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Effective pest management of the invasive swede midge (Contarinia nasturtii Kieffer) is 

hindered by the lack of development and mortality information in its invasive range. This 

thesis had 2 main objectives: 1) generate temperature-dependent development and 

mortality data for Ontario populations of C. nasturtii; and, 2) revise an existing C. nasturtii 

life cycle model (MidgEmerge) with this information. Temperature-dependent 

development and mortality rates were determined for all C. nasturtii life stages. This 

information, and robust adult count field data, were used to re-parameterize MidgEmerge 

and develop MidgEmergeII. Egg and larval development times were found to differ 

between Ontario and UK populations. The re-developed MidgEmergeII model accurately 

predicted C. nasturtii population dynamics in various southern Ontario locations. Results 

indicate that there are 3 C. nasturtii emergence phenotypes and 2-3 generations in 

Ontario, in contrast to the previous model. These findings have implications for C. nasturtii 

management in its invasive range. 
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1 Literature Review and Research Objectives 

1.1 Swede midge (Contarinia nasturtii) 

The swede midge (Contarinia nasturtii (Kieffer) Diptera: Cecidomyiidae) is a gall 

midge originating from Europe and southwestern Asia (Thomas 1946, Readshaw 1961). 

Damage from C. nasturtii feeding was first observed in Ontario in the mid-1990s, and C. 

nasturtii has since spread to 5 additional provinces and 8 U.S. states (Hallett and Heal 

2001, Olfert et al. 2006, Corlay et al. 2007, Allen et al. 2009, Chen et al. 2011, Hallett 

2017, Philips et al. 2017). 

Contarinia nasturtii has many host plants in the Brassicaceae family, including 

canola (a cultivar of Brassica napus Linnaeus) (Thomas 1946, Olfert et al. 2006). Canola 

is particularly important to the Canadian economy, with exports of canola oil, meal, and 

seed contributing CAD $10.56 billion in the 2017–2018 crop year (Canola Council of 

Canada 2017a). Other cruciferous crops grown throughout Canada include broccoli (B. 

oleracea L. var. italica), cabbage (B. oleracea L. var. capitata), Brussels sprouts (B. 

oleracea L. var. gemmifera), and cauliflower (B. oleracea L. var. botrytis), with a combined 

export value of CAD $34.1 million in 2012 (Pesticide Risk Reduction Program et al. 2014). 

Contarinia. nasturtii feeding causes distorted plant growth, including stunting, crumpled 

leaves, compensatory growth of extra shoots if the central shoot is severely damaged, 

buds that are swollen shut, and a complete loss of the head in broccoli, cauliflower, and 

cabbage (Thomas 1946, Barnes 1950). Contarinia nasturtii is a significant canola pest in 

Ontario, having caused a decline of over 60% in total canola acreage from 2011–2016 

due to both direct damage and farmers selectively growing other crops due to the potential 
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for C. nasturtii damage in canola (OMAFRA 2012, 2017, Hallett 2017). Furthermore, yield 

losses of 85–100% have been reported in areas of heavy C. nasturtii infestation in non-

canola Brassica crops (Hallett and Heal 2001, Allen et al. 2009). However, despite its 

success in Ontario, C. nasturtii has not yet established (i.e., successfully reproduced in 

the field to create a self-sustaining population) in the prairie provinces (B. Mori, personal 

communication), where over 92% of Canadian canola is currently produced (Canola 

Council of Canada 2017b). Given the level of C. nasturtii-induced loss in Ontario canola, 

the establishment of C. nasturtii in the prairies could have grave ramifications for 

Canada’s $26.7 billion (Canola Council of Canada 2016) canola industry. It is therefore 

crucial to quickly develop efficient pest management strategies for C. nasturtii.  

1.1.1 Life cycle and distribution 

Because C. nasturtii is a common pest of several cruciferous crops in Europe, its life cycle 

has been documented several times in different European countries, including the United 

Kingdom (Thomas 1946), Norway (Rygg and Braekke 1980), Holland, and France (Mesnil 

1938 cited by Readshaw 1961). Unless stated otherwise, life cycle information below is 

taken from Readshaw (1961) and Des Marteaux (2012).  

From late May to the end of September, C. nasturtii adults eclose from pupal 

cocoons at the soil surface (Readshaw 1961, Hallett et al. 2007). The most favourable 

temperature for C. nasturtii adult emergence is 25 °C. Pupal development, and therefore 

adult eclosure, ceases at 10 °C, though death does not necessarily occur; however, 

temperatures above an upper threshold of 32.5 °C cause pupal and newly-emerged adult 

mortality. Increasing soil moisture is also positively correlated with higher proportions of 
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adult emergence, though extremely wet soils hinder emergence (Readshaw 1961, Chen 

and Shelton 2007).  

Immediately after eclosing, adults move to a perch and wait until their wings fill with 

hemolymph. The adult lifespan is variable, and while most researchers report a lifespan 

of 1–5 days (Rogerson 1963, Hillbur et al. 2005), Readshaw (1961) found that adults 

could live up to 16 days in the lab. Nonetheless, over 60% of adults die after 4–6 days, 

and their lifespan appears to shorten with increasing temperature (Readshaw 1961). 

Males will mate 8–10 hours after emergence and can mate multiple times. Generally, they 

will select females that are both virgins and older than 6–8 hours, at which point females 

tend to begin producing sex pheromones (Hillbur et al. 2005). Mated females remain 

stationary for 1–2 hours before moving to oviposition sites at growing leaves and 

unopened flower buds. From pupal emergence to oviposition, the mating cycle takes less 

than 24 hours. 

Stokes (1953) found that oviposition tends to occur between 16 and 26 °C. Eggs 

require near-saturated levels of relative humidity for development and hatching, and they 

are thus often deposited in leaf crevices or in unopened flower buds where the relative 

humidity is particularly high. Eggs are laid in batches of 2–50 and are cemented to the 

plant. Females produce an average of 95 eggs in 24 hours, though they can produce over 

150 (Readshaw 1961, Allen et al. 2009). Maximum hatching success of eggs (94%) 

occurs at 25 °C with relative humidity greater than 75% (Readshaw 1961). Temperature 

determines incubation time, which can range from 1–11 days at 30 and 10 °C, 

respectively. Contarinia nasturtii produce unisexual families (i.e. all progeny from a given 

female will be of the same sex) (Barnes 1950, Readshaw 1966).  
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After hatching, larvae feed via extra-oral digestion, secreting an enzyme to liquefy 

plant cells that they then absorb (Readshaw 1961, Des Marteaux 2012). There are 3 

larval instars, and the development time of each instar is negatively correlated with 

temperature (Readshaw 1966). Development time is linear between 15 and 25 °C, and 

the length of the feeding period at these temperatures is approximately 28 and 7 days, 

respectively. Feeding continues until the third instar larva has matured, upon which the 

larva leaves the plant and burrows down into the upper 2.5 cm of soil (Rogerson 1963, 

Chen and Shelton 2007). The moisture level in the soil is important for how development 

proceeds (Readshaw 1961, Chen & Shelton 2007), and total saturation fully inhibits larval 

development at any stage (Readshaw 1961). Moist soil facilitates immediate cocoon 

construction and pupation upon larval entry into the soil. Dry soil sometimes facilitates the 

completion of cocoons that are different from both pupation and diapause cocoons. 

Larvae in dry soil may also experience quiescence either in cocoons or “naked” (without 

cocoons) until conditions improve, though moisture has no significant effect on larval 

survival (Readshaw 1961). No pupation occurs unless the soil is moist (Readshaw 1961), 

though no research has been conducted to determine the low moisture threshold.   

Contarinia nasturtii diapause is facultative and occurs when conditions are suitable 

(Hallett et al. 2007). At a given photoperiod, lower temperatures cause more individuals 

to enter diapause, while higher temperatures induce more pupation (Readshaw 1961, 

Des Marteaux et al. 2015). Increasing proportions of each generation will diapause as 

day length shortens and temperatures drop with the passing of the season (Des Marteaux 

et al. 2015). The critical photoperiod, or the length of daylight when 50% of C. nasturtii 

enter diapause, is 13.73 hours in southern Ontario (Des Marteaux et al. 2015). Larvae 
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overwinter in diapause cocoons, though the duration of diapause is dependent on 

environmental conditions (Readshaw 1961, Des Marteaux et al. 2015).  

Pupation occurs either immediately after larvae leave the plant and burrow into the 

soil, or after diapause termination in spring (Readshaw 1961; Des Marteaux et al. 2015). 

Like all other life stages, the stages of pupation (cocoon construction, pupation, and adult 

emergence) are regulated by temperature, given adequate moisture. Higher 

temperatures generally mean an increased incidence and shorter duration of pupation, 

from 8–34 days at 30 and 12 °C, respectively. When pupae have matured, they leave the 

pupal cocoon and make their way to the soil surface, after which adults emerge from the 

pupae. Before adult eclosion, the pupa may undergo a period of post-diapause 

development of unknown length beneath the soil (Des Marteaux et al. 2015). After post-

diapause development is complete, the pupa moves to the surface of the soil, where the 

adult emerges from the pupal case.  

1.1.2 Contarinia nasturtii management strategies 

Annual crop rotation of canola and other cruciferous vegetables is a critical 

component of C. nasturtii management and has been used to reduce infestation in 

Ontario and the United States (Chen et al. 2009, Hallett et al. 2009a, Hallett 2017). 

Another strategy used in northern Ontario was to reduce overall planted canola acreage 

for several years to minimize available host plants for C. nasturtii (Hallett 2017). However, 

insecticides are the primary tactic used for C.  nasturtii management. Currently, there are 

only 2 insecticides registered for C. nasturtii in canola (lambda-cyhalothrin, Matador 120 

EC, Syngenta; and chlorantraniliprole, Coragen, DuPont), and the efficacy of these 
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insecticides is hampered by several behavioural and life history traits of C. nasturtii. First, 

C. nasturtii has many non-crop host plants, and if such alternative hosts are present at 

field margins, they may act as a refuge from insecticide exposure for C. nasturtii (Chen 

et al. 2011). Second, with the exception of adults, all C. nasturtii life stages are well-

protected from insecticide exposure: eggs are laid and larvae feed within tight clusters of 

meristematic leaves and in developing flower buds, and pupation occurs underground 

(Readshaw 1961, Hallett et al. 2009b, Chen et al. 2011, Hallett 2017). Though the 

insecticides are toxic to C. nasturtii adults (Hillbur et al. 2005), timing sprays to ensure 

adult exposure is difficult due to the short lifespans of adults, overlapping generations, 

and variable emergence times (Hallett et al. 2009a, Hallett et al. 2009b, Chen et al. 2011, 

Hallett 2017). Third, very high C. nasturtii populations render insecticides ineffective in 

limiting crop damage (Hallett et al. 2009a). The first generation of adults that emerge from 

overwintering is thus the most important stage to target with insecticides to avoid the 

exponential growth of subsequent generations (International Swede Midge Task Force 

2010).  

1.2 Phenological modeling of C. nasturtii 

To properly time insecticide sprays and avoid over-spraying, a method of accurately 

predicting emergence times of the first generation of C. nasturtii adults is required. Like 

all insects, C. nasturtii is poikilothermic (i.e. their internal temperatures are regulated by 

outside temperatures), and, as such, their progression through the different stages of their 

life cycle reflects external climatic conditions. Each stage of an insect life cycle can 

theoretically be modeled by an equation derived from experimental or field data. The 
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equation describes the time required for the insect to complete the life stage (e.g., the 

time it takes for larvae to develop into pupae) given a set of environmental conditions. 

Equations from all life stages are then combined to create an overall phenological model 

into which users can input environmental data (Dennis and Kemp 1988, Gray 2004, Fand 

et al. 2014). These models can be the equations themselves or can be created and 

represented using modelling software.  

Due to the complex life cycle of C. nasturtii, it has been difficult for growers to time 

insecticide applications and crop rotation regimes. A comprehensive population dynamics 

model for C. nasturtii would improve our understanding of the timing of adult emergence 

in the spring, number of adult emergence phenotypes, and number of generations per 

year. In turn, this information will help inform C. nasturtii management activities, 

particularly the timing of insecticide applications.  

Modelling of the C. nasturtii life cycle was first undertaken in The Netherlands 

(Bouma 1996). Contapré, a degree day accumulation model, was created to predict the 

emergence of the first generation of C. nasturtii adults. Though this model worked well 

under climate conditions in Germany (Koch and Gemmar 2002) and in the Netherlands 

(Bouma 1996), it did not accurately predict emergence patterns of North American C. 

nasturtii populations (Hallett et al. 2009b). Hallett et al. (2009b) subsequently used a 

population modelling software called DYMEXTM to create MidgEmerge, a new C. nasturtii 

model specific to southern Ontario. DYMEXTM was selected to model C. nasturtii because 

unlike degree day models, it allows factors other than temperature to play a key role in 

insect development. Models that only rely on temperature are problematic as other 
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factors, such as photoperiod, may have a greater influence on insect development under 

field conditions (Higley et al. 1986, Des Marteaux et al. 2015).  

MidgEmerge used a two-phenotype structure to predict 38 of 50 C. nasturtii adult 

field emergence peaks from 2 southern Ontario field sites in 2003; an average of 87.8% 

of these peaks were predicted within 5 days of their occurrence in the field (Hallett et al. 

2009b). In contrast, Contapré only predicted 13 of the 50 peaks seen in the field, though 

all but one were predicted within 5 days of field occurrence (Hallett et al. 2009b). However, 

MidgEmerge was unsuccessful in predicting several important factors, such as first adult 

emergence in spring and population dynamics throughout the growing season in the 

southern Ontario sites. As C. nasturtii exist at low densities for several years before a 

rapid population increase (Hallett 2017), it is important to understand whether, and which, 

climatic conditions cause economically-damaging C. nasturtii populations. Due to a lack 

of temperature-dependent mortality data for C. nasturtii, MidgEmerge was unable to 

elucidate clearly the effect of climate on population sizes, resulting in predictions of 

increasing populations regardless of temperature conditions throughout the year (Hallett 

et al. 2009b).  

To understand and manage a specific life stage of an insect, it is necessary to 

understand the abundance and demographic fluctuations of all other life stages (Newman 

et al. 2014). The life table information necessary for creating a population dynamics model 

for C. nasturtii is not available for Ontario, and using the data generated by Readshaw 

(1961) is insufficient as life table values may differ for populations in different locations 

(Varley and Granwell 1970). Gaps in the existing general knowledge of C. nasturtii life 

history are summarized below.  Development rate differences and the lack of mortality 
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rates in particular will need to be addressed before a phenological model for C. nasturtii 

in Ontario can be created. 

1.2.1 Contarinia nasturtii life history traits that affect population dynamics: 

Knowledge gaps 

1.2.1.1 Differences in development rates  

Existing temperature-dependent development information comes exclusively from 

Readshaw (1961). However, given that C. nasturtii is multivoltine and has likely been 

present in North America since at least the mid-1990s when symptoms were first noticed 

in cole crops (Hallett 2017), it may have adapted to climatic conditions in Ontario. One 

example of divergence between Ontario and UK populations was shown by Des Marteaux 

et al. (2015): Ontario C. nasturtii had different diapause requirements from the UK 

populations reported by Readshaw (1961). The implications of this—i.e. that the 

developmental rates of other life stages also likely differ for Ontario and UK populations—

is problematic as the data on C. nasturtii development from the UK have been used in a 

number of C. nasturtii distribution and life stage models outside of the UK (Olfert et al. 

2006, Mika et al. 2008, Hallett et al. 2009b). An Ontario-specific development rate dataset 

would greatly enhance the accuracy of modelling and distribution studies on C. nasturtii 

in Ontario. 

1.2.1.2 Diapause plasticity 

Though photoperiod at diapause entry has been identified as the most important indicator 

of C. nasturtii diapause frequency (Des Marteaux et al. 2015), there remains a large gap 
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in our knowledge of factors controlling the duration of C. nasturtii diapause. Unknown 

factors include the interaction between factors contributing to diapause length and 

emergence timing, and whether variation in diapause length is due to consistent diapause 

length and varying post-diapause development times, or vice versa. Exacerbating the 

issue are the technical and logistical difficulties in observing the subterranean diapausing 

and pupal stages of C. nasturtii. 

