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ABSTRACT

The cabbage seedpod weevil (CSW), a pest of oilseed rape crops, was first detected in the Province of Quebec
(Canada) in canola in 2000. The parasitoid wasp Trichomalus perfectus is the main biological control agent of the
CSW in Europe. However, its efficiency as well as its distribution across the province of Quebec are poorly
known. We investigated CSW damage in canola fields, along with the abundance and parasitism rates of all its
parasitoids, as well as that of T. perfectus alone, in Quebec from 2012 to 2020.

This study highlighted that the CSW is well established in Quebec (82% of canola fields sampled), especially in
the regions of Bas-Saint-Laurent, Chaudiere-Appalaches, and Capitale-Nationale. Only three fields exceeded the
threshold of 25% damaged pods, and only in 2019. Parasitoids of CSW were present in 62% of canola fields.
Their distribution follows that of the CSW and their populations were primarily composed of Pteromalidae
(95.7% of the individuals) among which T. perfectus was the main species with almost 80% of the individuals.
The mean parasitism rate from 2012 to 2020 was 43.1% and that of T. perfectus was 26.1%. Seed damage was
reduced by 47% on average when CSW larvae were parasitized. Parasitoids, particularly T. perfectus due to its
higher abundance compared to other parasitoid species and its significant contribution to the overall parasitism
rate, play a key role in controlling CSW populations in Quebec, helping to keep them below the economic

damage threshold.

1. Introduction

The cabbage seedpod weevil (CSW), Ceutorhynchus obstrictus
(Marsham) (Coleoptera: Curculionidae), a pest native to Europe
(Bonnemaison, 1957; Dmoch, 1965; Buntin, 1999), is considered as one
of the primary pests of canola (Brassica napus L., Brassicaceae) in North
America (Haye et al., 2013; Hussain et al., 2023). Reported for the first
time in Vancouver (BC, Canada) in 1931 (Baker, 1936; McLeod, 1962), it
spread to Washington State by 1935 (Baker, 1936), and subsequently to
the south and east of the USA (Brodeur et al., 2001). In Canada, it was
later reported in Alberta in 1995 (Butts and Byers, 1996; Dosdall et al.,
2001), elsewhere in British Columbia in 1997, and in Saskatchewan in
2000 (Brodeur et al., 2001). In the early 2000s, CSW was also found in
Ontario and Quebec (Brodeur et al., 2001; Mason et al., 2003). It is
currently widespread in the Canadian Prairies, Ontario, and Quebec
provinces (Carcamo et al., 2007; Dosdall and Mason, 2010; Dosdall and
Carcamo, 2011) with high abundances in some areas.
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Both CSW adults and larvae cause damage to canola plants. Adults
feed on buds, flowers, and pods, and mate before females lay their eggs
in the pods which can lead to a reduced number of pods per plant
(Dosdall et al., 2001). After oviposition, the pod is marked with a
pheromone to prevent other CSW females from ovipositing (Kozlowski
et al., 1983; Ferguson and Williams, 1991; Dosdall and Cércamo, 2011).
In most cases, this ensures that only one larva is present in the pod,
although two to three larvae can be found when the infestation is high
(Kozlowski et al., 1983; Brodeur et al., 2001; Carcamo et al., 2001).

After hatching, the larva feeds on the seeds inside the pod for a
period of two or three weeks, then bores a hole through the pod wall and
drops to the ground to pupate in the soil (Bonnemaison, 1957; Dmoch,
1965). During their development, the larvae eat three to six seeds per
pod (Dmoch, 1965; Murchie, 1996; Brodeur et al., 2001) which can
cause between 20 and 30% of seed loss in each pod (Kirk, 1992; Carcamo
et al., 2001; Carcamo and Brandt, 2017). Moreover, damaged pods can
be more sensitive to disease and be more prone to pod shattering
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explaining the increase in yield loss at harvest (Carcamo and Brandt,
2017; Muhammad Sarwar, 2017). Yield losses in North America can be
up to 35% (McKaffrey et al., 1986; Buntin, 1999; Carcamo et al., 2001,
2019; Carcamo and Brandt, 2017). Fields exceeding 25% of damaged
pods are estimated to experience yield loss (Lerin and Rivault, 1982;
Buntin, 1999; Carcamo and Brandt, 2017).

Research on the CSW has been intensive in the Canadian Prairies and
different control strategies have been evaluated, including chemical,
mechanical, and cultural (Dosdall et al., 2001; Carcamo et al., 2005,
2007; Dosdall, 2009; Dosdall and Mason, 2010; Tansey et al., 2011).
According to Buntin (1999), chemical control is not justified until
infested pods exceed 26-40%. In Canada, foliar insecticides are applied
when an average of 25-40 adult CSW are caught in 10 sweeps at early
bloom, with multiple sets of 10 sweeps taken in each field (Dosdall et al.,
2006; Carcamo et al., 2019).

The biological control of CSW has been well-studied in Europe.
Indeed, parasitism rates that include all parasitoids averaged 50%
(Alford et al., 1996; Ulber and Vidal, 1998; Haye et al., 2010). In the
United Kingdom, Sweden, and Estonia, the average parasitism rate
exceeded 30%, generally staying below 70% in 60% of oilseed rape
crops (Brassica napus L.), though it occasionally exceeded 70% (Ulber
et al., 2010). It was approximately 70% in Denmark (Langer and Jensen,
2024), and in another study in Estonia, it ranged from 76 to 94% in 2008
and 2009 (Veromann et al., 2013). Lastly in Estonia, the mean para-
sitism rate was 55% (ranging between 8.3 and 87%) (Kovacs et al.,
2019).

