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SUMMARY 

Future climate change scenarios predict an exacerbation of agricultural pest damage worldwide. 

Growers are stuck between a rock and a hard place namely the increasing capricious demands 

of consumers and pressure from pesticide companies to use their products. There has been 

increasing interest in developing safe alternatives to chemical pesticides which rely heavily on 

accurate pest species identification and a profound knowledge of the biological traits of such 

targeted species. One such alternative is the sterile insect technique which consists of releasing 

sterile individuals that mate with the targeted population but produce infertile eggs, effectively 

decreasing population levels over time. One obvious impediment to such technique is to release 

individuals that do not have the capacity to mate with the targeted population due to reproductive 

incompatibilities. Such situation may arise when dealing with misidentified cryptic species. If 

the released individuals look the same as the targeted population morphologically but are 

reproductively incompatible due to being unique biological entities, the technique is bound to 

fail. This technique has been employed with success for the onion maggot, Delia antiqua, and 

cabbage maggot, Delia radicum (Diptera: Anthomyiidae), in western Montérégie, Québec. 

There has been rising interest amongst growers to target another Delia species: the seedcorn 

maggot, Delia platura. However, two genetic lines (the H- and N- lines) have recently been 

discovered within D. platura. These lines differ in distribution patterns with the only region of 

overlap being in eastern Canada. Additionally, field data suggest differences in phenological 

patterns and relative proportions in different crops between the lines in western Montérégie. 

Using laboratory-reared colonies originating from the Montérégie region, the present project 

aims at better understanding the biological traits of the two D. platura lines along with 

evaluating their reproductive compatibility by comparing different reproductive isolation 

mechanisms. 

The initial phase of the project (Chapter 2) consisted of contrasting the reproductive traits of the 

H- and N-lines. As many dipteran species mate in swarms whose dynamics are highly influenced 
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by group sex ratio and density, we evaluated the effect of these two variables on the mating 

success, pre-oviposition period and fecundity of the two D. platura lines. By experimentally 

varying a mating group’s sex ratio and density, we observed an increase in female mating 

probability as the ratio of males to females increased while group density had negligeable 

effects. N-line females had a higher mating probability than H-line females in all treatments 

suggesting that H-line females are choosier towards potential mates than N-line females. This 

high degree of choosiness may thus be a relevant pre-mating isolation mechanism between the 

lines. The pre-oviposition period decreased as the ratio of males to female increased at low 

density only for the N-line while the opposite trend was observed at high density for both lines. 

The results corroborate field observations of D. platura mating in swarms (which are typically 

male-biased) and suggest difference in the mating system of the two lines. These differences 

may affect inter-line mating success along with control methods that target mating such as the 

sterile insect technique. 

Using a group composition that optimized mating probability for both lines as determined in 

Chapter 2 (30 males : 2 females), we conducted inter-line crosses in Chapter 3 to evaluate their 

reproductive compatibility. We uncovered asymmetrical pre-mating isolation between the lines 

with H-line females rarely mating with N-line males while N-line females readily mated with 

H-line males. However, the eggs laid in this type of cross hatched at a 25% lower rate than the 

inter-line crosses suggesting either post-mating pre-zygotic or post-zygotic isolation. The larvae 

that successfully hatched from this type of cross had a high degree of developmental success 

according to the proxies evaluated: survival to adult emergence from puparia, larval and pupal 

developmental time, pupal weight, and adult sex ratio. Thus, we uncovered no evidence of post-

zygotic isolation in this type of cross from the larval hatching to adult emergence stages. Our 

results point to a partial reproductive isolation between the two lines, suggesting that they are 

in fact two unique biological entities which could in turn influence the development of species-

specific control methods for either line. We thus propose the terminology ‘biotype’ to designate 

the H- and N- lines to emphasize their biological differences within the agronomic and scientific 

community.  
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As our results suggest that the agronomic community may actually be dealing with two 

biological entities, in Chapter 4 we aimed to evaluate their respective host associations by 

quantifying their degree of acceptance and preference when subjected to yellow onion, sweet 

corn, soy, radish, broccoli and a soil control in no-choice and choice experiments. In a no-choice 

setting, the N-line had a higher degree of acceptance on sweet corn compared to the control. 

While the H-line had a higher degree of acceptance on yellow onion after 24 hours, more eggs 

were generally laid on each of the 5 crops after 48 hours compared to the control. When 

subjected to a choice between the substrates, the N-line laid more eggs on all crops except 

yellow onion than on the control whereas the H-line laid more eggs on each of the 5 crops tested. 

Although females did not distribute their eggs randomly among substrates, neither biotype 

showed a high degree of preference in the choice experiment. Additionally, the experimental 

setting of the choice experiment stimulated females of both biotypes to lay more eggs than in 

the no-choice experiment. Our results suggest differences in ovipositional behavior between the 

two biotypes, at least under laboratory conditions. 

This thesis has demonstrated that the H- and N- lines of D. platura are two unique biological 

entities that should be taken into account when developing control methods. Specifically, 

efficient use of the sterile insect release technique would consist of targeted releases in areas 

where swarms of either biotype are formed and releasing individuals that are of the same biotype 

as the targeted population. Considering that different stimuli appear to affect oviposition in the 

two biotypes, further investigation on the specific role of these stimuli will help predict the 

presence of the biotypes in fields and thus allow for more targeted releases. It is of my optimistic 

opinion that the upcoming years will prove to be highly fruitful in the development of 

environmentally safe control methods for both biotypes of Delia platura. 

Key words: Agricultural entomology; species delimitation; reproductive behavior 
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SOMMAIRE 

Les scénarios de changement climatique à venir prévoient une exacerbation des dégâts causés 

par les ravageurs agricoles dans le monde entier. On s'intéresse de plus en plus au 

développement d'alternatives sécuritaires aux pesticides chimiques, qui reposent sur une 

identification précise des espèces nuisibles et une connaissance approfondie des caractéristiques 

biologiques des espèces ciblées. L'une de ces alternatives est la technique des insectes stériles 

qui a été utilisée avec succès pour la mouche de l'oignon, Delia antiqua, et la mouche du chou, 

Delia radicum (Diptera : Anthomyiidae), dans l'ouest de la Montérégie, au Québec. Les 

producteurs s'intéressent de plus en plus à une autre espèce de Delia : la mouche des semis, 

Delia platura. Cependant, deux lignées génétiques (les lignées H- et N-) ont récemment été 

découvertes au sein de D. platura. Ces lignées diffèrent dans leurs patrons de distribution, la 

seule région de chevauchement étant l'est du Canada. De plus, des données de terrain suggèrent 

des différences dans les patrons phénologiques et les proportions relatives dans différentes 

cultures entre les lignées dans l'ouest de la Montérégie. En utilisant des colonies élevées en 

laboratoire provenant de la région de la Montérégie, le présent projet vise à mieux comprendre 

les traits biologiques des deux lignées de D. platura et à évaluer leur compatibilité reproductive 

en comparant différents mécanismes d'isolement reproductif. 

La phase initiale du projet (chapitre 2) consistait à contraster les traits reproductifs des lignées 

H et N. Comme de nombreuses espèces de diptères s'accouplent en essaims dont la dynamique 

est fortement influencée par le sex-ratio et la densité du groupe, nous avons évalué l'effet de ces 

deux variables sur le succès d’accouplement, la période de pré-oviposition et la fécondité des 

deux lignées de D. platura. En faisant varier expérimentalement le sex-ratio et la densité d'un 

groupe d'accouplement, nous avons observé une augmentation de la probabilité d'accouplement 

des femelles lorsque le ratio mâles/femelles augmente alors que la densité du groupe a des effets 

négligeables. Les femelles de la lignée N avaient une probabilité d'accouplement plus élevée 

que les femelles de la lignée H dans tous les traitements, ce qui suggère que les femelles de la 
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lignée H sont plus sélectives envers les mâles potentiels que les femelles de la lignée N. Ce haut 

degré de sélectivité peut être considéré comme un facteur d’isolement pré-copulatoire potentiel 

entre les deux lignées. La période de pré-oviposition a diminué avec l'augmentation du ratio 

mâles/femelles à faible densité uniquement pour la lignée N, alors que la tendance inverse a été 

observée à forte densité pour les deux lignées. Les résultats suggèrent une différence dans le 

système d'accouplement des deux lignées. Ces différences peuvent affecter le succès 

d’accouplement entre les lignées ainsi que les méthodes de contrôle qui ciblent l'accouplement 

comme la technique d’insectes stériles. 

En utilisant une composition de groupe qui optimise la probabilité d'accouplement pour les deux 

lignées comme déterminé dans le chapitre 2 (30 mâles : 2 femelles), nous avons effectué des 

croisements inter-lignées dans le chapitre 3 pour évaluer leur compatibilité reproductive. Nous 

avons découvert un isolation pré-copulatoire asymétrique entre les lignées ; les femelles de la 

lignée H s'accouplant rarement avec les mâles de la lignée N, alors que les femelles de la lignée 

N s'accouplent couramment avec les mâles de la lignée H. Cependant, les œufs pondus dans ce 

type de croisement ont éclos à un taux de 25% inférieur à celui des croisements intra-lignées, 

ce qui suggère un isolement post-copulatoire pré-zygotique ou post-zygotique. Les larves qui 

ont éclos avec succès à partir de ce type de croisement ont eu un haut degré de succès de 

développement selon les proxies évalués : survie jusqu'à l'émergence de l'adulte des puparia, 

temps de développement larvaire et nymphal, poids nymphal, et sex ratio adulte. Ainsi, nous 

n'avons découvert aucune preuve d'isolement post-zygotique dans ce type de croisement depuis 

l'éclosion des larves jusqu'à l'émergence des adultes. Nos résultats indiquent un isolement 

reproductive partiel entre les deux lignées, ce qui suggère qu'il s'agit en fait de deux entités 

biologiques uniques qui pourraient à leur tour influencer le développement de méthodes de 

contrôle spécifiques pour l'une ou l'autre lignée. Nous proposons donc la terminologie 'biotype' 

pour désigner les lignées H et N afin de souligner leurs différences biologiques au sein de la 

communauté agronomique et scientifique.  
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Comme nos résultats suggèrent que la communauté agronomique pourrait avoir affaire à deux 

entités biologiques, nous avons cherché, au chapitre 4, à évaluer leurs associations d'hôtes 

respectives en quantifiant leur degré d'acceptation et de préférence lorsqu'elles sont soumises à 

l'oignon jaune, au maïs sucré, au soja, au radis, au brocoli et à un sol témoin dans des expériences 

de choix et de non-choix. Dans un contexte de non-choix, la lignée N avait un degré 

d'acceptation plus élevé sur le maïs sucré par rapport au témoin. Alors que la lignée H avait un 

plus haut degré d'acceptation sur l'oignon jaune après 24 heures, plus d'œufs ont été pondus sur 

chacune des 5 cultures après 48 heures par rapport au témoin. Bien que les femelles n'aient pas 

distribué leurs œufs au hasard entre les substrats, aucun des deux biotypes n'a montré un haut 

degré de préférence dans l'expérience de choix. De plus, le cadre expérimental de l'expérience 

de choix a stimulé les femelles des deux biotypes à pondre plus d'œufs que dans l'expérience de 

non-choix. Nos résultats suggèrent des différences dans le comportement de ponte entre les deux 

biotypes, au moins dans des conditions de laboratoire. 

Ce mémoire a démontré que les lignées H- et N- de D. platura sont deux entités biologiques 

uniques qui doivent être prises en compte lors du développement de méthodes de contrôle. Plus 

précisément, une utilisation efficace de la technique de lâcher d'insectes stériles consisterait à 

effectuer des lâchers ciblés dans les zones où se forment des essaims de l'un ou l'autre biotype 

et à relâcher des individus qui sont du même biotype que la population ciblée. Étant donné que 

différents stimuli semblent affecter la ponte des deux biotypes, des recherches plus poussées sur 

le rôle spécifique de ces stimuli aideront à prédire la présence des biotypes dans les champs et 

permettront ainsi des lâchers plus ciblés.  

Mots clés : Entomologie agricole ; délimitation des espèces ; comportement reproductif 
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CHAPTER 1 

INTRODUCTION 

Since the dawn of agriculture, pests have affected the locations and methods by which crops are 

grown (Ordish, 1976). These pests include pathogens, weeds and animal pests such as 

arthropods which have been estimated to cause 20% loss in crop production annually (Sharma 

et al., 2017). In three of the world’s staple grains (rice, maize and wheat) this loss is expected 

to increase by 10 to 25% for every degree increase in global mean surface temperature under 

anticipated climate changes (Deutsch et al., 2018). Having major socioeconomic impacts, 

effective pest control has thus become primordial (Reichelderfer & Bottrell, 1985). 

Crops are vulnerable to a succession of potential insect pests throughout their developmental 

stages (Stoddard et al., 2010). Hemimetabolous insects such as aphids (Hemiptera: Aphididae) 

can cause damage during all their life stages whereas insects that undergo complete 

metamorphosis (holometabolous) typically cause damage only in their larval stage (Gu et al., 

2007). While some insects may be associated to a single crop type, others are known to have 

varying breadths of suitable host plants (Finch, 1989). Phenological and genetic variation exists 

within named species in terms of life history traits such as emergence, diapause induction and 

reproduction patterns along with habitat or host plant associations. These differentiated 

subpopulations are often loosely defined as  “biotypes” or “ecotypes” (Diehl & Bush, 1984). A 

population will be defined here as an ensemble of organisms part of a same species sharing 

similar characteristics and having the capability to reproduce amongst themselves.  

Methods to control insect pests have been developed and refined for millennia. Ancient Chinese, 

Roman and Greek growers exploited the benefits of natural enemies, crop planting times and 

burning to reduce losses caused by pests (Flint & van den Bosch, 1981). Chemical control also 

started being employed around those times with the use of pyrethrin extracted from Dalmatian 

flowers which gradually evolved into synthesized chemicals applied as broad-spectrum 
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insecticides by the mid-19th century (Oberemok et al., 2015). However, many of the chemical 

pesticides used in the past and present were found to be toxic not only to the targeted pests but 

also to non-target organisms (DeLorenzo et al., 2001; Longley, 1999; Pisa et al., 2015), the 

environment (soil, air, and water) (Ritter, 1990; Taiwo, 2019) and human health (Perry, 2008; 

Wigle et al., 2009). Moreover, the prophylactic use of pesticides does not necessarily improve 

crop yields (Labrie et al., 2020) and rather lead to increased resistance to these products by pests 

(Colin et al., 2020).   

As the detrimental effects of pesticide misuse became apparent, there was an urge to return to 

management techniques used in the past, improved by more recent technological advances 

(Kogan, 1998). By the 1970s, the concept of integrated pest management (IPM) was put forth, 

consisting of a combination of crop management techniques along with biological and chemical 

control methods working in synergy with the local ecosystem for a more efficient and safe 

control of pests (Ehler, 2006). Biocontrol consists of the utilization of natural pest enemies such 

as predators, parasitoids and entomopathogens of fungal, viral and protozoan origin either 

through application or attraction to crop fields (Brar, 2012). While some crop management 

practices may be used to attract natural enemies (such as managing vegetational diversity), other 

practices include pest resistant crops, timing of planting, tillage and much more (Abrol, 2014; 

Broatch et al., 2010; Seshu Reddy, 1990). The effectiveness of previously mentioned control 

methods can be enhanced when combined with the use of sterile insect technique which consists 

of inundative releases of sterile mass-reared pest species that breed with the wild population, 

producing unviable offspring (Gurr & Kvedaras, 2010; Klassen, 2005). Although insecticides 

are not completely abandoned in IPM, they are applied more conservatively, relying mostly on 

pest density monitoring and an economic threshold of these densities (Binns & Nyrop, 1992). 

Monitoring of pest populations is crucial as the relative proportions of closely related pest 

species can shift nearly completely within the span of a human lifetime, thereby affecting the 

control measures employed (Lundin et al., 2016). By combining monitoring data and insect 
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developmental rate parameters,  researchers can create degree-day models to predict when a pest 

species is most likely to be found in the field, facilitating management decision-making (Achiri 

et al., 2020; Dupuy et al., 2017; Lindblad & Sigvald, 1996). These models are most accurate 

when targeting a specific population as there may be variation in developmental times even 

within the same species (Gomi et al., 2003). Thus, monitoring and predicting pest species 

abundance relies on a proper identification and understanding of the targeted population. 

1.1 Target pest species: The seedcorn maggot, Delia platura 

The seedcorn maggot, Delia platura (Meigen) (Diptera: Anthomyiidae), is currently recognized 

as an agricultural pest with a near cosmopolitan range and a high diversity of larval hosts both 

living and dead (Griffiths, 1993). It is part of the Seed Maggot Complex (SMC) along with 

Delia florilega whose females are morphologically similar and larvae identical to D. platura 

(Brooks, 1951; Savage et al., 2016). Recently, Savage et al. (2016) discovered two 

morphologically identical genetic lines within D. platura separated by a minimum p-distance of 

4.45% for the barcoding gene CO1 (Folmer region). Such ample genetic difference leads to the 

supposition that the two lines of D. platura may actually be two separate cryptic species 

considering that other named cryptic species complexes typically exhibit less genetic 

differentiation (Derocles et al., 2016). Additionally, the two lines share little distribution overlap 

(Figure 1). The N-line appears to be restricted to the Nearctic region while the H-line has a 

Holarctic distribution. Eastern Canada seems to be the only region of overlap although more 

sample points from Eastern and Central United States are needed to better assess both lines’ 

distribution. Recently, it has been shown that N-line larvae appear in crops about 17 days before 

the H-line in southwestern Québec (Van der Heyden et al., 2020). These phenological 

differences serve as additional evidence supporting the existence of two biological entities 

within D. platura. 
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The life cycle of D. platura consists of an egg stage which may last from anywhere between 1-

8 days, followed by a 7-12 day larval stage and 7-18 day pupal stage (Miles, 1948). Larvae can 

feed on live plants or decaying matter (Guerra et al., 2017). Depending on the locality, there can 

be between 2-4 generations per season (Funderburk et al., 1984; Higley & Pedigo, 1984; 

Ibrahim, 1986; Lamb & Boivin, 2018; Miles, 1948; Miller & McClanahan, 1960; Pertseva, 

2007). The last generation of the season undergoes diapause at the pupal stage and a proportion 

of the population can aestivate when exposed to high temperatures during the summer (Throne 

& Eckenrode, 1985). In southwestern Québec, peak adult emergence from puparia occurs in late 

May and early June (Lamb & Boivin, 2018). 

Reports on the relative importance of damage caused by the seed maggot complex (SMC) vary. 

As the larvae of D. platura (H- and N- lines) and D. florilega are morphologically 

indistinguishable (Brooks, 1951; Savage et al., 2016), the task of assigning damage proportions 

to each line/species becomes challenging. Additionally, as no molecular identification of the 

two lines of D. platura found in different crops has been done to date, with the exception of 

Savage et al. (2016) and Meraz-Álvarez et al. (2020), host associations of both lines can only 

be inferred from the location of reports in relation to the known distribution of the two lines. 

Savage et al. (2016) found the H-line to be 2.5x more abundant than the N-line in cruciferous 

(Brassica) crops while the trend was reversed in onions (Allium). Although D. florilega has been 

reported to be much less abundant than D. platura in most crops and parts of Canada (Miller & 

McClanahan, 1960; Savage et al., 2016), it has also been cited as a primary pest of certain crops 

such as beans and squash (Griffiths, 1993).  

Levels of crop infestation by D. platura can range from light to major depending on the crop 

(Doane & Chapman, 1962; Finlayson, 1956; Foley & Stone, 1958; Guerra et al., 2017; Hough-

Goldstein & Hess, 1984; Merrill, 1951; Merrill & Hutson, 1953; Savage et al., 2016). Delia 

platura abundance also varies throughout the season, typically with higher prevalence during 

early season (Lamb & Boivin, 2018; Miles, 1948; Nair & McEwen, 1973). Additional factors 
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influencing D. platura infestations include the presence of bacteria (Harman et al., 1978; 

Hough-Goldstein & Bassler, 1988), the degree of tillage applied (Hammond, 1995) and the 

presence of crop residues (Guerra et al., 2017). Along with decomposing matter, germinating 

seeds and young seedlings of various crops have been found to stimulate oviposition in D. 

platura females (Dindonis & Miller, 1980; Gouinguené & Städler, 2006; Ibrahim, 1986; Ibrahim 

& Hower, 1979; Silver et al., 2018; Weston & Miller, 1989; Yu et al., 1975).  

Multiple management techniques have been investigated to reduce the damage caused by D. 

platura including selective planting dates (Silver et al., 2018), cover crop incorporation 

(Hammond & Cooper, 1993), reduced tilling (Hammond, 1997), entomopathogenic nematodes 

(Jaramillo et al., 2013), sterile insect releases (Kim et al., 2001) and low-impact insecticides 

(Schmidt-Jeffris & Nault, 2016). In all of the aforementioned studies, the line under study 

remains ambiguous thereby limiting the extrapolation of the results obtained to the management 

of either D. platura line. 
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Figure 1. Geographic distribution of the Delia platura H- and N- lines 

Minimum Convex Polygons of the H-line (BIN: BOLD:AAG2511) and N-line (BIN: 

BOLD:AAA3453) of Delia platura (Meigen) with emphasis on the area of 

distribution overlap. Sampling locations represent localities where specimens were 

collected and DNA barcodes (Folmer region of COI gene) were sequenced. Colored 

points represent single occurrences of each line considered outliers. Data accessed 

from BOLD: The Barcode of Life Data System (www.barcodinglife.org) 05/10/2020. 
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1.2 The role of accurate species identification in pest management 

1.2.1 Sterile insect technique 

One increasingly common pest management initiative is the Sterile Insect Technique (SIT). This 

technique involves the mass release of sterile insects in crop fields. The sterile individuals then 

breed with the natural population, producing unviable offspring (Klassen, 2005). Such programs 

have been implemented to various taxa around the world and have been proven to be highly 

successful (Krafsur, 1998; Thistlewood & Judd, 2019). Accurate species-level identification is 

fundamental to know what species needs to be reared and released. Additionally, the technique 

relies on a profound understanding of the targeted species biology. Genetically distinct 

populations may differ in some of their biological traits and occurrence in the field but are 

known to readily interbreed given a particular setting (Ahmad et al., 2018; Pereira et al., 2007). 

In these cases, mass rearing and release of only one of the biological entities could potentially 

be effective for the control of both. However, populations of a given species may interbreed but 

in an asymmetrical pattern, reducing the effectiveness of SIT if only one of the strains is released 

(Roriz et al., 2017). Knowing a pest’s reproductive behavior allows for more efficient releases. 