1.2.1.3 Emergence phenotypes 

There are three confirmed emergence phenotypes of C. nasturtii (Goodfellow 2005, 

Hallett et al. 2009b, Des Marteaux et al. 2015). The first two phenotypes emerge in large 

peaks, one in May and the other in mid-June, and the third phenotype emerges in a very 

small peak in late August (Hallett et al. 2009b, Des Marteaux et al. 2015). Contarinia 

nasturtii individuals of different emergence phenotypes almost certainly have different 

diapause requirements (Des Marteaux et al. 2015), and understanding the development 

requirements of each is crucial for accurately predicting C. nasturtii adult emergence. 

1.2.1.1 Mortality factors 

It is not possible to create an accurate population dynamics model without incorporating 

factors that contribute to the mortality of individuals at different life stages. These include 

lethal temperatures and rates of intrinsic mortality at each life stage. However, there has 

been little research on such mortality factors for C. nasturtii. For example, while there are 

thermal thresholds and rates of mortality for pupae and larvae (Readshaw 1961, Des 

Marteaux 2012), there are currently no mortality data for eggs apart from intrinsic mortality 

(Readshaw 1961). For adults, there are similarly few mortality data due to their short life 
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spans. In terms of extrinsic mortality factors, some research has been conducted on 

naturally occurring enemies of C. nasturtii; however, parasitism rates are low in North 

America and are thus not as generalizable as mortality factors (Corlay et al. 2007).  

1.2.1.2 Multivoltinism 

Contarinia nasturtii is multivoltine, with at least 2 generations occurring annually in 

Norway (Rygg and Braekke 1980) and 3 generations in the Netherlands (Bouma 1996). 

Both adequate moisture (Readshaw 1961) and high temperatures (Dry 1915) were 

discovered to promote the occurrence of a fourth generation in England, although the 

exact levels of both moisture and temperature were unspecified. If four generations occur, 

the first 3 emergence peaks contain the most individuals (Thomas 1946). In southern 

Ontario, 4 overlapping generations have been recorded (Hallett et al. 2007, Hallett et al. 

2009b), but with climate change it may be possible for a fifth generation to occur in the 

future (Mika et al. 2008, Hallett et al. 2009b).   

1.3 Research Objectives 

Contarinia nasturtii could continue to cause substantial economic damage to Canada’s 

canola and crucifer crop industries if it spreads into the Prairies. Its variable life cycle 

allows it to both invade new areas and survive most control efforts. Part of the difficulty in 

controlling C. nasturtii are the gaps in knowledge about its life cycle, especially regarding 

differences in development rates between Ontario and UK populations and unknown 

temperature-dependent mortality rates for all life stages. This lack of knowledge inhibits 
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the design of an accurate phenological model for C. nasturtii that could aid in developing 

effective pest management strategies.  

The first objective of this project was therefore to generate new temperature-

dependent development and mortality information for Ontario populations of C. nasturtii 

eggs, larvae, pupae, and adults. The second objective was to use this developmental 

information, along with recent research on C. nasturtii diapause, to create a 

comprehensive population dynamics model for C. nasturtii in Ontario. This new model will 

be a valuable C. nasturtii research and management tool that can be used to elucidate 

regional life history differences, assess the risk of economically damaging populations as 

they spread to new areas, and inform the planning and timing of pest management 

actions. The outcomes of this research could play a central role in controlling C. nasturtii 

before it further impacts Canada's canola and cruciferous vegetable crop industries. 
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2 Determining temperature-dependent development and 

mortality parameters of the swede midge (Contarinia 

nasturtii) (Diptera: Cecidomyiidae)1 

2.1 Introduction 

The swede midge (Contarinia nasturtii Kieffer) is an exotic insect that originated 

from Eurasia, whose feeding results in distorted growth of host plants in the Brassicaceae 

family (Barnes 1946, Readshaw 1966). Contarinia nasturtii damage was first observed in 

North America in Ontario, Canada in 1996 and has since spread to five additional 

Canadian provinces and seven U.S. states (Hallett and Heal 2001, Olfert et al. 2006, 

Corlay et al. 2007, Allen et al. 2009, Chen et al. 2011). The frequency and severity of C. 

nasturtii damage has caused many Ontario farmers to cease growing canola, resulting in 

a decline of over 60% of Ontario’s total canola acreage since 2011 (Hallett 2017).  

Insects are poikilothermic, meaning that external climatic factors determine their 

body temperature and development. An important obstacle to developing efficient 

integrated pest management (IPM) strategies for the C. nasturtii is the dearth of basic 

temperature-dependent development data for populations in its invasive range, which 

could be used in the development of predictive population models. Studies on 

temperature-dependent development are ubiquitous throughout the insect literature, and 

                                            
1 This chapter has been submitted to the Journal of Economic Entomology. Liu, J., B.A. Mori, O. Olfert, and 
R.H. Hallett. Determining temperature-dependent development and mortality parameters of the swede 
midge (Contarinia nasturtii) (Diptera: Cecidomyiidae). Original date of submission: December 28, 2018. 
Date of resubmission: March 15, 2019. Accepted: March 22, 2019. Manuscript ID: ECONENT-2018-0881. 
11 pages. 
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many equations have been created to both describe the relationship and estimate critical 

temperature thresholds (Analytis 1977, Lactin et al. 1995, Kontodimas et al. 2004). While 

linear models perform well in more moderate temperatures (usually between 15 °C and 

30 °C) (Campbell et al. 1974, Wagner et al. 1984), non-linear models are typically used 

for low and high temperature extremes, where development rate slows (Davidson 1944, 

Sharpe and Demichele 1977, Lactin et al. 1995, Briere et al. 1999). 

The most in-depth C. nasturtii life cycle study was conducted by Readshaw 

(1961) on European populations, and that information has been foundational in most 

published C. nasturtii studies conducted in North America (Olfert et al. 2006, Chen and 

Shelton 2007, Mika et al. 2008, Hallett, Goodfellow, et al. 2009, Des Marteaux et al. 2012). 

Olfert et al. (2006) and Hallett et al. (2009) in particular fit Readshaw’s (1961) data on 

egg, larval, and pupal development rates to linear regressions for use in their respective 

studies. However, developmental rates are found to deviate between geographically 

different populations of the same insect, as found by Golizadeh and Zalucki (2012) with 

potato tuberworm (Phthorimaea operculella) and Liu et al. (2002) with diamondback moth 

(Plutella xylostella). This variation could be the result of either different laboratory 

conditions and data collection methods, or may indicate genetic adaptations of the wild 

insect population to varying geographical conditions. Thus, a closer investigation of the 

developmental rates of C. nasturtii in North America is warranted.  

The current study will determine temperature-dependent development and 

mortality rates that are representative of a population in the current invasion range of the 

C. nasturtii. This data will add to our understanding about developmental differences that 

emerge when insects immigrate to new regions, and will aid in the development and 
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refinement of C. nasturtii control techniques. A secondary objective is to determine 

whether the climatic and temporal differences experienced between C. nasturtii in its 

native range (Northumberland, United Kingdom, 1959-1961, Readshaw 1961) and those 

in its invasive range, in southern Ontario, Canada (Elora, Ontario, present-day) result in 

different developmental rates.  

2.2 Materials and methods 

2.2.1 General experiment methods 

Most replicates in the egg development experiment and the larval development 

experiment reported herein were conducted in Guelph, Ontario. The remaining egg 

development replicates and the pupal and adult experiments were conducted at the 

Agriculture and Agri-Food Saskatoon Research and Development Centre (AAFC 

Saskatoon), Saskatoon, Saskatchewan. Temperature experiments were conducted in 

growth chambers at the University of Guelph (temperatures varied ±1.5 °C from desired) 

and in the thermal gradient plate (TGP) cells described in McLaughlin et al. (1985) 

(temperatures varied ±0.1 °C) at AAFC Saskatoon. 

Total development time was calculated as the difference between the midpoint 

between the two consecutive check times at which the life stage effect occurred (i.e. eggs 

hatched) and the time that each replicate was introduced to a growth chamber or a TGP 

cell.  

For the pupal and adult experiments conducted in Saskatoon, midges were reared 

for one generation on cauliflower (Brassica oleracea var. gemmifera Linnaeus ‘Snow 
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crown’) before being used in experiments, to control for factors arising from rearing on a 

different host plant. To obtain eggs for each experiment, host plants were exposed to 

adults in a 2:1 female-to-male ratio. 

Midges were used in experiments for a single life stage only (e.g. the individuals 

used in egg development experiments were not used in experiments at any other life 

stage); midges for experiments on later life stages were allowed to develop under 

constant temperature and light conditions (see section on insect rearing) until they were 

needed. All midges used for adult experiments were a maximum of 3 hours post-eclosure 

at the beginning of the experiment. 

Unless otherwise indicated, all cauliflower and canola used were grown using the 

colony maintenance methods below. Cauliflower were 7–8 week old with a well-

developed meristem, but little to no head development; canola were at the flowering 

stage. 

For comparative purposes, we obtained C. nasturtii egg, larval, and pupal 

development and adult mortality data for populations from Northumberland, UK from 

Readshaw (1961). Standard error for these data were calculated where Readshaw (1961) 

provided standard deviation values and sample sizes. 

2.2.2 Insect rearing 

Midges used in the Guelph experiments were primarily sourced from canola and 

broccoli plots at the University of Guelph Elora Research Farm in Elora, Ontario 

(43°38'28.7"N 80°24'03.4"W). Additional midges collected from commercial canola fields 
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throughout Ontario were added to the colony in August and September 2016 and 2017. 

In Guelph, colony maintenance methods were modified from those described in Williams 

and Hallett (2018). The colony was maintained on cauliflower (Brassica oleracea var. 

gemmifera Linnaeus ‘Snow crown’) at temperatures of 25 °C to 28 °C, with a relative 

humidity of 30-60%, and a photoperiod of 16L: 8D. Plants were grown in general purpose 

Pro-Mix BX (Premier Tech Ltd., Rivière-du-Loup, Québec, Canada), and fertilized with 

0.08% solution of 20-20-20 fertilizer (Plant-Prod, Master Plant-Prod Inc., Brampton, ON, 

Canada) once a week.  

The Saskatoon colony was established in early 2016 using midges from the 

University of Guelph colony. This colony was maintained on canola (Brassica napus var. 

‘AC Excel’), but otherwise maintenance methods were similar to those for the Guelph 

colony.  

2.2.3 Egg development 

Cauliflower plants were exposed for 3 hours to adults that were 1 day post eclosure. 

The meristem was then removed and dissected under a microscope, with each outer leaf 

being peeled off and examined for eggs. Eggs were rinsed off using deionized water from 

an eyedropper and pooled in a Petri dish. Due to a lack of cauliflower, canola plants at an 

early bud stage (buds visible but prior to stem elongation) (Harper and Berkenkamp 1974) 

were used for egg experiments taking place in Saskatoon. Growth points were cut off 

from the canola plant and thoroughly rinsed multiple times with a strong stream of water. 

A P20 micropipette set to 10 µl was used to select one to four eggs randomly from 

the Petri dish. These eggs were deposited together into each cell of a 96-well bioassay 
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tray containing 1.3% agar that was then sealed tightly with Parafilm and randomly 

assigned to a temperature treatment (0, 5, 10, 20, 30, and 35 °C) in either a growth 

chamber (Guelph) or a TGP cell (Saskatoon). Relative humidity was close to 100% as 

condensation formed on the parafilm over each well. Twenty-three replicates at 10 °C 

were completed in Saskatoon; all others were completed in Guelph. 

After 24 hours, the eggs were checked regularly according to their observed stage of 

development:  

i. Early stage: Uniformly clear or cloudy with no yellow spot: eggs assessed at the 

beginning and end of each work day (8:00 and 16:30, respectively); 

ii. Early-intermediate stage: Eggs have yellow spots that are not well defined: eggs 

reassessed the next morning; 

iii. Intermediate stage: Yellow spots are clearly defined: eggs reassessed in 4 h; 

iv. Late stage: Larval outline is distinct inside the chorion: reassessed in 3 h; 

v. Ready to hatch: Larvae can be seen moving inside the egg: reassessed in 2 h, 

then at 3-hourintervals until hatch occurred. 

To minimize disruption to egg development after the initial reassessment period of 2 

hours, the reassessment period was lengthened from 2 to 3 hours. Once the first egg 

hatched in a given 96-well plate, all eggs were reassessed every 3 hours and egg 

hatching times recorded.  
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2.2.4 Egg mortality 

Egg mortality experiments were conducted in Saskatoon, using the same methods 

as egg development experiments. As larval hatch equates to survival of the egg stage, 

eggs were examined after 5 day at each temperature. Eggs that had not hatched after 10 

day at 19–39 °C or 30 day at all other temperatures, were assumed to be inviable.  

2.2.5 Larval development and mortality 

Cauliflower plants were exposed to C. nasturtii for 3 hours after 19:00 on the day of 

exposure. Plants were then left at 25 °C for eggs and larvae to develop for approximately 

35 hours (the average time necessary for eggs to hatch at 25 °C, as ascertained in the 

egg development experiment). After this time, plants were randomly assigned to growth 

chambers at 5, 10, 15, 20, 30, and 35 °C. After intervals of 10 days for plants at 5 and 10 

°C, 7 days for plants at 15 and 20 °C, and 5 days for plants at 30 and 35 °C, the outer 

leaves of the plants were removed, leaving only the meristem so that larvae could easily 

vacate the plant for pupation. A clear plastic bag (22 x 13.5cm) (Ziploc, S.C. Johnson & 

Son) modified to have a ventilated mesh opening (32 x 10cm) was placed around each 

cauliflower head, zipped closed around the plant stem, and the small remaining gap 

sealed with clear plastic packing tape. Bags and plants were checked daily for larvae until 

the first mature third-instar larva vacated, after which plants were checked approximately 

every 3 h. Larvae were rinsed out of the bag with deionized water and counted. To assess 

larval mortality, plant heads were dissected after 2 week of no larvae leaving the plant 

tissue, and any larvae remaining on the cauliflower head counted.  
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2.2.6 Pupal development and mortality 

Pupation containers were 414 ml translucent plastic cups (Polar Pak, Brampton, 

Ontario, Canada), with a 5 cm-diameter mesh-covered hole in the lid. Cups were filled 

halfway with a soil-less potting mix (consisting primarily of peat moss, sand, and 

vermiculite with micronutrient amendments) and moistened with 30 ml of water.  

Plants were exposed to adults for 24 hours at a time, after which they were replaced 

with another set of plants. Adults oviposited on cauliflower plants over a 48-hourperiod. 

After 10 day in a 22 °C growth chamber, the cauliflower heads were cut and dissected, 

and larvae were washed off using water. All larvae were intermixed in Petri dishes 

containing water, and an eyedropper was used to randomly move up to 100 larvae to the 

soil in the pupation cups. Pupation cups with larvae were capped with the mesh lids and 

immediately moved to a TGP cell at 0, 5, 10, 20, 30, or 35 °C. The process was repeated 

until at least 45 individuals had undergone each temperature treatment. Pupae that did 

not emerge as adults were considered dead after a certain number of days (Table 2.1), 

calculated by adding 20% onto the duration that Readshaw (1961) determined it would 

take for pupae to eclose at a given temperature. Development and mortality rates were 

calculated using only the individuals that successfully emerged as adults. 

Pupal development data from Readshaw (1961) was provided as separate values 

for males and females, which were averaged for comparative purposes in this study. 
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Table 2.1. Number of days Contarinia nasturtii larvae and pupae were held at a 
given temperature before they were considered dead. 

Temperature (⁰C) # Days 

0 45 
5 40 
10 35 
20 25 
30 15 
35 15 

2.2.7 Adult longevity 

Cauliflower plants were exposed to adults over a period of 48 hours within a 

ventilated clear plastic cage (47 x 47 x 47cm). The plants were then held in a growth 

chamber at 22 °C for 10 days, until the first larvae were ready to vacate the plant. The 

heads were cut and placed into a pot containing soil-less mix and each pot placed 

individually into mesh cages (30 x 30 x 30cm) (BugDorm, MegaView Science, Taichung, 

Taiwan) so that emerging adults could be more easily seen. After the first adults began 

emerging, the pots were checked every 3 hours for new emergence. 