Among all parasitoids attacking the CSW in Europe, Trichomalus
perfectus (Walker) (Hymenoptera: Pteromalidae), a palearctic species, is
the most important parasitoid and the main one responsible for con-
trolling CSW populations (Williams, 2003). It was reported that CSW
larvae parasitized by T. perfectus feed on fewer seeds (about 3.2) than
unparasitized larvae (about 5.2), which represents a 38% damage
reduction (Murchie, 1996). Moreover, T. perfectus parasitism rates in
Europe can sometimes reach up to 95% (Lerin, 1987; Buntin, 1998;
Murchie and Williams, 1998; Haye et al., 2010), with this species ac-
counting for nearly 90% of the parasitoids parasitizing the CSW in
Germany (Haye et al., 2015) and Denmark (Langer and Jensen, 2024). It
is also one of the most abundant and efficient parasitoids in the United
Kingdom (Murchie, 1996) and Estonia (Veromann et al., 2010; Kovacs
et al., 2013, 2019), where its parasitism rate can reach up to 61%, as
well as in Germany, where it can be as high as 50% (Ulber and Vidal,
1998).

In Canada, Trichomalus perfectus is not present in the Prairies, where
at least 14 other parasitoid species have been reported to parasitize CSW
(Haye et al., 2013). These 14 species are not efficient enough to control
CSW populations with a parasitism rate usually less than 15% (Buntin,
1998; Dosdall et al., 2006, 2009). Trichomalus perfectus is only present in
the provinces of Ontario and Quebec where it was discovered in 2009
(Mason et al., 2011; Labrie, unpublished data), without any direct or
intentional human intervention. Given that T. perfectus is indigenous to
Europe, its importation to the Prairies has not yet been approved
(Gariepy et al., 2024). Relocation of T. perfectus from Ontario and
Quebec to the Prairies is under serious consideration and is being
carefully studied regarding many aspects (economic, environmental,
efficacy to control the CSW, etc.). Overall parasitism rates of the CSW in
eastern Canada are averaging 18% (Mason et al., 2011) though they can
be higher in Quebec (Labrie, unpublished data). Following the
T. perfectus discovery in Quebec, its parasitism rate increased rapidly.
For instance, between 2010 and 2012 in Saint-Augustin-de-Desmaures
(Laval University experimental site), it increased from 12 to 90%
(Létourneau, unpublished data). The authors suggested that this indi-
cated a successful parasitoid establishment in the province.

Most measures taken to control the CSW rely on insecticides, and
little is known about biological control, especially in Canada. In this
context, the objectives of the present study were to (i) evaluate the
distribution and abundance of CSW populations and its parasitoids
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across different canola-producing regions of Quebec, (ii) identify para-
sitoid species present in canola fields, and (iii) evaluate the parasitism
rate of CSW larvae by the main parasitoid species (T. perfectus, Tricho-
malus lucidus (Walker), and some other Pteromalidae species).

2. Material and methods
2.1. Sites

Fields were sampled from 2012 to 2020 in canola-growing areas in
the Province of Quebec (Canada). A total of 235 spring canola fields
were sampled across 11 regions of Quebec (Fig. 1), including 55 in
Saguenay-Lac-Saint-Jean (SLSJ), 52 in Bas-Saint-Laurent (BSL), 50 in
Abitibi-Témiscamingue (AT), 34 in Chaudiere-Appalaches (CA), 21 in
Capitale-Nationale (CN), 9 in Centre-du-Québec (CDQ), 4 in Estrie
(EST), 4 in Mauricie (MAU), 3 in Lanaudiere (LAN), 2 in Montérégie-Est
(ME), and 1 in Montréal (MTL).

2.2. Pods and insects sampling

In each canola field, 1000 pods were harvested at the beginning of
the ripening stage (BBCH 80-82). Pods were harvested at five sampling
stations (200 pods per station) located about 10 m inside the field and
evenly spaced over 200 m along the edge of the field. Pods were taken
from the full height of the plants to ensure a representative sample and
placed in paper bags to prevent molding. The bags were kept at room
temperature until they were shipped to CEROM (Saint-Mathieu-de-
Beloeil, QC, Canada) after two days maximum. Once received, pods
were immediately placed in sealed cardboard emergence boxes (Dosdall
et al., 2006; Veromann et al., 2010; Kovacs et al., 2013) and left at room
temperature (20 °C) for six weeks to allow insects (CSW larvae and/or
parasitoids) to emerge from the pods (Dosdall et al., 2006). After this
period, the pods were individually inspected and those with emergence
holes were set aside and counted. The number of seeds per pod was then
counted on 20 undamaged pods (without an exit hole) and the number
of healthy seeds and seeds eaten per pod was counted on a maximum of
20 damaged pods (with an exit hole). Given the large quantity of pods
collected, it was not feasible to dissect them all to ensure the presence of
weevil remains or parasitoid pupae. Consequently, parasitism rates and
damages might be slightly underestimated. The diameter of the holes
was also evaluated using a 0.7 mm mechanical pencil to assess if the pod
was hosting a parasitoid. To do so, the pencil lead was inserted into the
hole to see if it could fit. The largest (>0.7 mm) emergence holes were
attributed to CSW larvae, and the smallest (<0.7 mm) and serrated ones
were attributed to parasitoids (Williams, 2003).

Each box was also inspected for parasitoids belonging to the Chal-
cidoidea superfamily. Those were counted and preserved in 90% alcohol
until identification. Individuals were identified to species when possible
or classified into morphotypes using a digital microscope (Keyence VHX
5000 and VHX-J20T). Specimens of each species and each morphotype
were sent to the Laboratoire d’expertise et de diagnostic en phytopro-
tection (MAPAQ, Quebec City, QC, Canada) for validation and identi-
fication purposes. The identification of parasitoids in 2012 and 2013
was attempted both morphologically and molecularly, however, the
DNA quality was too poor for molecular identification, so those para-
sitoids were not included in the analysis of species composition.

