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ABSTRACT 
 

  
 

REGULATION OF DIAPAUSE ENTRY AND TERMINATION IN THE SWEDE 

MIDGE, CONTARINIA NASTURTII (DIPTERA: CECIDOMYIIDAE)  

    
  
 
Lauren Des Marteaux      Advisor:  
University of Guelph, 2011     Professor R.H. Hallett 
 
  
      

     This thesis is an investigation of several aspects of diapause in the swede 

midge, Contarinia nasturtii (Kieffer).  After developing methodology for induction 

and quantification of diapause entry in the laboratory, heritability of diapause entry 

was assessed for sibling larvae reared under diapause-inducing conditions.  The 

diapause-quantification technique was efficient, but diapause frequencies were 

highly variable across studies employing similar diapause-inducing conditions.  The 

diapause entry trait may be weakly heritable.  A field study was conducted on 

diapause entry and emergence patterns.  Diapause frequency was inversely 

correlated with photoperiod and absolute maximum air temperature.  Photoperiod 

did not influence emergence timing.  Two emergence phenotypes were observed 

before mid-July and a third minor emergence phenotype may exist in mid-to-late 

August.  Approximately one third of emergence in the field was attributed to larvae 

in diapause for two or more years.  Avenues of future research on diapause 

regulation in both the laboratory and field are discussed. 
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1.  INTRODUCTION 

 

1.1.  OVERVIEW OF DIAPAUSE & CHOICE OF MODEL ORGANISM 
 
 

Animals in temperate habitats are faced with the challenge of maintaining 

appropriate internal temperatures amidst widely-fluctuating and often adverse external 

conditions.  Thermoregulatory behaviours, diel or seasonal migration, microhabitat 

preference, and development of cold tolerance mechanisms are just a few of the many 

self-preservation strategies utilized by animals in the temperate climates (Masters et al. 

1988, Block et al. 1992).  One strategy shared by some exo- and endotherms alike 

involves dormant periods with reduced metabolic activity.  Dormancy is integral to the 

survival of a great number of species, allowing them to withstand adverse conditions or 

food shortage (Tauber and Tauber 1976), avoid predation (Ślusarczyk 1995), and 

synchronize populations for reproduction (Saunders 1981, Seiji et al. 2008).  Dormancy 

exists in many forms and with varying degrees of metabolic suppression and duration, 

including, aestivation (in many invertebrates), brumation (in reptiles), and diapause (in 

arthropods) (Cáceres 1997, Withers and Cooper 2010).   

 
The success of insects in colonizing the majority of the terrestrial and freshwater 

habitats on earth is at least in part attributable to diapause.  Depending on the species, 

diapause may occur in the embryonic, larval or nymphal, pupal, or adult stage (which 

includes reproductive diapause) (Denlinger 1972, Saunders 1981, Bingxiang et al. 1998, 

Yocum 2001, Seiji et al. 2008).  Diapause for some species or populations may be 

facultative or obligatory (Schneiderman and Horwitz 1958, Sieber and Benz 1980, 
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Tauber et al. 1986).  In facultative insect diapause, photoperiod and temperature are the 

most ubiquitous environmental cues involved in the regulation of diapause timing 

(Tauber and Tauber 1976, Taylor 1989, Denlinger 2002).  Photoperiod is arguably the 

most stable indicator of seasonality and allows insects to enter diapause well before 

conditions become unfavourable (Saunders 1997).  However, thermal conditions can also 

dictate whether individuals enter diapause (e.g. temperatures indicating an extended 

growth season may deter diapause entry and vice versa) (Readshaw 1961).  Temperatures 

exceeding biological thresholds for diapause (or those foretelling the arrival of adverse 

conditions) may also facilitate diapause onset for insects for avoidance of desiccation or 

preparation for supercooling (Gomi 1997).  In insects, diapause is characterized by the 

arrest of nearly fifty percent of gene transcription, while some genes are uniquely 

expressed and others remain unaltered (Tauber and Tauber 1976, Denlinger 2002).  Some 

of these genes may control hormones of the neuroendocrine system, many of which are 

involved in the process of molting and are thought to also regulate diapause events.  The 

role of other biochemicals such as those of the heat shock protein family have been 

implicated in diapause coordination for some species and not others (Yocum 2001, 

Tachibana et al. 2005, Rinehart et al. 2007, Li 2008).   

 
Insect diapause can be influenced by genetic or environmental factors alone, or 

by a combination of the two (Readshaw 1961, Tauber and Tauber 1972, Gomi 1997).  A 

good deal is known about environmental factors responsible for diapause and 

physiological events dictating the diapause program, but precisely how diapause is 

initiated is not well understood (Yamashita 1996, Saunders 1997, Denlinger 2002, Bao 

and Xu 2011).  In order to fully elucidate the mechanisms governing insect diapause 
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initiation we must understand the interplay between the environment, genetics, and 

physiological modes of diapause cue recognition.   

 
Swede midge, Contarinia nasturtii (Kieffer) (Diptera: Cecidomyiidae)is a recent 

invader to North America and a pest on many economically important crops of the 

Brassicaceae (mustard and cabbage family) (Hallett and Heal 2001).  Natural enemies of 

the swede midge in their native range include birds, mites, spiders, parasitoid wasps, and 

some predatory flies (Barnes 1956, Goodfellow 2005).  However severe damage to North 

American crops is likely due to the lack of a diverse assemblage of natural enemies 

(Corlay et al. 2007).  Pesticide efficacies may be low because larval feeding sites are 

cryptic and protected, adults are short-lived, and the presence of alternative weedy hosts 

on field margins facilitates swede midge survival and dispersal (Rogerson 1963, den 

Ouden et al. 1987, Corlay et al. 2007, Hallett et al. 2007).  Drought tolerance in larvae 

can also contribute to swede midge persistence (Stokes 1953a, Chen et al. 2011).  Swede 

midge also display plasticity with regard to patterns of diapause entry timing, the controls 

of which are not well understood (Readshaw 1961).  Swede midge have facultative 

diapause and cycle through 2-4 generations over the growing season each year (Hallett et 

al. 2007).  Diapause occurs for third larval instars upon entry into the soil with pupation 

and emergence  occurring in spring (Readshaw 1961, Hallett et al. 2009).  Readshaw 

