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Abstract The potential for pheromone-based mating dis-
ruption of the Brassica pest Contarinia nasturtii was tested,
both in small-scale plots with Brussels sprouts and in
commercial-scale fields with either broccoli or cauliflower.
Experiments in the small-scale plots used laboratory-reared
insects released into a previously uninfested area, whereas
large-scale experiments used a high natural population of C.
nasturtii. Effectiveness of mating disruption was evaluated
by the reduction of male captures in pheromone traps, and
by reduction of crop damage caused by C. nasturtii. Dental
cotton rolls (small-scale experiment) and polyethylene caps
(large-scale experiment), containing 50 pg (25, 9S)-diace-
toxyundecane, 100 png (25,105)-diacetoxyundecane, and
1 ug (2S)-acetoxyundecane, spaced 2 m apart, served as
dispensers in the test plots. In both experiments, mean
catches of C. nasturtii males in pheromone traps were
reduced to near zero in treated plots, with control plots
averaging 71 males/trap. In the large-scale experiments, no
males were caught in pheromone traps over a period of
41 days after mating disruption was applied; one male was
caught from days 42-60. In the small-scale trials, crop
damage was reduced by 59 %, compared to the untreated
control plot. In the large-scale experiments, damage was
reduced on average by 91 %. This study shows successful
field application of the mating disruption technique for
control of a member of the dipteran family Cecidomyiidae,
and demonstrates that pheromone-based mating disruption
has potential for management of C. nasturtii populations.
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Introduction

The Cecidomyiidae, gall midges, are a dipteran family con-
taining about 5000 species (Gagné, 1989), of which a num-
ber are important agricultural pests. The swede midge,
Contarinia nasturtii (Kieffer), is a serious pest infesting
Brassicaceae, e.g., broccoli, cauliflower, cabbage, and Brus-
sels sprouts. Even relatively low population levels of this
midge can cause high levels of damage (Harris, 1966;
Darvas et al., 2000). The midge is widespread and econom-
ically important in Europe, and was introduced into Canada
in the mid-1990s (Hallett and Heal, 2001), and later into the
USA (Kikkert et al., 2006). The initial infestations in
Ontario, Canada caused up to 85 % crop losses on some
farms (Hallett and Heal, 2001). Contarinia nasturtii has
spread to several important vegetable and canola growing
regions in North America (Chen et al., 2011).

A pheromone-based monitoring system has been devel-
oped for adult males of C. nasturtii, using a blend of
(28,98)-diacetoxyundecane, (25,10S)-diacetoxyundecane,
and (S)-2-acetoxyundecane (Hillbur et al., 2005; Boddum
et al., 2009). Effective control of this pest requires a number
of insecticide applications at weekly or even shorter inter-
vals (Baur et al., 2005; Chen et al., 2007, 2011). Sustainable,
cost-effective methods need to be developed to control the
pest at low and high infestations.

Female C. nasturtii lay eggs in clusters on young plant
tissue (Barnes, 1946; Readshaw 1961). The larvae feed at
the growing tips of a plant, leading to gall-like distortions,
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turning growing tips, deformed plant tissue, and corky
brown scars. In Brussels sprouts, cauliflower, broccoli, and
other Brassica vegetable crops, even the slightest damage
leaves the yield unmarketable. When larvae are fully devel-
oped, they move into the soil, form cocoons, and either
pupate, before emerging to start the next generation cycle,
or begin a diapause that can be one or two winters long.
Depending on the regional climate, C. nasturtii has three to
four generations per year (Readshaw 1961; Hallett et al.,
2009b). In spring, diapausing larvae leave the winter cocoon
and create a summer cocoon in which they pupate and then
eclose. Emergence is determined by temperature and mois-
ture (Readshaw, 1966).

