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Abstract
Clubroot, a damaging disease of canola (Brassica napus L.) caused by the soilborne parasite Plasmodiophora brassicae Woronin,

is spreading across Alberta and other provinces of western Canada. The movement of infested soil on field machinery is the
main mechanism of dispersal, with clubroot generally occurring first as localized patches near field entrances. In this study,
the soil fumigant Vapam (metam sodium) was evaluated as a management option for foci of P. brassicae infestation. Replicated
experiments at two field sites in central Alberta showed reductions in clubroot severity ranging from 9% to 51% following
treatment with varying rates of Vapam. Decreases in clubroot severity of up to 28% were observed in the year following Vapam
treatment, indicating some potential residual effects and (or) a reduction in the amount of inoculum returned to the soil in
the previous year. While Vapam shows some promise as a clubroot management tool, an integrated approach will be required
for the sustainable management of this disease on canola.
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1. Introduction
Plasmodiophora brassicae Woronin is the causal agent of club-

root, a soilborne disease of the family Brassicaceae. As an obli-
gate parasite, P. brassicae requires a living host for growth and
completion of its life cycle. Potential hosts include cultivated
crop species such as canola (Brassica rapa L. and Brassica na-
pus L.), mustard (Brassica hirta Moench and Brassica kaber (DC.)
L.C. Wheeler), and cruciferous vegetables, as well as weeds
including stinkweed (Thlaspi arvense L.) and shepherd’s purse
(Capsella bursa-pastoris (L.) Medik.) (Dixon 2009a, 2009b; Hwang
et al. 2012a).

The clubroot pathogen spreads mainly through the move-
ment of infested soil and water (Dixon 2009b; Kageyama and
Asano 2009), although significant levels of inoculum have
also been identified in wind-borne dust (Rennie et al. 2015).
In addition, quantifiable levels of resting spores have been
found to occur as external contaminants of crop seeds and
tubers, but seed-borne contamination may be effectively mit-
igated by seed cleaning and seed treatments (Rennie et al.
2011; Hwang et al. 2012a). Resting spores of P. brassicae are
extremely robust, prolonging pathogen survival in the soil.
The half-life of the resting spores has been estimated to
be 3.6–4.4 years, and they can survive in the soil for nearly
20 years (Wallenhammar 1996; Dixon 2009a; Hwang et al.
2013). Recent studies (Peng et al. 2015; Ernst et al. 2019) sug-
gest that resting spore numbers drop significantly in the first

2 years after a canola crop, but later stabilize, with the re-
maining component of the spore population persisting for
much longer. This longevity of the resting spores makes
clubroot management difficult. Host plants infected with P.
brassicae exhibit external symptoms, including poor above-
ground plant growth, premature and patchy stand ripen-
ing, and the characteristic galled roots. Plants often display
chlorotic leaves, wilting, and may even succumb entirely to
the disease. There can be severe yield and quality losses as-
sociated with P. brassicae infection, and the value of infested
land may be depressed (Dixon 2009a). In canola, infected
plants produce fewer seeds with lower oil content and quality
(Pageau et al. 2006), with clubroot severity highly dependent
on pathogen virulence, inoculum concentration, and host ge-
netics (Botero-Ramírez et al. 2022). Worldwide, losses due to
clubroot are estimated at between 10% and 15% (Dixon 2006,
2009a). Clubroot is proving to be a serious concern for farm-
ers as it spreads to new areas. Brassica crops are increasingly
important for both the food market and industrial applica-
tions, and as a result, more Brassicas are being grown, with
many representing species and varieties susceptible to P. bras-
sicae infection (Dixon 2009a).

In western Canada, clubroot was not reported on canola
until 2003, when a dozen infested fields were identified in
central Alberta. Previous reports of clubroot in Alberta were
restricted to home and market gardens (Strelkov et al. 2006).
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The intensive production of canola is associated with the
use of large pieces of field equipment, which can act as vec-
tors for the movement of infested soil. Machinery can there-
fore help spread P. brassicae from field to field, facilitating its
dissemination across borders and into previously uninfested
regions (Dixon 2009a). An increase in the area and inten-
sity of canola cultivation, combined with the spread of the
pathogen, has resulted in a sharp rise in the number of in-
fested fields to over 3300 confirmed cases by 2019 (Strelkov
et al. 2020). While the first infestations were identified in
central Alberta, where the outbreak remains most severe,
cases of clubroot have been reported with increasing fre-
quency in other regions, including the Canadian provinces
of Saskatchewan and Manitoba (Cao et al. 2009; Dokken-
Bouchard et al. 2012; Strelkov et al. 2012; Strelkov and
Hwang 2014), as well as in North Dakota in the United States
(Chittem et al. 2014).

