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ABSTRACT
Concentrations of methyl isothiocyanate (MITC) and
chloropicrin (CP) in air spaces of nursery soil and in air
at the soil surface following fumigation were deter-
mined in field trials in a Wisconsin and a Georgia nurs-
ery. MITC was measured in plots receiving either
dazomet or co-application of metam sodium and
chloropicrin; CP was measured in the latter plots. Soil
surfaces were sealed with either a high density polyeth-
ylene tarp or by surface compaction and maintenance
of a water seal following fumigation. Findings from the

Wisconsin trial are highlighted. A very small percentage
(< 3%) of the applied MITC was lost to the atmosphere,
either through the plastic or water-sealed surfaces dur-
ing the 14 days following treatment. For CP, 10% and
22% of the applied equivalent were calculated to have
been lost to the atmosphere in the plastic-covered and
water-sealed plots, respectively. Low MITC air emissions
and MITC presence deep in the soil profile in the
dazomet, water-sealed plots are partly attributed to
over-irrigation on 5 of the 7 days following fumigation
in Wisconsin. However, slightly higher, but still low,
emissions in similar plots without excess watering in
the Georgia nursery show that either surface contain-
ment method can be used in nurseries to reduce risk of
MITC emissions to nearby seedling crops or harm to
humans in nearby fields. The use of plastic tarps
increases death rates of Fusarium propagules by main-
taining higher chemical levels in the soil profile over
time; however, dazomet has been used with water-seal
treatment to give consistent, satisfactory control of
soilborne pests in nurseries in the northern US.
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Introduction
The production of methyl bromide (MB) for
routine soil fumigation is being phased out in
anticipation of a full ban on its use for this pur-
pose in the future. Recently, bareroot soils in
some forest nurseries have been fumigated with
MB by meeting the criteria for Critical Use
Exemption and/or Quarantine and Pre-Shipment
Uses. With the impending loss of MB, nurseries
require economical, effective, and practical alter-
natives to the chemical in order to produce need-
ed quantities of high quality tree seedlings.

Two promising chemical alternatives are
dazomet for northern US nurseries (Borken-
hagen 1994), and co-application of metam sodi-
um and chloropicrin (CMS) for southern US
nurseries (Carey 2000). Because methyl isothio-
cyanate (MITC) is the primary breakdown prod-
uct from both chemicals, however, seedling dam-
age and mortality in adjacent fields has been
attributed to these alternative fumigants
(Scholtes 1989; Carey 2000; Buzzo 2003). Collat-
eral seedling damage was observed with CMS in
an east Texas location when a temperature inver-
sion occurred within 24 hours of the fumigation.
The observed damage and subsequent attribution
of the damage to “out-gassing” of MITC also
raised concerns about possible toxicity to nursery
workers in nearby fields. However, the surface
containment methods associated with the report-
ed “out-gassing” events appeared to be less than
the minimum recommended for the products
used based on available, published information.
For example, manufacturer guidelines for
dazomet fumigation state that the soil moisture
at time of fumigation should be between 60%
and 80% of maximum water-holding capacity.
Immediately following fumigant incorporation,
the soil surface is to be compacted with a roller
and irrigation water applied daily during the first
week in the amounts specified for Basamid® by
Pennington (1995).

Amounts of MITC and CP that escape into the
atmosphere after fumigation of forest nursery
soils have not been published. Knowledge of gas

movement through the soil profile to the surface
is also lacking. Field studies were therefore initi-
ated in a Wisconsin and a Georgia nursery by a
team of soil scientists and plant pathologists to
evaluate the potential for phytotoxicity and
human toxicity in nearby fields following fumi-
gation with either dazomet or CMS. The specific
objectives were to measure: 1) soil gas concentra-
tions and distribution patterns of MITC and CP;
2) emission flux and total emission loss of MITC
and CP from treated nursery soil plots; and 3)
levels of soilborne pathogens before and after
treatment. Full results of these studies have been
published in scientific journals (Wang and others
2005; Wang and others 2006) and readers are
referred to these papers for in-depth findings. A
synthesis and the author’s interpretation of the
key findings of these studies are presented in this
paper. Although the focus is on results from the
Wisconsin nursery, selected findings from the
Georgia nursery are useful in the interpretation
of the Wisconsin results.

Methods
Study Sites
Field studies were conducted in 2002 at the

Hayward Nursery, Hayward, Wisconsin, and in
2003 at the Flint River Nursery, Byromville, Geor-
gia. Soils in the fumigated fields at each nursery
were loamy sands (average 86% and 88% sand in
the upper 30.5 cm [12 in] of soil, Georgia and
Wisconsin nurseries, respectively) with low
organic carbon (< 1.1% and 1.4%, Georgia and
Wisconsin, respectively).