2.3. Statistical analysis

All analyses were conducted using R statistical software, version
4.2.2 within the RStudio platform (R Core Team, 2022). Before analysis,
data exploration was carried out following the protocol described by
Zuur et al. (2010).

The percentage of damaged pods was calculated for each site by
dividing the number of pods with exit holes by the total number of
harvested pods.
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Fig. 1. Location of canola fields sampled in different regions of Quebec between 2012 and 2020. Region names are abbreviated as follow: Abitibi-Témiscamingue
(AT), Bas-Saint-Laurent (BSL), Chaudiere-Appalaches (CA), Centre-du-Québec (CDQ), Capitale-Nationale (CN), Cote-Nord (CND), Estrie (EST), Gaspésie - Tles-de-la-
Madeleine (GAS), Lanaudiere (LAN), Laurentides (LAU), Mauricie (MAU), Montérégie-Est (ME), Montréal (MTL), Nord-du-Québec (NDQ), Outaouais (OUT) and

Saguenay-Lac-Saint-Jean (SLSJ).

The contribution of each species to the CSW parasitoid community
was calculated for each year and each region by dividing the number of
individuals of each species by the total number of emerged parasitoids at
sites where the species was present, multiplied by 100. Thus, the per-
centage calculated for each species does not add up to 100 due to the
variable/unequal number of sites where each species was present.

The parasitism rate of CSW larvae was calculated for each site (for
fields with the presence of damaged pods) by dividing the number of
emerged parasitoids by the number of pods with exit holes, multiplied
by 100. The parasitism rate was then calculated for all CSW parasitoids
(all species combined), as well as for T. perfectus only.

Numbers of healthy seeds per pod and eaten seeds per damaged pod
were analyzed using a mixed model approach to account for the non-
independent spatial associations (pseudoreplication) in the data and
the unbalanced replication (Pinheiro and Bates, 2000; Bolker et al.,
2009). The data were analyzed using linear mixed models [LMM; Ime4::
Imer(.) (Bates et al., 2015)] assuming a Gaussian distribution of the error
and the identity link function. Note that even though the Poisson dis-
tribution is recommended for the analysis of count data, which are
discrete and positive, the number of healthy seeds and eaten seeds was
normally distributed with a constant standard deviation.

The number of healthy seeds per pod was modeled as a function of
pod type (no hole, large hole, and small hole) whereas the number of
eaten seeds per damaged pod was modeled as a function of hole size
(large and small). Both models included a random intercept for the Site
as a random effect. The models were fitted with maximum likelihood
(ML) and the main effects were tested using likelihood ratio tests [LRT;
function car::Anova(.)]. The assumptions of the models were visually
checked and normality and homoscedasticity were also tested by
Shapiro-Wilk tests [function stats::shapiro.test(.)] and Levene tests
[function car::leveneTest(.)], respectively, performed on the model re-
siduals. The parameter estimates presented for the final models were
evaluated based on restricted maximum likelihood (REML). In case of
significant results, means were compared using the estimated marginal
means procedure [function emmeans::emmeans(.)] with Tukey correc-
tion for multiple testing. All statistical tests were considered significant
for p-values <0.05 (i.e., « = 0.05).

3. Results
3.1. Presence of CSW damage in Quebec

The Centre-du-Québec, Estrie, Lanaudiere, Mauricie, Montérégie-
Est, and Montréal regions are not major canola-producing regions and
were therefore only sampled a few times at the beginning of the project.
For this reason, the results mainly focus on the main canola-producing
regions (Abitibi-Témiscamingue, Bas-Saint-Laurent, Chaudiere-Appal-
aches, Capitale-Nationale, and Saguenay-Lac-Saint-Jean).

CSW damage was observed in all sampled regions, apart from
Lanaudiere (Table 1), and in 192 out of 235 canola fields sampled (82%;
Table 1). The incidence of damaged pods, however, varied greatly from
year to year, ranging from 65.4% (2015) to 100% (2019) (Table 1).

The incidence of damaged pods was lower in Montérégie-Est (50%)
and Abitibi-Témiscamingue (62%) compared to other regions.
Saguenay-Lac-Saint-Jean had an intermediate value with 78.2% of fields
showing CSW damage (Table 1).

Among the fields with CSW damage, the incidence of damaged pods
ranged from 0.1 to 65.2% (average 3.1%) (Table 2). The percentage of
CSW damage varied from year to year with higher percentages in 2016
(4.5%), 2017 (3.7%), and 2019 (8.0%). The lowest percentages of
damaged pods were observed in 2015 (0.5%) and 2018 (1.1%) (Table 2).

The average percentages of damaged pods were higher in regions
near the Saint Lawrence River: Capitale-Nationale (7.1%), Bas-Saint-
Laurent (5.0%), and Chaudiere-Appalaches (3.3%). The regions
further north (Abitibi-Témiscamingue and Saguenay-Lac-Saint-Jean)
had intermediate values (1.2 and 1.5%, respectively). Other regions
had low percentages, and the number of sampled canola fields was lower
(<10), including Estrie, than the previously named regions (Table 2).

Between 2012 and 2020, only three fields (1.3%) exceeded the
economic damage threshold of 25% damaged pods beyond which a yield
loss can be anticipated. These fields were in Bas-Saint-Laurent (28.6 and
65.2%) and Capitale-Nationale (41.4%). The thresholds were all
exceeded in 2019, the same year the average percentage of damaged
pods was highest (Table 2).
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Percentages of canola fields with the presence of cabbage seedpod weevil damage in the different regions of Quebec sampled between 2012 and 2020. The numbers
within brackets represent the total number of fields sampled. Regions in the first column are Abitibi-Témiscamingue (AT), Bas-Saint-Laurent (BSL), Chaudiere-
Appalaches (CA), Centre-du-Québec (CDQ), Capitale-Nationale (CN), Estrie (EST), Lanaudiére (LAN), Mauricie (MAU), Montérégie-Est (ME), Montréal (MTL) and
Saguenay-Lac-Saint-Jean (SLSJ). - (—): no sampling.

