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The swede midge, Contarinia nasturtii, is a significant pest of cruciferous crops in
Canada and the United States. Though some control has been achieved with chemical pesticides,
there is a need to evaluate alternative tactics for organic producers. The purpose of this study is
to examine how C. nasturtii life history traits impact the potential success of alternative control
tactics.
The effect of temperature on three entomopathogenic nematode species, and one
entomopathogenic fungus were investigated. Successful reproduction and infectivity were
observed in all nematode species and a nematode-fungus combination generally caused highest
mortality to all C. nasturtii life stages. The fungus suppressed emergence from soil in 2012 and
all nematode treatments suppressed emergence in 2013 in broccoli fields.

Biopesticides were evaluated for larval mortality and oviposition deterrence in the
greenhouse, and damage symptoms in the field. In greenhouse trials, treatments resulted in
significant reductions, with a greater proportion of reductions attributable to oviposition
deterrence than larvicidal activity. Field trials showed the potential for biopesticides to reduce
feeding damage; however, efficacy was dependent on C. nasturtii abundance.
Insect exclusion fencing and planting dates were evaluated as tactics to reduce C.
nasturtii damage through spatial and temporal avoidance. Fencing increased the number of
marketable plants when plots were separated from fields infested with C. nasturtii by ~800 m,
but no effect was observed with lower spatial separation. A survey of flight height produced
observations of adults flying 240 cm above the soil, which is above the height of the fencing.
Reduced damage was observed in late broccoli plantings and early cabbage plantings, while
traditional planting dates suffered total yield losses.
The population model MidgEmerge was evaluated for prediction accuracy of spring
emergence, and sensitivity to temperature, rainfall, and model parameters. Predictions were early
during hot, dry years, and late during cool, wet years. Temperature affected model output, but
rainfall did not. Manipulating thresholds for ‘diapause larva development temperature’, and
‘minimum temperature for pupal growth’ resulted in changes to predicted emergence. Prediction
by MidgEmerge potentially overstates the effect of temperature, and understates the effect of
rainfall. Recommendations to improve model accuracy are provided.

Dedication

This dissertation is dedicated to my family.
Nuria, you’ve sacrificed so much so that I could pursue this goal. Your intelligent advice,
compassionate ear, unyielding support, and steady work ethic served as my greatest motivation
through the most challenging times. You are my person.
Julien, Noemi, and the coming bundle, you keep me present, in the moment. I hope you’ll look to
this undertaking as motivation to persevere and pursue your dreams. Vous n’avez que cette seule
et unique chance de vivre votre vie. Vivez la pleinement. Poursuivez votre bonheur – et restez
toujours jeunes.
I love you all more than you can know.

iv

Acknowledgements
Rebecca Hallett, my advisor, your immense patience, great compassion and understanding,
personal support, and relentless professionalism and integrity, were vital in my staying the course. I am
indebted, though I fear I cannot reciprocate in equal measure. I will endeavour to pay it forward.
To my advisory committee members. You provided me with terrific guidance and advice.
Katerina Jordan, your empathy and understanding was integral to my ability to persevere. Michael
Brownbridge, your steady support and unrelenting encouragement served as strong motivation for me to
keep working. Thank you both, so very much.
Jamie Heal, you gave me my first opportunity to work in entomology so many years ago, I am
very grateful for your friendship. I am privileged to have toiled alongside many brilliant colleagues;
Shahram Sharififar, Christie Bahlai, Lauren Des Marteaux, Cara McCreary, Jon Williams, Angela
Gradish, Kruti Shukla, Andrew Frewin, David Makynen, Stephen Luk, Morgan Jackson, Steve Paiero,
Dave Cheung, and Adam Brunke. Thank you all for your support, advice, and friendship. To the
competent and energetic undergraduate research assistants, notably; Niamh Wall, Victoria Hard, Chris
House, and Jordan Hazell, thank you for the long hours you invested in support of my research. It has
been a pleasure to work with the excellent entomology faculty at University of Guelph - Cynthia ScottDupree, Gard Otis, and Stephen Marshall, thank you for your support and advice.
Justin Renkema, you are a great friend. Thank you for the opportunity, I hope to collaborate in the
future. The Evans family will never forget our amazing Florida experience. We look forward to more
memorable moments with yourself, Katherine and Roselle.
Dr. Stephen Borneman, I would not have undertaken this effort without the great example you set
for me. You made me believe this was possible. Aaron Goldwater, Richard Odaimi, Michael Borneman,
Derek Atchison, Jeff Chong, Omar Hamam, Justin Kwitco, Ark Opara, Deesh Jain, you are my brothers.
You have always been in my corner, and you can count on me to do the same.
Chantal and Patrick, I am so proud of you every day. Nuria, the kids, and I are so lucky to have
you – we feel loved and supported, always. No matter the paths we chart, we will always have each other.
Mari Carmen Robles, you bring so much joy into our lives and you provide support in more ways than
you can know. Gregory, Rory, Kimmie, Ashley, Amanda, and RJ Evans (along with so many others!),
we’ve shared so much these last several years. I cherish your love and support. Mes chères tantes,
Jeanette et Anita, et toute la famille Boudreau, nous ressentons toujours votre amour et votre appui.
Thomas and Esther Evans. Oh, how I wish you could have been with me along this journey. I am
reminded of you constantly, as your joyful, loving spirit lives on in your three (soon to be 4!) beautiful
grandchildren.

This project was funded by the OMAFRA New Directions and Alternative Renewable Fuels Research
Program.

v

Table of Contents
ABSTRACT .................................................................................................................................... ii
Dedication ...................................................................................................................................... iv
Acknowledgements ......................................................................................................................... v
List of Tables ................................................................................................................................. ix
List of Figures ................................................................................................................................ xi
Chapter 1: Contarinia nasturtii in North America ..................................................................... 1
1.0 Introduction ............................................................................................................................... 1
1.1.1 Biology and pest status of C. nasturtii ................................................................................... 2
1.1.2 Integrated pest management and considerations for organic production............................... 4
1.1.3 Chemical control of Contarinia nasturtii .............................................................................. 6
1.1.4 Biological control with predators and parasitoids ................................................................. 8
1.1.5 Biological control with entomopathogenic nematodes .......................................................... 9
1.1.6 Biopesticides ........................................................................................................................ 12
1.1.7 Physical and cultural controls .............................................................................................. 13
1.1.8 Modelling the population dynamics of Contarinia nasturtii ............................................... 15
1.2 General Objectives .................................................................................................................. 16
Abstract ......................................................................................................................................... 18
2.0 Introduction ............................................................................................................................. 19
2.1 Materials and Methods ............................................................................................................ 24
2.1.1 Insect Culture ....................................................................................................................... 24
2.1.2 Entomopathogenic Nematodes and Fungus ......................................................................... 25
2.1.3 Entomopathogenic Nematode Infectivity and Reproduction Assay .................................... 25
2.1.4 Life Stage and Temperature Bioassays ................................................................................ 26
2.1.5 Combined Treatment with H. bacteriophora and M. anisopliae .......................................... 27
2.1.6 Infectivity on Host Plant Foliage ......................................................................................... 27
2.1.7 Suppression of Field Emergence ......................................................................................... 28
2.1.8 Statistical Analysis ............................................................................................................... 29
2.2 Results ..................................................................................................................................... 30
2.2.1 Entomopathogenic Nematode Infectivity and Reproduction Assay .................................... 30
2.2.2 Life Stage and Temperature Susceptibility Bioassays ......................................................... 31
2.2.3 Combined Treatment with H. bacteriophora and M. anisopliae ......................................... 33
2.2.4 Infectivity on Host Plant Foliage ......................................................................................... 35
vi

2.2.5 Suppression of Field Emergence ......................................................................................... 35
2.3 Discussion ............................................................................................................................... 35
Acknowledgements ....................................................................................................................... 43
Chapter 3: Efficacy of Biopesticides for Management of the Swede Midge (Diptera:
Cecidomyiidae) ............................................................................................................................ 44
Abstract ......................................................................................................................................... 44
3.0 Introduction ............................................................................................................................. 45
3.1 Materials and Methods ............................................................................................................ 47
3.1.1 Insect Culture ....................................................................................................................... 47
3.1.2 Plant Material ....................................................................................................................... 48
3.1.3 Insecticides ........................................................................................................................... 48
3.1.4 Oviposition Deterrence Experiments ................................................................................... 49
3.1.5 Larval Mortality Experiments .............................................................................................. 50
3.1.6 Insecticide Efficacy Field Trials .......................................................................................... 52
3.1.7 Statistical Analysis ............................................................................................................... 53
3.2 Results ..................................................................................................................................... 55
3.2.1 Oviposition Deterrence Experiments ................................................................................... 55
3.2.2 Larval Mortality Experiments .............................................................................................. 56
3.2.3 Insecticide Efficacy Field Trials .......................................................................................... 58
3.3 Discussion ............................................................................................................................... 62
Acknowledgements ....................................................................................................................... 69
Chapter 4: Physical and cultural control tactics against the swede midge, Contarinia
nasturtii Kieffer (Diptera: Cecidomyiidae) ............................................................................... 70
Abstract ......................................................................................................................................... 70
4.0 Introduction ............................................................................................................................. 71
4.1 Materials and Methods ............................................................................................................ 74
4.1.1 Exclusion Fencing Trials ..................................................................................................... 75
4.1.2 Planting Date Trials ............................................................................................................. 77
4.1.3 Flight Height Experiment .................................................................................................... 78
4.1.4 Ground Cover Trials and Biological Controls ..................................................................... 80
4.1.5 Statistical Analyses .............................................................................................................. 81
4.2 Results ..................................................................................................................................... 82
4.2.1 Exclusion Fencing Trials ..................................................................................................... 82
vii

4.2.2 Planting Date Trials ............................................................................................................. 83
4.2.3 Flight Height Experiment .................................................................................................... 89
4.2.4 Ground Cover Trials ............................................................................................................ 90
4.3 Discussion ............................................................................................................................... 90
Acknowledgements ....................................................................................................................... 96
Chapter 5: Evaluation of factors affecting the predictive ability of the MidgEmerge
population dynamics model for Contarinia nasturtii in North America ................................ 97
Abstract ......................................................................................................................................... 97
5.0 Introduction ............................................................................................................................. 98
5.1 Materials and Methods .......................................................................................................... 102
5.1.1 Pheromone trap monitoring ............................................................................................... 102
5.1.2 Meteorological data ........................................................................................................... 102
5.1.3 MidgEmerge predictive accuracy of first emergence ........................................................ 103
5.1.4 Sensitivity analysis of model variables .............................................................................. 103
5.1.5 Correlations between emergence and meteorological data ................................................ 105
5.2 Results ................................................................................................................................... 105
5.3 Discussion ............................................................................................................................. 107
Chapter 6: General Discussion and Conclusions ................................................................... 118
6.1 Biologically-based control of C. nasturtii with entomopathogens and biopesticides .......... 121
6.2 Spatial and temporal isolation of susceptible crops from C. nasturtii .................................. 124
6.3 Evaluating predictions of spring emergence of C. nasturtii ................................................. 127
6.4 Statistical analysis of categorical variables........................................................................... 128
6.5 Future Research .................................................................................................................... 130
6.6 Conclusion ............................................................................................................................ 131
References Cited ......................................................................................................................... 134

viii

List of Tables
Table 2-1. Mean (± SE) % mortality of C. nasturtii larvae, cocoons and pupae inoculated with
entomopathogens and incubated at 16°C, 20°C or 25°C. ............................................................. 32
Table 2-2. Interactions observed when H. bacteriophora and M. anisopliae were combined for
the suppression of C. nasturtii. ..................................................................................................... 34
Table 2-3. Proportional mortality (mean ± SE) of C. nasturtii following inoculation of
entomopathogenic nematodes onto the plant meristem. ............................................................... 36
Table 2-4. Mean number of adult C. nasturtii collected in emergence traps following application
of infested soil with entomopathogens at Pfennings and Elora, Ontario, in 2011, 2012 and 2013.
....................................................................................................................................................... 37
Table 3-1. Contarinia nasturtii eggs collected from the meristematic tissue of cauliflower
following oviposition by adults exposed to plants 2 h and 24 h after application of insecticide
treatments. Data pooled for two repetitions of each experiment. ................................................. 56
Table 3-2. Percent larval reduction, larval mortality, and attribution of reduction to oviposition
deterrence or larvicidal activity, in the meristematic tissue of cauliflower treated with insecticide
before- and after oviposition. ........................................................................................................ 57
Table 3-3. Estimated probabilities of larval C. nasturtii feeding damage on broccoli treated with
insecticides in field trials at Zephyr in 2011 and Elora in 2013, where a rating of 0 = no damage,
1 = mild crumpling of leaves, 2 = severe crumpling and twisted stem, 3 = complete absence of
head. .............................................................................................................................................. 58
Table 3-4. Mean number of uninfested (rating=0) and marketable (rating≤1) broccoli plants per
10-plant sample following treatment with insecticides in field trials at Zephyr in 2011 and Elora
in 2013. ......................................................................................................................................... 59
Table 4-1. Mean harvest damage ratings (0-3), and mean number of uninfested (rating=0) and
marketable (rating ≤1.0) broccoli plants per 10-plant sample in fenced and unfenced plots at
University of Guelph – Elora Research Station, 2011-2013. A rating of 0=no damage, 1=mild
crumpling of leaves, 2=severe crumpling and twisted stem, 3=complete absence of head. ........ 84
Table 4-2. Estimated probabilities of larval Contarinia nasturtii feeding damage levels on
broccoli in fenced, fenced + S. feltiae, and unfenced broccoli trials at the University of Guelph –
Elora Research Station, 2011-2013. A rating of 0=no damage, 1=mild crumpling of leaves,
2=severe crumpling and twisted stem, 3=complete absence of head. .......................................... 85
Table 4-3. Mean harvest damage ratings (0-3), and mean number of marketable (rating≤1)
broccoli plants per 10-plant sample in plots planted at 3-week staggered intervals at the
University of Guelph - Elora Research Station in 2012 and 2013. A rating of 0=no damage,
1=mild crumpling of leaves, 2=severe crumpling and twisted stem, 3=complete absence of head.
....................................................................................................................................................... 86

ix

Table 4-4. Estimated probabilities of larval Contarinia nasturtii feeding damage levels on
broccoli in planting date timing trials at the University of Guelph – Elora Research Station in
2012 and 2013. A rating of 0=no damage, 1=mild crumpling of leaves, 2=severe crumpling and
twisted stem, 3=complete absence of head, as compared to late May and early June standard
planting dates. ............................................................................................................................... 88
Table 4-5. Mean (±SE) weekly Contarinia nasturtii captures on yellow sticky cards mounted at
heights of 60-240cm above the soil of broccoli plots in 2013, University of Guelph – Elora
Research Station Ontario. ............................................................................................................. 89
Table 4-6. Mean total captures of overwintered, spring-emerging adult Contarinia nasturtii,
from plots covered with physical barriers during the previous growing season or treated with
spring applications of soil entomopathogens at the University of Guelph – Elora Research
Station in 2013. ............................................................................................................................. 90
Table 5-2. Summary of the biological parameters, and ascribed values, for the C. nasturtii life
stages defined in the ‘Life cycle’ module of the MidgEmerge predictive model (Hallett et al.
2009b). ........................................................................................................................................ 101
Table 5-3. First spring emergence of adult Contarinia nasturtii, as predicted by MidgEmerge
and observed in pheromone trap captures, the relative earliness of the annual model predictions
(positive values represent early, and negative values late, predictions relative to observed), and
cumulative spring temperature and rainfall data at Buttonville in 2004, and the University of
Guelph – Elora Research Station in 2004, 2011, 2012, 2013, and 2015. ................................... 106
Table 5-4. Summary of first emergence observations of Contarinia nasturtii adults at University
of Guelph – Elora Research Station, Elora, Ontario. Status quo emergence as predicted by the
MidgEmerge model, with location inputs for Buttonville in 2004, and Elora in 2004, 2011, 2012,
2013, and 2015. Variations from the status quo predictions (days earlier = +ve, later = -ve), are
presented under alternative scenarios for temperature, rainfall, diapause termination, diapause
larva development, pupal growth and pupa-to-adult life stage transfer...................................... 108

x

List of Figures
Figure 3-1. Mean daily captures (males/trap/day) of C. nasturtii adult males in pheromone traps
at Elora, Ontario, Canada, (A) 2011 and (B) 2013. Note differences in scales of y-axes. ........... 54
Figure 3-2. Mean weekly ratings of C. nasturtii feeding damage on broccoli at (A) Zephyr
(2011) and (B) Elora (2013), Ontario, Canada, where a rating of 0 = no damage, 1 = mild
crumpling of leaves, 2 = severe crumpling and twisted stem, 3 = complete absence of head. ..... 61
Figure 4-1. Mean daily captures of adult male Contarinia nasturtii in pheromone traps (note
different y-axis scales and date ranges) and mean weekly damage ratings in fenced (dashed line
with data points), fencing + S. feltiae (dotted line) and unfenced plots (solid line) of broccoli at
the University of Guelph – Elora Research Station, (A) from 30-June to 29-August, 2011, ~800m
away from the historical crucifer field, (B) 20-June to 20-August, 2012, ~100m away, and (C)
30-May to 3-July, 2013, adjacent to crucifer field. Trial period, from transplant to harvest, is
shown for each year’s trial. ........................................................................................................... 76
Figure 4-2. Mean daily captures of adult male Contarinia nasturtii in pheromone traps and
periods from transplanting to harvest for broccoli and cabbage plots planted at ~3wk intervals, at
the University of Guelph – Elora Research Station, in (A) 2012 and (B) 2013. The second
planting date in 2012 included only broccoli as cabbage seedlings were lost to damage. *Note
different y-axis scale, 2012 vs. 2013. ........................................................................................... 79
Figure 5-1. Correlations for observed Contarinia nasturtii emergence in relation to annual
variation in; a) May cumulative temperature (°C), b) March-May cumulative temperature (°C),
c) May cumulative rainfall, and d) March-May cumulative rainfall, for meteorological data from
Buttonville (2004) and the University of Guelph – Elora Research Station, Elora, Ontario (2004,
2011, 2012, 2013, 2015). Red lines delineate 90% confidence ellipses. .................................... 109
Figure 5-2. Correlations for Contarinia nasturtii emergence predicted by MidgEmerge in
relation to annual variation in; a) May cumulative temperature (°C), b) March-May cumulative
temperature (°C), c) May cumulative rainfall, and d) March-May cumulative rainfall, for
meteorological data from Buttonville (2004) and the University of Guelph – Elora Research
Station, Elora, Ontario (2004, 2011, 2012, 2013, 2015). Red lines delineate 90% confidence
ellipses......................................................................................................................................... 110
Figure 5-3. Correlations for Contarinia nasturtii emergence predicted by MidgEmerge relative
to actual, observed emergence, expressed as ‘earliness’, in relation to annual variation in; a) May
cumulative temperature (°C), b) March-May cumulative temperature (°C), c) May cumulative
rainfall, and d) March-May cumulative rainfall, for meteorological data from Buttonville (2004)
and the University of Guelph – Elora Research Station, Elora, Ontario (2004, 2011, 2012, 2013,
2015). Red lines delineate 90% confidence ellipses. .................................................................. 111
Figure 6-1. Potential timing of management interventions using alternative tactics to target
Contarinia nasturtii populations during the course of a typical growing season for cruciferous
vegetables, Ontario, Canada. ...................................................................................................... 133

xi

Chapter 1: Contarinia nasturtii in North America
1.0 Introduction
An unintended consequence of the movement of people and goods across international
borders is the introduction of non-native plants and animals into new environments. Introduced
species are often more successful in the new region of invasion due to biological traits, including
phenotypic plasticity, high fecundity, and rapid growth rate (i.e. species with r-selected life
histories) (Sakai et al. 2001). Ecological factors in the new region, such as the absence of coevolved natural antagonists, also influence the success of an introduced species, with relatively
unmitigated population increases posing serious economic problems in agricultural systems
(Norris et al. 2003, Corlay et al. 2007). The swede midge, Contarinia nasturtii Kieffer (Diptera:
Cecidomyiidae), a native of Eurasia, is one such invader in North America, with the first
confirmed Nearctic record in Ontario, Canada, in 2000 (Hallett and Heal 2001).
Since its arrival, C. nasturtii has become established and expanded its distribution
throughout Canada and the northeastern United States (CFIA 2009), with research and
management efforts initially focusing on synthetic foliar insecticide applications (Wu et al. 2006,
Hallett et al. 2009a). It has been repeatedly stated, however, that an integrated pest management
(IPM) approach is required to manage C. nasturtii over the long term (Corlay et al. 2007, Hallett
et al. 2009b, Chen et al. 2011, Abram et al. 2012, Evans et al. 2015, Evans and Hallett 2016).
The goal of this Chapter is to summarize the extant knowledge of the biology of C.
nasturtii in the context of its status as an invasive pest in North America, and to review various
alternatives to synthetic insecticides as potential management recommendations amenable to all
producers.
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1.1.1 Biology and pest status of C. nasturtii
The adult C. nasturtii is an inconspicuous light brown fly, approximately 1.5 - 2 mm in
length with hairy, sparsely-veined wings held flat over the back when at rest (Barnes 1946).
Antennae are 12-segmented, although the length of male antennae is double that of the female
since the segments are made up of two nodes in the male and one node in the female (Hallett and
Heal 2001). Larval C. nasturtii are pale yellow ~3 mm-long maggots that live and feed in a fluid
environment within the new growth tissues of their host plant. Overwintering C. nasturtii adults
emerge in 2-3 peaks beginning in early June and continuing as late as mid-August (Goodfellow
2005, Hallett 2007, Hallett et al. 2009b). Mating can occur within 12 h of emergence either on
the surface of the soil or the underside of leaves (Readshaw 1961, Fraser et al. 2005). Females
then oviposit their eggs between the developing leaves surrounding the meristem. Adults can
live from 2 – 3 days in dry conditions to 8 – 10 days with optimal humidity (Readshaw 1961).
Up to 100 eggs are deposited on the host plant in small clusters that hatch within 1 – 3 days;
there tends to be a slight female bias in the sex ratio once the insects reach adulthood (Corlay and
Boivin 2008). Egg clutches of C. nasturtii are believed to be unisexual (Readshaw 1961), with
only males or only females eclosing from a given brood. Larvae develop through three instars,
over a duration of 7 – 21 days, depending on temperature, after which the larvae exit the plant
leaves and burrow into the upper 1-2 cm of the soil, where they construct an oval, elongate
cocoon (Readshaw 1961). The larvae moult and pupate within this cocoon. When development
is complete, within 7 – 14 d, the pupae exit the cocoon and migrate to the soil surface, where
adult emergence occurs (Readshaw 1961, Readshaw 1966, Chen and Shelton 2007). Across
their native and introduced range, 3 to 5 generations of C. nasturtii occur per year, depending on
climatic factors (Hallett and Heal 2001, Hallett et al. 2009).
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Entry of C. nasturtii into diapause, which is determined by the photoperiod and
temperature conditions experienced by larvae, is a highly variable and poorly heritable trait (Des
Marteaux et al. 2014). The subsequent frequency of adult emergence from diapausing cohorts is
also variable, with two distinct phenotypes exhibiting polymodal emergence before mid-July,
and, potentially a third, late-emerging phenotype emerging from diapause in mid to late-August
(Hallett et al. 2009a). Additionally, a small proportion of individuals (~2%) may diapause for up
to 2 years (Des Marteaux et al. 2014). This plasticity in emergence complicates efforts to
forecast C. nasturtii outbreaks. The issue is further compounded by the occurrence of multiple
generations per year, with variable development times depending on the prevailing temperature.
The resulting field population structure is comprised of individuals from multiple cohorts, across
different generations, in different life stages, occurring in concert during the growing season
(Hallett et al. 2009b). This effect is particularly notable in areas of high population density
(Readshaw 1961, Goodfellow 2005).
Contarinia nasturtii readily attacks most plants in the family Brassicaceae, including
economically important crops such as broccoli, cauliflower, Brussels sprouts, and cabbage, with
C. nasturtii damage on canola first observed in Canada in 2003 (Hallett 2017). Chen et al. (2009)
showed that a variety of cruciferous weeds, including mustard (Brassica spp.), wild radish
(Raphanus raphanistrum L.) and shepherd’s purse (Capsella bursa-pastoris L.), act as reservoirs
for populations of C. nasturtii in the absence of cruciferous crops.
Damage by C. nasturtii is highly variable. Symptoms on affected plants may include
swollen, distorted or twisted stems and petioles, crinkled leaves around the meristem, brown
scaling along the petiole or stem, multi-stemmed plants, swollen flower buds, premature bolting,
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riciness in cauliflower, death of the central meristem, as well as the presence of secondary
bacterial rots (Fraser et al. 2005).
The cruciferous vegetables affected by C. nasturtii are of significant economic
importance to Canada. In 2015, cabbage, broccoli and cauliflower were grown on 10,820 ha in
Canada, yielding ~2 million metric tonnes of fresh produce, and accounting for approximately
11% of all cultivated field vegetables (Agriculture and Agri-Food Canada 2015). In 2015, the
combined farm gate value (i.e., wholesale price paid to growers (OECD 2005) of cabbage,
broccoli, and cauliflower totalled ~$165 million CDN. This represents ~16% of the value of all
Canadian vegetables, and ranks higher than any other individual vegetable (Agriculture and
Agri-Food Canada 2015). These cole crops (i.e. cruciferous vegetables) also contributed ~$102
million CDN to Canadian vegetable exports, with cabbage ranking as the fifth most important
export (Agriculture and Agri-Food Canada 2015). Contarinia nasturtii presents a greater
potential economic risk to Canadian canola production, with the value of canola oil, meal, and
seed production estimated to be $14 billion CDN in 2015 (Canola Council of Canada 2016).
1.1.2 Integrated pest management and considerations for organic production
Integrated pest management (IPM) is an ecologically-based strategy that relies on natural
mortality factors and emphasizes the selective use of insecticides (Pedigo 1989). IPM aims to
control pests by enhancing natural antagonists, planting pest-resistant crops, employing cultural
management practices and using pesticides as a last resort (Koul et al. 2004). These practices
have become commonplace in current agricultural practice due to increased public awareness of
the potential health and environmental effects of over-reliance on synthetic chemical pesticides.
The development of insecticide resistance in insect pests further emphasizes the value of an
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integrated approach to insect pest management (Koul et al. 2004, Van Driesche and Bellows Jr.
1996).
Pest management in organic agricultural production is more restrictive than the model
defined by IPM. The Canadian Organic Production Systems General Principals and
Management Standards prohibit the use of synthetic pesticides in certified organic food crops
(Government of Canada 2008), a constraint that accentuates the importance of biological and
cultural control in pest management efforts. Organic agricultural systems aim to conserve and
protect environmental resources by minimizing soil degradation, enhancing biological diversity,
optimizing conditions for biological activity in soil, recycling materials and optimizing
biological productivity (Francis 2009). Advances aimed at improving pest management in
organic agriculture can also benefit conventional producers using an IPM approach.
Consumer demand for organically-produced food in North America has increased
considerably over recent decades. Concurrently, agricultural land under organic production has
increased from 0.5% of the total agricultural land base in Canada in 2000, to 1.3% in 2014
(Canada Organic Trade Association 2016). In absolute terms, this represents a shift in
production area from 340,200 to ~904,000 hectares, an increase of ~266% over the period
(Canada Organic Trade Association 2016). In the United States, organic food sales have grown
from $3.6 billion USD in 1997 to $43.3 billion USD in 2015 (Organic Trade Association 2016).
The annual rate of increase in organic food sales (10.8% in 2015) was more than three times the
increase in overall food sales (3.3%) (Organic Trade Association 2016). The increased demand is
reported to be driven by younger consumers, aged 18-34 years (Organic Trade Association
2016), which suggests that the increased demand is likely to continue in the future, since this
cohort will comprise an increasingly large proportion of the overall consumer base. As such,
5