Several management strategies have been recommended
for clubroot. In the canola production systems of the Cana-
dian Prairies, however, most farmers have relied on the crop-
ping of clubroot-resistant canola cultivars (Rahman et al.
2014; Strelkov and Hwang 2014). Genetic resistance, while
often highly effective, does not eliminate soilborne P. bras-
sicae inoculum (Ernst et al. 2019). Moreover, repeated crop-
ping of resistant varieties can cause shifts in the virulence
of pathogen populations, which can result in a loss or ero-
sion of resistance (LeBoldus et al. 2012). Strategies aimed at
reducing the movement of P. brassicae inoculum, such as the
sanitization of field equipment, may help to slow spread of
the pathogen. Most farmers, however, do not regularly clean
or sanitize equipment, citing costs, time, and logistical con-
cerns (Hwang et al. 2014). As such, the number of infested
fields continues to increase.

Within 4 years of the introduction of clubroot-resistant
canola to western Canada, the first strains of P. brassicae able
to overcome resistance were identified (Strelkov et al. 2016).
The loss of genetic resistance as a clubroot management
tool on canola could have serious implications for the pro-
duction of this crop (Hwang et al. 2014), making alternate
management options even more valuable. Fungicides have
been utilized in multiple ways to manage clubroot, and have
been evaluated in canola as soil drench applications and as
treatments against seed-borne inoculum (Gossen et al. 2012;
Hwang et al. 2012b). Hwang et al. (2011) assessed 10 soil fungi-
cides for their efficacy in controlling clubroot of canola, and
found that both Ranman (cyazofamid) and Terraclor (quin-
tozene) significantly reduced the severity of the disease. Soil
amendments including lime, wood ash, and calcium cyan-
imide have also been evaluated for the management of clu-
broot (Murakami et al. 2002; Hwang et al. 2011; Fox et al.
2021) and, in some cases, reduced disease severity. Neverthe-
less, despite varying levels of efficacy with respect to disease
control, neither fungicides nor soil amendments have been
relied upon as primary clubroot management tools in canola.
While fungicides have been used with some success in higher-
value crops such as cruciferous vegetables (Donald and Porter
2014), the lower economic returns associated with canola,
combined with the much larger scale in which this crop is

typically grown, have made chemical control cost-prohibitive
in most cases.

Fumigants differ from fungicides in that they produce
vapours that are toxic to organisms in the soil. Fumigants
are often more general in their target range than fungi-
cides. Fumigation of the soil has been used as a strategy
for the management of soilborne pests and pathogens in
many high-value crops (Papiernik et al. 2004). Soil fumigants
have several common characteristics that make them partic-
ularly effective for suppressing viable spore populations, in-
cluding relatively high vapour pressures, low boiling points,
and high air–water partitioning coefficients (Papiernik et al.
2004). The soil fumigant Vapam (metam sodium; sodium N-
methyldithiocarbamate) has a low adsorption to soil and a
comparatively slow diffusion within soil. It also possesses a
high rate of decomposition at high soil temperatures, and
a relatively greater partition into water from air relative
to some other fumigants (Smelt and Leistra 1974). These
characteristics suggest that Vapam may be a good candi-
date for clubroot management in Canadian canola crops.
Vapam degrades in the soil, yielding methyl isothiocyanate
(MITC), carbon disulfide, carbonyl sulfide, and hydrogen sul-
fide (Smelt and Leistra 1974; Saeed et al. 2000; Triky-Dotan
et al. 2010). MITC is water soluble and toxic, with a rela-
tively high vapour pressure (Saeed et al. 2000), and is the
active ingredient postulated to have toxic effects on soil-
borne target organisms such as fungi, nematodes, weeds, and
some soil arthropods (Smelt and Leistra 1974; Triky-Dotan
et al. 2010). Nonetheless, it is important to keep in mind
that fumigants are non-specific in their activity, so other or-
ganisms may be harmed unintentionally (Smelt and Leistra
1974).