The small mesh cages were cleared of adults at 5:00 each morning after emergence 

began. Adults emerging after this were aspirated from the cage every 3 hours and were 

used for experiments. A maximum of 35 adults were introduced to clear plastic 8.5 cm-

diameter PetriTM dishes with a mesh-covered 2.5 cm-diameter hole in the lid. A moistened 

cotton wick (DEFEND, Mydent International, Algonquin, IL) was secured with hot glue to 

the bottom of each dish to provide the midges with water. Petri dishes were randomly 

assigned to a TGP cell at 5, 10, 15, 20, 25, 30, or 35 °C. This process was continued until 

at least 20 individuals were exposed to each temperature.  



22 

After 24 hours, adults were checked every 3-4 hours for mortality from 5:00 to 22:00 

(maximum 15-hour interval overnight). Adults at –1, 0 and 5 °C were placed at room 

temperature for 3 hours before observation. Containers were gently agitated for one 

minute under a microscope, and any individuals not observed to move were considered 

dead. At each temperature, two to four adults appeared to drown in water (from either 

condensation or the saturated cotton wick) and were excluded.  

Hemerik et al. (2004) used the following equation to calculate daily mortality rates 

of Diabrotica virgifera for a similar study on temperature dependence: 

𝑟𝑀  =  −ln (𝑝)/𝑞 

where 𝑝 is the proportion of adults surviving at least half of their maximum lifetime at a 

given temperature, and 𝑞 is the maximum lifetime, in days. This rate was calculated for 

adults at experiment temperatures between 5 and 35 °C. Experiments at –1 and 0 °C 

were excluded because adult C. nasturtii are unlikely to experience temperatures below 

5 °C in the field, and because excluding these values provided a better model fit (see next 

section) at field-relevant temperatures. 

 Adult lifespan data from Readshaw (1961) was provided as the number of 

individuals that died within a set of 3-day ranges, from the days immediately after 

emergence (days 0-2) to the maximum observed lifespan (days 14-16). For comparison 

to the values found in this study, adults were assumed to die on the second day in the 

range (e.g., on day 3 of days 2-4).  
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2.2.8 Statistical analyses 

All statistical analyses were performed in RStudio 1.1.442 (RStudio Team 2016). A 

non-parametric Welch’s ANOVA and a Games-Howell post-hoc test were conducted on 

each set of development time data, as well as adult mortality data, to determine 

differences in the mean for each temperature.  

Egg and pupal mortality data, which consisted of proportions, were tested for the 

equality of proportions using a two-sided z-test; pairwise comparisons between the 

temperatures were then completed as a post-hoc test. All statistical analyses were 

conducted with α = 0.05. 

Development rate, or the proportion of development that happens per unit of time, 

is conventionally calculated by taking the inverse of the development time, so that:  

development rate = 1/development time 

Only individuals that successfully graduated to the next life stage were used in 

development rate calculations. The development rates for each lifestage from egg to adult 

over different temperatures were then fit to different models (Table 2.2). 

Models to fit data were chosen based on the methodology outlined in Kontodimas 

et al. (2004). Preferred models estimated the minimum temperature threshold for 

development ( 𝑇𝑚𝑖𝑛 ) and the maximum temperature threshold ( 𝑇𝑚𝑎𝑥 ). These are 

biologically significant parameters, and the models meeting these requirements were 

Analytis (1977), Lactin1 and Lactin2 (1995), Briere2 (1999), and Kontodimas (2004). The 

three most commonly used equations in published temperature-dependent development 
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studies on Diptera were also used: Davidson (1944), Campbell et al. (1974), and Taylor 

(1981). Campbell et al. (1974) is the only linear model. All nine models were used to fit 

egg, larval, and pupal development rates, and adult daily mortality (Table 2.2). 

Using linear regression allowed estimation of the thermal constant 𝐾 , which 

represents the number of degree days above 𝑇𝑚𝑖𝑛 required for the insect to develop from 

egg to adult (Campbell et al. 1974). The thermal constant is conventionally calculated as 

the reciprocal of the slope: 

𝐾 =  
1

𝑏
 

where 𝑏 is the slope of the linear regression. The standard error of 𝐾 is defined as: 

𝑆𝐸𝐾  =  
𝑆𝐸𝑏

𝑏2
 

where 𝑆𝐸𝑏 represents the standard error of the slope (Campbell et al. 1974).  
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Model Equation Explanation of Variables Reference 

Analytis 𝑟(𝑇)  =  𝑎 ∗ (𝑇 − 𝑇𝑚𝑖𝑛)𝑏

∗ (𝑇𝑚𝑎𝑥 − 𝑇)𝑐 

Where  𝑟(𝑇)   is the development rate, 𝑇  the 

temperature, 𝑇𝑚𝑖𝑛  the lowest temperature 

developmental threshold, 𝑇𝑚𝑎𝑥  is the high lethal 

temperature, and 𝑎, 𝑏, and 𝑐 empirical constants. 

Analytis 

(1977) 

Briere1 𝑟(𝑇)  =  𝑎 ∗ 𝑇 ∗ 𝑇 − 𝑇𝑚𝑖𝑛

∗ (𝑇𝑚𝑎𝑥 − 𝑇)
1
2 

Where 𝑎  is an empirical constant, and  𝑟(𝑇) , 𝑇 , 

𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑎𝑥 are the same as in Analytis. 

Briere et al. 

(1999) 

    

Briere 2 𝑟(𝑇)  =  𝑎 ∗ 𝑇 ∗ 𝑇 − 𝑇𝑚𝑖𝑛

∗ (𝑇𝑚𝑎𝑥 − 𝑇)(
1
𝑏

)
 

Where 𝑎  and  𝑏   are empirical constants, and 

 𝑟(𝑇) , 𝑇 , 𝑇𝑚𝑖𝑛 , and 𝑇𝑚𝑎𝑥  are the same as in 

Analytis. 

Briere et al. 

(1999) 

Campbell 𝑟(𝑇)  =  𝑎 + 𝑏 ∗ 𝑇 

 

Where 𝑎 is the y-intercept, 𝑏 is the slope, and 

and 𝑟(𝑇) and 𝑇 are as in Analytis. 

Campbell et 

al. (1974) 

Davidson 𝑟(𝑇)  =  𝐾/(1 + 𝑒(𝑎+𝑏∗𝑇)) Where 𝐾 is the distance between the upper and 

lower asymptote of the curve, 𝑎  is the relative 

position of the curve origin on the abscissa, 𝑏 is 

the degree of acceleration of development of the 

life stage and 𝑟(𝑇)  and 𝑇  are as they were in 

Analytis. 

Davidson 

(1944) 

    

Kontodimas 𝑟(𝑇)  =  𝑎 ∗ (𝑇 − 𝑇𝑚𝑖𝑛)2 ∗ (𝑇𝑚𝑎𝑥 − 𝑇) Where 𝑎 is a constant and 𝑟(𝑇), 𝑇𝑚𝑖𝑛, 𝑇𝑚𝑎𝑥, and 

𝑇 are as in Analytis. 

Kontodimas 

et al. (2004) 

    

Table 2.2 All models used to calculate rates of development for Contarinia nasturtii. 
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Model Equation Explanation of Variables Reference 

Lactin1 𝑟(𝑇)  =  e(𝑎∗𝑇) − e(𝑎∗𝑇𝑚𝑎𝑥−(𝑇𝑚𝑎𝑥−𝑇)/∆𝑇) Where 𝑎 is a constant and 𝑟(𝑇), 𝑇𝑚𝑖𝑛, 𝑇𝑚𝑎𝑥, and 𝑇 

are as in Analytis. 

Lactin et al. 

(1995) 

Lactin2 𝑟(𝑇)  =  e(𝑎∗𝑇) − e(𝑎∗𝑇𝑚𝑎𝑥−(𝑇𝑚𝑎𝑥−𝑇)/∆𝑇)

+ 𝑏 

Where 𝑎  and  𝑏  are constants and 𝑟(𝑇) , 𝑇𝑚𝑖𝑛 , 

𝑇𝑚𝑎𝑥, and 𝑇 are as in Analytis. 

Lactin et al. 

(1995) 

Taylor 
𝑟(𝑇)  =  𝑅𝑚 ∗ e

[−
1
2

∗{
(𝑇−𝑇𝑜)

𝑇𝑓
}^2]

 
Where 𝑅𝑚 is the maximum rate of development, 

𝑇𝑜  is the optimum developmental temperature, 

and 𝑇𝑓 is the rate at which development rate falls 

away from 𝑇𝑜. 

Taylor 

(1981) 
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The lower developmental threshold of the linear model was calculated as: 

𝑇𝑚𝑖𝑛  =  −
𝑎

𝑏
 

where 𝑎  represents the intercept. The standard error of this threshold was given in 

Campbell et al. (1974) and is calculated as follows:  

𝑆𝐸𝑇𝑚𝑖𝑛  =  
µ

𝑎
√

𝑠2

𝑛 ∙ µ2
+ [

𝑆𝐸𝑎

𝑎
]

2

 

where 𝑠2 is the residual mean square of the development rate (𝑟(𝑇)), µ is the sample 

mean, and 𝑛 is the sample size.  

The conventionally-used 𝑅2 value is not suitable for describing the fit of non-linear 

regressions, as the total sum of squares of a non-linear regression does not add up to 1. 

Furthermore, 𝑅2 cannot account for differing numbers of parameters between models, 

which is important as more parameters almost always explain more of the variance 

(Kontodimas et al. 2004). Two measures of goodness-of-fit were used in lieu of 𝑅2: 1) the 

Akaike Information Criterion (AIC) (Akaike 1974); and, 2) an adjusted 𝑅2. Both account 

for the number of parameters used in the model, and the AIC in particular is suitable for 

use with nonlinear regressions. 

The AIC was calculated using the following equation: 

𝐴𝐼𝐶 = 2𝑘 − 2 ln 𝐿  
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where 𝑘 is the number of estimated parameters in the model, and 𝐿 is the maximum value 

of the likelihood function for the model.  

The adjusted R2 value was calculated using the following equation from Aghdam et 

al. (2009): 

𝑅𝑎𝑑𝑗
2 = 1 − (

𝑛 − 1

𝑛 − 𝑝
) (1 − 𝑅2)  

“where 𝑛 is the number of observations, 𝑝 is the number of model parameters, and 𝑅2 is 

the coefficient of determination” (Aghdam et al. 2009, p.889). 

Equations were fitted using the devRate package version 0.1.8 (Rebaudo et al. 

2018) for R. devRate includes a database of most published studies on insect 

development rate and provides the parameter values for each model calculated in each 

study. Starting values for equation estimation were taken directly from this database, 

starting with values from Dipteran studies. If the starting values did not result in successful 

convergence upon a set of parameters (in which case an error message would be 

displayed), values from the study on the subsequent phylogenetically closest order would 

be used until suitable values were found. When the equation converged, it always 

converged upon the same parameters regardless of which insect order the starting values 

were obtained from. 

From these equations, the optimal temperature of development (𝑇𝑜𝑝𝑡)  was 

calculated by setting the derivative of the function to 0 and solving for 𝑇. 
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2.3 Results 

2.3.1 Development time 

Of all developmental stages, egg development was completed most quickly at all 

temperatures (Table 2.3). The difference in development time between life stages was 

most pronounced at lower temperatures, particularly between larvae and pupae. Larvae 

required an average of 26.0 days to complete development to become pupae at 10 °C, 

compared to 49.3 days for pupae to complete development to become adults; the 

difference decreased until they both took approximately 7.5 days to complete 

development at 30 °C. 

2.3.1.1 Egg development 

Egg development time was inversely proportional to temperature, with higher 

temperatures resulting in shorter development times (Figure 2.1A). Compared to egg 

development times found by Readshaw (1961), Ontario populations developed slower 

below a temperature of approximately 17 °C, and faster above that threshold. 

Temperature had a significant effect on development rate (Welch’s one-way ANOVA: F 

= 896.42, df = 4, 62.38, p < 0.01), with development differing significantly among all 

temperatures (Games-Howell: p < 0.01) (Table 2.3).  

2.3.1.2 Egg mortality 

Egg mortality ranged from approximately 93.3% at 37 °C to 0% at 10 °C across the 

temperature treatments where hatching was observed (Figure 2.2). As all eggs hatched   
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Table 2.3. Mean development time (±SE) in days of Contarinia nasturtii eggs, 
larvae, and pupae, and mean adult lifespan in days at different temperatures. 
Dashes indicate temperatures that were excluded from given experiments. Differing 
letters indicate a significant difference in the mean development time at different 
temperatures. 

Temperature  

(°C) 
Eggs Larvae Pupae Adult 

-1 - - - 5.61 ± 0.46cdef 

0 - - - 5.79 ± 0.64cdefg 

5 No survival No survival No survival 19.65 ± 1.37a 

10 8.07 ± 0.40a 26.08 ± 3.45a 49.36 ± 0.47a 10.85 ± 0.97b 

15 5.28 ± 0.11b 16.81 ± 1.57b 21.69 ± 0.19b 6.34 ± 0.35cde 

20 3.05 ± 0.04c 10.84 ± 2.06c 12.82 ± 0.07c 4.38 ± 0.31def 

25 1.93 ± 0.03d - - 3.49 ± 0.38dfg 

30 1.70 ± 0.07e 7.51 ± 1.19d 7.56 ± 0.06d 2.46 ± 0.20gh 

35 No survival No survival No survival 1.61 ± 0.18h 
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Figure 2.1. Mean (±SE) Contarinia nasturtii development time from Readshaw (1961) 
(thin black), Liu study (thick black) and development rate from current study (grey). A) 
egg development over temperatures of 10, 15, 20, 25, 30 °C (n = 14, 43, 44, 52, 25, 
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respectively for Liu study, n = 17, 78, 83, 94, 72, respectively for Readshaw study); B) 
Larval development in Liu study over temperatures of 5, 10, 15, 20, and 30 °C (n = 58, 
165, 113, and 26, for temperatures 10, 15, 20, and 30 °C, respectively) and in Readshaw 
study over temperatures of 15, 20, and 25 °C (n = 27, 11, and 7, respectively) (standard 
deviation values were not provided in Readshaw (1961)); C) Pupal development in Liu 
study over temperatures of 0, 5, 10, 15, 20, 30, and 35°C (n = 11, 107, 110, 120 
respectively for temperatures 10, 15, 20, and 30 °C) and in Readshaw study over 
temperatures of 12, 15, 20, 25, and 30 °C (n = 121, 147, 176, 148, and 65, respectively). 
For larvae and pupae, there was no survival at 5 and 35 °C for either study. Dotted 
segments on lines from Liu study indicate an approximated relationship. 

 

 

Figure 2.2. The proportion of Contarinia nasturtii eggs (±SE) hatched at 
temperatures of 3, 5, 6, 7, 9, 10, 15, 21, 23, 25, 27, 29, 31, 35, 37, and 39 °C (n = 
112, 88, 22, 84, 102, 14, 143, 82, 86, 51, 91, 68, 89, 68, 30, and 23, respectively). 
Means with the same letter indicate no significant difference in the proportion of 
eggs hatched at those temperatures. 
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at 10 °C, there was no variation or standard error. The proportions were found to be 

significantly different (z-test: χ2 = 534.03, df = 15, p<0.01), and significant differences 

were observed between the proportions of eggs hatched at 3, 5, 37, and 39 °C and all 

other temperatures. Of the intermediate temperatures where higher egg hatch was 

observed, 21 °C had the highest egg mortality at 64.4%. 

A high proportion of eggs hatched at 35 °C, though this ability to graduate to the 

next life stage while being held at 35 °C was not observed in individuals of other life 

stages. 

2.3.1.3 Larval development 

Larval development rate was significantly influenced by temperature (Welch’s 

ANOVA: F = 662.22, df = 3, 89.34, p<0.01), with development differing significantly 

among all temperatures (Games-Howell: p<0.01) (Table 2.3). Larval development took 

approximately 25 days at 10 °C, and 7 days at 30 °C (Figure 2.1B). As no larvae or eggs 

were observed on plants from the 5 or 35 °C treatment, 0% survival was presumed at 

these temperatures. Larval development times reported by Readshaw (1961) only 

spanned 15-25 °C. Larval development for United Kingdom populations took longer at 

temperatures below 20 °C than Ontario populations, and vice versa at temperatures 

above 20 °C. 