organically-acceptable pest management tactics are likely to increase in importance going
forward.
Damage caused by C. nasturtii in organic broccoli production can result in a loss of up to
100% of marketable yield (W. Pfenning, personal communication)1. Research focusing on the
life history and ecology of C. nasturtii has led to advances in pest monitoring and detection and
identified some cultural practices that may prove useful in an organic or IPM program. Actionthresholds for C. nasturtii have been established through the isolation of a sex pheromone and
the use of pheromone traps to monitor adult flight activity (Hillbur et al. 2005, Hallett et al.
2007, Boddum et al. 2009, Hallett and Sears 2013), and modeling software has been employed in
an effort to predict C. nasturtii emergence in Ontario and Quebec (Hallett et al. 2009b). Very
high (100%) and very low (0%) levels of soil moisture were identified as significant mortality
factors for soil-dwelling stages of C. nasturtii. Adult emergence was compromised when pupae
were covered with more than 5 cm of soil (Chen et al. 2007). Early sowing may help plants
avoid C. nasturtii damage by isolating host plants temporally from peak adult emergence, and
entomopathogenic nematodes may be used to manage the pest (Corlay et al. 2007, Corlay and
Boivin 2008).
1.1.3 Chemical control of Contarinia nasturtii
Contarinia nasturtii is primarily controlled by chemical insecticides (Corlay et al. 2007,
Chen et al. 2011). Foliar applications of acetamiprid, a neonicotinoid insecticide registered for
use against C. nasturtii in the US, provided high levels of control when applied immediately
before C. nasturtii oviposition on cauliflower plants or within 4 days following oviposition
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(Chen et al. 2007). Treatments applied 8 days after oviposition showed a significant reduction in
efficacy as older larvae appear to be less susceptible to this insecticide. Field evaluations showed
that λ-cyhalothrin, acetamiprid, permethrin, chlorpyrifos and dimethoate adequately controlled
C. nasturtii within the early phases of regional colonization (Hallett et al. 2009a). Over several
growing seasons, however, as established populations increased, foliar treatments were no longer
able to reduce C. nasturtii damage to commercially-acceptable levels. Laboratory assays
suggested that very high populations during the late phases of colonization, rather than
insecticide resistance, were the cause of decreased insecticide efficacy (Hallett et al. 2009a).
However, a short life cycle, high reproductive potential and multiple, overlapping generations
per year make C. nasturtii a candidate for evolution of insecticide resistance (Fraser et al. 2005).
The cryptic life habits of the larvae within the plant tissues limits the effectiveness of foliar
insecticide applications, and polymodal spring adult emergence patterns present a challenge with
respect to the accurate timing of insecticide applications.
Crop rotation and the development of insecticide application thresholds to guide the
timing of sprays generally enhance the efficacy of insecticide treatments (Hallett et al. 2007,
Chen et al. 2011, Hallett and Sears 2013). In addition to the insecticides that are applied as foliar
sprays, several are registered for application as soil drenches and seed treatments have been
identified as potential management options (Wu et al. 2006, Hallett et al. 2009b). Yet, given the
ability of C. nasturtii to evade insecticide treatments due to its cryptic life habits, and the
potential for resistance development, alternatives management tactics are needed.
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1.1.4 Biological control with predators and parasitoids
A historical review of global biological control initiatives found that 16% of all
biological control projects resulted in complete control of the target pest and an additional 42%
resulted in partial control (Van Driesche and Bellows Jr. 1996). Given the near-absence of
natural enemies of C. nasturtii in North America and the failure of insecticides to control this
pest during heavy infestations (Chen and Shelton 2010), augmentative biological control should
be considered as an alternative control strategy in Canada. In their native range, C. nasturtii are
attacked by the parasitoids Pirene eximia Haliday (Hymenoptera: Chalcididae), Synopeas sp.
(Hymenoptera: Platygasteridae) and Platygaster sp. (Hymenoptera: Platygasteridae) (Readshaw
1961, Abram et al. 2012). Presumably, one factor contributing to the pest status of C. nasturtii in
North America is the absence of these co-evolved, specialized antagonists. Although a generalist
predator, Medetera sp. (Diptera: Dolichopodidae), was observed preying on C. nasturtii in
Ontario in 2005 (Goodfellow 2005), surveys in Quebec in 2004 and 2005 revealed no parasitoids
(Corlay et al. 2007). The seven-spotted ladybird beetle, Coccinella septempunctata L.
(Coleoptera: Coccinellidae) and the multicoloured Asian ladybird beetle, Harmonia axyridis
Pallas (Coleoptera: Coccinellidae) did not reduce the number of C. nasturtii larvae on
artificially- and naturally-infested broccoli at various predator densities (Corlay et al. 2007).
More recently, however, the wasp Synopeas miles Walker, a known parasitoid of C. nasturtii,
was recorded from 4 canola sties surveyed in 2016 (Hallett et al. unpublished data). This recent
observation holds some promise for the establishment of a relationship between C. nasturtii and
a naturally-occurring antagonist in North America.
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1.1.5 Biological control with entomopathogenic nematodes
Entomopathogenic nematodes (EPNs) in the genera Steinernema and Heterorhabditis have
been developed as viable, commercial biological control agents for a variety of insect pests
(Shapiro-Ilan, et al. 2010). Entomopathogenic nematodes occupy a biological middle-ground
between parasitoids and pathogens, but are categorized as diseases based on their symbiotic
association with bacteria (Gaugler 2002). They may only successfully parasitize and reproduce
within their insect hosts in the presence of the bacteria they carry in their intestinal lumen, an
association described as an “obligate vector-borne disease of insects” (Ciche 2007). Being highly
lethal to a broad range of insects yet harmless to plants, vertebrates and pollinators, EPNs have
been widely used as biological control agents (Gaugler 2002).
The infective juvenile (IJ) stage of EPNs is non-feeding, non-mating and developmentally
arrested, with finite energy reserves; this is the only free-living stage in the EPN life cycle and
exists solely to parasitize insect hosts (Gothro 2000). Infective juveniles enter an insect host
through natural body openings such as the mouth, anus and spiracles, although some EPN
species may pierce through intersegmental membranes of the cuticle (Shapiro-Ilan et al. 2010).
Once inside the hemocoel of the host, the IJs release bacteria from the gut lumen, which in turn
develop inside the insect host by degrading the insect’s internal tissues. The IJs then develop by
feeding on these bacteria within the host. EPNs typically have an egg stage, four larval stages
and an adult stage, reproducing from 1 to 3 generations inside an insect host (Shapiro-Ilan et al.
2010). Infected hosts are normally killed within one to two days, and the last generation of EPN
adults produces very large quantities of IJs, which exit the insect cadaver en masse in search of
another host (Ciche 2007, Shapiro-Ilan et al. 2010). EPN species under consideration for an IPM
program must possess an ecological profile that is compatible with that of the intended release
locality, as well as the target host (Shapiro-Ilan et al. 2010).
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Steinernema feltiae is the most widespread steinernematid species with an almost
cosmopolitan distribution (Nguyen and Hunt 2007).Several biofactories have reared S. feltiae on
a commercial scale. This nematode species has demonstrated a high degree of virulence against a
range of insect hosts comparable in size to C. nasturtii, including fungus gnats and phorid flies
(Jess et al. 2006), thrips (Ebssa et al. 2001), leaf-miners (Williams and Walters 2000) and
whiteflies (Cuthbertson 2003). Steinernema feltiae is unique in that it maintains infectivity in
soil below 10˚C (Shapiro-Ilan et al. 2010), and reproduction has been confirmed at lower
temperatures (ranging from 10 - 25˚C) than most other EPN species (Grewal et al. 1994). This
nematode is a highly cold-tolerant species, able to withstand temperatures of -22˚C, thus
prompting speculation that S. feltiae is a good fit for use in northern climates (Kim and Alston
2008).
Steinernema carpocapsae is able to infect and kill >250 species of insects belonging to 10
orders (Poinar 1979). The species is widespread throughout Europe, North America, South
America and Asia (Nguyen and Hunt 2007), and is the most studied, and versatile of all EPN
species. Steinernema carpocapsae is characterized by its ease of mass production and is most
effective when applied against highly mobile surface-adapted insects. The optimal temperature
for infection ranges from 22-28 ˚C (Shapiro-Ilan et al. 2010).
Heterorhabditis bacteriophora has been found throughout Europe, the Caribbean, North and
South America, Asia and Africa (Nguyen and Hunt 2007). Among the most important
commercial species, H. bacteriophora possesses considerable versatility, readily infecting insects
from several orders. It is generally considered a warm temperature nematode, with reduced
efficacy below 20˚C. However, infectivity at 1˚C, the lowest temperature of any EPN species
under investigation, has been observed (Grewal et al. 1994), and tolerance of temperatures up to
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40˚C has been recorded as well (Mukuka et al. 2010). Heterorhabditis bacteriophora showed
promise as a potential biological control agent of C. nasturtii in controlled laboratory trials
(Corlay et al. 2007).
Commercial applications of EPNs have long been used to control white grubs, the root
feeding larvae of scarab beetles (Coleoptera: Scarabeidae) (Koppenhofer and Fuzy 2008, Klein
1993, Grewal et al. 2005). The life cycle of many scarab beetles includes long-lived soildwelling larval stages which feed on roots and decaying organic matter near the soil surface,
broadly coinciding with the ecology of most EPN species (Poinar 1992). Although EPNs are
virulent to a broad range of insects with varying life histories, they have been primarily utilized
against soil-dwelling pests (Toepfer et al. 2008).
Contarinia nasturtii spend a significant portion of their life cycle in the soil, including prepupal larval stages, pupae, and adults which pass through the soil after emergence; larvae in
overwintering cocoons spend the most time in the soil (Readshaw 1961). The timing of EPN
applications is likely to be a critical factor in the success of early season control efforts, as C.
nasturtii vulnerability in the soil must intersect with the optimal temperature for EPN infectivity.
Equally important is the selection of EPN species that show virulence and infectivity towards C.
nasturtii, and that also have ecological profiles that are compatible with the local climate.
EPNs have proven successful against insect hosts with similar elements in their life histories.
The viburnum leaf beetle, Pyrrhalta viburni Payull (Coleoptera: Chrysomelidae), for example,
feeds on the foliage of host plants, and pupates in the soil; there, the beetle is highly susceptible
to S. carpocapsae and H. bacteriophora (Weston and Desurmont 2008). The South American
fruit fly, Anastrepha fraterculus Weidemann (Diptera: Tephritidae), whose larvae live cryptically
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inside fruit, drop to the soil to pupate and pre-pupal and pupal stages were susceptible to 19 EPN
strains tested (Barbosa-Negrisoli et al. 2009).
Heterorhabditis bacteriophora was shown to have significant innate infectivity against C.
nasturtii under laboratory conditions (Corlay et al. 2007). Contarinia nasturtii spends
considerable development time in the soil and, coupled with the success of EPNs against insects
with C. nasturtii-like life histories suggest that, under the right circumstance, EPNs may offer a
viable control alternative in the field.
Chapter 2 evaluates the innate and relative virulence, and in-host reproduction of several
entomopathogenic species against C. nasturtii, in the context of different host life stage and
temperature conditions.
1.1.6 Biopesticides
Biopesticides, compounds derived from naturally occurring substances, present
conventional growers with treatments that have different modes of action from most synthetic
pesticides and, when produced with no synthetic additives, are available to organic producers as
well. The US EPA (2016) broadly categorized biopesticides into three groups: 1) biochemical
biopesticides - which control pests by non-toxic mechanisms (e.g. sex pheromones); 2) microbial
biopesticides – control pest by toxic means and consist of microorganisms (i.e., fungus,
bacterium, protozoan or virus) as the active ingredient;, and, 3) plant-incorporated-protectants
(PIPs) – control pests by toxic means and consist of insecticidal compounds expressed by host
plants as a result of the introduction of specific foreign genes into the host plant genome (e.g.
Bacillus thuringiensis).
Since biopesticides have different modes of action compared to many synthetic
insecticides, they can play a significant role in resistance management, while also reducing
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reliance on conventional control products. Other advantages presented by biopesticides include
increased target-specificity compared to broad spectrum insecticides, reduced impact on
beneficial arthropods, and diminished environmental persistence and overall toxicity than
synthetic insecticides (US EPA 2016). Biopesticides may be used by organic producers in place
of synthetic insecticides for certain pests/crops, as well as conventional growers aiming to
complement synthetic insecticide use or other pest management tactics.
Chapter 3 assesses the relative toxicity, repellency, and efficacy of different biopesticides
with varied modes of action against C. nasturtii, and evaluates their relative impact on yield and
marketability of cruciferous vegetables. A comparison of different statistical modelling
approaches to the assessment of categorical feeding damage data is also presented.
1.1.7 Physical and cultural controls
With a short-lived adult stage, the success of a given C. nasturtii generation is dependent
on synchrony between reproductive adults and access to suitable host plants in a susceptible
developmental stage (Martemyanov et al. 2016). Contarinia nasturtii has evolved a number of
attributes to ensure co-occurrence of insect emergence with the presence of host plants and/or
into favourable environmental conditions. These include: at least two and possibly three
emergence phenotypes; multiple, overlapping generations during the growing season; high
fecundity leading to rapid population increases; polyphagy on plants in the family Brassicaceae,
including numerous cruciferous weeds; partial (fractional) diapause entry with each generation;
and prolonged diapause of 2 or more years by a small proportion of the population (Goodfellow
2005, Hallett 2007, Chen et al. 2009, Hallett et al. 2009a,b , Des Marteaux et al. 2014). These
traits limit the effectiveness of insecticide applications and biannual crop rotations that are in
common practice among North American crucifer producers (Chen and Shelton 2010). Given the

13

need for an IPM approach for C. nasturtii, the identification of physical and cultural management
tactics that can effectively regulate its populations is essential.
Earlier research suggested that physical and cultural tactics can play a role in reducing C.
nasturtii populations. The use of host plant-free periods (Chen et al. 2009), the burial of pupae
under soil (Chen and Shelton 2007), the use of fencing barriers (Wyss and Daniel 2004), and
late-season crucifer plantings (Corlay and Boivin 2008), have all been identified as methods to
reduce C. nasturtii populations and/or feeding damage. In spite of these findings, C. nasturtii
remains challenging in North America (Chen et al. 2011), and significant gaps remain in our
understanding of the quantitative and qualitative benefits of physical and cultural control efforts.
Continued research effort in this area is imperative, and the management approach must involve
a broad range of tactics.
The physical and/or temporal isolation of developing, susceptible host plants from C.
nasturtii may have the most potential impact in the spring. A negative impact on recruitment
from the first generation can have a compounding effect on all subsequent generations
throughout the season. Physical exclusion barriers, such as fine mesh fences, have proven
effective in some insect herbivore-host plant complexes (Franck and Bar-Joseph 1992, Vernon
and Mackenzie 1998, Weintraub and Berlinger 2004, Wyss and Daniel 2004, Nissen et al. 2005a,
b). These structures offer the potential for physical isolation or, temporal isolation that may result
from delaying the insects’ access to host plants. Targeted, temporal isolation of host plants by
shifting traditional planting dates has also proven successful in numerous cropping systems,
resulting in significant reductions in damage (Norris et al. 2003). Given the large fluctuations in
the number of C. nasturtii adults in the field throughout the season, targeted plantings may be
coordinated to avoid expected population peaks.
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Chapter 4 evaluates mesh fencing, non-traditional planting dates, and a faster-developing
broccoli variety as potential tactics for the temporal and physical isolation of host plants from
adult C. nasturtii.
1.1.8 Modelling the population dynamics of Contarinia nasturtii
Following the first record of C. nasturtii in Ontario, Canada, in 2000 (Hallett and Heal
2001), its presence was first confirmed in the United States in 2004 in New York state (Kikkert
et al. 2006). Since then, C. nasturtii has been reported in the Canadian provinces - Saskatchewan,
Manitoba, Ontario, Quebec, Nova Scotia and Prince Edward Island by Canadian Food Inspection
Agency (CFIA) surveys in 2007 and 2008. In addition, it has been reported in New York state,
Connecticut, Massachusetts, New Jersey, and Vermont (CFIA 2009). Given the relatively rapid
spread of C. nasturtii in North America since 2000, efforts have been made to forecast its
potential distribution and abundance. Modelling work has predicted that all provinces of Canada
currently offer suitable climates for C. nasturtii establishment (Olfert et al. 2006), and that
continued changes in C. nasturtii distribution may be expected under future climate scenarios as
well (Mika et al. 2008). MidgEmerge, a model developed to forecast C. nasturtii population
dynamics during a given growing season (Hallett et al. 2009), defined developmental parameters
for all life stages and accurately predicted emergence peaks in Quebec and southern Ontario. The
model confirmed two phenotypically-distinct emergence cohorts, and the potential for 3 – 5
generations per year. The accurate prediction of emergence peaks can be very valuable to
crucifer producers, whose management efforts should be timed to coincide with adult emergence
peaks.
Given that C. nasturtii is multivoltine, and also exhibits polymodal emergence patterns
within each of its generational cohorts, the dynamics of adult flight activity throughout the
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season are complex. As such, continued refinement of MidgEmerge is required to predict
emergence peaks during different years, and at different locations, with improved accuracy.
The objective of Chapter 5 is to evaluate the predictive accuracy of the MidgEmerge
model in the years since its initial publication, and to determine how select environmental
variables may contribute to the model’s predictive accuracy.
1.2 General Objectives
As evidenced by the difficulties experienced in controlling C. nasturtii in North America,
significant gaps remain in our understanding of its biology and management. Organic producers
have very few management options, and alternative tools are needed to avoid an over reliance on
synthetic insecticides on the part of conventional growers.
The primary objective of this project is to enhance our understanding of those aspects of
C. nasturtii biology which may be relevant to the management of the pest through alternative
means to synthetic insecticides. Two principal questions are addressed herein to achieve this
goal.
First, can entomopathogens and biopesticides effectively minimize the impact of C.
nasturtii infestations? This question is addressed by evaluating several biotic factors (life stage,
pathogen species, reproduction, synergistic interactions, and oviposition deterrence) to
characterize the infectivity and/or virulence of several biologically-based (using biological
controls and/or biological pesticides) approaches to C. nasturtii management.
Second, how can cruciferous vegetables be isolated from active C. nasturtii adults, such
that the co-occurrence of developmentally-susceptible host plants and active adults can be
minimized? This question is addressed by assessing the relative effectiveness of spatial and
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temporal avoidance practices in reducing impacts to cole crop marketability, by assessing the
accuracy of existing predictive modelling, and by investigating the variables that most
significantly influence predictive accuracy of the MidgEmerge model.
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Chapter 2: Effect of temperature and host life stage on efficacy of soil entomopathogens
against the swede midge (Diptera: Cecidomyiidae)2

Abstract
The swede midge, Contarinia nasturtii, is an economically significant pest of cruciferous
crops in Canada and the northeastern United States. The effect of temperature on the virulence of
three entomopathogenic nematode species, Heterorhabditis bacteriophora, Steinernema
carpocapsae and Steinernema feltiae, the entomopathogenic fungus Metarhizium anisopliae, and
a H. bacteriophora + M. anisopliae combination treatment to C. nasturtii larvae, pupae and
cocoons was investigated. In the laboratory, all three nematode species successfully reproduced
inside C. nasturtii larvae: H. bacteriophora produced the highest number of infective juveniles
per larva, followed by S. carpocapsae and S. feltiae. Heterorhabditis bacteriophora and the H.
bacteriophora + M. anisopliae combination treatment generally caused the highest mortality
levels to all C. nasturtii life stages at 20°C and 25°C, whereas S. feltiae caused the highest
mortality to larvae and pupae at 16°C. No nematode species caused significant mortality when
applied in foliar treatments to the infested host plant meristem and, in spite of high mortality, an
antagonistic interaction was observed in the H. bacteriophora + M. anisopliae combination
treatment when compared to expected mortality. In trials conducted in conventional broccoli
fields, M. anisopliae suppressed adult emergence of C. nasturtii from infested soil in 2012 and

2

Originally published as: Evans, B., K. Jordan, M. Brownbridge, and R. H. Hallett. 2015. Effect of
temperature and host life stage on efficacy of soil entomopathogens against the swede midge (Diptera:
Cecidomyiidae). J. Econ. Entomol. 108: 473-483.
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all nematode treatments successfully suppressed adult emergence in 2013, however no
significant effects were observed in organic field trials.

Keywords: Contarinia nasturtii, Heterorhabditis bacteriophora, Steinernema carpocapsae,
Steinernema feltiae, Metarhizium anisopliae