The application of soil fungicides and fumigants often aims
to reduce P. brassicae inoculum density, either directly by
causing death of the resting spores or indirectly by reduc-
ing the amount of spores returned to the soil due to reduced
symptom development (i.e., smaller root galls). A minimum
threshold of about 1 × 103 to 1 × 105 resting spores g−1 soil
is required for clubroot symptom development under field
conditions, depending on soil type and environmental con-
ditions (Faggian and Strelkov 2009). As soil inoculum levels
increase beyond 1 × 106 resting spores g−1 soil, control mea-
sures such as genetic resistance can be overwhelmed, mak-
ing management of the disease more challenging (Hwang et
al. 2017). In canola fields in Alberta, inoculum densities as
high as 1 × 108 resting spores g−1 soil have been reported
(Hwang et al. 2015). This inoculum, however, usually has a
patchy distribution, with foci of infection often found around
field edges and entrances (Cao et al. 2009; Botero-Ramírez
et al. 2021). This has been postulated to reflect the intro-
duction of P. brassicae to new fields on farm and other ma-
chinery (Cao et al. 2009). Intensive treatments such as soil
fumigation can be applied to these localized infestations
that might not be practical or economical over an entire
field.

In this context, the objective of this study was to evaluate
Vapam as a tool to eradicate or contain localized P. brassicae
field infestations before they become widespread. Both the
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in-season and residual effects of Vapam on clubroot severity
and associated plant growth traits were assessed.

2. Materials and methods

2.1. Vapam soil fumigation
Trials to evaluate the impact of different concentrations

of Vapam on clubroot severity and various plant growth
parameters were established in 2012 and 2013 at two
field locations in Edmonton, AB. Both locations (Henwood
site: 53◦38′48′′N, 113◦22′33′′W; 50th Street site: 53◦38′39′′N,
113◦24′41′′W) are naturally infested with P. brassicae. The
placement of the research plots within each field location was
moved in the second year of the study, so that the plots were
not placed exactly in the same spot as the previous year, and
so that the first year site could be used to study the longer-
term effects of Vapam application (see below). The soil at
the Henwood and 50th Street sites is a Black Chernozemic
loam, with pH 5.0 and 4.8 and an organic content of 10%
and 8%, respectively. Each location was prepared by cultivat-
ing the plot areas and measuring out the plot squares before
treatment. The experiments were arranged in a randomized
complete block design with four replications. Each plot was
1.4 m × 1.4 m, with a 1 m × 1 m treatment area in the cen-
tre, 0.6 m spacing between plots, and a 0.6 m buffer between
replications (Fig. 1).

Vapam HL (42% sodium methyldithiocarbamate, AMVAC
Chemical Corporation2005) was applied to the soil water as
per the “watering can method” on the product label, typi-
cally used for small areas such as gardens, and which was
practical for the small size of the plots. The recommended
label rate for the watering can method of Vapam application
is 74 mL m−2 (31.1 mL active ingredient (AI)). Treatments of
10% (3.1 mL m−2 AI), 25% (7.8 mL m−2 AI), 50% (15.5 mL m−2

AI), 100% (31.1 mL m−2 AI), and 200% (62.2 mL m−2 AI) of the
recommended label rate of Vapam were selected. The treat-
ments were applied in a plastic watering can as evenly as pos-
sible, with a sweeping side-to-side motion, to achieve uniform
coverage of the soil in each plot. Control plots were treated
in the same manner, except that water without Vapam was
applied.