In some cases in the current study, a variable number (0-11) of larvae remained on 

cauliflower heads and were found after dissection. Sometimes the larvae were caught in 

condensation or embedded deeply in digested plant tissue, while others were found in 
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conventional feeding positions for C. nasturtii larvae. All larvae found from cauliflower 

dissections were alive. As there was a high degree of variability in the number of larvae 

remaining on plants, an accurate estimate of larval mortality could not be determined.  

2.3.1.4 Pupal development 

 Temperature significantly influenced pupal development rate (Welch’s ANOVA: F = 

9055.4, df = 3, 146.13, p<0.01), and development significantly differed among all 

temperatures (Games-Howell: p<0.01) (Table 2.3). Pupal development time decreased 

with increasing temperature, especially from 10 to 15 °C, and the development rate 

increased accordingly (Figure 2.1C). No adults emerged at temperatures ≤5 °C or at 35 

°C. Readshaw (1961) reported similar pupal development times between 15 and 30 °C, 

though UK pupae had lower development times below approximately 14 °C. 

2.3.1.5 Pupal mortality 

Pupal mortality was significantly different between temperatures (z-test: χ2 = 

465.87, df = 6, p<0.01) (Figure 2.3). Where adult emergence was observed, pupal 

survival ranged from 0.053 ± 0.016 at 10 °C to 0.61 ± 0.036 at 20 °C. There was no 

observable survival (i.e. no adult emergence) at temperatures at or less than 5 °C, and at 

35 °C. 
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Figure 2.3. Mean (±SE) proportion of Contarinia nasturtii pupal emerged as adults 
over temperatures of 0, 5, 10, 15, 20, 30 and 35 °C (n = 81, 49, 189, 186, 195, 258, 
and 343, respectively). Triangular markers indicate that all individuals died at the 
given experiment temperatures; dotted lines indicate that the relationship between 
two temperatures is approximated. Means with the same letters indicate no 
significant difference in the proportion of pupae successfully eclosed at those 
temperatures. 

2.3.1.6 Adult longevity 

Adult longevity was significantly influenced by temperature (Welch’s ANOVA: F = 

52.07, df = 8, 85.90, p<0.01), and longevity at 5, 10, and 15 °C significantly differed from 

most other temperatures (Table 3). Longevity was highest at 5 °C and decreased with 

both increasing and decreasing temperature (Figure 2.4). Adults died after an average of 

19.65 days at 5 °C, and 1.61 days at 35 °C. Daily adult mortality was lowest at 5 °C and 
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rose at an increasing rate to 30 °C, before decreasing at 35 °C. Readshaw (1961) 

reported similar adult longevity for temperatures between 10 and 30 °C.  

 

Figure 2.4. Mean (±SE) Contarinia nasturtii adult longevity in days in Liu experiment 
(thick black line) over temperatures of -1, 0, 5, 10, 15, 20, 25, 30, and 35 °C (n = 25, 
29, 24, 20, 31, 30, 21, 22, 20, respectively), and in Readshaw (1961) experiment 
(thin black line), over temperatures of 10, 15, 20, and 25 °C (n = 71, 96, 77, and 74, 
respectively). The proportion of total adults dying per day (thick grey line) is also 
shown at temperatures of 5, 10, 15, 20, 25, 30, and 35 °C, as calculated using the 
method outlined in Hemerik et al. (2004). Values for adult mortality rate calculated 
using this method are returned as a single figure per temperature, thus standard 
error values could not be calculated, and the line is present for visualization 
purposes only. -1 and 0 °C were excluded from the mortality rate analysis as C. 
nasturtii adults are unlikely to experience these temperatures in the field. 

The largest range in survival times was found in the 5 °C treatment, where the first 

adult died after 1.72 days, and the last at 26.18 days. However, this short-lived adult was 

an extreme case in the 5 °C treatment; the second shortest life span was 10.80 days. 

Several adults at 35 °C survived upwards of 2 days, with a maximum of 2.76 days.  
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2.3.2 Model evaluation for fitting development rates 

Of the nine equations used to fit egg, larval, and pupal development rates, the Analytis 

model did not fit any of the datasets (Table 2.4). The Lactin2 model was the best fit for 

egg and larval development, and Kontodimas the best for pupal development. Lactin1 

was best for adult mortality. Most models had similar AIC values; however, the linear 

Campbell option frequently had the highest AIC value (and therefore the lowest accuracy 

compared with other models). The Briere2 model only successfully fit pupal data (Table 

2.5). While models generally clustered together across the temperature range, the Lactin1 

and Lactin2 models departed the most from the linear model at high temperatures (Figure 

2.5). For larvae in particular, Lactin2 showed the biggest difference from other models, 

with the development rate increasing much faster from 20-27ºC, then decreasing more 

quickly between 27-30ºC than others in that range. A similar phenomenon is observed 

with Lactin1 in describing egg, larval, and pupal development rates, though to a lesser 

extent. 

Estimated values for 𝑇𝑚𝑖𝑛  and 𝑇𝑚𝑎𝑥  ranged from values observed in experiments 

herein and reported in the literature (e.g. 𝑇𝑚𝑖𝑛 values of 3.4 °C for eggs using the Briere1 

model), to values that are biologically improbable (e.g. 𝑇𝑚𝑎𝑥 values of over 50 °C for all 

life stages using the Kontodimas model) (Table 2.5).   
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Table 2.4. AIC values of 9 different models as they fit the four different Contarinia 
nasturtii datasets.  

Model 
Egg 

development 
Larval 

development 
Pupal 

development 
Adult 

mortality 

Analytis (1977) MV MV MV MV 
𝑅2

𝑎𝑑𝑗 - - - - 
     

Briere1 (1999) -600.67 -2123.63 -2453.98 -15.26 
𝑅2

𝑎𝑑𝑗 0.9758 0.9889 0.9942 0.7006 
     

Briere2 (1999) MV MV -2445.99 MV 
𝑅2

𝑎𝑑𝑗 - - 0.9913 - 
     

Campbell (1974) -581.7 -2109.58 -2447.33 -17.77 
𝑅2

𝑎𝑑𝑗 0.9710 0.9881 0.9963 0.7485 
     

Davidson (1944) -622.03 -2129.8 -2451.89 -17.6 
𝑅2

𝑎𝑑𝑗 0.9821 0.9907 0.9936 0.7548 
     

Kontodimas (2004) -604.77 -2125.01 -2457.87 -16.36 
𝑅2

𝑎𝑑𝑗 0.9749 0.9896 0.9942 0.7222 
     

Lactin1 (1995) -642.8 -2142.55 -2452.17 -32.31 
𝑅2

𝑎𝑑𝑗 0.9864 0.9741 0.9924 0.6335 
     

Lactin2 (1995) -645.12 -2143.32 -2455.99 -27.12 
𝑅2

𝑎𝑑𝑗 0.9824 0.9479 0.9913 0.6284 
     

Taylor (1981) -622.342 -2130.97 -2452.37 -21.933 
𝑅2

𝑎𝑑𝑗 0.9816 0.9889 0.9937 0.6573 

MV indicates a missing value or infinity produced during curve fitting; bolded 

numbers indicate the model with the lowest AIC score for each dataset and 

competing datasets with AIC values within 2 of the lowest score; underscored 

numbers indicate the model with the highest 𝑅2
𝑎𝑑𝑗 value. 
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Table 2.5. Estimated coefficients and measurable parameters (±SE) describing Contarinia nasturtii egg, larval, and 
pupal development rates and adult mortality.  

Model Parameters Egg Larva Pupa Adult 
Briere1 𝑎 0.0002 ± 0.0000 0.00004 ± 0.00000 0.00005 ± 0.00000 0.00013 ± 0.00006 

 𝑇𝑚𝑖𝑛 3.40 ± 1.05 -4.95 ± 1.97 2.73 ± 0.81 10.35 ± 3.87 
 𝑇𝑚𝑎𝑥 43.10 ± 2.09 39.88 ± 1.49 40.64 ± 1.03 41.09 ± 5.33 

 𝑇𝑜𝑝𝑡 34.84 ± 0.04 31.45 ± 0.01 19.96 ± 0.01  -  
              

Briere 2 𝑎        0.00006 ± 0.0002     
 𝑇𝑚𝑖𝑛  -   -  2.50 ± 3.66  -  
 𝑇𝑚𝑎𝑥        39.12 ± 21.22     
 𝑏        2.27 ± 4.22     

 𝑇𝑜𝑝𝑡       20.14 ± 0.01    
              

Campbell 𝑎 -0.20852 ± 0.01292 -0.0167 ± 0.00243 -0.038 ± 0.00132 -0.0808 ± 0.04429 
 𝑏 0.028025 ± 0.00059 0.00534 ± 0.00014 0.00572 ± 0.00005 0.01022 ± 0.00198 
 𝑇𝑚𝑖𝑛 7.44 ± 0.05 3.13 ± 0.00 6.64 ± 0.01    
 𝐾 35.68 ± 0.05 187.35 ± 0.00 174.89 ± 0.01  -  

Davidson 𝑎 3.68151 ± 0.12589 2.8632 ± 0.10476 3.51066 ± 0.09504 6.9569 ± 3.04 
 𝑏 -0.17348 ± 0.00958 -0.1618 ± 0.00933 -0.1765 ± 0.00695 -0.2979 ± 0.14227 
 𝐾 0.76735 ± 0.03114 0.15789 ± 0.00574 0.15539 ± 0.00289 0.29371 ± 0.04813 
              

Kontodimas 𝑎 0.00003 ± 0.00000 0.000006 ± 0.00000 0.000007 ± 0.00000 0.00003 ± 0.00002 
 𝑇𝑚𝑖𝑛 2.37  ± 0.75 -1.42 ± 0.76 2.21 ± 0.50 9.32 ± 2.19 
 𝑇𝑚𝑎𝑥 58.60 ± 4.70 52.77 ± 2.85 53.05 ± 2.04 47.14 ± 6.62 

 𝑇𝑜𝑝𝑡 39.86 ± 0.04 16.64 ± 0.01 19.15 ± 0.01  -  
              

Lactin1 𝑎 0.16335 ± 0.00426 0.14514 ± 0.00454 0.16519 ± 0.00438 0.23444 ± 0.01474 
 𝑇𝑚𝑎𝑥 35.63691 ± 0.39500 35.1463 ± 0.45502 34.8123 ± 0.35119 36.691 ± 0.26815 
 ∆𝑇 6.09138 ± 0.15592 6.87371 ± 0.21378 6.04638 ± 0.15981 4.26475 ± 0.26786 

 𝑇𝑜𝑝𝑡 23.43 ± 0.04 28.26 ± 0.01 22.72 ± 0.01  -  
              

Lactin2 𝑎 0.19196 ± 0.01464 0.18373 ± 0.02396 0.10195 ± 0.02701 0.25499 ± 0.02227 
 𝑇𝑚𝑎𝑥 34.34 ± 0.59 33.25 ± 0.91 40.74 ± 4.24 36.44 ± 0.28 
 ∆𝑇 5.19828 ± 0.39180 5.43849 ± 0.70636 9.73346 ± 2.51396 3.92136 ± 0.34228 

Lactin2 𝑏 0.05477 ± 0.02278 0.01701 ± 0.00799 -0.046 ± 0.03241 0.0124 ± 0.00952 

 𝑇𝑜𝑝𝑡 29.14 ± 0.04 22.30 ± 0.01 21.20 ± 0.01  -  
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Model Parameters Egg Larva Pupa Adult 

Taylor 𝑅𝑚 0.65273 ± 0.01862 0.13922 ± 0.0032 0.13595 ± 0.00152 0.29896 ± 0.02392 
 𝑇𝑜 33.40 ± 0.90 31.55 ± 0.86 32.47 ± 0.60 31.53 ± 0.94 

 𝑇𝑓 11.831 ± 0.524 12.998 ± 0.571 -11.881 ± 0.404 6.599 ± 1.010 

 𝑇𝑜𝑝𝑡 33.40 ± 0.04 31.55 ± 0.01 20.58 ± 0.01  -  
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Figure 2.5. Contarinia nasturtii A) mean egg development rate fitted to seven 
different functions: Briere1, Campbell, Davidson, Kontodimas, Lactin1, Lactin2, and 
Taylor; B) mean larval development rate fitted to seven different functions: Briere1, 
Campbell, Davidson, Kontodimas, Lactin1, Lactin2, and Taylor; C) mean pupal 
development rate fitted to eight different functions: Briere1, Briere2, Campbell, 
Davidson, Kontodimas, Lactin1, Lactin2, and Taylor; and D) mean adult daily 
mortality rate fitted to seven different functions: Briere1, Campbell, Davidson, 
Kontodimas, Lactin1, Lactin2, and Taylor. Note that the y-axes for A, B, and C are 
slightly different from those of Figure 2.1A, B, and C, and that day has different x-
axis values. 
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2.4 Discussion 

2.4.1 Development Rates 

Accurate development rates for Ontario C. nasturtii populations were determined in 

this study. As expected, temperature strongly influenced both development and mortality. 

An upper developmental threshold between 30 and 35 °C appeared to exist in this study, 

corroborated by a 30 °C upper limit found in Readshaw’s (1961)’ study. However, short 

exposure to temperatures over 30 °C was not lethal, as eggs successfully hatched into 

larvae at 35 °C, adults survived for an average of 1.6 days at 35 °C, and Readshaw (1961) 

found that pupae survived until eclosion at 32.5 °C. A lower developmental threshold 

between 5 and 10 °C was found in this study, and Readshaw's (1961) experiments 

similarly reported that adult emergence did not occur below 10 °C. As Readshaw only 

conducted experiments at temperature extremes for adults, developmental rates at these 

temperatures for other life stages cannot be compared between the two studies.  

In terms of behaviour, some larvae were able to survive for an extended period of 

time on the host plant without pupating, as was observed in the current experiments and 

by Readshaw (1961), but the reason for this is unclear. It was also observed that adults 

would preferentially rest on the moist cotton wicks; both the current study and Readshaw 

(1961) found that that adult longevity was greatly shortened when no water was available, 

likely due to dehydration (Readshaw 1961).  

Contarinia nasturtii eggs and larvae from United Kingdom populations seemed to 

generally develop faster than those from Ontario populations at temperatures above 
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approximately 17-20 °C, while pupae in both populations had very similar development 

times at these temperatures. In addition to these differences, Des Marteaux et al. (2015) 

also recorded different diapause entry patterns between the two populations, with the 

Ontario population entering diapause over a smaller range of photoperiods than in the 

United Kingdom. These differences could be due to methodological or equipment 

differences, or local adaptation to the two geographical regions. Geographically-

influenced development rates have been found in insects across several orders (Liu et al. 

2002, Golizadeh and Zalucki 2012), with voltinism generally increasing with decreasing 

latitude (Honěk 1996, Ishihara 1998, Flenner et al. 2010). Differing latitudes, seasonality, 

and generally harsher winter temperatures may have influenced Ontario’s C. nasturtii 

population diverging from the United Kingdom population. In general, species adapted to 

warmer environments have a higher 𝑇𝑚𝑖𝑛  than those adapted to colder environments 

(Bergant and Trdan 2006). While it was not possible to calculate the mean development 

rate from the data provided in Readshaw (1961), the provided development time data 

indicate that United Kingdom eggs and larvae would have had a higher 𝑇𝑚𝑖𝑛than Ontario 

eggs and larvae. As southern Ontario experiences colder winter and spring temperatures 

than Northumberland, United Kingdom, the invaded population may have adapted to 

begin development at lower temperature thresholds than they would have in their native 

range.  

Contarinia nasturtii eggs and larvae developed at a faster rate over temperatures 

that are more commonly experienced in the growing season in both locations. Gilbert and 

Raworth (1996) proposed several relevant possibilities for geographic variation in 

development rates that have underpinnings in the growing season. The first is food 
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quality, which may differ between the native and invaded ranges; the second is parasitoid 

and predator activity. Increasing food quality results in an increase in development rate 

(Damman 1987, Trichilo and Leigh 1988, Tuchman et al. 2003), which suggests that food 

quality in the United Kingdom was superior to that of Ontario, as development times of 

UK larvae were shorter above approximately 20 °C. The lack of difference in pupal 

development rate may also support this hypothesis, as pupae do not consume food, 

though the hypothesis does not explain faster UK egg development. The slower 

development rate of C. nasturtii in Ontario may be the result of other factors, and does 

not prevent it from being a serious and economically-damaging pest with very high 

populations. 