If a species tends to reproduce at higher densities in localized areas (swarming), targeting 

releases in those localities would be more effective. For example, Hassan et al. (2014) 

investigated the swarming behavior of Anopheles arabiensis (Diptera: Culicidae) in field and 

semi-field conditions and noted specific localities and time of day at which the species swarms 

and reproduces. Taking into account the capability of irradiated males to join the swarms, the 

findings suggest the potential for more targeted releases (Hassan et al., 2014). The method, rate 

and timing of sterile insect releases must be adapted to the species in question as they differ in 

certain characteristics such as mobility, mating patterns and spatial distribution (Barclay, 2005; 

Ikegawa & Himuro, 2017; Oléron Evans & Bishop, 2014). As SIT has proven to be effective 

for other Delia species in Canada and abroad (Fortier, 2021; Ticheler et al., 1980), there has 

been growing interest in adapting the technique to D. platura in Québec (Fortier, pers. com.). 
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Kim et al. (2001) have already started the process by developing rearing methods and an optimal 

radiation dose for D. platura in Korea (H-line) and demonstrated the effectiveness of SIT in 

greenhouse conditions.  

1.2.2 Biological Control 

Another method for controlling populations is the use of entomopathogens. These include 

Hypocreales and Entomophthorales entomopathogenic fungi known to infect various insects by 

entering through the cuticle to reach the hemocoel through various processes, eventually killing 

their host (Khan et al., 2012). Although some fungi species complexes may be classified as 

generalists, certain of their isolates have been found to be more or less host specific (Davidson 

& Chandler, 2005; Eilenberg & Jensen, 2018; Jensen et al., 2006). Research must be done prior 

to releasing such biological agents to understand potential interactions with other factors 

limiting pest populations (Roy & Pell, 2000). Once a pest species is targeted, its associated 

fungal pathogen may be isolated and more research can be conducted to understand its biology 

such as its dispersal and overwintering mechanisms to ensure its persistence in the host 

population (Bruck & Lewis, 2002; Dinu et al., 2016; Eilenberg et al., 2013). Similar implications 

are involved when using entomopathogenic nematodes that also can be host-specific (Alonso et 

al., 2018). For example, when exposed to seven species of nematodes, D. platura in Colombia 

(presumably N-line) was most susceptible to Steinernema sp.3 (Jaramillo et al., 2013). 

The use of parasitoids has been shown to be effective in managing pest populations. Some 

parasitoids are considered polyphagous while others have a more restricted host range or are 

species specific. A study conducted in potato fields in Belgium showed clear preferences of 

some species of parasitic hymenoptera to aphid hosts (Jansen, 2005). Knowing the identity of 

pests as small as aphids allows to target the use of a specific parasitoid. Understanding the 

biology of potential parasitoid species can lead to integrating different crop practices that will 



 
 
 
 

9 
 

attract natural populations (Blassioli-Moraes et al., 2013) or mass rearing for inundative releases 

(Ghimire & Phillips, 2010; Lahiri et al., 2017; Pomari-Fernandes et al., 2016).  

1.2.3 Insecticides 

Insecticide use in IPM depends on economic thresholds of pest densities along with a judicial 

dosing to limit the development of pesticide resistance (Colin et al., 2020). Another important 

factor to consider is the specificity of the chemicals used as they may be detrimental to natural 

enemies (Torres & Bueno, 2018). Different pest populations may also develop resistance to 

pesticides to varying extents. For example,  Bemisia tabaci (Hemiptera: Aleyrodidae) biotype 

Q was found to be significantly more resistant to commercial neonicotinoids than biotype B in 

China (Luo et al., 2010). As such, proper pest identification is crucial for efficient and safe 

pesticide use. In New York (D. platura line uncertain), Schmidt-Jeffris & Nault (2016) 

demonstrated the effectiveness of two pesticides with reduced risk to non-target organisms to 

control for D. platura populations. 

1.2.4 Crop Management 

Crop management practices are influenced by the biological traits of the pests affecting them. 

The cabbage maggot, Delia radicum (Diptera: Anthomyiidae), is another root maggot that can 

be found infesting crops in conjunction with D. platura (Doane & Chapman, 1962; Foley & 

Stone, 1958; Nair & McEwen, 1973; Savage et al., 2016). However, this species is 

oligophagous, specializing solely on cruciferous hosts and the crop management techniques 

used to control populations varies between D. radicum and D. platura (Finch, 1989). For 

example, building upon existing knowledge on the complex ovipositional behavior of D. 

radicum, Joseph et al. (2017) were able to determine the optimal time between the harvest of 

lettuce (not a suitable host for D. radicum) and seeding of broccoli to minimize damage to 

broccoli in California. This same knowledge led to the discovery that adding a non-host within 
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an environment where a host is present (inter-cropping) disrupts the ovipositional pattern of this 

root maggot species (Morley et al., 2005). These techniques may, however, not be as effective 

to control for D. platura infestations considering that most crops may serve as a suitable host 

(Griffiths, 1993).  

Delia platura is most attracted to both decomposing matter (crop residue) and young plants 

(Guerra et al., 2017). Tilling, a practice that causes high soil disturbance, has been demonstrated 

to increase the presence of adult D. platura and therefore the risk for damage when crops are 

planted in tilled fields (Hammond, 1995). As such, it is recommended that tillage be kept to a 

minimum when trying to avoid high D. platura population densities in Ohio (D. platura line 

uncertain) (Hammond, 1997). In the same system, when spring tillage also incorporates a green 

cover crop, growers are suggested to wait 2.5-3 weeks after tillage before sowing soybean 

(Glycine max) such that adults have had time to lay eggs and larvae have developed on the 

organic matter in the soil (Hammond & Cooper, 1993). In Prince Edward Island, where the 

distribution of both lines of D. platura overlap, growers should rely on degree-day models and 

hold off early plantings of Phaseolus vulgaris (Fabaceae) to reduce plant injury (Silver et al., 

2018). Accurate identification of subtly morphologically different root maggots has thus the 

potential to be instrumental in developing and adapting the methods by which growers manage 

their crops. 

As more research is done on a pest species’ biology and effective control measures, growers can 

integrate multiple practices depending on the resources available to them. In a study made in 

Puerto Rico and Hawaii, it was found that coffee (Coffea arabica  and C. robusta) growers can 

use both entomopathogens and parasitoids during the activity period of the coffee berry borer 

(Hypothenemus hampei (Coleoptera: Curculionidae)) to significantly reduce damage done to 

their crops (Aristizábal et al., 2017). Control methods can be combined for additive effects such 

as using parasitoids/predators to propagate entomopathogens (Adly & Nouh, 2019; Lin et al., 

2017). Using the vast literature on fall armyworm (Spodoptera frugiperda (Lepidoptera: 
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Noctuidae)) biology and control methods, Harrison et al. (2019) were able to target IPM 

practices that could be readily applied at low cost by small-scale growers in the developing areas 

of Africa and Asia. Accuracy in species identification is thus crucial when considering sensible 

pest management. The examples given above are only a subset of the plethora of pest population 

control methods that are applied worldwide depending on the targeted pest species. 

1.3 Speciation and species delimitation 

Considering the importance of accurate species identification in IPM, one might be tempted to 

ask what actually defines a species. Over the years, the species concept has been defined and 

redefined (Darwin, 1859; Dobzhansky, 1937; Mayr, 1942; Van Valen, 1976). Mayden (1997) 

reported 24 variations of the concept, displaying the subjectivity of the ‘species’ terminology. 

Special care must therefore be applied to avoid following a specific concept, which delimitates 

species using standards intrinsic to its own philosophy, often conflicting with other concepts. 

Furthermore, subpopulations of a named pest species may differ in their biological traits, having 

major implications in their management (Gomi et al., 2003). As emphasized by Carstens et al. 

(2013), species delimitation analyses are strongest when assessing both genetic and biological 

lines of evidence and their congruence. Although species delimitation is a laborious process, as 

biological differences between compared biological entities are uncovered, it may be useful for 

the scientific (and agronomic) community to designate the terminology ‘biotype’ to define the 

studied populations (Diehl & Bush, 1984). Doing so serves to highlight the existence of more 

than one biological entity and thus guide future research on control methods adapted to each 

biotype. Regardless of the definition, the mechanisms by which species are formed remain 

varied but consistent. 

The initial phase of speciation consists of population divergence through some form of isolation 

including geographic isolation (allopatry and peripatry) (Coyne & Orr, 2004). If populations 

share the same environment (sympatry), divergence may occur through sexual selection (Lande, 
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1981), sexual conflict (Arnqvist et al., 2000), host-plant adaptation (Matsubayashi et al., 2010) 

and more. Selective pressure may be stronger on traits other than morphological, leading to the 

evolution of cryptic species (Bickford et al., 2007). The H- and N-lines of D. platura display 

signs of divergence through distinct geographical distributions, genetic distance, and different 

relative abundance in crops grown in southwestern Québec (Savage et al. 2016).  

Once divergence has occurred, certain traits may evolve in the compared populations leading to 

an impediment of inter-breeding when they come into contact. Such gene flow barriers may 

manifest through pre-mating, post-mating pre-zygotic and post-zygotic isolation factors (Coyne 

& Orr, 2004). The mechanisms involved in pre-mating isolation include ecological (Matute et 

al., 2009), behavioral (Boumans & Johnsen, 2014) and mechanical isolation (Nava-Bolaños et 

al., 2017; Sánchez-Guillén et al., 2012). Post-mating pre-zygotic mechanisms include internal 

genital mechanical and chemical incompatibilities (Masly, 2012) and/or incompatible 

copulation behavior (Buellesbach et al., 2014). Even if a hybrid is formed between two 

populations, this does not imply complete reproductive compatibility. Post-zygotic isolation 

mechanisms are diverse and include decreased survival (dos Santos et al., 2001), differential 

developmental time (Ording et al., 2010), offspring weight (Nakakita & Imura, 1981), biased 

offspring sex ratio (Tadeo et al., 2018) and hybrid suppression (Naisbit et al., 2001). Multiple 

isolation mechanisms can act additively to result in complete isolation (Matsubayashi & 

Katakura, 2009) or not (Nosil, 2007) depending on the strength of mechanism. A more detailed 

treatment of isolation mechanisms is given in Chapter 3. 

While the difference in temporal trends of larva field abundance between the H- and N- lines 

(Van der Heyden et al. 2020) suggest allochronic isolation between the two lines, this form of 

isolation along with other potential isolating mechanisms has not, to date, been evaluated. 

Considering the importance of accurate species identification in the development of IPM 

methods, it is now primordial to determine if the two D. platura lines are in fact two unique 

biological entities. The present work aims to 1) compare reproductive traits, 2) evaluate 
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reproductive compatibility, and 3) compare ovipositional preferences for the H- and N- lines of 

Delia platura in laboratory conditions. This project places itself at the foundation of a research 

program dedicated to the better understanding of the two lines thus leading to the development 

of integrated control measures specific to the two lines, if required. For example, if the SIT 

technique were to be developed to control D. platura populations, one would first need to 

understand their reproductive traits such that targeted releases may be conducted to increase the 

probability that released individuals mate with the targeted population. The efficiency of such 

releases would also depend on the mating compatibility of the two lines; if the two lines do not 

mate, it would be counterproductive to release individuals that are not of the same line than the 

targeted population. Additionally, if the two lines prefer different crops such that one line is 

more likely to be found in one crop than the other, this information could help guide practitioners 

to determine the entity of the sterile individuals that should be released in a certain crop.



 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 
 
 

 

CHAPTER 2 

THE EFFECT OF SEX RATIO AND GROUP DENSITY ON THE MATING SUCCESS 

OF TWO LINES OF DELIA PLATURA (DIPTERA: ANTHOMYIIDAE) 

Authors: Allen Bush-Beaupré, Marc Bélisle, Anne-Marie Fortier, François Fournier, Jade 

Savage 

2.1 Context and author contributions 

Describing and comparing mating systems is an essential part of species delimitation. 

Considering that many dipteran species mate in swarms, investigating the effect of factors that 

are known to influence swarming dynamics such as sex ratio and group density can serve as a 

means of describing and contrasting the dynamics of such mating system. This article 

investigates the effects of sex ratio and group density on the H- and N- lines of Delia platura 

mating success, pre-oviposition period and fecundity. The benefits of conducting such study are 

two-fold. First, differences in mating dynamics between the two lines may serve as evidence for 

pre-mating isolation between them. Second, a better understanding of the group composition 

that optimises mating probability can then serve to provide such a setting to each line when 

conducting reproductive compatibility experiments (Chapter 3) to maximise the probability that 

mating would occur in the first place. Marc Bélisle came up with the original premise of first 

understanding the mating dynamics of the two lines before testing their reproductive 

compatibility. All authors of this article have contributed to the conceptualization of the study. 

Data collection was executed by myself along with the support of the staff at Collège 

Montmorency and Bishop’s University (named in the acknowledgements section). Data analysis 

was conducted by myself with the input from Marc Bélisle and Andrew MacDonald (mentioned 

in the acknowledgements section). Jade Savage, Marc Bélisle, and Anne-Marie Fortier have 
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provided feedback to the multiple drafts. This article is to be submitted to the Ecology and 

Evolution journal in the upcoming year.   

2.2 Abstract 

Many control methods target agricultural pests’ reproductive traits and so, knowledge of these 

traits is crucial. The seedcorn maggot, Delia platura (Diptera: Anthomyiidae), is reported as a 

cosmopolitan polyphagous pest species which may be found in high numbers in numerous 

crops. Two morphologically identical genetic lines of D. platura (H- and N- lines) with distinct 

distributions were recently discovered. While many biological traits have been described for D. 

platura, no study to date has been conducted on the life history strategies and reproductive 

behaviors of its two lines. Using laboratory-reared colonies originating from the Montérégie 

region in Québec, this project investigates the effect of group composition (sex-ratio and 

density) on the mating success and pre-oviposition period of the two D. platura lines. We found 

a substantial increase in mating success with increasing proportion of males within mating 

groups for both lines while group density had negligeable effects. These results corroborate 

reports of D. platura high-density swarms in which sex ratios are usually male-biased. The pre-

oviposition period decreased as the ratio of males to female increased at low density only for 

the N-line while the opposite trend was observed at high density for both lines. These results 

suggest differences between the mating systems of these two lines, with the H-line females being 

choosier towards potential mates than those of the N-line.  We also describe reproductive traits 

of the line along with their implications in integrated pest management such as the sterile insect 

technique or the release of individuals carrying pathogens, which must take into account the 

high degree of sexual selection present in such group contexts. 
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2.3 Introduction 

Mating systems vary greatly between and even within animal taxa. Multiple factors influence 

the dynamics of these systems such as life history traits, the distribution and availability of 

resources, and parental investment. These factors in turn affect the temporal and spatial 

distribution of sexually receptive individuals which determine the adult and operational sex 

ratio. The sex ratio ultimately determines the number of available mates which, in interaction 

with sexual selection, will directly affect the dynamics within a given mating system (reviewed 

in Klug, 2011). Thus, mating system dynamics are greatly affected by variations in the total 

number of individuals and the relative proportions of females and males within a group or 

population. Additionally, the dynamics involved in mating systems, especially those relating to 

mate choice, are believed to influence the rate of speciation through the formation of 

reproductive barriers (Wilkinson & Johns, 2005).  

A mating systems’ dynamics are influenced by the sex ratio in multiple ways. Firstly, male-

biased sex ratios lead to an increase in male-male competition. In many cases, males accentuate 

their courtship behaviors when other males are present to increase their competitiveness 

(Carrillo et al., 2012; Leftwich et al., 2012). However, the mating consequences of increased 

competitiveness appear to be species-specific. In cases where females can remate such as seen 

in medflies (Ceratitis capitata (Diptera: Tephritidae)), it is suggested that sperm competition or 

female cryptic choice leads to a decrease paternity for any one male (Leftwich et al., 2012). 

Conversely, an increase in male courtship behavior due to competitive settings led to a reduction 

in remating probability for female housefly (Musca domestica (Diptera: Muscidae)) and 

increased the number of eggs laid in the first clutch along with higher offspring survivorship. 

Carrillo et al. (2012) speculate that male houseflies transfer accessory seminal products during 

mating which stimulate females to utilize the male’s sperm rather than remate. Another method 

by which males attempt to limit competition is by increasing copulation time and mate guarding 

(Clark, 1988; Otronen, 1996). However, there appears to be a threshold at which the type of 
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competition between males switches as the group sex-ratio becomes more male-biased. Among 

both vertebrate and invertebrates, there is an increasing trend in contest competition at sex-ratios 

between 1 to 2 males per female followed by a switch to scramble competition as male 

proportions increase past 2 males per female (Weir et al., 2011).  

An individual’s mating probability is directly related to the availability of potential mates and 

the abundance of individuals of the same sex. Either through male competition or cryptic female 

choice, a higher proportion of males within a group leads to a decrease in an individual male’s 

mating probability (Carrillo et al., 2012; Leftwich et al., 2012) and, conversely, a higher 

proportion of females within a group decreases an individual female’s mating probability (Guo 

et al., 2014). Male-biased sex ratios increase female mating probability and frequency in many 

insect species (Lauer et al., 1996; Punzalan & Rowe, 2013; Vahl et al., 2013). However, in some 

cases, female mating success is influenced by its age rather than group sex ratio (Makee & 

Saour, 2001).  

Group density also has varying effects on mating dynamics. An increased number of individuals 

causes an increase in remating opportunities and thus increases female fertility in some species 

(Parry et al., 2017). Males, however, seem adversely affected by density as increased crowding 

reduces their ability to form leks (Miyatake & Haraguchi, 1996) and increases inter-male 

fighting leading to a decrease in multiple matings (House et al., 2019). In addition to the role it 

plays in mating dynamics, group density can also affect females’ post-mating oviposition 

behavior. The presence and oviposition of conspecific females affect individual females’ own 

oviposition variably. In certain species, female crowding can increase the length of the 

preoviposition period (Ambrose et al., 1988) and ovipositional substrates with the presence of 

conspecific eggs may deter females (Elsensohn et al., 2021). However, these trends can be 

reversed in some species (Desurmont et al., 2014; Judd & Borden, 1992; Ulmer et al., 2003) 

such as the viburnum leaf beetle, Pyrrhalta viburni (Coleoptera: Chrysomelidae), where females 
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spent 21% less time searching and selecting an oviposition site when conspecific egg masses 

were present on twigs, thus reducing the preoviposition period (Desurmont et al., 2014).  

Although the effects of sex ratio and density can be observed separately, it is of interest to 

observe how these two demographic factors may interact to affect mating dynamics. When 

evaluated in interaction, sex ratio and density appear to affect mating dynamics variably 

depending on the taxa. For example, one eco-type of the isopod Asellus aquaticus (Isopoda: 

Asellidae) had an increased mating frequency in male-biased sex ratios but was not affected by 

density whereas another eco-type’s mating propensity was not affected by either of these factors 

(Karlsson et al., 2010). A higher proportion of mated females was observed when in high density 

conditions no matter the sex ratio in the almond moth, Cadra cautella (Lepidoptera: Pyralidae) 

(Sammani et al., 2020). However, for the same species, female copulation frequency increased 

in male-biased conditions no matter the density (Mcnamara et al., 2008). In two Drosophila 

(Diptera: Drosophilidae) species, female mating probability increased to a greater extent when 

exposed to high density and male-biased sex ratios (Vahl et al., 2013).  

True flies (order Diptera) display a broad range of mating systems, including the congregation 

of many individuals in mating swarms (Wilkinson & Johns, 2005). Swarming behavior is 

thought to increase mate encounter rates and mate choice opportunities (Downes, 1969). For 

example, Anopheles gambiae (Diptera: Culicidae) male mating success was observed to 

increase with swarm size (Diabaté et al., 2011). Within mating swarms, sex ratios typically tend 

to be male-biased, offering female flies increased mating opportunities. Females  typically join 

the swarm to mate and leave  once mated while males stay in the swarm (Downes, 1969). As a 

result, female flies’ mating success is influenced both by the aggregation’s density (as expressed 

by the number of individuals per unit volume) and male to female proportions (Rhainds, 2010). 

Additionally, along with being variable in terms of density, fly swarms vary in shape and height 

depending on the species, swarm marker (conspicuous object or location where swarms occur) 

and female behavior (Sullivan, 1981).  
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Among its diverse functions, swarming behavior can serve as reproductive isolation between 

diverged populations. When the swarming behavior of Anopheles gambiae and Anopheles 

coluzzii was investigated as potential reproductive isolation strategies in Burkina Faso, 

segregated swarms were found to be more common than swarms composed of both species and 

no inter-breeding was detected (Sawadogo et al., 2014). Similar swarm segregation, associated 

with different swarm markers, was observed in these species in Mali (Diabaté et al., 2009). The 

daily timing at which the swarms of these two species were formed appeared to further 

contribute to their reproductive isolation (Sawadogo et al., 2013). Studying swarms as mating 

systems thus has the potential to uncover gene flow barriers between populations. Considering 

the prominent and variable effects of density and sex ratio in mating system and swarming 

dynamics, different relative effect sizes of these variables on mating success and post-mating 

behavior may indicate differences in mating systems between populations. 

The seedcorn maggot, Delia platura (Meigen) (Diptera: Anthomyiidae) is currently recognized 

as an agricultural pest with a near cosmopolitan range and a high diversity of larval hosts, both 

living and dead (Griffiths, 1993). Being highly polyphagous, the larvae of D. platura will feed 

on many species of cultivated vegetables and field crops (Griffiths, 1993; Hough-Goldstein & 

Hess, 1984; Howard et al., 1994; Soroka & Dosdall, 2011). The seedcorn maggot can act as a 

primary or secondary invader of host plants and it can also complete its development in decaying 

organic matter (Finch, 1989). It is a member of the Seed Maggot Complex (SMC) along with 

Delia florilega (Zetterstedt) whose females are morphologically similar and larvae identical to 

those of D. platura (Brooks, 1951; Savage et al., 2016). In Ontario (Canada), mixed swarms of 

Delia platura and Delia florilega have been observed and although the identification of females 

to species was not positive, a much higher proportion of males was observed (Miller & 

McClanahan, 1960). 

Savage et al. (2016) identified two genetic clusters within D. platura, separated by a minimum 

p-distance of 4.45% for the barcoding gene COI (Folmer region), and exhibiting different 
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geographical distributions; the provisionally named H-line having a primarily Holarctic range 

while the N-line is restricted to the Nearctic and Central American regions. Eastern Canada 

currently appears to be the only region where these two lines overlap (Savage et al. 2016). 

Biological differences have also been reported in southwestern Québec, with Van der Heyden 

et al. (2020) showing that N-line larvae appeared in sampled crops almost 2.5 weeks before the 

H-line, and Savage et al. (2016) finding the H-line to be 2.5 times more abundant than the N-

line in cruciferous crops (Brassica) while the trend was reversed in onions (Allium).  

Since intraspecific distance for COI in muscoid flies, (including Delia) is typically below 2.5% 

(Renaud et al., 2012; Savage et al., 2016), and considering that other named cryptic species with 

distribution and/or life history differences typically exhibit less inter-specific distance (Derocles 

et al., 2016), we suspect that, in spite of their identical morphology, the two genetic lines of D. 

platura represent distinct biological entities. A better understanding of the biological attributes 

of the two genetic lines of D. platura is especially relevant considering that a vast body of 

regional literature has been produced on various aspects of the natural history and control of this 

pest species; data and recommendations based on local studies involving one line (or even a mix 

of both) may not be transferable to other settings or localities.  