(1961) demonstrated that photoperiod and temperature were the major environmental 

factors driving diapause entry in swede midge; short days and cool temperatures resulted 

in the highest diapause frequency and vice versa.  As such, an increasing proportion of 

larvae of each generation enter diapause throughout the season (rather than only the last 

autumn generation) (Readshaw 1961, 1966).  Swede midge also exhibit a bimodal 
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emergence pattern in the spring in both Europe and North America (Rogerson 1963, 

Hallett et al. 2007).  The adaptive significance and mechanisms responsible for such 

emergence patterns in the swede midge have not yet been elucidated (Readshaw 1961, 

Hallett et al. 2007).  This chapter reviews the state of knowledge regarding various 

aspects of diapause entry and termination in the context of the biology and life history of 

swede midge and other insects.   

 
 

1.2.  SWEDE MIDGE, CONTARINIA NASTURTII (KIEFFER) 
 
 

1.2.1.  CECIDOMYIIDAE 
 
  

The Cecidomyiidae (gall midges) are classified in the Bibionomorpha infraorder 

(along with 11 other “nematoceran” families) (Amorim and Rindal 2007).  The suborder 

Nematocera is a paraphyletic group encompassing a variety of gnats, midges, crane flies, 

mosquitoes, no-see-ums, and black flies.  Cecidomyiidae is a large dipteran family of 

dipterans with 5,451 described species in 598 genera (including fossil records) worldwide 

(Gagné 2004).  Of the extant species, about 1,700 species in 270 genera occur in Europe 

and over 1,200 species in 170 genera occur in North America (Poole and Lewis 1998, 

Skuhravá et al. 2006).  Cecidomyiidae includes the Nearctic and Palaearctic subfamilies 

Lestremiinae, Porricondylinae, Cecidomyiinae, and now recently the more distant 

Catotrichinae subfamily with seven species across east Asia and Australia (Jaschhof 

2000).  

 As the common name suggests, Cecidomyiidae includes many phytophagous, 

gall-forming species, but feeding habits and life histories vary greatly among the species 
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and subfamilies.  The larvae of the lestremiines, porricondylines, and catotrichines 

typically feed on mushrooms, moulds on decaying wood and plants, or even conifer 

cones, while cecidomyiine larvae typically feed on plant tissues (Skuhravá et al. 2006).  

Cecidomyiinae also harbours a number of species with atypical diets; some larvae are 

predaceous and may feed on a range of acarines and insects including thrips, whiteflies, 

scales, and aphids (Skuhravá et al. 2006).  Aphidoletes aphidomyza (Rondani) and 

Feltiella acarisuga (Vallot) are examples of commercially available biological control 

agents of aphids and spider mites, respectively (Gagné 1995).  The subfamily also 

includes some mycophagous species and even a few endoparasites of aphids, plant lice, 

and lace bugs (Skuhravá et al. 2006).  Among the gall-forming cecidomyiines are a 

number of economically important crop pests including the Hessian fly (Mayetiola 

destructor Say) on wheat, barley, and rye, the alfalfa sprout midge (Dasineura ignorata 

Wachtl) on various legumes, the brassica pod midge (D. brassicae Winnertz) on various 

crucifers, the raspberry cane midge (Resseliella theobaldi Barnes) on raspberries, and the 

European pine resin midge (Cecidomyia pini DeGeer) on various Coniferae (Harris 

1966).  The genus Contarinia includes a number of plant pests such as the sorghum 

midge (C. sorghicola Coquillett) on grain sorghum, the pea midge (C. pisi Winnertz) on 

peas, C. maculipennis (Felt) on orchids (Uechi et al. 2003), C. lentis (Aczel) on lentils, C. 

pyrivora (Riley) on pear, and the swede midge (C. nasturtii) on a wide range of plants in 

the Cruciferae (Brassicaceae) family (Stokes 1953a, Stokes 1953b). 

 
Cecidomyiids are typically small flies as adults (0.5-5 mm in length) with 

elongate filamentous antennae (characteristic of the Nematocera) (Harris 1966, Unwin 

1981, Skuhravá et al. 2006).  Adults are generally short-lived and non-feeding.  There are 



 

6 

three larval instars.  In many species the last larval instar is equipped with a sclerotized 

ventral spatula on its prosternum (often used as a diagnostic feature of Cecidomyiidae) 

(Skuhravá et al. 2006).  The function of the prosternal spatula is thought to aid 

phytophagous larvae in puncturing host plant tissue upon exit to pupate in the soil below, 

although this has been debated (Harris 1966).  Cecidomyiids generally feed in the larval 

stage and may live up to 12 years in the event of prolonged diapause (Barnes 1952, 

Baxendale and Teetes 1983b).  

 
 
 

1.2.2.  NOMENCLATURE & DISTRIBUTION 
 

 

Contarinia includes over 60 and 150 species described from the Nearctic and 

Palaearctic regions, respectively (Skuhravá 1986, Gagné 1989).  Contarinia nasturtii, 

colloquially known as swede midge, cabbage gall midge, or cabbage crown gall fly, was 

first described in the United Kingdom (England) by Kieffer in 1888.  The species was 

classified under various names in Denmark, Germany, and the Netherlands until being 

synonymized in the mid 1900s (Barnes 1950, Stokes 1953b).  Synonyms are listed below 

(Barnes 1950).    