Region Percentage (number of fields)
2012 2013 2014 2015 2016 2017 2018 2019 2020 Total per region

AT 50 (4) 50 (4) 0@ 25 (4) 40 (5) 40 (5) 55.6 (9) 100 (9) 88.9 (9) 62.0 (50)
BSL 80 (5) 75 (4 75 (49 83.3(6) 66.7 (6) 100 (6) 100 (7) 100 (7) 100 (7) 88.5 (52)
CA 100 (5) 80 (5) 100 (5) 100 (3) 100 (3) 100 (4) 100 (3) 100 (3) 100 (3) 97.1 (34)
CDQ 100 (3) 100 (3) 100 (1) 50 (2) -5 -5 -(5) -(5) -5 88.9 (9)
CN 100 (2) 100 (3) 100 (4) 100 (3) 100 (2) 100 (3) 100 (2) 100 (1) 100 (1) 100.0 (21)
EST 100 (1) 100 (1) -(=) 100 (1) 100 (1) - (=) -(=) -(-) - (=) 100.0 (4)
LAN 0(3 -(=) -(5) -(5) -(5) -(5) =) -(5) -5 0.0 (3)
MAU 100 (2) 100 (1) -(=) 100 (1) -5 -(=) =) -(=) -(5) 100.0 (4)
ME 100 (1) 0 - -2 -() -() =) -(=) -(5) 50.0 (2)
MTL 100 (1) -(=) -(5) -(5) -(5) -(5) -(5) -(5) -(5) 100.0 (1)
SLSJ 100 (5) 100 (3) 60 (5) 33.3(6) 80 (5) 83.3 (6) 57.1(7) 100 (9) 88.9 (9) 78.2 (55)
Total per year 81.2(32) 80.0 (25) 80.0 (20) 65.4 (26) 72.7 (22) 83.3 (24) 75.0 (28) 100.0 (29) 93.1 (29) 82.0 (235)

Table 2

Average percentages of damaged pods in canola fields with the presence of cabbage seedpod weevil damage in the different regions sampled between 2012 and 2020.
The numbers within brackets represent the number of fields with cabbage seedpod weevil damage. Regions in the first column are Abitibi-Témiscamingue (AT), Bas-
Saint-Laurent (BSL), Chaudiere-Appalaches (CA), Centre-du-Québec (CDQ), Capitale-Nationale (CN), Estrie (EST), Lanaudiere (LAN), Mauricie (MAU), Montérégie-Est
(ME), Montréal (MTL) and Saguenay-Lac-Saint-Jean (SLSJ). - (—): no sampling.

Region Percentage (number of fields)
2012 2013 2014 2015 2016 2017 2018 2019 2020 Total per region

AT 0.1 (2) 0.1 (2) 0.0 (0) 0.1 (1) 0.1 (2) 0.3(2) 0.3 (5) 3.3(9) 0.6 (8) 1.2 (31
BSL 1.7 (4) 1.6 (3) 433 0.4 (5) 534 5.9 (6) 1.9(7) 16.3 (7) 29(7) 5.0 (46)
CN 0.9 (2) 7.1 (3) 3.3(4) 1.6 (3) 14.7 (2) 8.3(3) 0.9 (2) 41.4 (1) 109 (1) 7.1 (21)
CDQ 0.3 (3 1.8(3) 0.1 (1) 0.1 (1) -(5) -(=) -(5) -(5) -(9) 0.8 (8)
CA 3.0(5) 3.8(4) 0.9 (5) 0.6 (3) 4.6 (3) 204 213 4.03) 11.1 (3) 3.3(33)
EST 22D 3.2 -(=) 0.1 (M 0.1 (M) -(=) -(5) -(=) -5 1.6 (4)
LAN 0.0 (0) - -2 -(=) - -(5) - -2 -(=) 0.0 (0)
MAU 0.3 (2) 1.6 (1) -(-) 0.1 (M -(5) -(=) -() -(5) -9 0.6 (4
ME 0.2 (D) 0.0 (0) -(=) -(5) -(5) -(=) -(5) -(=) -5 0.2 (1)
MTL 0.0 (1) - -2 -(=) - -(5) - -2 -(=) 0.0 (1)
SLSJ 0.5 (5) 0.5 (3) 29(3) 0.2(2) 1.9 (4) 1.2 (5) 0.3(4) 3.9(9) 0.5 (8) 1.5 (43)
Total per year 1.2 (26) 2.6 (20) 2.5(16) 0.5@17) 4.5 (16) 3.7 (20) 1.1 (21) 8.0 (29) 2.6 (27) 3.1(192)

3.2. Presence and abundance of CSW parasitoids in Quebec

CSW parasitoids were found in 119 out of the 192 fields where

The percentage of fields with the presence of parasitoids was lower

for Abitibi-Témiscamingue (19.4%) and Saguenay-Lac-Saint-Jean

damaged pods were observed (62%; Table 3). The incidence of para-

sitoids was higher between 2012 and 2017 (62.5-80.8%) compared with

2018-2020 (41.4-52.4%) (Table 3).

