared
with that in nonsterilized soil at 208C (Fig. 4) becausedifferences in the second-order rate constants were on

the order of 10003 between the lowest and highest high temperature itself (.408C) can suppress microor-
ganism activities (Gan et al., 1999). We used the lowestinitial concentrations. Therefore, degradation of MITC

and 1,3-D isomers did not follow second-order kinetics. (3.34 mg kg21 ) and the highest (142.58 mg kg21 ) concen-
trations for this comparison. During a 6-d incubationDegradation of MITC at each initial concentration

can be fitted to half-order kinetics (Table 1) (r 2 . 0.88). period at an initial concentration of 3.34 mg kg21, degra-
dation of MITC in both sterilized and nonsterilized soilsThe resulting half-order rate constants varied with initial

concentrations, but to much less of an extent than the can be fitted to first-order kinetics (r 2 . 0.91) (Fig. 4).
The first-order rate constant in nonsterilized soil wasfirst-order rate constants (Table 1), with the maximum

differences varying between 1.43 and 1.73, depending 10 times larger than that in sterilized soil, suggesting
that the major dissipation pathway for MITC in theon temperature. Hamaker et al. (1968) also reported

that the half-order rate constant of 4-amino-3,5,6-tri- soil may be biodegradation (91%). This supports earlier
studies by Smelt et al. (1989) and Gan et al. (1999).chloropicolinic acid was less affected by initial concen-

tration than the first-order rate constant. The fitted half- Concentrations of MITC in sterilized soil were signifi-
cantly larger than those in nonsterilized soil over theorder rate constants for each 1,3-D isomer increased

with increasing initial concentration, with the maximum entire period of observations except at the beginning
(Fig. 4), which suggests that MITC might not have poseddifferences varying between 3.13 and 4.23 for the (E)-

isomer and between 3.83 and 6.13 for the (Z)-isomer, significant inhibitory effects on degrading microorgan-
isms at this concentration level. Alternatively, inhibitorydepending on temperature (Table 3). Therefore, the

fitted half-order rate constants for 1,3-D isomers varied effects might have occurred but the inhibited popula-
tions recovered before the first sampling interval (6 hmore significantly with initial concentration than the

first-order rate constants. Thus, one single half-order after treatment). In studies of the effects of four nema-
tocides on microorganism activities in a loamy sand soil,rate constant cannot adequately represent the degrada-

tion of MITC and 1,3-D isomers in the soil over a range Tu (1972) observed that both bacterial and fungal popu-
lations initially decreased at low nematocide applicationof initial concentrations.

The Michaelis–Menten model did not satisfactorily rates, but the populations recovered rapidly to levels
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Table 3. The half-order degradation rate constants (k0.5 ) of (E )- and (Z )-1,3-dichloropropene (1,3-D) isomers at different temperatures
and initial concentrations.

Temperature (8C)

Initial concentration 20 30 35 40

mg kg21 k0.5† 3 102 (h21)

(E )-1,3-D

0.60 0.60 6 0.04 (0.98)‡ 1.18 6 0.06 (0.99) 1.32 6 0.08 (0.98) 192 6 0.18 (0.97)
9.55 1.36 6 0.10 (0.97) 2.02 6 0.06 (0.99) 2.44 6 0.24 (0.94) 2.80 6 0.28 (0.95)
14.18 1.38 6 0.12 (0.96) 2.26 6 0.24 (0.94) 2.80 6 0.16 (0.98) 3.10 6 0.34 (0.94)
58.82 1.86 6 0.18 (0.94) 4.96 6 0.76 (0.87) 4.48 6 0.82 (0.82) 6.40 6 86 (0.90)

(Z)-1,3-D

0.65 0.52 6 0.04 (0.98) 0.90 6 0.06 (0.97) 1.30 6 0.06 (0.99) 1.46 6 0.12 (0.99)
9.98 1.42 6 0.10 (0.97) 2.20 6 0.08 (0.99) 2.64 6 0.22 (0.96) 3.02 6 0.36 (0.92)
15.27 1.48 6 0.22 (0.89) 2.58 6 0.26 (0.95) 3.18 6 0.20 (0.98) 3.76 6 0.46 (0.92)
60.33 2.00 6 0.18 (0.95) 5.52 6 0.78 (0.89) 5.32 6 0.88 (0.85) 7.16 6 1.04 (0.88)

† The half-order degradation rate constants were obtained by fitting measured concentrations at different times to half-order kinetics using the least-
square-error fitting procedure.