Predator-induced phenotypic plasticity is a well-documented phenomenon (Moran 

1992, Van Buskirk 2002, Benard 2004, Chandrasegaran et al. 2018), in which predation 

threat causes an increase in development rates in order to minimize time spent in a 

vulnerable life stage (Ludwig and Rowe 1990, Beckerman et al. 2007, Xiong et al. 2015, 

Bellamy and Alto 2018). Usually, invasive hosts experience lower rates of parasitoid 

attack than native hosts (Cornell and Haweekins 1993). It is possible that United Kingdom 

C. nasturtii face higher pressure from parasitism than Ontario populations. In the United 

Kingdom, there are at least four different hymenopteran parasitoids that attack the C. 

nasturtii egg and larval stages (Abram et al. 2012), though no endoparasitoids of pupae 

were found. The lack of pupal parasitoids may explain the consistent development rates 

of C. nasturtii pupae across the two locations. However, European C. nasturtii parasitism 

rates were quite low (4.6±0.7%) (Abram et al. 2012), and very similar to the 3.5±0.98% 

found in an Ontario parasitoid survey in 2017 and 2018 (C. E. Ferland and R. H. Hallett 
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2018, unpublished data2). It is uncertain whether these low rates would have affected the 

rates of development at the egg and larval stages. Methodological differences may also 

explain the different developmental rates. Readshaw’s (1961) growth chambers were 

older and less accurate than the thermal gradient plates, and his check time intervals 

were 8 and 12 hours for temperatures over and under 15ºC, respectively, compared with 

the 3-hour intervals used in the current study. 

Methods for testing geographically-caused divergent evolution have been published 

across a number of insect orders (Hsiao 1978, Blau and Feeny 1983, Hare and Kennedy 

1986, Jaenike 1989). In all cases, individuals from genetically isolated populations were 

obtained, exposed to identical experimental conditions, and the responses of the trait of 

interest recorded. To further evaluate differences, the development of C. nasturtii 

obtained from their native range could be compared with that of the invasive C. nasturtii 

using methodology from these studies. 

2.4.2 Model evaluation 

A difference in AIC values of two or more is the conventionally accepted threshold 

for concluding that one model is a better fit over another (Burnham et al. 1994, Posada 

and Buckley 2004). AIC values did not differ widely among models within the same 

lifestage dataset, ranging from a 0.77-5.1 difference between the first and second best-

fitted models. Due to this small difference, the models that are currently the best fit for the 

data may change if more data becomes available at thermal extremes. Adjusted 𝑅2 

                                            
2 Ferland, C.E. and Hallett, R.H. 2018. [Swede midge (Contarinia nasturtii) parasitoids in Ontario]. Unpublished data. 
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values were very high for egg, larval, and pupal development data, and lower for adult 

mortality data. The divergence in ranking between AIC and 𝑅2
𝑎𝑑𝑗  values is a further 

indication of the unreliability of 𝑅2 values in fitting nonlinear data.  

Most models that converged with the data fit well, with the linear Campbell model 

performing the most poorly for egg, larval, and pupal development. Linear models are 

best suited for fitting intermediate temperatures that fall in the linear portion of a curve 

(i.e., at 15–30 °C); they are most inaccurate when extrapolated to temperatures where 

the relationship is not linear and development tends to slow, such as where the maximum 

and minimum developmental thresholds exist (Wagner et al. 1984). The current C. 

nasturtii developmental thresholds established for use in the C. nasturtii life cycle model, 

MidgEmerge (Hallett et al. 2009), using Readshaw’s (1961) data were extrapolated using 

linear regressions. These regressions may be less accurate than the nonlinear formulae 

that extend to temperature extremes. 

As the majority of C. nasturtii development occurs during the summer months, where 

temperatures generally stay within 20-30ºC, using Lactin1 or Lactin2 models for egg and 

larval development will likely result in a faster predicted development rate between these 

temperatures than if other models were used.  

There is a great deal of variation among estimated biologically-significant 

temperatures. Of the models for each life stage with the lowest AIC, the 𝑇𝑚𝑎𝑥  value 

estimated by Lactin2 (34.34 °C) is lower than the observed upper limit of egg development 

(39 °C). The Kontodimas model overestimates pupal 𝑇𝑚𝑎𝑥  by approximately 20 °C. 

According to both the current study and Readshaw (1961), the Kontodimas model also 
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underestimated the pupal 𝑇𝑚𝑖𝑛 value by at least 3 °C, though it is possible that pupae held 

at 5 °C would have emerged if given enough time.  

The larval and adult estimations of 𝑇𝑚𝑎𝑥, by Lactin2 and Lactin1 respectively, are 

biologically likely and fit well with observations. Based on AIC values, Lactin2 would be a 

better model to use than Kontodimas for pupal development.  

Lactin2 is thus the best fit model for egg, larval, and pupal development, and Lactin1 

for adult mortality.  

Contarinia nasturtii is a pervasive pest in Ontario and has caused yield losses up to 

63-81% in canola-growing areas (Philips 2015); outbreak-level populations in 

Temiskaming, Ontario have caused a decrease in canola from over 25,400 acres in 2011 

to under 4,400 acres in 2016 (OMAFRA 2017). Due to factors such as the midge’s cryptic 

larval feeding stages, rapid population growth and a lack of knowledge on optimal 

insecticide timing, the only effective method of controlling midge damage was to reduce 

the amount of canola planted in the region (Hallett 2017). In 2015, the Ontario Canola 

Growers Association recommended a 3-year canola moratorium in Temiskaming (Philips 

2015), and other regions of Ontario have likewise greatly reduced canola acreage in 

response to midge pressure (Hallett 2017). A steady decline in this important cash crop 

that is otherwise well-suited to Ontario’s climate is causing both growers and the Ontario 

canola sector to fall short of their economic potential. If unchecked, C. nasturtii may 

spread into the prairie provinces, where over 92% of Canada’s canola is grown, and have 

grave ramifications for the country’s $26.7 billion canola industry (Canola Council of 

Canada 2016).  
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This study will aid in the development of effective IPM strategies for midge control. 

It has determined robust Ontario-specific C. nasturtii development data that fits many 

established development rate functions. These data may be useful for a series of 

applications, including the revision of MidgEmerge (Hallett, Goodfellow, et al. 2009) to 

create a more accurate population dynamics model that can predict C. nasturtii activity 

and help growers better time insecticide applications. By understanding the life cycle of 

Canadian C. nasturtii populations, we can better mitigate their impact, and prevent the 

midge’s spread into Canada’s main canola-producing regions. 
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3 Re-developing MidgEmerge, a population dynamics model, 

for Canadian populations of the invasive swede midge 

(Contarinia nasturtii) (Diptera: Cecidomyiidae) 

3.1 Introduction 

The swede midge (Contarinia nasturtii Kieffer) (Diptera: Cecidomyiidae) is an 

invasive gall midge in North America. Since its discovery in southern Ontario in 2001, it 

spread rapidly to Manitoba, Quebec, Nova Scotia, Prince Edward Island, and the northern 

United States (Hallett and Heal 2001, Chen et al. 2011). Contarinia nasturtii larvae feed 

mostly on the tender growing shoots and buds of plants in the Brassicaceae family 

(Barnes 1946, Readshaw 1966), which can cause upwards of 85% yield loss in 

cruciferous vegetables (Hallett 2017). In Ontario, canola (Brassica napus) acreage 

declined by over 60% from 2011-2016 due to both direct C. nasturtii damage and growers 

opting to plant other crops to lengthen crop rotations and avoid economic losses due to 

C. nasturtii (OMAFRA 2011, 2016, Hallett 2017). 

Many factors inhibit effective C. nasturtii management. First, the midge has a 

complex life cycle which makes it difficult to time management activities (Hallett 2017). 

Contarinia nasturtii is multivoltine, with 3–5 generations per year in its native range in the 

United Kingdom (Readshaw 1961) and up to 4 overlapping generations in southern 

Ontario (Hallett 2007, Hallett et al. 2009b). Its spring emergence date can range from the 

first week of May to the second week of June (Hallett, unpublished data), and factors 

determining diapause termination, and by extension its spring emergence date, have not 
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been well studied. Emergence prediction is further complicated by C. nasturtii having 

three different emergence phenotypes, one which emerges in May, one in mid-June, and 

another in mid-August (Hallett et al. 2009b, Des Marteaux et al. 2015). 

Second, using insecticides to manage C. nasturtii is challenging due to several life 

history traits. Larvae feed within plant tissues and pupate under the soil surface 

(Readshaw 1961), which protects them from insecticide sprays. Adults live for only 2–3 

days (Readshaw 1961), and their short life span, coupled with staggered emergence 

patterns, makes it difficult to target with insecticides without repeated applications 

throughout the season. Furthermore, C. nasturtii populations grow exponentially over the 

course of the summer and become so large that insecticides are unable to suppress 

populations later in the season (Chen and Shelton 2007, Hallett et al. 2009a). Effective 

C. nasturtii management is therefore dependent on carefully timed insecticide 

applications, which in turn require an accurate method for predicting adult emergence 

early in the season when populations are still low enough to manage with insecticide 

applications. 

Development rates through different life stages generally increase with warmer 

temperatures. Several strategies are used to model the life cycles of poikilothermic 

insects, including combining equations that represent the development time of each life 

stage to create a functioning phenological model (Kemp et al. 1986, Gray 2004, Fand et 

al. 2014), and using specialized computer programs, such as DYMEXTM, to model 

interacting factors controlling emergence times (Li et al. 2016). However, the complexity 

of the C. nasturtii life cycle introduces variation that is difficult to replicate in a model. Adult 

emergence peaks do not correlate well with several common causational factors (e.g., 
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temperature during development, day length at the time of pupation, precipitation in the 

days before the emergence event), and the reasons for this are not fully understood (Des 

Marteaux et al. 2015).  

In Europe, a model called Contapré was created to predict C. nasturtii emergence 

times (Bouma 1996). However, it was unable to accurately predict emergence peaks in 

Ontario (Hallett et al. 2009b), necessitating the development of a new, Canada-specific 

program. To create MidgEmerge, Hallett et al. (2009b) used DYMEXTM (Maywald et al. 

2003, 2004), a software package that utilizes a cohort-based approach to model 

populations of organisms (Kriticos et al. 2014a, b). It has been used most often to predict 

the population dynamics of agricultural and forestry pests, including diseases (Lanoiselet 

et al. 2002), insects (Steinbauer et al. 2004, Yonow et al. 2004, Nahrung et al. 2008), and 

invasive plants (Kriticos et al. 2003). MidgEmerge was designed specifically to predict 

peaks in C. nasturtii adult emergence. It was built using the most up-to-date C. nasturtii 

development information available at the time (Readshaw 1961) and included 2 

emergence phenotypes. The published model was tested using adult trap count data from 

three separate fields in southern Ontario in 2003 and 2004, and it accurately predicted an 

average of 87% of the total peaks within 5 days of their occurrence (Hallett et al. 2009b). 

However, the model was not successful in predicting the timing of the first adult 

emergences at these Ontario field sites, nor population dynamics throughout the growing 

season. Furthermore, when MidgEmerge was run using weather data from a site at the 

University of Guelph Elora Research Station, it was unsuccessful in predicting first 

emergence, in-season peaks, and population dynamics (Figure 3.1).  
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The current project added updated development and mortality information to 

MidgEmerge, with the objective of increasing its accuracy to predict peak emergence 

times and model population dynamics. Updated information on the frequency of C. 

nasturtii diapause induction (Des Marteaux et al. 2015) and development and mortality 

rates for all other life stages (see Chapter 2, section 2.3) were imported into MidgEmerge. 

The resulting model, MidgEmergeII (MEII), will contribute to the understanding of C. 

nasturtii population dynamics in Canada and provide growers with a more accurate 

estimation of dates at which to apply insecticide to their crops for maximum C. nasturtii 

control.  

 

 

Figure 3.1. The number of mean relative adult Contarinia nasturtii emergences predicted 
by the 2009 MidgEmerge model (grey bars) and the actual number of adult emergences 
(black bars) between May and September 2009 at a canola field site in Elora, Canada. Adult 
emergences were monitored using pheromone traps that were checked twice weekly, and 
model-predicted adult numbers were averaged over the same intervals (field data provided 
by R. Hallett).  
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3.2 Methods 

3.2.1 Field sites and data collection 

Field data for model parameterization came exclusively from fields at the University 

of Guelph Elora Research Station in Elora, Ontario from 2009-2013, and field data for 

model validation came from both Elora and private growers’ fields (Meaford and 2 

Shelburne sites) in southern Ontario from 2017-2018 (Table 3.1). Four Jackson traps, 

each lined with a trap liner (Distributions Solida, St-Ferréol-les-Neiges, Québec, Canada) 

and baited with Pheronet swede midge pheromone lures (Distributions Solida, St-Ferréol-

les-Neiges, Québec, Canada) were set up approximately equidistantly around the borders 

of each site. In all Elora and grower plots, canola was planted from mid- to late-May. 

Traps were set up in growers’ fields at the beginning of May and removed at the end of 

October. At the Elora site only, traps were placed in plots with broccoli and cabbage from 

2009–2013, and in canola plots from 2014-2018. In May of each year from 2013-2018, 

traps at Elora were stationed where canola had been planted the previous year, and then 

moved to sites where canola was being planted in the current year. Trials for a separate 

C. nasturtii insecticide control study took place from 2009-2013 in the fields around which 

the traps were stationed. Insecticide was sprayed weekly from the second or third week 

of June to the end of August, though each trial field was separated by a 4-5m spray lane 

and alley, which minimized spray drift. 

Trap liners with midges were collected and adult midges counted twice weekly 

from May to the first week of September, after which they were collected weekly until the 

end of October. Pheromone lures were replaced every four weeks, with half of the lures 

being replaced every 2 weeks.  
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3.2.2 Weather data 

For model parameterization and validation for the Elora site, weather data 

(minimum and maximum daily temperature and total precipitation) were obtained from the 

Elora Research Station Meteorological Records Dataverse 

(dataverse.scholarsportal.info/dataverse/ersmr) (Table 3.1). Weather data for the other 

sites were obtained from the Environment Canada Historical Weather Data Centre 

(http://climate.weather.gc.ca/historical_data/search_historic_data_e.html). The weather 

station closest to the field in question, and that had consistent records of minimum 

temperature, maximum temperature, and precipitation, was selected.  

Data from Environment Canada often had missing records for temperature or 

precipitation spanning 1–32 consecutive days. In the case of one missing day, the 

average of values from the day before and after the missing record were used. In the 

case of multiple missing records in a row, data from the closest weather station were 

used. 

3.2.3 Model parameterization 

Two types of modelling approaches are generally employed: statistical and 

mechanistic. Statistical models are parameterized to explain data trends without taking 

into account potential biological mechanisms at work. Mechanistic models are built using 

existing biological explanations and are not necessarily optimized to fit data. In the context 

of C. nasturtii forecasting, statistical models can be more accurate, as they are able to 

include variation from complex processes that may not yet have a biological description. 

However, a mechanistic approach may allow a model to be more broadly accurate across   

https://dataverse.scholarsportal.info/dataverse/ersmr
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html
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Table 3.1. Location name, years of data used for MEII, GPS coordinates, and 
weather stations providing data for field sites in southern Ontario where Contarinia 
nasturtii pheromone traps were placed. Data from infill weather stations were used 
to supplement missing records in the original weather station data. 

Location  
Year(s)  

(Model use) 
GPS 

Coordinates 

Weather 
station 

providing data 
for location 

Weather station 
providing infill 

data for location 

Elora 2009-2013 
(Parameterization), 
2017 (Validation) 

43°38'50.8"N 
80°24'04.6"W 

Elora Research 
Station 

- 

Meaford 2017 (Validation) 44°01'40.4"N 
80°10'30.8"W 

Collingwood Borden AWOS 

Shelburne-1 2017 (Validation) 44°05'59.0"N 
80°13'50.7"W 

Mono Borden AWOS, 
Fergus Shand 

Dam 
Shelburne-2 2018 (Validation) 44°08'04.3"N 

80°17'32.8"W 
Mono Borden AWOS, 

Fergus Shand 
Dam 
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a wider geographical area, as it is assumed that the ecological processes upon which the 

model was built are universal. MEII is a mechanistic model that was parameterized using 

statistical means, as model parameters comprised of existing research-based ecological 

mechanisms, and unknown quantities were then adjusted to fit optimally with field data.   