After the soil was treated with the appropriate concentra-
tion of Vapam, each plot was covered with a black plastic
tarp (approximately 1.2 m × 1.2 m), the edges of which were
trenched approximately 10 cm deep into the soil to secure the
covering and prevent volatilization. The tarps remained on
the plots for 72 h and were then removed. After a minimum
of 2 days without the tarps (see seeding dates below), the plots
were seeded with the clubroot-susceptible canola “73-15RR”
(Dekalb, Monsanto Canada Inc., Winnipeg, MB, Canada). Plots
were hand-seeded, with four rows of 20 seeds at a depth of
2 cm, with the seeds spaced about 5 cm apart, representing a
seeding rate of 80 seeds m−2 plot. Row spacing was approxi-
mately 25–30 cm. The plots at the Henwood site were fumi-
gated on 21 June 2012 or 16 May 2013, and seeded on 28
June 2012 or 28 May 2013. At the 50th Street site, the plots
were fumigated on 16 July 2012 or 17 May 2013, and seeded
on 23 July 2012 or 29 May 2013. The plants were grown for

approximately 8 weeks after emergence (canola growth stage
7, “development of seeds”; www.canolacouncil.org/canola-e
ncyclopedia/growth-stages/), when they were dug out from
the soil, and the roots were washed with water and rated
for clubroot severity on a 0–3 scale (Horiuchi and Hori 1980),
where 0 = no galling, 1 = a few small galls, 2 = moderate
galling, and 3 = severe galling (Fig. 2). The harvest dates were
selected to ensure clubroot gall development, but avoid ma-
turity to the point of gall decomposition in the soil. The plots
at the Henwood site were harvested on 27 August 2012 or 20
August 2013. The plots at the 50th Street site were harvested
on 1 October 2012 or 20 August 2013.

All plants within each plot were assessed for clubroot sever-
ity, and individual disease ratings were used to calculate an
index of disease (ID) according to the formula of Kuginuki et
al. (1999) as modified by Strelkov et al. (2006):

ID (%) =
∑

(n × 0 + n × 1 + n × 2 + n × 3)
N × 3

× 100%

where n is the number of plants in a class; N is the total num-
ber of plants in an experimental unit; and 0, 1, 2, and 3 are the
symptom severity classes (Fig. 2). Fresh and dry gall weights,
fresh and dry stem weights, plant height, and pod count per
plant were also recorded for all plants within each plot.

2.2. Effects of Vapam in the soil 1 year after
application

Further experimentation was conducted to assess whether
there were any effects on clubroot severity from the applica-
tion of Vapam HL in the year following treatment (2013). The
plots established at the Henwood and 50th Street sites in 2012
were maintained until the 2013 growing season, when they
were tilled in preparation for planting of a new crop, without
mixing the soil between plots. No additional Vapam was ap-
plied, and the plots were seeded with the clubroot-susceptible
canola “73-15RR” at a density of 80 seeds m−2 plot on 9 May
2013 at both sites. The plants were allowed to grow for ap-
proximately 8 weeks after emergence (canola growth stage
7, development of seeds; www.canolacouncil.org/canola-enc
yclopedia/growth-stages/), when they were dug from the soil,
washed with water, and rated for clubroot symptom devel-
opment. Ten plants from each plot were sampled on 9 or 10
July 2013, respectively, at the Henwood and 50th Street sites.
Clubroot severity was assessed on the 0–3 scale described
above (Horiuchi and Hori 1980). Other measurements taken
for each of the sampled plants included plant height, fresh
biomass, fresh gall weight, dry plant weight, number of pods
per plant, and dry gall weight.

2.3. Statistical analysis
Statistical analysis was performed with SAS Release 9.4,

SAS Institute Inc., Cary, NC. A mixed model analysis of vari-
ance (ANOVA) was used to analyze the treatment effects on
plant height, fresh aboveground biomass per plant, num-
ber of pods per plant, fresh gall weight per plant, and dry
gall weight per plant, which were considered as fixed ef-
fects. The random effects were blocking factors in the field.
The treatments were compared based on the Tukey’s test. A
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Fig. 1. Field plots to evaluate the effects of soil fumigation with Vapam on growth and clubroot severity in canola.

Fig. 2. Illustration of clubroot symptom severity ratings on canola roots (0 = no galling, 1 = a few small galls, 2 = moderate
galling, and 3 = severe galling).

logarithmic transformation was applied to the plant weight,
fresh gall weight, pod count, and dry gall weight data to cor-
rect for potential deviations from normality in both 2012 and
2013. A logarithmic transformation was also applied to the
stem height data in 2012. Non-transformed means are pre-
sented for consistency, as normality was tested on residuals
produced from the data.