The sterile insect technique (SIT) is a control method that has been successfully applied to other 

Delia species in Canada and abroad (Fortier, 2021; Ticheler et al., 1980). As the effectiveness 

of SIT relies on knowledge of certain characteristics including mating patterns and spatial 

distribution (Barclay, 2005; Ikegawa & Himuro, 2017; Oléron Evans & Bishop, 2014), we are 

especially interested in the mating habits of the two genetic lines. Hough-Goldstein et al. (1987) 

studied the effect of D. platura group size (density) and sex ratio on female insemination and 

fecundity (egg hatchability) and noted an increased proportion of inseminated females in male-

biased sex ratios while fecundity seemed unaffected by group composition. However, the 

authors did not assess whether the effect of sex ratio depended upon group size, and if it did, by 
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how much. Additionally, the identity of the genetic line(s) studied by Hough-Goldstein et al. 

(1987) remains unknown.  

As the H- and N- lines have only recently been identified, describing and comparing their mating 

systems will ensure that future experimental work on their life history traits and mating 

compatibility is properly designed to account for potential differences. The specific aim of our 

study was therefore to investigate the effect of group density and sex ratio, along with their 

interaction, on D. platura H- and N- line female mating probability, pre-oviposition period, and 

egg hatchability.  

2.4 Methods 

2.4.1 Delia platura colonies 

Colonies of the N- and H- lines of D. platura were established from wild flies collected in the 

Montérégie region of southern Québec (Canada) and maintained under constant conditions 

(20°C, RH 60%, 16:8 h L:D) at Collège Montmorency (Laval, QC, Canada) for approximately 

two years prior to the experiment. Wild gravid females were isolated in individual arenas and 

allowed to lay eggs on a substrate of soil and germinating bean seeds for approximately one 

week. Female COI haplotype was determined using a high-resolution melting PCR (HRM) 

assay following Van der Heyden et al. (2020) to determine the identity of their offspring. Each 

colony was thus established with the offspring of several females. HRM was also used to 

periodically test random individuals from each colony to ensure no cross contamination had 

taken place. Colonies were maintained with an artificial larval diet similar to Ishikawa et al. 

(1983)  and distilled water, an adult diet which consisted in a dry mixture of milk powder, icing 

sugar, autolyzed yeast extract, brewer’s yeast and soy flour in a 10:10:1:1:1 ratio, respectively, 

and a rutabaga (Brassica napus) oviposition site. 
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2.4.2 Experimental stocks 

Eggs from each main colony were harvested periodically (17 and 16 times for the N- and H- 

lines, respectively) over the course of 10 months and reared on artificial diet containers. 

Following 16-18 days of development, pupae were harvested, sieved with 1.7-mm mesh to 

remove small individuals, and placed in individual plastic vials to be used as adults for the 

experiment (see Figure S1 for explanation of sieve size choice). Voucher specimens were 

deposited in the Bishop’s University Insect Collection (Sherbrooke, QC, Canada). 

2.4.3 Experimental design 

A single experiment was conducted to evaluate the effect of group composition on female 

mating probability, egg hatchability and time to first fertile egg-laying (pre-oviposition period 

from here on). For the experimental design described below, each treatment was replicated 10 

times for each of the 2 lines. The treatments were composed of different group compositions, 

consisting of 4 sex ratios in either low or high density groups (hence, 8 treatments x 2 lines x 

10 replicates = 160 experimental units; Table 1). Groups were formed of individuals having 

emerged within 24 hours of each other and placed in a mating arena of approximately 1000 cm3 

(Figure S2).  Flies were supplied with distilled water via a dental wick and adult diet ad libitum. 

An ovipositional substrate consisting of a 2.0 to 2.5-g piece of rutabaga placed on damp filter 

paper was supplied and replaced every 2 days. 
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Table 1. Treatments for the sex ratio and density experiment 

Treatments (group compositions) tested for their effect on female mating probability, 

pre-oviposition period and egg hatchability in the N- and H- lines of Delia platura. 

Sex Ratio (♂:♀) Number of individuals (♂:♀) 

Low Density High Density 

1:1 1:1 16:16 

5:1 5:1 25:5 

10:1 10:1 30:3 

15:1 15:1 30:2 

 

2.4.4 Oviposition 

Starting from the day on which groups were formed (day 0), oviposition was evaluated every 

two days by transferring the eggs laid on the ovipositional site to a petri dish with a humid filter 

paper and counted. Each evaluation day, dead males were replaced with virgin males of variable 

age (average number of males replaced for each treatment is shown in Figure S3). If dead 

females were found, evaluation was cancelled, and another replicate of that group composition 

was formed as a replacement.  

2.4.5 Mating probability 

As soon as fertile egg-laying was confirmed, all females within a treatment replicate were 

euthanized (placed in a freezer at -20°C for approximately 24 hours). Females were then stored 

in 70% ethanol while awaiting dissection. To obtain a measure of the proportion of mated 
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females within the group (mating probability), all three spermathecae of each female within a 

group were dissected to confirm the presence of sperm masses (Avanesyan et al., 2017). 

2.4.6 Egg hatchability and pre-oviposition period 

Throne & Eckenrode (1986) observed nearly 100% egg hatchability following 2-3 days of 

development at 20°C for D. platura. The identity of the line involved in their study is unknown, 

however. To consider possible variation in egg developmental time between the lines, we 

evaluated egg hatchability (# of eggs hatched/ # of eggs laid) following six days of incubation 

in a petri dish. Eggs were deemed fertile if they had hatched. As oviposition was evaluated every 

two days, three additional egg-laying events were recorded between the first fertile egg-laying 

day and the end of the evaluation for each group, totaling four measures of egg hatchability once 

mating had occurred. If no fertile eggs were laid, evaluation ceased after 42 days. 

2.4.7 Statistical Analysis 

Some treatment replicates were lost due to sampling errors or dead females and had to be 

repeated, therefore not all treatments could be conducted following a formal randomized 

complete block design. As a result, replicate (block) ID was not included as a random variable 

in the following models, which were all fitted within the R environment (v.4.1.1; R Core Team, 

2021).  

2.4.7.1 Mating probability 

Female mating probability was modeled using a generalized linear model with a binomial error 

distribution and complementary log-log (cloglog) link function. D. platura line (N and H), 

density (high and low) and sex ratio (number of males per female) and their three-way 
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interaction were included as covariates. As the number of males inherently increases female 

mating probability (more males = more mating opportunity), the log(number of males) was 

included as an offset term. The model was fitted using the glmmTMB library (v.1.2.2; Brooks 

et al., 2017) and model diagnostics were inspected using the DHARMA library (v.0.4.3; Hartig, 

2021). 

2.4.7.2 Pre-oviposition period 

The length of the pre-oviposition period was modeled using a Cox proportional hazards model. 

Delia platura line (N and H), density (high and low) and sex ratio (number of males per female) 

and their three-way interaction were included as covariates. The model was fitted using the 

coxph formula within the survival library (v.3.2-13; Therneau, 2021). Model diagnostics were 

inspected using the cox.zph, ggcoxzph and ggcoxdiagnostics functions from the survminer 

library (v.0.4.9; Kassambara et al., 2021). 

2.4.7.3 Egg hatchability 

As the number of replicates with fertile egg laying were reduced by the number of replicates 

where mating did not occur (see Results section), we considered the effective number of 

replicates to be too low to represent the population and thus no inferential statistical analyses on 

egg hatchability were conducted. 
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2.5 Results 

2.5.1 Mating probability 

The overall mean proportion of mated females was 63.18% ± 40.21% (SD). The N-line had a 

higher proportion of mated females compared to the H-line along with an approximately 20% 

higher baseline mating probability (intercept; Figure 2A; Table S1). Whereas none of the 

females in the H-line 1:1 group mated, 40% of N-line females mated within the same treatment. 

At both low and high densities, the proportion of mated females of each line increased similarly 

with the proportion of males to females, reaching between 90 and 100% at a ratio of 10 males 

to 1 female for the N-line and around 60% for the H-line at the same ratio. 
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Figure 2. Effect of Delia platura line, density and sex ratio on mating success, pre-

oviposition period and egg hatchability 

Model predictions of effect of Delia platura line, density and sex ratio on proportion 

of mated females (A) and hazard ratio (HR) of pre-oviposition period (B). A higher 

HR indicates a shorter pre-oviposition period. Error bars depict 95% confidence 

intervals. C) Displays the raw data as raincloud plots of the proportion of eggs 

hatched as a function of group composition. Dashed lines depict overall average. 

Solid lines depict overall median. 8 treatments x 2 lines x 10 replicates = 160 

experimental units 
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2.5.2 Pre-oviposition period 

The overall mean of the pre-oviposition period was 9.60 ± 4.63 days with a mean of 9.38 ± 3.72 

and 9.88 ± 5.59 days for the N- and H- line, respectively. While the Cox proportional hazards 

model supported the fact that groups of N-line females generally laid a first fertile egg more 

rapidly (higher hazard ratio) than those of the H-line, the pre-oviposition period also varied with 

both the sex ratio and group size, yet differently between lines (Fig 2B; Table S1). Groups took 

more time to lay a first fertile egg (lower hazard ratio) in the low density treatments, yet in the 

N-line, the pre-oviposition period tended to decrease as the male to female sex ratio increased. 

In the high-density treatment, laying time increased with increasing sex ratios, especially for the 

N-line, which resulted in similar laying times for both density treatments at the highest male to 

female sex ratio. 

2.5.3 Egg hatchability 

Considerable variation in the proportion of eggs hatched was observed for the N-line (mean ± 

SD: 79.48% ± 26.91%). The overall median was 91.20%. Most group compositions’ medians 

did not deviate substantially from the overall median with the exception of the 1:1 group 

composition (Figure 2C). Only four effective replicates were obtained for this group 

composition which may explain the low median (75.68). The H-line had a similar overall mean 

proportion of eggs hatched compared to the N-line (mean ± SD: 84.69% ± 26.66%). The overall 

median for the H-line was 96.36% with no group compositions’ median deviating substantially 

from this value with the exception of the 1:1 group composition for which no eggs hatched after 

6 days of incubation (Figure 2C). No obvious trend in the proportion of eggs hatched was 

observed in relation to sex ratio or density in either the N or the H-line.  

 



 
 
 
 

  30 

2.6 Discussion 

The effect of group density and sex ratio on female mating probability, pre-oviposition period 

and egg hatchability was investigated for the N- and H- lines of D. platura. Female mating 

probability increased as the number of males per female increased for both lines but females 

from the N-line had a higher mating probability than those of the H-line under all treatments. 

The pre-oviposition period decreased as the ratio of males to female increased at low density 

only for the N-line while the opposite trend was observed at high density for both lines. These 

results suggest differences between the mating systems of these two lines, with the H-line 

females being choosier towards potential mates than those of the N-line. Egg laying dynamics 

were also different, with group composition having a stronger effect on the N-line. The 

differences in the mating system dynamics may result in reproductive isolation between the two 

lines of D. platura which may consequently affect future control methods such as the sterile 

insect technique which relies on mating compatibility between released individuals and the 

target population.  

2.6.1 Mating probability 

Within mating swarms, sex ratios typically tend to be male-biased, offering females increased 

mating opportunities. While females typically fly in to mate and promptly leave once mated, 

males stay in the swarms (Downes, 1969). Female mating probability was increased in both D. 

platura lines with increased male to female ratios rather than group density, a result congruent 

with trends observed in other arthropod species (Karlsson et al., 2010; Vahl et al., 2013). These 

trends also corroborate field observations of D. platura forming mating swarms (Miller & 

McClanahan, 1960; A. Bush-Beaupré unpublished). 

An increase in female mating probability under male-biased sex ratios could be due to an 

increase in male mating-related activity, such as locomotion (Bahrndorff et al., 2012)  and 
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courtship (Leftwich et al., 2012; Marie-Orleach et al., 2019). Although male-male interactions, 

and thus aggressions, are more likely to occur under male-biased sex ratios, thereby reducing 

male mating success (Enders, 1993), male-male competition in our group treatments for both 

genetic lines could have switched from interference (aggression) to scramble competition as the 

group sex ratio became increasingly male-biased (as reviewed in Weir et al., 2011).  

While male-biased sex ratios may cause an increase in female resistant behavior (Carrillo et al., 

2012) a decrease in such behavior may also be observed as male insistence increases (Lauer et 

al., 1996). If male insistence and female resistance are relevant factors in our study system, a 

lack of female resistance is a more probable explanation for the increased mating probability of 

females from both lines when exposed to male-biased sex ratios. Indeed, if female resistance 

had increased to the point of overcoming male insistence, mating probability would have 

decreased. This may be particularly true for the N-line as mating probability plateaued near 

100%. However, mating probability plateaued at around 60% for H-line females which may be 

considered as evidence of an increase in female resistance proportional to the overall increase 

in male insistence assuming that male-male competition did not hinder their mating behavior. 

It is, however, possible that male behavior may not have been the defining factor in the mating 

interactions we observed. The increase in female mating probability could simply be due to an 

increase in the number of available males to choose from, a main characteristic of swarming 

behavior (Downes, 1969). Female mate choice can be affected by multiple factors. For example, 

males in mating pairs tended to be larger than males sampled at random in swarms of the mayfly 

Epeorus longimanus (Ephemeroptera: Heptageniidae) (Flecker et al., 1988), and in the yellow 

dung fly, Scathophaga stercoraria (Diptera: Scathophagidae) (Otronen, 1996), larger males 

copulated and mate-guarded more under male-biased sex ratios. Even though we sieved pupae 

with 1.7-mm mesh for our experimental stocks, this did not entirely eliminate size variability. 

Females of both D. platura lines could therefore have chosen the larger male to mate with if 
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they were more successful in winning male-male competitions as observed in the olive fruit fly, 

Bactrocera oleae (Diptera: Tephritidae) (Benelli et al., 2016).  

The low proportions of mated females in our smallest group composition (1 male and 1 female) 

were unexpected, especially for the H-line where no mating occurred within 42 days in all 10 

replicas compared to 4 out of 10 mated females for the N-line. This result is surprising as females 

remaining unmated even in the presence of a male would appear to be disadvantageous. 

However, lifelong female virginity is not uncommon. According to a review by Rhainds (2019), 

a higher rate of lifelong virginity is observed in females that are flightless, short-lived, choosy, 

small, and that have a long pre-reproductive maturation period (when coupled with a high rate 

of mate encounters leading to an increased rate of mating rejection). Lifetime female virginity 

is also affected by reproductive asynchrony, female-biased sex ratios, low population density at 

a large scale (Allee effect), and high population density at a fine scale (signal jamming). In our 

study, D. platura females could fly, were relatively large and long-lived (over 42 days), and 

some had a short pre-oviposition period (minimum of 6 days). Furthermore, the long duration 

of the experiment mitigated the potential effects of reproductive asynchrony, the sex ratio in the 

low-density treatment was not female-biased, the size of the arena likely negated a putative 

Allee effect, and fine scale population density was low. These facts suggest that H-line females 

are choosy towards the male with which they mate. The long duration of the trial additionally 

enforces this supposition as females are predicted to reduce their choosiness as they age as so 

to ensure fertilization during their lifetime (Kokko & Mappes, 2005). As 6 out of 10 N-line 

females remained unmated in this group composition, it may be suggested that females of this 

line are also choosy but to a lesser extent than H-line females. While the results obtained here 

suggest high mate selectivity in H-line females, this choosiness was not explicitly evaluated. As 

such, laboratory experiments in which females are offered a choice between males with different 

trait values (such as size or wing length) are needed to support or refute this hypothesis.   
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It is pertinent to note, however, that dense swarms (exceeding the volume of the arenas used in 

our experimental treatments) were frequently observed in the main colony cage of the H-line 

but never witnessed for the N-line (A. Bush-Beaupré, pers. obs.). It is hence possible that the 

arena size was too small to allow H-line males to form a swarm thus leading to a low mating 

probability. Additionally, it is likely that the single male in the 1 male with 1 female group 

treatment was not stimulated into courtship due to a lack of other males with which to form a 

swarm.A similar study conducted on D. platura by Hough-Goldstein et al. (1987) investigated 

the effect of group composition on mating dynamics and reported a mating probability of around 

70% in a 15:15 male:female group composition as well as some successful mating in their 1:1 

treatment. These results are highly congruent with those reported here for the N-line and while 

the authors did not deposit voucher specimens or specify the capture locality of their founding 

stocks, we suspect that they worked with that genetic line. Considering that the two lines of D. 

platura differ in their mating systems (and possibly other biological traits), there are clear 

limitations to the extrapolation and application of results obtained in studies where the line(s) 

identity was not determined and voucher specimens unavailable for a posteriori determination. 

We therefore recommend that future work on D. platura involves the determination of the 

genetic line(s) under study 

2.6.2 Pre-oviposition period 

In both D. platura lines, the fastest fertile oviposition (highest hazard ratio; Fig. 2B) was 

observed in the 16:16 group composition. A decrease in the time to first fertile oviposition was 

observed as the number of females within a group increased at high densities for both lines 

whereas in the low-density treatment, the delay to first fertile egg seemed to decrease slightly 

as the number of males per female increased for the N-line. Although a higher number of 

females could have increased the probability that females with an intrinsically faster rate of 

oviposition were present in the group, the difference in the pre-oviposition period between the 

two lines suggests that this was not the main factor affecting the speed at which females lay 
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their first fertile eggs. Additionally, if the preoviposition period was fully explained by the 

number of females within a group, we would expect a much shorter preoviposition period in the 

group with 16 females compared to the group with only 5 which was not the case for either line 

in our study. As such, the total number of females within a group does not fully explain the rate 

at which they lay their first fertile eggs.  

The presence and oviposition of conspecific females can have different effects on oviposition 

behavior depending on the group. For certain species, female crowding can increase the 

preoviposition period (Ambrose et al., 1988) and ovipositional substrates with the presence of 

conspecific eggs may deter females (Elsensohn et al., 2021). However, opposite trends can be 

observed depending on the species (Desurmont et al., 2014; Judd & Borden, 1992; Ulmer et al., 

2003). In our study, the group with the most females (16:16) had the shortest pre-oviposition 

period in both lines. In the viburnum leaf beetle, Pyrrhalta viburni, females spent 21% less time 

searching and selecting for an oviposition site when conspecific egg masses were present on 

twigs, thus reducing the preoviposition period (Desurmont et al., 2014). Since we included a 

single oviposition site per experimental arena regardless of treatment, the presence of 

conspecific eggs may have been one of the factors explaining the shorter pre-oviposition period 

we observed at high densities in the two lines of D. platura.  

Since neither of the D. platura lines laid fertile eggs before the interval of day 4 and 6, we can 

infer that ovipositional maturity was reached within the first 4-6 days of their lifespan. This 

result is comparable to the preoviposition period measured in the closely related Delia florilega 

(6.5 days) (Kim & Eckenrode, 1987). The average preoviposition period for both lines of D. 

platura was approximately 10 days, concurring with results obtained by McClanahan & Miller 

(1958), which ranged between 10 and 20 days. The minimum length of the preoviposition period 

observed here (between 4 and 6 days) suggest that the absence of oviposition reported by 

Mlynarek et al. (2020) for D. platura females aged 2-4 days exposed to different developmental 

stages of onion (Allium cepa) for 48 hours in a no-choice experiment was not due to a rejection 
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of the oviposition substrate but caused instead by the selection of females that had not yet 

reached ovipositional maturity.    

2.6.3 Egg hatchability 

Group composition has been known to influence egg hatchability. For example, in the flea 

beetle, Agasicles hygrophila (Coleoptera: Chrysomelidae), hatchability was highest when the 

group composition consisted of 66% female proportions (Guo et al., 2014) whereas in Musca 

domestica, it was highest in male-biased sex ratios (Carrillo et al., 2012). In three out of four 

blowfly species (Diptera: Calliphoridae) Parry et al. (2017) found an increase in egg hatchability 

when increasing group density. However, the examples listed above are all species in which 

remating is possible and so, group composition likely affected remating opportunities and thus 

egg hatchability. Delia platura is generally thought to mate only once like its close relative the 

onion maggot (Delia antiqua) (as Hylemya antiqua in Martin & McEwen, 1982). Egg 

hatchability can also reflect a female’s mate choice as higher quality males could confer a higher 

egg hatchability (McLain, 1998). However, no obvious trend in egg hatchability was observed 

between group compositions for either line of D. platura, which reinforces the assumptions that 

either mating occurs only once in females of both lines or that female mate choice does not 

affect egg hatchability. 

2.6.4 Reproductive compatibility & isolation 

The group composed of 30 males and 2 females had the highest mating probability for the H-

line. As this group composition also had a high mating probability for the N-line, and to take 

into account the possible involvement of male activity in the mating dynamics (Bahrndorff et 

al., 2012; Carrillo et al., 2012; Enders, 1993; Lauer et al., 1996; Leftwich et al., 2012; Marie-

Orleach et al., 2019; Weir et al., 2011), inter-line crosses should be conducted with a 30:2 group 

composition to evaluate the reproductive compatibility of the two lines of D. platura. 
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Considering that H-line females appear highly selective for the male with which they mate, they 

could be better at discriminating heterospecifics than the N-line, thereby reducing the 

probability that female H- and male N-line crosses would occur even if the lines are genetically 

compatible. 

As our results suggest that the mating systems differ slightly between the N- and H-lines (with 

H-line females being more selective), mating behavior could be a form of reproductive isolation 

between the two lines, at least under laboratory conditions. Further field studies should therefore 

be carried out in localities where the two lines of D. platura co-occur to determine if levels of 

physical and temporal segregation in swarms are as high as those reported for other swarming 

insects (Diabaté et al., 2009; Savolainen et al., 1993; Sawadogo et al., 2014). 

2.6.5 Applications 

The results we obtained highlight the need to further investigate differences in biological and 

behavioral traits of the two lines of D. platura. Such trait differences may indeed influence the 

methods required for efficient control of either line in crop productions. Considering that mating 

is optimal in male-biased groups for both lines of D. platura, control methods such as the sterile 

insect technique or the release of individuals carrying pathogens, must take into account the 

high degree of sexual selection present in such group contexts (Cator et al., 2020), especially 

considering the high degree of choosiness of H-line females. As such, special care must be taken 

to ensure that released males will join and compete within swarms (Hassan et al., 2014; 

Hendrichs et al., 2002) and be attractive to females (Shelly et al., 1994). Future studies should 

determine the localities that are conducive to swarm formation for the two D. platura lines along 

with the capability of released sterile males to join and compete within these along with being 

selected by natural females. 
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2.9 Supplementary material 

 

 

Figure S1. Rationale for mesh size used for sieving Delia platura pupae 

Pupal weight (left panel) and pupal diameter of ‘normal’ weight pupae for the H- 

and N- lines of D. platura. ‘Normal’ pupal weight was calculated as the inter-

quartile range (salmon portion of distribution, left panel). Pupae with weight 

corresponding to this range were measured at the wider-most region of pupal casing 

to obtain a distribution of pupal diameters (right panel). The green line represents 

the mesh size for the sieve used to remove the smaller individuals from the 

experiments. 