Model parameterization was completed using the following information: 

1) new development, diapause, and mortality information for populations of C. nasturtii 

in Canada (Des Marteaux et al. 2012, Des Marteaux 2012, Chapter 2, section 2.3); 

2) population dynamics, including first emergence timing, population, and emergence 

peaks of adult C. nasturtii from 2009–2013 pheromone trap counts at the Elora 

Research Station; and 

3) parameters from the original MidgEmerge model (Hallett et al. 2009b) for which 

updated information was not available. 

In the original MidgEmerge model (Hallett et al. 2009b), a “peak” was defined as a 

day with a higher midge/trap/day count than the previous and subsequent days, and had 

at least ≥0.2 midges/trap/day. The main drawback of this method was that both small 

peaks and large peaks were designated as equally important, which may complicate the 

process of differentiating true generational emergence events from natural emergence 

variation. For MEII, “peak” was therefore redefined as an increase in midge/trap/day that 

was equal to or greater than the previous day’s count by 2% of that year’s cumulative 

population. Using this criterion, only peaks of sufficient magnitude—the peaks that were 

most likely to represent another new generation or an emergence phenotype—would be 

captured. This threshold of 2% was tested on the parameterization field data from Elora 



57 

and produced 2-7 peaks, which correlated best with the currently estimated number of 3–

5 C. nasturtii generations annually (Readshaw 1961, Hallett et al. 2009b). 

MEII was parameterized to maximize the accuracy of three factors: population 

peaks, date of first adult emergence in the spring, and population size. The original 

MidgEmerge model was created in the DYMEXTM Builder (version 4.0.2.0.x) and 

Simulator (version 4.0.2.0) modelling suite, and the updated model was created by 

making additions and iterative changes to MidgEmerge. The model was constructed in 

Builder using a series of modules, after which it was run using Simulator. Numbers of 

adults predicted from the model were averaged over the same time intervals as the field 

traps were changed.  

Aside from the temperature-dependent development and mortality information 

obtained from Chapter 2, model parameters for which no robust information existed were 

determined by iteratively “tuning” them until model output closely matched the field data 

(Appendix B). This statistical method of parameterizing the mechanistic model was used 

to ensure specificity to Ontario populations. The shape of model output was visually 

compared to that of field population dynamics, which communicated general start and 

end dates of emergence, as well as peaks and troughs in the population. The model 

output and field data were each then “normalized”, with their respective maxima being set 

to 100 and the rest of the data transformed accordingly. The final model fit for the 

parameterization years is shown in Figure 3.2.   
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Figure 3.2 The number of mean relative adult Contarinia nasturtii emergences 
predicted by the MidgEmergeII model (grey bars) and the mean number of adult 
emergences in the field (black bars) between May and September at canola field 
sites in Elora, Ontario for years A) 2009; B) 2010; C) 2011; D) 2012; and E) 2013. 
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Adult emergences were monitored using pheromone traps that were checked twice 
weekly, and model-predicted adult numbers were averaged over the same intervals 
(field data provided by R. Hallett). 
 

3.2.4 Modules used in MEII 

A module is a building block of DYMEXTM that takes input values, transforms them, 

and generates output values for each time step in intervals set by the user (e.g. 24 hours, 

7 days, etc.). The type of module determines the type of data it can manipulate. The list 

of module types used for the MidgEmerge model can be found in (Hallett et al. 2009b). 

Modules used in MEII were: Timer, MetBase, Latitude, Daylength, Daily temperature 

cycle, 7 Day Precip, and Life Cycle, listed in the order of appearance in DYMEXTM Builder. 

Descriptions of these modules can be found in Appendix A. The order determines the 

progression in which the program will read information from each module, and what 

outputs are then available to use as inputs in other modules. The general layout of the 

Life Cycle module used in MEII is shown in Figure 3.3, and the parameters for each life 

stage in Table 3.2. 

3.2.5 Model initialization 

For each run, the model was initialized on January 1 of the year prior to the year 

in question. For example, if the 2017 output was desired for a given location, the model 

was run starting on January 1, 2016. This “primer” year ensured that all overwinter 

development was accounted for, as springtime emergence is affected by the amount of 

diapause larvae development occurring in the fall and winter as well as the spring. The 

primer year also allowed the population dynamics to develop more naturally, with 

overlapping cohorts and emergences that reflect field conditions. Unlike the original   
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Figure 3.3. Schematic of the Contarinia nasturtii life cycle in the MidgEmergeII model. Splitter 
modules (shaded bubbles) and the Pupae 2 module were necessary as each module was limited 
to 2 branches. The dotted arrow indicates a reproductive link. DL stands for Diapause Larvae 
and EP for Emergence Phenotype. The Pupae 1 and 2 life stages are identical, whereas DL EP 
1, 2, and 3 have slightly different developmental requirements.  
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DL Splitter 1 

DL EP 1 

Pupae 

DL Splitter 2 

DL EP 2 
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Life stage1 Process Function 
used1 

Driving 
variable 

Parameters1 Notes2 Relation 

Egg Mortality 
(Continuous) 

Step 
(General) 
[r1] 

Daily cycle Th = 5, SHI = 1,  
SHF = 0 

100% of eggs will die at 
temperatures below  
5 ºCa  

𝑅 =  1 −  (1 − 𝑟1) ∗ (1 −
𝑟2)  

Step [r2] Daily cycle Th = 37,  
SH = 0.75 

100% of eggs will die at 
temperatures above  
37 ºCa  

Mortality 
(Exit) 

Constant - C = 0.17 0.17 of eggs die at 
transfer to larvaea  

- 

Development Step 
(General) 
[r1] 

Day length Th = 11.75,  
SHI = 0, SHF = 
1 

No egg development 
occurs at day lengths of 
fewer than 11.75 hours 

𝑅 = 𝑟1 ∗ (𝑒𝑟2 −

𝑒0.19196 ∗ 34.3104−
r3

5.19828) +

0.05477  Linear [r2] Daily cycle b = 0,  
m = 0.19196 

Portion of Lactin2 
growth equationb 

Linear [r3] Daily cycle b = 34.34104,  
m = -1 

Transfer to 
Larvae 

Step Physiological 
age 

Th = 1, SH = 1 All eggs hatch into 
larvae after reaching 
maturityc 

- 

       

Larvae Mortality 
(Continuous) 

Step [r1] Chronological 
age 

Th = 28,  
SH = 1 

All larvae die after 28 
days, the maximum 
duration of the larval 
stagec 

𝑅 =  1 −  (1 − 𝑟1) ∗ (1 −
𝑟2)  

 Step 
(General) 
[r2] 

Daily cycle Th = 35,  
SHI = 0,  
SHF = 0.75 

0.75 of all larvae die at 
temperatures at and 
above 35 ºC per dayd 

Table 3.2. Description of the processes and functions of the Contarinia nasturtii life cycle module in MidgEmergeII. Continuous 
processes take place at every time step (in this case, once every 24 hours), whereas Exit processes only take place upon transfer 
out of the life stage in question. Notes without a reference indicate that the values were determined by iteratively changing the 
model. DL stands for Diapause Larvae and EP for Emergence Phenotype. 
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Life stage1 Process Function 
used1 

Driving 
variable 

Parameters1 Notes2 Relation 

Larvae Mortality 
(Exit) 

Constant - C = 0.09 Proportion of larvae 
dying upon becoming 
pupaee 

- 

 Development Step 
(General) 
[r1] 

Day length Th = 11.75,  
SHI = 0,  
SHF = 1 

No larval development 
occurs at day lengths 
of fewer than 11.75 
hours 

𝑅 = 𝑟1 ∗ (𝑒𝑟2 −

𝑒0.183725 ∗ 33.24954−
r3

5.438488 +
0.017014)  

 Development 
(continued) 

Linear [r2] Daily cycle b = 0,  
m = 0.183725 

Portion of Lactin2 
growth equationb 

Same as above. 

  Linear [r3] Daily cycle b = 33.24954,  
m = -1 

 Transfer to 
Pupae 

Linear [r1] Day length b = 0, m = 0.292 Portion of equation 
calculating proportion 
of larvae transferring to 
pupaef 

𝑅 = (1 − (𝑠𝑖𝑛(5.571 −
𝑟1 − 𝑟2))2) ∗ 𝑟3   Linear [r2] 7 day max 

temp. 
b = 0, m = 0.029 

 Step [r3] Physiological 
age 

Th = 1,  
SH = 0.3 

0.3 step height so 
pupation is staggered 

 Transfer to 
DL Splitter 

Linear [r1] Day length b = 0, m = 0.292 Portion of equation 
calculating proportion 
of larvae transferring to 
DLf 

𝑅 =  (𝑠𝑖𝑛(5.571 − 𝑟1 −
𝑟2))2   Linear [r2] 7 day max 

temp. 
b = 0, m = 0.029 

 
      

DL Splitter Transfer to 
DL EP1 

Step Larvae: 
graduates to 
DL splitter 

Th = 0,  
SH = 0.323 

Approximately 1/3 of 
adults are of the first 
EPf 

- 

Transfer to 
DL Splitter 2 

Step Larvae: 
graduates to 
DL splitter 

Th = 0,  
SH = 0.677 

Approximately 2/3 of 
adults are of the 
second EPf 

- 
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Life stage1 Process Function 
used1 

Driving 
variable 

Parameters1 Notes2 Relation 

DL Splitter 
2 

Transfer to 
DL EP2 

Step DL splitter: 
graduates to 
DL splitter 2 

Th = 0,  
SH = 0.956 

Most individuals from 
this splitter are of the 
second EPf 

- 

Transfer to 
DL EP3 

Step DL splitter: 
graduates to 
DL splitter 2 

Th = 0,  
SH = 0.044 
 
 

Approximately 0.03 of 
all adults are of the 
third EPf 

- 

DL 
Emergence 
Phenotype 
DL EP1, DL 
EP2, and 
DL EP 3 

Mortality 
(Continuous) 

Constant 
[r1] 

- C = 0.01 1% per day winter 
mortality begins on JD 
245 and ends JD 1 of 
following year 

𝑅 = 𝑟1 ∗ 𝑟2 

 Step [r2] Day of Year Th = 245,  
SH = 1 

 Mortality 
(Exit) 

Constant - C = 0.23 23% of DL die upon 
becoming pupaee 

- 

 Development LAT [r1] Daily cycle Th = 6.5,  
m = 0.007 

DL develop when daily 
temperatures exceed 
6.5 ºCc 

𝑅 = 𝑟1 ∗ 𝑟2 

 Step [r2] Day of Year EP1 
Th = 74, SH = 1 
EP2 
Th = 119,  
SH = 1 
EP3 
Th = 182,  
SH = 1 
 
 

DL develop after the 
given day of the year 
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Life stage1 Process Function 
used1 

Driving 
variable 

Parameters1 Notes2 Relation 

DL 
Emergence 
Phenotype 
DL EP1, DL 
EP2, and 
DL EP 3 

Transfer to 
Pupae 

Step 
(General) 
[r1] 

Day of Year EP1 & EP2 
Th = 197,  
SHI = 1,  
SHF = 0 
EP3 
Th = 244,  
SHI = 1,  
SHF = 0 

After this date, DL will 
no longer transfer to 
pupae 

𝑅 = 𝑟1 ∗ 𝑟2 ∗ 𝑟3 ∗ 𝑟4 

 Step [r2] Daily cycle Th = 6,  
SH = 0.75 

Minimum daily 
temperature for 
pupationg 

 Step [r3] Physiological 
age 

EP1 
Th = 1, SH = 1 
EP2 & EP3 
Th = 2.5,  
SH = 1 

DL will transfer when 
they are physiologically 
older than Thc. See 
Appendix A for further 
notes. 

       

  Step [r4] Day of Year EP1 
Th = 90, SH = 1 
EP2 
Th = 110,  
SH = 1 
EP3 
Th = 213,  
SH = 1 
 

JD threshold for 
transfer, to prevent 
winter emergence 

Same as above. 
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Life stage1 Process Function 
used1 

Driving 
variable 

Parameters1 Notes2 Relation 

Pupae 1 
and  
Pupae 2 

Mortality 
(Continuous) 

Step Daily cycle Th = 35,  
SH = 0.75 

0.75 of pupae die at 
and above  
35 ºCh  
 
 

𝑅 =  1 −  (1 − 𝑟1) ∗ (1 −
𝑟2)  

    
Step Day of Year Th = 258, SH = 

1 
On JD 258, pupae die 
because C. nasturtii 
overwinter as diapause 
larvaei 

Mortality 
(Exit) 

3-segment 
linear 

Daily cycle L1 x-int = 7.5,  
L1 m = 0.0767, 
X-value at 
L1&L2 int = 15,  
L2 m = -0.0073, 
x-value at 
L2&L3 int = 30,  
L3 m = -0.093 

Different pupal 
mortality rates at 
different temperaturesh 

- 

Development Linear [r1] Daily cycle b = 0,  
m = 0.10195 

Portion of Lactin2 
growth equationb 

𝑅 = 𝑟3 ∗ (𝑒𝑟1 −

𝑒0.10195 ∗ 40.74243−
r2

9.73346 −
0.04597)  

Linear [r2] Daily cycle b = 40.74243,  
m = -1 

Step [r3] Daily cycle Th = 5, SH = 1 No development below 
5 ºCj  

- 

Transfer to 
Adult 

Step [r1] 7 day total 
rainfall 

Th = 6,  
SH = 0.75 

Transfer requires 7-day 
total rainfall of at least 
6mm.c Step heights 
result in staggered 
adult emergence. 

𝑅 = 𝑟1 ∗ 𝑟2 

 Step [r2] Physiological 
age 

Th = 1,  
SH = 0.25 
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1 r = indicator of the function in “Relation” column; LAT = Linear Above Threshold; DL = diapause larvae; EP = emergence 
phenotype; Th = threshold; SHI = step height initial; SHF=step height final; SH = step height; b = y-intercept; m = slope; C 
= constant; L1/L2/L3 = line 1/line 2/line 3; int = intercept; JD = Julian Day. All functions are explained in Bahlai et al. (2013). 

2 a Chapter 2, section 2.3.1.2; b Lactin et al. 1995; c Hallett et al. 2009b; day Chapter 2, section 2.3.1.3; d Des Marteaux 
2012; e Des Marteaux et al. 2015; f Olfert et al. 2006; g Chapter 2, section 2.3.1.5; h Readshaw 1961; i Chapter 2, section 
2.3.1.4 

Life stage1 Process Function 
used1 

Driving 
variable 

Parameters1 Notes2 Relation 

Adult Mortality Linear [r1] Daily cycle b = 0,  
m = 0.23444 

Portion of Lactin1 
equation calculating 
adult deathb 

𝑅 =  1 − (1 − (𝑒𝑟1 −

𝑒
0.23444∗36.69095−(

𝑟2

4.26475
) 

)) ∗

(1 − 𝑟3) ∗ (1 − 𝑟4)  

  Linear [r2] Daily cycle b = 36.39095,  
m = -1 

  Step [r3] Chronological 
age 

Th = 3, SH = 
0.5 

0.5 of adults die after 3 
days 

  Step [r4] Day of Year Th = 258,  
SH = 0.15 

Adult death staggered 
after JD 258 
 

Adult Development LAT Chronological 
age 

Th = 1, m = 1 Adults age by day, not 
temperaturec 

- 

 Fecundity Step 
(general) 

Day of year Th = 212,  
SHI = 35,  
SHF = 5 

After JD 212, eggs laid 
per female decreases 
from 35 to 5 

- 

 Progeny 
production 

Step Chronological 
age 

Th = 0.5, SH = 
1 

Eggs are laid after half 
a dayc 

𝑅 = 𝑟1 ∗ 𝑟2 

LAT Daily cycle Th = 16, m = 1 One egg per female 
laid above 16 ºCc 
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model, MEII was designed to run for multiple years in a row to include the effects on 

population dynamics from preceding years. The model was initialized with 1,000 

individuals in the diapause larvae (DL) splitter, though this number is arbitrary as 

population dynamics are consistent and proportional to the number of individuals the 

model was initialized with. This is accounted for by standardizing the populations to the 

maximum output number. For comparative purposes, all model data were averaged over 

the same time intervals as field data were collected in a given year.  

