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Abstract: Atmospheric emission of the soil fumigant 1,3-dichloropropene (1,3-D) is of environmental

concern because of its toxicity and carcinogenicity. Thiosulfate fertilizers have been found to rapidly

transform 1,3-D in soil to non-volatile ions which are less toxic. We investigated the use of surface

application of ammonium thiosulfate (ATS) for reducing 1,3-D volatilization. In packed soil columns,

emission of 1,3-D applied by sub-surface injection decreased with increasing ATS application rate and

the amount of water used for delivering ATS. When ATS was applied in 9mm water at 64g mÿ2, total

1,3-D emission was reduced by 61%. The reduction was 89% when ATS was applied at 193g mÿ2.

Bioassays showed that ATS application did not affect the effectiveness of 1,3-D for controlling citrus

nematodes. In ®eld plots where a 1,3-D emulsi®ed formulation was applied via sub-surface drip,

surface spray of ATS reduced 1,3-D emissions by 50%, and by 71% when the surface was also covered

with polyethylene ®lm. ATS application had no effect on the ef®cacy of root-knot nematode control or

tomato yields. These results suggest that surface application of thiosulfate fertilizers may be a feasible

and effective strategy for minimizing 1,3-D emissions.
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1 INTRODUCTION
Over the last ®ve decades, successful management of

soil pests has often relied on the use of fumigants.1±3

The use of soil fumigants, however, has resulted in

some instances in adverse environmental and health

effects. For this reason, many fumigants have been

gradually phased out. The imminent phase-out of

methyl bromide ± currently the most widely used

fumigant ± will leave soil pest control with even fewer

options. It is anticipated that with the methyl bromide

ban, the use of 1,3-dichloropropene (1,3-D), alone or

in combination with chloropicrin, will increase.4

1,3-D is an effective nematicide that has been used

for several decades as a soil fumigant. Isomers of 1,3-D

have high vapor pressures (23±34mmHg) and low

boiling points (104±114°C).5 As shown in a number of

laboratory and ®eld studies, these intrinsic properties

lead to emission of a large fraction of applied 1,3-D

into the air shortly after application.6±11 1,3-D has a

high acute toxicity and suspected carcinogenicity, and

excessive air emissions may impose health effects on
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®eld workers and nearby residents. In 1990, following

detection of high 1,3-D concentrations in ambient air

near fumigation sites in California, use of 1,3-D was

suspended for four years for reexamination.12±14 It is

thus important to explore strategies to minimize 1,3-D

emissions.

In a previous study we found that thiosulfate

fertilizers such as ammonium thiosulfate (ATS) and

potassium thiosulfate rapidly transformed 1,3-D to

non-volatile, less toxic ionic products in soil.15 The

reaction between thiosulfate (S2O3
2ÿ) and 1,3-D was

found to be a nucleophilic substitution, in which a

chlorine on 1,3-D was replaced by S2O3
2ÿ. The rate of

transformation was proportional to the ratio of ATS to

fumigant. For instance, in an Arlington sandy loam,

the half-life of cis-1,3-D was �250h, which was

shortened to only 4h when ATS was added in the soil

at 4:1 ATS:1,3-D molar ratio. Thiosulfate-facilitated

1,3-D transformation was independent of soil type and

was accelerated by higher temperature.15 Both ammo-

nium and potassium thiosulfates are commercial
epted 19 November 1999)
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Ammonium thiosulfate in reduction of 1,3-D volatilization
fertilizers, and thus their application may represent

one of the more inexpensive mitigation measures.