As small individuals tend to have decreased mating success (Benelli et al., 2016; Rhainds, 

2019), we aimed for removing smaller individuals from both D. platura lines in an attempt to 

control for size effects on mating probability. To determine the mesh size required to sieve out 

the smaller pupae of both lines, we measured the diameter of pupae of ‘normal’ weight 

(interquartile range; Sup. Fig. 1 left panel; pupal weight data supplied by F. Fournier). We then 
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chose an available mesh size (1.7mm) closest to the minimal pupal diameter of both lines (Sup. 

Fig. 1 right panel). While this mesh size was successful in retaining all ‘normal’ size pupae for 

the N-line, it eliminated some of the smaller H-line pupae of ‘normal’ size. As such, by retaining 

only a larger proportion large H-line pupae, we would expect a higher and less variable mating 

success within this line. However, we observed the opposite trend; H-line females had a lower 

mating probability than N-line females. Thus, sieving a greater proportion of small-sized H-line 

individuals further enforces the amplitude of the effect of sex ratio and density measured in our 

study. 
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Figure S2. Arena used in the group sex ratio and density experiment 

Arena used to evaluate the effect of group sex ratio and density on mating 

probability, pre-oviposition period and egg hatchability for the H- and N- lines of 

D. platura. 
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Figure S3. Average (± SD) number of dead males replaced for each treatment of the group 

sex ratio and density experiment 

Average (± SD) number of dead males replaced for each treatment evaluating the 

effect of group sex ratio and density on mating probability, pre-oviposition period 

and egg hatchability for the H- and N- lines of D. platura. A higher number of 

substituted males did not correspond proportionally to the size of the effects 

observed in the mating probability and pre-oviposition period analyses. 
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Table S1. Output of statistical analyses for sex ratio and density experiment 

Estimates/Hazard ratios and corresponding 95% confidence intervals (CI) of the 

effects of D. platura line (H and N), group sex ratio, group density and their 

interactions on mating probability (Generalized Linear Model) and pre-oviposition 

period (Cox Proportional Hazards).  8 treatments x 2 lines x 10 replicates = 160 

experimental units 

 

  Mating Probability Pre-oviposition Period 

Predictors Estimate CI (95%) Hazard Ratio CI (95%) 

Intercept 0.02 0.02 – 0.03 
  

Genotype (H-line vs N-line) 3.20 2.30 – 4.45 2.54 1.17 – 5.54 

Sex Ratio 1.05 1.00 – 1.09 0.96 0.90 – 1.04 

Density (High vs Low) 10.29 3.83 – 27.66 0.07 0.03 – 0.20 

Genotype * Sex Ratio 0.96 0.91 – 1.02 0.94 0.86 – 1.03 

Genotype * Density 0.60 0.16 – 2.28 0.90 0.24 – 3.31 

Sex Ratio * Density 0.87 0.78 – 0.97 1.13 1.01 – 1.26 

Genotype * Sex Ratio * Density 1.15 0.94 – 1.41 1.09 0.94 – 1.25 

R2 marginal   0.393      0.434 

 

 

 

 



 
 
 
 

 

 



 
 
 
 

 

CHAPTER 3 

REPRODUCTIVE COMPATIBILITY OF TWO LINES OF DELIA PLATURA 

(DIPTERA: ANTHOMYIIDAE) 

Authors: Allen Bush-Beaupré, Marc Bélisle, Anne-Marie Fortier, François Fournier, Andrew 

MacDonald, Jade Savage 

3.1 Context and author contributions 

Now that more knowledge on the mating dynamics of the N- and H- lines has been acquired, 

we are in a better position to test their reproductive compatibility. This article aims to do so by 

evaluating the following proxies of reproductive compatibility: inter-line mating success, egg 

hatchability, hybrid survival, hybrid developmental time, hybrid pupal weight and hybrid adult 

sex ratio. Such proxies allow us to infer on the mechanisms of isolation between the lines if such 

exist. These mechanisms include pre-mating, post-mating pre-zygotic and post-zygotic 

isolation. Jade Savage, Marc Bélisle, François Fournier, Anne-Marie Fortier and myself were 

involved in the conceptualization of the study. I executed the entirety of the data collection with 

logistical support from the staff at Collège Montmorency. Andrew MacDonald guided the 

statistical analysis of hybrid developmental time in a Bayesian framework from start to finish 

while I did the other statistical analyses with feedback from Marc Bélisle. Jade Savage and Marc 

Bélisle provided feedback to the original drafts. This article is to be submitted to the Ecology 

and Evolution journal in the upcoming year.   

3.2 Abstract 

Accurate identification of agricultural pests is a major component of integrated pest 

management. The seedcorn maggot, Delia platura (Diptera: Anthomyiidae), is a cosmopolitan 
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polyphagous pest species which may be found in high numbers in numerous crops. Two 

morphologically identical genetic lines of D. platura (H- and N- lines) with distinct distributions 

were recently identified. However, no study to date has investigated the reproductive 

compatibility of the two lines and thus the possibility that the two lines may actually be two 

unique biological entities. A previous study described the reproductive traits of the two lines 

and suggested that H-line females are highly selective towards the male with which they mate, 

pointing to a possible pre-mating isolation mechanism between the lines. Using laboratory-

reared colonies originating from the Montérégie region in Québec, this study investigates the 

reproductive compatibility of the two D. platura lines. We found that only 3% of H-line females 

mated with an N-line male, further suggesting mate choice as a pre-mating isolation mechanism 

between the lines. However, N-line females readily mated with H-line males, suggesting a lack 

of pre-mating isolation in this type of cross. The eggs laid by N-line females mated with H-line 

males had a lower hatching rate than the ones laid by females of intra-line crosses suggesting 

either post-mating pre-zygotic or post-zygotic partial isolation. However, the larvae that did 

hatch had a comparable developmental success to the progeny intra-line crosses in terms of 

survival and developmental time from larval hatching to adult emergence, pupal weight and 

adult sex ratio suggesting a lack of post-zygotic isolation for these life stages. Considering the 

different biological traits of the two lines, we suggest the use of the ‘biotype’ terminology to 

designate the two biological entities and discuss their implications for integrated pest 

management.  

3.3 Introduction 

Over the years, the concept of a species has been periodically redefined (Darwin, 1859; 

Dobzhansky, 1937; Mayr, 1942; Van Valen, 1976). Mayden (1997) reported 24 variations of 

the definition, displaying the transformation and, to a certain point, subjectivity of the ‘species’ 

concept and terminology. Special care must therefore be applied to avoid following a specific 

concept, which delimitates species using standards intrinsic to its own philosophy, often 



 
 
 
 

  53 

conflicting with other concepts. While the conceptualization of what defines a species is relevant 

to fundamental or taxonomical issues, the study of diverged biological traits and degree of 

reproductive isolation between populations can also have a bearing in some applied contexts. 

For instance, subpopulations of a named insect pest species may differ in their biological traits, 

having major implications in their management (Gomi et al., 2003). Regardless of the precise 

definition of what a species actually is, delimitation analyses between populations are strongest 

when assessing both genetic and ecological lines of evidence and their congruence (Carstens et 

al., 2013). The process of insect speciation is best understood when first studying the 

evolutionary processes that lead to the evolution of speciation phenotypes (phenotypes 

susceptible to reducing gene flow among populations). The genetic architecture of such 

phenotypes and how they influence gene flow patterns must then be determined along with the 

relationship between their divergence and species boundaries (Mullen & Shaw, 2014). During 

the process of species delimitation, biological differences between populations may be 

uncovered and, while taxonomical status may yet be determined, terminologies such as 

‘biotype’ may be designated to such populations to emphasize their biological differences (Diehl 

& Bush, 1984). Such designation may serve the agronomic community and guide future research 

on control methods tailored to each biotype. 

For populations to separate in their evolutionary paths, they must diverge through some form of 

isolation. When populations are geographically isolated (both in allopatry and peripatry), 

divergence may occur through genetic drift (random allelic fluctuations) and founder events 

(new population with less genetic variation formed from a subset of a larger population) (Coyne 

& Orr, 2004). When two populations share the same environment (sympatry), sexual selection 

is one mechanism that plays a role in the divergence process. In this case, females exhibiting 

strong selection for mates with certain traits will lead to the persistence of the genes associated 

with these traits (Lande, 1981). This form of selection is generally one-sided, with one sex’s 

mating preference shaping the genetic composition of the other. However, in polyandrous 

insects, the two sexes may be under opposite selective forces. Males with highly competitive 

sperm and the ability to reduce females’ mating frequency will be at an advantage while these 
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traits may reduce the fitness of the females in question (sexual conflict). Indeed, Arnqvist et al. 

(2000) found a much higher level of speciation in polyandrous insect clades compared to the 

monandrous ones, emphasizing the role of sexual conflict in the divergence of populations. In 

phytophagous insects, another divergence mechanism is ecological speciation, where adaptation 

to different host plant(s) contributes to the isolation of species through various processes, such 

as habitat isolation, immigrant unviability, temporal isolation, sexual isolation, intrinsic and 

extrinsic F1 unviability, and sexual selection against hybrids (Matsubayashi et al., 2010). 

Selective pressure may be stronger on traits that are not morphological, leading to the evolution 

of cryptic species (Bickford et al., 2007). Janzen et al. (2017) estimated that using a combination 

of DNA barcoding and ecological traits would reveal 10-20% more species than when solely 

relying on morphological identification. Using DNA barcoding combined with microscopic 

morphological analysis, geographic distribution and host associations is a common method for 

elucidating cryptic species (Foottit & Maw, 2018; Kanturski et al., 2018; Lee et al., 2015; Théry 

et al., 2018). Cryptic species from multiple insect orders including Diptera, Hemiptera, 

Mantodea, and Thysanoptera continue to be described in recent works (Acharya et al., 2020; 

Adler et al., 2020; do Nascimento et al., 2020; Jacobson et al., 2016; Minard et al., 2017; Moulin, 

2020).  

Following divergence, populations may have evolved certain traits linked to reproduction such 

that inter-breeding is impeded when they come into contact. These barriers to gene flow are 

apparent through pre-mating, post-mating pre-zygotic, and post-zygotic isolation factors (Coyne 

& Orr, 2004). Multiple forms of reproductive isolation may thus occur between two populations, 

with weak effects when observed individually but resulting in a stronger isolation effect when 

combined (Matsubayashi & Katakura, 2009). However, this is not always the case; apparent 

gene flow barriers do not amount to complete isolation between ecotypes of the walking sticks, 

Timema cristinae (Nosil, 2007). 
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Pre-mating isolation between two populations can involve a wide variety of mechanisms. For 

two individuals to mate, they must recognize one another as being part of compatible 

populations. One sensory modality involved in mate recognition is the use of visual cues, 

exemplified by males of a lycaenid butterfly species, Lycaeides idas (Lepidoptera: Lycaenidae), 

discriminating conspecific females from L. melissa females before initiating courtship (Fordyce 

et al., 2002). Audio cues can also be used to recognize conspecifics. Two recently named species 

of stoneflies that do not show signs of inter-breeding, Zwicknia bifrons and Z. westermanni 

(Plecoptera: Capniidae), were found to have very distinctive calls and showed no response to 

calls from heterospecifics (Boumans & Johnsen, 2014). The chemosensory system can also play 

an important role in mate recognition through responses to sex pheromones and cuticular 

hydrocarbons (CHCs) (Smadja & Butlin, 2009). In Northern France where the range of two 

pheromone races of the acorn moth, Cydia splendana (Lepidoptera: Tortricidae), overlap, their 

response to different isomers of 8, 10-dodecadien-1-yl acetate promotes sexual isolation 

between heterospecifics (Bengtsson et al., 2014). In Drosophila (Diptera: Drosophilidae), CHCs 

vary greatly between populations and within individuals and are believed to have a major 

involvement in the courtship process (Ferveur, 2005). Thus, mate recognition and 

discrimination are major components of pre-mating isolation. Other mechanisms of pre-mating 

isolation include allochronic isolation, where the timing of life history traits differs between 

populations such as different timing of adult emergence from puparia (Hippee et al., 2016) or 

mating times (Miyatake et al., 2002). Mechanical incompatibilities due to differences in genital 

morphology may also contribute to pre-mating isolation (Nava-Bolaños et al., 2017; Sánchez-

Guillén et al., 2012). 

In the event that copulation between members of two populations occurs, hybridization is not 

an obligate result. Post-mating, pre-zygotic isolation can occur through differences in internal 

genital morphology between heterospecific sexes, either through mechanical incompatibility, 

interactions with sensory mechanisms (Masly, 2012), or through inappropriate behavior by 

either sex during copulation which may lead to sperm transfer failure (Buellesbach et al., 2014). 

While post-mating pre-zygotic isolation is still a developing area of research, many studies have 
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also demonstrated the involvement of seminal fluid proteins in egg fertilization failure and 

defective sperm storage (Ahmed-Braimah, 2016; Garlovsky et al., 2020; Hill et al., 2021; Larson 

et al., 2012; Marshall et al., 2009).  

The formation of a hybrid is still not a guarantee for reproductive compatibility between 

populations. Post-zygotic isolation mechanisms include reduced hybrid viability where hybrids 

may differ from their parental populations in terms of decreased survival (dos Santos et al., 

2001), differential developmental time (Ording et al., 2010) and offspring weight (Nakakita & 

Imura, 1981). Additionally, Haldane’s rule predicts that hybrids of the heterogametic sex will 

typically suffer from reduced performance in terms of development through various 

mechanisms (reviewed in Laurie, 1997). As such, hybrid offspring sex ratio may be biased 

towards the homogametic sex (Gibson et al., 2013; Phadnis et al., 2015). Post-zygotic isolation 

also manifests in the form of hybrid suppression where hybrids may succumb to disruptive 

sexual selection through strong assortative mating (Naisbit et al., 2001; Tadeo et al., 2018). The 

genetic inheritance pattern of host preference and performance may also cause hybrids to prefer 

laying eggs on hosts on which the larvae will experience reduced survival (Forister, 2005). Thus, 

multiple mechanisms may impede hybridization between populations. 

While isolating mechanisms between populations are both diverse and numerous, they can also 

be incomplete, allowing gene flow to occur under certain circumstances. In the animal kingdom, 

hybridization between insects is the most frequently observed (Schwenk et al., 2008). Such 

hybridization may facilitate colonization in new environments (Andersen et al., 2019) and/or 

increase resistance to pest management methods (Anderson et al., 2018), two processes that may 

result in new or more intense agricultural pest outbreaks (Corrêa et al., 2019). It is thus crucial 

to investigate hybridization potential between populations and monitor the ensuing hybrids in 

the field to develop control methods tailored to the targeted population. For example, a few 

years after the Old-World bollworm, Helicoverpa armigera (Lepidoptera: Noctuidae) was 

reported in South America, evidence of hybridization with the New World bollworn, H. zea 
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appeared from the field. Such hybrids were found to have a large diet breadth and tolerance 

towards pyrethroid insecticides and Bt proteins thus increasing crop damage potential  

(Anderson et al., 2018). 

While synthetic pesticides are often employed to manage pest populations, their toxicity to non-

target organisms (DeLorenzo et al., 2001; Wigle et al., 2009), the environment (Ritter, 1990; 

Taiwo, 2019) and human health (Perry, 2008; Wigle et al., 2009) is well known. There is thus a 

need to develop alternative methods to control insect pests. These methods, such as the sterile 

insect technique (Ahmad et al., 2018; Pereira et al., 2007) or species-specific biological control 

agents (Davidson & Chandler, 2005; Eilenberg & Jensen, 2018; Jensen et al., 2006) are specific 

to the target species and thus rely on accurate identification of the pest in question. 

The seedcorn maggot, Delia platura, (Meigen) (Diptera: Anthomyiidae) is an agricultural pest 

with a high diversity of larval hosts including commonly cultivated vegetables and field crops 

(Griffiths, 1993; Hough-Goldstein & Hess, 1984; Howard et al., 1994; Soroka & Dosdall, 2011). 

Two morphologically identical genetic clusters (H- and N- line) have been identified within D. 

platura (Savage et al., 2016). The two clusters are separated by a minimum p-distance of 4.45% 

for the barcoding gene COI (Folmer region) and exhibit different geographical distributions; the 

H-line displays a Holarctic while the N-line displays a Nearctic distribution with Eastern Canada 

being the only region of overlap, which suggests signs of divergence. In southwestern Québec, 

the two lines display evidence of allochronic isolation with N-line larvae appearing in sampled 

crops almost 2.5 weeks before the H-line (Van der Heyden et al., 2020) and ecological isolation 

with the N-line being 2.5 times more abundant than the H-line in onions (Allium) while the trend 

is reversed in cruciferous (Brassica) crops (Savage et al. 2016). No differences have been 

detected in either male or female external genitalic structures, and it therefore appears unlikely 

that mechanical isolation occurs between the two lines. However, as H-line females appear to 

be highly selective towards the male with which they copulate, mate discrimination may be a 

relevant mechanism in pre-mating isolation between the lines (Chapter 2). As intraspecific 
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distance for COI in muscoid flies, (including Delia) is typically below 2.5% (Renaud et al., 

2012; Savage et al., 2016), we suspect that the two genetic lines of D. platura may in fact be 

two cryptic species. 

As Québec is one of the few Canadian provinces where the two D. platura lines’ distribution 

overlap, crops grown in this area are susceptible to damages caused by both lines. However, the 

trends reported by Savage et al. (2016) suggest differences in the potential relative damage 

contribution by either line depending on the crop.  Given that accurate pest identification is 

crucial for targeted pest control methods, determining of the degree to which the H- and N-lines 

are isolated is needed to develop effective control methods tailored to each line and applied to 

crops susceptible to their infestations. Here, we evaluate the mating compatibility of the H- and 

N- lines of D. platura with respect to possible pre-mating, post-mating pre-zygotic, and post-

zygotic isolation mechanisms. 

3.4 Methods 

3.4.1 Delia platura colonies & experimental stocks 

Colonies of the N- and H- lines of D. platura were established following Chapter 2. Eggs from 

each main colony were harvested periodically (10 and 9 times for the N- and H- lines, 

respectively) over the course of 10 months and reared on artificial diet containers. Following 

16-18 days of development, pupae were harvested, sieved with 1.7-mm mesh remove small 

individuals, and placed in individual plastic vials to be used as adults for the experiment. 

Voucher specimens were deposited in the Bishop’s University Insect Collection (Sherbrooke, 

QC, Canada). 
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3.4.2 Experimental design 

3.4.2.1 Inter- and intra-line crosses 

Crosses within and between the two D. platura lines were conducted using a group composition 

of 30 males to 2 females to maximize female mating probability (Chapter 2). Treatments 

consisted of intra-line crosses (H-line males with H-line females and N-line males with N-line 

females), serving as controls, and inter-line crosses (H-line males with N-line females and N-

line males with H-line females). Groups were formed of individuals having emerged within 24 

hours of each other and placed in a mating arena of approximately 1000 cm3 (picture of arena 

in Figure S5). Flies were supplied with distilled water via a dental wick and adult diet ad libitum 

(see Chapter 2 for details). An ovipositional substrate consisting of a 2.0 – 2.5 g piece of 

rutabaga placed on damp filter paper was supplied and replaced every 2 days for 30 days (see 

below). Eighteen and 17 replicates of the H-line and N-line intra-line crosses were conducted, 

respectively, along with 15 replicates for both inter-line crosses. 

3.4.2.2 Mating probability 

Once oviposition evaluation ceased (see below), all females within a treatment replicate were 

euthanized (placed in a freezer at -20° C for approximately 24 hours). Females were then stored 

in 70% ethanol while awaiting dissection. To obtain a measure of the proportion of mated 

females within the group (mating probability), all three spermathecae of each female within a 

group were dissected to confirm the presence of sperm masses (Avanesyan et al., 2017). A 

female was deemed mated if at least one of its spermathecae contained sperm. 
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3.4.2.3 Oviposition, egg hatchability and pre-oviposition period 

Starting from the day on which groups were formed (day 0), oviposition was evaluated every 

two days by transferring the eggs laid on the ovipositional site to a petri dish with a humid filter 

paper and counted. As per Chapter 2, we evaluated egg hatchability (# of eggs hatched/ # of 

eggs laid) following 6 days of incubation in a petri dish. Eggs were deemed fertile if they had 

hatched. In Chapter 2, we determined that the pre-oviposition period for both lines was found 

to be 10 days on average. As such, to allow ample time for mating to occur and obtain 

representative sample size of egg hatchability, oviposition evaluation ceased after a standardized 

period of 30 days. Each evaluation day, dead males were replaced with virgin males aged 

between 1 and 10 days (average number of males replaced for each treatment is shown in Figure 

S4). Dead females were not replaced to avoid bias measurements of the pre-oviposition period. 

All females survived beyond 10 days for each replicate. 

3.4.2.4 Hybrid Development 

To evaluate various proxies of progeny developmental success (described below), larvae 

hatched within 24 hours were transferred as a group of varying density (Table 2) to a plastic 

container containing approximately 35g of artificial diet (described in Chapter 2). Previous 

similar experiments had shown 35g to be a generous amount of artificial diet for the 

development of the number of larvae tested in this experiment (Villeneuve, M.-A., pers. com.). 

A 2-cm² square was cut out from the lid and covered with fine mesh to allow for air circulation. 

Starting from the day on which groups were formed (day 0), development was evaluated every 

2 days. Evaluation consisted of searching through the artificial diet to retrieve pupae if they were 

formed. If pupae were found, they were weighed and transferred to individual plastic vials to 

monitor their development until adult emergence. Evaluation ceased after 30 days for both the 

larval and pupal stages (total 60 days). After this period, individuals that had not pupated or 



 
 
 
 

  61 

emerged as adults were considered dead and thus a measure of survival for the larval and pupal 

stages was obtained. Emerged adults were sexed to measure adult sex ratio. 

Table 2. Sample sizes to evaluate hybrid Delia platura development 

Sample sizes for the evaluation of offspring development parameters from crosses 

between and within the H- and N- lines of Delia platura. The development of N x H 

cross offspring was not evaluated as no offspring were obtained from this cross (see 

Results section). 

Cross type (male x female line) H x H H x N N x N 

Number of crosses sampled 12 12 13 

Mean larvae/cross 20 16 21 

Min & max larvae/cross 9 – 30 8 – 30 9 - 30 

Total larvae evaluated (developmental time & 

survival) 

243 197 280 

Total pupae weighed 120 140 163 

 

3.4.3 Statistical analysis 

3.4.3.1 Mating probability 

Female mating probability was modeled using a Generalized Linear Model with a binomial error 

distribution and complementary log-log (cloglog) link function. Cross type (H x H, N x N, H x 

N, N x H (male line x female line)) was used as a covariate with the H x N cross as the baseline 

group. Female and male lot ID were initially included in the model as random variables to 

control for the variance in mating probability between lots. However, these variables had a small 

variance (1.421e-11 and 8.406e-10 for female and male lot ID, respectively) and hindered model 

fit. These two variables were thus removed from the model. As some females did not survive 

for the entire 30-day oviposition evaluation period, female mating probability was partly 
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influenced by survival probability. To take this into account, a measure of female-days was 

obtained (number of females still alive per evaluation day) and included in the model as an offset 

term (log(total female-days)). The model was fitted using the glmmTMB library (v.1.1.2; 

Brooks et al., 2017) and model diagnostics were inspected using the DHARMA library (v.0.4.3; 

Hartig, 2021) within the R environment (R Core Team, 2021). 