Common characteristics for cecidomyiid midges are their
small size (a few mm) and the short life span of adults (1—
2 days) (reviewed by Hall et al., 2012). In many species, males
mate several times, whereas females mate only once and
produce monogenous progeny (ibid.). Given that C. nasturtii
mate shortly after emergence (Barmes, 1946) and that the flight
range of adults is relatively short (Samietz et al., unpublished
data), there may be potential to control damage by this midge
through use of pheromone mating disruption. Accordingly,
the aim of this study was to trial an effective and environmen-
tally acceptable control of C. nasturtii by applying synthetic
sex pheromone of C. nasturtii to prevent mating, and conse-
quently reproduction, of this pest in crops.

Methods and Materials

Pheromone Dose and Dispensers Dispenser spacing was set
to 2x2 m, providing a radius of about 1 m around each
dispenser, in order to match the low flight ability of the
midges (Samietz et al., unpublished data). Each dispenser
was loaded with a blend of 50 pg (25, 9S)-diacetoxyunde-
cane, 100 pg (25,108)-diacetoxyundecane, and 1 pg (25)-
acetoxyundecane, diluted in 100 ul of hexane, resulting in a
dose 100 times higher than the dose used for monitoring
(Hillbur et al., 2005). Freshly loaded dispensers were placed
in the crop 3 d prior to experiments.

The pheromone used in the small-scale experiments was
loaded in dispensers made of whole dental cotton rolls
(14 mm diam., length 40 mm; IVF Hartmann, Neuhausen,
Switzerland). Each dispenser was covered by a delta-
shaped, 10 cm-wide sheet (10 cm high; open to the sides),
made of white plastic foil, for rain protection, and mounted
at a height of 45 cm.

In the large-scale experiments, polyethylene vial caps
(12 mm diam., height 8.5 mm, Semadeni, Ostermundigen,
Switzerland) were used, as polyethylene is a longer-lasting
dispenser than cotton in the field (Boddum et al., 2009). The
vial caps were pressed through holes, matching their diam-
eter, in white plastic cross-slit labels (Kreuzschnittetiketten
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4x8 cm; Baumann Saatzuchtbedarf, Waldenburg, Ger-
many). One dispenser was adjusted to one plastic cross-slit
stick of 40 cm length (Kreuzschnittetikettenstéibe; Baumann
Saatzuchtbedarf, Waldenburg, Germany). Another cross-slit
label (c.f. above), without a hole, was slipped on the same
stick exactly above the dispenser, in order to protect it from
rain and sunlight (especially ultraviolet radiation). The
ready-made sticks were fixed about 15 cm deep into the
soil; i.e., dispensers were at a height of about 25 cm above
ground. Again, dispensers were spaced in a rectangular 2 x
2 m grid over the entire plot.

The field doses of pheromones were estimated based on
approximate release rates from trapping dispensers in the
field (S. Rauscher, unpublished data). Additional field
experiments showed that the release-rate ratio of the three
components was relatively constant over a period of 32 d in
the field (Boddum et al., 2009). Polyethylene dispensers
were highly attractive in the field for a period of 46 d,
despite comparatively low release rates toward the end of
the period (Boddum et al., 2009). In dental cotton dispens-
ers, the amounts of pheromone components released during
the field trials over 70 d were estimated to average
1.78 mg-ha '-day ' (25, 9S)-diacetoxyundecane,
3.57 mg-ha '-day ' (25,105)-diacetoxyundecane, and
35.7 ug~ha_1-day_1 (28)-acetoxyundecane. In the polyethyl-
ene dispensers, the amounts released over 100 d were esti-
mated to average 1.25 mg-ha '-day ' (25, 9S)-
diacetoxyundecane, 2.5 mg-ha "-day ' (25, 10S)-diacetox-
yundecane, and 25 pg-ha '-day ! (25)-acetoxyundecane.