2.0 Introduction
First confirmed in Ontario, Canada in 2000 (Hallett and Heal 2001), the swede midge,
Contarinia nasturtii Kieffer (Diptera: Cecidomyiidae), has now established itself as an
economically important pest of cruciferous vegetables in North America (Chen et al. 2011). C.
nasturtii feed on plants in the family Brassicaceae, including most vegetable cultivars of
Brassica oleracea L. and B. rapa L., the rapeseed cultivars B. napus L. and B. campestris L., and
many cruciferous weeds, including Sinapis arvensis L., Raphanus raphanistrum L. and Capsella
bursa-pastoris L., which can serve as reservoir hosts when cultivated crops are unavailable
(Hallett et al. 2009a, Chen et al. 2011).
Female C. nasturtii lay clutches of up to 50 eggs on the meristem of host plants (Barnes
1946) and eclosion occurs within 1 – 3d. Larval salivary secretions dissolve host plant cells, on
which larvae feed, and around which plant tissues continue to grow, forming a partial gall. When
mature, larvae drop to the soil to spin a cocoon and pupate, emerging as adults within 8 – 34d
(Readshaw 1966). Adults are short-lived (1 – 5d) and non-feeding, with spring generations
emerging from the soil in two temporally distinct peaks, separated in time by approximately 15d
(Hallett et al. 2009b). Based on pheromone trap capture data and population modeling, it is
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estimated that C. nasturtii goes through 4 – 5 generations per year in southern Ontario (Hallett et
al. 2009b). Approximately 2% of the population undergoes diapause for more than 1 year (Des
Marteaux et al. 2014). Phenotypic plasticity in diapause duration and emergence timing causes
the different generations to overlap and multiple life stages are present in the field throughout the
growing season (Goodfellow 2005, Hallett 2007, Hallett et al. 2009b).
Contarinia nasturtii larvae cause direct damage to the harvestable portion of host plants,
resulting in severe economic losses. Heavy infestations have caused losses of up to 100% of
harvestable yield in Canada and Europe (Hallett and Heal 2001). Established C. nasturtii
populations are virtually impossible to eradicate and the development of an IPM approach is
critical to reducing populations below economically damaging levels. There are no biological
control options currently available for the management of the C. nasturtii and a lack of natural
enemies has probably contributed to its successful establishment and rapid range expansion in
North America (Corlay et al. 2007).
In an extensive survey of parasitoids across several countries in the native range of C.
nasturtii, two species were most prevalent: Synopeas myles Walker (Hymenoptera:
Platygastridae) and Macroglenes chalybeus Haliday (Hymenoptera: Pteromalidae) (Abram et al.
2012). However, parasitism rates were typically low (<15%) and neither parasitoid species is
host specific (Abram et al. 2012). Following a 2-year survey for parasitoids in Quebec, Corlay et
al. (2007) concluded that parasitoids from the native range are not established in North America
and that no native North American parasitoid has formed a significant association with C.
nasturtii. The larvae and adults of Coccinella septempunctata L. and Harmonia axyridis Pallas
(Coleoptera: Coccinellidae) consumed C. nasturtii larvae in laboratory assays, with H. axyridis
showing greater voracity (Corlay et al. 2007). However, H. axyridis was unable to locate and
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consume C. nasturtii larvae on infested broccoli plants, suggesting that high rates of predation
are unlikely in the field. To date, the observation of the generalist predator Medetera spp.
(Diptera: Dolichopodidae) consuming C. nasturtii adults on sticky traps represents the only
North American record of a natural enemy association with C. nasturtii in the field (Goodfellow
2005). C. nasturtii may be most vulnerable to natural enemies when larvae, cocoons and pupae
occur in the soil, unprotected by the partial gall formed by the host plant. Laboratory assays have
demonstrated that entomopathogenic nematodes cause mortality of C. nasturtii larvae when
applied at high concentrations (Corlay et al. 2007).
Entomopathogenic nematodes (EPNs) (Rhabditida: Heterorhabditidae and
Steinernematidae) are obligate parasites of insects, having the ability to infect a wide range of
insect hosts in a multitude of different soil environments (Kaya and Gaugler 1993). The infective
juvenile (IJ) stage is the only free-living phase in the EPN life cycle. IJs exist in the soil to
parasitize insect hosts and have finite energy reserves (Gothro 2000). EPN species have
traditionally been characterized as “cruiser” foragers, which actively seek out potential hosts, or
“ambusher” foragers, which exhibit “sit-and-wait” behavior near the soil surface (Grewal et al.
1994, Lewis et al. 1995, Campbell and Gaugler 1997, Lewis et al. 2006). Although the
traditional foraging categories have recently been challenged, an alternative model has not yet
been defined (Griffin 2012). IJs generally penetrate insect hosts through natural openings,
although some species may pierce the cuticle (Shapiro-Ilan et al. 2010). EPNs can only
successfully parasitize and reproduce within their insect hosts in the presence of bacteria they
carry in their intestinal lumen (Ciche 2007).
EPNs in the genera Steinernema and Heterorhabditis have been developed as commercial
biological control agents for a variety of insect pests (Shapiro-Ilan et al. 2010), and are typically
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applied using standard spray equipment at a rate of ~2.5 billion IJs per hectare (Gothro 2000,
Toepfer 2010). Individual species exhibit different infectivity profiles based on temperature
preference and foraging behavior. Steinernema feltiae Filipjev has demonstrated a high degree of
virulence against a number of small-sized insect hosts (Williams and Walters 2000, Ebssa et al.
2001, Cuthbertson 2003, Jess et al. 2006), exhibits both ambusher and cruiser behaviors (Gaugler
2002) and is unique in that it maintains infectivity (Shapiro-Ilan et al. 2010) and reproduction
(Grewal et al. 1994) in soil below 10˚C. S. feltiae is considered an appropriate species for use in
northern climates due to its ability to tolerate temperatures down to -22˚C (Kim and Alston
2008). Steinernema carpocapsae Weiser has a very broad host range (Poinar 1979) and has been
characterized as an ambush forager that is most infectious at temperatures of 22-28 ˚C (ShapiroIlan et al. 2010). Heterorhabditis bacteriophora has been isolated from soil environments
throughout the world (Nguyen and Hunt 2007) and is characterized as a cruiser forager. It is
considered a warm temperature nematode, with reduced efficacy below 20˚C and a tolerance of
temperatures up to 40˚C (Mukuka et al. 2010).
EPNs are most successful against insects with long-lived, soil-dwelling stages (Toepfer et
al. 2008), however, the host’s size, evasive behavior and the physical structure of its spiracles and
mouthparts can affect EPN infectivity (Smits et al. 1994, Ansari et al. 2009, Power 2009) and EPN
reproduction does not occur within all suitable insect hosts (Sicard et al. 2008).
It has been postulated that combined applications of EPNs and entomopathogenic fungi
may cause higher mortality of target insects than EPNs alone (Shapiro-Ilan et al. 2004, Ansari et
al. 2006, Acevedo et al. 2007). Metarhizium anisopliae, an entomopathogenic fungus commonly
used as a biocontrol agent, has been reported to increase the effectiveness of H. bacteriophora
against the black vine weevil (Otiorhynchus sulcatus Fabricius) (Coleoptera: Curculionidae)
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(Ansari et al. 2008a), although there are also reports of antagonistic interactions between EPNs
and entomopathogenic fungi (Kaya and Koppenhöfer 1996, Baur et al. 1998, Brinkman and
Gardner 2000, Shapiro-Ilan et al. 2004).
Although C. nasturtii larvae feed above ground, a significant portion of the life cycle is
spent in the soil, including pre-pupal stages which burrow into the soil after leaving the host
plant, pupae and adults after emergence from the cocoon. Overwintering pupae spend the longest
amount of time in the soil environment (Readshaw 1966). Insect pests with similar soil-dwelling
life stages, such as the viburnum leaf beetle, Pyrrhalta viburni Payull (Coleoptera:
Chrysomelidae) and the South American fruit fly, Anastrepha fraterculus Weidemann (Diptera:
Tephritidae) have shown high susceptibility to EPN infection (Weston and Desurmont 2008,
Barbosa-Negrisoli et al. 2009).
Management of C. nasturtii has, thus far, focused on the use of synthetic insecticides,
developing application thresholds based on pheromone trap monitoring (Hallett and Sears 2012)
and rotating crucifer production in infested fields (Chen et al. 2011). Presently, no biological
control options are available (Corlay et al. 2007). Yet concerns about the development of
resistance to commonly-used insecticides combined with a lack of effective options for organic
producers highlight the need to develop alternative management approaches (Corlay et al. 2007,
Hallett et al. 2009a, Chen et al. 2011). The objective of this research was to examine the effect of
temperature and life stage of C. nasturtii on the effectiveness of commercialized EPN species
with a view to their potential use as biological control agents of C. nasturtii.
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2.1 Materials and Methods
2.1.1 Insect Culture
A population of C. nasturtii larvae originating from the Swiss Federal Research Station
for Horticulture (Wadenswil, Switzerland) was obtained from Dr. Anthony Shelton (Cornell
University, Geneva, NY, USA) in 2011 and C. nasturtii were reared following the methods of
Chen and Shelton (2007) and Des Marteaux et al. (2012). Cauliflower, B. oleracea, (‘Snow
Crown’; Stokes Seeds, Thorold, Ontario, Canada) was seeded into 128-cell flats with potting
media (Pro-mix: 75-85% sphagnum peat moss, coarse perlite, vermiculite; Premier Horticulture
Ltd., Dorval, QC, Canada) and grown in a greenhouse at the University of Guelph, Guelph,
Ontario, Canada. Seedling flats were fertilized weekly (10-52-10 plant starter fertilizer, Plant
Products Co. Ltd., Brampton, Ontario, Canada) and after 6 – 8 weeks, seedlings were
transplanted in pairs into 13 cm diameter pots and fertilized weekly (20-20-20 plant starter
fertilizer, Plant Products Co. Ltd). At the 8-10 true leaf stage, when the circumference of the
apical meristem was ≥5 cm, plants were introduced into oviposition cages. Oviposition cages (60
X 60 X 60 cm) had a wooden frame and base, with Plexiglas® on one side, and mesh on the top
and remaining three sides. Oviposition cages held pots with pupating C. nasturtii. During adult
emergence, pots of cauliflower were placed into oviposition cages and replaced every 24h until
no further adults emerged (typically 4-5d). Plants from oviposition cages were placed into larval
cages (90 X 60 X 60 cm) constructed of Plexiglass® with mesh on two sides. After 7-8d,
meristems containing late third instar C. nasturtii were cut and laid onto the soil surface to allow
larvae to enter the soil to pupate. Pots with cut meristems were placed into empty oviposition
cages, where adult emergence occurred 7-8d later. All cages were held in a growth room at
25°C±1°C, 60%±10% RH, and a 16L: 8D light cycle.
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2.1.2 Entomopathogenic Nematodes and Fungus
Infective juveniles of S. feltiae, S. carpocapsae and H. bacteriophora were supplied by
Natural Insect Control Inc, Stevensville, Ontario Canada. All three EPN species were isolates
from Hanover, Ontario, Canada, reared on Galleria mellonella larvae and were used in
experimental trials within 15d of production. H. bacteriophora was stored at 12°C, while S.
feltiae and S. carpocapsae were stored at 5°C. Prior to use in trials, nematodes were prepared in
aqueous suspensions using distilled water that had been allowed to acclimatize to ambient
temperatures overnight. The commercial formulation of M. anisopliae, Met52 (Novozymes
BioAg Inc., Wisconsin, USA), was used in all experiments. The formulated product was supplied
by Plant Products Co. Ltd.
2.1.3 Entomopathogenic Nematode Infectivity and Reproduction Assay
To confirm infectivity and quantify reproduction of S. feltiae, S. carpocapsae and H.
bacteriophora in C. nasturtii, larvae were inoculated with EPNs in assay arenas consisting of 30
mL plastic cups (Solo Cup Company, Toronto, Ontario, Canada). Peat moss (Pro-moss, Premier
Tech Ltd., Rivière-du-Loup, Québec, Canada) was ground with a coffee grinder and sifted
through a #40 mesh size (0.425mm) steel sieve, as described in Des Marteaux et al. (2012). Five
mL of dry, finely ground peat moss was placed into each cup and moistened with 0.5 mL of
distilled water. Approximately 310 EPNs (~25 IJs / cm2) in 0.5 mL of distilled water were then
introduced onto the surface of the moistened peat moss. Ten late third-instar C. nasturtii were
placed onto the surface of the inoculated peat moss using a fine-tipped paint brush. Each of the
EPN treatments was replicated 5 times and the assay dishes were incubated in the dark at 25°C
for 5d, with lids on. Following incubation, larvae were collected by washing the contents of each
cup through a #40 mesh size (0.425mm) steel sieve. Dead larvae were observed under a
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compound microscope to confirm death due to infection by the respective EPN. The first
infected larva confirmed from each of the 5 replicates was placed in a White trap (White 1927),
which consisted of an overturned 5-cm Petri dish which was overlain with a filter paper disc and
placed inside a 9-cm petri dish filled with distilled water such that the filter paper wicked up the
water. The White traps were incubated in the dark at 25°C for a further 10d. The filter paper was
checked every 24-48 hours and water added as required to keep it moist. Following the second
incubation period, EPNs that had emerged from the infected C. nasturtii cadavers and migrated
into the water in the White trap were collected and counted.
2.1.4 Life Stage and Temperature Bioassays
Three separate laboratory assays were done to evaluate the susceptibility of C. nasturtii
larvae, pre-pupal cocoons and pupae to five different entomopathogen treatments (S. feltiae, S.
carpocapsae, H. bacteriophora, M. anisopliae and a H. bacteriophora + M. anisopliae
combination), at three different temperatures (16°C, 20°C and 25°C). Ten C. nasturtii of a given
life stage were placed inside bioassay cups with peat moss, and 310 IJ EPNs in a total volume of
1 mL of distilled water (as described above). The M. anisopliae-containing treatments were
prepared by mixing M. anisopliae with the dry ground peat moss at a rate of 1.35 X 106 viable
conidia per cm3 of peat moss prior to the addition of water and/or H. bacteriophora. Ten
replicates of each of the entomopathogen treatments, and a distilled water control, were
incubated in the dark at 16°C, 20°C or 25°C for 15d (n=180). Mortality was assessed by
recording emergence of C. nasturtii adults over 15 d and all cups were retained and checked after
a further 15d to account for any delayed emergence.
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2.1.5 Combined Treatment with H. bacteriophora and M. anisopliae
In order to characterize interactions between H. bacteriophora + M. anisopliae in a
combination treatment, a bioassay was conducted comparing full (1X = 25 H. bacteriophora
IJs/cm2 and 1.35 X 106 viable M. anisopliae conidia/cm3) and half (0.5X) rate treatment
combinations of these two entomopathogens. Treatments included 1X and 0.5X H.
bacteriophora alone, 1X and 0.5X M. anisopliae alone, 0.5X H. bacteriophora combined with
0.5X M. anisopliae, 1X H. bacteriophora combined with 1X M. anisopliae and a distilled water
control. Ten larvae were placed inside bioassay cups, as described above. Ten replicates of each
of the 7 treatments (n=70) were incubated in the dark at 25°C for 15d and mortality assessed by
recording emerging adults. Cups were retained and checked a further 15d later to account for any
delayed emergence.
2.1.6 Infectivity on Host Plant Foliage
Individual potted, 8-week old ‘Snow Crown’ cauliflower plants were placed in 15 X 15 X
15 cm mesh cages with ten male and ten female newly-emerged C. nasturtii adults and were held
at 25°C. Adults were allowed to mate and oviposit for 48h, after which surviving adults were
removed. After a further 48h (96h after infestation), to allow for larval eclosion and
development, S. feltiae, S. carpocapsae and H. bacteriophora were applied to the apical
meristem of each plant using a hand-held mister held 20 cm above the plant at a rate of 2,500 IJs
in 5 mL of distilled water. Larval mortality was evaluated 72h later by dissecting the meristem,
washing the leaves into a 9 cm petri dish and recording the number of live and dead C. nasturtii
larvae. Each treatment was replicated 5 times and the trial repeated twice.
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2.1.7 Suppression of Field Emergence
Field experiments to evaluate the effect of entomopathogen treatments on C. nasturtii in
the soil were conducted at both Pfennings Organic Farm in Baden, Ontario, Canada and the
University of Guelph’s Elora Research Station in Elora, Ontario, Canada in 2011, 2012 and
2013. In 2011, two field experiments were conducted at Baden and Elora from 23 May – 14 July.
EPN treatments (S. feltiae, S. carpocapsae and H. bacteriophora) were applied with watering
cans at a rate of 250,000 IJs in with 4L of distilled water to 1m2 plots that were established in
fields that held naturally infested broccoli during the previous growing season (i.e. in 2010).
Treated plots at Elora were covered with ‘Bugdorm’ (MegaView Science Co., Ltd., Taichung,
Taiwan) emergence tents with a 60 X 60 cm footprint. A yellow sticky card was suspended
within each cage to collect emerging adults. Treated plots at Pfennings were covered with 30 cm
tall, 40 cm diameter Plexiglas® cylinders topped with mesh and containing sticky cards. Sticky
cards were replaced every 7 – 10d and all C. nasturtii counted. Plots were arranged in a
randomized complete block design, with 5 replicates/treatment.
The same experiments were repeated in 2012 at both sites from 15 June – 14 July, with
the addition of a M. anisopliae treatment at a concentration of 1.35 X 106 viable conidia per cm3
of peat moss (with peat moss applied to 5 cm depth over a 1 m2 area). Plots included naturally
infested soil, and ones that were artificially infested with 100 colony-reared 3rd instar C. nasturtii
larvae just prior to the application of entomopathogen treatments. Entomopathogens were
applied with 8L of distilled water and covered with a 5 cm depth of peat moss to conserve soil
moisture. ‘Bugdorm’ tents containing yellow sticky cards were used at both sites as described
above. Plots were arranged in a randomized complete block design, with four
replicates/treatment.
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Experiments in 2013 at both sites (7 June – 5 July) followed the 2012 treatment
application protocols, but included an additional H. bacteriophora + M. anisopliae combination
treatment at the same rates as the respective individual treatments. Smaller emergence tents (30
X 30 cm footprint) constructed from mesh fabric and low-rising metal stakes which served as
frames were placed over the plots and yellow sticky cards used to capture emerging adults. Plots
were arranged in a randomized complete block design with five replicates/treatment.
2.1.8 Statistical Analysis
Count data from the infectivity and reproduction experiment and field trials were
analyzed by ANOVA using the generalized linear model (GLIMMIX) procedure SAS v. 9.3
(SAS Institute 2012), assuming a negative binomial distribution and a log link function. Means
comparisons were made using the Tukey-Kramer procedure with α=0.05. Proportional mortality
data in the life stage and temperature assay, combined treatment assay and host plant foliage
experiment were adjusted for control mortality using Abbott’s Correction (Abbott 1925),
transformed by arcsine in order to produce normally-distributed data and the effects of
entomopathogen treatment and temperature were analyzed by analysis of variance (ANOVA)
using the general linear model (GLM) procedure. Multiple means comparisons were made using
Tukey’s adjustment for LS Means, with α = 0.05. Untransformed means are reported. Evaluation
of entomopathogen combination treatments for additive, antagonistic or synergistic effects
followed the analyses of Nishimatsu and Jackson (1998) and Shapiro-Ilan et al. (2004), which
compared expected vs. observed mortality.
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Expected mortality (%) was calculated as:
Pe = Po+(1-Po)(P1)+(1-Po)(1-P1)(P2),
where P1 was mortality from H. bacteriophora alone, P2 was mortality from M. anisopliae alone
and Po was control mortality. A Χ2 test was conducted to compare observed vs. expected results,
using:
Χ2 = (Lo-Le)2/Le+ (Do-De)2/De,
where Lo is number of living larvae observed, Le is number of living larvae expected, Do is
number of dead larvae observed, and De is number of dead larvae expected. The interaction was
deemed to be ‘additive’ if Χ2 < 3.84, ‘antagonistic’ if Χ2 > 3.84 and Pc<Pe, (where Pc = observed
combination mortality and Pe = expected combination mortality), or ‘synergistic’ if Χ2>3.84 and
Pc>Pe. The critical Χ2 value was obtained from a Χ2 distribution table (Ramsey and Schafer 2002)
to test the hypothesis of independence with 1 df and P = 0.05.
2.2 Results
2.2.1 Entomopathogenic Nematode Infectivity and Reproduction Assay
Successful infection of C. nasturtii was confirmed for each of the three EPN species
tested. Reproduction of all EPN species in C. nasturtii larvae was observed at 15d in all
replicates. Significant differences in IJ progeny collected in White traps were found among all
species (F = 44.06, P < .0001). H. bacteriophora infection resulted in the greatest number of IJs
produced (276.8 ± 39.4), followed by S. carpocapsae (129.8 ± 16.6) and S. feltiae (43.4 ± 10.2).
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2.2.2 Life Stage and Temperature Susceptibility Bioassays
C. nasturtii mortality was affected significantly by entomopathogen and temperature
treatments and their interaction in the larval (entomopathogen F = 31.03, df = 5, P < 0.0001,
temperature F = 13.48, df = 2, P < 0.0001 and interaction F = 7.01, df = 10, P < 0.0001), and
pupal (entomopathogen F = 47.76, df = 5, P < 0.0001, temperature F = 24.98, df = 2, P < 0.0001
and interaction F = 6.82, df = 10, P < 0.0001) bioassays. A significant entomopathogen effect
and an interaction effect were observed in the cocoon bioassay (entomopathogen F = 58.19, df =
5, P < 0.0001, temperature F = 1.96, df = 2, P = .1447 and interaction F = 5.13, df = 10, P <
0.0001).
In the larval bioassay at 16°C, H. bacteriophora and S. feltiae caused higher mortality
than M. anisopliae and the untreated control, but mortality levels did not differ from S.
carpocapsae or the H. bacteriophora + M. anisopliae combination treatment (Table 2-1). At
20°C, the H. bacteriophora + M. anisopliae combination treatment caused higher larval
mortality than M. anisopliae and S. carpocapsae, but not H. bacteriophora and S. feltiae, and all
treatments caused significantly higher mortality than the control. At 25°C, the H. bacteriophora
+ M. anisopliae combination treatment caused higher larval mortality than S. feltiae, but not S.
carpocapsae, H. bacteriophora or M. anisopliae, and all treatments, except S. feltiae, caused
higher mortality than the control.
In the cocoon bioassay at 16°C, H. bacteriophora caused higher mortality than M.
anisopliae, S. carpocapsae and S. feltiae, but did not differ from the H. bacteriophora + M.
anisopliae combination treatment, and all treatments caused higher mortality than the control.
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Table 2-1. Mean (± SE) % mortality of C. nasturtii larvae, cocoons and pupae inoculated with
entomopathogens and incubated at 16°C, 20°C or 25°C.
Life stage
Entomopathogen
Temperature
Treatments
Larval
Cocoon
Pupal
16°C
62 ± 8 EF
34 ± 4 H
33 ± 6 F
Control
H. bacteriophora
16°C
84 ± 5 ABCD
94 ± 3 AB
44 ± 6 EF
H. bacteriophora
16°C
67 ± 7 DEF
74 ± 7 BCDEF
51 ± 4 E
+ M. anisopliae
M. anisopliae
16°C
51 ± 6 F
58 ± 6 FG
53 ± 4 E
S. carpocapsae
16°C
70 ± 4 DEF
61 ± 6 EFG
47 ± 4 E
S. feltiae
16°C
85 ± 4 ABCD
63 ± 9 DEFG
69 ± 5 BCDE
20°C
52 ± 6 F
43 ± 5 H
13 ± 5 F
Control
H. bacteriophora
20°C
78 ± 7 ABCD
74 ± 5 CDEFG
72 ± 5 ABCD
H. bacteriophora
20°C
97 ± 2 A
81 ± 3 ABCDE
73 ± 7 ABC
+ M. anisopliae
M. anisopliae
20°C
71 ± 4 CDE
77 ± 5 BCDEF
50 ± 7 CDE
S. carpocapsae
20°C
75 ± 7 BCD
65 ± 4 FG
44 ± 5 DE
S. feltiae
20°C
81 ± 5 ABCD
88 ± 4 ABCDE
40 ± 8 E
25°C
18 ± 5 F
39 ± 4 H
38 ± 5 F
Control
74 ±
H. bacteriophora
25°C
ABC
98 ± 1 A
94 ± 3 A
10
H. bacteriophora
25°C
94 ± 2 AB
90 ± 4 ABC
87 ± 3 AB
+ M. anisopliae
M. anisopliae
25°C
81 ± 5 ABC
48 ± 9 GH
70 ± 6 BCDE
S. carpocapsae
25°C
60 ± 7 BCD
63 ± 4 FG
69 ± 7 BCDE
S. feltiae
25°C
36 ± 6 DEF
90 ± 3 ABCD
62 ± 6 CDE
Means ± SE followed by different letters within a temperature and within a column are
significantly different (Tukey's HSD means separation test, P < 0.05).

At 20°C, S. feltiae caused higher mortality than S. carpocapsae, but did not differ from H.
bacteriophora, M. anisopliae or the H. bacteriophora + M. anisopliae combination treatment,
and all treatments caused higher mortality than the control. At 25°C, H. bacteriophora caused
higher mortality than S. carpocapsae and M. anisopliae, but did not differ from S. feltiae nor the
H. bacteriophora + M. anisopliae combination treatment, and all treatments, except M.
anisopliae, caused higher mortality than the control.
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In the pupal bioassay at 16°C, all treatments except H. bacteriophora caused higher
mortality than the control but did not differ from one another. At 20°C, the H. bacteriophora +
M. anisopliae combination treatment caused higher mortality than S. carpocapsae and S. feltiae,
but did not differ from H. bacteriophora or M. anisopliae; all treatments caused higher mortality
than the control. At 25°C, H. bacteriophora caused higher mortality than M. anisopliae, S.
carpocapsae and S. feltiae, but did not differ from the H. bacteriophora + M. anisopliae
combination treatment; all treatments caused higher levels of mortality than the control.
2.2.3 Combined Treatment with H. bacteriophora and M. anisopliae
All treatments with H. bacteriophora and M. anisopliae, either alone or in combination,
at 0.5X rates and 1X rates, caused significantly higher rates of mortality to C. nasturtii larvae
than the untreated control (F = 27.52, df = 6, P < .0001) (Table 2-2). At the 0.5X rate, the
combination treatment caused higher mortality than M. anisopliae alone, but not H.
bacteriophora. At the 1X rate, the combination treatment did not cause significantly higher
mortality than either H. bacteriophora or M. anisopliae alone. The interaction between H.
bacteriophora and M. anisopliae was found to be antagonistic at both rates, as the observed
mortalities in the combination treatments were lower than the expected mortalities and Χ2 values
exceeded 3.84.
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Table 2-2. Interactions observed when H. bacteriophora and M. anisopliae were combined for
the suppression of C. nasturtii.
H.
M.
bacteriophora
anisopliae
Mean Mortality
Expectedd
X2
Interactione
application
application
(%) ± SEc
ratea
rateb
0
0
23.5 ± E
3.5
0.5X
0
58.0 ± CD
3.2
0
0.5X
52.5 ± D
4.3
1X
0
82.0 ± AB
3.7
0
1X
85.5 ± AB
2.6
0.5X
0.5X
70.5 ± BC
84.5
16.0
Antagonistic
4.2
1X
1X
85.5 ± AB
97.9
82.0
Antagonistic
2.7
a
Application rates of H. bacteriophora were 25 IJs/cm2 for the 1X rate and ~12.5 IJs/cm2 for the
0.5 rate.
b

Application rates of M. anisopliae were 1.35 X 106 conidia/cm2 for the 1X rate and 6.75 X 105
conidia/cm2 for the 0.5 rate.
c

Mean mortality ± SE = Observed mortality (%) in average of 10 replicates of 10 C. nasturtii
larvae in two trials (200 larvae total). Means ± SE followed by different letters are significantly
different (Tukey’s HSD means separation test, P > 0.05).
d

Expected mortality (%) = Po+(1-Po)(P1)+(1-Po)(1-P1)(P2), where P1 is mortality from H.
bacteriophora alone, P2 is mortality from M. anisopliae alone, and Po is control mortality.
e

Interaction is based on Χ2 ratio of expected : observed mortality.
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2.2.4 Infectivity on Host Plant Foliage
Applications of H. bacteriophora, S. carpocapsae and S. feltiae to the meristem of the
host plant had no significant effect on the mortality of C. nasturtii larvae (F=1.16, df = 3,
P=.3399) (Table 2-3).
2.2.5 Suppression of Field Emergence
No treatment effects were observed at Elora (F = 2.25, df = 3, P > 0.13) or at Pfennings
(F = 1.09, df = 3, P > 0.39), 2012 (F = 0.25, df = 4, P > 0.9) in 2011, or 2013 (F = 1.42, df = 4, P
> 0.28) (Table 2-4). However, entomopathogen treatments had a significant suppressive on C.
nasturtii adult emergence from infested soil at Elora in 2012 (F = 3.28, df = 5, P = 0.0491) and
2013 (F = 12.88, df = 5, P < 0.0001). In 2012, M. anisopliae significantly reduced C. nasturtii
emergence compared to the untreated control, however no other entomopathogen treatments
significantly reduced emergence. In 2013, all entomopathogen treatments significantly reduced
C. nasturtii emergence compared to the control.
2.3 Discussion
The reproductive potential of EPNs may be affected by conditions within insect hosts
(McGraw and Koppenhöfer 2008), the limits of EPN species’ thermal profiles (Grewal et al.
1994), serial subculturing of the EPNs in the laboratory (Wang and Grewal 2002) and host life
stage (LeBeck et al. 1993).
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Table 2-3. Proportional mortality (mean ± SE) of C. nasturtii following inoculation of
entomopathogenic nematodes onto the plant meristem.
Heterorhabditis
Steinernema
Steinernema
Control
bacteriophora
carpocapsae
feltiae
Trial 1
8.7 ± 2.8
6.2 ± 3.0
6.4 ± 3.4
4.9 ± 1.1
Trial 2
9.2 ± 6.8
3.1 ± 1.7
4.6 ± 2.2
2.9 ± 1.2
No significant effects were found based on ANOVA using the GLM procedure (P > 0.05).

Although EPNs are typically applied as augmentative biological control agents with a low
expectation of persistence in high numbers (Dillon et al. 2008), their ability to reproduce inside
target hosts may potentially prolong their presence in treated areas as subsequent generations
emerge from infested cadavers. All three EPN species were able to infect and reproduce within
C. nasturtii, which suggests that all three species could persist in the soil beyond the initial IJs
applied as a curative treatment. Soil abundance of C. nasturtii is temporally variable, as large
numbers of overwintering larvae pupate and emerge in the spring, with subsequent generations
present in the soil in lower numbers throughout the season (Hallett et al. 2009a). The recurring
presence of IJs emerging from infected C. nasturtii cadavers in infested areas could, potentially,
impact the soil-dwelling stages of the different C. nasturtii generations over the course of the
growing season.
Targeting a specific C. nasturtii life stage with curative EPN soil applications is
impractical, since development from the larval to adult stage in the soil occurs within a short
time period (~1 – 2 weeks during the warmer months), and there are multiple overlapping
generations present in the field throughout the season.

36

Table 2-4. Mean number of adult C. nasturtii collected in emergence traps following application of infested soil with
entomopathogens at Pfennings and Elora, Ontario, in 2011, 2012 and 2013.
Trial Date
Location
Treatment
Application Rate
Infestation
Trap Type
2
23-May –
Elora
H. bacteriophora 250,000 IJ/m
Naturally infested soil
60 X 60 cm Bugdorm
2
14-June, 2011
S. carpocapsae
250,000 IJ/m
Naturally infested soil
60 X 60 cm Bugdorm
2
S. feltiae
250,000 IJ/m
Naturally infested soil
60 X 60 cm Bugdorm
Control
0
Naturally infested soil
60 X 60 cm Bugdorm
2
Pfennings H. bacteriophora 250,000 IJ/m
Naturally infested soil
1250 cm2 Plastic
cylinder
S. carpocapsae
250,000 IJ/m2
Naturally infested soil
1250 cm2 Plastic
cylinder
2
S. feltiae
250,000 IJ/m
Naturally infested soil
1250 cm2 Plastic
cylinder
Control
0
Naturally infested soil
1250 cm2 Plastic
cylinder
15-June –
14-July, 2012

Elora

Pfennings

H. bacteriophora

250,000 IJ/m2

S. carpocapsae

250,000 IJ/m2

S. feltiae

250,000 IJ/m2

M. anisopliae
Control

1.35 X 1012
con/m3
0

H. bacteriophora

250,000 IJ/m2

S. carpocapsae

250,000 IJ/m2

100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony
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Means ± SE
10.2 ± 5.2
15.2 ± 12.6
20.4 ± 10.4
20.2 ± 5.1
1.8 ± 1.4
2.8 ± 1.6
3.4 ± 1.1
3.4 ± 1.4

60 X 60 cm Bugdorm

7.5 ± 3.4

AB

60 X 60 cm Bugdorm

16.3 ± 9.8

AB

60 X 60 cm Bugdorm

12.2 ± 3.5

AB

60 X 60 cm Bugdorm

4.3 ± 1.2

B

60 X 60 cm Bugdorm

23.5 ± 16.2 A

60 X 60 cm Bugdorm

7.5 ± 2.3

60 X 60 cm Bugdorm

8.3 ± 4.2

7-June –
5-July, 2013

Elora

S. feltiae

250,000 IJ/m2

M. anisopliae
Control

1.35 X 1012
con/m3
0

H. bacteriophora

250,000 IJ/m2

S. carpocapsae

250,000 IJ/m2

S. feltiae

250,000 IJ/m2

M. anisopliae

Control

1.35 X 1012
con/m3
250,000 IJ/m2 +
1.35 X 1012
con/m3
0

H. bacteriophora

250,000 IJ/m2

S. carpocapsae

250,000 IJ/m2

S. feltiae

250,000 IJ/m2

M. anisopliae

1.35 X 1012
con/m3
250,000 IJ/m2 +
1.35 X 1012
con/m3

H. bacteriophora
+ M. anisopliae

Pfennings

H. bacteriophora
+ M. anisopliae

100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony

60 X 60 cm Bugdorm

9.0 ± 2.8

60 X 60 cm Bugdorm

11.5 ± 2.9

60 X 60 cm Bugdorm

9.8 ± 3.3

100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony

30 X 30cm mesh

2.0 ± 0.5

C

30 X 30cm mesh

1.6 ± 0.7

C

30 X 30cm mesh

4.6 ± 1.2

B

30 X 30cm mesh

2.0 ± 0.7

C

30 X 30cm mesh

2.8 ± 0.7

BC

100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony
100 larvae from lab
colony