3.4.3.2 Egg hatchability 

The proportion of eggs hatched from the number of eggs laid was modeled using a Generalized 

Linear Mixed Model with a binomial error distribution and complementary log-log (cloglog) 

link function. As nearly no fertile eggs were laid by females in the N x H cross (see results 

section), only the three other types of crosses were included as covariates with the H x N cross 

as the baseline group. In this model, however, female and male lot ID were found to have a 

substantial variance and improved model fit and were thus included as random variables. 

Following the same logic as in the female probability model, log(total female-days) was 

included as an offset term. Model fitting and diagnostics were performed with the previously 

mentioned R libraries. 

3.4.3.3 Pre-oviposition period 

The time (in days) until the first fertile eggs were laid in each group was modeled using a 

Generalized Linear Mixed Model with a gamma error distribution and log link function. The H 

x N cross was compared to the N x N cross to evaluate differences in the time females took to 

accept either con- or hetero-specific males. As only one H-line female mated with and N-line 

male (see Results), the pre-oviposition period of the H x H and N x H crosses were not compared 

statistically. Male and female lot ID were included as random variables. Model fitting and 

diagnostics were performed with the previously mentioned R libraries. 
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3.4.3.4 Hybrid survival 

The proportion of individuals that survived from the larval stage to pupal stage was modeled 

using a Generalized Linear Mixed Model with a binomial error distribution and logit link. 

Again, the 3 cross types were included as covariates with the H x N cross as the baseline group. 

As individuals that developed within a single artificial diet container are not fully independent 

samples, a group ID random variable was thus included in the model along with female and 

male lot ID. Although the variance of each of these variables were low, the combination of the 

three random variables showed an improved model fit and were thus retained. Survival from the 

pupal to adult stage and from larval to adult stage was modeled in the same manner (3 models 

total). Model fitting and diagnostics were performed with the previously mentioned R libraries. 

3.4.3.5 Hybrid developmental time 

A single Bayesian Generalized Linear Mixed Model was used to model developmental time (in 

days) from the larval to pupal and from pupal to adult emergence. Both the mean and shape 

(degree of dispersion) of the gamma distribution were modeled. We modeled the shape 

parameter as a means to describe the degree to which developmental time may vary between 

hybrids and the parental lines. We hypothesized that genetic incompatibilities may result in 

developmental times being more highly dispersed (i.e. some individuals may have 

shorter/longer developmental times compared to the average). A higher shape parameter value 

translates to a lower dispersion. The three cross types were included as covariates with the H x 

N cross as the baseline group along with sex (female or male), developmental stage (larval or 

pupal) and their interaction for both the mean and shape parameters. Individual ID was included 

as a random variable for the mean parameter to control variation in developmental time between 

the larval and pupal stage for each individual along with a random slope variable for 

developmental stage and group ID. The random slope variable for developmental stage and 

group ID was also included for the shape parameter. Additionally, to facilitate the estimation of 
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the random effect structure of the shape parameter, a variance-covariance matrix was included 

between the mean and shape random slope variables. As such, a positive correlation between 

the mean and shape random slopes can be worded as a decreased dispersion as the mean 

increases. Complete model equations and priors are included in Figure S6. Model fitting was 

performed with the brms library (v.2.16.3; Burkner, 2017) in R. 

3.4.3.6 Pupal weight 

Pupal weight in grams was modeled using a Linear Mixed Model with a Gaussian error 

distribution and identity link. The three cross types were included as covariates with the H x N 

cross as the baseline group along with sex (female or male) and their interaction. Again, group 

ID, female and male lot ID were included as random variables. The model was fitted using the 

glmmTMB library (v.1.1.2; Brooks et al., 2017) and model diagnostics were inspected using the 

DHARMA library (v.0.4.3; Hartig, 2021). 

3.4.3.7 Adult sex ratio 

The proportion of male to female adults was modeled using a Generalized Linear Mixed Model 

with a binomial error distribution and logit link. The three cross types were included as 

covariates with the H x N cross as the baseline group along with sex (female or male) and their 

interaction. Again, group ID, female and male lot ID were included as random variables. The 

model was fitted using the glmmTMB library (v.1.1.2; Brooks et al., 2017) and model 

diagnostics were inspected using the DHARMA library (v.0.4.3; Hartig, 2021). 
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3.5 Results 

3.5.1 Mating probability 

The overall mean proportion of mated females was 51.5% ± 37.5% (SD).  Out of 15 replica (30 

females), a single H-line female mated with an N-line male, representing only 3% of mated 

females of that cross type whereas the H x N, H x H and N x N crosses all displayed proportions 

of mated female equal to or higher than 65% (65, 65 and 75 %, respectively; Figure 3A, Table 

S2). Although the single mated H-line female from the N x H cross did lay a negligeable number 

of fertile eggs, no further results are presented here for the inter-line cross involving H-line 

females and N-line males. 
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Figure 3. Effect of Delia platura cross type on mating success, egg hatchability and pre-

oviposition period 

 Model predictions of the effect of Delia platura cross type on mating probability (A) 

and egg hatchability (B) error bars display 95% confidence intervals. (C) displays the 

raw data distributions of the first day on which fertile eggs were laid (pre-oviposition 

period) for each D. platura cross type along with model-predicted means and 95% 

confidence intervals for the difference in pre-oviposition period between N x N and 

H x N crosses. 
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3.5.2 Egg hatchability 

The overall mean proportion of eggs hatched was 65.3% ± 24.8%. The proportion of hatched 

eggs laid by N-line females mated with H-line males was 50% compared to 75% in the intra-

line crosses (50 vs 75%, respectively; Figure 3B, Table S2).  

3.5.3 Pre-oviposition period 

The mean pre-oviposition period for both H x N and N x N crosses was 9.7 ± 4.1 days. Neither 

of the cross types deviated substantially from this mean (Figure 3C, Table S2). 

3.5.4 Hybrid survival 

The overall mean survival from the larval to pupal stage was 87.5% ± 33.1%. H x N hybrids 

had a similar survival compared to the parental lines (~95%; Figure 4, Table S3). The overall 

mean survival from the pupal to adult stage from the larva that survived to the pupal stage was 

90.9% ± 28.8%. H x N hybrid survival was comparable to the H-line and was 5% higher 

compared to the N-line (95% vs 90%; Figure 4, Table S3). The overall mean survival from the 

larval to adult stage was 79.5% ± 40.4%. Again, H x N hybrid survival was comparable to that 

of the intra H-line crosses and was nearly 20% higher compared to that of the intra N-line crosses 

(~92% vs 75%; Figure 4, Table S3). 
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Figure 4. Effect of Delia platura cross type on offspring survival 

Model predictions for the effect of Delia platura parental and hybrid lines on survival 

probability from the larval to pupal, pupal to adult and larval to adult life stages. Error 

bars depict 95% confidence intervals. 

3.5.5 Hybrid developmental time 

The overall mean developmental time from the larval to pupal stage was 11.5 ± 2.6 days whereas 

developmental time from the pupal to adult emergence stage was 11.8 ± 2.6 days. Mean 

developmental time was similar between the hybrids and parental lines throughout both 

developmental stages and between sexes. The shape parameter (dispersion) was also similar 

between the hybrids and parental lines throughout both developmental stages and between sexes 

(Figure 5; Figure S7).  
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Figure 5. Effect of Delia platura cross type on offspring developmental time 

Model predictions for the effect of Delia platura parental and hybrid lines and sex on 

developmental time from the larval to pupal and pupal to adult life stages. Error bars 

depict 95% confidence intervals. 

3.5.6 Pupal weight 

The overall mean pupal weight was 88.7 mg ± 13.3 mg. Males weighed approximately 1 mg 

more than females for the hybrids and parental lines. On average, hybrid pupal weight was 

comparable to N-line pupae and 15 mg more than H-line pupae (Figure 6A, Table S4). 
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Figure 6. Effect of Delia platura cross type on offspring pupal weight and sex ratio 

Model predictions for the effect of Delia platura parental and hybrid lines and sex on 

pupal weight (A) and the effect of parental and hybrid lines on offspring sex ratio (B). 

Error bars depict 95% confidence intervals 
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3.5.7 Adult sex ratio 

The overall mean male proportion was 48.3% ± 50.0%. Neither the hybrids nor parental lines 

deviated substantially from this mean (Figure 6B, Table S4). 

3.6 Discussion 

The reproductive compatibility between the N- and H- lines of D. platura was investigated by 

evaluating multiple proxies of pre-mating, post-mating pre-zygotic and post-zygotic isolation. 

We uncovered asymmetrical pre-mating isolation between the lines with H-line females rarely 

mating with N-line males while N-line females readily mated with H-line males. However, the 

eggs laid in this type of cross hatched at a 25% lower rate than the intra-line crosses suggesting 

either post-mating pre-zygotic or post-zygotic isolation. The larvae that successfully hatched 

from this type of cross had a high degree of developmental success according to the proxies 

evaluated: survival to adult emergence from puparia, larval and pupal developmental time, pupal 

weight, and adult sex ratio. Thus, we uncovered no evidence of post-zygotic isolation in this 

type of cross from the larval hatching to adult emergence stages. Our results point to a partial 

reproductive isolation between the two lines, suggesting that they are in fact two unique 

biological entities which could in turn influence the development of species-specific control 

methods for either line.  

3.6.1 Mating probability  

Pre-mating isolation typically impedes on mating success (Coyne & Orr, 2004). If the D. platura 

H- and N- lines were entirely isolated due to pre-mating barriers, we would expect no mating in 

the two types of inter-line crosses. However, N-line females readily mated with H-line males in 

our study. On the other hand, only 1 H-line female out of 30 mated with an N-line male. This 

result points to a partial asymmetrical reproductive barrier between the two lines. One possible 
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isolating mechanism between the two lines may be in the form of behavioral pre-mating 

isolation. Mate recognition and discrimination during courtship behavior is known to negatively 

impact the mating success of inter-genetic crosses between many species/biotypes (Boumans & 

Johnsen, 2014; Elbaz et al., 2010; Rull et al., 2013). It has been previously determined that H-

line females are choosier towards the male with which they mate compared to the N-line 

(Chapter 2) and this high degree of mating selectivity may point to an increase potential for the 

H-line females to discriminate between males of either line. However, as emphasized by Fraser 

& Boake (1997), behavioral isolation through male or female choice should not be inferred 

solely by mating success data but rather supplemented with detailed observations and 

experiments pertaining to the mechanisms of mate choice. 

Although behavioral pre-reproductive isolation may be present between the two lines, it is also 

possible that other pre-zygotic barriers may be present in the H-line female and N-line male 

crosses. The observed variable used as a proxy for mating in this study was the presence of 

sperm in females’ spermathecae. It is possible for mating to have occurred in this type of cross 

without sperm transfer. For example, the behavior of either female or male during copulation 

may not have been appropriate and thus led to a failure in sperm transfer as observed in inter-

specific crosses between Nasonia (Hymenoptera: Pteromalidae) wasps (Buellesbach et al., 

2014). Mechanical isolation through differences in internal genital morphology may also 

contribute to pre-reproductive isolation between the lines (Masly, 2012). Future studies should 

investigate the presence of other pre-zygotic isolating mechanisms between the H- and N- lines 

and their relative strengths. 

3.6.2 Pre-oviposition period  

As we observed negligeable differences in the time at which females laid their first fertile egg 

when comparing crosses between N-line females and H-line males to the inter-N-line crosses, 

it appears that N-line females do not exhibit resistance towards mating with H-line males, further 
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displaying the lack of pre-reproductive barrier in this type of cross. However, the single H-line 

female that mated with an N-line male took 24 days to lay her first fertile egg (compared to a 

mean of approximately 9 days in H-line inter-crosses). Based on the supposition that D. platura 

only mates once like its close relative the onion maggot (Delia antiqua) (as Hylemya antiqua in 

Martin & McEwen, 1982), this long pre-oviposition period suggests further that it was reluctant 

to mate with the N-line male. Similar trends have been observed in crosses between the B and 

Q Bemisia tabaci (Hemiptera: Alerodidae) biotypes where biotype B females spent a shorter 

amount of time being courted by males in intra-specific crosses compared to inter-specific 

crosses whereas biotype Q females had negligeable differences in time spent being courted in 

either cross type (Elbaz et al., 2010). As both intra-line crosses of D. platura had similar pre-

oviposition periods, it can be inferred that the age of sexual maturity of both lines is 

approximately the same and so, allochronic isolation due to sexual maturity is not an isolation 

mechanism between the two lines. 

3.6.3 Egg hatchability  

Post-mating pre-zygotic isolation in the form of reduced egg hatchability is commonly observed 

among insect taxa (Garlovsky & Snook, 2018; Hill et al., 2021; Marshall et al., 2009; 

Matsubayashi & Katakura, 2009; Price et al., 2001). In our study, the eggs laid by N-line females 

mated with H-line males hatched at a 25% lower proportion compared to the intra-line crosses, 

suggesting a reduction in egg fertilization, and thus zygote formation. While post-mating pre-

zygotic isolation is still a developing area of research, many studies have demonstrated the 

involvement of seminal fluid proteins in egg fertilization failure and defective sperm storage 

(Ahmed-Braimah, 2016; Garlovsky et al., 2020; Hill et al., 2021; Larson et al., 2012; Marshall 

et al., 2009). Our results suggest differences in seminal fluid proteins between males of both 

lines which could affect egg fertilization rates and/or female sperm utilization. Incompatibilities 

in internal genital morphology between the lines may also have led to zygote formation failure 

(Masly 2012). However, as we did not dissect the unhatched eggs to evaluate the presence of 
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unhatched larvae, it is also possible that the reduced egg hatchability in the N-line females and 

H-line males cross is due to failure in embryonic development. Thus, it is also likely that the 

observed form isolation is post-zygotic rather than post-mating pre-zygotic. Further research in 

male seminal fluid composition, female sperm utilization, internal genital morphology and 

embryonic development is needed to uncover the mechanisms underlying either the post-mating 

pre-zygotic or post-zygotic isolation observed between H-line males and N-line females. 

Although zygote formation or embryonic development was reduced in our study, approximately 

50% of larvae did hatch and thus post-mating pre-zygotic or post-zygotic isolation is only 

partially present in crosses between N-line females and H-line males. 

3.6.4 Hybrids 

Zygote formation does not imply complete reproductive compatibility between populations. 

Indeed, post-zygotic isolation mechanisms in the form of either hybrid unviability or 

suppression (selection against hybrids) are often observed (Coyne & Orr, 2004; dos Santos et 

al., 2001; Forister, 2005; Gibson et al., 2013; Naisbit et al., 2001; Phadnis et al., 2015; Roriz et 

al., 2017; Zhao et al., 2005). Many proxies, such as the ones evaluated in our study, may be used 

to assess hybrid viability including hybrid survival, developmental time, pupal weight, and sex 

ratio (Laurie, 1997; Nakakita & Imura, 1981; Ording et al., 2010; Roriz et al., 2017). If post-

zygotic isolation in the form of hybrid unviability were to be present between the H-line males 

and N-line females of D. platura, we would expect differential trends between their offspring 

compared to the parental lines. For example, we may observe a reduction in survival or no 

survival at all from larval hatching to adult emergence from puparia such as observed in certain 

crosses between Anastrepha (Diptera: Tephritidae) species (dos Santos et al. 2001). Differential 

developmental and adult emergence times may also be observed between hybrids and their 

parental lines which could contribute to allochronic isolation between hybrids and parents, a 

trend observed in hybrids formed by two tiger swallowtail species; Papilio canadensis and P. 

glaucus (Lepidoptera: Papilionidae) (Ording et al. 2010). Hybrid pupal weight of either sex may 
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also differ from that of their parents (Nakakita & Imura, 1981). Haldane’s rule predicts that 

hybrids of the heterogametic sex typically suffer from reduced performance in terms of 

development and has been observed in numerous taxa including Diptera (Laurie 1997). For 

example, in crosses between Drosophila melanogaster and D. simulans, hybrid male offspring 

do not survive the larval stage due to incompatible cell cycle regulation genes (Phadnis et al. 

2015). As Delia males are the heterogametic sex (XY; as Hylemya in Boyes, 1954), we would 

expect hybrid D. platura offspring sex ratio to be female-biased. However, none of the 

aforementioned proxies measured suggest a form of post-zygotic isolation through hybrid 

unviability; hybrids performed at the same rate as their parents in terms of survival (similar to 

H-line), developmental time (similar mean and variability as both lines), pupal weight (similar 

to N-line), and sex ratio (similar to both lines). The evidence obtained here point to successful 

hybrid development from the larval stage to adult emergence similar to trends obtained among 

multiple insect taxa (Bierbaum & Bush, 1990; He et al., 2021; Petrucco-Toffolo et al., 2018; 

Velásquez-Vélez et al., 2011). It is, however, noteworthy that hybrid adult survival and fertility 

should be evaluated in future experiments to confirm D. platura hybrid viability across their 

entire lifecycle and future generations. 

Although isolating mechanisms between populations are frequent, they are often incomplete, 

leading to gene flow between said populations. In invertebrates, and more specifically insects, 

evidence of hybridization in multiple contexts is highly abundant. In fact, insects are the taxon 

in which interspecific hybridization has been the most frequently observed (Schwenk et al., 

2008).  In many cases, hybridization may lead to range expansion, increase resistance to 

management techniques, along with outbreaks as host range increases (Corrêa et al., 2019). It is 

thus important to monitor these possible hybrid populations to better understand the possible 

outcomes of such hybridization. For example, the colonization of North America by the Winter 

moth, Operophtera brumata (Lepidoptera: Geometridae), may have been facilitated by 

hybridization with the Bruce spanworm, Operophtera bruceata, as multi-generational hybrid 

populations have been observed (Andersen et al., 2019). A similar situation has occurred with 

the introduction of Helicoverpa armigera (Lepidoptera: Noctuidae) in South America (possibly 
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through international trade) and its subsequent hybridization with Helicoverpa zea leading to 

hybrids that are resistant to Bt proteins, other insecticides, and have an increased host range 

(Anderson et al., 2018). Considering the hybridization potential between H-line males and N-

line females of Delia platura in laboratory conditions, genetic sampling of field populations in 

the area of H- and N-line distribution overlap (eastern North America) is required to determine 

the population genetic structure and potentially uncover hybrid populations. If such populations 

exist, they may exhibit different phenotypic trends in term of their phenology, distribution, and 

host range thus affecting the methods by which growers may control the damage caused in their 

fields. 

To summarize, our findings point to a form of pre-mating isolation between H-line females and 

N-line males as only a single female mated out of a total of 30 tested females in this type of 

cross. Results obtained in Chapter 1 suggest that behavioral isolation in the form of mate 

discrimination may be a possible mechanism for the lack of observed sperm transfer in this cross 

type. However, as multiple isolation mechanisms often act additively between populations 

(Dorchin et al., 2009; Grace et al., 2010; Roriz et al., 2017; Tadeo et al., 2018), it is likely that 

other pre-zygotic mechanisms may be at play in crosses between H-line females and N-line 

males such as differences in internal genital morphology between heterospecific sexes, either 

through internal mechanical or chemical incompatibilities (Masly 2012). Sperm transfer failure 

may also have occurred through incompatible male behavior during mating (Buellesbach et al. 

2014). Although allochronic (temporal) isolation may also contribute to pre-mating isolation 

(Hippee et al., 2016; Miyatake et al., 2002), it appears unlikely to be a significant isolating factor 

between the two lines as males and females of both lines emerge as adults at similar times and 

the temporal window for mating (inferred from females’ pre-oviposition period in Chapter 1) is 

approximately the same. The lack of allochronic isolation between the lines in laboratory 

conditions do not follow the trends observed in the field by Van der Heyden et al. (2020), 

suggesting that factors other than developmental time may be causing the phenological 

differences observed in the field. Future studies should investigate mechanical and behavioral 
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isolation mechanisms to further our understanding of the factors involved in the pre-zygotic 

isolation between H-line females and N-line males. 

In crosses between H-line males and N-line females, the isolation factors observed in our study 

were during zygote formation or embryonic development (post-mating pre-zygotic or post-

zygotic isolation) in the form of a 25% decrease in egg hatchability in this type of cross 

compared to the intra-line crosses. While the mechanisms responsible for zygote formation 

failure were not investigated, previous findings on post-mating pre-zygotic isolation suggest 

differences in seminal fluid proteins (Ahmed-Braimah, 2016; Garlovsky et al., 2020; Hill et al., 

2021; Larson et al., 2012; Marshall et al., 2009) and/or internal genital morphology (Masly 

2012). Dissection of unhatched eggs could have differentiated between the two probable forms 

of isolation in this type of cross (Jennings et al., 2014). However, we uncovered no evidence for 

pre-mating isolation or hybrid unviability from the larval hatching stage to adult emergence. 

Considering the successful formation of hybrids in this type of cross and the applied 

implications of hybridization, it is crucial that further work be done to investigate the survival, 

fertility, and persistence of hybrids in both laboratory and field conditions.  

Our results are congruent with findings obtained by Jennings et al. (2014) with laboratory-based 

crosses involving three allopatric populations of Drosophila montana. In their study system, 

females from the Vancouver population showed clear preference towards males of their own 

population compared to males from Colorado and Oulanka populations in mate-choice trials, 

suggesting asymmetric pre-mating isolation as we observed in crosses between H-line females 

and N-line males of Delia platura. Additionally, in some of the inter-population crosses where 

mating readily occurred, the authors observed reduced egg hatchability and, after dissecting 

female reproductive tracts, determined that sperm had been successfully transferred, stored and 

was motile. However, dissection of unhatched eggs revealed that a large proportion of these 

eggs had been unfertilized, suggesting incompatibilities in surface proteins between sperm and 

egg. Analogous to our findings of reduced egg hatchability in crosses between H-line males and 
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N-line females, this post-mating pre-zygotic barrier was incomplete as 30 to 60% of the eggs 

produced in these crosses were successfully fertilized and developed. Although we did not 

evaluate egg fertilization success, our results point to a deficiency in fertilization rates or 

survival failure in the early stages of larval development. The authors observed no post-zygotic 

isolation in the crosses that successfully produced progeny as the hybrids had a high rate of 

survival and produced F2 progeny. While we did not evaluate hybrid fertility in our study, we 

did observe high hybrid development success from the larval hatching to adult emergence 

stages. As Jennings et al. (2014) point out, pre-mating and post-mating barriers can develop 

independently from one another and so, it is likely that the hybrids produced by H-line males 

and N-line females are fertile and produce F2 progeny. The results obtained by Jennings et al. 