The weather data file for MetBase was changed for each location, and the latitude 

was set at 44.5°N, 43.6°N, and 44.03°N for Meaford, Elora, and both Shelburne sites, 

respectively.  

3.2.6 Validation 

Validation was completed with C. nasturtii pheromone trap count data from Meaford 

(2017), Shelburne-1 (2017), Shelburne-2 (2018), and Elora (2017). The 2 Shelburne sites 

represent different fields. The updated model was run with weather data from the 

validation years and locations listed in Table 3.1, and the output was compared to adult 

emergences in the field from those years.  

3.3 Results 

3.3.1 Emergence patterns and peak prediction  

There was high variation in the field population dynamics of validation years 

(Figure 3.4). Specifically, the large emergence peaks did not occur as uniformly across 

validation years as did those across parameterization years (Figure 3.2), especially for 
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Elora 2017, where the first large emergence occurred in late July. Predicted emergence 

of midges in all parameterization years was bimodal, with at least one peak occurring 

from May 15–June 24 and at least one other peak in July-August. In validation years, the 

first predicted peaks also occurred in the first 2 weeks of June with the exception of Elora 

in 2017, and the last peaks occurred in August with the exception of Shelburne-2 in 2018. 

There were large August emergences in both Meaford and Elora in 2017.  

The number and size of peaks varied between validation years. Meaford, 

Shelburne-1, Shelburne-2, and Elora 2017 had 7, 4, 5, and 2 peaks, respectively (Table 

3.3). Meaford’s peaks were generally similar in size and distributed evenly across the 

growing season, whereas Elora 2017 had 2 large peaks in the second half of summer 

that represented a large portion of the population for that year.  

The model consistently predicted an earlier first major emergence peak than seen 

in the field. The predicted date was approximately 1 week earlier for Meaford and 

Shelburne-1, it was 3 weeks earlier for Shelburne-2; and 6 weeks earlier for Elora. 

For 2 out of 5 validation sites, the model predicted first emergence within 1 day of 

actual emergence. Twelve out of 19 peaks were predicted within 7 days of field 

emergence, 6 within 5 days, and 4 within 3 days. Through visual assessment, the model 

fit Shelburne-1 the best.  

3.3.2 First emergence timing 

The date of first emergence in the field ranged from May 7 in Elora 2017 to May 

31 in Shelburne-2, a 24-day difference (Table 3.3). First emergence at Meaford and the 
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Shelburne sites occurred within 6 days of each other. Model-predicted first emergences 

ranged from May 25 for Meaford to May 29 for Elora 2017, a 4-day difference. Model 

accuracy in predicting first emergence ranged from same-day prediction in Meaford and 

Shelburne-1 to 15 days late in Elora 2017.  

Table 3.3. Field captures and MidgEmergeII model-predicted first emergence dates 
and peaks of adult Contarinia nasturtii for the given southern Ontario validation sites 
and years. Adult emergences were monitored using pheromone traps that were 
checked twice weekly, and model-predicted adult numbers were averaged over the 
same intervals. 

Location 
(Year) 

Field first 
emergence 

date 

MEII first 
emergence 

date 
Field peaks MEII peaks 

Meaford 
(2017) 

May 25 May 29 June 8, June 12, June 
26, July 24, July 31, 
August 10, August 28 

May 29, June 1, 
July 13, July 17, 
July 24 

Shelburne-1 
(2017) 

May 29 June 1 June 8, June 12, July 4, 
July 24 

June 5, July 17 

Shelburne-2 
(2018) 

May 31 May 24 June 14, July 3, July 
24, July 31, August 7 

May 24, July 3, 
July 5, July 19 

Elora (2017) May 7 May 26 July 21, August 18 May 29, June 2, 
July 14, July 17 

3.3.3 Critical values 

Temperature was often the only factor that influenced development of all C. 

nasturtii life stages, and mortality factors were most important for determining population 

size. Without a constant daily winter mortality factor of 1% for diapause larvae included 

in the model, populations would grow exponentially despite stage-exit mortality factors 

(i.e. one-time mortality factors that occur as the cohort is graduating to the next life stage) 

being in place for all life stages. Rainfall was an important determinant of adult C. nasturtii 

emergence. There were instances where despite many pupae being physiologically 

mature, adult emergence was split into several peaks by a lack of rainfall. This pattern 

can be seen in the 2 June emergence peaks in Meaford, which otherwise would have   
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Figure 3.4. The number of mean relative adult Contarinia nasturtii emergences predicted 
by the MidgEmergeII model (grey bars) and the mean number of adult emergences in the 
field (black bars) between May and September at the following canola field sites in southern 
Ontario: A) Meaford (2017); B) Shelburne-1 (2017); C) Shelburne-2 (2018); and D) Elora 
(2017). Adult emergences were monitored using pheromone traps that were checked twice 
weekly, and model-predicted adult numbers were averaged over the same intervals (field 
data provided by R. Hallett). 
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been one continuous emergence (Figure 3.4A). In some years, a build-up of mature 

pupae would result in adults emerging in a large peak after a rainfall event, particularly in 

parameterization years Elora 2011 and 2012, where the population was split into 2 distinct 

cohorts due to a lack of rainfall in June (Figure 3.2C and D). However, the late May first 

field emergence peaks did not appear to be strongly correlated with rainfall events (Figure 

3.4). 

3.4 Discussion 

3.4.1 Model performance 

MEII predicted first emergence timing well, but in validation years it predicted the 

first major emergence peak with varying degrees of accuracy. Subsequent predicted 

emergence peaks were even less consistently related to the actual emergence dates in 

a way not adequately explained by temperature and rainfall patterns. Changing model 

parameters universally shifted all model-predicted dates earlier or later and did not 

remedy the diverging predictions. 

Previous efforts to model cecidomyiid species have encountered similar difficulties 

predicting both first emergence and major peak timing (Baxendale et al. 1984, Elliott et 

al. 2009, review by Jacquemin et al. 2014), though rainfall and soil moisture were found 

to be strong determining factors of emergence time for several Contarinia species 

(Basedow 1977, Jacquemin et al. 2014). High rainfall tended to delay emergence, though 

air temperature influenced this effect (Baxendale et al. 1984, Elliott et al. 2009), and low 

rainfall resulted in highly variable emergence timing (Elliott et al. 2009). A possible 

explanation for the inconsistent adult emergence response to rainfall is ambient soil 
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moisture. Though MEII utilizes the total of 7 days of rainfall as a proxy for water retention 

in the soil, it is unlikely to be completely accurate. In MEII, adult emergence only occurred 

on the exact day of sufficient rainfall, which may have led to both under- and 

overestimation of the number of peaks. In terms of underestimation, field emergence may 

have occurred continuously over several days due to ambient soil moisture, leading to 

multiple peaks, whereas in MEII the number of peaks was suppressed by a low incidence 

of rainfall. In terms of overestimation, a steady but low number of field emergences may 

have led to no discernible peaks, but in MEII distinct peaks would have formed due to an 

accumulation of mature pupae emerging together upon experiencing sufficient rainfall. 

This latter phenomenon was particularly clear when MEII was run for Elora using 2013 

weather data, and when the early emergence phenotype was isolated. In Figure 3.5, the 

second peak that emerged on July 3 was partially comprised of “left over” adults from the 

first generation that were unable to emerge during the short period of rainfall that caused 

the first peak. The peak was also partially comprised of individuals from the second 

generation that became diapause larvae instead of pupae, as the model immediately 

induced diapause in a portion of individuals in accordance with the calculation of diapause 

frequency in Des Marteaux et al. (2015). Due to warm environmental conditions, these 

individuals terminated diapause in mid-summer and became pupae. They followed a 

modified life cycle of egg→larva→diapause larva→pupa→adult, though the larval stage 

did not last for longer than a few days. These waves of diapause larvae were thus another 

source of emergence peaks, and in some years these peaks were more pronounced than 

others (compare Figure 3.5 to Figure 3.6B). However, there is little evidence that this type 

of early diapause termination in insects occurs in the field; Des Marteaux (2012) found 
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that regardless of the date when diapause began, individuals emerged together 

throughout the growing season of the following year, and not before. Future modelling 

attempts would benefit from adding a further condition that does not allow individuals to 

re-emerge upon entering diapause until the following spring.  

 

 

 
Figure 3.5 Mean relative number of adult Contarinia nasturtii emergences predicted 
by MidgEmergeII for a field in Elora, Ontario using 2013 weather data. The dashed 
arrow indicates the peak produced by individuals from the second generation that 
became diapause larvae instead of pupae, and which then terminated diapause to 
become pupae. The solid arrow indicates the approximate point at which the second 
generation of adults became physiologically mature enough to emerge, but was 
unable to due to lack of rainfall. Most individuals emerging after this date were part 
of the second generation. 

MEII used air temperature in the place of soil temperature, though degree days 

accumulate differently in the soil compared to air temperatures in the same locations 

(McMaster and Wilhelm 1998, Elliott et al. 2009, Jacquemin et al. 2014). Using 
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temperatures that are closer to what C. nasturtii are experiencing in the field may cause 

the temperature-dependent development modules to run more accurately, and result in 

improved predictions of first emergence and peaks. However, soil temperature records 

were difficult to come by for the locations in question, and an accurate estimate of soil 

temperature relies on spatially variable factors such as vegetation cover, soil texture and 

soil water content (Zheng et al. 1993). While methods do exist for estimating soil 

temperature from air temperature (Zheng et al. 1993, Yang et al. 1997, Mihalakakou 

2002), soil and air temperature are inconsistently related and many site-specific 

adjustments need to be made to acquire a suitably accurate soil temperature estimate 

(Hasfurther and Burman 1974). Furthermore, published models for this conversion were 

either optimized for regions outside of Ontario, or required measures that were difficult to 

obtain, such as potential evapotranspiration and snow cover. Despite the noted 

shortcomings, air temperature correlates reasonably well with soil temperature, especially 

close to the soil surface (Hasfurther and Burman 1974, Zheng et al. 1993) where C. 

nasturtii pupation takes place. Given the listed logistical complexities of obtaining soil 

temperature, air temperature was determined to be the best available proxy for surface 

soil temperature.   

A few adult emergence patterns may be explained by insecticide sprays. The drop 

in adult numbers at the Meaford site after July 3 may be attributed to the spray that 

occurred on that date, and the low numbers in Elora 2017 may have been due to weekly 

insecticide sprays that occurred in some parts of that site from the first week of June to 

the first week of July.  
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Canola crop rotation practices in Ontario are another possible cause of the 

discrepancy between predicted and observed values, particularly for later C. nasturtii 

generations. Canola is seldom planted in the same field for 2 consecutive years, and the 

traps used for parameterization and validation were similarly placed annually in fields that 

differed in planting times and the quantity of planted canola. Thus, while the timing of the 

first 2 emergence peaks (from the overwintering generation of each emergence 

phenotype) are likely more closely related to weather patterns, the timing of subsequent 

generations may be affected by the growth stage and quantity of canola that was available 

for the first generation of adults to lay eggs on, especially if weather conditions that year 

caused growers to delay or advance their planting date. Within the fields surveyed for use 

in this study, there was a 2-week range between the earliest and latest planting dates; a 

2-week period is long enough for a canola plant to mature by up to 2 growth stages 

(Lacasse and Hallett 2018, unpublished data3, growth stages described in Harper and 

Berkenkamp (1974)), which may result in the midge laying fewer eggs when they do not 

have access to their preferred canola life stage, and more eggs when the life stage is 

available (Williams and Hallett 2018). Furthermore, there is no way of knowing what 

effects the previous year’s field conditions had on the overwintering cohort, and their 

subsequent emergence patterns. In contrast, the model runs assume both field continuity 

and unlimited host plants, making emergence times for all generations closely dependent 

on temperature.  

                                            
3 Lacasse, B. and Hallett, R. H. 2018. [Evaluation of the effect of nutrient status on canola development 
and yield]. Unpublished data. 
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As host plant rotation was not included in the model, a daily mortality factor was 

included as a proxy to ensure that populations stayed relatively steady across years. 

However, it is unlikely that diapausing C. nasturtii larvae die at a rate of 1% of the entire 

cohort per day in the winter, as Des Marteaux et al. (2015) found that only about 23% of 

diapausing larvae did not emerge in spring. However, model populations grew 

exponentially when daily mortality was removed, despite the addition of all lab-derived 

mortality rates and mortality rates from other studies. In the field, extrinsic mortality factors 

such as natural enemies and environmental conditions likely keep the populations from 

growing exponentially. However, these are exceedingly difficult to measure.   

Finally, genetic variation also likely played a large part in determining emergence 

timing. In the field data, genetic variation is displayed in the low numbers of midges that 

usually preceded and followed the main peaks, and in the smaller numbers of emerging 

individuals that did not seem to be attributed to any particular generation or emergence 

phenotype. Spring emergence in insects is thought to be randomly dispersed to minimize 

temperature-related risks (Gilbert and Raworth 1996), and high plasticity in C. nasturtii 

diapause entry and termination may have contributed to their survival as invaders in a 

non-native environment (Des Marteaux et al. 2015). The model could only partly emulate 

genetic variation by allowing a portion of mature individuals at each life stage to graduate 

at each time step, thereby staggering emergence.  

3.4.2 Potential areas for model improvement 

Host plant phenology is important to population dynamics of pests, especially gall-

forming insects (see review by Yukawa 2000). Incorporating host plant phenology into 
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MEII would likely improve the prediction of swede midge population dynamics of offspring 

generations, especially when populations are large enough to overwhelm existing weedy 

cruciferous plant hosts.  

In terms of improving mortality predictions, a sensitivity analysis could also be 

conducted to estimate the extrinsic mortality rate of C. nasturtii in the field. Furthermore, 

there is currently no module in MEII that emulates the effects of an insecticide spray. 

Inclusion of insecticide sprays could be important to model prediction accuracy as an 

application of Coragen® or Matador® (the 2 registered chemicals for use against C. 

nasturtii in canola), may occur in the middle of an emergence peak and split it, thereby 

creating the appearance of 2 peaks where otherwise there would have been one. These 

peaks could be incorrectly interpreted as adults from additional generations or alternate 

phenotypes emerging. It is recommended that an additional mortality parameter to 

simulate sudden adult death from a spray be added to MEII. This has the added benefit 

of examining how the population recovers after a spray event.  

Another potential way to improve emergence timing is to create a histogram of 

adult emergence (from Chapter 2, section 2.2.6) and incorporate the resulting fitted 

equation into MEII using a user-defined function. This approach may give a more accurate 

approximation of emergence timing compared to the current method, which uses the 

average pupal development time. 

Finally, MEII is highly dependent on weather data and will not generate different 

results for fields sharing data from the same weather station. For field-specific results, it 

is recommended that each farm or location monitor and record its own temperature and 
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precipitation data so that it can be incorporated into the model. Furthermore, a Soil 

Moisture module is available in DYMEX, and may be used if field-specific information 

such as evapotranspiration and soil texture are readily available. 

3.4.3 Number of C. nasturtii generations 

Previously, it was accepted that there were 3–5 generations of C. nasturtii per year 

in Ontario, based on observational data from European populations and the first version 

of MidgEmerge (Readshaw 1961, Hallett et al. 2009b). However, Des Marteaux et al. 