30 X 30cm mesh

11.4 ± 2.9

A

30 X 30cm mesh

4.0 ± 2.0

30 X 30cm mesh

3.2 ± 1.3

30 X 30cm mesh

1.6 ± 0.9

30 X 30cm mesh

2.6 ± 1.2

30 X 30cm mesh

2.0 ± 0.9
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Control

0

100 larvae from lab
30 X 30cm mesh
6.8 ± 3.7
colony
Treatments within an experiment followed by the same letter are not statistically different. Multiple means comparisons using Tukey’s
HSD means separation, P > 0.05.
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Any control strategy using EPNs would rely on their ability to infect multiple life stages over a
range of environmental conditions. Therefore, understanding interactions between EPN species,
temperature and the different host life stages can inform management decisions. At 16°C, S.
feltiae caused the highest mortality rates in two of three bioassays (larval and pupal) and was the
only EPN treatment to cause significant mortality across all three life stages. This result is
consistent with earlier characterizations of S. feltiae, showing infectivity (Kim and Alston 2008,
Shapiro-Ilan et al. 2010) and reproduction (Grewal et al. 1994) at lower temperatures. At 20°C,
all treatments were effective across all life stages, although the H. bacteriophora + M. anisopliae
combination treatment appeared to be most effective, conferring the highest level of mortality in
two of three assays. The highest mortality levels at 25°C occurred in the H. bacteriophora
treatment (larval and pupal assays) or the H. bacteriophora + M. anisopliae combination
treatment (cocoon assay), which is consistent with the characterization of H. bacteriophora as a
nematode which requires warmer soil temperatures to be infective (Mukuka et al. 2010). These
results suggest that either H. bacteriophora alone or in combination with M. anisopliae would be
the best option for application during the warmer summer months. With average daily
temperatures ranging between 10°C and 22°C in southern Ontario during the crucifer growing
season (Government of Canada 2014), though, application of S. feltiae during the cooler margins
of the growing season in the spring and fall would be a better option.
Synergistic interactions between two biological control agents offer the potential for
more efficient applications, where lower application rates of each of the combined treatments
confer suppression levels that are equal to or greater than that achieved using higher rates of
individual treatments. The H. bacteriophora + M. anisopliae combination treatment caused
mortality of C. nasturtii larvae that was equal to or greater than the individual treatments.
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However, the interaction was found to be antagonistic since mortality rates were lower
than expected for the combined treatments (Koppenhöfer and Grewal 2005). Synergism has been
documented between H. bacteriophora and M. anisopliae with other insect hosts (Ansari et al.
2004, Acevedo et al. 2007), however the strongest synergistic interactions were observed when
H. bacteriophora applications were made 1-2 weeks (Ansari et al. 2008b) or 3-4 weeks (Ansari
et al. 2006) after M. anisopliae applications. Staggered application timings are suitable for hosts
with long-lived soil-dwelling stages, but are less appropriate for pests such as C. nasturtii where
life stages are present only for a relatively short amount of time in the soil. Antagonism between
EPNs and other entomopathogens or chemical insecticides has been reported in several other
studies (Koppenhöfer and Kaya 1997, Nishimatsu and Jackson 1998, Brinkman and Gardner
2000, Shapiro-Ilan et al. 2004) and application rate is known to affect the nature of interactions
among entomopathogens (Koppenhöfer and Kaya 1997, Nishimatsu and Jackson 1998). Since H.
bacteriophora and M. anisopliae caused high levels of mortality to C. nasturtii individually and
in combination, there may be some benefit to evaluating these interactions at lower application
rates than those tested herein.
Although EPNs are most commonly applied to the soil as treatments against insect pests,
foliar applications can be effective under the right conditions (Olthof and Broadbent 1992,
Williams and Walters 2000). The susceptibility of EPNs to UV light and desiccation limit their
utility on exposed leaf surfaces, but cryptic foliar environments are more favorable to EPN
infection (Shapiro-Ilan et al. 2006, Arthurs et al. 2004). The pseudo-gall formed by C. nasturtii
larvae on the host plant meristem is a cryptic, high-moisture environment that offers some
protection from UV light, suggesting that EPNs may be effective in this system, providing
applications could be efficiently targeted. However, host plant foliage proved to be unsuitable as
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an EPN application site in our experiment. One possible reason for the lack of observed efficacy
is that the primarily aqueous environment of the pseudo-gall does not provide sufficient support
to EPNs to physically penetrate C. nasturtii. The small size and shape of the spiracles of many
Dipteran larvae can act as a significant barrier to penetration by IJs (Eidt and Thurston 1995),
and it is possible that the increased leverage that IJs can achieve in the relatively solid soil
substrate is necessary to overcome this physiological defense. While susceptibility to desiccation
and UV is often cited as the most important factor limiting EPN pathogenicity in foliar
environments (Gaulger and Boush 1978, Arthurs et al. 2004, Shapiro-Ilan et al. 2006), this is
unlikely to have been the case in our experiments as the majority of EPNs (approx. 90%)
remaining in the pseudo-gall were alive 72 hours after their initial application to the plant tissue.
Inundative applications of entomopathogens may be useful in the suppression of C.
nasturtii adult emergence in the field. Notably, applications of M. anisopliae significantly
reduced adult emergence in 2012 and 2013. However, overall recovery rates of C. nasturtii were
quite low and may have compromised the detection of treatment effects. Natural mortality levels
in soil can be quite high, with reports ranging from 18% under controlled laboratory conditions
(Des Marteaux et al. 2012) to 70% in the field (Dry 1915). Generalist arthropod predators or
naturally-occurring pathogens may be partially responsible for low emergence rates. Such biotic
mortality factors are expected to be more prevalent in organic agroecosystems (Maeder et al.
2002), and may explain, in part, the low levels of emergence observed at the Pfennings site
(typically < 10 adults/trap). Other factors that may have limited recovery of emerging adults in
our study include larval entry into diapause or quiescence (Des Marteaux et al. 2012), and trap
inefficiency. If feasible, future research should be done in heavily infested soils to increase the
absolute number of adults recovered.
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Our results suggest that EPNs can play a role in suppressing soil-dwelling life stages of
C. nasturtii in previously infested cruciferous fields. The lack of efficacy observed when EPNs
were applied to host plant foliage limits their usefulness to periods when C. nasturtii populations
are concentrated in the soil and ambient temperatures are suitable for infection to occur. H.
bacteriophora has the greatest potential as a biological control agent of C. nasturtii in southern
Ontario. However, the ability of C. nasturtii to colonize fields from neighboring locations and
quickly increase its local populations within a growing season (Chen et al. 2011) suggests that
EPNs alone will not provide sufficient control and that an integrated approach is necessary to
minimize economic losses.
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Chapter 3: Efficacy of Biopesticides for Management of the Swede Midge (Diptera:
Cecidomyiidae)3
Abstract
Management of the swede midge, Contarinia nasturtii Kieffer, in North American
crucifer production relies on crop rotation and the timely application of synthetic insecticides,
based on pheromone trap monitoring of local adult populations. Organically-acceptable
formulations of azadirachtin, pyrethrin and spinosad, and a commercial biopesticide containing
the entomopathogenic fungus, Beauveria bassiana, were evaluated for their effects on larval
mortality and oviposition deterrence in the greenhouse, and on damage symptoms in the field. In
greenhouse trials, pyrethrin and spinosad treatments applied up to 24 h prior to C. nasturtii
exposure resulted in significant reductions in oviposition on host plants, whereas azadirachtin
and B. bassiana only deterred oviposition when applied 2 h prior to exposure. Spinosad caused
the highest larval reduction (~ 96%) on cauliflower meristems, while azadirachtin, B. bassiana
and pyrethrin caused significant larval reduction when applied pre-oviposition and significant
mortality when applied post-oviposition. Field trials conducted with these insecticides on
broccoli in 2011 produced no significant reductions in overall damage levels, however B.
bassiana treatments produced more marketable plants than did the control. In 2013, all
treatments significantly reduced overall damage levels and all treatments, except B. bassiana,
produced more uninfested and marketable plants than the control. Field applications of these
alternative insecticides may be effective in protecting yields of broccoli and cauliflower, when
combined with other tactics in an integrated pest management program.

3

This chapter was previously published: Evans, B.G., and R. H. Hallett. 2016. Efficacy of biopesticides
for management of the swede midge (Diptera: Cecidomyiidae). J. Econ. Entomol. 109: 2159-2167.

44

KEYWORDS: Contarinia nasturtii, pyrethrin, spinosad, azadirachtin, Beauveria bassiana,
oviposition deterrence, larval mortality

3.0 Introduction
The swede midge, Contarinia nasturtii Kieffer (Diptera: Cecidomyiidae), is a serious
pest of cultivated vegetables and plants in the family Brassicaceae, including cultivars
of Brassica oleracea L., such as broccoli, cauliflower and cabbage, cruciferous weeds
(e.g., Sinapis arvensis L., Raphanus raphanistrum L., and Capsella bursa-pastoris L.), and
canola (B. napus L., B. juncea (L.) Czern, and B. rapa L.) (Hallett 2007, Chen et al. 2011).
Individual female C. nasturtii can lay several clutches of up to 50 eggs within the tightly folded
leaves surrounding the host plant meristem and developing buds (Barnes 1946). Larvae feed by
extraintestinal digestion, using salivary enzymes to break down the meristematic cells of the host
plant, resulting in a wide range of symptoms, including twisted and swollen stems, crumpled
leaves, multiple heads, or the complete absence of the vegetable head (Barnes 1946, Hallett and
Heal 2001). This direct damage to the harvestable portion of the plant can lead to significant
yield reductions, with losses of up to 85% reported in heavily infested vegetable fields (Hallett
and Heal 2001).
Contarinia nasturtii larvae develop to maturity on the host plant, dropping into the soil to
spin a cocoon and pupate before emerging as adults. Life cycle duration is variable, ranging from
20–55 d, depending on climatic variables such as temperature and humidity (Readshaw
1966). Contarinia nasturtii is a multivoltine species that exhibits considerable intragenerational
variation in adult emergence patterns, characterized by temporally distinct early- and lateemerging phenotypes (Hallett et al. 2009b). As the growing season progresses, the staggered
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emergence cohorts cause sequential generations to overlap, resulting in the concurrent presence
of all life stages of C. nasturtii in the field (Hallett et al. 2009b, Chen et al. 2011).
The presence of C. nasturtii in North America was first confirmed in Ontario, Canada, in
June 2000 (Hallett and Heal 2001). Since that time, its North American range has expanded
rapidly into the Canadian provinces of Quebec, Nova Scotia, Prince Edward Island, Manitoba,
and Saskatchewan and into the states of New York, New Jersey, Massachusetts, Connecticut,
Vermont, Ohio, and Michigan in the United States (Chen et al. 2007, 2009; Canadian Food
Inspection Agency [CFIA] 2009, Government of Michigan 2015). In response to this rapid range
expansion, the Canadian Food Inspection Agency and the United States Department of
Agriculture Animal Plant Health Inspection Agency abandoned efforts to regulate C. nasturtii as
a quarantine pest in 2009 (CFIA 2009).
Researchers focusing on the efficacy of synthetic insecticides identified foliar sprays
(acephate, acetamiprid, chlorpyrifos, λ-cyhalothrin, dimethoate, methomyl, and permethrin), soil
drenches (acetamiprid, imidacloprid, and thiamethoxam), and seed treatments (clothianidin and
thiamethoxam) that could effectively reduce feeding damage by C. nasturtii (Wu et al.
2006, Hallett et al. 2009b). However, field trials conducted in 2005 and 2006 showed that
insecticide treatments that had proven effective during the early stages of C.
nasturtii establishment in North America (2001 and 2002) subsequently failed to reduce feeding
damage to levels acceptable for marketability (Hallett et al. 2009b). It has been postulated that
the multiple, overlapping generations of C. nasturtii, combined with short residual activity of
insecticides, are the leading causes of control failures in North America, rather than the
development of insecticide resistance (Chen et al. 2007, 2011). The inconsistent effectiveness of
synthetic insecticides, the complex life history traits of C. nasturtii, and the absence of endemic,
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specialized natural enemies in North America have led to the conclusion that an integrated pest
management approach is critical to maintain C. nasturtii populations at economically acceptable
levels (Corlay et al. 2007, Hallett et al. 2009b, Chen et al. 2011, Abram et al. 2012).
Current management efforts by North American crucifer producers involve biannual crop
rotations and the application of synthetic insecticides in response to C. nasturtii infestations,
incorporating the use of insecticide application thresholds based on pheromone trap monitoring
of adult males (Hallett et al. 2007, Chen et al. 2011, Hallett and Sears 2013). The successful
management of C. nasturtii in organic production systems requires the identification of effective
alternative insecticides. Biopesticides are pesticides derived from natural materials, such as
animals, plants, and bacteria, which may be commercially produced with synthetic additives for
use by conventional growers, or without synthetic additives for organic producers (US
Environmental Protection Agency [USEPA] 2016). Organically acceptable biopesticides provide
management tools to both organic and conventional growers, offer the benefit of different modes
of action, and reduce the potential for resistance development, which will enhance long-term
management of swede midge. The objective of this research was to examine the effect of
commercially available alternative insecticide formulations on C. nasturtii rates of oviposition,
larval mortality, and feeding damage on cole crops.
3.1 Materials and Methods
3.1.1 Insect Culture
Contarinia nasturtii larvae from the Swiss Federal Research Station for Horticulture
(Wadenswil, Switzerland) were obtained from Dr. Anthony Shelton (Cornell University, Geneva,
NY) in 2011 and reared following the methods described in Chen and Shelton (2007) and Des
Marteaux et al. (2012). Adults and larvae were kept at 25 ± 1 °C, 60 ± 10% RH, and a
photoperiod of 16:8 (L:D) h.
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3.1.2 Plant Material
For both colony maintenance and experiments, ‘Snow Crown’ variety cauliflower
(Brassica oleracea L.) (Stokes Seeds, Thorold, Ontario, Canada) was seeded into 128-cell flats
with Promix (Premier Horticulture Ltd., Dorval, Québec, Canada) and grown in a greenhouse at
the University of Guelph, Guelph, Ontario, Canada. Weekly fertilizer applications were made to
seedling flats using 10-52-10 “plant starter” fertilizer (Plant Products Co. Ltd., Brampton,
Ontario, Canada) and after 6–8 wk, seedlings were transplanted, in pairs for colony or singly for
experiments, into 13-cm-diameter pots and fertilized weekly with 20-20-20 “all purpose”
fertilizer (Plant Products Co. Ltd., Brampton, Ontario, Canada). Potted plants were introduced to
colony oviposition cages or used for experiments at the 8-10 true leaf stage, when the
circumference of the apical meristem exceeded 5 cm.

3.1.3 Insecticides
The active ingredients and products examined herein are either permitted organic
substances in Canada (Canadian General Standards Board 2015) that are regulated by the
Canadian Pest Management Regulatory Agency, or are OMRI Listed products (Organic
Materials Review Institute, www.omri.org). Treatments for all greenhouse and field experiments
consisted of pyrethrin (Pyganic EC 1.4, 1.4% pyrethrins (w/w), McLaughlin Gormley King
Company, Minneapolis, MN), spinosad (Entrust 80W, 80% spinosad (w/w), Dow AgroSciences
LLC, Calgary, Alberta, Canada), azadirachtin (Leaf Shine, pure neem oil with 2,000 ppm
azadirachtin, Biofert Manufacturing Inc., Langley, British Columbia, Canada), and Beauveria
bassiana (Botanigard 22WP, B. bassiana Strain GHA, 4.4 × 1013 conidia/kg, Laverlam
International Corporation, Butte, MT), and distilled water as a control. For all experiments, the
application rates recommended by the manufacturers were used (i.e., pyrethrin, 60.9 g ai/ha;
spinosad, 87.4 g ai/ha; B. bassiana, 1,076 g ai/ha; and azadirachtin, 13.5 g ai/ha) and applied with
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the equivalent of 350 liter of water per hectare. Application rates to individual plants in
laboratory experiments were based on a density of ∼29,000 plants/ha.

3.1.4 Oviposition Deterrence Experiments
Methods for both oviposition deterrence and larval mortality experiments (described
below) were informed by those of Wu et al. (2006) and Chen and Shelton (2010). Two separate
greenhouse experiments were conducted to evaluate the effects of insecticide treatments on C.
nasturtii oviposition. Individual plants were treated with one of the four insecticides or a distilled
water control. Treated plants were placed individually inside 25- by 25- by 25-cm Bugdorm
wire-framed rearing and observation cages (Megaview, Taiwan), with plastic covering the front
and fine mesh covering the top, bottom, and three sides, and maintained at 25 ± 1 °C. In the first
experiment, 10 newly emerged male and 10 newly emerged female adult C. nasturtii (24–48 h
old), having had no exposure to host plants and, thus, no opportunity to lay eggs, were collected
from colony emergence cages using an aspirator and immediately introduced into a cage 2 h
following the application of insecticides. The second experiment followed the same protocol,
except that adult midges were introduced to the experimental cages 24 h following the
application of insecticides. In both experiments, insecticides were applied in ∼10 ml water/plant
directly to the foliage using a misting bottle held ∼30 cm above the plant, immediately prior to
placing plants in experimental cages. Plants were not watered for the duration of the experiments
(∼72 h). Each treatment was replicated five times and each experiment was conducted twice.
Cages were placed on lab benches and arranged in a completely randomized design. Three days
following the introduction of adult midges into the experimental cages, plants were removed and
the apical meristem and surrounding leaves were dissected and examined under a dissecting
microscope. All eggs and larvae found were counted.
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3.1.5 Larval Mortality Experiments
Greenhouse experiments were conducted to evaluate the effects of insecticide treatments
on larval mortality. Plants were treated in the same way as the oviposition deterrence
experiments. In a preoviposition treatment experiment, 10 male and 10 female newly emerged C.
nasturtii were introduced into each experimental cage containing an individual cauliflower plant
that was treated with insecticide 24 h earlier.
A second, postoviposition treatment experiment followed the same protocol, except that
all plants were exposed to midges for 72 h, allowing oviposition and early larval development to
occur, prior to the application of insecticide treatments. In this experiment, plants were removed
from experimental cages, treated with insecticide, and immediately placed back into the cages.
At the time of treatment, nearly all adult C. nasturtii in the experimental cages had died
naturally, either on the plant foliage or at the bottom of the cages.
For both experiments, each treatment was replicated five times and each experiment was
conducted twice. Cages were placed on lab benches and arranged in a completely randomized
design. Approximately 150 ml of water was applied to the soil at the base of the potted plants on
the third or fourth day of the experiment. Plants were removed from the experimental cages 7–8
d following the introduction of adults (when larvae were ∼4 d old) and apical meristems and
surrounding leaves were examined and dissected under the microscope. All larvae were removed
from the plant material with fine paint brushes and recorded as dead or alive, with the proportion
of dead:total larvae recovered expressed as percent larval mortality. In the preoviposition
treatment trial, total larval reduction was also determined for each treatment in order to ascribe
proportions of the reduction in number to either oviposition deterrence or larvicidal activity.
Percent reduction in live larvae per plant was calculated as:
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% live larval reduction = ∑

𝐧

([

𝐋𝐜𝐢 −𝐋𝐭𝐢

𝐢=𝟏

𝐋𝐜𝐢

] /𝐧)𝐱 𝟏𝟎𝟎

where;
Lci = number of live larvae on a control plant for a given replicate,
Lti = number of live larvae on a plant treated with treatment ‘t’ for a given replicate, and,
n = number of replicates.
In the pre-oviposition experiment, oviposition deterrence could not be determined based
on counting the number of eggs on the meristem, since this form of sampling would require
dissection of the host plant and preclude any further determination of larvicidal activity. Rather,
percent oviposition deterrence was inferred based on the reduction in total larvae present on the
meristem, calculated as:

% oviposition deterrence = ∑

𝐧

([

𝐢=𝟏

𝐓𝐜𝐢 −𝐓𝐭𝐢
𝐓𝐜𝐢

] /𝐧)𝐱 𝟏𝟎𝟎

where;
Tci = number of total (live + dead) larvae on a control plant for a given replicate, and,
Tti = number of total larvae on a plant treated with treatment ‘t’ for a given replicate
The proportion of the overall larval reduction attributable to oviposition deterrence was then
calculated as:
P(O) = ∑

𝐧
𝐢=𝟏

𝐃

[𝐑𝐭𝐢]
𝐭𝐢

and, the proportion of the reduction attributable to larvicidal activity was calculated as:
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P(L) = ∑

𝐧
𝐢=𝟏

𝐊

[𝐑 𝐭𝐢] , or = 1 – P(O)
𝐭𝐢

where;
Dti = number of larvae deterred as a result of the presence of the biopesticide for a given
replicate, calculated as Dti = Tci - Tti, and,
Kti = number of larvae killed on the meristem due to larvicidal activity for a given replicate,
calculated as Kti = Tti - Lti, and,
Rti = reduction in overall larval presence on the meristem for a given replicate, calculated
as Rti = Kti + Dti.
3.1.6 Insecticide Efficacy Field Trials
Field experiments were conducted during the months of July and August in Zephyr, ON,
in 2011 and Elora, ON, in 2013. Trials were conducted with ‘Windsor’ in 2011 and with both
‘Windsor’ and ‘Bay Meadows’ broccoli (Stokes Seeds Ltd., Thorold, Ontario, Canada) in 2013.
All seeds were planted as described above and grown in a greenhouse for 4 wk, then moved
outside for 7 d prior to transplanting in the field (Zephyr, July 11, 2011; Elora, July 25, 2013).
Field plots each consisted of 4 rows of broccoli, 5 m in length, with 45 cm between plants and 1
m between rows (∼45 plants), with 2 m buffer spaces between plots. Plots were arranged in a
randomized complete block design and replicated four times. Every 7–10 d, for a total of 7
applications at Zephyr and 8 applications at Elora, plants were treated with an insecticide or a
deionized water control, at the concentrations described above using a CO2backpack sprayer
with a one-row boom equipped with TeeJet XR8002VS nozzles. Each week, 10 plants were
randomly selected from the two middle rows of each plot and assigned a damage rating, where
0 = no damage, 1 = mild crumpling of leaves, 2 = severe crumpling and twisted stem, 3 = death
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of apical meristem and/or multiple compensatory shoots (Hallett 2007). Final damage ratings
were taken at harvest (Zephyr, August 30, 2011; Elora, September 25, 2013).
Pheromone trap monitoring was conducted at Elora, from May to October during both
years of the study (Fig. 3-1) placing six white Jackson traps baited with C. nasturtii sex
pheromone polyethylene cap lures (PheroNet Swede Midge Lures, Andermatt Biocontrol,
Grossdietwil, Switzerland), ∼150 m apart around the perimeter of the experimental field,
attached to wood stakes ∼30 cm above the ground. Traps were checked three times per week for
captured C. nasturtii adult males and lures were replaced every 4 wk.

3.1.7 Statistical Analysis
All statistical analyses were conducted with SAS 9.3 (SAS Institute, Cary, NC 2012),
and α = 0.05. Oviposition deterrence data were analyzed using a generalized linear mixed model
(PROC GLIMMIX), assuming a negative binomial distribution and log link function. The
resulting means were separated using the Tukey–Kramer procedure. Larval mortality data were
arcsine-transformed to produce normally distributed data and treatment effects were analyzed by
analysis of variance (ANOVA) using the general linear model procedure (PROC GLM),
followed by multiple means comparisons using Tukey’s adjustment for LS Means. No trial by
treatment interactions were found for the two trial repetitions of the oviposition deterrence
(2 h: F = 1.58, P = 0.23; 24 h: F = 1.94, P = 0.15) and larval mortality
(preoviposition: F = 1.57, P = 0.20; postoviposition: F = 1.38, P = 0.26) experiments, so data
were pooled.
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Figure 3-1. Mean daily captures (males/trap/day) of C. nasturtii adult males in pheromone traps
at Elora, Ontario, Canada, (A) 2011 and (B) 2013. Note differences in scales of y-axes.
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For the field trials, in order to compare the distribution of plants among damage rating
categories estimated probabilities of damage rating scores at harvest were generated from
damage rating data by way of a multinomial analysis using PROC GLIMMIX and a cumulative
logit link function. The distributions of the resulting estimated probabilities were then compared
using linear contrasts. The mean number of marketable plants (i.e., at harvest damage rating ≤1)
and uninfested plants (damage rating = 0) were compared across treatments using PROC
GLIMMIX, assuming a binomial distribution and logit link function. In addition, mean damage
ratings at harvest for each treatment were also compared using PROC GLM. The resulting means
were separated using the Tukey–Kramer procedure.
3.2 Results
3.2.1 Oviposition Deterrence Experiments
Insecticide treatments made 2 h prior to midge exposure resulted in significantly lower
numbers of eggs on plants for all treatments compared to the control (F = 32.75,
df = 4,16, P < 0.0001; Table 3-1). The largest reduction in oviposition was observed in the
pyrethrin treatment (92%), followed by spinosad (87%), and azadirachtin and B. bassiana (both
81%). Significant reductions in oviposition also resulted when plants were treated with
insecticides 24 h prior to midge exposure (F = 14.06, df = 4, 16, P < 0.0001; Table 3-1).
Oviposition was significantly reduced by pyrethrin (69%) and spinosad (50%), but not by
azadirachtin and B. bassiana (both 26%), when treatments were made 24 h before midge
exposure.
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Table 3-1. Contarinia nasturtii eggs collected from the meristematic tissue of cauliflower
following oviposition by adults exposed to plants 2 h and 24 h after application of insecticide
treatments. Data pooled for two repetitions of each experiment.
No. of eggs (Mean±SE)
Exposure 24h post
Treatment
Exposure 2h post application
application
Azadirachtin
39.2 ± 6.2B
112.1 ± 12.1AB
B. bassiana
39.6 ± 7.9B
112.1 ± 14.0AB
Pyrethrin
17.0 ± 5.0C
46.9 ± 8.1D
Spinosad
26.6 ± 4.5B
76.3 ± 11.2C
Control
209.6 ± 34.7A
151.7 ± 13.7A
Means within a column followed by the same letter are not significantly different (Tukey HSD,
P>0.05).

3.2.2 Larval Mortality Experiments
Significant mortality was observed for all treatments in the preoviposition application
trial (F = 5.45, df = 4, 16, P < 0.0038), with spinosad causing the highest level of mortality,
followed by B. bassiana and azadirachtin (Table 3-2). The total reduction of live larvae on the
meristem by spinosad and pyrethrin was significantly higher that of azadirachtin and B.
bassiana, though all treatments greatly reduced larvae (≥76%), with a very high proportion of the
reduction attributable to oviposition deterrence for all treatments (∼70–93%), as compared to
larvicidal activity (∼7–29%). All postoviposition insecticide treatments resulted in significant
mortality compared to the control (F = 14.89, df = 4, 16, P < 0.0001; Table 3-2). Spinosad caused
the highest level of mortality, followed by pyrethrin, azadirachtin, and B. bassiana.
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Table 3-2. Percent larval reduction, larval mortality, and attribution of reduction to oviposition deterrence or larvicidal activity, in the
meristematic tissue of cauliflower treated with insecticide before- and after oviposition.
Post-oviposition
Pre-oviposition application
application

a

b

Treatment

Total
Larvae/Plant
(Mean±SE)

% Larval
Mortality
(Mean±SE)

% Oviposition
Deterrence
(Mean±SE)

% Live Larval
Reduction
(Mean±SE)

P(O)a

P(L)b

% Larval Mortality
(Mean±SE)

Azadirachtin

35.7 ± 5.6

31.7 ± 6.8B

78.7 ± 0.05A

84.0 ± 0.05AB

0.930

0.70

46.7 ± 11.0AB

B. bassiana

45.4 ± 6.8

31.9 ± 6.7B

68.7 ± 0.08A

75.8 ± 0.07B

0.706

0.294

44.3 ± 8.0B

Pyrethrin

30.6 ± 3.0

56.4 ± 6.3AB

81.4 ± 0.03A

91.2 ± 0.02A

0.873

0.127

62.2 ± 6.7AB

Spinosad

37.8 ± 8.2

78.3 ± 8.4A

78.3 ± 0.04A

95.1 ± 0.02A

0.767

0.233

76.3 ± 7.2A

---

---

---

5.8 ± 0.8C

Control
194.1 ± 27.8
4.2 ± 0.8C
--Proportion of larval reduction attributable to oviposition deterrence.
Proportion of larval reduction attributable to larvicidal activity.

Means within a column followed by the same letter are not significantly different (Tukey HSD, P>0.05).
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3.2.3 Insecticide Efficacy Field Trials
Statistical determination of estimated probabilities of damage ratings showed that C.
nasturtii damage was not reduced by any insecticide treatment at Zephyr (F = 1.98, df = 4,
15, P > 0.15; Table 3-3). At Elora, treatment effects were statistically significant (F = 9.00,
df = 4, 15, P = 0.0047), but no significant varietal effect (F= 4.55, df = 1,2, P > 0.16) nor
treatment by variety interaction (F = 0.09, df = 4,8, P > 0.98) was observed, and so data from
both varieties were pooled for analyses of main treatment effects. At Elora, all insecticide
treatments were found to differ significantly from the control in their estimated probabilities of
damage rating distributions, and all had higher probabilities of having plants with no damage,
and lower probabilities of having plants with no head, than did the control (Table 3-3).

Table 3-3. Estimated probabilities of larval C. nasturtii feeding damage on broccoli treated with
insecticides in field trials at Zephyr in 2011 and Elora in 2013, where a rating of 0 = no damage,
1 = mild crumpling of leaves, 2 = severe crumpling and twisted stem, 3 = complete absence of
head.
Estimated Probabilities of Feeding Damage Ratings
Location, Year,
Treatments
Rating=0
Rating=1
Rating=2
Rating=3 Pr > F
Zephyr, 2011
--Azadirachtin
0.060
0.364
0.428
0.149
--B. bassiana
0.187
0.540
0.227
0.046
--Pyrethrin
0.103
0.467
0.342
0.089
--Spinosad
0.057
0.354
0.433
0.156
--Control
0.029
0.229
0.472
0.271
Elora, 2013
0.0007
Azadirachtin
0.637
0.109
0.037
0.217
0.0132
B. bassiana
0.560
0.120
0.043
0.277
0.0005
Pyrethrin
0.707
0.094
0.031
0.168
0.0024
Spinosad
0.800
0.070
0.022
0.108
--Control
0.259
0.110
0.049
0.582
P-values are given for statistically significant treatment effects as compared to controls by linear
contrasts (P<0.05).
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At Zephyr, 75% of plants in the B. bassiana treatment were rated marketable at harvest,
which was significantly higher than the control (Table 3-4). However, no differences in the mean
number of uninfested plants were observed among treatments in this trial. At Elora, there were
significant differences among treatments in the number of marketable plants at harvest (Table 34), but there were no significant variety (F = 4.96, df = 1,2, P = 0.16) nor variety by treatment
interaction (F = 0.35, df = 4,8, P = 0.84) effects, so varietal data were pooled for analyses. All
insecticides, except B. bassiana, had significantly more marketable plants than the control.
Varietal data for the number of uninfested plants were also pooled for analyses
(variety: F = 8.34, df = 1, 2, P = 0.10; variety by treatment interaction: F = 0.35,
df = 4,8, P = 0.84). All insecticides, except B. bassiana, also had more uninfested plants than did
the control.