The main objective of this study was to ascertain if

thiosulfate could be applied to reduce 1,3-D emissions

from soil without signi®cantly lowering pest-control

ef®cacy. Volatilization of 1,3-D was measured from

large packed soil columns after fumigant injection at

the 30-cm depth and application of ATS at the soil

surface under different conditions. Emission of 1,3-D

from ®eld plots treated with 1,3-D and ATS was also

determined. The effect of ATS application on

nematode control ef®cacy was evaluated by monitor-

ing plant parasitic nematodes in the soil.
2 MATERIALS AND METHODS
2.1 Soil and chemicals
The soil used in the column experiments was an

Arlington sandy loam (coarse loamy, mixed, thermic

Haplic Durixeralfs; Riverside, CA). Soil was sieved

through a 2-mm sieve, and stored at room tempera-

ture. The soil had an organic matter content (OM) of

0.92% and pH of 7.2. The ®eld trial was conducted at

the University of California Riverside's Coachella

Valley Research and Extension Center, Coachella,

CA. The soil was a Carsitas loamy sand (mixed,

hyperthermic Typic Torripsamments) having an OM

of 0.22% and pH of 8.0.

Telone II, a 1,3-D formulation used for shank

injection, and Telone EC, an emulsi®ed formulation

used for drip application, were both provided by Dow

AgroSciences LLC (Zionsville, IN). Telone II con-

tained 0.61 and 0.58gmlÿ1cis- and trans-1,3-D,

respectively, while Telone EC contained 0.40gmlÿ1

of each isomer. 1,3-D standard (Chem Service, West

Chester, PA) contained 0.57 and 0.62gmlÿ1cis- and

trans-1,3-D, respectively. Thio-Sul (Tessenderlo

Kerley, Inc, Phoenix, AZ), a commercial formulation

of ATS, contained 0.79g mlÿ1 ATS. Ammonium

thiosulfate standard (purity >99.0%) was purchased

from Fluka Chemical Co (Ronkonkoma, NY).

2.2 Column experiments
2.2.1 Column schematics and protocol
Two column experiments were conducted. A detailed

description of the column system has been given

elsewhere.11,16 Brie¯y, stainless steel columns [70(h)

� 12cm (ID), bottom closed] were packed with

Arlington soil at a bulk density of 1.50gcmÿ3 and

water content of 4±5% (w/w). During column

preparation, citrus roots (�1cm) infested with Ty-
lenchulus semipenetrans Cobb were mixed with soil at a

ratio of 1.5g of roots per 50cmÿ3 of soil, and placed in

the column at depths of 0±3, 17±20, and 47±50cm.

Soil layers containing nematodes had the same bulk

density and water content as the rest of the column.

For fumigation, Telone II (127ml) was injected

through a Te¯on-faced septum into the soil column

at the 30-cm depth. The application rate was equiva-

lent to 13.0g mÿ2 as 1,3-D. After ATS was applied at
Pest Manag Sci 56:264±270 (2000)
the soil surface (see below), a sampling chamber [4(h)

� 12cm (ID), top closed] was sealed onto the soil

column using epoxy glue, and 1,3-D vapor was

continuously collected by sweeping column headspace

into charcoal sampling tubes (Supelco Co, Bellefonte,

PA). A solenoid switching system17 was used to

sample each tube for 4h, and sampled tubes were

replaced and analyzed for 1,3-D using a headspace-

GC method.18 Volatilization ¯uxes of 1,3-D were

calculated as mg mÿ2sÿ1 and cumulative losses of

1,3-D were obtained by integrating ¯uxes over time.

After three weeks, soil with nematodes was excavated

from each column, and the nematode population was

determined after Baermann funnel extraction for four

days at 23°C.19

2.2.2 Water application rates
The effect of water application rate used for delivering

ATS was studied in the ®rst column experiment. A

total of 15 columns were prepared and inoculated with

citrus nematodes. Five treatments were made, each

with three replications: 1,3-D only, 1,3-D with ATS

application in 11, 33, or 99ml of water (or 1, 3 or

9mm), and an untreated control. One milliliter Thio-

Sul was applied in each ATS-treated column, which

was equal to 64g mÿ2 as ATS. Thio-Sul was ®rst

diluted in water and then pipetted evenly onto the soil

surface. All three replicates from each treatment were

used for nematode assay, and one column from each

treatment was used for volatilization measurement.