The CATMOD procedure was used to analyze treatment ef-
fects for the disease severity data, as it performs modelling of
categorical data. Clubroot severity was rated on the 0–3 scale,
which indicated the disease category from healthy to severely
diseased plants, and the CATMOD procedure allows categori-
cal severity data to be analyzed without transformation. The
data are presented as an index of disease. For all analyses, dif-
ferences were considered to be significant at p < 0.05, unless

otherwise stated. The majority of growth traits in the study
on the residual effects of Vapam showed a significant inter-
action between site and treatment, meaning the treatment
may have affected the plants differently depending on the
site growth environment. As a result, the data from the two
trials are presented separately.

3. Results

3.1. Vapam soil fumigation

3.1.1. Disease severity

At the Henwood site, all treatments reduced clubroot dis-
ease severity when compared with the control treatment in
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Fig. 3. Effect of Vapam (metam sodium) on clubroot index of disease severity on canola under field conditions over 3 site-years
at two locations in Edmonton, AB. Data are the means of four replicates. Means were compared with the Tukey’s test and
different letters indicate significant differences at p < 0.05.

both years. The average index of disease for the control was
89% in 2012 and 95% in 2013. The indices of disease severity
in treated plots ranged from 39% to 80% in 2012 and from 62%
to 68% in 2013. The 31.1 mL m−2 rate resulted in a 51% reduc-
tion in disease severity in 2012, the greatest reduction among
the treatments assessed (Fig. 3). However, there was not a sig-
nificant difference in indices of disease as the rates increased
from 7.8 to 62.2 mL m−2. Application of Vapam reduced the
indices of disease by 28%–51% in 2012 and by 27%–33% in 2013
at rates of 7.8 mL m−2 or higher.

At the 50th Street site in 2012, the control treatment had a
lower average index of disease (56%) than at Henwood (89%).
Indices of disease in the treated plots ranged from 23% to
42%, with the 62.2 mL m−2 rate of Vapam giving the great-
est reduction in index of disease relative to the control. It
should be noted that despite the numerical decreases in in-
dex of disease, there was not a significant difference between
treatments as the application rate increased from 7.8 to
62.2 mL m−2 (Fig. 3). The 50th Street site experienced early
and mid-season flooding in 2013, so these data were removed
from subsequent analyses.

3.1.2. Plant growth characteristics

Soil treatment with Vapam at the 7.8 mL m−2 rate and
above significantly increased plant height and pod numbers
per plant, and resulted in a decrease in fresh gall weight per
plant at Henwood in both years (Fig. 4). The application of
the label rate of Vapam, 31.1 mL m−2, resulted in a 53% in-
crease in aboveground plant biomass and a 42% decrease in
fresh clubroot gall weight in 2012 and 2013. Although not all
differences between treatments were statistically significant,
increases in plant height ranged from 14% to 24%, increases
in plant biomass ranged from 63% to 150%, and increases in
pod counts ranged from 62% to 105% relative to the control.

The label rate of fumigant resulted in plants with an average
stem height of 95.5 cm, compared with the control plot plants
averaging 82.5 cm (p = 0.0197). The average fresh biomass re-
sulting from the label rate treatment was, on average, 52.7 g
heavier than control plants (p = 0.0002), whereas pod num-
bers per plant for the label rate plots averaged approximately
114 pods, compared with only 62 pods (p = 0.0354) per plant
in plots where no Vapam was applied. There were no signifi-
cant differences in fresh or dry gall weight (Fig. 4). There was
no significant difference between the control and 10% label
rate (3.1 mL m−2) treatments for plant height or number of
pods produced. At the 50th Street site, there were no signifi-
cant differences in plant height and fresh or dry gall weights
in 2012 (Fig. 4).