Table 3

(48.8%) than for the other regions (Table 3).
A total of 1128 parasitoids were collected between 2012 and 2020
(Table 4). CSW parasitoids were found in all sampled regions apart from

Lanaudiere (Table 4). Nearly half of the parasitoids were retrieved from

Percentages of canola fields with the presence of cabbage seedpod weevil parasitoids among fields with the presence of cabbage seedpod weevil damage in the different
sampled regions between 2012 and 2020. The numbers within bracket represent the number of fields with presence of cabbage seedpod weevil damage. Regions in the
first column are Abitibi-Témiscamingue (AT), Bas-Saint-Laurent (BSL), Chaudiére-Appalaches (CA), Centre-du-Québec (CDQ), Capitale-Nationale (CN), Estrie (EST),

Lanaudiere (LAN), Mauricie (MAU), Montérégie-Est (ME), Montréal (MTL) and Saguenay-Lac-Saint-Jean (SLSJ). - (—): no sampling.

Region Percentage (number of fields)

2012 2013 2014 2015 2016 2017 2018 2019 2020 Total per region
AT 100 (2) 50 (2) -(0) 100 (1) 0(2) 0(2) 0(5) 11.1 (9) 12.5(8) 19.4 (31)
BSL 75 (4) 100 (3) 66.7 (3) 40 (5) 75 (4) 83.3 (6) 100 (7) 57.1 (7) 42.9 (7) 69.6 (46)
CA 60 (5) 75 (4) 100 (5) 66.7 (3) 100 (3) 100 (49 66.7 (3) 66.7 (3) 100 (3) 81.8 (33)
CDQ 100 (3) 66.7 (3) 0(1) 100 (1) -(5) -(5) -(5) -(5) -(9) 75.0 (8)
CN 100 (2) 100 (3) 75 (4) 100 (3) 100 (2) 100 (3) 50 (2) 100 (1) 100 (1) 90.5 (21)
EST 100 (1) 100 (1) -(9) 100 (1) 100 (1) -(9) -(9) -(9) -(9) 100.0 (4)
LAN -(0) -(5) -(-) -(-) -() -(5) -(5) -(5) -(=) -(0)
MAU 50 (2) 100 (1) -(=) oM -(5) -(5) -(5) -(5) -(=) 50.0 (49
ME 100 (1) -(0) -5 -2 - -5 -5 -(=) -(=) 100.0 (1)
MTL 100 (1) -(=) -(2) -2 - - - -(=) -(=) 100.0 (1)
SLSJ 80 (5) 33.3(3) 66.7 (3) 50 (2) 25 (4) 40 (5) 25 (4) 44.4 (9) 62.5 (8) 48.8 (43)
Total per year 80.8 (26) 75.0 (20) 75.0 (16) 64.7 (17) 62.5 (16) 70.0 (20) 52.4 (21) 41.4 (29) 48.1 (27) 62.0 (192)
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Number of parasitoids retrieved from different regions of Quebec sampled between 2012 and 2020. The numbers within brackets represent the number of fields with
presence of parasitoids. Regions in the first column are Abitibi-Témiscamingue (AT), Bas-Saint-Laurent (BSL), Chaudiere-Appalaches (CA), Centre-du-Québec (CDQ),
Capitale-Nationale (CN), Estrie (EST), Lanaudiere (LAN), Mauricie (MAU), Montérégie-Est (ME), Montréal (MTL) and Saguenay-Lac-Saint-Jean (SLSJ). - (—): no

sampling.

Region Number of parasitoids (number of fields)
2012 2013 2014 2015 2016 2017 2018 2019 2020 Total per region

AT 2(2) 1(1) -(0) 1M 0(0) 0 (0) 0 (0 3 2 (1) 9 (6)
BSL 65 (3) 46 (3) 18 (2) 10 (2) 44 (3) 39 (5) 76 (7) 180 (4) 42 (3) 520 (32)
CN 12 (2) 40 (3) 28 (3) 22 (3) 25 (2) 13 (3) 1(1) 5@1) 13 (D) 159 (19)
CDQ 6 (3) 14(2) 0 (0) 1) - -(2) () () -(=) 21 (6)
CA 27 (3) 121 (3) 18 (5) 9(2) 26 (3) 9M4) 16 (2) 5(2) 54 (3) 285 (27)
EST 7 (1) 12 (1) -(=) 1) 1 -(=) -(5) -(5) () 21 (4
LAN -(0) -5 -(2) () -5 -5 - () -5 0 (0)
MAU 1(1D) 1) -(=) 0(0 -(5) -(=) -(5) -(5) -5 2(2)
ME 1M -(0) -(=) -(5) -(5) -(=) -(5) -(5) -9 1M
MTL 7 (1) -2 -2 -5 - -2 -5 -5 -(=) 7 (D)
SLSJ 19 (4) 10 (1) 31 (2) 11 7@1) 4(2) 4 (1) 16 (4) 11 (5) 103 (21)
Total per year 147 (21) 245 (15) 95 (12) 45 (11) 103 (10) 65 (14) 97 (11) 209 (12) 122 (13) 1128 (119)

Bas-Saint-Laurent (520; 46.1%) and a quarter from Chaudiere-Appal-
aches (285; 25.3%) (Table 4). Capitale-Nationale (159; 14.1%) and
Saguenay-Lac-Saint-Jean (103; 9.1%) together accounted for almost the
last quarter of the parasitoids. Finally, very few parasitoids (61; 5.4%)
were collected in the remaining six regions (Table 4).

Parasitoids were most abundant in 2013 (n = 245; 21.7%) and 2019
(n = 209; 18.5%). The lowest abundances were observed in 2015 (n =
45; 4.0%) and 2017 (n = 65; 5.8%). Other years had average abun-
dances generally close to 100 individuals (Table 4).

3.3. Parasitoid species composition

Parasitoids collected in 2012 and 2013 (n = 392; 34.8%) had all been
pre-identified as belonging to the Chalcidoidea superfamily before being
sent for molecular identification. Unfortunately, they could not be
identified due to poor DNA quality and were therefore not considered in
the calculation of species composition.