2.2.3 ATS application rates
The effect of ATS application rate was determined in

the second column experiment. A total of 15 columns

were prepared and inoculated with citrus nematodes.

Five treatments were included, each with three repli-

cations: 1,3-D only, 1,3-D with 1, 2 or 3ml Thio-Sul

(or 64, 129, or 193g mÿ2 as ATS), and an untreated

control. Water application rate was kept constant at

99ml per column (9mm in depth) for all ATS

treatments. All three replicates from each treatment

were used for the nematode bioassay, and one column

was used for measuring 1,3-D emission.

2.3 Field experiment
A ®eld experiment was carried out during March±July

of 1998. Prior to fumigation, raised beds (30cm wide

at top, 50cm wide at base, 16cm high) were prepared,

and drip lines with emitters spaced 30cm apart were

installed at the center of the beds at the 10-cm depth.

Each emitter had a capacity of 2 litre hÿ1. Plots were

6m in length, and a completely randomized block

design with four replications was used. Five different

combinations of 1,3-D with or without ATS amend-

ment and surface tarp were evaluated (see Table 3).

Prior to treatment, ®ve soil samples were collected

from the 0±30cm depth of each plot and pooled. A

50-cm3 subsample was extracted on a Baermann

funnel for four days at 23°C, after which the

population density of Meloidogyne incognita (Kif &
265



Figure 1. Volatilization of cis-1,3-dichloropropene (1,3-D) from packed
Arlington sandy loam columns following injection of Telone II at
13.0g AI mÿ2 at the 30-cm depth and surface application of ammonium
thiosulfate (ATS) at 64g mÿ2 in different amounts of water. (a) Volatilization
fluxes and (b) cumulative emission losses as% of applied cis-1,3-D.

J Gan et al
White)Chitwood was determined. Telone EC was

premixed with water and delivered through the drip

lines into the plots. The tops and sides of treated beds

were uniformly wetted after application. Application

rate of Telone EC was 6.0g mÿ2 as 1,3-D. For the

ATS treatments, 240ml Thio-Sul (32g AI mÿ2) was

mixed with 1000ml water and was then sprayed onto

the top and side of the beds one hour before

fumigation. For the tarped treatments (c and d), the

plots were also covered with high-density polyethylene

sheets (0.035mm in thickness) prior to fumigation,

with the edge buried �15cm into the furrow.

Volatilization of 1,3-D was measured using alumi-

nium passive chambers, 30�14�14cm high, with

open bottoms. Similar enclosed chambers have been

used for measuring chemical volatilization under ®eld

conditions.20,21 Chambers were placed on the top or

side of fumigated beds for 30min to allow fumigant

vapor to accumulate inside the chamber, and then

100ml of the trapped air was withdrawn through a

sampling port at the top of the chamber. The air

sample was passed through a charcoal tube to allow

1,3-D adsorption onto the charcoal particles. Cham-

bers were aerated before being used for the next

measurement. At each sampling point, two measure-

ments were simultaneously taken from the top and one

from the side of bed for each treatment. Sample tubes

were capped from both ends and stored in a freezer

before being transferred to the laboratory for analysis.

Analysis of 1,3-D in charcoal tubes was made using the

headspace-GC method.18 Volatilization ¯uxes were

calculated from 1,3-D content detected in charcoal

tubes Xt (mg), the sampled volume Vs (100ml),

chamber volume Vc (6000ml), chamber base area A
(0.0450m2), and the sampled time Ts (30min or

1800s), using the following relationship:

Flux � �XtVc�=�VsATs� � ��g ml�=�ml m2 s�
� �g mÿ2 sÿ1

Integration of ¯uxes over the entire bed area and

time gave the estimate of total emission as a percentage

of applied dosage. As sampling was not continuous in

time, extrapolation between two adjacent time points

had to be made for calculating the total emitted mass.