Small-Scale Experiments Two equally designed and planted
plots of Brussels sprouts (Brassica oleracea var. gemmifera
cv. Helemus) were used with released midges. The plots were
located on the ACW experimental farm at Wéadenswil
(Switzerland). Dimensions of the plots were 1616 m, with
a distance of 1 m between rows, and about 40 plants per row
(640 plants per plot). Neither of the plots had Brassica planted
for several years prior and, as a consequence, had no natural
population of C. nasturtii. The two plots were located about
500 m apart and were separated by a row of greenhouses,
which probably precluded midge movements from one plot to
the other and pheromone contamination of the untreated plot.
One plot was treated with pheromone for mating disruption;
the other was untreated and used as a control.

Contarinia nasturtii were released into plots by placing
12 pots in each plot. Each pot contained substrate with 150—
250 pupae of laboratory-reared midges. The total expected
emergence of adult midges was about 1000 males and 1000
females per plot per release, hatching over a period of
approximately 1 week.

In the initial experiment, starting 20 July 2004, pots were
placed in a row 30 m west of the treated and control plots.
Plants in the plots, planted 10 weeks before, were about
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50 cm high. This experiment tested whether mating disrup-
tion in a target field was effective when the emergence area
was not treated with pheromone.

In a second experiment, starting 9 August 2004, pots
were randomly distributed within the treated and control
plots. Plants in plots were planted 13 weeks earlier, and
were about 65 cm high. The experiment tested whether
mating disruption in a target field is effective when midges
emerge within the treated plot. The general effectiveness of
mating disruption was tested by pheromone-trap shutdown.
For this, four pheromone traps were randomly distributed
over each of the treated and control plots. The sticky inserts
of the traps were checked, changed, and catches determined
at 3- or 4-d intervals over 6 weeks.

Damage for both experiments was scored at harvest time
(end of September 2004). Randomly starting within each
row, every Sth plant was inspected for damage; i.e., about
130 plants were examined from each of the control and
treated plots. Each plant was scored for early damage by
Ist-release midges (leaf axillary sprouts on lower plant half)
and later damage by 2nd-release midges (leaf axillary
sprouts on higher plant half, not yet formed at time of 1st
release of midges). Damages scored for each plant were the
number of distorted sprouts and the number of sprouts with
cork damage.

Large-Scale Experiments Large-scale field experiments
were carried out in commercial Brassica fields in the See-
land area between Miintschemier and Kerzers in Switzer-
land. This area is one of the most important Swiss vegetable
growing areas, with many medium-size vegetable fields.
The breeding conditions for C. nasturtii are good in this
area, due to the bog soil and moist conditions supported by
irrigation, with the population densities being high.

The first experiment was conducted in a 3000-m? broc-
coli field (Brassica oleracea var. italica cv. Fiesta) in

Table 1 Catches of Contarinia nasturii males in pheromone traps
(cumulative and per interval) in Brussels sprouts plots where C. nas-
turtii males and females were released within the plots. Numbers in the

Miintschemier, in two plots planted 29 July 2005 (plot 1.1,
100% 15 m) and 12 July 2005 (plot 1.2, 100x 15 m), respec-
tively. The treated area within plots was 34x34 m
(1156 m?), using 16x16 (256) pheromone dispensers. The
treated plot produced 504 plants at harvest, while the control
plot, without any treatment, was 16x30 m (480 m?) and
produced 980 plants at harvest.

The second experiment was conducted in a 8000-m>
broccoli field (Brassica oleracea var. italica cv. Fiesta) in
Kerzers, planted 1 August 2005 (plot 2). The treated area
was 34 x42 m (1428 m?), and used 16 x20 (320) pheromone
dispensers. It produced 635 plants at harvest. The control
area, without any treatment, was 16x40 m (640 m?) and
produced 677 plants at harvest.

The third experiment was conducted in a 5250-m? cauli-
flower field (Brassica oleracea var. botrytis cv. Fremont) in
Ried, planted 2 August 2005 (plot 3). The treated area was
34x42 m (1428 m?), used 16x20 (320) pheromone dis-
pensers, and produced 338 plants at harvest. The control
area, without any treatment, was 10x35 m (350 m?), and
produced 346 plants at harvest.