Contarinia gallaica Tavares 1916  C. torquens De Meijere 1906 
 C. geisenheyneri Rübsaamen 1917  C. turdensis Tavares 1916 
 C. isatidis Rübsaamen 1910   Diplosis nasturtii Keiffer 1888 
 C. perniciosa Tavares 1916   D. ruderalis Kieffer, 1890 
 C. pontevedrensis Tavares 1916 
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Today, the documented Palaearctic range of swede midge also includes Austria, 

Belgium, Bosnia and Herzegovina, Bulgaria, Czech Republic, France, Greece, Ireland, 

Italy, Kossovo, Latvia, Lithuania, Malta, Norway, Poland, Romania, Serbia, Sicily, 

Slovakia, Slovenia, Sweden, Switzerland, Turkey, Ukraine, throughout the Iberian 

Peninsula (Schembri et al. 1991, Simova-Tosic et al. 1992, Skuhravá and Skuhravý 1997, 

Spungis 2003, Skuhravá et al. 2005, Olfert et al. 2006, Skuhravá et al. 2006, Cornell 

Cooperative Extension 2007, Trdan et al. 2008).   Swede midge were first reported in 

North America in Ontario by Hallett and Heal (2001) who also confirmed broccoli 

damage attributable to swede midge from as early as 1996.  Trans-Atlantic shipping of 

soil and/or cruciferous vegetables and ornamentals may be to blame for the introduction 

of larvae or pupae (but no data confirm this).  Since 1996, swede midge has been found 

in Quebec, Nova Scotia, Prince Edward Island, Manitoba, and Saskatchewan (Canadian 

Food Inspection Agency 2009b).  In the United States, swede midge was first confirmed 

in the Niagara region of New York State in 2004 (Kikkert et al. 2006) and is currently 

found in Connecticut, Massachusetts, New Jersey, and Vermont (Ellis 2005).  Although 

adults are short-lived and weak fliers it is predicted that swede midge populations will 

become established across a great deal of Eastern and Central North America with the aid 

of weather systems and/or unintentional transport of infested plants and soil (Readshaw 

1961, Ellis 2005, Olfert et al. 2006, Mika et al. 2008).  Unintentional introductions to 

areas across North America are especially likely due to the deregulation of potentially 

infested vegetable commodities as of 2009 (Canadian Food Inspection Agency 2009b). 
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1.2.3.  DESCRIPTION & LIFE CYCLE 
 

  

The following morphological and behavioural descriptions of swede midge are 

taken from Readshaw (1961) in addition to personal observations.    

 

Adults - Swede midge are delicate and minute flies ranging from 1-2 mm in 

length.  Wings are hairy, sparsely-veined, and folded flatly over the abdomen when at 

rest.  Halteres are transparent and prominent.  Legs are elongate and appear light brown 

in colour while the abdomen is a pale yellow.  Females (Fig. 1.1e) bear an ovipositor that 

is retractile, long and tapering to a fine point.  In the male (Fig. 1.1f), the abdominal 

terminus bears surstyli (two clasper-like structures) (Fig. 1.1g).  Antennae are long and 

moniliform (bead-like) with 12 flagellomeres.  Antennae in the swede midge are sexually 

dimorphic; males with round, evenly bi-lobed flagellomeres that give antennae the 

appearance of possessing 24 flagellomeres (Fig. 1.1f).  The base of each lobe on male 

antennae bears a whorl of sensillae.  Female flagellomeres appear as 12 single cylindrical 

lobes with short whorls of sensillae around each lobe (Fig. 1.1e) (Gagné 1981).  As with 

many insects, swede midge are protandrous with males tending to emerge about 12-24 

hours earlier than females (Readshaw 1961, Hillbur et al. 2005).  The adult lifespan 

ranges from 1 to 5 days and adults are non-feeding (Readshaw 1961, Rogerson 1963).  

Swede midge are weak fliers and are rarely caught 24 cm or higher above ground 

(Readshaw 1961).  

 
Mating -  Adults emerge from the pupal case at the soil surface and travel upwards 

to a perch, after which wing veins are filled with hemolymph within 2-5 minutes.   
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Figure 1.1.  Swede midge life cycle stages with approximate scaling.  a) adults in copula, 
b) egg cluster, c) third instar larvae, d) quiescent larva, e) adult female, f) adult male, g) 
adult male with visible surstyli (arrow).   
Photo credits a), b), d), & g): Lauren Des Marteaux, University of Guelph.   
Photo credits c), e), and f): Dave Cheung, University of Guelph.          
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Females tend to remain stationary, producing sex pheromone from glands near the 

ovipositor (which is repeatedly extended and retracted) after 6-8 hours (Hillbur et al. 

2005).  Males make numerous brief flights in search of mates and mating typically occurs 

between 8 and 10 hours post-emergence.  Upon recognition of a virgin female older than 

6-8 hours, males perform a vibrating wing display, mount the female, and copulate for 

between 10 seconds and 2 minutes before departing (Fig. 1.1a).  Males may copulate with 

multiple females.  It is unlikely that females copulate more than once, as mated females 

are not approached by males (Readshaw 1961).  Female continuously extend and retract 

their ovipositors for 1-2 hours post-copulation before moving to a suitable oviposition 

site at the growing tips of the leaves, flower buds, or stalk crevices of a host plant.  

Females oviposit a few times, cementing the eggs to the plant in clusters of 2-50, and 

produce an average of 95 eggs (upwards of 150) in total (Readshaw 1961, Allen et al. 

2009).  

 
Eggs - Swede midge eggs are tapered and rod-shaped, approximately 0.37 mm in 

length, and each possess a thin straight pedicel (Readshaw 1961) (Fig. 1.1b).  Eggs turn 

from transparent at the time of laying to white just prior to hatching (Allen et al. 2009).  

Eggs hatch after 1 to 11 days of incubation at 30ºC and 10ºC, respectively (Readshaw 

1961).  Within a single cluster, some eggs may hatch much later than others.  Fertility in 

the swede midge is estimated to be greater than 84%  and hatching success is highest 

(94%) at 25ºC with a high relative humidity (>75%) (Readshaw 1961).  Swede midge 

was the first cecidomyiid species known to produce unisexual families (Barnes 1950, 

Stokes 1953b).  Unisexuality of swede midge families has been reported to range from 79 

to 100% (Stokes 1953b, Readshaw 1966).  A number of close relatives to swede midge 
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including Contarinia sorghicola, Asteromyia carbonifera (Osten Sacken), Cystiphora 

sonachi (Bermi), Mayetiola destructor, and Sitodiplosis mosellana (Gehin) have since 

been noted for producing unisexual families (Barbara M 1957, Baxendale and Teetes 

1981, Weis et al. 1983, Smith et al. 2004, Chen and Shelton 2007).  For species with 

unisexual families, dispersal of either males or females away from rearing sites ensures 

even spatial sex ratios across the population (Smith et al. 2004).  