3.2. Effects of Vapam in the soil 1 year after
application

3.2.1. Disease severity

At the Henwood site, indices of disease were significantly
lower for canola plants grown in soil that had received Va-
pam at rates of 15.5, 31.1, and 62.2 mL m−2 in the previous
year, relative to plants grown in control plots that had not
received any Vapam in the previous year (Fig. 5). The great-
est reduction in index of disease (28% relative to the control)
was observed in plants grown in soil that had received the
200% Vapam rate (62.2 mL m−2) the year before (p < 0.0001).
At the 50th Street site, index of disease was significantly
(p = 0.0004) reduced only in those plots that had received
the 31.1 mL m−2 Vapam treatment in the previous year. These
plants had an average index of disease of 53.3%, compared
with 71.7% in the control plots. The plots that had received
the 200% (62.2 mL m−2) treatment rate did not exhibit a sig-
nificant reduction in index of disease relative to either the
control or the label rate of Vapam (31.2 mL m−2).
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Fig. 4. Effect of Vapam (metam sodium) on height (A), number of pods (B), fresh biomass (C), and dry gall weight (D) of canola
plants under clubroot-infested field conditions over 3 site-years at two locations in Edmonton, AB. Data are the means of four
replicates. Means were compared with the Tukey’s test and different letters indicate significant differences at p < 0.05.

Fig. 5. Effect of Vapam (metam sodium) applied in the previous year on clubroot index of disease severity in canola plants
grown under clubroot-infested field conditions over 2 site-years at two locations in Edmonton, AB. Data are the means of four
replicates. Means were compared with the Tukey’s test and different letters indicate significant differences at p < 0.05.

3.2.2. Plant growth characteristics

At the Henwood site, differences in stem height were
observed between plants grown in plots that had been
treated with 7.8 or 62.2 mL m−2 Vapam in the previous year
(p = 0.0361), as well as between plants grown in plots that had
received the 15.5 or 62.2 mL m−2 treatment rates (p = 0.0113)

(Fig. 6). Significant differences were also found between these
same treatments with respect to aboveground plant biomass
(p = 0.0297 and p = 0.0058) (Fig. 6). Statistically significant dif-
ferences in pod counts resulted from comparisons between
the 7.8 and 15.5 mL m−2 rates (p = 0.0239), and between the
15.5 and 62.2 mL m−2 rates (p = 0.0500) (Fig. 6). In contrast,
no significant differences were observed for fresh or dry gall
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Fig. 6. Effect of Vapam (metam sodium) 1 year after application on plant height (A), number of pods (B), fresh biomass (C), and
dry gall weight (D) of canola plants grown under clubroot-infested field conditions at two locations in Edmonton, AB. Data are
the means of four replicates. Means were compared with the Tukey’s test and different letters indicate significant differences
at p < 0.05.

weight between any of the treatments, or between the treat-
ments and the control plots for any of plant growth character-
istics examined (Fig. 6). At the 50th Street site, no significant
differences were observed for any of the plant growth traits
between any of the treatments or control.

4. Discussion
Based on the efficacy of Vapam as a tool for the control of

weeds, nematodes, insects, and various soilborne pathogens
(Triky-Dotan et al. 2010), this fumigant may have potential
as a management tool for clubroot disease of canola. How-
ever, it is important to note that Vapam is a non-selective
toxic compound. Soil fumigation with a volatile chemical,
which is also water soluble, poses threats to the adjacent en-
vironment at treatment sites as well as the applicator. It is of
paramount importance for soil fumigation to be conducted
in accordance with application regulations and label recom-
mendations (AMVAC Chemical Corporation2005).

At the Henwood site in both 2012 and 2013, all treatments
reduced clubroot disease severity when compared with the
control treatment. At the 50th Street site in 2012, the con-
trol treatment had a lower average index of disease than at
Henwood, indicating lower disease pressure. Moreover, be-
cause of flooding of the site in 2013, only the 2012 data
from 50th Street site could be included in the analysis. A
study by Hwang et al. (2014) at different locations within the
same field sites also assessed the efficacy of Vapam as a soil

fumigant against clubroot. At the Henwood site, treatment
with Vapam product at a rate of 100 mL m−2 (42 mL m−2 AI)
resulted in a 62% decrease in clubroot severity relative to a
non-treated control; at the 50th Street site, clubroot sever-
ity decreased by 54% with Vapam treatment (Hwang et al.
2014). The treatment rates evaluated in this study were lower
than those used by Hwang et al. (2014); in the earlier study,
only one rate was examined, while in this study multiple
rates (above and below the recommended rate) were assessed.
The label rate of 31.1 mL m−2 and the 200% label rate of
62.2 mL m−2 both resulted in decreases in clubroot severity at
the Henwood and 50th Street sites in 2012. These decreases in
disease severity, while lower than those observed by Hwang
et al. (2014), were nevertheless significant.