Table 3-4. Mean number of uninfested (rating=0) and marketable (rating≤1) broccoli plants per
10-plant sample following treatment with insecticides in field trials at Zephyr in 2011 and Elora
in 2013.
Trial location, year,
Mean Marketable
Mean Uninfested
treatments
Plants ± SE
Plants ± SE
Zephyr, 2011
Azadirachtin
3.5 ± 0.9 AB
1.5 ± 0.6 A
B. bassiana
7.5 ± 1.2 A
1.5 ± 0.9 A
Pyrethrin
6 ± 0.4 AB
0.5 ± 0.5 A
Spinosad
4.8 ± 0.8 AB
0.8 ± 0.5 A
Control
2.5 ± 1 B
0.5 ± 0.5 A
Elora, 2013
Azadirachtin
7.7 ± 1.1 A
6.3 ± 1 A
B. bassiana
6.7 ± 0.9 AB
5.7 ± 1.3 AB
Pyrethrin
7.7 ± 0.8 A
7.2 ± 1.1 A
Spinosad
8.8 ± 0.7 A
8 ± 1.1 A
Control
3.7 ± 1.4 B
2.3 ± 1 B
Means within a column followed by the same letter are not significantly different (Tukey HSD,
P>0.05).
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Patterns of adult emergence observed at Elora in 2011 (Fig. 3-1) may serve as a
reasonable estimate of the timing (though not magnitude) of emergence events at Zephyr, given
their geographic proximity (Zephyr, 44.1167° N, 79.1333° W, Elora, 43.6850° N, 80.4272° W)
and comparable climates (average daily maximum temperatures for June and July, 2011: Zephyr,
23.7 °C and 28.6 °C, recorded at Udora, 44.1545° N, 79.0941° W; Elora, 22.4 °C and 28.0 °C,
recorded at Fergus Shand Dam 43.4405° N, 80.1949° W; Government of Canada 2015).
Pheromone trap data indicate that transplanting of seedlings at Zephyr occurred toward the end
of the largest emergence peak of the 2011 growing season, while transplanting at Elora occurred
∼4 wk after the last large early season emergence peak in 2013.
At Zephyr and Elora, initial damage levels developed at a similar rate, with damage
levels very low or absent during the first 4 wk after transplanting, followed by steady increases
in observed damage from the fifth week onward (Fig. 3-2). Damage ratings for all treatments
increased similarly over time at Zephyr, while at Elora damage in the control began to diverge
from that of the insecticide treatments at 5 wk after transplanting. At harvest, B. bassiana and
pyrethrin had significantly lower damage ratings than the control at Zephyr (F = 6.59, df = 4,
16, P <0.0001), while all treatments had significantly lower damage ratings than the control at
Elora (F = 14.8, df = 4,16, P < 0.0001; Fig. 3-2). Mean damage levels in the controls reached
similar levels at both sites (∼2.0).
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Figure 3-2. Mean weekly ratings of C. nasturtii feeding damage on broccoli at (A) Zephyr
(2011) and (B) Elora (2013), Ontario, Canada, where a rating of 0 = no damage, 1 = mild
crumpling of leaves, 2 = severe crumpling and twisted stem, 3 = complete absence of head.
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3.3 Discussion
All insecticides evaluated herein exhibited a very high degree of oviposition deterrence
when applied 2 h prior to exposure to gravid females; however, spinosad and pyrethrin also
significantly reduced oviposition for at least 24 h after application. The higher egg counts
observed on plants treated with B. bassiana and azadirachtin, particularly 24 h post application,
suggest that any deterrent effect of these active ingredients on ovipositing females is very shortlived. Although azadirachtin is purported to have strong repellent effects on several
phytophagous insect species (Kumar and Poehling 2006), the relatively low concentration used
in our experiments, and rapid breakdown under UV radiation may explain its relative
ineffectiveness in our experiments (Dayan et al. 2009). The selection of a suitable host plant for
oviposition is of critical importance for insect species where the larval stage exhibits low
mobility (Messina et al. 1987, Renwick and Chew 1994), so preventing oviposition may be a
useful tactic in reducing plant damage by such herbivore pests. Contarinia nasturtii larvae lack
the ability to move from one plant to another and, thus, their survival and successful
development to the adult stage is dependent on the suitability of the oviposition site selected by
the female (Readshaw 1966, Huang et al. 1994). The results suggest that well-timed applications
of pyrethrin and spinosad could have a deterrent effect on gravid females seeking oviposition
sites for at least 24 h, helping to reduce eventual larval numbers and augmenting any larvicidal
effect of the residual insecticide on the meristem. This is the first report of oviposition deterrent
effects of insecticides on C. nasturtii.
Contarinia nasturtii larvae may spend as few as 7 d feeding on the host plant in order to
complete larval development and, since the growing points of plants are attacked in the early
stages of development, damage caused by the larvae can quickly result in the loss of the
harvestable portion of the plant (Hallett and Sears 2013). Marketability of some host plants, such
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as cabbage and kale (B. oleraceae L.), may be minimally affected by later damage, once the
meristem is protected from ovipositing females by head formation and/or since damaged older
leaves are removed at harvest. However, cauliflower and broccoli are vulnerable to direct
damage to developing florets, and may only remain marketable by minimizing damage by C.
nasturtii throughout the full growing season (Hallett 2007). Biopesticide treatments aimed at
reducing the opportunities for C. nasturtii oviposition on untreated host plants in susceptible
stages of development may be achieved via population monitoring by pheromone trap captures
and timing applications to coincide with emergence peaks. Foliar applications of synthetic
insecticides have been shown to reduce damage by C. nasturtii on host plants in both laboratory
and field studies (Wu et al. 2006, Hallett et al. 2009a,b). All alternative products tested caused
significant larval mortality in preoviposition and postoviposition trials; however, the organic
formulations of spinosad and pyrethrin were most effective, achieving more than twice the level
of mortality caused by azadirachtin and B. bassiana in preoviposition trials and ∼1.5 times of
that in postoviposition trials. The mortality levels caused by spinosad (76 and 78%) and
pyrethrin (56 and 62%) were also more consistent between the pre- and postoviposition trials
than azadirachtin (32 and 47%) and B. bassiana (32 and 44%), suggesting that the former pair of
treatments may not degrade as quickly on foliage than the latter, leading to longer residual
activity. Although all of the organically acceptable insecticides examined herein demonstrated
larvicidal properties when applied pre- or postoviposition, they were much less effective than
synthetic insecticides evaluated in a similar study by Wu et al. (2006). However, it should be
noted that our use of water as a control could have resulted in an underestimation of the efficacy
of insecticides compared to other studies where an untreated control was utilized.
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Postoviposition foliar applications of conventional formulations of the pyrethroid λcyhalothrin and spinosad, both of which were applied with a silicone–polyether copolymer
adjuvant to improve coverage, caused larval mortality of 97% and 92%, respectively (Wu et al.
2006), as compared to mean mortality of 56% for organic pyrethrin and 78% for organic
spinosad in this study.
While larval mortality studies involving post-oviposition applications report on the
lethality of insecticide treatments, preoviposition application experiments account for overall
reductions in larval numbers, attributable to both oviposition deterrence effects and larvicidal
effects. The reductions in larvae observed for all treatments in the preoviposition trials were
largely attributable to lower numbers of larvae present on plants, i.e., oviposition deterrence (71–
93%), rather than to reduction by larvicidal activity (7–29%). Although oviposition deterrence
may be overestimated here, since our methods did not account for potential ovicidal activity, this
laboratory result suggests that timing of insecticide applications could be manipulated to take
advantage of preventative effects, rather than curative effects alone, and that this approach may
be particularly important in improving overall efficacy of organic insecticides that cause lower
larval mortality than synthetic pesticides.
This study is the first to evaluate efficacy of multiple organic insecticides against C.
nasturtii in a Canadian field setting. In addition to presenting a comparison of final mean damage
ratings analyzed by ANOVA (GLM), as has been done in previous studies using C.
nasturtii damage ratings (e.g., Hallett et al. 2009a), we elected to utilize a generalized linear
mixed model (GLIMMIX), which can be constructed to account for the multinomial distribution
of these data (Gbur et al. 2012). Further, the resulting output of estimated probabilities indicates
the proportional odds of each damage category for a given treatment. This output provides
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considerably more information than a singular mean value, which may result from observations
that are not normally distributed. While the multinomial analysis (GLIMMIX) showed no
significant differences among treatments in the Zephyr (2011) field experiment, the ANOVA
(GLM) produced statistically significant results. In reviewing the estimated probabilities across
damage rating categories (Table 3-3), some data are normally distributed about the mean (e.g., B.
bassiana, 2011), while some other observations are not (e.g., control, 2013). The multinomial
approach conducted herein thus better fits the distribution of these data, and so should provide a
more reliable assessment of the relative efficacies of insecticide treatments than does the
ANOVA (GLM). Thus, emphasis will be given to discussion of the results of the multinomial
analyses.
In our field trials, all of the active ingredients, with the exception of B. bassiana,
demonstrated efficacy against C. nasturtii by increasing the number of uninfested and
marketable plants in 2013. Beauveria bassiana is relatively slow acting and requires direct
contact with the insect host, with poor infectivity often attributed to inadequate ambient moisture
(Ugine et al. 2007, Ortiz-Urquiza et al. 2010). It is likely that conditions on the apical meristem
of broccoli plants, which experience direct exposure to sunlight and wind in the field, are
unsuitable for successful germination of B. bassiana spores and for infection of C.
nasturtii larvae. Beauveria bassiana appears to be a poor choice for managing C. nasturtii, based
on ineffective field results in both years, poor oviposition deterrence, and inconsistent larvicidal
activity.
Although the remaining three insecticides were all effective at reducing damage to plants
in the field, on the basis of greenhouse and field trials, spinosad and pyrethrin have the greatest
promise as tools for organic growers in the management of C. nasturtii. These two insecticides
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offered the most consistent results, significantly reducing oviposition for at least 24 h, causing
relatively high levels of larval mortality and significantly increasing the number of uninfested
and marketable plants in the field in 2013. Azadirachtin did not deter oviposition 24 h
postapplication, but showed some larvicidal activity and efficacy in the field in 2013. However,
the lack of field efficacy observed for these active ingredients in 2011, and seen in other field
studies at similar or higher rates (Hallett et al. 2009a; Seaman et al. 2013, 2014, 2015), suggests
that use of these insecticides needs to be complemented with other tactics in order achieve
consistent, effective control. Pheromone-based action thresholds can be used to time foliar
applications of conventional insecticides and effectively protect cabbage from C.
nasturtii (Hallett and Sears 2013). The applicability of this action threshold to broccoli with
organic insecticides needs to be evaluated. The occurrence of oviposition-deterrent effects in
these insecticides suggests that insecticide efficacy may be improved by applying foliar
insecticides when gravid females are preparing to lay their eggs. However, applications
occurring too far in advance of oviposition are likely to result in reduced efficacy due to
environmental degradation of residual insecticide on the host plant, as spinosad, pyrethrin, B.
bassiana and azadirachtin may be affected by temperature, UV-light, and/or moisture in the field
(Fields and Korunic 2000, Williams et al. 2003, Kumar and Poehling 2006, Daniel and Wyss
2010). As such, applications of spinosad or pyrethrin should be made as soon as adult population
peaks are observed through field-specific pheromone trap monitoring, in order to achieve both
oviposition deterrence and maximum larval mortality.
Suppression of C. nasturtii damage by conventional foliar insecticides can be effective
during the early phases of C. nasturtii colonization due to lower overall populations, but is
unlikely to provide adequate control when populations are high (Hallett et al. 2009a, Chen et al.
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2011). While no treatment significantly affected damage ratings at Zephyr, all treatments
differed significantly from the control at Elora. Contarinia nasturtii abundance was not recorded
in pheromone traps at Zephyr during our trial. However, a history of severe C.
nasturtii infestations at this site and the characterization of a nearby site in Stouffville as having
a “very high” population (Hallett and Sears 2013) suggest that the existence of a relatively high
local population of C. nasturtii in Zephyr is not an unreasonable assumption. The pheromone
trap data collected at Elora in 2011 (Fig. 3-1) is consistent with a previous characterization of
this site as having a “moderate” population (i.e., ∼5 males/trap/d from first emergence to late
September); however, the 2013 data characterize Elora as having a “high” population (Hallett
and Sears 2013). In previous studies, significant reductions in damage have been observed under
“moderate” C. nasturtii pressure, and with no significant effects under “high” pressure (Seaman
et al. 2013, 2014).
Variable efficacy from year to year may also be attributable to environmental variables
such as temperature, which can affect residual insecticide concentrations, and impact local C.
nasturtii abundance (Des Marteaux et al. 2014). The timing of transplanting seedlings into the
field relative to adult population dynamics is also a contributing factor, as adult C.
nasturtii populations fluctuate throughout the growing season. The Zephyr trial began two weeks
earlier in the growing season than the Elora trial, and pheromone trap data from 2011 (Fig. 3-1)
indicate that transplanting at Zephyr coincided with the height of the largest emergence peak of
the growing season.
Since insecticides were applied on the day of transplanting, and every 7–10 d afterward,
the field trials were designed to achieve continuous protection, assuming residual insecticidal
efficacy of ∼7 d (Hallett and Sears 2013). The high levels of damage observed at Zephyr,
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combined with the emergence peak occurring when seedlings were first transplanted, suggest
that high local populations overwhelmed the insecticide treatments. In contrast, lower
prevailing C. nasturtii populations during the trial period at Elora, in spite of higher overall
numbers during seasonal peaks, may have been a contributing factor to the lower damage
observed at that site, suggesting that the timing of transplanting may be as important a
consideration when managing for avoidance of C. nasturtii as the characterization of the
population level at a particular site. A better understanding of the residual efficacy of the
insecticides evaluated herein is required in order to evaluate the applicability of the action
thresholds described by Hallett and Sears (2013).
Effective management of C. nasturtii requires a diversified, integrated pest management
strategy to control C. nasturtii consistently. This will be particularly true in organic systems,
where available insecticides appear to be of lower efficacy than in conventional systems. The
results suggest that pyrethrin and spinosad offer the greatest potential as a management tactic for
growers; these are also the most accessible products for organic growers in Canada, as there are
no azadirachtin pesticides registered for use on food crops in Canada. Applying these treatments
at sites with lower local C. nasturtii abundance and timing transplants to avoid C.
nasturtii population peaks may be key to achieving adequate levels of efficacy with these
insecticide treatments. Given the in-season variability in local adult C. nasturtii abundance, the
use of action thresholds (Hallett and Sears 2013) to guide the timing of insecticide applications
could potentially result in greater levels of crop protection than the calendar-based sprays
employed in these trials, since applications would be more targeted to coincide with emergence
peaks. However, the action thresholds that were established based on the efficacy of
conventional insecticides (Hallett and Sears 2013) would likely need to be revised in order to
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account for differing efficacy of the biopesticides reviewed herein (Nault and Shelton 2010).
Additionally, the application of entomopathogens to reduce the number of C. nasturtii in the soil
has shown some promise (Evans et al. 2015), and, along with regular crop rotation, may serve to
complement foliar insecticides in the management of C. nasturtii particularly in organic
production systems.
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Chapter 4: Physical and cultural control tactics against the swede midge, Contarinia
nasturtii Kieffer (Diptera: Cecidomyiidae)

Abstract
The swede midge, Contarinia nasturtii Kieffer, is an invasive pest of crucifers in North
America. Although crop rotation is employed among growers to manage this insect, few other
physical or cultural tactics have been established as effective management alternatives. One
cultural (planting date) and two physical (insect exclusion fencing and ground coverings) control
tactics were evaluated as methods of reducing C. nasturtii damage and/or emergence. Fencing
treatments were evaluated over three seasons (2011-13), but fencing alone or in combination
with an entomopathogen treatment only reduced damage in one year (2011 and 2012,
respectively). Both treatments resulted in higher numbers of marketable plants than the control in
2011 only. A flight height study revealed that adults fly up to 240 cm above the ground, although
significantly more adults were captured at 60 cm than on higher traps. Planting date trials, were
conducted in two years to evaluate the potential for temporal escape from C. nasturtii in cabbage
and broccoli plants. The lowest levels of damage were observed in late plantings of broccoli, and
early plantings of cabbage. The effect of physical barriers (clear plastic sheeting and floating row
cover) on adult emergence in the spring was evaluated against soil entomopathogen treatments.
All soil treatments resulted in numerically, but not statistically, lower captures than the control.
These results suggest that physical and cultural tactics may reduce the impact of C. nasturtii
when local populations are low, but are not effective at high populations.

Keywords: Insect exclusion fencing, planting date, plastic ground cover, flight height
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4.0 Introduction
The swede midge, Contarinia nasturtii Kieffer (Diptera: Cecidomyiidae), is an
invasive species in North America, having established itself as a serious pest of cruciferous crops
(i.e. cultivars of Brassica oleracea L., including broccoli, cauliflower, cabbage, Brussels sprouts
and kale) (Hallett and Heal 2001, Chen et al. 2011). Contarinia nasturtii has extended its range
throughout southeastern and central Canada and the northeastern United States since it was first
recorded in Ontario in 2001 (Hallett and Heal 2001, Canadian Food Inspection Agency 2009,
Chen et al. 2009, Hallett et al. 2009a). First generation spring adult flight activity is characterized
by early and late phenotypes, emerging from the soil in 2 distinct peaks, ~15 days apart,
beginning in late May to early June in southern Ontario (Hallett et al. 2009a).
Eggs are laid on meristematic tissue and in leaf axils surrounding developing buds.
Gregarious C. nasturtii larvae feed in an aqueous environment among the tightly-folded leaves
around the central meristem resulting in direct damage to the harvestable vegetable head in B.
oleracea (Readshaw 1966, Hallett and Heal 2001). Mature buds and flowers are less susceptible
to feeding damage by C. nasturtii as leaves spread out, eliminating the moist, tight spaces
required by the larvae for feeding and development (Chen et al. 2011). Synchrony between insect
emergence and susceptible host plant stages is a critical element in the population dynamics of
insect herbivores (Martemyanov et al. 2016). Contarinia nasturtii has evolved several life history
strategies to increase the likelihood that some proportion of individuals in a given population will
occur in synchrony with susceptible host plant resources. These include polymodal adult spring
emergence patterns, multiple (3-5) generations per year, and rapid local population increases, all
result in the occurrence of multiple life stages from different generations in the field at a given
time, and increase the probability of ovipositing females encountering host plants in a susceptible
stage of development (Goodfellow 2005, Hallett 2007, Hallett et al. 2009a).
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Current management tactics against C. nasturtii focus on regular crop rotations and
synthetic insecticide applications timed according to a pheromone trap-based action threshold
(Wu et al. 2006, Chen et al. 2007, 2011, Chen and Shelton 2010, Hallett and Sears 2013).
However, crop rotation efforts may be compromised by prolonged (≥2 year) diapause in a small
percentage of C. nasturtii, locally abundant cruciferous weeds acting as reservoir hosts, and/or
re-invasion from neighboring fields, while insecticide treatments can become overwhelmed
under high population pressure (Chen et al. 2009, Hallett et al. 2009b, Des Marteaux et al. 2014).
Certain entomopathogens hold some potential as effective management tools (Corlay et al. 2007,
Evans et al. 2015), but predators and parasitoids have not yet been shown to play a significant
role in managing C. nasturtii populations in North America (Corlay et al. 2007, Abram et al.
2012). It has been repeatedly concluded that an integrated pest management (IPM) approach,
employing multiple tactics, is needed to manage this invasive species effectively (Corlay et al.
2007, Hallett et al. 2009b, Chen et al. 2011, Evans et al. 2015).
Prior research on cultural and physical management tactics targeting C. nasturtii has
shown that: 1) host-free periods, achieved through crop rotations, can effectively reduce local C.
nasturtii populations (Chen et al. 2009); 2) burial of pupae under >5cm of soil can significantly
reduce and delay adult emergence (Chen and Shelton 2007); 3) fencing barriers may reduce
damage levels in regions where C. nasturtii is an occasional pest (Wyss and Daniel 2004); and,
4) crucifers sown later in the season may be more susceptible to infestation than earlier plantings
(Corlay and Boivin 2008). These tactics exploit the short adult life stage of C. nasturtii, and the
transient susceptibility of host plants, which combine to act as temporally-limiting features of
this herbivore-host association. Focusing on the spatial and temporal avoidance of C. nasturtii
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during emergence peaks in the spring may significantly reduce the population size and economic
impact of subsequent generations throughout the growing season.
Exclusion barriers, such as screens, netting, and fencing, suppress pest populations in
several different cropping systems (Franck and Bar-Joseph 1992, Weintraub and Berlinger 2004,
Nissen et al. 2005a, 2005b). Insect exclusion fencing is effective in western Canada against the
cabbage root maggot, Delia radicum L. (Diptera: Anthomyiidae), by reducing numbers of adult
females infesting fenced plots and causing a delay in colonization (Vernon and Mackenzie
1998). The delay allows host plants to reach more advanced stages of development before
exposure to the pest, reducing the overall level of damage (Vernon and Mackenzie 1998). This
approach may have potential for C. nasturtii management, since host plants are most susceptible
during early stages of development when damage to the central meristem can result in multiple
non-harvestable heads or no head production (Hallett 2007). Although broccoli and cauliflower
florets may be infested by C. nasturtii during head formation, there is lower potential for damage
once cabbage meristematic tissues are protected by cupping of outer leaves during early head
formation (Hallett 2007, Chen et al. 2011). Exclusion fencing may provide spatial separation of
the crop by preventing entry of C. nasturtii, or temporal separation by delaying colonization.
Temporal separation of crop and pest may also be achieved during the growing season by
manipulation of planting dates. In the United States, later planting dates are used to avoid
infestations of green peach aphid, Myzus persicae Sulzer (Hemiptera: Aphididae), in sugar beets,
Beta vulgaris L., and to reduce Hessian fly, Mayetiola destructor Say (Diptera: Cecidomyiidae),
infestations of winter wheat, Triticum aestivum L. (Norris et al. 2003). Early season planting of
cotton, Gossypium spp., reduces damage by the bollworms, Helicoverpa zea (Boddie) and H.
armigera Hübner (Lepidoptera: Noctuidae), and the boll weevil, Anthonomus grandis Boheman
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(Coleoptera: Curculionidae) (Norris et al. 2003). In crucifer production, shifting planting dates so
that highly susceptible, developing meristematic tissue does not coincide with emergence peaks
of C. nasturtii adults may reduce infestation levels. Since seasonal emergence patterns can be
monitored and anticipated with some degree of accuracy in southern Ontario (Hallett et al. 2007,
2009a), planting dates may be manipulated to avoid the co-occurrence of active adults and
susceptible plants. Limiting recruitment of offspring from spring-emerging overwintered adults
could have a compounding effect, potentially reducing the population of subsequent generations.
The use of fast-developing varieties may further support intra-seasonal temporal avoidance by
shortening the period of host plant susceptibility.
Another aspect of the life cycle of C. nasturtii that may be exploited through physical and
cultural management tactics is that the population is concentrated in the soil during the pupal
stage prior to emergence in the spring. Thus, there is an opportunity to focus management efforts
on the sessile population at the soil interface, rather than targeting the various, active life stages
that are present later in the season. Synthetic mulches preventing emerging adults from leaving
the soil, or polyethylene sheeting to kill soil-dwelling larvae and pupae by solarization, present
additional opportunities for control (Vincent et al. 2009). The objective of this research was to
evaluate insect exclusion fencing, ground covers, and the manipulation of planting dates as
potential tactics to control C. nasturtii.
4.1 Materials and Methods
All experiments were conducted at the University of Guelph - Elora Research Station,
Elora, Ontario, Canada. In all study years, six white Jackson traps, containing C. nasturtii sex
pheromone polyethylene cap lures (PheroNet Swede Midge Lures, Distributions Solida, SaintFerréol-les-Neiges, Québec, Canada) were placed at distances of ~150 m apart, around the
perimeter of experimental fields to monitor adult C. nasturtii populations, from May to October.
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Traps were attached to wood stakes 30 cm above the ground, white sticky card liners were
checked for captures 3 times per week and lures were replaced every 4 wk.
4.1.1 Exclusion Fencing Trials
Field experiments were conducted from 30 June to 29 August, 2011, 20 June to 20
August, 2012, and 30 May to 3 July, 2013 (Fig. 4-1). ‘Windsor’ variety broccoli was used in all
three years and ‘Bay Meadows’ was included as a second variety in 2013 (Stokes Seeds,
Thorold, Ontario, Canada). Seeds were planted with Pro-Mix (Premier Horticulture Ltd, Dorval,
Québec, Canada) into 128-cell flats in a greenhouse at the University of Guelph (Guelph,
Ontario, Canada). Seedlings were grown for 4 wk, with weekly applications of 10-52-10 plant
starter fertilizer (Plant Products Co. Ltd, Brampton, Ontario, Canada), and placed outside for 7 d
prior to transplanting to the field. Field plots consisted of 4 rows of broccoli, 5 m in length, with
45 cm spacing between plants, and 1 m between rows, and 2 m buffer spaces separated adjacent
plots (~45 plants/plot). Plots were arranged in a randomized complete block design, with 5
replicates of three treatments in 2011 and 2012, and four replicates of four treatments in 2013. In
2011 and 2012, treatments consisted of plots surrounded by exclusion fencing, fenced plots
treated with a soil application of the entomopathogenic nematode Steinernema feltiae Filipjev,
and an unfenced control. In 2013, treatments consisted of fenced ‘Windsor’ plots, unfenced
‘Windsor’ plots, fenced ‘Bay Meadows’ plots, and unfenced ‘Bay Meadows’ plots. Steinernema
feltiae (strain NIC-F0801) were supplied by Natural Insect Control Inc. (Stevensville, Ontario,
Canada) and stored and applied as described in Evans et al. (2015). Applications of 250,000 S.
feltiae infective juveniles per m2 were made at transplanting and exclusion fencing was erected
the following day.
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Figure 4-1. Mean daily captures of adult male Contarinia nasturtii in pheromone traps (note different y-axis scales and date ranges)
and mean weekly damage ratings in fenced (dashed line with data points), fencing + S. feltiae (dotted line) and unfenced plots (solid
line) of broccoli at the University of Guelph – Elora Research Station, (A) from 30-June to 29-August, 2011, ~800m away from the
historical crucifer field, (B) 20-June to 20-August, 2012, ~100m away, and (C) 30-May to 3-July, 2013, adjacent to crucifer field.
Trial period, from transplant to harvest, is shown for each year’s trial.
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Each fenced plot was surrounded by four 5.5 m long by 1.5 m tall ‘no-see-um’ mesh panels
(Telstar Window Service Ltd., Agassiz, British Columbia, Canada), arranged in a 5.5 x 5.5 m
plot. The four corners of the fence walls were sealed shut using binder clips (Staples Canada
Inc., Toronto, Ontario, Canada) and the base of the fence was buried under ~10 cm of soil to seal
any gaps at the soil interface. The top edge of the fence had a 25 cm overhang, angled outward
and downward at 30-45º, to prevent C. nasturtii from flying over the top of the fence panels (Pats
and Vernon 1999, Vernon and McGregor 1999, Bomford et al. 2000). Each week, 10 randomly
selected plants from the two middle rows of each plot were assigned a damage rating, where a
rating of ‘0’ = no damage, ‘1’ = mild crumpling of leaves, ‘2’ = severe crumpling and twisted
stem, and ‘3’ = death of the apical meristem and/or multiple compensatory shoots (Hallett 2007).
As it was critical to conduct the trials on soil that was not infested with C. nasturtii, each year the
trial location was selected from sites at the University of Guelph Elora Research Station that had
not been planted to cruciferous crops during the two preceding field seasons. In 2011, the
fencing trial was conducted ~800 m from a field in which crucifers had been grown for about 8
years (pheromone traps were located in this field), while the 2012 fencing trial was conducted in
a field ~100 m away, and the 2013 trial was conducted within the primary crucifer field, in a
section that had been planted to corn in 2011 and left fallow in 2012.
4.1.2 Planting Date Trials
In 2012 and 2013, field experiments were conducted to evaluate the potential for
temporal avoidance of C. nasturtii damage in cabbage and broccoli with alternative planting
dates. ‘Windsor’ and ‘Bay Meadows’ broccoli and ‘Bronco’ cabbage (Stokes Seeds, Thorold,
Ontario, Canada) seedlings were grown following the protocols described above and transplanted
into the field six times at 3-wk intervals. One cabbage trial and one broccoli trial using the
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‘Windsor’ variety were conducted in 2012, with seedlings transplanted on 3 May, 22 May, 12
June, 5 July, 27 July, and 15 August (Fig. 4-2), except that the 2012 cabbage trial did not include
the 22 May planting, as these seedlings were lost to feeding damage by mammalian herbivores
prior to transplanting. In 2013, the cabbage trial was repeated and the broccoli trial was
expanded to include the faster-developing ‘Bay Meadows’ variety for comparison against the
‘Windsor’ standard. Transplant dates in 2013 were 3 May, 24 May, 14 June, 5 July, 26 July, and
16 August. Field plots were planted and organized in the same way as described above, where
the 6 different planting dates comprised the treatments, replicated in 4 blocks, and arranged in a
randomized complete block design. The areas between rows were weeded once per week and no
other treatment was applied to the plants. In the same manner as described above, ten randomly
selected plants from the two central rows of each plot were observed and assigned a damage
rating every week from initial transplant until harvest.
4.1.3 Flight Height Experiment
In 2013, an experiment was conducted to determine the height at which C. nasturtii
adults fly above the ground in the fenced and unfenced plots. In the center of three fenced and
three unfenced randomly selected plots in the exclusion fencing trial, 300 cm height and 10 cm
diameter, black acrylonitrile-butadiene-styrene plumbing pipes (IPEX Homerite Products,
Oakville, Ontario, Canada) were erected vertically over 1.5 m wood stakes. Four yellow milk
carton traps (1L liquid packaging cartons, Nutrinor cooperative, Saint-Bruno, Québec), 15 cm
height x 10 cm width, coated on four sides with Tangle-Trap insect trap coating (paste
formulation; The Tanglefoot Company, Grand Rapids, Michigan), were placed around the pipes,
and fastened with staples so that their center points were positioned at heights of 60, 120, 180
and 240 cm above the soil surface.