(2014) further emphasize the need to evaluate D. platura hybrid persistence.   

3.6.5 Two biological entities 

As emphasized by Carstens et al. (2013), species delimitation analyses are strongest when 

assessing both genetic and biological lines of evidence and their congruence. A proper 

understanding of the speciation process in insects relies on a study of the evolutionary processes 

that lead to the evolution of speciation phenotypes, their genetic architecture and how they 

influence patterns of gene flow along with the relationship between their divergence and species 

boundaries (Mullen & Shaw, 2014). One probable speciation phenotype within the D. platura 

H- and N-line complex is the apparent high degree of mate selectivity that H-line females exhibit 

as determined in Chapter 2 and emphasized in our study. However, we have yet to uncover the 

processes that led to the evolution of such phenotype and, more importantly, if this phenotype 

(among others) is present in field conditions. While the evolutionary and taxonomic status of 

the two D. platura lines may not, at present, be determined, the differences in the mating system 

of the two lines (Chapter 2) along with the pre-mating and pre-zygotic barriers exposed in this 

study suggest that the two lines are two biological entities. Due to these biological differences, 

we propose the provisional designation of the term biotype for the H- and N- lines of D. platura 
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as suggested by Diehl & Bush (1984) until their evolutionary and taxonomic status be resolved. 

Such designation may serve to emphasize the biological differences between the biotypes 

among the agronomic community and hopefully guide future research on control methods 

tailored to each biotype. 

3.6.6 Applications 

Targeted pest control methods rely on proper identification of the identity of the pest involved. 

One such method is the sterile insect technique (SIT) that is rendered inefficient if released 

sterile individuals do not mate with the targeted population. Genetically distinct populations 

may differ in some of their biological traits and occurrence in the field but are known to readily 

interbreed given a particular setting (Ahmad et al., 2018; Pereira et al., 2007). In these cases, 

mass rearing and release of only one of the biotypes could potentially be effective for the control 

of both. However, biotypes of a given species may interbreed but in an asymmetrical pattern, 

reducing the effectiveness of SIT if only one of the strains is released (Roriz et al., 2017). Given 

that the H- and N- biotypes of D. platura are asymmetrically reproductively compatible and 

show evidence of different biological traits, thus reducing the probability that they mate in field 

conditions, we suggest the release of individuals of the same biotype as the targeted population 

if such method should be employed. Other biological control agents such as entomopathogenic 

fungi, parasitoids, and nematodes may have small host ranges and sometimes may be host-

specific (Davidson & Chandler, 2005; Eilenberg & Jensen, 2018; Jensen et al., 2006). 

Recognition of the two D. platura biotypes as separate biological entities may allow future 

research to focus on determining the control agents specific to each biotype. For example, when 

exposed to seven species of nematodes, D. platura in Colombia (presumably N-line) was most 

susceptible to Steinernema sp.3 (Jaramillo et al., 2013). It is likely, however, that the species of 

nematode (of other biological control agent) found to be effective against biotype N is not as 

effective in controlling biotype H populations, depending on its host specificity. 
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3.9 Supplementary material 

 

 

Figure S4. Average (± SD) number of dead males replaced for each Delia platura cross 

type 

Average (± SD) number of dead males replaced for each treatment evaluating the 

effect of cross type on mating probability, pre-oviposition period and egg 

hatchability for the H- and N- lines of D. platura. 
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Figure S5. Arena used for the reproductive compatibility experiment  

 Arena used to evaluate the effect of cross type on mating probability, pre-oviposition 

period and egg hatchability for the H- and N- lines of D. platura. 
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Table S2. Output of statistical analyses for the effect of Delia platura cross type on mating 

probability, egg hatchability and pre-oviposition period 

Estimates and corresponding 95% confidence intervals (CI) of the effects of D. 

platura cross type on mating probability, egg hatchability, and pre-oviposition period 

from Generalized Linear Mixed Models. A binomial error distribution with a cloglog 

link function was used for the mating probability and egg hatchability analyses while 

a gamma distribution with a log link function was used for the pre-oviposition period 

analysis. σ2 represents the variance of the random effects (in subscript next to value). 

Note that the variances for the random variables of the egg hatchability analysis are 

on the logit scale while the variances are on the log scale for the pre-oviposition 

period analysis.  

  Mating probability Egg hatchability 
Pre-oviposition 

period 

Predictors Estimate CI (95%) Estimate CI (95%) Estimate CI (95%) 

(Intercept) 0.02 0.01 – 0.03 0.01 0.01 – 0.02 10.39 8.60 – 12.56 

cross [nxh] 0.04 0.00 – 0.27 
    

cross [hxh] 1.08 0.56 – 2.08 2.01 1.19 – 3.39 
  

cross [nxn] 1.49 0.79 – 2.79 1.90 1.21 – 2.99 0.82 0.66 – 1.04 

Random Effects 

σ2   0.33 female.lot.ID 0.00 male.lot.ID 

 
  0.22 male.lot.ID 0.02 female.lot.ID 

R2 conditional / R2 

marginal 

NA / 0.577 0.042 / 0.285 0.092 / NA 
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Table S3. Output of statistical analyses for the effect of Delia platura cross type on 

offspring survival probability  

Estimates and corresponding 95% confidence intervals (CI) of the effects of D. 

platura cross type on offspring survival from the larval to pupal, pupal to adult and 

larval to adult stages from Generalized Linear Mixed Models. A binomial error 

distribution with a logit link function was used for all analyses. σ2 represents the 

variance of the random effects (in subscript next to value). Note that the variances 

for the random variables are on the logit scale.  

  
Larva to pupa 

survival 

Pupa to adult 

survival 

Larva to adult 

survival 

Predictors Estimate CI (95%) Estimate CI (95%) Estimate CI (95%) 

(Intercept) 24.40 7.94 – 75.00 29.14 10.67 – 79.60 9.57 4.67 – 19.62 

cross [nxn] 0.31 0.09 – 1.04 0.28 0.08 – 0.91 0.29 0.14 – 0.63 

cross [hxh] 0.73 0.16 – 3.44 0.54 0.15 – 1.92 0.62 0.22 – 1.73 

Random Effects 

σ2 0.80 group.ID 0.40 group.ID 0.23 group.ID 

 
0.95 female.lot.ID 0.00 female.lot.ID 0.49 female.lot.ID 

 
0.00 male.lot.ID 0.38 male.lot.ID 0.00 male.lot.ID 

Marginal R2 / 

Conditional R2 

0.071 / NA 0.078 / NA 0.072 / NA 
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Developmental time ~ Gamma(µ, α)  where µ = mean, α = shape 

Log(µ) ~ cross type (H-line/N-line/Hybrids) * developmental stage (larval/pupal) * sex 

(female/male) + (1|larva.ID) + (1 + developmental stage|g|group.ID) 

Log(α) ~ cross type (H-line/N-line/Hybrids) * developmental stage (larval/pupal) * sex 

(female/male) + (1 + developmental stage|g|group.ID) 

 

Where g = variance-covariance matrix 

 

Priors: 

µ ~ Normal(2.5, 1) 

fixed effects for µ & α ~ Normal(0, 0.5) 

α ~ Normal(3, 1) 

larva.ID ~ Cauchy(0, 3) 

group.ID ~ Cauchy(0, 3) 

g ~ LKJ(1) 

Figure S6. Model equation and priors for Bayesian Generalized Linear Mixed Model used 

for evaluating the effect of Delia platura cross type, developmental stage and 

sex on progeny developmental time 
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Figure S7. Posterior distribution of parameters estimated for the effect of D. platura cross 

type, developmental stage and sex on progeny developmental time obtained 

from a Bayesian Gamma Generalized Linear Mixed Model 
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Table S4. Output of statistical analyses for the effect of Delia platura cross type on 

offspring pupal weight and sex ratio 

Estimates and corresponding 95% confidence intervals (CI) of the effects of D. 

platura cross type on offspring pupal weight and sex ratio from Generalized Linear 

Mixed Models. A gaussian error distribution with an identity link function was used 

for the pupal weight analysis while a binomial distribution with a logit link function 

was used for the offspring sex ratio analysis. σ2 represents the variance of the random 

effects (in subscript next to value). Note that the variances for the random variables 

of the pupal weight analysis are on the response scale while the variances are on the 

logit scale for the offspring sex ratio analysis.  

  Pupal weight Offspring sex ratio 

Predictors Estimate CI (95%) Estimate CI (95%) 

(Intercept) 8.70 8.24 – 9.15 0.87 0.63 – 1.22 

cross [nxn] 0.15 -0.48 – 0.79 1.39 0.88 – 2.20 

cross [hxh] -1.01 -1.60 – -0.42 0.86 0.55 – 1.35 

sex [male] 0.95 0.60 – 1.30 
  

cross [nxn] * sex [male] 0.03 -0.43 – 0.49 
  

cross [hxh] * sex [male] -0.32 -0.80 – 0.15 
  

Random Effects 

σ2 0.28 group.ID 0.02 group.ID 

 
0.00 female.lot.ID 0.00 female.lot.ID 

 
0.04 male.lot.ID 0.02 male.lot.ID 

Marginal R2 / Conditional R2 0.406 / NA 0.013 / NA 
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CHAPTER 4 

OVIPOSITION PREFERENCES OF TWO BIOTYPES OF DELIA PLATURA 

(DIPTERA: ANTHOMYIIDAE) 

Authors: Allen Bush-Beaupré, Marc Bélisle, Anne-Marie Fortier, François Fournier, Jade 

Savage 

4.1 Context and author contributions 

Results obtained in Chapter 3 suggest that the agronomic community in Québec is dealing with 

two biological entities rather than, as previously thought, only one. What are we to do with this 

information now? How does this knowledge affect the day-to-day operations of the typical 

large-scale grower? This article aims to provide guidance to future research on host-

associations, and thus the damage potential of the two D. platura biotypes in five crops: yellow 

onion, soy, sweet corn, radish, and broccoli. To do so, we attempted to evaluate the degree of 

acceptance and preference of each biotype when subjected to these five crops and a soil control 

in no-choice and choice settings. Different ovipositional responses between the biotypes to 

certain crops may indicate, to a certain extent, their association to such hosts. All of the authors 

contributed to the conceptualization of the study. Data collection was done by myself with the 

precious help of the staff at Collège Montmorency (mentioned in the acknowledgements 

section). Data analysis was conducted by myself following consultations with Marc Bélisle and 

Andrew MacDonald (mentioned in the acknowledgements section). Jade Savage and Marc 

Bélisle provided feedback to the original drafts. This article is to be submitted to the Canadian 

Entomologist journal in the upcoming year. 
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4.2 Abstract 

In phytophagous insects, adaptation to different host plants contributes to the isolation of species 

through various processes leading to observable ovipositional preferences. For agricultural 

pests, such adaptations and preference may influence the risk of a pest population being in a 

specific crop. The seedcorn maggot, Delia platura (Diptera: Anthomyiidae), is a cosmopolitan 

polyphagous pest species which may be found in high numbers in numerous crops. Two cryptic 

biotypes of D. platura (H- and N- lines) with distinct distributions were recently described. The 

two biotypes display different phenology and relative abundance in certain crops in 

southwestern Québec. In the laboratory, the two biotypes exhibit differences in their mating 

system and are asymmetrically reproductively compatible. Considering that the two biotypes 

differ in multiple biological traits, it may be possible that they also differ in their ovipositional 

preferences towards different crops. We evaluated oviposition trends in choice and no-choice 

settings for the N- and H- lines of D. platura when subjected to germinating seeds of yellow 

onion, soy, sweetcorn, radish, broccoli and a soil control. In a no-choice setting, the N-line had 

a higher degree of acceptance on sweet corn compared to the control while the H-line laid more 

eggs on each of the 5 crops compared to the control. When subjected to a choice between the 

substrates, neither biotype showed a high degree of preference in the choice experiment. Our 

results suggest differences in ovipositional behavior between the two biotypes in laboratory 

conditions. 

4.3 Introduction 

In phytophagous insects, adaptation to different host plants contributes to the isolation of species 

through various processes (Matsubayashi et al., 2010). For instance, adaptation to phenological 

traits of different host plants can alter the timing of insects’ life history (allochronic isolation; 

Thomas et al., 2003) and the range of sites suitable for reproduction (spatial isolation; Feder et 

al., 1994). Host-plant selection is thus an implicit, key component of such isolation processes. 
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Multiple factors determine host-plant selection behavior such as the quality and availability of 

resources, predator and competitor densities, environmental predictability, and diet breadth 

(Bernays & Chapman, 1994). While host-plant selection behavior may vary between life stages 

and among individuals of a given species, females should generally display ovipositional 

preferences towards hosts that will maximize offspring survival, especially when immature life 

stages have restricted mobility (Gripenberg et al., 2010). Such ovipositional preferences are 

indeed commonly observed in divergent populations of various insect orders such as 

Lepidoptera, Diptera and Orthoptera (Bethenod et al., 2005; Dorchin et al., 2009; Grace et al., 

2010).  

In field conditions, many factors affect female oviposition site selection. For example, 

phytophagous insects must assess a variety of sensory information to first detect potential host 

cues, discriminate and choose among potential host plants, avoid distraction from similarly 

attractive hosts, and avoid competitors and predators. Upon searching for an appropriate 

oviposition site, females must first detect a suitable host through visual and/or long-range 

volatile cues followed by its acceptance through tactile and/or short-range volatile cues 

(Knolhoff & Heckel, 2014). The efficiency at which phytophagous insects process sensory 

information to perform these tasks is related to their diet breadth. Although constrained by a 

limited host diversity, specialists are generally better adapted to perceive, discriminate, retain 

attentivity and thus avoid predators to ensure the survival of their offspring than generalists 

(Bernays, 2001). Additionally, phytophagous insects may select a suboptimal host if it is less 

variable in its abundance compared to the optimal host, if there is high competition for high 

quality hosts, or if there is variation in egg-load (number of mature eggs) and search time 

(Mayhew, 1997). Considering the multiple factors that affect females’ oviposition site selection 

in field conditions, host-plant preference is best determined by supplementing field observations 

with controlled experiments (Singer, 1986). 
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Host plant adaptation, selection and preference (Johnson, 1980) may be measured with various 

methods. For instance, no choice trials (where individuals are submitted to a single oviposition 

substrate) measure the degree of host plant acceptance while choice trials (where individuals are 

actively choosing among alternative host plants) give a measure of the individual’s preference 

(Singer, 1986). As either laboratory-tested method may yield different results from one another 

and with what is observed in field conditions, multiple sources of evidence must be used to 

measure an insect’s diet breadth (Singer, 1986). While being theoretically valuable, comparing 

ovipositional behavior and diet breadth among and between insect pest populations is also 

critical to the development of effective control methods. 

The seedcorn maggot, Delia platura (Meigen) (Diptera: Anthomyiidae), is currently recognized 

as an agricultural pest with a near cosmopolitan range and a high diversity of larval hosts, both 

living and dead (Griffiths, 1993). Being highly polyphagous, D. platura feeds on many host 

plant species including cultivated vegetables and field crops (Griffiths, 1993; Hough-Goldstein 

& Hess, 1984; Howard et al., 1994; Soroka & Dosdall, 2011). Delia platura is part of the Seed 

Maggot Complex (SMC) with its close relative Delia florilega whose larvae are 

morphologically identical but generally found in lower relative abundance in the majority of 

crops in Canada (Griffiths, 1993; Miller & McClanahan, 1960; Savage et al., 2016). 

Furthermore, D. platura can also complete its development in decaying organic matter (Finch, 

1989). Two distinct biotypes of D. platura (H- and N- line) whose geographic distribution 

overlaps only in eastern North America were recently discovered (Savage et al., 2016). The two 

biotypes display different phenology (Van Der Heyden et al., 2020) and relative abundance in 

certain crops in southwestern Québec (Savage et al., 2016). In the laboratory, the two biotypes 

exhibit differences in their mating system, with H-line females being more selective towards the 

male with which they mate (Chapters 2 & 3). Additionally, the two biotypes are asymmetrically 

reproductively compatible; N-line females will readily mate with H-line males while H-line 

females will rarely mate with N-line males (Chapter 3). Considering that the two biotypes differ 

in multiple biological traits, it may be possible that they also differ in their ovipositional 

preferences towards different crops. 
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Crops grown in Québec, being one of the few Canadian provinces where the two biotypes’ 

distribution overlap, are potentially under threat of infestation by both. However, the differences 

between the biotypes for several traits (Chapter 2 & 3; Savage et al., 2016; Van der Heyden et 

al., 2020) may bias our interpretations of previous work conducted on Delia platura dynamics 

in Québec fields (e.g. Lamb & Boivin, 2018) and, consequently, the control methods which may 

be developed from such studies. Establishing the field damage potential of each biotype in crops 

is of particular relevance to growers in Québec and other eastern provinces compared to other 

regions where only one of the biotypes has been recorded so far. In the present work, we focus 

on vegetable (radish (Raphanus sativus), yellow onion (Allium cepa) and broccoli (Brassica 

oleracea)) and field crops (sweetcorn (Zea mays) and soybean (Glycine max)) that are both 

commercially important to Québec and known to be infested by species of the SMC (Madder & 

Stemeroff, 1988; L. A. Miller & McClanahan, 1960; Savage et al., 2016). 

Reports on the relative importance of damage caused by the three members of the SMC (D. 

platura H-line, N-line, and D. florilega) vary. As no molecular identification of the two biotypes 

of D. platura found in different crops has been conducted, except by Savage et al. (2016) and 

Meraz-Álvarez et al. (2020) details pertaining to host associations of the biotypes are unclear. 

Considering the low relative abundance of D. florilega (Griffiths, 1993; Miller & McClanahan, 

1960; Savage et al., 2016), we can assume that at least one of the D. platura biotypes is involved 

in the vast majority of reports relating to crop damages caused by the SMC. Among the plethora 

of potential host plants, two field crops for which members of the SMC are the only root maggots 

reported as pests are soybean and corn. Soybean has been reported to be under threat of SMC 

infestations over 60 years ago in Canada and the United States (Miller & McClanahan, 1960). 

The complex has also been reported in soybean in parts of Europe (Bosnyákné et al., 2016). 

Various cultural methods have been developed to control for this/these pest(s) in Iowa and Ohio 

but the identity of the species/line involved is unknown (Funderburk et al., 1983; Hammond, 

1984, 1990, 1995, 1997; Hammond & Cooper, 1993; Higley & Hammond, 1988). The SMC has 

also been cited as a major pest of corn throughout Canada (Madder & Stemeroff, 1988) and 

different parts of the Old World (Chaudhary et al., 1987; Zhang et al., 2018). However no 
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published data on the relative damage contribution of D. platura and D. florilega to these field 

crops are available, impeding on the development of species-targeted control methods. 

In cruciferous and Allium vegetable crops, all three members of the SMC can potentially be 

found along the cabbage maggot (Delia radicum), the turnip maggot (Delia planipalpis) and the 

onion maggot (Delia antiqua) (Griffiths, 1993; Meraz-Álvarez et al. 2020; Savage et al., 2016). 

Following the assumption that D. platura is at least partly involved in reports relating to SMC 

abundance, it is occasionally found in higher abundance than other Delia species that are 

considered specialized pests of these crops although its relative abundance in relation to that of 

specialists shows a high degree of variation between studies (Table 3).  
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Table 3. Reports of relative importance of damage of Delia pest species  

List of reports on the relative importance of damage of specialist and generalist Delia 

pest species in three crops from North America and United Kingdom. SMC = Seed 

Maggot Complex (Delia platura (H- and N- lines) and Delia florilega). 

Crop Geographical 

Location 

Delia spp Relative damage 

contribution  

Reference 

Radish  

(Raphanus 

sativus) 

Ontario, Canada D. radicum 

SMC  

Whole season:  

D. radicum > 

SMC 

Late season: 

SMC > D. 

radicum 

(Nair & 

McEwen, 1973) 

Wisconsin, 

U.S.A. 

SMC ≈ D. 

radicum 

(Doane & 

Chapman, 1962) 

California, 

U.S.A. 

SMC > D. 

radicum 

(Foley & Stone, 

1958) 

Quebec, Canada D. radicum > 

SMC 

(H-line > N-line) 

(Savage et al. 

2016)  

Mexico D. planipalpis 

D. platura 

D. planipalpis > 

D. platura  

(Meraz-Álvarez 

et al. 2020) 

Onion  

(Allium cepa) 

British 

Colombia, 

Canada 

D. antiqua 

SMC 

SMC ≈ D. antiqua (Finlayson, 

1956) 

England & 

Wales, U.K. 

Whole season: 

D. antiqua > SMC  

Early season: 

SMC > D. antiqua  

(Miles, 1948) 

Michigan, 

U.S.A. 

D. antiqua > SMC (Merrill, 1951; 

Merrill & 

Hutson, 1953) 

Quebec, Canada SMC ≈ D. antiqua 

(N-line > H-line) 

(Savage et al. 

2016)  

Broccoli 

(Brassica 

oleracea) 

Quebec, Canada D. radicum 

SMC 

SMC ≈ D. 

radicum 

(H-line > N-line) 

(Savage et al. 

2016)  

Quebec, Canada D. radicum 

SMC 

SMC < D. 

radicum 

(H-line > N-line) 

(Savage et al. 

unpublished)  

Mexico D. planipalpis 

D. platura 

D. planipalpis > 

D. platura 

(Meraz-Álvarez 

et al. 2020) 
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A variety of stimuli and their interactions attract D. platura females to cultivated fields (Barlow, 

1965). For example, Guerra et al. (2017) have found that the presence of broccoli residue may 

increase D. platura oviposition in fields of germinating Lupin (Lupinus mutabilis) seeds. 

Furthermore, D. platura adults appear to discriminate among habitats in field conditions. 

Ibrahim, (1986) found a higher adult abundance in alfalfa (Medicago sativa) and recently 

disturbed soil habitats compared to soybean, grasses and undisturbed soil. Delia platura females 

are stimulated to oviposit by the presence of microorganisms in the soil and on germinating 

seeds (Eckenrode, 1975; Hough-Goldstein & Bassler, 1988; Hubbard et al., 1982) and by 

germinating and newly emerged seedlings of multiple crops (Dindonis & Miller, 1980; 

Gouinguené & Städler, 2006; Ibrahim, 1986; Ibrahim & Hower, 1979; Silver et al., 2018; 

Weston & Miller, 1989; Yu et al., 1975) further suggesting that multiple factors increase the 

probability of D. platura oviposition in the field. Additionally, Delia platura females display 

ovipositional preferences towards different crops depending on experimental design and types 

of crops compared (Barlow, 1965; Eckenrode, 1975; Hough-Goldstein, 1985; Ibrahim & Hower, 

1979; Yu et al., 1975). However, with authors being unaware of the existence of the H- and N- 

lines of D. platura and the fact that all the aforementioned studies were conducted in eastern 

North America where the distribution of the two biotypes overlap, we may not infer on the 

factors that stimulate oviposition in either of them. 