All pheromone dispensers were placed in the fields on 2
August 2005. Damage scoring was carried out on 30 Sep-
tember 2005 (the two broccoli fields, plots 1.1, 1.2, and 2)
and on 18 October 2005 (the cauliflower field, plot 3),
scoring each plant (sample sizes given above) in the treated
and control plots into the following categories: A—no dam-
age, B—cork damage, C—deformed inflorescence, D—
without inflorescence. Only category A would be market-
able in Switzerland.

Statistics Pheromone-trapping results were compared using
repeated measures analyses of variance (RM-ANOVA), with
sampling times being the repetitions in the analysis, followed
by a pairwise comparison of treated and control plots by
Dunn-Sidak tests. Damage in the small-scale experiments

column marked “Pheromone” refer to trap catches in the plot where
pheromone dispensers for mating disruption were applied; the other
“Control” plot was left untreated. N=4/plot

Dispenser Cumulative catches Catches per trap (mean) Dunn-Sidak tests Cumulative ratio
Exposure (d) Pheromone Control Pheromone SE Control SE Pheromone vs. Control Control/total catches
7 0 183 0.0 0.0 46 3.8 P<0.001 100 %

11 0 247 0.0 0.0 16 1.5 P<0.001 100 %

14 0 262 0.0 0.0 3.8 1.1 P=0.05 100 %

18 0 271 0.0 0.0 2.2 1.1 P<0.05 100 %

21 0 275 0.0 0.0 1.0 0.4 P<0.05 100 %

25 0 281 0.0 0.0 1.5 0.6 n.s. 100 %

28 0 282 0.0 0.0 0.2 0.2 n.s. 100 %

32 1 283 0.2 0.2 0.2 0.2 n.s. 99.6 %

35 1 283 0.0 0.0 0.0 0.0 - 99.6 %
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was analyzed by analyses of covariance (ANCOVA), with
treatment as factor and spatial arrangement (crop row from
immigration side) as covariate. Proportions of plants in the
different damage categories of the field-scale trials were com-
pared by x” tests for analyzing the tabulated counts. Efficacy
of pest control in each trial was calculated as relative reduction
of damage in the treated vs. the control plot (Abbot’s formula).
All statistics were performed with XLStat Pro V2011.204
(Addinsoft, Andernach, Germany).

Results

Small-Scale Experiments Application of pheromone
resulted in a complete reduction of trap catch in pheromone
traps in the plot where midges were released inside the plot
(Table 1); no midges were caught over four continuous
weeks (RM-ANOVA, treatment by repetition: F74,=100.3,
P<0.001). During the same period, traps in control plots
caught more (282) midges (Table 1; Dunn-Sidak tests,
P<0.05). Five weeks after release, a single male was caught
in the treated plot (Table 1).

In total, 79.4 % of all plants in controls of the small-scale
trials were damaged by C. nasturtii, indicating that the release
of midges simulated high population pressure. The spatial
distribution of damage in the control and pheromone-treated
plots is shown in Fig. 1. The total damage across the sampled
plants (Fig. 1a) was influenced by treatment (ANCOVA fac-
tor: Fy 260=37.5, P<0.001), but not by spatial arrangements of
rows from the initial immigration side, i.e., in the first exper-
iment with release from distance (ANCOVA covariate:
F1260=0.227, P=0.634). The same result was obtained when
analyzing separately for early damage caused by midges
released from distance (Fig. 1b; ANCOVA factor: F z60=
6.62, P=0.011, covariate: [} ,50=0.001, P=0.973), and also
for late damage caused by midges released from inside the
plots (Fig. 1 c; ANCOVA factor: F,60=51.3, P<0.001,
covariate: Fj 560=0.459, P=0.499).