‡ Mean 6 standard error. Data in parentheses are coefficients of fitting (adjusted r 2 ).

similar to those in the control. At an initial concentra- inhibitory effect imposed at a higher initial concentra-
tion would cause less relative percentage loss of MITCtion of 142.58 mg kg21, degradation of MITC in both

sterilized and nonsterilized soils can be fitted to first- than that at a lower initial concentration at which the
inhibitory effect was unnoticeable, resulting in a smallerorder kinetics (r 2 . 0.90). The first-order degradation

rate constant of MITC in nonsterilized soil was only 1.8 first-order degradation rate constant (k1 ) at a higher
initial concentration. However, this does not translatetimes that in sterilized soil. Moreover, during the first

2 d after treatment, concentrations of MITC in both into a smaller amount of MITC degraded at a higher
initial concentration because k1 is calculated on a rela-sterilized and nonsterilized soils were nearly the same

(Fig. 4), which may indicate that MITC posed inhibitory tive basis (Eq. [1]).
Degradation of 1,3-D isomers in both sterilized andeffects on degrading microorganisms. This 2-d period

may be also an adaptation period for microorganisms nonsterilized soils was examined at a low initial concen-
tration at 208C (Fig. 5). During an 8-d incubation period,to degrade MITC. With time the differences in MITC

concentrations increased between sterilized and non- degradation of both isomers in both soils can be fitted
to first-order kinetics (r 2 . 0.95). The resulting ratesterilized soils (Fig. 4). Pronounced inhibitory effects of

fumigants including MITC on soil microorganisms were constants in nonsterilized soil were 3.3 and 2.1 times
those in sterilized soil for the (E)-isomer and the (Z)-also observed in previous studies (Tu, 1972; Macalady

et al., 1998) and were associated with marked inhibitions isomer, respectively. This suggests that biodegradation
was the major dissipation pathway for 1,3-D isomersof nitrification and soil respiration (Parr, 1974). The

Fig. 4. Comparison of methyl isothiocyanate (MITC) degradation in sterilized and nonsterilized soils at 208C. The points are the means of three
measurements (6standard errors) and the curves are first-order fits.
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Fig. 5. Comparison of (E )- and (Z )-1,3-dichloropropene isomer degradation in sterilized and nonsterilized soils at 208C. The points are the
means of three measurements (6standard errors) and the curves are first-order fits.

(68 to 76%). The differences in degradation rate con- monly done. In the second case, we used the half-order
stants of 1,3-D isomers between sterilized and nonsteril- rate constant (k0.5 ) for the evaluations since k0.5 was
ized soils are smaller than that of MITC at an initial relatively less dependent on the initial concentration
concentration of 3.34 mg kg21 (103 difference), sug- for MITC.
gesting that more abiotic degradation might have been At the same initial concentration, the k1 of MITC

(Table 1) changed exponentially with temperature be-involved in degrading 1,3-D isomers (24 to 32%) than
tween 20 and 408C, and followed the Arrhenius equationin degrading MITC (9%).
(r 2 $ 0.79) (Table 4). The poor fit (r 2 5 0.79) was
obtained at the lowest initial concentration, whereasDegradation of MITC and 1,3-D Isomers
better fits were obtained at higher initial concentrationsas Affected by Temperature
(r 2 $ 0.97) (Table 4). Presumably more biodegradation

A common approach to evaluate the effect of temper- was involved in degrading MITC at low initial concen-
ature on pesticide degradation is to compare the first- trations, while the Arrhenius equation was primarily
order rate constants (k1 ) obtained at different tem- developed for describing chemical reactions in solution.
peratures. As k1 is usually obtained only at one initial There was no significant difference in activation energy
concentration, the effect of initial concentration is thus at different initial concentrations except at the lowest
ignored. We explored two cases. In the first case, we initial concentration at which the activation energy was

significantly smaller than that at other initial concentra-applied the derived k1 for the evaluations, as is com-
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Table 4. Degradation activation energy (Ea ) of methyl isothiocyanate (MITC) and (E )- and (Z )-1,3-dichloropropene (1,3-D) isomers
calculated using the first-order (k1 ) and the half-order (k0.5 ) rate constants between 20 and 408C.