Experimental Design
Four treatment combinations were used,

including combinations of dazomet or co-applica-
tion of chloropicrin and metam sodium, and 2
surface containment treatments (high density
polyethylene tarps or surface compaction and
maintenance of water seal per Pennington [1995]).
A randomized complete block design with 4 repli-
cations was used in each of 2 field sections, that is,
water-sealed versus plastic-sealed sections.
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Chemical Treatment Specifications
Dazomet (Basamid®)
In Wisconsin, both 336 kg/ha (300 lb/ac)

(incorporated with rotary tiller for maximum
depth of incorporation at 13 to 15 cm [5 to 6 in])
and 448 kg/ha (400 lb/ac) (incorporated with a
spading machine with maximum depth of incor-
poration at 20 to 23 cm [8 to 9 in]) rates of the
product were applied. In Georgia, 560 kg/ha (500
lb/ac) product was applied and rototilled to a 20
cm (8 in) depth.

Metam Sodium (Vapam®)
In Georgia and Wisconsin, 700 l/ha (75 gal/ac)

rate of metam sodium was sprayed on the soil
surface and incorporated by tillers to the maxi-
mum depth possible (13 cm [5 in] in Wisconsin;
20 cm [8 in] in Georgia).

Chloropicrin (Chloro-O-Pic®)
The chloropicrin treatment occurred no later

than 2 hours after application of the metam sodi-
um. Shank injection of 112 kg/ha (100 lb/ac) of
chloropicrin was done to a 20 to 25 cm (8 to 10
in) depth in both nurseries.

Sampling and Measurements
Rain gauges were installed inside and outside

the water-sealed plots to measure water delivered
via irrigation and rain at each location. Soil water
content was measured in the plastic-covered and
water-sealed plots at multiple depths using time
domain reflectrometry (Wang and others 1998).
Air and soil temperatures were measured in tarped
and water-sealed plots using an automated ther-
mocouple system (Wang and others 1998).

In both locations, atmospheric emissions of
MITC and CP were measured with passive flux
chambers modified from heavy-duty aluminum
trays (25 x 48 x 15 cm [10 x 19 x 6 in]). To cap-
ture volatilized MITC and CP, air was drawn from
the chambers through activated charcoal (for
MITC) and polymer-based XAD tubes (for CP)
at various times following fumigation.

Multiple port soil air sampling probes were
used to sample MITC and CP concentrations at
various depths in the soils of the treated plots.
The probes were made with 127-cm (50-in) alu-
minum pipes fitted with 10 PTFE tubes. A 10-
port air sampler was used to simultaneously
withdraw air samples from each of the 10 tubes
on the sampling probes.

Soil samples for fungal assay were taken from
all plots the day before and 4 weeks after fumiga-
tion using a lined, tube sampler. Ten cores per
plot were collected, each core sectioned sequen-
tially into 5-cm (2-in) increments, and increment
cores composited by depth for a plot.

Sample Analyses
Analyses of air emission and soil gas samples

were made using a gas chromatograph with an
electron capture detector and a nitrogen-phospho-
rous detector connected to a headspace auto-sam-
pler. Separate capillary columns were used for
MITC and CP. The amount of each chemical cap-
tured from each sample tube was quantified in the
capture detector. Calibration standards were rou-
tinely run for each chemical. Collected soil sam-
ples were assayed for Fusarium spp. using the tech-
nique of soil dilution plating onto selective media
in Petri dishes (Juzwik and others 1999).

Results
Chemical Levels in Soil Air
The highest concentrations of all 3 chemicals

in the top 20 to 36 cm (8 to 14 in) of soil occurred
during the first 3 days after soil fumigation in the
plots with plastic-sealed surfaces (Table 1). In the
rolled and water-sealed field section, peak con-
centrations of MITC from dazomet were found at
a greater soil depth (20 to 51 cm [8 to 20 in]) than
the depths for the peak MITC levels in the CMS
plots (0 to 36 cm [0 to 14 in]). The time periods
during which peak chemical concentrations were
found were quite variable with the longer time
periods associated with the metam sodium+
chloropicrin treatment in the water-sealed plots.
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Table 1. Summary of methyl isothiocyanate (MITC) or chloropicrin (CP) detected at various depths below soil sur-
face and over time (days) in plots receiving fumigation x soil surface treatments in the Wisconsin nursery.