 
Larvae - Swede midge larvae are spindle-shaped, growing from a length of 0.3 

mm upon hatching to 3-4 mm at the third (final) instar (Fig. 1.1c).  Third instar larvae 

possess a prominent bi-lobed sternal spatula.  A remnant head capsule is invisible and 

internal.  Larvae are transparent as hatchlings and become semi-opaque and off-white to 

bright yellow in colour with growth.  Salivary secretions from larvae dissolve the host 

plant cuticle and underlying cells, resulting in a liquid that comprises the larvae diet 

(Readshaw 1961).  Within three days of hatching larvae are mostly or completely 

submerged in the liquefied plant tissues and secretions.  As larvae feed, adjacent plant 

tissues continue to grow and may partially surround the larvae to form a pseudo-gall.  

During arid periods larvae may enter a short-term state of dormancy (quiescence) either 

on the host plant (Fig. 1.1d) or in soil until conditions improve (Readshaw 1961).  Larvae 

feed gregariously on plant tissues around the inner heart-leaves and meristematic tissues, 

and feeding lasts from 6-8 days at 25ºC to 32 days at 15ºC (Readshaw 1961).  Larvae 

“jump” to the soil up to 12 inches away from the plant to pupate in an oval-shaped 

cocoon, typically at a depth of about 1 cm (typically) (Rogerson 1963, Chen and Shelton 

2007).  Larvae subsequently overlain by an additional 5 cm of soil experience significant 

delays in pupation and reduced (Chen and Shelton 2007).   The pupal phase may last 
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from 8 days at 30ºC to 34 days at 12ºC (Readshaw 1966).  Emergence of pupae will not 

occur in very dry or saturated soils due to quiescence or mortality (Readshaw 1961, Chen 

and Shelton 2007).  Swede midge are polyvoltine with 2-5 annual generations in Europe 

and 4 generations in southern Ontario (Bouma 1996, Hallett et al. 2007).  Under 

diapause-inducing conditions, larvae may enter the soil, spin a spherical cocoon, and 

overwinter in diapause until the following spring or possibly the spring after (Rogerson 

1963, Rygg and Braekke 1980).  In laboratory studies, all individuals completed diapause 

after 100 days at 2-5ºC, and some individuals were capable of completing diapause in as 

little as 40 days (Readshaw 1966).  In the spring larvae normally emerge from their 

spherical cocoons, spin oval cocoons, and pupate (Readshaw 1961).  In its native range, 

parasitoids of swede midge larvae include the chalcid wasp Pirene eximia (Haliday) and 

plastygastrid wasps Platygaster (Latreille) and Synopea sp. (Föster) (Readshaw 1961).  

Parasitoids of the swede midge overwinter as an egg within a swede midge larva, hatch 

and develop within the pupa, and emerge from the pupal cocoon in spring (Readshaw 

1961).  In North America, swede midge host the entomopathogenic nematode 

Heterorhabditis bacteriophora (Poinar) (Readshaw 1961, Corlay et al. 2007).   

 
 
 

1.2.4.  PLANT HOSTS 
 

 
At least 100 cruciferous plant species are used as hosts by swede midge (Stokes 

1953b, Stokes 1953a, Hallett 2007).  Larval feeding causes considerable damage to many 

economically important Brassica oleracea crops (including, broccoli, cauliflower, 

cabbage, Brussels sprouts, collard greens, and kale) in addition to B. rapa and B. napus 
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(which include turnips, rutabagas, and canola) (Barnes 1946, Stokes 1953a).  

Additionally, swede midge are able to feed on many cruciferous weeds, including wild 

mustard (Brassica kaber L.), shepherd’s purse (Capsella bursa-pastoris L.), pennycress 

(Thlaspi caerulescens J. & C. Presl.), wild radish (Raphanus raphanistrum L.), and 

treacle-mustard (Erysimum cheiranthoides) (Olfert et al. 2006, Cornell Cooperative 

Extension 2007, Hallett 2007).  However, there is evidence for a strong preference for 

oviposition on B. oleraceae (L.) over many weeds (Chen et al. 2009b).  Damage may 

manifest as leaf crumpling, swelling, twisting, and scarring of stalks, closed buds and 

deformed, blind, or multiple heads known as “many neck syndrome” (Stokes 1953a, 

Readshaw 1968, Hallett et al. 2007).  Plant heads may also develop secondary microbial 

infection due to swede midge feeding (Bardner et al. 1971).  Damage may closely 

resemble that caused by molybdenum deficiencies, temperature stress, and mechanical 

injury (Hallett and Heal 2001).  Swede midge presence may be difficult to detect as crop 

damage is not often apparent until after larvae are fully developed or have left the plants 

(Rogerson 1963).  Brassica hosts plants are particularly susceptible if attacked in early 

growth stages (Rogerson 1963, Bardner et al. 1971).  Crops that form buds before swede 

midge populations peak (e.g. winter and early spring canola) are expected to suffer the 

least damage (Ellis 2005).   

 
 Damage to flower buds can reduce seed production and headless or deformed 

vegetables are unmarketable.  Cruciferous vegetable yield losses due to swede midge 

damage of up to 80-85% have been reported in Ontario (Hallett and Heal 2001, Canadian 

Food Inspection Agency 2009a); (Canadian Food Inspection Agency 2009b).  In Europe, 

yield loss may reach as high as 100% (Ellis 2005).  North American economic impacts 
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may be substantial as Canadian cruciferous vegetables account for $120 million annually 

while canola generates $2.2 billion in Canada and $1.2 billion in the United States 

annually (Kikkert et al. 2006, Olfert et al. 2006).  Swede midge damage in North 

America is also likely to be more severe than in its native range due to the lack of natural 

enemies and the prevalence of many cruciferous weeds.  Under such conditions it is 

difficult to limit swede midge spread and re-infestation despite crop rotation (Readshaw 

1961).   