Similar approximation procedures have been used by

others.20

Two weeks after fumigation, each treatment repli-

cation plot was divided in half and planted with two

cultivars of tomato, UC-82 and Peto 98, with 10

plants for each cultivar and 25cm spacing between

plants. The crops were managed according to normal

practices. Soil samples for root-knot nematode

enumeration were taken four weeks after fumigation

and at harvest in July 1998. At harvest tomato yield

was determined and adjusted to 10 plants for each

cultivar or 20 plants for both cultivars. Data were

subjected to ANOVA analysis, followed, if appro-

priate, with Fisher's Protected LSD analysis with a

signi®cance level of 5%.
266
3 RESULTS AND DISCUSSION
3.1 Column experiments
3.1.1 Effect of water application rate

When ATS application rate was kept constant at

64g mÿ2, 1,3-D emission from soil columns decreased

as water application rate increased, as shown in Fig 1

for cis-1,3-D. After averaging over the two isomers, the

total losses of 1,3-D were 38.2, 31.0, 23.9, and 14.2%,

respectively, for the no-ATS, and ATS applications in

1, 3, and 9mm of water (Table 1). These represent 19,

37, and 63% reduction in 1,3-D emissions as

compared to the no-ATS control (Table 1). It was

also evident that, as water application rate increased,

the maximum ¯uxes also decreased (Fig 1a). In the

no-ATS fumigation treatment, the maximum ¯ux

detected was 14.3mg mÿ2sÿ1, which decreased to

10.5, 5.7, and 2.6mg mÿ2sÿ1 after ATS amendment

in 1, 3, and 9mm of water, respectively (Fig 1a).

Smaller ¯uxes would, in reality, translate into lower

1,3-D concentrations in the air and thus less exposure

to 1,3-D vapor for ®eld workers or nearby residents.

Water used for delivering ATS may have in¯uenced

1,3-D volatilization in two ways. First, ATS should

move with water in soil, and thus application of more

water may have resulted in broader ATS distribution
Pest Manag Sci 56:264±270 (2000)



Table 1. Total emissions of 1,3-D applied as Telone II from soil columns
following surface application of ammonium thiosulfate (ATS) in different
amounts of water and at different rates

Emission of 1,3-D (% of

applied)

Treatment cis trans Mean Reduction a

Water application rate:

1,3-D only 43.1 35.1 38.2 ±

1,3-D�ATS in 1mm waterb 33.4 30.1 31.0 ÿ19%

1,3-D�ATS in 3mm water 23.1 26.0 23.9 ÿ37%

1,3-D�ATS in 9mm water 12.4 16.7 14.2 ÿ63%

ATS application rate:

1,3-D only 47.5 40.2 42.9 ±

1,3-D�1ml Thio-Sulc 14.5 19.6 16.6 ÿ61%

1,3-D�2ml Thio-Sul 6.4 10.9 8.4 ÿ80%

1,3-D�3ml Thio-Sul 3.4 6.6 4.9 ÿ89%

a Calculated as reduction from the 1,3-D only treatment.
b 1mm in depth=11ml in volume.
c 1ml Thio-Sul=64g mÿ2 as ammonium thiosulfate (ATS).

Ammonium thiosulfate in reduction of 1,3-D volatilization
in soil. This may have increased the contact time

between 1,3-D and thiosulfate, allowing more exten-

sive reaction to occur. Secondly, it is known that

fumigants move predominantly in the vapor phase

through un®lled air spaces in soil. Diffusion in air is

about 104 times faster than in water.22,23 Increased

water application reduced the fraction of air-®lled

pores, thus retarding movement of 1,3-D through soil.

This would have also enhanced the contact time

between 1,3-D and thiosulfate, resulting in more

transformation of 1,3-D by ATS.