The pheromone treatment resulted in a reduction of dam-
age by C. nasturtii, both when midges were released at a
distance from the plots, and also when they were released
inside plots (Table 2). When midges were released from a
distance, crop damage was reduced by 68 % (ANCOVA
factor: Fj 560=4.00, P<0.05, covariate: F| 260=0.237,
P=0.627), when measured by the number of distorted
sprouts, and by 80 % (ANCOVA factor: F60=5.22,
P<0.05, covariate: F60=0.002, P=0.962), when mea-
sured by cork-damaged sprouts. Damage was also reduced
when midges were released within the field; by 75 %, when
measured by the number of distorted sprouts (ANCOVA
factor: F60=49.2, P<0.001, covariate: Fy 560=1.39,
P=0.238), and by 34 %, when measured by the cork-
damaged sprouts (ANCOVA factor: F 560=11.7, P<0.001,

@ Springer

covariate: Iy 560=2.99, P=0.082). The overall reduction of
damage in the two release experiments was 59 % (Table 2;
ANCOVA factor: F 260=37.5, P<0.001).

Large-Scale Experiments In the commercial fields, no C.
nasturtii males were caught in pheromone traps over the
first 41 days after the mating disruption treatment had been
applied; from days 42-60, one male was caught (Fig. 2;
Dunn-Sidak tests, P<0.05). In the untreated control, 473
males were caught during the first 41 days, and 239 males
caught from days 42-60. Over the entire period, the
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Table 2 Damage caused by Contarinia nasturtii in Brussels sprouts in a plot with pheromone dispensers for mating disruption (Pheromone) vs. an

untreated (Control) plot

Damage type related to C. nasturtii

Release of midges causing damage

Number of sprouts damaged per Treatment efficacy

plant

Pheromone Control

Mean SE Mean SE
Distorted sprouts (A) (lower plant half) Midges released 30 m from plot 0.95 0.12 3.00 0.27 68 %
Cork-damaged sprouts (B) (lower plant half)  As above 0.06 0.02 0.31 0.07 80 %
Distorted sprouts (C) (higher plant half) Midges released within plot 0.02 0.02 0.09 0.03 75 %
Cork-damaged sprouts (D) (higher plant half)  As above 1.00 0.16 1.52 0.17 34 %
Sum of symptoms (A-D) 2.03 0.21 4.92 0.42 59 %

Sample size (Number of plants)

130 131
(20 % of all plants sampled from
each treatment)

difference in trap catches between treated and control plots
was highly significant (RM-ANOVA, treatment by repeti-
tion: Fg 45=5.27, P<0.001).

Untreated control plots of the field trials had rates of
damaged plants between 7.4-19.1 % (average 12.4+2.5 %,
SE). All three fields included in the large-scale experiment
showed a reduction in damage by C. nasturtii (Fig. 3, x°-
tests, P<0.01). Total damage rates in the untreated control
ranged from 10-19 % (Fig. 2a). The reduction in crop
damage due to pheromone treatment was 90.9 %, on aver-
age (Fig. 3a). When discriminating for damage type, cork
damage (corky scars on plant tissue), deformed inflores-
cence, and missing inflorescence, the different plots had
similar patterns, except for the 1% planting in Miintschemier,
in which plants in the pheromone-treated areas showed no
deformed or missing inflorescences, implying a 100 % mat-
ing disruption efficacy for these damage types (Fig. 3b—d).