 

 
1.3.  DIAPAUSE 

 

1.3.1.  ENVIRONMENTAL CUES 
 

 
At high latitudes, autumn temperatures are highly variable.  Therefore many 

insects use photoperiod rather than temperature as a more reliable cue to regulate 

seasonal diapause entry (Masaki 1965, Tauber and Tauber 1976, Taylor 1989, Saunders 

1997, Košt'ál et al. 2000, Denlinger 2002).  Insects with facultative diapause typically 

rely on internal mechanisms to measure day length and the number of days passed at 

particular lengths to mediate the diapause entry decision (Saunders 1981).  Detection of 

day length may or may not involve circadian systems (Saunders 1981).  Some species 

(such as the grape berry moth, Paralobesia viteana Clemens) reared under non-diapause-

inducing conditions may still enter diapause at the same date as wild populations (Timer 

et al. 2010), possibly due to circadian clock mechanisms independent of external 

conditions (Saunders 1981).   
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Critical photoperiod describes the day length required for the most rapid increase 

in diapause frequency (or 50% diapause frequency across a population) and may differ 

between species, strains, or populations (Gomi 1997, Denlinger 2000).  In many 

polyvoltine insects, exposure to long days (above the critical photoperiod) will prevent 

diapause in most larvae (favouring pupation and an additional generation) (Tauber and 

Tauber 1970, Taylor 1989).  Conversely, short days (below the critical photoperiod) 

favour the induction of diapause.  A certain duration of exposure to a critical photoperiod 

is often required to elicit a diapause response (Smith and Brust 1971, Saunders 1981).  

The developmental stage of an insect during which diapause behaviour is determined is 

known as the photo-sensitive phase, and may or may not be the same stage that actually 

experiences diapause (Denlinger 2002).  The critical photoperiod for diapause induction 

may vary depending on the species, but approximately 14 day length hours is common 

and has been noted for the oak silkworm, Antheraea pernyi (Guérin-Méneville) 

(Williams and Adkisson 1964) and the lacewing, Chrysopa mohave (Banks) (Tauber and 

Tauber 1973).  A 13.5 hour photoperiod triggers pupal diapause in the flesh fly, 

Sarcophaga bullata (Parker), while ovarian diapause occurs at 15.75 hours in the Linden 

bug, Pyrrhocoris apterus (L.), and anywhere between 12 and 16 hours in Canton-S wild 

type Drosophila melanogaster (Meigen) (Denlinger 1972, Saunders 1983, Saunders et al. 

1989).  A field study in the UK and a study modeling population dynamics in Ontario 

concluded that the critical photoperiod for swede midge is about 13.5 hours (Readshaw 

1961, Hallett et al. 2009).   

 
Critical photoperiods may vary between species populations inhabiting different 

latitudes; reproductive diapause in a northern strain of the green lacewing, Chrysopa 

http://en.wikipedia.org/wiki/F%C3%A9lix_%C3%89douard_Gu%C3%A9rin-M%C3%A9neville�
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carnea (Stephens), occurred at a 13.75 hour photoperiod, 1 hour longer than a more 

southern strain (Tauber and Tauber 1972).  Similar geographical effects were found in the 

fall webworm, Hyphantria cunea (Drury), and the European corn borer, Ostrinia 

nubilalis (Hübner) (Beck and Apple 1961, Gomi 1997).  Sarcophaga bullata (Parker) 

separated by strain and locality are also known to display differing diapause behaviours 

under the same conditions (Henrich and Denlinger 1983).  This phenomenon is expected 

as higher-latitude regions experience an earlier onset of winter.  More northern 

populations with longer critical photoperiods are able to enter diapause earlier than 

southern populations and both populations avoid adverse conditions at appropriate times.  

Though geographic variability in critical photoperiod may indicate some degree of 

plasticity for diapause entry timing, a number of studies found that critical photoperiod 

responses are genetically determined for a number of species (Tauber and Tauber 1972, 

Dingle et al. 1977, Gomi 1997, Blanckenhorn and Heyland 2005) (see Chapter 1.3.2.).   

 
Although temperature is generally a less reliable cue for diapause induction than 

photoperiod, it can still play a substantial role in diapause regulation (Saunders 1981, 

Saunders 1982, Nijhout 1999).  Temperature-mediated diapause regulation has been 

observed for a number of species including the Colorado potato beetle (Leptinotarsa 

decimlineata Say) (Yocum 2001), the flesh fly (Sarcophaga argyrostoma Robineau-

Desvoidy) (Saunders 1982), and swede midge (Readshaw 1961).  Adult L. decimlineata 

Say) that experience a -10ºC cold shock enter diapause earlier than those not subjected to 

a cold shock (Yocum 2001).  Studies on pupal diapause entry in S. argyrostoma 

(Robineau-Desvoidy) indicate a temperature-mediated photoperiodic response (Saunders 

1981, Saunders 1982) and a similar effect in swede midge was demonstrated by 
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Readshaw (1961).  Temperature may alter the critical photoperiod or otherwise influence 

the state of the insect to favour or prevent induction of diapause at a given photoperiod 

(Readshaw 1961, Gomi 1997, Denlinger 2000).  Alternatively, diapause induction may 

be more likely to occur at colder temperatures because insect development is slowed, 

resulting in prolonged exposure to critical photoperiods during the photo-sensitive phase 

of the insect (Nijhout 1999, Denlinger 2002).   

 
 

1.3.2.  HERITABILITY OF DIAPAUSE ENTRY 
 

 
Environmental cues may be the primary regulator of diapause induction or 

duration; however, a heritable component of the diapause entry decision exists for a 

number of insects (Schneiderman and Horwitz 1958, Masaki 1965, Saunders 1965, 

Morris and Fulton 1970, Waldbauer and Sternburg 1973, Dingle et al. 1977, Saunders 

1987, Blanckenhorn and Heyland 2005, Han and Denlinger 2009).   Heritability describes 

the proportion of variation in a trait due to allelic and/or maternal or paternal effects.  An 

example of allelic control over diapause can be found in the Emma field cricket, 

Teleogryllus emma (Omachi & Matsuura), where crossing of two geographic populations 

with differing diapause duration resulted in hybrids with intermediate diapause duration 

(Masaki 1965).  The silkworm, Bombyx mori (L.), displays both allelic and maternal 

control over embryonic diapause.  Silkworm strains can be selected to exhibit obligate 

diapause entry or complete avoidance of diapause, while a third strain enters diapause 

depending on environmental conditions of the maternal and embryonic environments 

(Yamashita 1996).   Heritability values for traits are subject to change depending on the 



 

18 

environment.  For example, stressful environments typically accentuate phenotypic 

variation in a trait, leading to a reduction in the proportion of trait variation due to 

heritable effects (Blanckenhorn and Heyland 2005).  In the yellow dung fly, Scathophaga 

stercoraria (L.), heritability of diapause entry decreased for larvae under greater 

environmental stress (Blanckenhorn and Heyland 2005).   