Analysis of nematode population densities at the

end of experiment showed that, in all fumigation

treatments, the citrus nematodes were eliminated

throughout the column. In the untreated control,

however, nematode population density remained high

at all inoculation depths (Table 2). Thus, ATS-inte-
Table 2. Population of Tylenchulus semipenetrans
in packed soil columns after 1,3-D fumigation and
application of ammonium thiosulfate (ATS) in
different amounts of water and at different rates

Treatment

Water application ra

1,3-D only

1,3-D�ATS in 1m

1,3-D�ATS in 3m

1,3-D�ATS in 9m

No treatment

ATS application rate

1,3-D only

1,3-D�1ml Thio-S

1,3-D�2ml Thio-S

1,3-D�3ml Thio-S

No treatment

a Mean nematode juveni
b Depth at which nemato
c 1mm in depth=11ml in
d 1ml Thio-Sul=64g mÿ2

Pest Manag Sci 56:264±270 (2000)
grated treatments, regardless of the water application

rate, did not affect the capacity of 1,3-D for controlling

plant parasitic nematodes.

3.1.2 Effect of ATS application rate
When water application rate was kept constant, 1,3-D

emission proportionally decreased as ATS application

rate increased, as shown in Fig 2 for cis-1,3-D. After

averaging over the two isomers, the total losses of

1,3-D were 43, 17, 8, and 5%, respectively, for the

no-ATS, and treatments with 1, 2 and 3ml Thio-Sul

(Table 1). These represent 61, 80, and 89% reduc-

tions in 1,3-D emissions by the different ATS treat-

ments as compared to the fumigation control (Table

1). The maximum ¯ux of cis-1,3-D from the fumiga-

tion control was 16.5mg mÿ2sÿ1, which decreased to

2.3, 1.4, and 0.7mg mÿ2sÿ1 after 1, 2, and 3ml of

Thio-Sul was applied, respectively (Fig 2). Analysis of

nematode population at the end of experiment showed

that, for all fumigated treatments, nematodes were

killed throughout the column (Table 2). In the

untreated control nematode population density re-

mained high. Again, regardless of ATS application

rate, it did not signi®cantly affect the ef®cacy of 1,3-D

for nematode pest control.

3.2 Field experiment
In uncovered plots, volatilization of 1,3-D from the

soil surface occurred immediately after the drip-

fumigation was started, as shown in Fig 3 for cis-1,3-

D. The most rapid volatilization was detected during

the three hours of 1,3-D application and a few hours

after it was completed (Fig 3a). Initial ¯uxes from the

ATS-treated beds were considerably smaller than that

from the no-ATS beds. The maximum ¯ux of cis-
1,3-D from the no-ATS beds was 119mg mÿ2sÿ1, but

that from the ATS-treated plots was only 23mg

mÿ2sÿ1. After the initial emission peak, ¯uxes from
Tylenchulus semipenetrans

population a(�SEM).

Depth (cm) b

0±3 17±20 47±50

te:

0 0 2 (�2)

m waterc 0 0 0

m water 0 0 0

m water 3 (�2) 0 0

96 (�55) 138 (�28) 75 (�10)

:

0 0 0

ulc 0 0 0

ul 0 0 3 (�3)

ul 3 (�2) 0 0

800 (�29) 1103 (�416) 1240 (�132)

les per 50cm3 soil; n =3.

des were inoculated.

volume.

as ammonium thiosulfate (ATS).
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Figure 2. Volatilization of cis-1,3-dichloropropene (1,3-D) from packed
Arlington sandy loam columns following injection of Telone II at
13.0g AI mÿ2 at the 30-cm depth and surface application of ammonium
thiosulfate (ATS) at different rates (1ml Thio-Sul application equals
64g mÿ2 as ATS). (a) Volatilization fluxes and (b) cumulative emission
losses as% of applied cis-1,3-D.

Figure 3. Volatilization of cis-1,3-dichloropropene (1,3-D) from uncovered
soil beds following sub-surface drip fumigation of Telone EC at 6.0g AI mÿ2

and surface application of ammonium thiosulfate (ATS) at 32g mÿ2. (a)
Volatilization fluxes and (b) cumulative emission losses as% of applied
cis-1,3-D.