78

Figure 4-2. Mean daily captures of adult male Contarinia nasturtii in pheromone traps and
periods from transplanting to harvest for broccoli and cabbage plots planted at ~3wk intervals, at
the University of Guelph – Elora Research Station, in (A) 2012 and (B) 2013. The second
planting date in 2012 included only broccoli as cabbage seedlings were lost to damage. *Note
different y-axis scale, 2012 vs. 2013.
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The pipes were placed in the field for 4 weeks, beginning 17 June and were taken down once a
week to collect and replace the sticky cards. All C. nasturtii captured were counted in the
laboratory.

4.1.4 Ground Cover Trials and Biological Controls
In order to evaluate the potential for soil-applied treatments to reduce spring emergence
of C. nasturtii, two trials were established in 2012, with two physical control treatments: i polyethylene mesh applied to the soil prior to broccoli transplanting as a physical barrier to C.
nasturtii entry into the soil, ii - clear polyethylene sheeting applied after harvest as a solarization
treatment; three biological control treatments: iii - an entomopathogenic nematode, iv - an
entomopathogenic fungus, v – both entomopathogens (iii and iv) combined; and an untreated
control. Two fields were planted to broccoli in late May 2012, with broccoli seedlings
(‘Windsor’) transplanted into three-row plots, 3 m width x 4 m length, with approximately 9
plants per row, arranged in a randomized complete block design. There were 5 replications in the
first trial and 3 in the second, conducted concurrently. For the mesh treatment, white spunbonded
polyethylene floating vegetable row cover (Stokes Seeds, Thorold, Ontario, Canada) was
installed over plots before transplanting, with edges buried to ~10 cm depth around the perimeter
of the plot, and seedlings were planted through small (~5 cm) slits cut into the fabric. Natural
infestation by C. nasturtii resulted in 100% of plants damaged by mid-July. On 18 July 2012,
plants in all treatments, except the mesh cover treatment, were cut down and left on the soil
where they had grown, and the remaining treatments applied. For the polyethylene treatment,
6mm thick clear polyethylene sheeting (Polytarp Products, Toronto, Ontario, Canada), was laid
over the ground and cut plants, and the edges buried under ~10 cm of soil. For the biological
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control treatments, two applications of the entomopathogenic nematode Heterorhabditis
bacteriophora (strain NIC-H1001) (Natural Insect Control Inc., Stevensville, Ontario, Canada) at
a rate of 25 infective juveniles/cm2, and the entomopathogenic fungus Metarhizium brunneum
(Met52) (Novozymes BioAg Inc., Brookfield, Wisconsin) at a rate of 1.35 x 106 conidia / cm3,
were made alone or in combination on 18 July and 18 August, 2012, following the methods
described by Evans et al. (2015). All treatments remained in place until the following spring. In
early May 2013, broccoli plants in the mesh cover treatment plots were cut down, and the
polyethylene sheeting and mesh cover were removed from all plots. Two ‘Bugdorm’ (MegaView
Science Co., Ltd., Taichung, Taiwan) emergence tents (60 x 60 cm) were placed in each plot,
and a yellow sticky card was suspended in each tent to capture emerging C. nasturtii adults.
Sticky cards were replaced weekly to record C. nasturtii captures until 28 June, 2013.
4.1.5 Statistical Analyses
All statistical analyses were conducted using SAS v. 9.3 (SAS Institute, Cary, NC 2012).
For the exclusion fencing trials, mean damage ratings were analyzed by analysis of variance
(ANOVA) using the general linear model (GLM) procedure, with resulting means separated
using Tukey’s adjustment for LS means. Mean numbers of uninfested and marketable plants in
2011 and 2012 were analyzed using a generalized linear mixed model (GLIMMIX), assuming a
binomial distribution and logit function. The resulting means were separated using the TukeyKramer procedure. In the 2013 fencing trial, no varietal difference was observed and no
variety*treatment interactions were found (see results), and so variety data were pooled within
fenced and unfenced treatments. Since there were virtually no uninfested nor marketable plants
resulting from the 2013 trial, statistical analyses were only conducted on mean damage ratings.
The exclusion fencing field data were also evaluated using a multinomial analysis, using PROC
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GLIMMIX and a cumulative logit link function to generate estimated probabilities of feeding
damage across the four damage categories (0, 1, 2, 3), which were then compared using linear
contrasts. The planting date experiments were analyzed using the same methods as the fencing
experiments, i.e. GLM procedure for mean damage ratings, binomial analysis of marketable
plants using the GLIMMIX procedure, and multinomial analysis to produce estimated
probabilities across damage rating categories. However, uninfested plant data from the planting
date trials were not analyzed, due to the near absence of uninfested plants in the majority of
treatments. Mean captures at the various heights in the flight height survey were analyzed using
GLIMMIX, assuming a negative binomial distribution and the Tukey-Kramer means separation
procedure. The two concurrent ground cover trials were found to have no trial*treatment
interaction and so the data were pooled across trials, and ANOVA was conducted using the GLM
procedure to analyze mean emergence trap captures.
4.2 Results
4.2.1 Exclusion Fencing Trials
In 2011, both the fencing and the fencing + nematode treatments resulted in significantly
lower mean damage ratings than unfenced controls (F=9.1, df=2,148, P=0.0002), whereas only
the fencing + nematode treatment reduced damage in 2012 (F=3.82, df=2,148, P=0.024) and no
treatment effect was observed in 2013 (F=1.15, df=1,198, P=0.33) (Table 4-1, Fig. 4-1). No
significant varietal effect (F=2.02, df=1,198, P>0.156) or variety by treatment interaction
(F=0.90, df=1,9, P>0.344) were detected in 2013, and so variety data were pooled within fenced
and unfenced treatments. Fencing and fencing + nematode treatments had no effect on the
number of uninfested plants in 2011 (F=1.37, df=2,8, P>0.30) and 2012 (F=0.83, df=2,8,
P>=0.47). However, the number of marketable plants was approximately twice as high in the
two fencing treatments than in the unfenced control in both 2011 (F=7.12, df=2,8, P=0.017) and
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2012 (F=45.43, df=2,8, P<.0001). Mean damage ratings for unfenced control plots progressed in
severity each year from 2011 to 2013 and the mean number of marketable plants was reduced by
approximately half from 2011 to 2012 (Table 4-1). Feeding damage developed more slowly in
fenced plots in 2011 and 2012, but not in 2013 (Fig. 4-1). Final mean damage ratings in fenced
plots were lowest when the trial was conducted at the greatest distance from the historical
crucifer production field (800 m, 2011), and highest when conducted directly adjacent to areas of
historical crucifer production (2013) (Fig. 4-1).
The distribution of estimated probabilities of damage ratings in fencing and fencing +
nematode treated plots differed significantly from the controls in 2011 (F=8.14, df=2,12,
P<.0058), where 77% of plants in fencing plots and 69% of plants in fencing + nematode plots
were considered marketable (i.e. damage categories 0 and 1) (Table 4-2). No significant
differences among estimated probabilities of damage were detected in 2012 (F=0.31, df=2,12,
P>0.73), or 2013 (F=0.13, df=1,18, P≥0.72), where the proportions of unmarketable plants for
all treatments during these two seasons were estimated to be 68.5% - 99.2%.
4.2.2 Planting Date Trials
Significant differences were detected in mean damage ratings among planting dates in
broccoli in 2012 (F=11.77, df=5,235, P<0.0001) and 2013 (F=124.99, df=5,235, P<0.0001), but
no significant varietal effect (F=2.81, df=1,479 P>0.08) nor planting date by variety interaction
(F=1.77, df=5,11, P>0.11) was observed in 2013, so broccoli variety data were pooled for
analyses. The mean number of marketable plants also significantly differed among planting dates
in 2012 (F=7.15, df=5,235, P=0.0013) and 2013 (F=21.06, df=5,235, P<0.0001) (Table 4-3).
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Table 4-1. Mean harvest damage ratings (0-3), and mean number of uninfested (rating=0) and
marketable (rating ≤1.0) broccoli plants per 10-plant sample in fenced and unfenced plots at
University of Guelph – Elora Research Station, 2011-2013. A rating of 0=no damage, 1=mild
crumpling of leaves, 2=severe crumpling and twisted stem, 3=complete absence of head.
No.
No. marketable
uninfested
plants
Harvest damage
plants
(mean±SE)
Year
Treatment
rating (mean±SE)
(mean±SE)
2011
Fencing
1.1 ± 0.1 A
2.0 ± 0.8
7.4 ± 0.5 A
Fencing + S. feltiae
1.3 ± 0.1 A
1.2 ± 0.7
7.0 ± 0.7 A
Unfenced Control
1.8 ± 0.1 B
0.2 ± 0.2
4.0 ± 0.7 B
2012
Fencing
2.1 ± 0.2 AB
1.6 ± 0.9
3.6 ± 1.6 A
Fencing + S. feltiae
1.9 ± 0.2 B
1.4 ± 1.0
4.0 ± 1.6 A
Unfenced Control
2.4 ± 0.1 A
0.8 ± 0.6
1.8 ± 1.1 B
2013
Fencing
3.0 ± 0.0
0.1 ± 0.3
0.1 ± 0.3
Unfenced Control
3.0 ± 0.0
0.0 ± 0.0
0.1 ± 0.3

Means followed by the same letter within a column are not significantly different between
treatments (Tukey HSD, P>0.05).
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Table 4-2. Estimated probabilities of larval Contarinia nasturtii feeding damage levels on
broccoli in fenced, fenced + S. feltiae, and unfenced broccoli trials at the University of Guelph –
Elora Research Station, 2011-2013. A rating of 0=no damage, 1=mild crumpling of leaves,
2=severe crumpling and twisted stem, 3=complete absence of head.
Estimated Probabilities of Feeding Damage Ratings
Rating=0
Rating=1
Rating=2
Rating=3 Pr > F
Elora, 2011
Fencing
0.175
0.588
0.166
0.071 0.0019
Fencing + S. feltiae
0.126
0.561
0.213
0.100 0.0340
--Unfenced Control
0.043
0.363
0.330
0.263
Elora, 2012
Fencing
0.041
0.139
0.129
0.692 0.7562
Fencing + S. feltiae
0.082
0.232
0.168
0.517 0.4467
--Unfenced Control
0.023
0.083
0.088
0.806
Elora, 2013
Fencing
4.3X10-3
4.3X10-3
0.022
0.970 0.7200
-3
-3
--Unfenced Control
5.7X10
5.7X10
0.028
0.960

P-values are given for statistically significant differences between fencing treatments and the
unfenced controls by linear contrasts (P<0.05).
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Table 4-3. Mean harvest damage ratings (0-3), and mean number of marketable (rating≤1)
broccoli plants per 10-plant sample in plots planted at 3-week staggered intervals at the
University of Guelph - Elora Research Station in 2012 and 2013. A rating of 0=no damage,
1=mild crumpling of leaves, 2=severe crumpling and twisted stem, 3=complete absence of head.
Harvest damage
No. marketable
Host
Transplant
Year
rating (mean ±
plants (mean ±
plant
date
SE)
SE)
Broccoli
2012
03-May
2.8 ± 0.1 A
0 ± 0 B
22-May
2.7 ± 0.1 A
0.8 ± 1 AB
12-Jun
2.9 ± 0.1 A
0.3 ± 0 B
05-Jul
2.6 ± 0.1 A
1.8 ± 1 AB
27-Jul
2.0 ± 0.2 B
3.5 ± 1 A
15-Aug
1.8 ± 0.2 B
4.5 ± 2 A
Broccoli
2013
03-May
3.0 ± 0.0 A
0 ± 0 D
24-May
2.7 ± 0.1 AB
0.5 ± 0 CD
14-Jun
2.7 ± 0.1 AB
0.3 ± 0 CD
05-Jul
2.4 ± 0.1 BC
1.8 ± 1 BC
26-Jul
2.2 ± 0.1 C
2.8 ± 1 BC
16-Aug
0.4 ± 0.1 D
9.3 ± 0 A
Cabbage
2012
03-May
0.7 ± 0.2 D
8 ± 0 A
12-Jun
2.0 ± 0.1 BC
1.5 ± 1 BC
05-Jul
1.6 ± 0.1 C
4 ± 1 BC
27-Jul
2.3 ± 0.1 AB
2 ± 1 BC
15-Aug
2.5 ± 0.1 A
0.5 ± 0 C
Cabbage
2013
03-May
0.9 ± 0.1 D
7.8 ± 1 A
24-May
2.4 ± 0.1 A
0.5 ± 0 C
14-Jun
2.2 ± 0.1 AB
3.3 ± 1 BC
05-Jul
1.6 ± 0.1 BC
5.8 ± 1 AB
26-Jul
2.0 ± 0.1 AB
3.3 ± 2 BC
16-Aug
1.2 ± 0.2 CD
5.8 ± 6 AB

Means followed by the same letter within a column in each trial are not significantly different
between treatments (Tukey HSD, P>0.05).
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Estimated probabilities of damage ratings showed no significant effect of planting date on
broccoli in 2012 (F=2.56, df=5,18, P>0.06), where estimated probabilities of marketable plants
did not exceed 41% for any planting date. However, significant differences were observed in
2013 (F=13.10, df=5,18, P<0.0001), with expected probabilities of marketable plants of 93% in
the latest broccoli planting (Table 4-4). Estimated probabilities of damage in the earliest planting
(3-May) were significantly worse than the standard late May and early June plantings, while
those of the latest planting (16-Aug) were significantly better than both standards. All other
plantings did not differ significantly from the standards.
Significant differences in mean damage ratings were found among planting dates in
cabbage trials in 2012 (F=35.72, df=4,195, P<0.0001) and 2013 (F=16.13, df=5,235, P<0.0001).
The mean number of marketable plants also significantly differed among planting dates in
cabbage in 2012 (F=11.63, df=4,195, P=0.0004), and 2013 (F=3.81, df=5,235, P=0.02) (Table 43). Estimated probabilities of damage ratings in cabbage in 2012 (F=12.58, df=4,15, P=0.0001)
and 2013 (F=3.82, df=5,18, P≤0.016) showed significant differences, with expected probabilities
of marketable plants of 85% (2012) and 79% (2013) in the earliest cabbage plantings faring
significantly better than the late May and early June standards (Table 4-4). The 5-Jul and 16-Aug
plantings in 2013 also had significantly lower estimated damage probabilities than the standard
planting dates (Table 4-4). The earliest spring seedling transplants were in the ground before the
initial emergence peaks during both years of this trial whereas adult C. nasturtii were abundant
during all other planting date treatments (Fig. 4-2).
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Table 4-4. Estimated probabilities of larval Contarinia nasturtii feeding damage levels on
broccoli in planting date timing trials at the University of Guelph – Elora Research Station in
2012 and 2013. A rating of 0=no damage, 1=mild crumpling of leaves, 2=severe crumpling and
twisted stem, 3=complete absence of head, as compared to late May and early June standard
planting dates.
Transplanting
Estimated Probabilities of Feeding Damage
Host plant Year
date
Ratings
Pr > F
Pr > F
Broccoli 2012
Rating=0 Rating=1 Rating=2 Rating=3 (late May) (early June)
03-May
0.02
0.05
0.07
0.86
0.7795
0.5313
22-May
0.03
0.06
0.08
0.83
----0.3739
12-Jun
0.01
0.03
0.04
0.92
0.3739
----05-Jul
0.04
0.09
0.12
0.75
0.6034
0.1723
27-Jul
0.11
0.20
0.19
0.51
0.0616
0.009
15-Aug
0.16
0.25
0.19
0.40
0.1198
0.0364
Broccoli 2013
-4
-3
-3
0.0067
0.0074
03-May
9.99X10 2.47X10
9.00X10
0.99
24-May
0.02
0.04
0.14
0.81
----0.9378
14-Jun
0.02
0.04
0.14
0.80
0.9378
----05-Jul
0.03
0.08
0.22
0.68
0.3935
0.4518
26-Jul
0.04
0.10
0.26
0.59
0.2876
0.3293
16-Aug
0.78
0.15
0.06
0.02
<.0001
<.0001
Cabbage 2012
03-May
0.51
0.34
0.13
0.01
----<.0001
12-Jun
0.05
0.18
0.55
0.22
--------05-Jul
0.12
0.31
0.47
0.10
----0.0601
27-Jul
0.02
0.08
0.47
0.44
----0.1813
15-Aug
0.01
0.05
0.38
0.56
----0.0162
Cabbage 2013
03-May
0.34
0.45
0.15
0.06
0.0025
0.0046
24-May
0.03
0.15
0.30
0.52
----0.5593
14-Jun
0.04
0.20
0.33
0.43
0.5593
----05-Jul
0.12
0.38
0.31
0.19
0.012
0.0327
26-Jul
0.06
0.25
0.35
0.34
0.291
0.5677
16-Aug
0.26
0.46
0.20
0.08
0.0104
0.0196
P-values are given for statistically significant treatment effects as compared to standard planting
dates by linear contrasts (P<0.05).
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4.2.3 Flight Height Experiment
There were no significant differences detected between fenced and unfenced plots in the
heights at which C. nasturtii were captured (F=0.01, df=1,3, P>0.94), however, significant
differences were detected among traps at different heights (F=19.26, df=3,9, P=0.0003) (Table 45). Contarinia nasturtii were captured at all heights, however significantly more adults were
captured on traps at a height of 60 cm above the soil than at all other heights (Table 4-5).

Table 4-5. Mean (±SE) weekly Contarinia nasturtii captures on yellow sticky cards mounted at
heights of 60-240cm above the soil of broccoli plots in 2013, University of Guelph – Elora
Research Station Ontario.
Trap
height
Fenced plots
Unfenced plots
Overall mean
60 cm
4.4 ± 0.7
4.0 ± 0.6
4.2 ± 1 A
120 cm
1.6 ± 0.5
1.6 ± 0.6
1.6 ± 1 B
180 cm
1.5 ± 0.4
1.6 ± 0.6
1.5 ± 1 B
240 cm
0.7 ± 0.2
0.8 ± 0.3
0.7 ± 0 B
Means followed by the same letter within a column are not significantly different between
treatments (Tukey HSD, P>0.05).
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4.2.4 Ground Cover Trials
No significant trial by treatment interaction was detected between the two ground cover
trials (F=1.11, df=5,7, P>0.37), and so trial data were pooled. All ground cover treatments
resulted in the capture of numerically, but not statistically, lower numbers of emerging C.
nasturtii adults than the control, and no significant differences were found among ground cover
treatments (F=1.33, df=5,43, P>0.27) (Table 4-6).
Table 4-6. Mean total captures of overwintered, spring-emerging adult Contarinia nasturtii,
from plots covered with physical barriers during the previous growing season or treated with
spring applications of soil entomopathogens at the University of Guelph – Elora Research
Station in 2013.
Mean Captures ±
Soil Treatment
SE
Cotton mesh floating row cover
4.1 ± 1.5
Clear polyethylene sheeting
2.8 ± 1.5
Heterorhabditis bacteriophora
4.5 ± 2.2
H. bacteriophora / Metarhizium brunneum
2.9 ± 1.2
Metarhizium brunneum
3.8 ± 0.8
Untreated control
6.3 ± 1.9

No statistically significant differences were detected

4.3 Discussion
Exclusion fencing as a physical barrier can decrease feeding damage by pests, and
improve overall yields by preventing pests from entering fields, as well as by delaying
colonization to a period when the crop is less susceptible to insect feeding damage (Vernon and
Mackenzie 1998, Vernon and McGregor 1999). In the 2011 field trial, treatments that included
fencing significantly reduced mean damage levels and/or increased the number of marketable
plants per plot compared to unfenced control plots.
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In the 2012 and 2013 fencing trials, probability distributions showed no significant
reductions in feeding damage levels, with complete yield losses in fenced and unfenced plots in
2013. Potential reasons that have been offered as explanations for the failure of exclusion
fencing to reduce insect feeding damage include: the presence of vertical structures adjacent to
the field, such as fences, hedges, and tree lines, that can increase the flight height at which pests
enter the field; air turbulence resulting from vertical fence panels that carries pests over the
fence; insects altering their typical flight patterns to overcome the fence barrier; or the fence
simply being overwhelmed by high population pressure (Bomford et al. 2000, Siekmann and
Hommes 2007). A previous report of the vertical distribution of C. nasturtii indicated that >90%
adults were captured at a height of ~60 cm, and <3% were captured at a height of 120 cm
(Readshaw 1966). Given the 150 cm height, and the fine ‘no-see-um’ mesh, of the fencing, we
speculated in 2011 that C. nasturtii were unlikely to fly over the fencing in great numbers and
were not directly penetrating the fencing, but rather were entering the fenced plots via occasional
and transient wind-blown gaps in the fencing. However, high damage levels in 2012, suggested
that C. nasturtii were colonizing the fenced plots in high numbers. The 2013 flight height study
resulted in captures of C. nasturtii at heights of up to 240 cm, twice as high as the previously
reported upper flight height record (Readshaw 1966). This finding suggests that, whether under
their own power or carried by turbulent wind gusts, C. nasturtii can overcome the upper
boundary of 150 cm tall commercial exclusion fencing, thereby limiting its effectiveness as a
physical barrier.
The severity of damage in fenced and unfenced treatments increased during each year of
the study. In addition, the patterns of damage progression over the season became more similar
between fenced and unfenced treatments from 2011 to 2013, suggesting that colonization of
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fenced plots was delayed relative to unfenced plots in the first two years of the study, but not in
the third. The location of the fencing trials within the research station grounds, and the timing of
transplanting of seedlings in relation to C. nasturtii adult flight activity, are two variables that
likely impacted the timing of colonization, overall damage levels, and fencing efficacy. Since the
trials required uninfested soil that had not been planted to crucifers for two years preceding the
experiments, the location of the trials changed from year to year (the 2011 trial was ~800 m from
the primary crucifer field, the 2012 trial was ~100 m away, and the 2013 trial directly adjacent to
the crucifer field). In spite of transplanting seedlings during the height of midge emergence in
2011, adults do not appear to have reached the experimental site in great numbers, given the
relatively slow onset of damage symptom development about 4-5 weeks after transplanting (Fig.
4-1). The 2012 trial avoided the initial peak in adult flight activity, which is reflected in the late
onset of damage symptoms, 4 weeks after transplant (Fig. 4-1). In 2013, the fencing treatments
did not delay colonization by C. nasturtii due to the proximity of the trial field to a major local
source of C. nasturtii, the occurrence of three major peaks in adult emergence during this trial,
and the relatively high C. nasturtii population that year (Fig. 4-1). Thus, the rate of colonization
of fenced plots and the efficacy of fencing treatments in limiting damage by C. nasturtii are
explained by both the proximity of the study to established C. nasturtii populations and by
population size.
The nematode S. feltiae was applied to fenced plots at the beginning of the season based
on the rationale that, following initial colonization of fenced plots by C. nasturtii, subsequent
generations might be reduced during soil pupation by soil-dwelling entomopathogens.
Steinernema feltiae, was selected based on its reported ability to tolerate cooler temperatures and
to survive for an extended period in soil, suggesting it was well-suited to the prevailing soil
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conditions (Kim and Alston 2008, Evans et al. 2015). However, the nematode treatments did not
result in greater reduction of C. nasturtii damage levels in 2011 or 2012 compared to fence-only
plots. In 2013, the nematode treatment was replaced with the early-developing ‘Bay Meadows’
cultivar as a secondary level of comparison against the standard ‘Windsor’ cultivar to evaluate
whether faster-developing broccoli might escape C. nasturtii damage through temporal
avoidance. All plots sustained complete damage in 2013, though, and no differences were
observed between cultivars.
Temporal avoidance of insect pests may be achieved by rotating crops in the field from
year to year to prevent the establishment of locally abundant populations. In-season avoidance
can also be realized through the strategic manipulation of planting dates (Pedigo and Rice 2006,
Vincent et al. 2009). Since meristematic tissue and developing flower buds of cruciferous plants
are optimal sites for C. nasturtii oviposition and larval development, avoiding the co-occurrence
of adult emergence peaks and plentiful host plants in susceptible stages of development could
reduce the damage resulting from C. nasturtii infestations (Corlay and Boivin 2008). Planting
date trials conducted in 2012 and 2013 revealed a trend, whereby broccoli plants planted earlier
in the growing season sustained very high levels of damage as compared to late-July and midAugust transplants. In contrast, very early (3-May) cabbage plantings experienced the lowest
damage levels in comparison to late-May or early-June planting dates, with reduced damage
levels observed in early July plantings in both years and the 16-August planting in 2013. These
observed differences may be attributable to differences in the development of these two crops.
Throughout the development of broccoli, suitable tissues around the central meristem and/or
floral meristematic tissues are accessible for oviposition by C. nasturtii. This characteristic
allows for a prolonged window of susceptibility. Later plantings likely escape severe swede
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midge damage because newly transplanted broccoli seedlings are less suitable for oviposition
than plants in intermediate stages of development, and swede midge populations in the late
summer were quite low during broccoli head development in late season plantings. Cabbage
seedlings, however, develop leaves that fold over the developing meristem relatively quickly
following transplant, a trait that appears to impede the ability of C. nasturtii females to access the
meristematic tissue with their ovipositor (Hallett 2007). Further, since newly-formed cabbage
leaves force older leaves to the outer margins of the developing vegetable head, minor feeding
damage that may have occurred early in the plant’s development is isolated on leaves that are
discarded at harvest, rendering the early damage inconsequential to yield. Mean damage levels
and the number of marketable plants, across all planting dates, reflect the lower overall
susceptibility of cabbage to C. nasturtii damage than broccoli, which is consistent with earlier
research (Hallett 2007, Corlay and Boivin 2008). Notably, the 3-May, 2013 cabbage planting
sustained very little damage in spite of very high local C. nasturtii populations peaking within ~2
wks of initial transplant, while the broccoli planting from the same date sustained extensive
damage. The longer period of susceptibility and a lesser ability of broccoli to out-grow early
damage suggests that the manipulation of broccoli planting dates to mitigate C. nasturtii damage
effectively would require greater precision than that of cabbage. The damage patterns observed
in cabbage, when compared to C. nasturtii flight activity (Fig. 4-2), suggest that the presence of
C. nasturtii adults during the first 2 wks after cabbage transplanting results in significant
increases in damage levels at harvest. The availability of host plants early in the season provides
the first generation of emerging adults with a location for oviposition and development of their
offspring. Although impractical and difficult to execute, a coordinated regional effort by growers
to transplant broccoli seedlings only after the major initial seasonal peaks in late June to early