Treatment combinationz Maximum Chemical Concentrations Detected
Chemical Soil depth Amount Time period 
measured (in) (mg/m3) (after fumigation)

Dazomet/spade/plastic MITC 2 to 8 150 to 550 2 hr to 3 days

Dazomet/spade/water MITC 8 to 18 50 to 300 6 hr to 6 days

Dazomet/rotary tiller/water MITC 8 to 20 50 to 150 6 hr to 3 days

Metam sodium/rotarty tiller/plastic MITC 2 to 12 120 to 420 < 30 hr

Chloropicrin/rotary tiller/plastic CP 0 to 14 1500 to 11,500 < 30 hr

Metam sodium/rotary tiller/water MITC 0 to 14 50 to 350 6 hr to 7 days

Chloropicrin/rotary tiller/water CP 4 to 14 1000 to 5000 3 hr to 7 days

z See methods section for full description of treatments

1 in = 2.5 cm

Chemical Levels in Atmospheric Emissions
The highest level of MITC emissions to the

atmosphere (as measured by flux, that is,
µg/m2/second) occurred in the CMS plots (Table
2). These peak emissions occurred over a longer
time period for the plastic-covered plots com-
pared to the water-sealed plots. The maximum
CP flux to the atmosphere occurred between day
1 and day 4 after fumigation, regardless of surface
treatment. CP flux was highest in the water-
sealed plots. MITC emissions from dazomet/
water-sealed plots were very low (Table 2).

A very small percentage (< 3%) of the applied
equivalent of MITC was lost to the atmosphere,
either through the plastic or water-sealed surface,
during the 2-week period following soil fumiga-
tion. For CP, 10% and 22% of the applied equiv-
alent were calculated to have been lost to the
atmosphere in the plastic-covered and the water-
sealed plots, respectively.

Fusarium spp. Occurrence in Soil
Prior to soil fumigation, Fusarium spp. were

commonly present in the 4 replicate soil samples
of all study plots in the upper 21.5 cm (8.5 in) of
soil (Table 3). Lower incidences of Fusarium spp.
occurrence were found in soil from lower depths
(between 21.5 and 42 cm [8.5 and 16.5 in]).
Fusarium spp. levels in post-treatment samples
from the top 21.5 cm (8.5 in) in the soil profile
differed by treatment combination. Fungal
occurrence was lowest and similar in the dazomet
and the metam sodium+chloropicrin plots where
plastic covered the soil surface (P < 0.02). Little
reduction in Fusarium spp. occurrence between
pre- and post-treatment samples was found for
the dazomet/rototilled/water-sealed and the
metam sodium+chloropicrin/rototilled/water-
sealed plots.

Irrigation and Rain Water Levels
The amount of irrigation water delivered to the

water-sealed plots daily exceeded the intended tar-
get amount on days 2 through 7 following soil
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Table 2. Summary of emission flux of methyl isothiocyanate (MITC) and chloropicrin (CP) over time through 2 sur-
face treatments following soil fumigation with dazomet and co-applied metam sodium+chloropicrin in the Wiscon-
sin nursery.

Treatment combinationz Maximum chemical emission
Chemical Flux rate Time period
measured (µµg/m2/sec) (after fumigation)

Dazomet/spade/plastic MITC 1 to 3 1 to 5 days

Dazomet/spade/water MITC < 1 2 days

Dazomet/rotary tiller/water MITC negligible 6 hr to 3 days

Metam sodium/rotary tiller/plastic MITC 2.5 to 25 1 to 3 days

Chloropicrin/rotary tiller/plastic CP 5 to 15 1 to 4 days

Metam sodium/rotary tiller/water MITC < 2.5 1 to 2 days

Chloropicrin/rotary tiller/water CP 4 to 64 1 to 4 days

a See methods section for full description of treatments

Table 3. Incidences of Fusarium spp. isolation from replicate soil samples by soil depth and treatment before and
after soil fumigation in the Wisconsin nursery.