The decreases in clubroot disease severity were sometimes
reflected in significant reductions in root gall weight. This
would be expected, since lower levels of disease would in-
dicate a reduction in hyperplasia and hypertrophy of the
root tissues. Consequently, the roots would be better able to
maintain normal function, allowing the plants to produce
taller stems and commit more energy to the production of
aboveground biomass (Hwang et al. 2015). Indeed, signifi-
cant increases in various plant growth characteristics includ-
ing plant height, fresh biomass, and pod number were ob-
served at the Henwood site in 2012 and 2013. Given its non-
specific activity (Smelt and Leistra 1974), it is also possible
that treatment with Vapam affected other components of the
soil microbial community, including inoculum of other soil-
borne pathogens, which may have contributed to some of the

Downloaded From: https://complete.bioone.org/journals/Canadian-Journal-of-Plant-Science on 25 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use

http://dx.doi.org/10.1139/CJPS-2022-0086


Canadian Science Publishing

36 Can. J. Plant Sci. 103: 29–38 (2023) | dx.doi.org/10.1139/CJPS-2022-0086

observed growth benefits. Fungal propagules have been re-
ported to be greatly reduced in Vapam-treated soil (Sinha et
al. 1979).

Treatment with Vapam also appeared to have some bene-
ficial effects on the following year’s canola crop, as signifi-
cant decreases in clubroot severity were observed on canola
grown in soil that had been treated with the fumigant in the
previous year. This may have reflected a residual effect of the
Vapam in the soil, and (or) a reduction in the inoculum quan-
tity returned to the soil in the previous year due to reduced
disease severity. Nonetheless, while Vapam application in the
previous year resulted in less severe disease symptoms on the
roots of affected plants, numerical increases in stem height,
pod number, and aboveground biomass for plants grown in
soil treated with the fumigant in the previous year were in
general not significant. Therefore, the residual effects of Va-
pam may not be sufficient to control clubroot on canola ade-
quately in the year following its application.

One of the reasons for evaluating multiple application
rates of Vapam in this study was to enable identification of
the optimal rate for canola. Both the label and 200% rates
provided comparable levels of clubroot control. Thus, the
label rate seems more appropriate for several reasons. The
first is from an environmental safety perspective, by limit-
ing the amount of a toxic fumigant applied in a field. The
second is from an economic perspective, as less fumigant
would be required. The third, and perhaps the most impor-
tant reason from a disease management perspective, relates
to the observation that higher levels of chemical applied did
not always result in an increase in plant height, aboveground
plant biomass, or pods per plant. Indeed, given that similar
decreases in indices of disease were observed down to 25%
(7.8 mL m−2 AI) of the label dosage, it may be feasible to ap-
ply this lower rate, which would be less expensive and po-
tentially less harmful to the environment. High rates of Va-
pam have been associated with phytotoxicity in a study by
White and Buczacki (1977). Similarly, Smelt and Leistra (1974)
also recognized the considerable phytocidal activity of Va-
pam, and more recently, Hwang et al. (2014) reported that
higher rates of Vapam resulted in reduced seedling emer-
gence. In this study, a delay and reduction in plant emer-
gence was noted in soil treated with the 200% label rate of
Vapam (data not shown), also suggesting some phytotoxic ef-
fects. This study may have relied upon an inadequate venti-
lation period after the coverings were removed, particularly
in the first year, resulting in these effects. An opportunity
also exists for further studies on the management of clubroot
based on soil fumigation in conjunction with various crop
rotations.