Almost all parasitoids collected from 2014 to 2020 (n = 736; 65.2%)
belonged to the Pteromalidae family (n = 704; 95.7%; Table 5), of which
more than three-quarters were T. perfectus (n = 555; 78.8%). A few
specimens of T. lucidus (n = 26; 3.7%) and Mesopolobus morys (Walker)
(n = 2; 0.3%) were also found (Table 5). It is likely that the vast majority
of Chalcidoidea specimens collected in 2012 and 2013 also belonged to
the Pteromalidae family with probably more than three quarters
belonging to T. perfectus.

The percentages of T. perfectus and other Pteromalidae were rela-
tively similar between years, accounting on average for 78.9 and 32.4%
of collected parasitoids, respectively (Fig. 2). Regarding the two mi-
nority species, T. lucidus was only found in 2014 (n = 20; 2.7%) and
2015 (n = 6; 0.8%), and M. morys was only found in 2019 (n = 1; 0.1%)
and 2020 (n = 1; 0.1%) (Fig. 2; Table 5). Other Pteromalidae species

Table 5
Number of individuals (and percentage) for each species of the Chalcidoidea
superfamily collected between 2014 and 2020 in different regions of Quebec.

Family Species Number (%)
Pteromalidae Trichomalus perfectus 555 (75.4)
Trichomalus lucidus 26 (3.5)
Mesopolobus morys 2(0.3)
Other 121 (16.4)
Eurytomidae Eurytoma sp. 1(0.1)
Eulophidae Euderus sp. 2(0.3)
Mymaridae Unknown species 2(0.3)
Chalcididae Unknown species 1 (0.1)
Other --- 26 (3.5)
Total 736 (100)

were not necessarily different from the identified ones, but the identi-
fication could not be carried out beyond the family due to specimen
degradation (e.g. missing antennae, head, body, etc ...) and the difficulty
in identifying Pteromalidae species. Therefore, the percentages of spe-
cies are possibly higher than what is presented in Fig. 2 and Table 5.

The percentage of T. perfectus was relatively similar in Bas-Saint-
Laurent, Chaudiere-Appalaches, and Saguenay-Lac-Saint-Jean (~80%
of the parasitoids community) while it was lower in Capitale-Nationale
(70.9%) and Abitibi-Témiscamingue (61.1%; Fig. 3). Trichomalus per-
fectus was not found in Centre-du-Québec and Estrie. The two M. morys
individuals were found in regions where the number of parasitoids was
highest (Bas-Saint-Laurent and Chaudiere-Appalaches) and represented
respectively 2.5 and 25% of the parasitoid community in the fields
where it was present. Trichomalus lucidus (n = 26) was found in Capitale-
Nationale (n = 13), Saguenay-Lac-Saint-Jean (n = 10), Chaudiere-
Appalaches (n = 2) and Estrie (n = 1) (Fig. 3). It represented respectively
37.4, 33.3, 62.5, and 100% of the parasitoid community in the fields
where it was present.

3.4. Parasitism rate of the parasitoid species assemblage

Among fields where parasitoids were collected, parasitism rates per
field ranged from 2.4 to 100.0%, with an overall average of 43.1% per
site (Table 6). Apart from regions where few samplings were conducted
(Estrie, Lanaudiere, Mauricie, Montérégie-Est, and Montréal), the
highest regional averages were observed in Abitibi-Témiscamingue
(68.5%) and Centre-du-Québec (63.0%), while the lowest was observed
in Chaudiere-Appalaches (27.8%) and Capitale-Nationale (35.4%). Bas-
Saint-Laurent and Saguenay-Lac-Saint-Jean had intermediate parasitism
rates of 46.3 and 43.7%, respectively (Table 6). When considering all
sites with the presence of CSW damage (192 sites), the average para-
sitism rates were lower, especially for Abitibi-Témiscamingue where it
dropped from 68.5 to 13.3% (data not shown). This decline was not seen
or was less pronounced for the other regions (0 to —22.4%; data not
shown).

Parasitism rates varied from year to year with values above 50% in
2012 (68.4%), 2013 (52.8%) and 2015 (75.4%; Table 6). The lowest
parasitism rate was observed in 2019 (9.0%).

3.5. Parasitism rates by T. perfectus

Among fields where parasitoids were found between 2014 and 2020
(83), 90.4% had T. perfectus. Its presence ranged only from 87.5 to
100.0% of the fields between the regions where it was found (Abitibi-
Témiscamingue, Bas-Saint-Laurent, Chaudiere-Appalaches, Capitale-
Nationale, and Saguenay-Lac-Saint-Jean). Among these fields, the
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Fig. 3. Percentages of the contribution of each species or species group to the parasitoid community by region of Quebec from 2014 to 2020 for fields where they
were present. AT: Abitibi-Témiscamingue, BSL: Bas-Saint-Laurent, CA: Chaudiere-Appalaches, CDQ: Centre-du-Québec, CN: Capitale-Nationale, EST: Estrie, SLSJ:

Saguenay-Lac-Saint-Jean.

average parasitism rate per field was 26.1% (Table 7). Parasitism rates
varied greatly from year to year. The highest parasitism rate was
observed in 2015 (53.8%) while the lowest was observed in 2016
(10.7%) and 2019 (7.3%) (Table 7). Intermediate parasitism rates were
observed in 2014 (30.2%), 2018 (35.1%) and 2020 (36.3%). The highest
regional averages were observed in Abitibi-Témiscamingue (35.0%) and
Bas-Saint-Laurent (32.0%) (Table 7). Saguenay-Lac-Saint-Jean and
Capitale-Nationale showed intermediate parasitism rates (26.8% and
24.2%, respectively) while the lowest parasitism rate was observed in
Chaudiere-Appalaches (15.0 %).