Soil Depth Pre-fumigation assay by treatmentz Post-fumigation assay by treatment
(inches) D/SP/W D/SP/P D/RT/W CMS/RT/W CMS/RT/P D/SP/W D/SP/P D/RT/W CMS/RT/W MSC/RT/P

0 to 3 ++++y ++++ +++ - ++++ ++++ +++ - - - - - ++++ ++++ ++ - - 

3 to 5.5 +++ - ++++ ++++ ++++ ++++ ++ - - ++ - - ++++ ++++ - - - - 

5.5 to 8.5 ++++ ++++ ++++ ++++ +++ - + - - - + - - - ++++ ++ - - - - - - 

8.5 to 11 ++ - - +++ - - - - - + - - - + - - - + - - - + - - - + - - - + - - - - - - - 

11 to 14 + - - - - - - - + - - - + - - - - - - - - - - - - - - - - - - - + - - - - - - - 

14 to 16.5 + - - - + - - - ++ - - ++ - - - - - - - - - - - - - - - - - - - - - - - - - -

z Treatment descriptions: D/SP/W = dazomet/spade/water-seal; D/SP/P = dazomet/spade/plastic-seal; D/RT/W = dazomet/rotary tilled/water-seal; 
CMS/RT/W = chloropicrin/rotary tilled/water-seal; CMS/RT/P = chloropicrin/rotary tilled/plastic-seal. See methods section for futher details.
y + = Fusarium spp. isolated; - = no Fusarium spp. isolated from a replicate soil sample.
1 in = 2.5 cm
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fumigation (Table 4). Negligible rainfall was re-
ceived on 2 of the first 7 days following fumigation.

Discussion
With both surface treatments used in the Wiscon-
sin and Georgia studies, more than 70% of total
cumulative emissions of either MITC or CP
occurred within 1 week of fumigant application.
The final cumulative MITC emission losses
accounted for a very small percentage of the
equivalent MITC applied as either dazomet or
metam sodium. This may be partly due to accel-
erated rates of MITC degradation in the soil. The
short duration and the negligible levels of MITC
emission from water-sealed plots is likely due, in
part, to accelerated transformation of product to
MITC in the first case and percolation of product
to greater depths resulting in lower emissions in
the second case. The excessive irrigation in the
water-sealed plots in the Wisconsin nursery, thus,

must be considered in the interpretation of the
air emissions results. The fungal presence data
suggests that concentrations of MITC in the
upper 21.5 cm (8.5 in) of soil in the water-sealed
plots were not sufficient to kill most Fusarium
propagules. In addition, the recorded emissions
of MITC in the Georgia nursery study are helpful
in interpreting the Wisconsin MITC emissions
results. Specifically, the percentages of applied
equivalent of MITC lost to the atmosphere in
dazomet/water-sealed plots in Wisconsin were
one-tenth that of emissions in similar plots in the
Georgia nursery (Table 5), supporting the inter-
pretation that excess irrigation water was partly
responsible for the very low emissions. Regardless
of the irrigation water issue in the Wisconsin
study, the very small percentage of MITC lost to
the atmosphere through either surface treatment
is not likely to result in damage to crops in adja-
cent fields and is much below the level known to

Table 4. Amount of irrigation and rain water measured in treatment plots during the 7 days following soil fumiga-
tion in the Wisconsin nursery.

Number of days after Amount (in) of Irrigation Water Amount (in) of
fumigation Rain Water

Targetedz Actual

0 3/4 to 1 1/2 0
1 1/2 + 1/2y 1 0
2 1/4 + 1/4 1 0
3 1/8 + 1/8 1 2/3 0
4 1/8 + 1/8 1 1/3 0
5 1/8 + 1/8 1/2 < 1/10
6 0 4/5 + 1 0
7 0 2/3 + 1/2 < 1/10

z Based on recommended irrigation schedule for Basamid¤ as outlined in Pennington (1995).
y Indicates split irrigation (morning plus afternoon)

1 in = 2.5 cm
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be a lethal threat to humans near fumigated fields
(Wang and others 2005).

Implications for Nursery Managers
Use of surface compaction plus a water seal or
plastic tarps delays and/or reduces the emission
of MITC to the atmosphere compared to situa-
tions where no water-seal or plastic is used when
fumigating with MITC-generating products.
Thus, either surface containment treatment can
be used by nursery managers to reduce risk of
MITC emissions that could cause damage to
nearby seedling crops or harm to humans.

The use of either surface containment method
in operational fumigation would also increase the
concentration, over time, of MITC in the soil and
result in reduced populations of soilborne pests.
Careful attention, however, must be paid to irri-
gation water amounts used to maintain water
seals for dazomet fumigation. Too much water
can result in little to no efficacy in reducing fun-
gal populations in the soil. Logically speaking,
plastic tarp use eliminates concerns about excess

irrigation water or significant rainfall events and
would maintain the chemical concentration over
a sufficient period of time to significantly reduce
levels of soilborne pests. With careful oversight
and planning, however, MITC generating prod-
ucts can be applied in such a manner to give con-
sistent and satisfactory control for soilborne pests
in nurseries in the northern US (Borkenhagen
1994; Juzwik and others 2002).
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