Table 3. Emission losses of 1,3-D (% of applied) from soil
beds following sub-surface drip fumigation of Telone EC
and surface application of ammonium thiosulfate (ATS)

Treatment

Emission loss of 1,3-D (% of

applied)

cis trans Mean Reduction a

Bare surface:

1,3-D only 32.2 32.2 32.2 ±

1,3-D�ATS 12.9 19.8 16.2 ÿ50%

Tarped surface:

1,3-D only 24.6 22.6 23.6 ±

1,3-D�ATS 4.8 8.8 6.8 ÿ71%

a Calculated as reduction from the 1,3-D only treatment.

J Gan et al
the ATS-treated plots were either smaller (cis isomer)

or about the same (trans isomer) when compared to

those from the no-ATS treatment (Fig 3a). Cumula-

tively, after 11 days, about 32% of the applied cis- and

trans-1,3-D was lost via volatilization from the no-ATS

beds. In comparison, only 13% of cis-1,3-D and 20%

of trans-1,3-D was emitted from the ATS-treated beds

(Fig 3b and Table 3). After averaging over the two

isomers, 32 and 16% of the applied 1,3-D was lost to

emission from the no-ATS and ATS-treated plots,

respectively (Table 3). This represents a 50% reduc-

tion in 1,3-D emissions by ATS application.

More signi®cant reductions were achieved by ATS

application when the soil surface was tarped (Fig 4).

Fluxes of 1,3-D from the tarped plots were generally

much smaller than those from the bare surface plots.

Volatilization from the tarped beds, however, de-

creased more gradually than that from the uncovered

beds, and there was also a distinct diurnal cycle, with

more volatilization occurring at mid-day when the

temperature was high. Similar diurnal cycling has been

reported by others for fumigants and other pesti-

cides.24,25 Under tarped conditions, ¯uxes from ATS-

treated beds were consistently smaller than from the

no-ATS beds (Fig 4). Such a trend was similar for both
268
isomers, and continued throughout the experiment.

For instance, at mid-day of the second day, the largest

¯ux detected for cis-1,3-D from the no-ATS plots was

11.2mg mÿ2sÿ1, but that from the ATS-treated plots

at the same time point was only 1.1mg mÿ2sÿ1 (Fig

4a). Cumulatively, 25% of the applied cis-1,3-D and

23% of trans-1,3-D were lost via volatilization from the

no-ATS beds. In comparison, only 5% of cis-1,3-D

and 9% of trans-1,3-D was emitted from ATS-treated

beds (Table 3). After averaging over the two isomers,

23.6% of the applied 1,3-D volatilized from the
Pest Manag Sci 56:264±270 (2000)



Figure 4. Volatilization of cis-1,3-dichloropropene (1,3-D) from high
density polyethylene film-tarped soil beds following sub-surface drip
fumigation of Telone EC at 6.0g AI mÿ2 and surface application of
ammonium thiosulfate (ATS) at 32g mÿ2. (a) Volatilization fluxes: and
(b) cumulative emission losses as% of applied cis-1,3-D.

Table 5. Tomato yields (kg per plot) after preplant Telone EC fumigation with
or without application of ammonium thiosulfate (ATS).

Treatment c

Tomato yield a (kg per plot) (�SEM) b

UC-82 Peto-98 Pooled

Telone EC 40.1 (�4.1) 36.4 (�2.2) 76.6 (�4.6)

Telone EC-ATS 36.9 (�1.7) 47.7 (�3.8) 84.6 (�4.4)

Telone EC-tarp 37.1 (�4.0) 40.7 (�4.7) 77.8 (�2.9)

Telone EC-tarp-ATS 41.9 (�3.1) 40.6 (�1.8) 82.6 (�2.4)

Control 28.8 (�1.1) 37.3 (�4.5) 66.1 (�4.6)

a Adjusted to 10 plants for single cultivar and to 20 plants for pooled yield.
b n =4.
c Telone EC, an emulsi®ed formulation of 1,3-D; tarp, surface covering with

high density polyethylene ®lm.