Considering the highly contrasting accounts on the relative importance of D. platura to the 

damage observed in the five aforementioned crops, further investigation into the host 

associations of its two biotypes is needed to be able to distinguish their relative importance and 

in turn, adapt the measures used for their control. The aim of our study was to compare the 

degree of acceptance and host preference of the N- and H- lines of D. platura when subjected 

to selected vegetable and field crops, specifically yellow onion, broccoli, radish, soy, and sweet 

corn, in no-choice and choice settings. Differences in acceptance and preference between the 

two biotypes may suggest adaptations to different host plants, different ovipositional response 

to stimuli and consequently, different potentials as pest for these crops. The findings obtained 
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here will serve to guide future research pertaining to the presence and abundance of both D. 

platura biotypes in crops commonly grown in Québec and in turn, assist in coordinating pest 

control measures. 

4.4 Methods 

4.4.1 Delia platura colonies and experimental stocks 

Colonies of the N- and H- lines of D. platura were established and maintained following Chapter 

2. Eggs from each main colony were harvested periodically 8 and 6 times for the N-line and 8 

times for the H-line for the no-choice and choice experiments, respectively, over the course of 

12 months. Following 16-18 days of development on an artificial diet (see Chapter 2), pupae 

were harvested, sieved with 1.7-mm mesh to remove the smallest individuals (see Chapter 2 

supplemental Figure 1 for rationale) and placed in breeding cages. Breeding cages contained 

distilled water in a plastic container dispensed through a dental wick and a dry mixture of milk 

powder, icing sugar, autolyzed yeast extract, brewer’s yeast and soy flour in a 10:10:1:1:1 ratio. 

Breeding cages were devoid of an ovipositional site and egg-laying was rarely observed in these 

cages. Pupae were placed to emerge into cages over the span of 5 days. Breeding cages contained 

between 500 and 1000 individuals. Given that the average pre-oviposition period for both 

biotypes is around 9 days (Chapter 2), gravid females identified by a swollen abdomen were 

harvested 12 days following the last day of emergence to allow enough time for females to have 

mated and be ready to lay eggs. Considering that females used for the experiments were aged 

between 12 and 17 days, oviposition could technically have already begun before they were 

harvested for the trials. However, no ovipositional substrates were provided, and eggs were 

observed in less than 5% of breeding cages over the 12 months of the experimental period. 

Consequently, eggs laid during the trials were treated as the first eggs laid by the females. 

Voucher specimens were deposited in the Bishop’s University Insect Collection (Sherbrooke, 

QC, Canada). 
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4.4.2 Oviposition Substrates 

Yellow onion, soy, sweet corn, broccoli, and radish seeds (Table 4, all chemically untreated) 

were germinated in 30-ml plastic containers on non-sterile organic soil (Enriched Black Earth 

from Fafard company (0.2-0-0.1), weed free, enriched with compost) until the radicle protrusion 

stage. A 30-ml plastic container of non-sterile soil substrate devoid of seedlings was used as a 

control. Equivalent weights of seeds were used (Table 4) following the assumption that 

equivalent seed weight would emit equivalent volatile concentrations. The weight of Frontier 

variety of yellow onions was adjusted to account for the presence of a clay coating (GermplusTM) 

used to decrease germinating time while increasing germination uniformity.  

Table 4. Crops, varieties, dry seed weight and their associated number of seeds tested as 

substrates for the no-choice and choice experiments 

*indicates varieties used only in the no-choice experiments; ** weight includes clay 

coating. 

Crop  Variety  Dry 

seed 

weight 

range 

(g) 

Average 

# of 

seeds  

# 

Replicates 

no-choice 

experiment 

# 

Replicates 

choice 

experiment 

Radish  Red SatinTM F1 * 

Red silkTM (Seminova) 

0.26 

0.26 

39  

35 

10 

20 

0 

20 

Broccoli  ImperialTM (Seminova) 0.26 55  30 20 

Sweetcorn  SweetnessTM F1 

(Seminova) 

0.22 – 

0.30 

2  30 20 

Soy  MarulaTM (Prograin) 0.23 – 

0.31 

1 – 2 30 20 

Yellow 

Onion  

J-2030TM (Seminova test 

variety) * 

FrontierTM + GermplusTM 

(Norseco) 

0.26 

1.75- 

1.77**  

60 

60  

10 

20 

0 

20 
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4.4.3 Experimental design 

4.4.3.1 No-choice experiment 

A single variety of seeds were used for broccoli, sweetcorn and soy and two radish and yellow 

onion varieties were used (Red Satin and Red Silk for radish and J-2030 (Seminova test variety) 

and Frontier (from Norseco) for yellow onion) due to seed availability (Table 4). Gravid females 

were placed in an arena of approximately 1000 cm3 containing 1 of the 6 oviposition substrates 

(including the control) and distilled water in a plastic container dispensed through a dental wick 

(Figure S8). Each replicate started at 9:00. After 4 hours (at 13:00), the substrate containers were 

removed and replaced by fresh ones of the same batch (fresh control or seedlings at the same 

growth stage). After 24 hours (at 9:00 the next day), the substrate containers were replaced again 

(with fresh control or seedlings sown 24 hours after the first batch). After 48 hours (9:00 on the 

second day), the final substrates were removed from the arena. In total, three egg-laying events 

were recorded per treatment per replicate. To count the eggs, approximately 2 cm of topsoil 

(along with the seedlings) were removed from the 30-ml containers and spread out in a petri 

dish. The soil and seedlings were taken apart and eggs counted. The experiment was replicated 

30 times for each biotype of D. platura (30 females x 6 substrates x 2 biotypes = 360 females 

total). 

4.4.3.2 Choice experiment 

For the choice experiment described here, only the Red Silk and Frontier varieties were used for 

radish and yellow onion, respectively. Individual gravid females were placed in an arena of 

approximately 3000 cm3 containing all of the 6 oviposition substrates placed randomly in a 

circle at the center of the arena (Figure S9). As females of both biotypes laid most of their eggs 

in the first 24-hour period of the no-choice experiment (see results and Figure 7A), each replicate 

started at 9:00 and finished 24 hours later. Eggs laid on each substrate were counted in the same 
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way as in the no-choice experiment. The experiment was replicated 20 times for each biotype 

of D. platura (20 females x 2 biotypes = 40 females total). 

4.4.4 Statistical Analysis 

4.4.4.1 No-choice 

To evaluate the effect of the two different onion and radish varieties on ovipositional trends of 

the two biotypes, the number of eggs laid at each time period in the first 10 and last 20 replicates 

(representing the replicates associated with different varieties) was plotted Figure S10). Given 

the lack of statistical power available to formally compare the trends between crop varieties, we 

considered visual inspection of the raw data to be the best available method for comparison. 

The accumulation of eggs laid over time was modeled using a zero-inflated generalized linear 

model with a gaussian error distribution and identity link function. Delia platura line (N and 

H), substrate (6 levels), time (4, 24, 48 hours, treated as factors) and their three-way interaction 

were included as covariates in both the conditional and zero-inflated components of the model. 

The H-line, control and 48-hour treatments were used as reference levels. Replicate ID number 

and female ID were included as random variables to control variance among replicates 

(treatment blocks) and among individual females in the conditional model. The model was fitted 

using the glmmTMB library (v.1.1.2;Brooks et al., 2017) and model diagnostics inspected using 

the DHARMA library (v.0.4.3; Hartig, 2021) in R (v.4.1.1; R Core Team, 2021).  

4.4.4.2 Choice 

The number of eggs laid was modeled using a generalized linear model with a negative binomial 

error distribution and log link function. Delia platura line (N and H) and substrate (6 levels), 

along with their interaction, were included as covariates. The H-line and control were used as 
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reference levels. Female ID and lot ID were used as random variables to control variance among 

individual females and the lots from which they originated. Replicate ID was not used as a 

random variable due to converge issues (low variance). The model was fitted using the 

glmmTMB library (v.1.1.2; Brooks et al., 2017) and model diagnostics inspected using the 

DHARMA library (v.0.4.3; Hartig, 2021). The proportion of eggs distributed among each of the 

substrates was plotted for each individual female (Figure 8) to observe the possibility of inter-

individual difference in preferences among the substrates. 

To obtain a measure of the degree of specialization (or preference) for each female of both 

biotypes, Simpson’s Dominance Index was used (Simpson, 1949). The Simpson’s Dominance 

Index (𝐷) was calculated using the following equation:  

𝐷 =  ∑
𝑛𝑖  (𝑛𝑖 − 1)

𝑁 (𝑁 − 1)

𝑆

𝑖=1

 

Where;    

𝑆 = total number of substrates 

    𝑛𝑖  = number of eggs laid on ith substrate 

    𝑁 = total number of eggs laid by an individual female 

The diversity of substrates used for oviposition hence decreases as the index approaches 1. 

Simpson’s dominance index was calculated using the tabula library (v1.6.1; Frerebeau, 2019). 

To evaluate if the Simpson’s Dominance Index values were obtained from females that had 

randomly laid eggs on each substrate, 1000 simulations were done in which the total number of 

eggs laid for each individual was randomly assigned to each substrate with equal probability of 

oviposition for each substrate (1/6) drawn from a multinomial distribution. As 20 females per 

line were used for the experiment, the simulations yielded 20 000 indices per line (20 females x 

1000 simulations). Discrepancies between the frequency distributions of observed and simulated 
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indices may then be used as evidence of a departure from a lack of preference for one or more 

substrates.  

4.4.4.3 Comparing results of no-choice and choice experiments 

To compare the number of eggs laid in the no-choice and choice experiments, the raw data of 

both experiments were plotted for visual comparison using the number of eggs laid in the first 

24 hours of the no-choice experiments as this time interval was used for the choice experiment. 

As the no-choice experiment contained 180 individuals per biotype compared to 20 individuals 

per biotype in the choice experiment, we considered any statistical comparison between the two 

experiments to be biased and inferred solely from visual inspection of the data distributions. 

4.5 Results 

4.5.1 No-choice 

When comparing the ovipositional trends between the first 10 and last 20 replicates of the no-

choice experiment to evaluate the effect of the two different onion and radish varieties, many 

different trends were observed for nearly every substrate including the control for both biotypes 

(Figure S10). The trends observed appear to reflect the high degree of variability in the number 

of eggs laid across replicates and thus, the effect of including two different onion and radish 

varieties in our trial, if present, may be masked within the overall variability across all substrates. 

The overall mean number of eggs laid across biotypes, substrates and time periods was 12.5 ± 

19.7 (SD). Both biotypes laid a similar mean number of eggs (12.2 ± 19.4 and 12.9 ± 20.1 for 

the H- and N- lines, respectively). After 48-hour, females had laid a mean total of 37.7 ± 29.1 

eggs, with the H-line laying 36.6 ± 29.8 and the N-line laying 38.7 ± 28.4 eggs. No differences 

in the accumulation of eggs laid over 48 hours on the different substrates were observed between 
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biotypes. However, different ovipositional trends were observed between substrates within each 

line. The N-line laid nearly twice as many eggs on sweetcorn at all time periods compared to 

the control, while negligeable differences were observed at all time periods for the other crops 

compared to the control (Figure 7A, Table S5). For the H-line, differences in the number of eggs 

laid between substrates were apparent after 24 hours. By then, H-line females had laid twice as 

many eggs on yellow onion compared to the control, while the differences in the number of eggs 

laid in the other crops compared to the control were negligeable. After 48 hours, most crops had 

received nearly 40% more H-line eggs than the control (Figure 7A, Table S5). 
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Figure 7. Effect of substrate type on number of eggs laid by two Delia platura biotypes in 

no-choice and choice settings 

A) Model predictions of the effect of Delia platura biotype, substrate and time on the 

accumulation of eggs laid in a no-choice setting (1 female per substrate). Error bars 

depict bootstrapped 95% confidence intervals from 299 bootstrapped samples. 

Generalized Linear Mixed Model. 6 substrates x 2 biotypes x 30 replicates = 360 

individual females sampled at 3 time periods = 1080 observations. B) Model 

predictions of the effect of Delia platura biotype and substrate on the number of eggs 

laid in a choice setting (6 substrates per individual female). Error bars depict model-

predicted 95% confidence intervals. 2 biotypes x 20 replicates = 40 individual females 

which were subjected to 6 substrates = 240 observations. 
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4.5.2 Choice 

The overall mean number of eggs laid across biotypes and substrates after 24 hours was 8.4 ± 

12.7. Both biotypes laid a similar mean number of eggs (7.6 ± 13.3 and 9.2 ± 12.1 for the H- 

and N- lines, respectively). Both biotypes laid more eggs on radish. N-line females laid at least 

twice as many eggs on all substrates except yellow onion compared to the control. In contrast, 

H-line females laid more eggs on every substrate including yellow onion compared to the control 

(Figure 7B, Table S5). Additionally, the H-line laid more eggs on sweetcorn compared to the 

control than the N-line, while no other differences were observed between biotypes (Figure 7B, 

Table S5). The plotted proportion of eggs distributed among each of the substrates for each 

individual female revealed no obvious inter-individual differences in oviposition preference as 

the majority of females laid on multiple substrates rather than on a single one (Figure 8). 
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Figure 8. Egg distribution patterns among 6 different substrates by two Delia platura 

biotypes 

Proportion of eggs distributed among each of the six tested substrates for each 

individual female of the two Delia platura biotypes in a choice experiment (20 

females/biotype). 

4.5.3 Comparing results of no-choice and choice experiments 

In the first 24 hours of the no-choice experiment, females laid on average 28.2 ± 29.3 eggs, with 

the H-line laying 26.8 ± 29.5 and the N-line laying 29.7 ± 29.1 eggs. In the choice experiment, 

females laid, on average, a total of 50.3 ± 32.0 eggs with the H-line laying 45.5 ± 30.3 and the 

N-line laying 55.1 ± 32.9. Obvious difference between the number of eggs laid after 24 hours 

in the two experiments are observed in the raw data with the choice experiment being the setting 

in which females of both biotypes laid the most eggs (Figure 9A). 
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Figure 9. Comparison of number of eggs laid in choice and no-choice setting, and 

Simpson’s dominance index for two Delia platura biotypes 

 A) Data distribution of the number of eggs laid in the first 24 hours of the no-choice 

experiment compared to the choice experiment for the two Delia platura biotypes. 

B) Data distribution of the Simpson’s dominance index calculated from the observed 

data and 1000 simulations in which the total number of eggs laid for each female 

was randomly assigned to each substrate with equal probability of oviposition for 
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each substrate (1/6) drawn from a multinomial distribution. As 20 females per line 

were used for the experiment, the simulations yielded 20 000 indices per line (20 

females x 1000 simulations). 

4.5.4 Simpson dominance index (SDI) 

The overall mean SDI was 0.39 ± 0.22 with both biotypes displaying similar indices (0.40 ± 

0.22 and 0.38 ± 0.23 for the H- and N- lines, respectively). Simulations of randomly distributed 

eggs among substrates had an overall mean SDI of 0.17 ± 0.05 and similar SDIs for both 

biotypes (0.17 ± 0.07 and 0.17 ± 0.05 for the H- and N- lines, respectively). The data 

distributions of the simulated and observed SDIs showed little overlap (Figure 9B). 

4.6 Discussion 

Oviposition trends in choice and no-choice settings were evaluated for the N- and H- lines of D. 

platura when subjected to germinating seeds of yellow onion, soy, sweetcorn, radish, and 

broccoli. In a no-choice setting, the N-line had a higher degree of acceptance on sweet corn 

compared to the control. While the H-line had a higher degree of acceptance on yellow onion 

after 24 hours, more eggs were generally laid on each of the 5 crops after 48 hours compared to 

the control. When subjected to a choice between the substrates, the N-line laid more eggs on all 

crops except yellow onion than on the control whereas the H-line laid more eggs on each of the 

5 crops tested. Although females did not distribute their eggs randomly among substrates, 

neither biotype showed a high degree of preference in the choice experiment. Additionally, the 

experimental setting of the choice experiment stimulated females of both biotypes to lay more 

eggs than in the no-choice experiment. Our results suggest differences in ovipositional behavior 

between the two biotypes, at least under laboratory conditions. 
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4.6.1 No-choice 

Although no differences between D. platura biotypes were observed in terms of accumulation 

of eggs laid over time in the five crops compared to the control, differences were observed in 

terms of total fecundity and temporal ovipositional trends were observed within each biotype. 

N-line females laid more eggs on sweetcorn at all time periods compared to the control and their 

higher degree of acceptance for sweetcorn suggests a higher affinity for this crop. These results 

thus predict a higher probability of observing larvae of the N-line in sweetcorn fields compared 

to the other crops. Preliminary field sampling data suggest a higher abundance of the N-line in 

sweetcorn grown in Québec compared to the H-line (Fortier et al. unpublished), further 

emphasizing its affinity to this crop. Further comparisons of N-line field abundance among our 

tested crops are needed to support or deny the inferences made from our results.  

The H-line did not express a higher degree of acceptance to any crop when compared to the 

control during the first 4 hours of the trial. However, at 24 and 48 hours, over twice as many 

eggs were laid on yellow onion compared to the control, suggesting a higher degree of 

acceptance for this crop. However, as all the tested crops received more H-line eggs than the 

control after 48 hours, it may be inferred that while the identity of the crop does not appear to 

be as important for the H-line than the N-line, the presence of germinating seeds stimulates the 

H-line to lay more eggs compared to the control. The results suggest differences in the 

acceptance behavior between the two biotypes when subjected to different crops in terms of 

total number of eggs laid and predict the presence of the H-line in a wider range of crops in the 

field compared to the N-line.  

4.6.2 Choice 

While there was a trend of increased oviposition on radish for both biotypes, it is important to 

note that due to the very rapid growth rate of radish seedlings, the physical composition of the 
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oviposition substrate was altered compared to the other crops tested. Indeed, radish seedlings’ 

growth caused the top layer of soil to rise, creating crevasses in which females laid. This 

behavior was observed consistently for both biotypes throughout our trials and observed by 

Ibrahim (1986) and Barlow (1965) in similar experimental conditions. As such, the high number 

of eggs laid on radish may not represent ovipositional preference for radish rather than for the 

physical features of the substrate. While a high number of eggs were laid on radish, most of the 

other crops received more eggs than the control with the exception of yellow onion for the N-

line, suggesting a low degree of selectivity in substrate choice for both biotypes. Although we 

could have observed the presence of different substrate preference phenotypes among both 

biotypes, this was not the case. Females of neither biotype laid eggs on a sole substrate which 

further suggest a generalist behavior in both biotypes. The low Simpson Diversity Indices 

obtained for both biotypes concur with the supposition that they have a low degree of substrate 

selectivity. However, the small overlap between the data distributions of the observed and 

simulated randomly distributed eggs suggests that the choice of substrate was not entirely 

random for both biotypes. 

While both biotypes generally laid more eggs on substrates in which seedlings were present 

compared to the control, these results do not necessarily imply that they both display a broad 

host range. It is possible that a subset of crops offered were preferred in the first hours of the 

trial but as the preferred substrates were gradually saturated by eggs, females started ovipositing 

on suboptimal hosts (Mayhew, 1997). It is also possible that females considered the proximity 

of each substrate in the choice experiment to represent a single resource patch and thus laid eggs 

in areas with an increased perceived protection (crevasses in the soil), especially if larvae have 

the capacity to move from one substrate to another at this spatial scale.  

Bernays (2001) suggests that generalists should lay more eggs in no-choice than in choice 

settings due to a lack of neural capacity to process multiple stimuli at once thus causing a delay 

in oviposition speed. Our findings, however, contradict this generalization as both D. platura 
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biotypes laid more eggs on multiple crops compared to the control, characteristics typical for 

generalists’ behavior whereas the number of eggs laid in the choice experiment was much higher 

that in the no-choice experiment in the same amount of time (first 24 hours). Generally, it would 

be assumed that the quantity of stimuli that are processed in a no-choice setting (a single 

oviposition substrate) are much lower than in a choice setting where multiple crops are emitting 

volatiles that differ in their composition and concentration. On the other hand, it is possible that 

females considered the proximity of each substrate in the choice experiment to represent a single 

resource patch and thus were more stimulated to lay eggs. Future experiments should compare 

the ovipositional response of both biotypes in no-choice conditions (a single oviposition 

substrate type) with six substrates as so to mimic the quantity of stimuli present in the choice 

experiment. 

4.6.3 Host selection in field conditions 

While both biotypes exhibited a degree of specificity to certain crops, it is noteworthy to 

consider that the experimental conditions in our study did not reflect the conditions to which 

either of the biotypes would be subjected to in the field. Considering that sweetcorn and soy 

grow in different soil types than broccoli, radish and onion, it is unlikely that individual females 

of either line be subjected to a situation where a choice among these exact five crops must be 

made. Additionally, many confounding factors would affect the choice of substrate on which to 

lay on in field conditions. For example, presence of a parasitoid may deter females from laying 

on optimal hosts for offspring development and thus lay eggs on a suboptimal host as observed 

in the pine sawfly, Neodiprion sertifer (Hymenoptera: Diprionidae) (Bjorkman et al., 1997). 

Along with predator presence, resource quality and availability, landscape features, 

environmental predictability and competitor densities are factors which affect the observed 

distribution of eggs on host plants in the field (Bernays & Chapman, 1994). Our results, 

however, suggest differences in response to different stimuli both in the no-choice and choice 
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settings between the H- and N- lines and thus, future studies should focus on the factors that 

affect host-choice in field conditions for both biotypes.  

As different host plants vary in their nutritional quality and digestibility, the preference-

performance hypothesis posits that females should lay eggs on or near hosts that will be most 

suitable to their offspring (Jaenike, 1978). However, the strength of this relationship has a high 

degree of variability between systems and appears to be affected by the species’ feeding habits; 

the relationship is strong for specialists and weaker as diet breadth increases (Bernays & Funk, 

1999; Gripenberg et al., 2010). As D. platura is reported from a high variety of hosts (both plant 

and animal material) (Griffiths, 1993), and both biotypes tend to lay eggs on multiple crop types, 

it would be worthwhile to evaluate both biotypes’ larval performance when subjected to the 

crops used in our experiments.  

4.6.4 Future studies 

Our study suggests differences in the ovipositional behavior of the N- and H- lines of D. platura, 

at least under conditions such as those of our experimental settings. While neither biotype 

showed a high specificity in substrate preference when given a choice, the N-line laid 

substantially more eggs on sweetcorn compared to the control while the H-line laid more eggs 

on every substrate with a trend of increased oviposition on yellow onion in a no-choice setting. 

However, further investigation of the effects of different stimuli including volatile and tactile 

compounds along with physical substrate components on oviposition for these two biotypes 

should be conducted to further our understanding of their behavior. Such studies contrasting the 

factors that stimulate both biotypes to oviposit may guide growers in avoiding practices that are 

most likely to stimulate oviposition in their fields.  