 
Maternal effects are a common phenomenon contributing to heritability of 

diapause behaviours in a number of insects.  Maternal genotype, age or nutritional state, 

environmental conditions experienced by females prior to oviposition, and availability of 

oviposition sites are some of the modes by which the maternal state may influence 

diapause entry or duration in offspring (Simmonds 1948, Saunders 1965, Henrich and 

Denlinger 1982, Saunders 1987, Roff and Bradford 2000).  Maternal effects can be 

mediated by diapause hormones, γ-aminobutyric acid, octopamine, or even specialized 

ovarian proteins acting on embryos (Denlinger 2002).  Diapause duration was highly 

heritable and maternally sex-linked in pupae of the fall webworm, Hyphantria cunea 

(Drury) (Morris and Fulton 1970).  In the parasitic wasp, Mormoniella vitripennis 

(Walker), low availability of oviposition sites and chilling of females results in higher 

larval diapause frequencies in offspring (Schneiderman and Horwitz 1958, Saunders 

1965).  The cricket Allonemobius socius (Scudder) lays diapausing or non-diapausing 

eggs depending on photoperiod, temperature, and maternal age at egg laying (Roff and 

Bradford 2000).  Maternal age at egg laying in cricket Gryllus pennsylvanicus 

(Burmeister) partly determines diapause intensity (Rakshpal 1962) and influences 

diapause incidence in the wasps Spalangia drosophilae (Ashmead) and Cryptus inornatus 

(Pratt) (Simmonds 1946, 1948).  Maternal effects influence diapause traits in a number of 
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dipteran species.  Maternal exposure to photoperiods less than 14.5 hours brings about 

diapause in Calliphora vicina (Robineau-Desvoidy) larvae (Saunders 1987).  In the 

mosquito Aedes albopictus (Skuse), poor larval diet causes resulting adults to lay a higher 

proportion of diapausing eggs (Pumpuni et al. 1992).  Other flies with maternal influence 

over diapause entry in larvae include Lucilia seratica (Meigen), Phlebotomus papatasii 

(Loew), and Aedes triseriatus (Say) (Saunders 1965).  Though it is clear that diapause 

entry in the swede midge is strongly dictated by the environment, variable diapause entry 

rates under a given set of environmental conditions is indicative of  additional 

mechanisms influence the diapause entry ‘decision’ (Readshaw 1961).  A heritable 

component of the diapause entry trait may explain variation in diapause entry behaviours 

within swede midge populations, however this has yet to be verified.   

 

 
1.3.3.  HORMONES & GENES REGULATING DIAPAUSE 

 

 
Following recognition of internal or external cues for diapause entry, a cascade of 

biochemical events triggers diapause initiation.  The stages of insect diapause (i.e. 

induction, duration, and termination) are chiefly coordinated by hormones of the 

neuroendocrine system (Saunders et al. 1989, Imai et al. 1991, Yamashita 1996, 

Denlinger 2002, Hartenstein 2006).  Hormones implicated in diapause mediation include: 

ecdysteroids (such as ecdysone), juvenile hormone (JH), prothoracicotropic hormone 

(PTTH), and diapause hormone (DH), each typically associated with a specific 

developmental stage (embryonic, larval, pupal, or adult) (Walker and Denlinger 1980, 

Imai et al. 1991, Nijhout 1999, Wei et al. 2005).   
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Environmental, genetic, and hormonal controls for the embryonic diapause of the 

silkworm, B. mori (L.), have been well researched (Chino 1958, Imai et al. 1991, Xu et 

al. 1995, Yamashita 1996).  Diapause in B. mori (L.) is thought to be initiated by DH in 

combination with pheromone biosynthesis activating neuropeptide (PBAN) (Xu et al. 

1995, Yamashita 1996).  Both DH and PBAN are produced in 12 neurosecretory cells in 

the subesophageal ganglion from a polyprotein DH-PBAN precursor encoded by the DH-

PBAN gene (Imai et al. 1991).   Higher and sustained expression of the DH-PBAN gene 

was found in B. mori (L.) subject to diapause-inducing temperatures compared to those 

reared under non-diapause temperatures (Xu et al. 1995).  Yamashita (1996) suggested 

that DH, mediated by Ca2+ dependent protein kinase, promotes carbohydrate metabolism 

in the ovarian cells of B. mori (L.); DH stimulates trehalase which converts glycogen to 

sorbitol and glycerol, the accumulation of which may be the initiating steps of the 

embryonic diapause sequence (Chino 1958).  DH-initiated diapause in B. mori (L.) 

differs from that of the gypsy moth, Lymantria dispar (L.), in which diapause in post-

embryos is brought on by elevated ecdysteroid titres (Lee and Denlinger 1997).  In the 

Southwestern corn borer, Diatraea grandiosella (Dyar), application of a JH mimic 

induced diapause in non-diapausing larvae and prolonged diapause in diapausing larvae 

(Yin and Chippendale 1973).  Diapause in adult insects often involves a block in the 

production of JH by the corpus allatum (Denlinger 2002).   