94

July may effectively reduce local populations by eliminating early-season host plants that allow
development of later C. nasturtii generations. Cabbage seedlings transplanted in early May can
escape severe damage, but cabbage seedlings transplanted during the second half of May, or
throughout the month of June, are likely to sustain high levels of damage in the presence of
locally abundant C. nasturtii.
The ground cover trials evaluated two different approaches to reducing C. nasturtii
numbers: a barrier to pupation, and mortality due to solarization. The physical barrier presented
by the spunbonded polyethylene mesh treatment aimed to reduce C. nasturtii generations
throughout the growing season by preventing larval entry into the soil for pupation. However,
consistent captures of spring C. nasturtii confirm that the soil beneath the row cover became
infested, with larvae penetrating through the planting holes at the base of the plants, or
potentially through the pores in the fabric. Late-summer generations of C. nasturtii in 2012,
which would account for a portion of the diapausing, overwintering individuals emerging in
spring 2013 (Des Marteaux et al 2014), were targeted with entomopathogen treatments, and the
solarizing effect of the polyethylene sheeting. Solarization has been shown to work by heating
the upper 10–30 cm of the soil to temperatures that are detrimental to soil pests (Katan 1981,
Pinkerton et al. 2000, Tamietti and Valentino 2001). Given that the majority of C. nasturtii
pupate in the top 1 cm of the soil (Chen and Shelton 2007), covering infested soil with clear
plastic sheeting during July and August had the potential to maximize the solarization effect of
summer peak temperatures in southern Ontario (Government of Canada 2016). Although this
treatment yielded the lowest number of spring-emerging adults (~50% of control), overall
recovery rates across all treatments were too low and variable to reveal any statistically
significant differences. The entomopathogen treatments in this experiment were selected based
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on their demonstrated ability to successfully infect and kill C. nasturtii (Evans et al. 2015;
Chapter 2). As with the solarization and row cover treatments, emerging C. nasturtii numbers
were reduced, but not significantly so. The low numbers of C. nasturtii captured in this
experiment likely contributed to the lack of significant differences observed among treatments.
Some potential improvements to this experiment may include increased coverage of the plots
with collection tents, the use of tents with smaller volumes to increase the likelihood of capturing
emerged midges on sticky cards, and, potentially, the deliberate infestation of experimental plots
with known quantities of larvae, so that greater numbers of C. nasturtii may be recovered.
Based on the high material and labor costs associated with the installation of exclusion
fencing (Meadow and Johansen 2005), and evidence for C. nasturtii flight well-above the upper
boundary of commercially available fencing, the use of this physical barrier does not appear to
be a viable option for management of C. nasturtii. We have demonstrated, however, that specific
planting dates can show reductions in overall feeding damage levels in cabbage and broccoli, in
the absence of any other management tactic. Strategically-timed and, potentially, regionallycoordinated efforts to avoid early-season C. nasturtii adult flight activity peaks could potentially
lead to lower C. nasturtii abundance and, in turn, improved yields for commercial crucifer
growers.
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Chapter 5: Evaluation of factors affecting the predictive ability of the MidgEmerge
population dynamics model for Contarinia nasturtii in North America

Abstract
Failure to control early-season populations of Contarinia nasturtii can result in
significant population build ups and high levels of damage are likely in Brassica crops.
Precisely-timed pest management actions targeting the first generation emerging in spring can
mitigate C. nasturtii abundance and impact. MidgEmerge is a population model developed to
predict emergence based on C. nasturtii life cycle and daily temperature and rainfall data.
MidgEmerge was initially shown to predict emergence peaks accurately in Ontario and Quebec
based on 2004 data. Here, MidgEmerge was evaluated for its predictions of the emergence of the
first generation in the spring, during subsequent years. Pheromone trap data from Markham
(2004) and Elora (2004, 2006, 2011, 2013, 2015), Ontario, were compared to model predictions
for these same years. Of the six data sets, four resulted in predictions within 7 days of observed
emergence, and two produced predictions within 10 and 27 days. The model’s ‘earliness’, i.e., its
prediction in relation to actual observations, was significantly and positively correlated with
cumulative March-May spring temperatures (°C), cumulative March-May rainfall (mm), and
total May rainfall (mm). The model’s predictions were earlier than observations during hot, dry
years, and later during cool, wet years. Sensitivity analyses of temperature data resulted in
consistent changes to model predictions, whereas manipulations of rainfall volume had no effect.
Rainfall event timing manipulations (±3 days) resulted in very minor changes. Altering the
thresholds for the ‘diapause larva development threshold temperature’, and the ‘minimum
temperature for pupal growth’ resulted in changes to predicted emergence. It is likely that the
parameters driving first emergence predictions by MidgEmerge overstate the effect of
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temperature, i.e. changes in temperature drive predicted emergence to a greater extent than what
is observed in the field, and understate the effect of rainfall. Recommendations for refining the
model include the incorporation of more rainfall-dependent thresholds to serve as a proxy for soil
moisture, adjusting developmental thresholds for the transfer of pupae to adults, and use of
correlation analyses to identify potential leading climatic indicators of emergence timing.

Keywords: Contarinia nasturtii, population dynamics model, predictive, emergence

5.0 Introduction
Suppression of Contarinia nasturtii populations with individual management tactics is
difficult, and multiple approaches are needed to provide the desired level of control (Corlay et al.
2007, Hallett et al. 2009a, Chen et al. 2011, Abram et al. 2012, Evans et al. 2015, Evans and
Hallett 2016). The ability to accurately forecast emergence events would allow producers to time
management efforts accurately. Accurate timing of control efforts is particularly important early
in the growing season, when effective management of the first emerging generation can reduce
numbers in subsequent generations throughout the life of the crop (International Swede Midge
Task Force 2005). Effective early season management offers the potential added benefit of
reducing the need for chemical insecticide use during the season, thereby lowering the risk of
insecticide resistance development (Chen et al. 2011).
MidgEmerge is a population dynamics model designed to predict adult emergence of C.
nasturtii in Ontario and Quebec, and was developed using data collected from the early years of
the C. nasturtii invasion into North America (Hallett et al. 2009b). DYMEXTM modelling
software was used to develop MidgEmerge. This software package is highly customizable, using
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standardized global data to characterize location (latitude) and seasonality (date) inputs,
combined with externally-sourced meteorological data (daily rainfall, temperature, and relative
humidity) and numerous biotic and abiotic parameters defined by the modeller(s), to produce a
predictive forecast of population dynamics. MidgEmerge employs eight modules to characterize
the dynamics of C. nasturtii life processes (Tables 5-1 and 5-2) (Hallett et al. 2009b).
At the time of publication, MidgEmerge accurately characterized two emergence
phenotypes, each completing four generations per year in southern Ontario, with the possible
presence of a third emergence phenotype suggested (Hallett et al. 2009b). More than a decade
has passed since the data used in the parameterization of this model was collected (2003 and
2004), and considerable research has focused on the biology of C. nasturtii in North America in
the intervening years (Chen et al. 2011, Des Marteaux et al. 2012, Des Marteaux et al. 2014).
Contarinia nasturtii population data has been collected annually through the University of
Guelph pheromone trap monitoring program. There is, therefore, an opportunity to re-analyze the
predictive accuracy of MidgEmerge, using the trap catch data together with local meteorological
data presenting a range of weather scenarios.
The purpose of this Chapter is not to re-work the published MidgEmerge model, but
rather to assess its predictive performance and analyze sensitivity of the model to different
parameters in order to identify which of those variables most significantly affect model output.
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Table 5-1. Summary explanation of the eight modules used to parameterize the MidgEmerge model
(Hallett et al. 2009b).

Module name

Module description

Timer module

Provides the timing for the model, which runs on a daily time
step - all parameters that follow are reported in days.

Meteorological data

Reads meteorological data from an external data file and
controls the progression of the model. The variables ‘daily
maximum air temperature’ (°C), ‘daily minimum air
temperature’ (°C), ‘daily rainfall’ (mm), and ‘relative
humidity’ (%) at 09:00 and 15:00 hours were included in this
module.

Latitude

Allows the modeller to input a latitude value, at the beginning
of the simulation, which corresponds to the field site being
modelled. The output was then used as an input to the
daylength module.

Daylength

Accounts for the number of hours between sunrise and sunset,
calculated based on day of year and latitude. This module was
used as an input to the daily temperature cycle module.

Daily temperature cycle

Fits a temperature cycle to observed daily temperatures,
calculating a diurnal change in temperature using 24 steps, one
for each hour of the day, by using daily maximum and
minimum temperatures as well as daylength. Calculations are
based on a composite (sine + exponential) curve interpolation.
This module drives the temperature-dependent developmental
rates included in the life cycle module described below.

7-Day precipitation

A 7-day precipitation value is calculated by totalling the
rainfall over the current and previous six timesteps. This value
was used in the ‘pupa to adult’ transfer stage in the life cycle
module.

Running mean temperature

Calculates a 21-day average temperature by averaging the
temperature for the current and previous 20 timesteps.

Life cycle

Simulates swede midge population dynamics on a cohort
basis. Various life processes, such as developmental rate,
mortality, reproduction, and graduation (i.e., transfer from one
life stage to the next) of each life stage (egg, larval, pupal, and
adult) are included in the model. See Table 5-2.
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Table 5-2. Summary of the biological parameters, and ascribed values, for the C. nasturtii life
stages defined in the ‘Life cycle’ module of the MidgEmerge predictive model (Hallett et al.
2009b).
Life stage
Egg
Egg
Egg
Egg
Larva
Larva
Larva
Larva
Larva
Larva
Larva
Larva
Diapause larva
Diapause larva
Diapause larva
Diapause larva
Diapause larva
Diapause larva
Pupa
Pupa
Pupa
Pupa
Pupa
Pupa
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult

Parameter
Egg developmental threshold
Egg development rate
Egg to larva transfer threshold
Egg to larva transfer rate
Larval death threshold
Proportion of larva dying after threshold
Larva developmental threshold
Rate of larva development
Larva to pupa developmental threshold
Larva to pupa graduation rate
Larva to diapause larva transfer threshold
Larva to diapause larva transfer rate
Diapause breaking temperature
Proportion of diapause larvae initiating development
Physiological age threshold
Proportion of diapause larvae beginning development
Average minimum temperature (7-day) for diapause termination
Step height
Minimum temperature for pupal growth
Developmental rate of pupae
7-day rainfall threshold for pupa to adult transfer
Proportion of pupae transferring to adults
Pupa to adult physiological age threshold
Pupa to adult transfer rate
Adult mortality threshold (chronological age)
Adult development rate
Adult development threshold
Adult development rate
Potential eggs per female
Minimum temperature threshold for progeny production
Slope
Threshold chronological age for oviposition
Number of eggs produced per day
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Ascribed
value
9.5
0.0449
1
1
28
1
11.5
0.0106
1
1
13.5
-1
6.5
1
60
1
4
0.75
7.1
0.007
6
1
1
1
1
0.25
1
1
35
11
1
0.5
2

This analysis aimed to answer three questions: first, how accurate is the model at
predicting the emergence of the first generation of C. nasturtii in the spring?; second, how do
variations in the environmental variables that drive the model affect the accuracy of the
emergence predictions?; third, how sensitive is the model to adjustments in the ascribed values
of biological variables that contribute to the prediction of first emergence in the spring?
5.1 Materials and Methods
5.1.1 Pheromone trap monitoring
Contarinia nasturtii abundance and emergence timing data were derived from pheromone
trap monitoring conducted at University of Guelph – Elora Research Station, Elora, Ontario,
from May to October during 2004, 2011, 2012, 2013, 2015, and at Markham, Ontario, during
2004. Data were collected by placing three to four white Jackson traps baited with C.
nasturtii sex pheromone polyethylene cap lures (PheroNet Swede Midge Lures, Andermatt
Biocontrol, Grossdietwil, Switzerland), ∼50 m apart around the perimeter of a crucifer field,
attached to wood stakes ∼30 cm above the ground, as described in Goodfellow (2005). Traps
were checked three times per week for captured C. nasturtii adult males and lures were replaced
every 4 wk.
5.1.2 Meteorological data
Meteorological data (daily maximum temperature (°C), minimum temperature (°C),
rainfall (mm)) for Elora were obtained from the Fergus Shand Dam Environment Canada
weather station, and the 2004 Markham data were paired with data from the Toronto-Buttonville
station (Government of Canada 2016). The weather station (43°73'44.0"N, 80°33'70. "W) is
situated approximately 11.4 km to the northeast of the Elora Research station (43°38'27.8"N,
80°24'20.4"W). In keeping with the methods of the original MidgEmerge model, long-term
normal relative humidity values (%) at 9:00 and 15:00 for Toronto were obtained from an
external data set (Hallett et al. 2009b).
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5.1.3 MidgEmerge predictive accuracy of first emergence
Contarinia nasturtii spring emergence simulations were conducted using meteorological
data for 2004, the validation year for MidgEmerge used by Hallett et al. (2009b), as well as for
years 2011, 2012, 2013, and 2015, the four most recent years for which C. nasturtii pheromone
trap capture data were available. Simulations for these years were all run using the same module
settings (Table 5-1) and developmental parameters (Table 5-2) as the original MidgEmerge
model. Direct comparison of the first spring emergence events for all years were made between
the simulated, predicted emergence output by MidgEmerge and the actual, observed emergence
represented by pheromone trap captures. Observed differences were characterized in terms of
days early or late relative to the model predictions.

5.1.4 Sensitivity analysis of model variables
In addition to the unmodified model simulations described above, simulation runs for a
total of 108 iterative alterations of the MidgEmerge model were conducted. Changes to single
variables influencing MidgEmerge predictions of the first emergence peak of C. nasturtii were
individually altered in order to evaluate the model’s sensitivity to specific scenarios. The
variables evaluated in this analysis included the environmental variables ‘temperature’ and
‘rainfall’, and the model life cycle parameters affecting diapause larval development: ‘average
minimum (7-day) temperature for diapause termination’ and ‘diapause larva development
threshold’; and pupal development: ‘minimum temperature for pupal growth’, and ‘7-day rainfall
threshold for pupa-to-adult transfer’.
Temperature. The model’s sensitivity to temperature was analysed by running
simulations of MidgEmerge in the DYMEXTM 4.2 Simulator, using external meteorological data
files which had been altered to reflect 4 different temperature scenarios. For each year,
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simulations were run with daily maximum and minimum temperatures altered by -10%, -5%,
+5% or +10%. These simulations were run with no changes to the C. nasturtii life cycle
parameters in the original MidgEmerge model, and the resulting dates of first spring emergence
from the model’s output were compared against the unaltered model run.
Rainfall. Daily rainfall volume was analysed in the same way as temperature, where
rainfall events were increased and decreased by 5% and 10%, while all other variables and
parameters remained unchanged. In addition, the effect of rainfall timing was analysed by
shifting the dates of rainfall events to 3 days earlier, and 3 days later than the actual observed
rainfall in the weather data files, with rainfall volume unchanged.
Iterations involving the sensitivity analysis of model parameters were run in the
DYMEXTM Simulator by making changes to the model in DYMEXTM Builder, and leaving all
weather data files unchanged. Average minimum (7-day) temperature for diapause termination,
which was programmed at 4°C in the original model, was analyzed by running iterations of the
DYMEXTM simulator at an increase of 10% (4.4°C) and a decrease of 10% (3.6°C). Diapause
larva development threshold, which was programmed at 6.5°C in the original model, was also
run at +10% (7.15°C) and -10% (5.85°C). Minimum temperature for pupal growth, programmed
in the model at 7.1°C, the pupal growth threshold for male C. nasturtii, was also run at 6.5°C, the
value for female pupae, and the average of both sexes, 6.8°C, all of which were empiricallyderived by Readshaw (1966). The 7-day rainfall threshold for pupa-to-adult transfer, which was
programmed at 6 mm, was run at 4 mm and 8 mm. A wider range of values (±33.3%) was used
in this analysis because the narrower range (±5%, 10%) in rainfall volume analysis elicited no
response from the model.
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5.1.5 Correlations between emergence and meteorological data
Correlation analyses were conducted to elucidate the general relationships between
temperature and rainfall during the spring months on the timing of first emergence observations,
the model’s predictions of first emergence, and the accuracy of the model’s predictions in
relation to actual emergence observations. The Julian dates of first C. nasturtii emergence
observations from pheromone trap captures, predictions of C. nasturtii first emergence in
MidgEmerge, and “earliness” (i.e. MidgEmerge predicted emergence in relation to observed
emergence) during all years were plotted on y-axes. Each of these three variables were modelled
against four independent environmental variables, two for spring rainfall, and two for spring
temperature (Table 5-3). Rainfall variables were cumulative total (mm) rainfall during the month
of May, and cumulative total (mm) rainfall during the March-May period. Temperature variables
were cumulative total (°C above 0) temperature during the month of May, and cumulative total
(°C above 0) temperature during the March-May period. The March-May and May-only periods
were selected as these would be the months where temperature and rainfall would have the most
influence on emergence timing. Seasonal temperatures during these periods are likely to reach
the triggers for diapause termination and subsequent developmental thresholds. JMP statistical
software was used to plot the data and compute p-values using a t-distribution with n-2 degrees
of freedom (SAS Institute 2012).
5.2 Results
The predictive accuracy of the model varied from year to year, ranging from highly
accurate predictions within ±2-4 days of observed first emergence (Buttonville 2004, and Elora
2004 and 2011), to a divergence of 27 days in 2012 (Table 5-3). Predictions of first emergence
were accurately predicted within 10 days of the first observed emergence in all years except
2012.
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Table 5-3. First spring emergence of adult Contarinia nasturtii, as predicted by MidgEmerge
and observed in pheromone trap captures, the relative earliness of the annual model predictions
(positive values represent early, and negative values late, predictions relative to observed), and
cumulative spring temperature and rainfall data at Buttonville in 2004, and the University of
Guelph – Elora Research Station in 2004, 2011, 2012, 2013, and 2015.
2004
Buttonville
First emergence in Julian days
Model
Observed
Predicted days early
Accumulated meteorological data
March-May temperature (°C)
May temperature (°C)
March-May rainfall(mm)
May rainfall(mm)

2004
Elora

2011
Elora

2012
Elora

2013 2015
Elora Elora

136
138
2

142
138
-4

152
148
-4

129
156
27

142
135
-7

146
156
10

1091
582
216
92

949
526
265
137

910
544
286
120

1336
662
90
38

958
621
265
103

1026
669
139
51

Mean ± SE

141 ± 3
145 ± 4
4 ± 5
1045
601
210
90

±
±
±
±

64
24
32
16

MidgEmerge proved relatively responsive to annual variations in temperature, as the
sensitivity analysis of daily temperature data resulted in changes to predicted emergence dates in
all years (Table 5-4). The model’s response to the different temperature scenarios varied across
the different annual data sets. A 10% reduction in daily high temperatures (°C) resulted in only a
1-day shift in predicted first emergence in 2015, but the same scenario in 2012 caused a 25-day
shift. Conversely, the model was completely insensitive to rainfall volume. No changes were
predicted in first emergence date under any of the alternative rainfall volume scenarios.
Alternative rainfall timing scenarios resulted in modest, 1-3 day shifts in predicted first
emergence half of the time. Biological parameters had variable effects on predicted emergence.
Alternative values for the diapause termination temperature and the pupa-to-adult transfer
rainfall threshold variables did not result in any shift in predicted first emergence dates during
any year. Adjusting the diapause larva development threshold and the minimum temperature for
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pupal growth almost always resulted in modest (1-4 day) changes to the predicted dates of first
emergence.
In general, observed emergence occurred later during warmer years and earlier during
years with high rainfall, but none of the correlations between observed emergence and
cumulative May or March-May temperatures nor cumulative May and March-May rainfall
volume were statistically significant (Fig. 5-1). In contrast, MidgEmerge predicted emergence
earlier during warmer springs and later during springs with low rainfall (Fig. 5-2). A strong and
statistically significant correlation was found between predicted first emergence and cumulative
March–May temperature. Predictive ‘earliness’ (days early = +ve, late = -ve) of the model was
positively correlated with warmer temperatures and lower rainfall volumes, with strong,
significant correlations found between predictive earliness and cumulative March-May
temperature, and cumulative May and March-May rainfall (Fig. 5-3).
5.3 Discussion
Assessment of MidgEmerge with data collected in the decade after its initial development allows
sources of deviation in the model’s predictions from actual observations to be identified.
Focusing this analysis on the first emergence peak, rather than on adult population dynamics
throughout the season, is advantageous in several ways. First, the period prior to the first spring
emergence is the only occasion during the growing season that the entire C. nasturtii population
is present in a single habitat and the same developmental life stage (i.e. diapausing larvae in the
soil) (Evans et al. 2015). This low level of population complexity allows for the isolation of a
discrete cohort’s response to environmental variables.
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Table 5-4. Summary of first emergence observations of Contarinia nasturtii adults at University
of Guelph – Elora Research Station, Elora, Ontario. Status quo emergence as predicted by the
MidgEmerge model, with location inputs for Buttonville in 2004, and Elora in 2004, 2011, 2012,
2013, and 2015. Variations from the status quo predictions (days earlier = +ve, later = -ve), are
presented under alternative scenarios for temperature, rainfall, diapause termination, diapause
larva development, pupal growth and pupa-to-adult life stage transfer.
Variables analyzed
Status quo emergence
Observered emergence
MidgEmerge prediction
Difference (predicted days early)
Sensitivity to environmental variables
Temperature
+5%
+10%
-5%
-10%
Rainfall volume
+5%
+10%
-5%
-10%
Rainfall timing
+3 days
-3 days

2004
Buttonville

2004
Elora

2011
Elora

2012
Elora

2013
Elora

2015
Elora

17-May
15-May
2

17-May
21-May
-4

1-Jun
28-May
4

4-Jun
8-May
27

15-May
22-May
-7

5-Jun
26-May
10

1
2
-8
-10

6
7
-4
-7

3
5
-2
-3

2
3
-4
-25

1
1
-1
-6

-1

-

-

-

-

-

-

-5
-

-

-

-

-2

2
-3

-

-

-

-

1

-

1

-

1
2

1
2

-

-

-

-

-

-

Sensitivity to model parameters
Average minimum temperature for diapause termination
+10%
-10%
Diapause larva development threshold
+10%
-8
-2
-10%
4
Minimum temperature for pupal growth
6.8°C
6.5°C
1
1
Rainfall threshold for pupa-to-adult transfer
8 mm
4 mm
-
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r = 0.599, p = 0.21

r = 0.515, p = 0.33

r = -0.753, p = 0.08

r = -0.759, p = 0.08

Figure 5-1. Correlations for observed Contarinia nasturtii emergence in relation to annual
variation in; a) May cumulative temperature (°C), b) March-May cumulative temperature (°C),
c) May cumulative rainfall, and d) March-May cumulative rainfall, for meteorological data from
Buttonville (2004) and the University of Guelph – Elora Research Station, Elora, Ontario (2004,
2011, 2012, 2013, 2015). Red lines delineate 90% confidence ellipses.
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r = -0.410, p = 0.42

r = -0.881, p = 0.02

r = 0.529, p = 0.28

r = 0.637, p = 0.17

Figure 5-2. Correlations for Contarinia nasturtii emergence predicted by MidgEmerge in
relation to annual variation in; a) May cumulative temperature (°C), b) March-May cumulative
temperature (°C), c) May cumulative rainfall, and d) March-May cumulative rainfall, for
meteorological data from Buttonville (2004) and the University of Guelph – Elora Research
Station, Elora, Ontario (2004, 2011, 2012, 2013, 2015). Red lines delineate 90% confidence
ellipses.
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r = -0.699, p = 0.12

r = -0.930, p = 0.01

r = 0.887, p = 0.02

r = 0.958, p = 0.01

Figure 5-3. Correlations for Contarinia nasturtii emergence predicted by MidgEmerge relative
to actual, observed emergence, expressed as ‘earliness’, in relation to annual variation in; a) May
cumulative temperature (°C), b) March-May cumulative temperature (°C), c) May cumulative
rainfall, and d) March-May cumulative rainfall, for meteorological data from Buttonville (2004)
and the University of Guelph – Elora Research Station, Elora, Ontario (2004, 2011, 2012, 2013,
2015). Red lines delineate 90% confidence ellipses.
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Such isolation is not possible with the complexity that arises following the first peak, as lateremerging phenotypes are added to the adult population and begin to interact and overlap with
subsequent generations (Goodfellow 2005, Des Marteaux 2012). Second, there is a high degree
of utility in accurately predicting a given year’s first group of emerging adults. Effective
management of the first cohort by growers protects plants at a vulnerable developmental stage
and presents the potential to reduce subsequent C. nasturtii generations by lowering firstgeneration recruitment (Hallett and Sears 2013, Des Marteaux et al. 2014). Third, the limited
number (four) of independent model parameters acting on the first-emerging cohort presents a
relatively simple context for analysis, allowing individual variables to be manipulated and model
response effects determined.
Given the annual variability in temperature and precipitation in these data, the model
(discussed herein in the context of first emergence modelling and the four parameters affecting
the model prior to first emergence) proved remarkably robust and accurate in predictions
generated by the original model. Annual temperature and rainfall varied widely; for example,
cumulative May temperatures of 544°C in 2011 increased by 22% to 662°C the following year,
and May cumulative rainfall of 120 mm in 2011 decreased by 68% to 38 mm in 2012. In spite of
such environmental variability, the first MidgEmerge-predicted emergence event fell within 7d
of the first actual observed emergence event in 4 of the 6 years reviewed, and only diverged by
more than 10d once (2012).The tendency for the model to be late in predicting emergence during
years with lower than average temperature and higher than average rainfall and to be early in
years with above average temperature and below average precipitation, suggest that the model is
largely temperature-driven. The thresholds for the four model parameters are lower limits, and so
a positive relationship between these parameters and predicted emergence is inherent by their
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definition. This association is reflected in the positive relationship between predicted emergence
and temperature, but not in the negative relationship between predicted emergence and rainfall. It
is likely that temperature effects would mask any effect governed by rainfall, since three of the
four model parameters are temperature-based, versus a single rainfall-based parameter. Further,
the single rainfall parameter (minimum 7-d total rainfall required for pupa-adult transfer) has a
relatively low threshold (6 mm over 7d), given the average May rainfall rates in the
meteorological data (average 90 mm/mo or~3 mm/d).
Additional factors, external to the model, that contribute to deviations from observed C.
nasturtii emergence include the frequency of data collection in pheromone traps. The degree of
resolution of emergence timing from traps checked three times per week was shown to be robust
during development of this model (Goodfellow 2005, Hallett et al. 2009b). Daily sampling
would not be feasible in terms of labour and material costs, yet some information is inevitably
lost compared to a daily sampling protocol. The source of meteorological data also exposes the
model to significant variation. Meteorological data from two locations in 2004 was modeled to
consider the impact of geography. Although the meteorological sampling locations in Buttonville
and Elora were only 11.4 km apart, higher temperatures were recorded at Buttonville in May
(582°C vs 526°C = +10.6%), and March – May (1091°C vs 949°C = +14.9%), and higher
rainfall at Elora in May (137 mm vs. 92 mm = +48.9%) and March-May (265 mm vs 216 mm =
+22.7%). These deviations resulted in a 6d divergence in predicted emergence between the two
sites. Presumably, such a distance is a reasonable allowance, since most producers are unlikely to
have weather stations on their farms and would rely on governmental weather data sources.
Variations in meteorological data from year to year are also significant. During the driest year,
2012, March-May rainfall of 90 mm was 1.5 SD from the mean and represented only 43% of the