Discussion

Our study showed that the tested release rates of (2S5,9S)-
diacetoxyundecane, (2S5,10S5)-diacetoxyundecane and (25)-
acetoxyundecane prevented male capture of C. nasturtii in
pheromone traps, and also reduced plant damage caused by
this pest. This demonstrates the potential of pheromone-
based mating disruption for control of these cecidomyiid
midges, supporting previous pheromone-based control stud-
ies, using attract and kill, mass trapping, and mating disrup-
tion techniques, on apple leaf curling midge, Dasineura
mali, and raspberry cane midge, Resseliella theobaldi,
(reviewed by Hall et al., 2012),

Polyethylene dispensers generated complete trap shut-
down over a period of 41 days, and close to 100 % reduction

over 60 days in plots containing released C. nasturtii. In
plots with natural infestations of C. nasturtii, treatment
reduced damage by 91 % (cauliflower), 94 %, and 88 %
(broccoli) relative to untreated controls. A reduction of
damage in treated plots was also achieved when midges
were released at a distance from the plots, suggesting that
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pheromone traps in two large-scale fields with pheromone dispensers
for mating disruption, and in two control fields (a plot 1, b plot 2). In
each field plot, four pheromone traps were placed randomly. Asterisks
indicate differences (RM-ANOVA, Dunn-Sidak tests, P<0.05) in trap
catches between pheromone treated plots and untreated control plots
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a substantial proportion of matings must have occurred
away from the site of emergence/release (i.e., probably
within control plots). This is promising with respect to the
potential of using mating disruption, as the technique may
be effective against midges moving into a crop for mating
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and subsequent oviposition. This also suggests that males,
as well as females, may be attracted to the Brassica host
plant, in contrast to what has been suggested for the related
pea midge, C. pisi (Wall et al., 1991).

Pyrethroid, spinosyd, and neonicotinoid insecticides
are efficient against C. nasturtii in the laboratory and in
the field, as long as population densities are moderate
(Wu et al., 2006; Chen et al., 2007; Hallett et al.,
2009a). Damage levels in Brassica vegetable cultures
are kept within the range of marketable quality at the
beginning of the season by regular application of these
insecticides (Wu et al., 2006; Hallett et al., 2009a). Under
high population densities, later in season, however, the
efficacy of insecticides is much lower than what we
achieved by pheromone mating disruption in the present
study (Hallett et al., 2009a). Our large-scale trials, com-
parable to high population pressures under natural field
conditions, showed a 90 % reduction in damaged plants
compared to control plots in which nearly 20 % of the
plants were damaged (plot 3).

However, mating disruption is likely to be relatively
expensive, due to the relatively high costs of synthetic
pheromone. The three components tested were all pure S-
enantiomers, for which the syntheses are laborious and
time-consuming (Hillbur et al., 2005). A possible cheaper
option would be to use mixtures of stereoisomers of the
three components, with total amounts increased to account
for the lower amounts of the correct enantiomers in the
racemates. The presence of R-enantiomers of two (2,9-
diacetoxyundecane and 2-acetoxyundecane) of the three
components in the attractive three component blend of S-
enantiomers has little or no effect on male orientation and
pheromone trap catch in the field (Boddum et al., 2009).
We would expect, at least for these two components, that
mating disruption with racemates should also work by
interfering with mate location. In contrast, the presence
of the non-natural stereoisomers of 2,10-diacetoxyunde-
cane, i.e., (2R,10R)-diacetoxyundecane or meso-2,10-
diacetoxyundecane, has a strong inhibitory effect on male
orientation and trap catch (Boddum et al., 2009). Never-
theless mating disruption could be effective with a cheap
mixture of stereoisomers, based on a combination of
disruptive and repellent effects (Bengtsson et al., 1994,
Suckling and Burnip, 1996; Eizaguirre et al., 2007).

Although the influence of dispenser spacing and active
dose range remains to be investigated, the synthetic phero-
mone blend tested in this study shows potential for manag-
ing C. nasturtii populations. Its use may substitute for, or at
least reduce the input of, chemical insecticides (Wu et al.,
2006; Hallett et al., 2009a), or enhance other control
approaches for this pest, such as cultural techniques or host
plant resistance (Wyss and Daniel, 2004; Chen and Shelton,
2007; Hallett, 2007; Chen et al., 2009).
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