(2015) found that a total of 2 peaks of adults emerged from early June through mid-July 

2011 in isolated cages without host plants. In contrast, there were several additional 

emergence peaks in field traps from the beginning of August to mid-September 2011, 

indicating that the later peaks were the offspring of individuals from the first peaks. The 

timing of these peaks, with approximately 8 weeks between the first June emergence 

peak and the first August emergence peak, was echoed in a MEII run showing only one 

phenotype, and using 2011 weather data for Elora (Figure 3.6). The number of weeks 

between the overwintering and offspring generations in MEII ranged from 6–9 weeks 

when using 2009–2013 (MEII parameterization years) weather data from Elora. While in 

most years pupae were ready to emerge as adults after approximately 6 weeks, a lack of 

rainfall was consistently the cause for delay. Six or more weeks per generation would 

allow for a maximum of 2 full and one partial generation in a 16-week summer season 

(mid-May to mid-September). 
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Figure 3.6. Mean adult Contarinia nasturtii numbers for a field in Elora, Ontario from A) 
2011 field pheromone trap counts including all emergence phenotypes (figure from Des 
Marteaux et al. (2015)); and B) 2011 MidgEmergeII model prediction for the early 
emergence phenotype only. 
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Based on this generation length, I predict that there are only 2 complete 

generations of C. nasturtii per year in Ontario, and a partial third generation depending 

on weather conditions that year. Further evidence for 2 generations comes from recent 

robust updated development rate data for C. nasturtii, which show that, at temperatures 

above 17-20 °C, Canadian C. nasturtii eggs and larvae develop more slowly than their 

European counterparts (see Chapter 2, section 2.3.3). The generation time of 6 weeks 

for Ontario populations is slightly longer than Readshaw (1961)’s reported generation 

time of 4–6 weeks (4–5 weeks in a warm year and 5–6 weeks in a cold year), and it 

correlates well with Rygg and Braekke (1980)’s report of 6–7 weeks for field populations 

in Norway. Generation times were universally shorter in laboratory or greenhouse 

conditions with constant temperatures; Rygg and Braekke (1980) found that one 

generation took between 22-31 days to complete at 20 °C, which was similar to the 

summed mean development times for Ontario C. nasturtii egg, larval, and pupal life 

stages that totaled approximately 27 days at the same temperature (see Chapter 2, Table 

2.3).   

It is not known whether European C. nasturtii populations also have 2 emergence 

phenotypes that each produce a second generation only. The European field generation 

times of 4–7 weeks could correspond with the reported 3–5 generations that take place 

over the course of a 16-week summer. It is also possible that rainfall-controlled peaks 

may manifest as what appear to be several generations, similar to what happens in 

Ontario.  

If the UK and Ontario populations do diverge in generation times, as they did in 

egg and larval development times (Chapter 2, section 2.3), there are 2 possible 
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explanations: 1) that since its invasion, C. nasturtii has adapted to survive in the harsher 

climate of Ontario and/or it is displaying phenotypic plasticity that manifests in a different 

life history from that of the UK population; or 2) that the founder C. nasturtii individuals in 

Ontario did not come from the UK, but from a geographically different region where the 

endemic C. nasturtii populations exhibited a different life history from those in the UK. 

Determining which possibility is correct would involve comparing C. nasturtii populations 

of different European countries with Ontario populations though genetic testing or through 

developmental experiments similar to those conducted in Chapter 2. 

MEII is an improved C. nasturtii predictive model that will contribute to developing 

an ecologically sustainable integrated pest management strategy for this pest. In terms 

of management, the model could be useful for predicting C. nasturtii population growth 

from year to year, which may help growers make planting and crop rotation decisions in 

the following year. Furthermore, given sets of randomized weather data averaging cooler, 

similar, and warmer conditions than the previous year, the model could be helpful in 

predicting the first large emergence peak of the season, which it has predicted early in 

this study with some consistency. Predicting the emergence times of the different 

phenotypes will also be important, as well-timed insecticide treatments applied to the 

overwintering adult generation will directly reduce the number of midge in the offspring 

generation. With further improvements, especially the inclusion of a distribution of adult 

emergence, the model may also be able to predict other peaks throughout the season 

with greater accuracy. MEII will be both a valuable research and management tool, useful 

for elucidating regional life history differences, and will contribute to further understanding 

the complex population dynamics of this invasive pest.   
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4 General discussion 

Contarinia nasturtii is an invasive midge that poses a threat to Canada’s canola 

industry. It is important to control their populations to minimize C. nasturtii spread into the 

prairies, Canada’s main canola-producing region, as well as to prevent yield losses in 

their existing invasive range. Currently, there are few insecticides available to Canadian 

growers for C. nasturtii control, and the midge’s complex life cycle renders it difficult to 

time insecticide applications effectively. Better management techniques are therefore 

required to minimize economic damage. Central to any pest management strategy is an 

understanding of the life history of the pest, and while C. nasturtii has been the subject of 

many studies in its native European range (Dry 1915, Thomas 1946, Barnes 1950, Hornig 

1954, Readshaw 1961, 1966, 1968, Bouma 1996, Koch and Gemmar 2002), there is a 

lack of robust development and mortality data for C. nasturtii in its invaded range. The 

main objectives of this project were, therefore, to 1) generate Ontario-specific 

temperature-dependent development and mortality rates of C. nasturtii eggs, larvae, 

pupae, and adults, and 2) revise and update the original MidgEmerge model (Hallett et 

al. 2009b) to create a more comprehensive population dynamics model of C. nasturtii in 

Ontario. 

The first study determined the time it would take for C. nasturtii eggs, larvae, and 

pupae to develop at different temperatures (Chapter 2, Figure 2.1), and adult lifespan at 

different temperatures (Chapter 2, Figure 2.4). The development equation Lactin2 (Lactin 

1995) was selected to best describe egg, larval, and pupal development, and Lactin1 

(Lactin 1995) was selected to best describe daily adult mortality. Intrinsic egg and pupal 

mortality values for each temperature were also generated (Chapter 2, Figures 2.2 and 
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2.3). The development rate results were consistent with established patterns of growth 

and were fit well by published models (Chapter 2, Table 2.5). However, there exist 

conflicting accounts of whether or not insect development rates at constant temperatures 

are equal to development rates at fluctuating temperatures when both sets of 

temperatures have the same mean (Liu et al. 1995). Developmental thresholds have been 

found to shift further toward the extremes when insects develop under fluctuating 

temperature regimes compared to their counterparts that develop at constant temperature 

regimes (Mironidis and Savopoulou-Soultani 2008). However, Readshaw (1961) found 

that C. nasturtii that had been exposed to fluctuating temperatures in the field did not 

develop differently from individuals kept at a constant temperature. Readshaw (1961) 

noted that the lack of difference may have been due to the small range of fluctuation in 

field temperatures, and that the fluctuation took place where temperature and 

development rate have a linear relationship on the development curve. Further research 

into this topic is required, as determining insect development rates under constant 

temperatures is standard among many studies, and these lab-derived development rates 

may not be completely field-realistic under different conditions. 

In general, most C. nasturtii life history characteristics observed in this study did not 

deviate from the current most detailed account of C. nasturtii development by Readshaw 

(1961). For example, in both Readshaw (1961) and the current study, larvae were found 

living on the plant long past their expected feeding duration, adults without access to 

water were found to die much more quickly than their counterparts with water, and lethal 

upper temperature limits for all tested life stages were similar. However, Ontario C. 

nasturtii eggs and larvae developed differently from the eggs and larvae from UK 
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populations. At temperatures below approximately 17 °C for eggs and 20 °C for larvae, 

UK populations developed more slowly than Ontario populations, and vice versa at 

temperatures above those thresholds (Chapter 2, Figure 2.1). However, pupal 

development and adult longevity did not appear to differ substantially across the 

experimental temperatures that both populations were exposed to. These diverging 

development rates indicate 2 possibilities: 1) that C. nasturtii has, in approximately 20 

years, evolved to become better suited to the climate of southern Ontario, or 2) that the 

European source population of Canadian C. nasturtii came from a region that is 

geographically and environmentally distinct from the UK, and therefore had different 

development rates. If the former is the case, then developmental divergences could be 

explained by comparing differences in environmental conditions between the UK and 

Ontario. Faster egg and larval development in the harsher winter and spring conditions 

of Ontario may mean that development itself begins at lower temperature thresholds. At 

warmer temperatures, C. nasturtii larvae in the UK may develop more quickly than their 

Ontario counterparts due to higher food quality or higher parasitism rates in their native 

environment. However, evidence summarized in Chapter 3 shows that C. nasturtii 

populations from some European countries, such as Norway, may have multiple 

emergence phenotypes and 2-3 annual generations, rather than 3-5. Given this potential 

similarity to Ontario populations, I predict that a geographically-distinct source population 

is the reason for divergence, and that this source population is more likely to come from 

a Scandinavian country than from the UK. Determining which possibility is correct may 

involve comparing C. nasturtii populations from different European countries to Ontario 

populations, either through genetic means or through running development experiments 
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similar to those conducted in Chapter 2. Understanding the true cause of the divergence 

is important and has implications for whether or not C. nasturtii could successfully adapt 

to the more extreme climate of the prairie provinces.  

The major results concerning C. nasturtii life history traits, including development 

equations and mortality rates, were imported into MidgEmergeII to improve its predictive 

ability for C. nasturtii populations in Ontario. With the inclusion of the C. nasturtii life 

history data and other geographically relevant parameters, MEII predicted C. nasturtii 

population dynamics (Chapter 3, Figure 3.4.) more consistently than the 2009 

MidgEmerge model (Chapter 3, Figure 3.1), which in turn was more accurate than the 

basic degree-day model that Bouma (1996) created. The non-linear relationships 

between temperature and C. nasturtii development added biologically realistic dynamics 

to the model, making it more responsive to climatic conditions and improving its predictive 

accuracy. 

  The updated development rate data generated in this study could be foundational 

for future studies about C. nasturtii, including regional population forecasting and 

outbreak prediction models. The occurrence of fewer generations per year also has 

several implications for C. nasturtii management: a lower rate of reproduction means that 

insecticide resistance should develop more slowly, and population control should be more 

effective if the first generation is eliminated or its numbers significantly reduced. Slower 

development of resistance is especially relevant to managing Canadian populations, as 

there are only 2 registered insecticides for use on C. nasturtii in canola. The multiple 

emergence phenotypes nevertheless present the problem of overlapping emergences, 

which render control difficult. 
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Despite MEII being a mechanistic rather than a statistical model, it is well-suited for 

use as a research tool to understand the population dynamics of C. nasturtii. I have 

predicted the existence of fewer generations than previously believed to occur and have 

learned more about the effects of rainfall and diapause on emergence dynamics. Growers 

are unlikely to have access to the DYMEXTM software, so a third party may need to run 

the model with up-to-date weather data and disseminate its output. However, as a 

mechanistic model, MEII could provide some measure of emergence forecasting if sets 

of weather data that are randomly generated around cooler, average, and warmer 

temperature means and lesser, average, and greater rainfall, are used to run different 

scenarios in the model for short-term forecasting. MEII may also indicate the 

environmental conditions under which a large increase in C. nasturtii populations is likely 

by running long-term climate normal datasets modified similarly with cooler, average, and 

warmer multipliers. Several C. nasturtii distribution models for Eurasia and North America 

were built using CLIMEX, a bioclimate modelling tool that is run off of DYMEXTM Simulator 

(Kriticos et al. 2015). Development data from Readshaw (1961) were used to build the C. 

nasturtii CLIMEX models (Olfert et al. 2006, Mika et al. 2008), and these models all 

predicted C. nasturtii expansion with climate change. Going forward, these CLIMEXTM 

models could be updated with the Ontario-specific development rates found in this study. 

Colder North American regions may see an increase in favorability due to Ontario C. 

nasturtii developing faster than UK C. nasturtii at low temperatures, and warmer areas 

may see a decrease as slower egg and larval development reduce the number of 

generations occurring in the summer. In conclusion, the new insights on C. nasturtii 

development, mortality, and population dynamics that were presented in this study 
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contribute greatly to the existing body of knowledge on North American C. nasturtii 

populations. Several areas would benefit from further work, including adding information 

on host plant phenology and crop rotation to MEII, which could improve its predictive 

accuracy. Other important phenomena to study include the effect that fluctuating 

temperature conditions have on C. nasturtii developmental thresholds, and the rate at 

which C. nasturtii can adapt to changes in its environment. These phenomena have 

implications for the rate of spread of C. nasturtii and may provide insight into the risk, and 

timing, of C. nasturtii establishment in the Canadian prairies.  
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6 Appendix A 

Modules for MEII and their associated information are listed below by name in 

order of appearance in DYMEXTM Builder. The order determines the progression in which 

the program will read information from each module, and what outputs are then available 

to use as inputs in other modules. The type of module, if different from the name, is listed 

in brackets behind the name. Modules for MEII were as follows: 

Timer – keeps track of the passage of time in the model. Its outputs are Days Since Start, 

Day of Year, and Simulation Date. The Model Timestep is 1 day. This is typically the first 

module, as all other modules require a timeframe for reference. 

MetBase – reads external meteorological data information and stores it for use in other 

modules. The input is Simulation Date, and its outputs are Minimum Temperature, 

Maximum Temperature, Rainfall, and 7 Day Maximum Temperature. 

Latitude (QueryUser) – keeps track of the latitude where the model simulation is being 

run after it is set by the user. Its output is Latitude.  

Daylength – calculates the length of daylight given the latitude and calendar date. Inputs 

are Latitude, Day of Year, and Simulation Date. Outputs are Day Length and Day Length 

Change. 

Daily temperature cycle (Circadian) – calculates the average daily temperature in 

increments set by the user. In MEII, the cycle shape is Sine and the number of segments 

(portions that a 24-hour day is divided into) is 24, one for each hour. Inputs are Minimum 
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Temperature, Maximum Temperature, and Daylength. The output is Daily Cycle, which 

averages the minimum and maximum temperatures from MetBase and puts them into 

one file. 

7 Day Precip (RunMean) – for each timestep, calculates the mean or the total of the past 

7 days of precipitation. The input is Rainfall, and the output is 7 Day Total Rainfall. In the 

Settings function for MEII, the period for which values are included is 7 steps, and the 

Operation to perform on input is the Total over period. 

Life Cycle – simulates the C. nasturtii life cycle. Due to each life stage being able to 

branch to a maximum of two others, a “splitter” life stage was added to allow for the 

inclusion of second and third diapause larvae emergence phenotypes. There were three 

sets of inputs at each life stage: Immigration, Number (mortality), Physiological Age 

(development), and Transfer (to the next life stage). The general model layout of MEII is 

shown in Figure 3.3, and the parameters for each life stage in Table 3.2. 

Several modules present in the original MidgEmerge model were removed because 

they were not used by any process in the original model, including Degree Days 

(DayDegree), Soil moisture (QueryUser), Average Daily Temperature (Equation), 

Running mean temperature – 21 days (RunMean), Running Mean Temperature – 7 days 

(RunMean), and Average Minimum Temperature – 7 days. 
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7 Appendix B 

Different MEII parameters were “tuned” to fit optimally with the field data. Below is a 

table describing the life stage, process, function, driving variable, parameter changed, 

and the increment that the parameter was adjusted by until it was deemed to fit best with 

the C. nasturtii field count data. 

Life 
stage 

Process Function 
used 

Driving 
variable 

Parameter 
changed 

Increment of change 

Egg, 
larvae 

Development Step 
(General) 

Day length Threshold 0.25  

Larvae Development Linear Physiological 
age 

Step 
height 

0.1 

DL 
EP1, 2, 
3 

Mortality 
(Continuous) 

Constant - Constant 0.1 

  Development Step Day of Year Threshold 7 
 Transfer to 

Pupae 
Step Physiological 

Age 
Threshold The threshold value 

for EP1 came from 
Hallett et al. 2009b. 
For EP2 and 3, 
Physiological age 
was changed in 
increments of 0.5, in 
tandem with the 
below parameter. 

DL 
EP1, 2, 
3 

Transfer to 
Pupae 

Step Day of Year Threshold 7. Changed in 
tandem with the 
above parameter. 

Adult Mortality Step Chronological 
Age 

Threshold The average length 
of an adult C. 
nasturtii’s lifespan is 
approximately 5 
days across all 
tested temperatures 
(See Chapter 2, 
section 2.3.1.6), but 
5 days caused the 
population to 
increase 
exponentially. The 
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Life 
stage 

Process Function 
used 

Driving 
variable 

Parameter 
changed 

Increment of change 

value was adjusted 
by 0.5 until adult 
peaks were 
decreasing at 
approximately the 
same rate as in the 
field data. 

Adult Mortality Step Day of Year Threshold 7 

 Fecundity Step Day of Year Threshold 7 

 Fecundity Step Day of Year Step 
Heights 

5 

 

 

 