 
Because swede midge enter diapause during the larval stage, special attention 

should be paid to PTTH and ecdysteroids when investigating biochemicals of diapause 

induction.  Ecdysteroids (growth and development promoters) are secreted by the 

prothoracic gland and are often associated with pupal and larval diapause when titres 
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decrease (Denlinger 2002).  Ecdysteroids are secreted by the brain-ring gland axis which 

is stimulated by PTTH produced by the brain.  Failure of the brain to produce PTTH or 

failure of PTTH recognition by the brain-ring gland axis will cause cessation of 

ecdysteroid production and promote diapause (Denlinger 2002).  Larval diapause was 

initiated with decreased ecdysteroid titres in the blowfly, Calliphora vicina (Robineau-

Desvoidy), via cessation of PTTH production from the brain-ring gland axis (Saunders 

1987).  Ecdysteroids and PTTH are associated with both diapause termination as well as 

diapause entry in some insects.  In the butterfly Araschnia levana (L.), non-diapausing 

pupae of the summer generation secrete ecdysteroids to induce adult development, 

whereas pupae that overwinter after short photoperiod cues do not secrete ecdysteroids 

until several months have passed (Nijhout 1999).  Increased titres of PTTH mRNA were 

found to mark the termination of diapause in the cotton bollworm, Helicoverpa armigera 

(Hübner), and application of PTTH was able to break pupal diapause (Wei et al. 2005).   

 
The state of diapause is typically characterized by a down-regulation of gene 

expression.  In flesh flies, 60% of the proteins normally present in the brains of non-

diapausing individuals were detectable in the brains of diapausing individuals (Denlinger 

2002).  At the same time, about 4-10% of gene expression in non-diapausing brains were 

unique to that state.  During different stages of diapause, genes may be silenced, 

downregulated, and/or continually or intermittently expressed (Denlinger 2002).  Among 

both plants and animals, the most widespread group of genes upregulated during diapause 

are those encoding heat shock proteins (hsps) (Yocum et al. 1998, Yocum 2001, 

Denlinger 2002, Tachibana et al. 2005, Li et al. 2007, Rinehart et al. 2007).  In insects, 

the first upregulated genes identified included a 23 kDa hsp from pupae of Sarcophaga 
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crassipalpis (Macquart) (Yocum et al. 1998), and a 70 kDa hsp (hsp70a) from L. 

decimlineata (Say) adults (Yocum 2001).  Hsps may confer cryoprotection for some 

overwintering insects (Denlinger 2002) or they may mediate cell cycle arrest as seen in 

the aquatic fungus Blastocladiella emersonii (Bonato et al. 1987).  Upstream chemical 

messengers of diapause regulation are poorly understood and research in this area is of 

recent undertaking (Denlinger 2002, Robich et al. 2007).  Techniques such as subtractive 

hybridization and differential display are now being employed to further investigate the 

genes expressed or silenced with diapause, and how they differ in individuals under 

diapause- and pupation-inducing conditions (Henrich and Denlinger 1983, Denlinger 

2002, Robich et al. 2007, Hillman et al. 2009, Rinehart et al. 2010, Urbanski et al. 2010, 

Bao and Xu 2011).  A very recent study of diapause-destined H. armigera (Hübner) 

pupae found upregulation of genes relating to metabolism and energy conversion, 

antioxidation and DNA repair, transcription and translation, cell division, and signaling 

pathways, however many genes expressed in diapausing individuals are unidentified 

(Rinehart et al. 2007, Bao and Xu 2011).  Expression of genes relating to trehalose 

synthesis were found to be higher in diapause-destined H. armigera (Hübner) compared 

to developing individuals (Xu et al. 2009), likely reflecting an increase in storage proteins 

associated with the preparative phase of diapause initiation (Denlinger 2002).  In another 

recent study, upregulated genes in pre-diapause S. crassipalpis (Macquart) pupae were 

found to be involved in cell restructuring, thermal and oxidative stress, storage and 

metabolism, and hormonal pathways (Rinehart et al. 2010).  Recent molecular 

identification and development of primers for PCR amplification of swede midge-specific 

gene fragments (Frey et al. 2004, Kikkert et al. 2006, Pfunder and Frey 2006) will help 
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further in facilitating research of diapause-associated gene expression in swede midge. 

 
For insects with facultative diapause, environmental cues must be translated to 

chemical messengers to relay information to the insect nervous system and initiate the 

diapause sequence (Scharrer 1964).  Few studies of sensory systems responding to 

diapause-associated environmental cues have been published (Saunders 1997, Denlinger 

2002).  Saunders (1981) proposed that lengths of day or night may be perceived via 

pigments that vary in maximum absorption wavelength for different species and that 

these pigments may alter neuroendocrine titres associated with diapause initiation.  

Photoperiodic control of diapause necessitates clock and/or counter mechanisms to 

measure day length and the number of days above or below a particular length, 

respectively (Saunders 1981).  A number of genes have been identified with circadian 

clock function, including period, timeless, dClock, cycle, doubletime, vrille, and 

crytochrome, but these have not been systematically investigated with regard to control 

of diapause initiation (Denlinger 2002).  For example, the well-studied period gene is 

known for its involvement in the circadian rhythm, but was not linked to diapause 

induction in either D. melanogaster (Meigen) or Chymomyza costata (Zetterstedt) 

(Saunders et al. 1989, Shimada 1999).   

 
One of the genes expressed during diapause in B. mori (L.) embryos was found to 

encode a protein similar to E26 transforming sequence (ETS) proteins in Drosophila 

(Sharrocks et al. 1997).  The ETS-domain protein family functions to either activate or 

suppress transcription and is often regulated by signal transduction pathways.  ETS-

domain transcription factors are known to regulate ommatidia development in Drosophila 
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(Sharrocks et al. 1997).  The pokkuri gene in Drosophila encodes an ETS domain protein, 

Pok, which may act as a transcription factor for R7 cells (neuronal photoreceptor cells 

found in the ommatidia) (Tei et al. 1992, Cooper and Bray 2000).  ETS-domain proteins 

like Pok on R7 ommatidia cells may link photoreception and expression of diapause-

specific biochemicals.  However, the involvement of genes like pokkuri in 

communication between critical photoperiods, photoreceptors, and the insect brain is 

unclear.  Critical photoperiod induction of diapause did not involve ocelli in the 

silkworm, Antheraea pernyi (Guérin-Méneville) (Tanaka 1950), nor the compound eyes 

in L. decemlineata (De Wilde et al. 1959, Lees 1964).  In the case of A. pernyi (Guérin-

Méneville), pupal diapause intensity is determined via photoreception through a 

transparent region of cuticle overlying the brain (Williams 1963).  Lateral brain neurons 

in D. melanogaster (Meigen) were identified as potentially photosensitive circadian 

pacemaker cells and similar neurons in C. vicina (Robineau-Desvoidy) were shown to 

contain proteins involved in phototransduction cascades (Saunders 1997).  Normal 

circadian rhythm was maintained in sine oculus D. melanogaster (Meigen) which lack 

compound eyes and ocelli, but was entirely lacking for disconnected mutants that have 

degenerate lateral neurons (Saunders 2002).  Lateral neurons and their role in diapause 

initiation cascades may be a promising area of future research.   