Ammonium thiosulfate in reduction of 1,3-D volatilization
no-ATS treatment, and 6.8% volatilized from the

ATS-treated plots. This translates into a 71% reduc-

tion in 1,3-D emissions from ATS application.

Polyethylene plastic ®lms are known to be highly

permeable to 1,3-D and some other fumigants.26 The

low 1,3-D emission from ATS-treated and plastic-

tarped plots may be attributed to several factors. First,

the surface cover may have prevented air exchanges

between soil and atmosphere, thus reducing the

dispersion of 1,3-D vapor into the air. Second, the

surface cover may have kept the surface soil moist by

reducing water evaporation, and the high water

content in soil would have increased the contact time
Table 4. Population of Meloidogyne incognita in
soil at 0–30cm depth in a field trial before and after
1,3-D fumigation with or without ammonium
thiosulfate (ATS) application

Treatment b

Telone EC

Telone EC�ATS

Telone EC� tarp

Telone EC� tarp�A

Control

a Mean nematode juveni
b Telone EC, an emulsi®e

®lm.
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between 1,3-D and ATS, thus promoting 1,3-D

transformation. And third, it is also likely that surface

covering enhanced the temperature near the soil

surface. Drastic increases of surface soil temperatures

have been observed as a result of surface covering.27 It

was previously shown that thiosulfate-facilitated 1,3-D

transformation increased at higher temperatures.15

Enumeration of M incognita four weeks after treat-

ment showed that all fumigant treatments reduced

root-knot juvenile population density below the

detection level, including those with ATS amendment

(Table 4). In contrast, nematode population density in

the control was signi®cantly higher (P =0.05). At

harvest, low infestation levels of M incognita were

detected in all fumigant treatments, with the exception

of tarped Telone EC treatment. There was no

signi®cant difference (P =0.05) among the fumigation

treatments, but all had signi®cantly lower populations

than the control (Table 4). Yield analysis at harvest

showed that the yields of UC 82 in all fumigated plots

were 22±32% higher than in the control, including

those treated with ATS. Peto 98 was more tolerant to

the presence of root-knot nematodes. The yield

response due to nematode control was consequently

rather small (Table 5). When yields of both cultivars

were pooled for the same treatment, yields from

fumigated plots were signi®cantly higher than that in

the control (P =0.05). These results demonstrated

that ATS application did not reduce the effectiveness

of 1,3-D for nematode control or cause any phyto-

toxicity to the crops under the experimental ®eld con-

ditions. This is in agreement with an earlier study on
Meloidogyne incognita population a (�SEM)

Before 4 Weeks after Harvest

506 (�443) 0 3 (�2)

106 (�36) 0 24 (�20)

78 (�11) 0 0

TS 112 (�16) 0 36 (�36)

122 (�37) 76 (�30) 1834 (�1015)

les per 500cm3 soil; n =4.

d formulation of 1,3-D; tarp, surface covering with high density polyethylene
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methyl bromide, in which ATS application was found

not to signi®cantly affect the control of nematodes or

weeds.16
4 CONCLUSIONS
This study demonstrated that surface application of

the fertilizer ammonium thiosulfate may be a feasible

and effective approach for reducing 1,3-D emissions.

Substantial reductions of 1,3-D emissions were

achieved when ATS was applied to the fumigated soil

in an adequate amount of water, and preliminary bio-

assays did not suggest any negative effects on control

of plant parasitic nematodes. However, reduction in

1,3-D emissions needs to be determined after shank

injection, because shank injection is more commonly

used for Telone II fumigation. In addition, the

environmental and economic bene®ts of adopting this

practice need to be evaluated.
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