113

mean over the 6 data sets (210 mm). These same values were 42% and 1.33 for May rainfall in
2012, respectively. Variations in temperature were similarly observed, with May temperatures
10% over the mean and March-May temperatures exceeding the mean by 28% in 2012. The
variations in annual weather point to the need for the model’s predictions to remain robust under
scenarios with widely divergent meteorological inputs.
Sensitivity analyses resulted in model responses that were uneven across different data
and parameters. The four alternative temperature scenarios (+5%, +10%, -5%, and -10%)
resulted in changes to the model’s predictions in all years. The magnitude of the effect of the
alternative scenarios was dependent on the given year’s temperature profile and pattern. Years
2012 and 2015, for example, had similarly high temperatures in May (662 and 669 cumulative
°C, respectively), and yet a 10% reduction in 2012 delayed predicted emergence by 25d, while
the same adjustment only resulted in a 1d delay in 2015. This difference is likely explained by
the 89% difference between these years in cumulative March-April temperature (674°C in 2012
vs. 357°C in 2015). In contrast to the effect of temperature manipulations, the same four
alternative scenarios for rainfall volume did not result in any change in model predictions for any
of the years. Minor shifts (1-3d) in emergence predictions were observed when the timing of
rainfall events were shifted ± 3d for three of the six years investigated.
Soil moisture has been shown to affect development of insects that spend a portion of
their life cycle in the soil (Macdonald and Ellis 1990, Pacchioli and Hower 2004, Shililu et al.
2004). It has been suggested that higher soil moisture in the spring is a contributing factor to
diapause termination in C. nasturtii (Readshaw 1966, Des Marteaux et al. 2012), and moisture
levels have been shown to reduce emergence of C. nasturtii at very low or very high levels of
saturation (Chen and Shelton 2007). Since soil moisture data are not available in most publically-
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available meteorological data sets in Canada, the 7d cumulative rainfall threshold parameter is
used in the model as a substitute for soil moisture, accounting for some degree of residual
moisture from previous, recent rainfall events. This parameter drives the final stage of pupal
development prior to adult emergence (i.e. pupa-to-adult transfer), but does not account for the
effect of soil moisture on earlier developmental steps such as diapause termination or the onset
of diapause in the larval population. The addition of more rainfall-driven parameters earlier in
the development cycle could help to reduce the degree to which temperature effects overwhelm
rainfall effects in the model.
Manipulations of model parameter values also affected the model to different degrees.
Altering ‘average minimum temperature for diapause termination’ and ‘minimum 7-day rainfall
threshold for pupa to adult transfer’ (the only rainfall-driven parameter) by ±10% and ±33%,
respectively, produced no changes in model predictions in any year. The lack of effect with
rainfall threshold manipulations is consistent with the model’s insensitivity to rainfall, discussed
above. A possible explanation for the observed lack of sensitivity to the diapause termination
threshold is that this developmental event is far ‘upstream’ along the developmental chain.
Because diapause termination occurs so much earlier than emergence from the soil, potentially
wide annual variations in the dates where this threshold is breached are reduced as sufficiently
high temperatures in the ensuing weeks exceed subsequent thresholds (i.e. in years where
diapause termination occurs later than usual, the cohort may “catch up” to cohorts in other years
as temperatures increase in the spring). Minor (1-2d) changes in model output were observed
when ‘minimum temperature for pupal growth’ was decreased from 7.1°C (the empiricallyderived value for males, employed in the original model; Readshaw 1966, Hallett et al. 2009b) to
6.5°C (the empirically-derived average for females) and 6.8°C (the average of the two sexes) in 4
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of 6 years. The effect across years did not follow a clearly discernable pattern, as the largest
changes (2d early shifts in predicted emergence) were observed in 2011, a very cool spring, and
2012, a very warm spring. Smaller changes (1d earlier at 6.5°C) were observed in the 2004
model runs, and no change was observed in the warmer 2013 and 2015 models. These results
suggest that the model’s ascribed value (7.1°C), and the range of values reviewed, are likely
suitable for the model, and may not be a factor that significantly affects model accuracy. The
diapause larva development threshold, which drives the transition of diapausing larvae to the
pupal stage, was the most reactive parameter to manipulations of parameter values. The effect
was most pronounced in cooler years, (such as 2004), where a 10% increase in the threshold (7d
average of 4°C) delayed emergence by 8d in Buttonville, and a 10% reduction shifted emergence
earlier by 4d. No effect was observed during warmer years (2012, 2015), where temperature was
unlikely to be a limiting factor.
Correlations between either observed or predicted emergence, and weather parameters
suggest that precipitation plays a significant role in C. nasturtii emergence in Ontario, and that
MidgEmerge underemphasizes the importance of this relationship. The data point to
temperature-dependent developmental thresholds having been met and, all else being equal,
rainfall drives the timing of emergence. Conversely, MidgEmerge, with only lower limits on
temperature parameters and a single rainfall-dependent parameter based on a threshold that can
be attained with below average precipitation, understates the importance of soil moisture in the
determination of emergence timing. The evaluation of ‘earliness’ bears this out, with early
prediction during hot years, late predictions during cool years, and an inverse relationship with
rainfall that is merely a function of the associations between temperature and precipitation in the
meteorological data (high temperatures and dryness, cool temperatures and high rainfall).
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Although MidgEmerge can predict first emergence with a certain degree of accuracy
during years where weather events fall within an average range, there is a risk of divergent, early
predictions during years that are very hot, very dry, or both. Efforts at improving the model
should focus on increasing the importance of rainfall as a proxy for soil moisture to more
accurately predict the timing of adult emergence. This may be achieved by adding a rainfalldependent parameter to the developmental profile of diapausing larvae, and possibly evaluating
alternative values for the pupa-to-adult transfer parameter. In addition, some leading indicators
may be identified to suggest whether spring emergence will fall into an early, mid-, or late
pattern by evaluating meteorological data on a finer scale (e.g. weekly temperature segments,
rather than monthly, or 3-month periods) to better understand how early weather patterns affect
emergence later in the spring.
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Chapter 6: General Discussion and Conclusions

6.0 Discussion
It is increasingly accepted that widespread application of chemical pesticides can pose a
significant risk to the environment and, ultimately, human health. Short term yield improvements
are offset, in the long run, by the negative impact that pesticides have on beneficial arthropod
populations and other organisms, as well as the development of insecticide-resistant pests
(Carson 1962). However, there is a pressing need to improve agricultural productivity to meet
the food security needs of a growing global population, which quadrupled during the 20th century
and is expected to exceed 9 billion by 2050 (UN 2015, Carvalho 2017). Increases in productivity
have been achieved through the use of improved crop varieties together with the intensive use of
fertilizers and pesticides (Carvalho 2017). Worldwide pesticide production grew from 0.2
million tonnes in the 1950s to >5 million tonnes in 2000, highlighting the expanded use of these
crop protection materials and underscoring the need for more judicious use of synthetic
agrochemicals going forward (Carvalho 2017).
Integrated pest management (IPM), defined as “…the careful consideration of all
available pest control techniques and subsequent integration of appropriate measures that
discourage the development of pest populations and keep pesticides and other interventions to
levels that are economically justified and reduce or minimize risks to human health and the
environment…”, is generally viewed as the standard for sustainable practice in global crop
protection (FAO 2017). Increasingly, however, a distinction is being made between a true
systemic integration of various management tactics and the application of several tactics
discretely (Stenberg 2017). Systemic integration of different tactics involves an understanding of
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how different applications may interact with one another. The outcomes of biological control
efforts, for example, are often affected by other tactics employed. Knowledge of a pest’s biology
and the agroecosystem in which it resides is important to the successful application of biological
controls. And, much like the experiments evaluating EPN interactions in Chapter 2, the
integration of different tactics can be characterized as either additive, synergistic, or antagonistic.
The principal objective of the current research was to, i; improve our understanding of C.
nasturtii biology and ecology, and how this affects the efficacy of crucifer production
management tactics in Canada; and ii; to develop a comprehensive management system for this
pest that could be used in organic production systems. Since the Canadian Organic Production
Systems General Principals and Management Standards prohibit the use of synthetic pesticides
in certified organic production (Government of Canada 2008), organic growers have limited
options available to them for C. nasturtii management (Wu et al. 2006, Chen and Shelton 2007,
Hallett et al. 2009a, Chen and Shelton 2010, Hallett and Sears 2013). The development of
alternative population management tactics was identified as a priority for organic growers,
though such efforts would also benefit conventional producers using an IPM approach. (Chen et
al. 2011).
Two questions were presented to undertake the project’s overarching objective. The first
was, “Can entomopathogens and biopesticides effectively minimize the impact of C. nasturtii
infestations?”. This question was addressed in Chapters 2 and 3 by evaluating: host life stage
susceptibility to entomopathogens; the relative efficacy of different entomopathogen;
reproduction of entomopathogenic nematodes inside the host; interactions between
entomopathogenic species; temperature-infectivity interactions; efficacy of foliar applications of
nematodes and biopesticides; and toxicity and oviposition deterrence of biopesticides to C.
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nasturtii. The second question was determining if, “cruciferous vegetables can be isolated from
active C. nasturtii adults, such that the co-occurrence of developmentally-susceptible host plants
and active adults can be minimized”. This question was addressed in Chapters 4 and 5 by
evaluating potential use of spatial and temporal avoidance tactics against C. nasturtii; and
assessing the accuracy and sensitivity of spring emergence predictions in MidgEmerge.
Contarinia nasturtii populations are occasionally problematic within their native range
(i.e. Europe and Asia) (Wyss and Daniel 2004), whereas in North America, economically
important infestations are common in crucifer production (Chen et al. 2011). North American
populations of C. nasturtii exhibit the characteristics of invasive species, i.e., high relative
abundance, competitive dominance, and rapid spread (Mack et al. 2000, Keane and Crawley
2002, Abram 2012). These characteristics can be explained, in part, by the absence of natural,
co-evolved antagonists in the introduced range, as no specialized natural enemies had been
recorded until recently, with reports of unidentified parasitoids attacking C. nasturtii in Ontario,
Quebec, and Saskatchewan (Corlay et al. 2007, Abram et al. 2012, Canola Council of Canada
2017). Surveys and assessments of arthropod predators and parasitoids of C. nasturtii in North
America and Europe did not produce strong candidates for biological control applications
(Corlay et al. 2007, Chen et al. 2011, Abram et al. 2012), though the nematode H. bacteriophora
caused mortality rates of 90-100%when applied at very high concentrations of 1,000 IJs per larva
in laboratory assays (Corlay et al. 2007). Given the lack of established natural enemies in the
invaded range, the development of alternative controls is imperative to avoid reliance on
synthetic chemistry and allow more sustainable management strategies to be implemented
against C. nasturtii.

120

6.1 Biologically-based control of C. nasturtii with entomopathogens and biopesticides
Entomopathogenic nematodes (EPNs) present a unique alternative for control of C.
nasturtii on the basis of their regulatory status, as well as their biology. Their distinction from
microbial biopesticides for regulatory purposes in Canada allows relatively unrestricted access to
these biological control agents by organic and conventional growers alike (Kabaluk et al. 2010).
In Canada, biopesticides require a complete submission for pesticide registration with the Pest
Management Regulatory Agency (PMRA), including scientific studies and supporting
documentation (Kabaluk et al. 2010). EPNs, on the other hand, only require approval from the
Canadian Food Inspection Agency (CFIA) due to their low environmental risk and persistence
(Kabaluk et al. 2010). The regulatory benefit is even greater with locally-isolated EPN strains,
since the release of indigenous invertebrates requires no regulatory oversight (Kabaluk et al.
2010). This regulatory distinction is particularly important in the context of organic agriculture.
Given the relatively small amount of organic produce in the fruit and vegetable commodities
markets (1.8% of farms in Canada are certified organic), the costs associated with registration
requirements serves as a barrier to the commercialization of biopesticides for this sector alone
(AAFC 2017). EPNs target the soil-dwelling life stages of C. nasturtii. C. nasturtii can be
vulnerable at the population level in the soil early in the growing season, when all individuals are
concentrated in a single life stage (pre-pupal larvae, then pupae), occupying a single
environment. The population structure becomes more complex and difficult to manage as the
season progresses (i.e. eggs and larvae on plant meristems, mature larvae and pupae in the soil,
and airborne adults).
The experiments presented in Chapters 2 and 3 showed that some EPNs demonstrated
strong potential for use as C. nasturtii control agents under different host and temperature
conditions. These findings both confirmed and expanded upon results from earlier experiments
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conducted by Corlay et al. (2007), and demonstrated that, under the right conditions, nematodes
could successfully infect all C. nasturtii life stages that may be encountered in the soil. The field
results supported the laboratory findings most convincingly in 2013 when all EPN species tested
significantly reduced C. nasturtii numbers, although low recovery rates of the pest in 2011 and
2012 made it impossible to infer whether the nematodes provided effectively reduced pest
populations in the soil.
The biopesticide experiments revealed a strong, unexpected repellent effect by all
treatments, which had a greater impact role than toxicity-based larval mortality, lowering larval
populations by 70-90%. Field results varied from year-to-year, likely due to variable infestation
intensity during the trial periods. EPNs provide a prophylactic option, aimed at reducing initial
soil dwelling populations during the early growing season; foliar biopesticides, on the other
hand, represent a curative approach targeting larvae developing on host plants. With the potential
for EPNs to significantly reduce emergence, biopesticide applications could be subsequently
applied, increasing the likelihood of effective C. nasturtii control. By using these control agents
in combination, effects against C. nasturtii would include infection of larvae and pupae in the
soil, repellency and deterrence of oviposition by adults, and larvicidal activity. Population
reduction effects may be compounded throughout the season by lowering recruitment across
subsequent generations. The biological approach also presents a sustainable management
strategy over the long term, as beneficial invertebrate populations may be less affected, while
selective pressures for resistance development are mitigated (Corlay et al. 2007). To answer the
question posed at the outset – ‘Can EPNs and biopesticides effectively control C. nasturtii
infestations?’ – the answer is clear that a biologically-based approach to managing C. nasturtii is
possible.
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Moisture, temperature, pathogenicity, and foraging strategy are most often cited as
critical factors in the successful management of insect pest by EPNs (Kung et al. 1991, Kaya and
Gaugler 1993, Grewal et al. 2005). The high rates of infection observed in this research confirm
that EPNs, H. bacteriophora in particular, meet the biological requirements for effective control
(i.e. pathogenicity for the targeted insect pest and foraging strategy), but environmental variables
(moisture and temperature) can significantly impact the results. The success of EPN treatments is
contingent on the effective, appropriately-timed application of robust, viable nematodes. EPN
product quality can be affected by time in storage and handling processes along the supply chain.
Commercial formulations of EPNs must be held in cool (4°C), dry conditions through the
distribution chain, and after purchase, to maintain viability (Shapiro-Ilan et al. 2012). Then, at
the time of application, EPNs must be agitated and applied immediately after mixing in water,
providing sufficient aeration through the process. Ideally, applications should be made late in the
day to avoid exposure to UV, when conditions are cooler and soils are moist. The numerous
biological and environmental factors that must be satisfied for maximum EPN activity supports
their use in smaller organic operations, where product differentiation on the basis of factors other
than cost allows for higher margins (Crowder and Reganold 2015).
Though more stable, and more easily applied than the EPNs, the biopesticides evaluated
may also be affected by extraneous factors, such as degradation by UV and rainfall. Laboratory
results suggested that biopesticides have great potential for suppression when applied in a precise
and accurately-timed manner. B. bassiana in particular closely resembles the EPNs in that it is a
complete, pathogenic organism. The other biopesticide treatments (pyrethrin, spinosad, and
azadirachtin) are concentrated plant- or microbe-derived compounds. As a living organism, B.
bassiana is more sensitive to biotic and abiotic conditions than the extracts, yet this was the only

123

biopesticide tested that significantly improved plant marketability in 2011; however, it was also
the only treatment that was ineffective in 2013.
As many variables can affect the outcome of biological control strategies, substantial
extension and education efforts are needed to promote adoption of best practices. The investment
in training could be borne collectively between growers, the government, and industry, and
driven by political mandate, such as the European Union (EU) directive obligating growers to
apply the general principals of IPM (EU 2009). The promotion of biological control must be
supported with continued research and development focusing on production and application
technologies that improve performance consistency over a range of environmental conditions,
and ensure that strategies are economically viable for both organic and conventional growers
(Shapiro-Ilan et al. 2012).
6.2 Spatial and temporal isolation of susceptible crops from C. nasturtii
Chapter 4 addressed whether cultural practices could be used to spatially and temporally
avoid infestation of vulnerable host plants by C. nasturtii. Spatial isolation tactics included the
use of exclusion fencing, while temporal isolation was achieved through the use of nontraditional planting dates. Since biopesticides showed greater effectiveness when infestation
levels were low, reducing exposure of susceptible plants to high populations of C. nasturtii
adults through the use of cultural and physical approaches could complement biological tactics.
Exclusion fencing would likely be favored by producers seeking to differentiate their products
based on the use of more sustainable production methods (Crowder and Reganold 2015). In
general, the efficacy of both temporal and spatial isolation tactics was affected by local, seasonal
abundance of C. nasturtii. Developmental stages of the plants differed according to the planting
dates, and pest incidence and damage was influenced by these dates. For plants which were in a
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developmental stage where immature, developing meristematic tissue was accessible during June
or early July, C. nasturtii infestations were typically high and biopesticide efficacy was poor,
whereas the impact of C. nasturtii was lower when plants were immature during July and
August.
The exclusion fencing trials were informative with respect to spatial isolation, but not in
the manner initially predicted. The intended spatial isolation feature in the experiments was the
fencing itself, which served as a barrier to prevent C. nasturtii from accessing the plants.
However, the distance of the experimental field from established C. nasturtii populations appears
to have played a more significant role. The trial in 2011 showed efficacious control in spite of
having transplants in the field during early season emergence peaks. The ~800 m distance from
heavily infested soil in the traditional broccoli production area meant that colonization of the
plots was delayed, ultimately resulting in lower damage levels. The 2012 experiment was
conducted later in the growing season and C. nasturtii numbers were lower; but, the
experiment’s close proximity to a heavily infested field site resulted in high damage levels. Near
total losses sustained in the 2013 trial were due to its proximity to a heavily infested field and the
fact that plants were in the most susceptible growth stage when spring emergence peaks
occurred. The 2013 trial was informative in that it showed that the previously recorded C.
nasturtii flight height maximum was not a limiting biological factor to host plant infestation. C.
nasturtii adults were collected at ~2 m above the soil, demonstrating that they can overcome
such physical barriers, either under their own power or carried by the wind.
The planting date trials revealed differential crop-specific susceptibilities to C. nasturtii,
which is consistent with earlier work on the subject (Hallett 2007). While very late broccoli
plantings avoided major damage, earlier season plantings all sustained near-complete yield
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losses. Cabbage transplants, on the other hand, fared well when planted very early or very late.
The data suggest that C. nasturtii emergence peaks occurring during the first two weeks
following transplant of cabbage would result in heavy damage, but broccoli appears to be
susceptible over a much longer portion of the growing season.
One question the planting date trials could not answer was whether mid- and late-season
plantings would fare better in the absence of any early season plantings. In the absence of host
plants to serve as reservoirs for the recruitment of progeny from early season emergence peaks,
local populations might decrease and potentially, allow later plantings to develop under
conditions of low C. nasturtii population pressure. This issue was considered when the original
experiments were designed, but early season C. nasturtii were ubiquitous in the area surrounding
the experimental fields. Omitting early plantings in the experimental field would not prevent
colonization of later plantings by adults originating from adjacent fields of many nearby farms.
However, a regionally-coordinated extension program could address this question. Several
cooperative initiatives could serve as precedents. In the United States, cultural practices have
been used to help reduce infestation and damage by the green peach aphid - Myzus persicae,
Hessian fly - Mayetiola destructor, corn earworm - Helicoverpa zea, cotton boll worm Helicoverpa armigera, and cotton boll weevil - Anthonomus grandis; there have been
coordinated shifts in traditional planting dates of their respective host crops to avoid periods of
peak pest pressure (Norris et al. 2003).
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6.3 Evaluating predictions of spring emergence of C. nasturtii
Experimental Chapters 2, 3, and 4 all demonstrated that effective management options
were available for C. nasturtii but the successful use of each would depend on appropriatelytimed applications. Entomopathogens were shown to be effective, but their potential impact
would be greatest during the seasonal window when entire C. nasturtii populations are restricted
to the soil. Biopesticides effectively reduced C. nasturtii oviposition for short periods after
application, were toxic to larvae, and reduced feeding damage. Their efficacy in the field,
however, was greatest when host plants were grown during periods of low C. nasturtii adult
flight activity towards the end of the growing season. Exclusion fencing showed limited benefits
at times when C. nasturtii adult flight activity was reduced, particularly when situated in close
proximity to infested fields. Finally, planting date experiments showed significant differences in
C. nasturtii damage depending on whether crops were in a susceptible stage during periods of
high and low adult flight activity. Given the strong correlation between C. nasturtii populations,
plant damage and the success of biocontrol strategies, methods to accurately forecast C. nasturtii
population peaks would enhance the likelihood of successfully implementing cultural and other
management strategies.
In Chapter 5, the accuracy of MidgEmerge, the population dynamics model developed to
predict C. nasturtii first generation spring emergence peaks (Hallett et al. 2009b), was tested.
MidgEmerge was quite robust in forecasting the timing of emergence in a given year at the time
of its publication. Since then, nearly a decade of C. nasturtii emergence data have been collected,
spanning a range of growing seasons over a variety of weather conditions. Subsequent analysis
of these historic data sets showed that MidgEmerge accurately predicted initial emergence peaks
within one week of actual observed emergence most of the time, with a large divergence of >10
d occurring only once in a 6-year data set. The sensitivity analyses revealed a predilection of the
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model to predict emergence earlier than it actually occurred during hot, dry years, and later than
observed during cool, wet years. The divergences observed are rationalized by the number of
temperature-dependent variables exceeding rainfall-dependent variables, the inclusion of
minimal temperature and rainfall threshold boundaries, but not maximal thresholds, and a low
developmental threshold for the single rainfall-driven variable.
With some refinement and validation across a broader geographical range, MidgEmerge
could serve as a very powerful tool for crucifer producers to avoid C. nasturtii population peaks
with early season transplants. Improvements in the accuracy of the model would be facilitated by
increasing the importance of rainfall in the prediction of spring emergence. The model uses 7d
cumulative rainfall as a proxy for soil moisture, a threshold used for the pupa-to-adult transfer
variable, but not diapause termination or larval or pupal development. Incorporating a rainfall
threshold into more than one pre-emergence variable may stabilize predictions under variable
weather conditions. Additionally, increasing the rainfall threshold value (i.e. more rain required
for development) could reduce the incidence of early predictions in hot dry years, a phenomenon
largely driven by the model’s greater emphasis on temperature-dependent parameters.
Experimental work in the future could test the accuracy of using 7d cumulative rainfall in lieu of
soil moisture, and evaluate emergence timing as a function of the interaction between soil
moisture and temperature variables.
6.4 Statistical analysis of categorical variables
In the past, entomologists analyzing yield, feeding damage, or insect counts have used the
general linear model (GLM) to perform analysis of variance (ANOVA) and generate least-square
mean values to allow for comparative analysis (Gbur et al. 2012). This powerful analytical tool
continues to be widely applicable in applied entomological research and is well-understood by
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many scientific practitioners. The GLM is a generalization of linear regression, which predicts
unknown values based on a linear combination of observed values. The relationship between the
response (y) and predictor (x) variables is constant, and linear. In order for this relationship to
hold, the response variable must be continuous, and normally distributed (Gbur et al. 2012). In
practice, however, entomological experiments are often characterized by response data that are
neither continuous nor normally distributed, as seen with the damage rating values in the
biopesticide, fencing, and planting date experiments discussed above. These data violate the
assumption of normality that is inherent in linear regression, and thus are not well-suited for
analysis with GLM (Gbur et al. 2012). Homogeneity of variance – the condition that variance
within all populations being compared is equal - is the second major assumption inherent in
ANOVA using the GLM (Gbur et al. 2012). Statistical tests for homogeneity of variance, such as
Levene’s test, may be employed to evaluate data for the application of the GLM (Gbur et al.
2012). In the analyses of the field experiments evaluating biopesticides, fencing, and planting
dates, the GLM was considered inappropriate based on the distribution of the response data. By
their definition - damage ratings are ordinal, categorical, non-normally distributed responses –
these data were not suitable for analysis by GLM, and as such, homogeneity of variance was not
a consideration in their analysis.
The more appropriate analytical approach is the use of the generalized linear model
(GLIM), which allows for the analysis of a broader range of data distributions (Gbur et al. 2012).
The categorical damage ratings were analyzed as a multinomial data set, which generated
predicted values for each of the possible outcomes for the response variable (0, 1, 2, or 3). These
predicted values provide greater resolution of the data, whereby a distribution of relative
proportions are shown, rather than a single mean which may or may not be normally distributed.
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There are many other instances where entomological data are non-normal, and thus better suited
for GLIMs, such as insect populations assuming aggregated (negative binomial) distributions in
field settings, or proportional response data (e.g. % infestation, % mortality) assuming bimodal
or polymodal distributions, with values centered on several distinct peaks. The use of GLIMs
should become more commonplace in the years ahead for the analysis of categorical, non-normal
data, representing the best available tools in applied entomological research.
6.5 Future Research
The research in the preceding chapters provides the basis for the implementation of
several practices that can be incorporated into C. nasturtii management in its region of invasion.
However, some unanswered questions of scientific and practical interest remain.
The entomopathogenic nematodes evaluated in Chapter 2 comprise a group of organisms
with diverse foraging strategies and temperature tolerances, presenting potential treatment
alternatives for different field and host conditions. The experiments conducted were primarily
designed to evaluate releases. However, a more sustainable approach centered on the
establishment of persistent field populations could produce a longer term solution. All EPN
species showed the ability to reproduce inside infected C. nasturtii. As discussed in Chapter 2,
crucifer fields in southern Ontario harbor high populations of soil-dwelling chrysomelid beetle
larvae, which could serve as alternate, reservoir hosts for EPNs. Some opportunity lies in future
research focusing on the soil attributes affecting the persistence and establishment of native EPN
species following inundative releases into crucifer fields.
Although the potential for application of exclusion fencing against C. nasturtii does not
appear to offer great promise, the alternative broccoli and cabbage planting dates showed some
potential for avoidance of C. nasturtii peak populations. The full benefits of alternative planting
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dates could be realized through a coordinated, regional approach by growers. By monitoring C.
nasturtii spring emergence, growers could coordinate their plans to avoid planting any crucifers
until the end of the first major emergence peaks. Such an effort would require planning for early
season vegetable imports into the region, and coordinated efforts by grower groups, extension
agents, and the academic and private sector communities would be required to educate producers
and promote cohesive planting plans. Such a large-scale effort would also need to be evaluated
on a long-term basis, over several years, in order to assess the impact on local C. nasturtii
populations, and the overall success of a regionally coordinated management approach.
The next steps in the refinement of the MidgEmerge model should involve testing the
effects of some parameters on larval and pupal development thresholds. Experiments can be
designed to evaluate effects of temperature and rainfall on the pre-emergent life stages and, if
possible evaluate interactive effects between these environmental variables. The resulting
findings would clarify the adjustments required to optimize the predictive forecasting
performance of the model. As a final step, a web-based application could be designed to forecast
spring emergence peaks based on regional weather data, providing growers with easy to access
to a tool that can inform and enhance all other C. nasturtii management actions.
6.6 Conclusion
A central challenge faced by producers managing C. nasturtii is the complexity of its
population dynamics, with local abundances varying widely throughout the growing season. This
study evaluated the impact of C. nasturtii biology and ecology on the efficacy of management
actions. The key insights elucidated herein:
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i.

Entomopathogens present growers with a control option targeting a single life stage in the
soil at a time when entire populations are in the same developmental stage;

ii.

Timing of C. nasturtii emergence in the spring, having evolved to coincide with
cruciferous plant development, may be predicted and exploited to avoid planting
cruciferous crops when they would be in the most susceptible growth stage at times of
peak pest incidence; and
Efficacy of biological control applications, and temporal and spatial avoidance tactics is

dependent on the timing of the tactic in relation to the in-season abundance of C. nasturtii.
Sustainable population control over the long term requires a truly integrated approach in order to
reduce pest populations, while limiting synthetic insecticide use. A systematic, coordinated,
management program focused on precisely-timed actions will require input from key
stakeholders to support coordinated grower initiatives. Applied in isolation, none of the
management alternatives examined throughout this dissertation are likely to mitigate C. nasturtii
population outbreaks effectively. Rather, a comprehensive integrated pest management program
should employ these tactics using a systematic methodology (Fig. 6-1). Predicting the timing of
first emergence in the spring, using MidgEmerge, for example, allows growers to anticipate and
plan for the timing of management interventions. Entomopathogenic nematodes applications
immediately before anticipated spring emergence are likely to optimize the co-occurrence of
active overwintered C. nasturtii in the soil with temperatures favouring EPN virulence and
infectivity. Likewise, the timing of planting dates may be planned in order to avoid initial
emergence peaks, thereby minimizing damage to early season transplants and decreasing
recruitment of the second generation through the absence of suitable oviposition sites.

132

Figure 6-1. Potential timing of management interventions using alternative tactics to target
Contarinia nasturtii populations during the course of a typical growing season for cruciferous
vegetables, Ontario, Canada.

This tactic can be enhanced through a regionally-coordinated effort to eliminate potential refugia
in crops within a region. Biopesticides can be applied curatively during the season against the
lower population peaks observed later in the season (which may already be affected by earlier
actions), and EPNs may be employed again at the end of the season, targeting larvae in the soil
prior to overwintering. Unmitigated Contarinia nasturtii outbreaks can overwhelm management
tactics. Effective control, over the long term, can only be achieved by compounding the
incremental, marginal impact of a combination of alternative tactics.
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