Ea

Fumigants

Initial concentration MITC (E )-1,3-D (Z )-1,3-D

mg kg21 kJ mol21

Calculated using k1

C1† 34.9 6 9.9 (0.79)‡ 45.1 6 3.8 (0.98) 51.6 6 4.0 (0.98)
C2† 50.6 6 3.4 (0.97) 46.2 6 4.4 (0.97) 51.3 6 4.0 (0.98)
C3† 50.4 6 5.3 (0.97) 50.5 6 4.8 (0.97) 57.8 6 4.9 (0.98)
C4† 48.9 6 2.2 (0.99) 67.3 6 11.9 (0.91) 76.4 6 9.4 (0.96)
Average 46.2 6 7.5 52.3 6 10.3 59.3 6 11.8

Calculated using k0.5

C1† 44.7 6 14.3 (0.74) 43.4 6 4.4 (0.98) 41.6 6 3.9 (0.97)
C2† 41.8 6 0.9 (0.99) 28.3 6 1.4 (0.99) 29.6 6 1.8 (0.99)
C3† 40.9 6 3.9 (0.97) 34.2 6 1.7 (0.99) 36.5 6 2.6 (0.99)
C4† 37.4 6 3.9 (0.97) 45.6 6 11.8 (0.82) 48.0 6 11.5 (0.85)
Average 41.2 6 3.0 37.9 6 8.1 38.9 6 7.8

† C1, C2, C3, and C4 are 3.31, 34.35, 56.01 and 142.70 mg kg21 for MITC; 0.60, 9.55, 14.18, and 58.82 mg kg21 for the (E )-1,3-D isomer; and 0.65, 9.98,
15.27, and 60.33 mg kg21 for the (Z )-1,3-D isomer, respectively.

‡ Mean 6 standard error. Data in parentheses are coefficients of fitting (adjusted r 2 ).

tions (P , 0.05) (Table 4). The average activation en- half-order degradation rate constants on initial concen-
tration makes it invalid to use first-order and half-orderergy for MITC was 46.21 kJ mol21, which is consistent

with a previous report (Gan et al., 1999). At each initial kinetics to describe the degradation. Overall, none of
the models tested satisfactorily described degradationconcentration, the overall k1 increased |2 times with

every 108C increase between 20 and 408C (Table 1). of MITC and 1,3-D isomers over the range of initial
concentrations. This raises a serious question as to theThus, biodegradation of MITC was not significantly sup-

pressed at 408C. When k0.5 is used to evaluate MITC validity of first-order kinetics for representing fumigant
degradation in soils at different initial concentrations.degradation as affected by temperature, the calculated

activation energy was not significantly different among This problem tends to be overlooked since the first-
order degradation rate constant is usually obtained atdifferent initial concentrations (P . 0.05) (Table 4),
one initial concentration. Thus, the concentration effectwith an average of 41.20 kJ mol21. This value was not
as observed in this study is ignored. Even worse, thestatistically different from that calculated using k1 (46.21
derived first-order degradation rate constant at one ini-kJ mol21 ) (P . 0.05).
tial concentration is often used in integrated simulationDegradation of 1,3-D isomers between 20 and 408C
models for predicting chemical fate and dissipation.can also be described by the Arrhenius equation (r 2 .