The manufacturer label suggests that treated areas be kept
covered for 48 h after treatment to prevent product dissi-
pation from occurring too soon (AMVAC Chemical Corpora-
tion 2005). The manufacturer also recommends seeding 14–
21 days after fumigant application when the soil is covered
or tarped over following treatment (AMVAC Chemical Corpo-
ration 2005). Given the short growing (frost-free) season on
most of the Prairies (Cutforth et al. 2004), a prolonged wait
prior to seeding may not be possible for most growers. In this
study, the Vapam was allowed to dissipate for 2 days after the

tarp coverings were removed from the plots before seeding
the canola, which may not have been sufficient time to allow
the fumigant to dissipate. For the 200% label rate, introducing
more chemical may have meant that more time should have
been allotted between tarp removals and seeding. A high rate
of decomposition of Vapam was noted by Smelt and Leistra
(1974), but the soil conditions in that study included higher
temperatures (21 ◦C) over a period of 3 weeks.

Weather conditions may also have been suboptimal for Va-
pam treatment. Cold soil temperatures can cause slower con-
version to MITC, the primary bioactive ingredient (AMVAC
Chemical Corp. 2005). Turner and Corden (1963) found that
the rate of metam sodium transformation to MITC in soils
was increased by both lower moisture content and higher
temperature. In 2012, the plots were treated later in the sea-
son and temperatures were in the range of 23–24 ◦C in June
and July. The plots were treated earlier in 2013 when tem-
peratures were lower on average, but still within the recom-
mended window for soil fumigation.

Another factor that could have an effect on the efficacy
of Vapam treatment is the product application method. In
this study, the Vapam was applied using the “watering can
method” on the product label, which was practical for the
small size of the plots. However, depending on the particular
crop and location, various methods can be utilized for the ap-
plication of fumigants. In California and Florida, for example,
fruit growers use chloropicrin and 1,3-dichloropropene as al-
ternatives to methyl bromide (Chellemi et al. 2013), which
they apply by shank injection, or more effectively and safely
through drip irrigation systems. More effective application
methods allow for less of the active ingredient to be released
into the atmosphere. The amount of ingredient leaving the
soil surface is influenced by the rate of diffusion and degra-
dation (Dungan and Yates 2003). In this study, rototilling the
chemically treated soil may have resulted in more effective
incorporation of the product, and more pronounced treat-
ment effects (Hwang et al. 2014). Similarly, additional wa-
tering may also have improved the efficacy of the Vapam
treatments, since soil fumigant activity will not move past
the point of the water front, either horizontally or vertically
within the soil (White and Buczacki 1977). Water volumes
applied were based on the amount of water saturating the
ground at a test site. Field conditions in each plot may have
differed and been drier. The volume of water applied with the
chemical may also play a role in the erratic and inconsistent
control of clubroot in Brassica crops using Vapam (White and
Buczacki 1977).

While the rates of Vapam evaluated in this study were
not sufficient to eradicate the disease completely, they could
limit symptom development. The field sites assessed in this
study were heavily infested with P. brassicae, with estimated
inoculum densities of ∼1 × 108 spores g−1 soil at both sites,
and it is possible that clubroot severity could be reduced
to negligible levels at field sites where low levels of inocu-
lum have been recently introduced. As such, the applica-
tion of Vapam may represent a useful tool to contain local-
ized clubroot infestations within fields, and (or) to prevent
more widespread dissemination of the pathogen in regions
where it is not yet endemic. Fumigation could be used in
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conjunction with other tactics, such as the sanitization of
field machinery (Hwang et al. 2014) and the planting of re-
sistant canola cultivars (Rahman et al. 2014), to reduce the
impact of clubroot. Nonetheless, there are constraints to its
application, including the safety risks posed to the environ-
ment and applicator, the water volumes required to apply the
fumigant, and the need for labour-intensive tarping opera-
tions, all of which must be balanced against the anticipated
returns from canola production. Covering the treated area to
prevent loss of the chemical to volatilization may prove pro-
hibitively expensive or impractical in many circumstances.
Of additional concern is the non-specific nature of metam
sodium, which could result in significant reductions in the
populations of non-target or beneficial soil organisms (Smelt
and Leistra 1974; Sinha et al. 1979). A cost/benefit analysis
should be conducted prior to the application of Vapam or
other fumigants in specific fields. Ultimately, multiple ap-
proaches will be needed for the sustainable management of
clubroot on canola.
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