3.6. Healthy and consumed seeds by CSW
The total number of healthy seeds per pod differed between pods

with no holes and pods with small or large holes (1) = 1719; p < 0.001;
Fig. 4a). The total number of healthy seeds was significantly higher in

undamaged pods (25.9 + 0.2) than in damaged pods (19.9 + 0.2).
Among damaged pods, the total number of healthy seeds in damaged
pods was significantly higher when the CSW larva was parasitized (21.3
=+ 0.4) than when it was not parasitized (19.6 + 0.2).

The number of seeds consumed by CSW larvae was also lower when
it was parasitized (2.5 + 0.1) than when it was not parasitized (4.7 +
0.1; xa) = 167.0; p < 0.001; Fig. 4b). This corresponds to a 47%
reduction in the number of eaten seeds.

4. Discussion

The present study showed that CSW is widely present in the canola
fields of the Province of Quebec (82%), especially in the eastern regions
bordering the Saint Lawrence River (Bas-Saint-Laurent, Chaudiere-
Appalaches, and Capitale-Nationale) where the percentage of pod
damages was highest. However, the overall average percentage of
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Table 6

Parasitism rate of CSW larvae by all parasitoids per field among fields with the presence of parasitoids in the different regions of Quebec sampled between 2012 and
2020. The numbers within brackets represent the number of fields with presence of parasitoids. Regions in the first column are Abitibi-Témiscamingue (AT), Bas-Saint-
Laurent (BSL), Chaudiere-Appalaches (CA), Centre-du-Québec (CDQ), Capitale-Nationale (CN), Estrie (EST), Lanaudiere (LAN), Mauricie (MAU), Montérégie-Est (ME),
Montréal (MTL) and Saguenay-Lac-Saint-Jean (SLSJ). -(—): no sampling.

Region Percentage (number of fields)

2012 2013 2014 2015 2016 2017 2018 2019 2020 Total per region
AT 100 (2) 100 (1) -(0) 100 (1) -(0) -(0) -(0) 2.4 (1) 8.7 (1) 68.5 (6)
BSL 90.5 (3) 86.1 (3) 21.4 (2) 70 (2) 24.3(3) 36.7 (5) 44.7 (7) 151 (4 46.4 (3) 46.3 (32)
CA 71.4 (2) 18 (3) 21.8 (3) 63.3 (3) 10.3 (2) 11.7 3) 6.3 (1) 1.2 (1) 13.3 (1) 27.8 (19)
CDQ 72.2 (3) 30.7 (2) -(0) 100 (1) -() -5 -(=) -(5) -(5) 63.0 (6)
CN 17.5(3) 75.9 (3) 54.1 (5) 75 (2) 16.5 (3) 13.7. (9 30.6 (2) 4.3(2) 26.7 (3) 35.4 (27)
EST 31.8(1) 25 (1) - (=) 100 (1) 100 (1) - (=) -(-) -(-) -(=) 64.2 (4)
LAN -(0) -() ) -(5) -() -(5) -() -(5) =) -(0)
MAU 50 (1) 6.3 (1) -(=) -(0) -(5) -(=) -(=) -(=) -(=) 28.1(2)
ME 50 (1) -(0) =) - - -() -(=) -2 =) 50.0 (1)
MTL 100 (1) -(5) -(5) -(5) -(5) -(5) -() -(5) -(5) 100.0 (1)
SLSJ 80.1 (4) 58.8 (1) 30.8 (2) 50 (1) 159 (1) 13.3(2) 80 (1) 8.8 (4) 53.8 (5) 43.7 (21)
Total per year 68.4 (21) 52.8 (15) 36.7 (12) 75.4 (11) 25.9 (10) 21.4 (14) 41.8 (11) 9.0 (12) 39.2(13) 43.1 (119)

Table 7

Parasitism rate of CSW larvae by T. perfectus among fields with the presence of T. perfectus in the different regions of Quebec sampled between 2014 and 2020. The
numbers within brackets represent the number of fields with presence of T. perfectus. Regions in the first column are Abitibi-Témiscamingue (AT), Bas-Saint-Laurent
(BSL), Chaudiere-Appalaches (CA), Centre-du-Québec (CDQ), Capitale-Nationale (CN), Estrie (EST), and Saguenay-Lac-Saint-Jean (SLSJ). - (—): no sampling.

Region Percentage (number of fields)
2014 2015 2016 2017 2018 2019 2020 Total per region

AT -(=) 100 (1) -5 - - 0.8 (1) 43 M) 35.0(3)
BSL 15.6 (2) 65 (2) 20.6 (2) 26 (5) 41.8 (7) 12.8 (4) 41.2 (3) 32.0 (25)
CA 14.8 (3) 37.5(3) 6.5 (2) 4.3 (2) 6.2(1) 0.7 (1) 92.2(1) 15.0 (13)
CDQ - -(0) -(=) -(=) -2 -(5) -5 -(0)
CN 48.8 (5) 37.5() 9.0 (3) 13.7 (4) 25.9 (2) 3.4(2) 20.8 (3) 24.2 (20)
EST -(=) -(0) -(0) -() -(=) -(=) -(=) -(0)
SLSJ 21.7 (2) 50 (1) 45(1) 6.7 (2) -(0) 7.2(4) 58.9 (4) 26.8 (14)
Total per year 30.2 (12) 53.8 (8) 10.7 (8) 15.9 (13) 35.1 (10) 7.3(12) 36.3 (12) 26.1 (75)
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significant difference between conditions at p < 0.05.

damaged pods per field was relatively low (3.1%). Furthermore, the risk
of yield loss caused by CSW was low since less than 2% of canola fields
exceeded the threshold of 25% damaged pods between 2012 and 2020.
Conversely, an increase in damage has been observed since 2019,
showing that the CSW remains a pest to monitor currently and for the
coming years.