Comparisons of fumigant degradation in sterilized0.82) (Table 4). There was no significant difference in
and nonsterilized soils revealed that microbial degrada-activation energy for both isomers at different initial
tion was the major dissipation pathway for all fumigants,concentrations except at the highest concentration at
although microbial degradation was more involved inwhich the activation energy was significantly greater
degrading MITC than in degrading 1,3-D isomers. Anal-than that at other concentrations (P , 0.05) (Table 4).
yses of MITC degradation at high and low initial concen-The average activation energy for (E)-1,3-D (52.3 kJ
trations in sterilized and nonsterilized soils demon-mol21 ) over the four initial concentrations was not sig-
strated that the reduced MITC degradation rate constantnificantly different from that of the (Z)-1,3-D (59.3 kJ
at high concentration may have resulted from the inhibi-mol21 ) (P . 0.05). When k0.5 was applied to calculate
tory effects of the fumigant on degrading microorgan-activation energy, the resulting values for both isomers
isms. The overall degradation rate constants of MITCwere significantly different among different initial con-
and 1,3-D isomers changed exponentially with tempera-centrations (P , 0.05). However, the average value for
ture and followed the empirical Arrehnius equation be-the (E)-isomer (37.86 kJ mol21 ) at four initial concen-
tween 20 and 408C.trations was not statistically different from that of the

(Z)-isomer (38.95 kJ mol21 ). For either isomer, the av-
erage activation energy calculated by k0.5 was signifi- ACKNOWLEDGMENTS
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Organochlorine Pollutants in Remote Mountain Lake Waters

Rosa Vilanova, Pilar Fernández, Carolina Martı́nez, and Joan O. Grimalt*

ABSTRACT Alarge number of persistent organic pollutants
Hexachlorocyclohexanes (HCHs; a- and g-isomers), endosulfans (POPs) are organochlorine compounds (OCs)

(a- and b-isomers and the sulfate residue), hexachlorobenzene (United Nations Economic Commission for Europe,
(HCB), dichlorodiphenyltrichloroethane (DDTs), and polychlorobi- 2000). High mountain lakes are some of the remote
phenyls (PCBs) were measured in waters from three European remote areas under potential stress by POPs. These lakes can be
mountain lakes situated in the Alps, Pyrenees, and Caledonian moun- defined as those situated above the timberline receiving
tains. Sampling encompassed both ice-free and ice-covered periods

their waters through atmospheric fallout. Their ecologi-at different water column depths. High HCH concentrations were
cal and environmental value is high because they oftenfound in all lakes, those in the Alps and Pyrenees (990–2900 pg/L)
support unique species of plant and animal communi-being among the highest recorded in continental waters. Endosulfans
ties. They are often the headwater catchments of waterand endosulfan sulfate (120–1150 pg/L) were the second major group
supplies and excellent sensors of environmental changeof organochlorine contaminants, showing a remarkable stability upon

atmospheric long-range transport. The concentrations of HCB, DDTs, for entire mountain environments.
and PCB (4–8, 0.6–16, and 26–110 pg/L, respectively) were low in Most OC studies in lacustrine waters have been devel-
comparison with other continental waters. Hexachlorocyclohexanes, oped in large lakes, such as the Great Lakes in the
endosulfans, and HCB were essentially found in the dissolved phase. United States and Canada (Oliver and Niimi, 1988; Jere-
Phase partitioning of the more hydrophobic compounds exhibited a miason et al., 1994; Pearson et al., 1996; Swackhamer
dependence on temperature and water-suspended particles. Compari-

et al., 1988), Lake Baikal in Russia (Kucklick et al.,son between different sampling seasons and water depths indicated a
1994; Iwata et al., 1995), and some lakes in the Arcticremarkable concentration uniformity within lake, but major interlake
(Kidd et al., 1998). Very few studies have been con-differences. Normalization to turnover rates showed higher interlake
cerned with high-altitude mountain lakes (e.g., USAsimilarity. Preferential accumulation of the less volatile compounds
[Datta et al., 1998] and India [Dua et al., 1998]). Notin the Alp lake and significant increase of baseline contributions of

organochlorine compounds and residues in the Caledonian lake are one of these studies has been conducted in Europe. The
also evidenced from these turnover rates. lakes in the mountain regions of Europe constitute the

most remote and least disturbed inland environments
and these lakes are especially sensitive to airborne pol-
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