To increase the extrapolation of the ovipositional trends observed in our study, larger-scale 

experiments should be conducted in semi-field conditions. Experimental designs that better 
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mimic field conditions and provide choices among crops that are more likely to be found in 

close proximity and thus be part of the choices among which individual females must 

discriminate would improve predictions made on the identity of the line present in certain crops 

if the two biotypes indeed display different preferences. Additional factors known to affect 

female oviposition decisions could also be included in such experiments and would prove useful 

to deter the biotypes from ovipositing in fields. For example, Aleochara bilineata (Coleoptera: 

Staphylinidae) has been shown to predate Delia eggs (Klimaszewski, 1984). Predator presence 

and abundance is known to affect host-finding time (Bernays & Chapman, 1994) and so, while 

egg predation by A. bilineata may contribute to control D. platura, the presence of this predator 

may also prove to be an effective deterrent to ovipositing females.  

To compare the potential of the N- and H-lines of D. platura as agricultural pests, large scale 

sampling for their larvae should be conducted in multiple crops to determine landscape 

composition factors that promote the presence and abundance of both biotypes’ larvae. For 

example, females may be attracted to larger fields or many fields in close proximity in 

comparison to smaller, isolated fields of suitable crops as so to optimize their host-finding 

efforts. Thus, corroborating our findings with field studies will serve to inform the agronomic 

community on factors that may influence the presence and abundance of both D. platura 

biotypes in crops commonly grown in Québec and in turn, assist in coordinating pest control 

measures. 
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4.9 Supplementary material 

 

 

Figure S8. Arena used for the no-choice experiment with two Delia platura biotypes 

 Arena used for the no-choice experiment involving the H- and N-lines of Delia 

platura subjected to either yellow onion, sweet corn, radish, soy, broccoli, or a soil 

control. 
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Figure S9. Arena used for the choice experiment with two Delia platura biotypes 

Arena used for the choice experiment involving the H- and N-lines of Delia platura 

subjected to yellow onion, sweet corn, radish, soy, broccoli, and a soil control. 
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Figure S10. Comparison of number of eggs laid on different substrates in a no-choice 

setting between the first ten and last twenty replicates for both Delia platura 

biotypes 

Boxplots of number of eggs laid at each time interval in the no-choice experiment 

compared between the first 10 and last 20 replicates. The varieties of onion and 

radish differed between the first 10 and lest 20 replicates of the experiment. 

Ovipositional trends show a high degree of variability on most of the substrates 

including the control for both biotypes, suggesting a high overall variability across 

replicates for all substrates rather than a difference in ovipositional trends caused 

by different onion and radish varieties. 
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Table S5. Output of statistical analyses for the effect of Delia platura biotype and substrate 

type on number of eggs laid in no-choice and choice settings 

Estimates and corresponding 95% confidence intervals (CI) of the effects of D. 

platura biotype, substrate and time period (no-choice experiment) and D. platura 

biotype and substrate (choice experiment) from Generalized Linear Mixed Models. 

σ2 represents the variance of the random effects (in subscript next to value). Note that 

the variances for the random variables of the choice experiment are on the log scale. 

Number of observations for no-choice experiment: 6 substrates x 2 biotypes x 30 

replicates = 360 individual females sampled at 3 time periods = 1080 observations. 

Number of observations for the choice experiment: 2 biotypes x 20 replicates = 40 

individual females which were subjected to 6 substrates = 240 observations. 

  No-Choice Choice 

Predictors Estimate CI (95%) Estimate CI (95%) 

Intercept 30.10 20.86 – 39.34 1.05 0.41 – 

2.66 

Genotype [H-line vs N-line] 8.22 -5.58 – 22.02 3.15 1.04 – 

9.49 

Substrate [Control vs Onion] 23.91 11.12 – 36.69 4.24 1.58 – 

11.37 

Substrate [Control vs Soy] 13.81 0.90 – 26.73 4.12 1.52 – 

11.22 

Substrate [Control vs Corn] 13.36 0.30 – 26.43 9.30 3.59 – 

24.08 
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Table S5 cont. 

Substrate [Control vs Broccoli] 12.53 -0.60 – 25.67 5.72 2.16 – 

15.14 

Substrate [Control vs Radish] 16.09 2.52 – 29.65 12.80 4.96 – 

33.04 

Time [48 hours vs 4 hours] -17.44 -29.84 – -5.04 
  

Time [48 hours vs 24 hours] -5.70 -13.91 – 2.51 
  

Genotype [N-line] * Substrate [Onion] -18.37 -37.14 – 0.40 0.34 0.10 – 

1.15 

Genotype [N-line] * Substrate [Soy] -13.30 -32.01 – 5.41 0.71 0.21 – 

2.36 

Genotype [N-line] * Substrate [Corn] 6.94 -11.61 – 25.49 0.30 0.09 – 

0.97 

Genotype [N-line] * Substrate [Broccoli] -2.79 -21.97 – 16.40 0.44 0.13 – 

1.44 

Genotype [N-line] * Substrate [Radish] -13.89 -33.40 – 5.62 0.34 0.11 – 

1.06 

Genotype [N-line] * Time [4 hours] -4.28 -19.61 – 11.05 
  

Genotype [N-line] * Time [24 hours] -0.38 -12.09 – 11.33 
  

Substrate [Onion] * Time [4 hours] -17.51 -32.74 – -2.28 
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Table S5 cont.     

Substrate [Soy] * Time [4 hours] -10.73 -26.19 – 4.74 
  

Substrate [Corn] * Time [4 hours] -3.67 -20.03 – 12.68 
  

Substrate [Broccoli] * Time [4 hours] -8.37 -24.07 – 7.32 
  

Substrate [Radish] * Time [4 hours] -13.13 -28.62 – 2.36 
  

Substrate [Onion] * Time [24 hours] 0.37 -10.74 – 11.49 
  

Substrate [Soy] * Time [24 hours] 1.76 -9.91 – 13.43 
  

Substrate [Corn] * Time [24 hours] -1.68 -13.53 – 10.17 
  

Substrate [Broccoli] * Time [24 hours] -2.35 -14.34 – 9.64 
  

Substrate [Radish] * Time [24 hours] -1.39 -13.03 – 10.24 
  

Genotype [N-line] * Substrate [Onion] * 

Time [4 hours] 

15.35 -4.20 – 34.90 
  

Genotype [N-line] * Substrate [Soy] * 

Time [4 hours] 

8.97 -11.51 – 29.45 
  

Genotype [N-line] * Substrate [Corn] * 

Time [4 hours] 

-1.90 -22.06 – 18.26 
  

Genotype [N-line] * Substrate [Broccoli] 

* Time [4 hours] 

3.81 -16.81 – 24.43 
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Table S5 cont. 

Genotype [N-line] * Substrate [Radish] * 

Time [4 hours] 

2.51 -18.00 – 23.02 
  

Genotype [N-line] * Substrate [Onion] * 

Time [24 hours] 

0.08 -15.67 – 15.83 
  

Genotype [N-line] * Substrate [Soy] * 

Time [24 hours] 

-8.72 -25.29 – 7.84 
  

Genotype [N-line] * Substrate [Corn] * 

Time [24 hours] 

0.22 -15.90 – 16.34 
  

Genotype [N-line] * Substrate [Broccoli] 

* Time [24 hours] 

-0.35 -17.10 – 16.40 
  

Genotype [N-line] * Substrate [Radish] * 

Time [24 hours] 

2.08 -14.40 – 18.56 
  

Zero-Inflated Model 

Intercept -1.72 -2.79 – -0.66 
  

Genotype [H-line vs N-line] 0.32 -1.09 – 1.72 
  

Substrate [Control vs Onion] -0.15 -1.65 – 1.35 
  

Substrate [Control vs Soy] -0.53 -2.19 – 1.13 
  

Substrate [Control vs Corn] 0.10 -1.34 – 1.54 
  

Substrate [Control vs Broccoli] 0.09 -1.37 – 1.54 
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Table S5 cont.     

Substrate [Control vs Radish] 0.71 -0.64 – 2.05 
  

Time [48 hours vs 4 hours] 2.89 1.53 – 4.26 
  

Time [48 hours vs 24 hours] 1.12 -0.19 – 2.44 
  

Genotype [N-line] * Substrate [Onion] -0.34 -2.40 – 1.72 
  

Genotype [N-line] * Substrate [Soy] 0.24 -1.92 – 2.41 
  

Genotype [N-line] * Substrate [Corn] -2.06 -4.69 – 0.57 
  

Genotype [N-line] * Substrate [Broccoli] 0.13 -1.79 – 2.04 
  

Genotype [N-line] * Substrate [Radish] -0.96 -2.88 – 0.95 
  

Genotype [N-line] * Time [4 hours] -1.53 -3.33 – 0.27 
  

Genotype [N-line] * Time [24 hours] -0.30 -2.07 – 1.47 
  

Substrate [Onion] * Time [4 hours] -1.06 -2.93 – 0.81 
  

Substrate [Soy] * Time [4 hours] -0.54 -2.55 – 1.46 
  

Substrate [Corn] * Time [4 hours] -0.60 -2.45 – 1.24 
  

Substrate [Broccoli] * Time [4 hours] -1.02 -2.85 – 0.82 
  

Substrate [Radish] * Time [4 hours] -1.78 -3.53 – -0.03 
  

Substrate [Onion] * Time [24 hours] -0.64 -2.55 – 1.27 
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Table S5 cont.     

Substrate [Soy] * Time [24 hours] 0.56 -1.42 – 2.53 
  

Substrate [Corn] * Time [24 hours] 0.08 -1.72 – 1.87 
  

Substrate [Broccoli] * Time [24 hours] 0.22 -1.58 – 2.02 
  

Substrate [Radish] * Time [24 hours] -0.81 -2.54 – 0.91 
  

Genotype [N-line] * Substrate [Onion] * 

Time [4 hours] 

1.14 -1.43 – 3.71 
  

Genotype [N-line] * Substrate [Soy] * 

Time [4 hours] 

1.26 -1.39 – 3.91 
  

Genotype [N-line] * Substrate [Corn] * 

Time [4 hours] 

1.54 -1.53 – 4.62 
  

Genotype [N-line] * Substrate [Broccoli] 

* Time [4 hours] 

1.22 -1.23 – 3.67 
  

Genotype [N-line] * Substrate [Radish] * 

Time [4 hours] 

2.46 0.01 – 4.91 
  

Genotype [N-line] * Substrate [Onion] * 

Time [24 hours] 

0.06 -2.62 – 2.75 
  

Genotype [N-line] * Substrate [Soy] * 

Time [24 hours] 

-0.28 -2.92 – 2.37 
  

Genotype [N-line] * Substrate [Corn] * 

Time [24 hours] 

0.18 -3.02 – 3.39 
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Table S5 cont.     

Genotype [N-line] * Substrate [Broccoli] 

* Time [24 hours] 

-0.57 -3.01 – 1.88 
  

Genotype [N-line] * Substrate [Radish] * 

Time [24 hours] 

0.91 -1.54 – 3.37 
  

Random Effects 

σ2 394.92 fly.ID 0.25 fly.ID 

 
60.78 rep.ID 0.04 lot.ID 

Marginal R2 / Conditional R2 0.263 / 0.979 0.294 / 0.471 

 

 

 

 

 



 
 
 
 

 

CHAPTER 5 

DISCUSSION AND CONCLUSION 

Proper understanding of the identity and biological traits of agricultural pests is the 

steppingstone to developing safe alternatives to synthetic pesticides. Without such knowledge, 

any attempt to control pest populations is bound to be ineffective. This master’s thesis has 

attempted to shed light on some biological traits that are susceptible to differ between diverged 

populations such as mating systems, reproductive compatibility, and host adaptations. With a 

potential of infesting a high diversity of crops both worldwide and locally, the H- and N- lines 

of Delia platura are ideal candidates to compare biological traits and help guide future 

development of control methods for these pests. Prior to the present undertaking, scarce 

information about the two known genetic lines of D. platura was available. Savage et al. (2016) 

had identified the two clusters with a minimum p-distance of 4.45% in the COI gene (Folmer 

region) and reported preliminary trends of their relative abundance in Allium and cruciferous 

crops in southwestern Québec. Meraz-Álvarez et al. (2020) had identified the N-line as being 

the sole D. platura line observed in cruciferous crops and weeds. Van der Heyden et al. (2020) 

had reported apparent differences in the phenology of the two lines in fields of southwestern 

Québec. However, these studies raised more questions than they answered, the most burning of 

which was whether the two D. platura lines are separate biological entities and to what extent 

they differ. With the experiments conducted within the framework of this master’s thesis, it has 

been determined that the two genetic lines are actually two unique biological entities. During 

the process of the past two years, a major lesson learned is that the more one learns about a 

subject, the more one realises that one knows so little. As such, while answers have been 

obtained, many more questions are left unanswered. It is of my opinion, however, that the 

findings reported here will serve as a pillar upon which a research program on the two D. platura 

biotypes and methods for their control may be built.  
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The building of evidence suggesting two biological entities within D. platura began with the 

very first experiment conducted within the current framework. In Chapter 2, the effect of group 

sex ratio and density on female mating probability, pre-oviposition period and egg hatchability 

was evaluated for the D. platura H- and N- lines. Similar trends were observed between the 

lines in terms of the effect of both variables on female mating probability; while the effect of 

density had negligeable effects, female mating probability increased as the proportion of males 

increased. One major surprising result, however, was the comparatively low mean mating 

probability of H-line females regardless of group composition. This low baseline mating 

probability suggests a high degree of selectivity and a potentially strong pre-mating isolation 

mechanism between lines. As mating swarms are typically male-biased (Downes, 1969), the 

increasing trend in mating probability with increasing male proportions for both lines confirms 

field and laboratory observations that the H- and N- lines of Delia platura mate in swarms. Sex 

ratio and density affect the pre-oviposition period of both lines differentially with a decrease in 

the length of the pre-oviposition period as the ratio of males to females increased at low density 

only for the N-line while the opposite trend was observed in the high-density treatments for both 

lines. While no formal statistical analysis could be conducted on the effect of the tested variables 

on egg hatchability, no major trends were discerned within and among the two lines. Although 

the mating system of the two lines may appear similar (mating in swarms), the differences in 

the degree of mate selectivity and pre-oviposition period between the lines indicate subtle but 

impactful mating differences. These differences may affect inter-line mating success along with 

control methods that target mating such as the sterile insect technique. 

The opportunities for future work on the mating system of the two biotypes are vast. Firstly, 

while the two biotypes appear to mate in swarms, the dynamics within these swarms are 

unknown. For example, the timing of the formation of the swarms (both daily and seasonally) 

along with their locality may differ (Diabaté et al., 2009; Sawadogo et al., 2014; Sawadogo et 

al., 2013). Moreover, whether mixed swarms of both biotypes occur and under what conditions 

if they indeed occur remain to be documented. I hence propose a field study spanning from early 

to late season to cover more than one generation. As swarms are as susceptible to form from 
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dawn to dusk (Downes, 1969), the data collection scheme shall cover all of such times. A 

preliminary phase of the study may cover a large extent of landscape features such as field and 

forest edges along with potential swarm markers consisting of conspicuous physical attributes 

of the landscape. For example, during a field outing to collect wild D. platura individuals, I 

located a swarm formed above a large tree stump that seemed its most dense around mid-day. 

Sweep netting may be used to sample individuals from detected swarms to identify the line of 

the individuals composing these swarms using the PCR-HRM technique developed in Van der 

Heyden et al. (2020). Once the localities conducive to swarm formation for both biotypes has 

been determined, further observations and sampling may be done to identify the time of day and 

season when both biotypes form their swarms and whether mixed swarms are known to occur. 

This more detailed comparison of the swarming dynamics of the two biotypes would prove 

highly beneficial to any control method aimed at disrupting their mating. For example, targeted 

releases of sterile individuals could be done in the specific localities and times at which swarms 

are formed to increase the likelihood that sterile individuals join and mate within the swarm. 

Additionally, as H-line females appear to be selective towards the male with which they mate, 

it would be valuable to investigate whether sterile males are accepted by H-line females. 

While the results obtained in Chapter 2 point to mate selectivity in H-line females, this 

choosiness was not explicitly evaluated. As such, laboratory experiments in which females are 

offered a choice between males showing different trait values (such as size or wing length) are 

needed to support or refute our supposition. A better understanding of the mating and egg-laying 

dynamics of the two lines could be obtained through studies pertaining to male-male interactions 

(competition; (Weir et al., 2011)), female resistant and male insistent behaviors (Carrillo et al., 

2012; Lauer et al., 1996), along with the effect of the presence of conspecific females on egg-

laying behaviors such as time spent searching and selecting an oviposition site (Desurmont et 

al., 2014). 
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Chapter 3 supported the doubts raised in Chapter 2; the selectivity of H-line females appears to 

be a major component in pre-mating isolation between the two biotypes with only one female 

out of thirty mating with an N-line male. However, crosses between N-line females and H-line 

males yielded mating probabilities that were comparable to intra-line crosses. Additionally, 

these females did not seem reticent to mate with these males as the pre-oviposition period did 

not differ to crosses between N-line females and N-line males whereas the single H-line female 

that did mate with an N-line male took approximately 24 days to do so. The pre-mating isolation 

between the two biotypes is thus asymmetrical. The H x N (male x female line) crosses produced 

eggs that were 25% less likely to hatch compared to the intra-line crosses pointing to either 

partial post-mating pre-zygotic or post-zygotic isolation between the biotypes. However, once 

hybrid larvae successfully hatched, their performance in terms of survival and developmental 

time to the adult stage, sex ratio and pupal weight, was comparable to that of the pure lines. 

Therefore, within the confines of the tested isolation mechanisms, there appears to be an 

asymmetrical pre-mating isolation along with a partial post-mating pre-zygotic or post-mating 

isolation at the embryonic developmental stage but no post-mating isolation past the larval 

hatching stage between the two D. platura biotypes. The accumulation of biological differences 

between the two biotypes suggest that these are in fact two unique biological entities. 

The main question of my thesis thus has been partially answered: the agronomic community 

appears to be dealing with two pests rather than one. However, many more questions arise from 

this chapter that are in dire need of investigation. A lack of time in the laboratory led to the 

exclusion of experiments relating to the viability of hybrids past the stage of adult emergence 

from puparia. The next obvious step for the research program is to evaluate the longevity and 

fecundity of adult hybrids along with the persistence of additional hybrid generations. Next, 

reciprocal crosses with the pure lines should be conducted to evaluate potential disruptive sexual 

selection. Many factors can contribute to the suppression of hybrids such as intermediate 

phenotypes and/or traits maladapted to the parents’ environment (Forister, 2005; Naisbit et al., 

2001). As such, experiments investigating such traits would serve to increase our understanding 

of the hybridization potential of the two D. platura biotypes.  
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In field conditions, hybridization of the two biotypes has major implications. Such hybridization 

could lead to range expansions, increased host range, and/or resistance to control measures 

(Anderson et al., 2018; Corrêa et al., 2019). Field sampling to determine the population genetic 

structure of the two D. platura biotypes using a genotype by sequencing approach (Elshire et 

al., 2011) in an upcoming project will reveal the presence of gene transfer between the biotypes 

and thus hybrid populations if they exist. Such methods will serve to assess the hybridization 

potential between the biotypes in natural conditions. The agronomic community will thus be 

informed as to whether three biological entities are threatening to crops grown in Québec and 

be in a better position to develop control methods tailored to each pest. 

Different biological entities can be associated with different risk factors for various crops. 

Chapter 4 consisted of a demonstration of the applied research that can be done to build our 

understanding of the potential of biological entities as pests. In this chapter, we investigated the 

degree of ovipositional acceptance and preference of the two D. platura biotypes when 

subjected to yellow onion, soy, sweetcorn, radish, broccoli, and a soil only control. When 

subjected to each substrate in a no-choice setting to evaluate the degree of acceptance of the two 

biotypes, the N-line displayed a higher degree of acceptance on sweetcorn compared to the 

control whereas the H-line laid more eggs on each of the five tested crops compared to the 

control, suggesting differences in the acceptance behavior between the biotypes. When 

attempting to evaluate their oviposition preference in a choice setting, both biotypes laid more 

eggs on the tested crops compared to the control with the exception of the N-line laying a similar 

number of eggs on yellow onion compared to the control. While females of neither biotype laid 

eggs in a random manner in the choice setting, they did not display strong preferences either. 

There was a trend of relatively high oviposition on radish in the choice experiment for both 

biotypes, but we hypothesize that this trend is biased due to the physical alteration of the soil 

due to rapid seedling development in this crop compared to the others. Nonetheless, both the 

results from the choice and no-choice experiments suggest that the stimuli that influence 

oviposition differs between the two D. platura biotypes and merit further investigation. 
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To better contrast the factors influencing oviposition in the two D. platura biotypes, future 

laboratory studies should investigate the effects of different stimuli both individually and in 

combination. For example, a study currently underway evaluates the effect of decomposition 

time of different crop residues on the ovipositional trends of the two biotypes (F. Fournier pers. 

comm.). Such studies will help growers determine which agricultural methods to use to decrease 

the attractivity of their fields for D. platura oviposition and thus reduce the risk of crop loss. 

Another essential research avenue is to investigate the realized diet breadth of the two biotypes 

through experiments relating to their larval development on different crops. The findings 

obtained with these kinds of experiments would be part of the initial steps in comparing the 

potential of the two biotypes to cause damages in agricultural fields. 

To compare the potential of the N- and H-lines of D. platura as agricultural pests, large scale 

sampling for their larvae should be conducted in multiple crops to determine landscape 

composition factors that promote the presence and abundance of both biotypes’ larvae. For 

example, females may be attracted to larger fields or many fields in close proximity in 

comparison to smaller, isolated fields of suitable crops to optimize their host-finding efforts. 

Additionally, analyses investigating the causal links between factors that increase crop damage 

by the two biotypes would allow to predict the effect of certain interventions on Delia 

populations and thus the damage they cause in the field. For example, while the two biotypes 

may be equally abundant in fields, one biotype may lay eggs on more plants than the other and 

thus its larvae would have the potential to cause more damage. Furthermore, the two biotypes 

may develop at different rates according to temperature which would in turn affect the time at 

which they are found in the field. The two biotypes may also be more prone to infect plants of 

different developmental stages which could also affect the time at which they are observed in 

the field. As plant development is also affected by temperature, which may thus confound our 

estimation of the effect of temperature on D. platura phenology, structural equation modeling 

(Shipley, 2016) would allow to isolate the direct and indirect effects of temperature on the 

phenology of the two biotypes. Growers could thus adjust their field interventions (such as 
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selectively timed seeding e.g. Hammond & Cooper, 1993; Silver et al., 2018) to target the 

biotype which causes the most damage in their crop. 

In conclusion, this thesis has demonstrated that the H- and N- lines of D. platura are two unique 

biological entities that should be taken into account when developing control methods. 

Specifically, efficient use of the sterile insect release technique would consist of targeted 

releases in areas where swarms of either biotype are formed and releasing individuals that are 

of the same biotype as the targeted population. Considering that different stimuli appear to affect 

oviposition in the two biotypes, further investigation on the specific role of these stimuli will 

help predict the presence of the biotypes in fields and thus allow for more targeted releases. It 

is of my optimistic opinion that the upcoming years will prove to be highly fruitful in the 

development of environmentally safe control methods for both biotypes of Delia platura. 
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