CSW parasitoids are well established in Quebec since they were
present in nearly two-thirds of the canola fields (62%). They were highly

abundant in regions where CSW populations were most concentrated,
specifically in Bas-Saint-Laurent, Chaudiere-Appalaches, and Capitale-
Nationale regions. Interestingly, despite the extensive cultivation of
canola in Abitibi-Témiscamingue, with a bit more than a quarter (3343
ha) of the total canola acreage in Quebec (12,793 ha) (Statistique
Canada, 2022), the CSW was seldom found in this region. In fact, despite
the large number of sampled fields (50), only nine parasitoids (0.8%)
were found in Abitibi-Témiscamingue in six canola fields. The
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substantial drop in the parasitism rate (68.5-13.3%) in Abiti-
bi-Témiscamingue, when considering all sites with the presence of CSW
damage, also suggests that few parasitoids were present compared to
other regions such as Bas-Saint-Laurent, Chaudiére-Appalaches, and
Capitale-Nationale where CSW and parasitoid populations were more
prevalent. Since CSW was discovered in Chaudiere-Appalaches and
Centre-du-Québec regions (Brodeur et al., 2001), populations may be
better established in the eastern regions of Quebec rather than in Abi-
tibi-Témiscamingue located further west of Quebec. Moreover, Abiti-
bi-Témiscamingue is more isolated than other regions, with harsher
winter temperatures (Gouvernement du Québec, 2024) and a lack of
agriculture for several hundred kilometers, which could explain the
lower parasitism rate.

Most of the parasitoids collected (95.7%) belonged to the Pter-
omalidae family, of which almost 80% belonged to the species
T. perfectus. Observed parasitism rates were quite high with 43.1% for all
parasitoid species combined and 26.1% for the main species T. perfectus.

Over the entire period of the project, 2019 was the only year when
the economic damage threshold of 25% of damaged pods was exceeded
for three sites (1.3%). That same year saw the lowest recorded para-
sitism rate, at 9.0%. This agrees with D’Ottavio et al. (2023) who found
the same trend in 2019 in Quebec while looking at the damage threshold
of 3-4 CSW per sweep in 28 canola fields. Overall T. perfectus parasitism
rates found in the current study were also the lowest in 2019 (7.3%) and
in 2016 (10.7%) as in the study of D’Ottavio et al. (2023). Studies have
shown that parasitism rates below 32-36% are ineffective in naturally
controlling populations of a pest (Hawkins and Cornell, 1994). Biolog-
ical control can be considered effective when parasitoid activity results
in a reduction of pest densities below levels of economic harm and thus
generates economic benefits (Hawkins, 1993). Average parasitism rates
and rare exceedances of the economic threshold suggest that CSW par-
asitoids, and more specifically T. perfectus, effectively control pop-
ulations of this pest when present in canola fields. In addition to
providing effective control of the CSW, the presence of parasitoids
makes it possible to limit the number of eaten seeds by CSW larvae by
47% in average when larvae are parasitized. Previous studies reported a
decrease in eaten seeds by parasitized larvae, but percentages were
lower ranging from 28% (Dmoch and Klimek, 1975) to 38% (Murchie,
1996). Other studies also found a decrease in seeds eaten by other
coleopteran and Curculionidae pest species when they are parasitized by
Pteromalidae wasps (Gomez and Zamora, 1994; Nakai et al., 2011;
Martins, 2013; Cuny et al., 2022). Cuny et al. (2022) even found that
seed germination is enhanced in the presence of parasitoids.

Overall, T. perfectus parasitism rates followed the same trend as
parasitism rates for all species combined. This appears normal as
T. perfectus is the predominant species and therefore contributes greatly
to the overall parasitism rate. This trend was also recently found in some
other studies conducted in Europe (Kovacs et al., 2019; Langer and
Jensen, 2024) and in Canada (D’Ottavio et al., 2023). Regarding the
species T. lucidus, which is the second most abundant species after
T. perfectus, it is interestingly not necessarily present in regions with the
highest numbers of parasitoids. However, it is strongly associated with
the CSW in North America (Haye et al., 2013) and was found to be
abundant in canola fields in Quebec (Mason et al., 2011). It is therefore
possible that this species, along with others parasitizing the CSW, may
have different distribution areas and host species other than the CSW
related to these areas. It has been shown for instance that T. lucidus was
among the dominant parasitoids of Ceutorhynchus neglectus in North
America (Haye et al., 2015; Desroches et al., 2023). It is also possible
that T. perfectus is more competitive than T. lucidus in parasitizing the
CSW, which would further confirm the dominance and effectiveness of
T. perfectus in controlling CSW populations in Quebec, such as in Europe
(Veromann et al., 2010; Kovacs et al., 2013; Haye et al., 2015; Kovacs
et al., 2019). More samplings would be necessary to monitor the evo-
lution of different parasitoid species in the different regions of Quebec.

In conclusion, the results of this study showed that parasitoids are
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essential allies in controlling CSW populations and that they contribute
to maintaining these populations below the threshold of economic
damage in Quebec. Indeed, the quite high parasitism rates found in this
study suggest that parasitoids, and especially the species T. perfectus, can
provide effective control of the CSW populations when they are present
in canola fields. In addition to providing effective control, the presence
of parasitoids makes it possible to limit the number of seeds eaten by
CSW larvae by 47% when they are parasitized. It would be worthwhile
to conduct a similar study in the Canadian Prairies, where CSW is well
established, to assess the need for releasing T. perfectus, as it is currently
absent from this part of North America.
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