  
 Characterizing gene expression before diapause occurs will elucidate 

relationships among environmental stimuli, counter, clock, and thermal sensory systems, 

and subsequent biochemical regulation of diapause.  Identification of diapause-regulating 

biochemicals may also have direct practical applications for control of some insect pests 

via interference with diapause initiation (Bell 1996, Doucet et al. 2007, Zhang et al. 

http://en.wikipedia.org/wiki/F%C3%A9lix_%C3%89douard_Gu%C3%A9rin-M%C3%A9neville�
http://en.wikipedia.org/wiki/F%C3%A9lix_%C3%89douard_Gu%C3%A9rin-M%C3%A9neville�
http://en.wikipedia.org/wiki/F%C3%A9lix_%C3%89douard_Gu%C3%A9rin-M%C3%A9neville�
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2011).   

 
 
 

1.3.4.  DIAPAUSE ENTRY IN THE SWEDE MIDGE 
 

 
The swede midge displays plasticity with regards to diapause entry.  In an early 

study within the U.K., Readshaw (1961) reported that frequency of diapause entry for 

field-collected third instar swede midge increased over the course of the growing season.  

Diapause frequency ranged from 2% at a 16.5 hour day length to 100% at a 10 hour day 

length, the steepest increase (though weakly defined) coinciding with a 13.5 hour day 

length.  For swede midge monitored in situ, diapause incidence appeared to be linearly 

and inversely correlated with photoperiod (Readshaw 1961).  Diapause in swede midge is 

temperature-mediated; larvae are less likely to enter diapause as temperature increased 

and vice versa (Readshaw 1961).  For third instar larvae in soil held at fixed 

temperatures, diapause incidence showed an inverse and sigmoidal correlation with 

photoperiod prior to larval entry into soil (Readshaw 1961).     

 
As only a proportion of swede midge larvae in Readshaw’s (1961) study entered 

diapause under a given temperature and photoperiod, additional factors must contribute to 

the diapause entry decision.  Factors may include heritable components of the diapause 

trait (see Chapter 1.3.2.) or perhaps even larval nutritional state (Morris and Fulton 1970, 

Saunders 1987, Hunter and McNeil 1997, Lalonde and Roitberg 2006).  Nutritional stress 

results in higher diapause frequencies in larvae of the yellow dung fly, Scathophaga 

stercoraria (L.) (Blanckenhorn and Heyland 2005).  Adult C. mohave (Banks) lacewings 
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typically enter diapause at 14 hour day lengths but lack of food may induce diapause at 

photoperiods as long as 16 hours (Tauber and Tauber 1973).  For the polyphagous 

tortricid moth, Choristoneura rosaceana (Harris), diapause incidence in larvae was found 

to be highly dependent on host plant species in addition to nutritional quality of artificial 

diets (Hunter and McNeil 1997).  Plant hosts in later stages of development (e.g. 

following head formation) are less susceptible to feeding by swede midge (Rogerson 

1963, Bardner et al. 1971).  Increased prevalence of late-stage hosts toward the end of the 

growing season may therefore lead to increased competition for feeding and oviposition 

sites.  Although susceptibility to larval feeding differs among hosts (Hallett 2007, Chen et 

al. 2011) it is unclear whether host species has any effect on larval nutrition.  Diapause 

frequencies for swede midge larvae reared on different nutritional regimes, host species, 

or host developmental stages yet to be investigated.   

 
Alternatively, diapause initiation in swede midge may be attributable, at least in 

part, to a chaotic or unstable biochemical mechanism (Lalonde and Roitberg 2006).  The 

influence of multiple environmental, physiological, and phenotypic factors can act to 

initiate an internal chemical cascade that favours one biological response over another 

(Gleick 1988).  Once the tipping point of a pathway is reached, the reaction should be 

self-perpetuating and irreversible (Gleick 1988).  Heart fibrillation is an example of 

biological chaos; complex and often unknown events may result in the breakdown of the 

cellular coordination of the heart beat, sending the heart into a stable state of chaos until 

the system is reset with a large electrical shock (Gleick 1988).  A chaotic component of 

the diapause entry ‘decision’ may be an adaptive strategy to maintain variability rather 

than synchrony among populations.  Chaos in dormancy dynamics may be selected for as 
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a bet-hedging strategy, ensuring survival of some individuals in the event that adverse 

conditions are met in the absence of warning cues (Lalonde and Roitberg 2006).  

Biological responses based on physical laws and organism complexity (rather than 

classical genetic-based natural selection) (Emlen et al. 1998) may give rise to phenotypic 

plasticity observed in many animals (Nylin 1994).  Although difficult to analyze, chaotic 

mechanisms exist in a great number of biological systems and should not be overlooked 

as a means to explain variation (Gleick 1988).   

 
 
 
1.3.5. DIAPAUSE TERMINATION & EMERGENCE PATTERNS IN SWEDE MIDGE 
 
 

Increased soil temperature and moisture in spring is thought to cause termination 

of diapause in swede midge larvae and initiate pupation.  Following an adequate chilling 

period (approx. 100 days at 2-5ºC), incubation for 20-30 days at 20ºC causes diapause 

termination, and an additional 14 days at 20ºC resulted in adult emergence for swede 

midge in the laboratory (Readshaw 1961).  The cecidomyiid Sitodiplosis mosellana 

(Gehin) similarly requires 112 days at 2ºC to complete diapause in laboratory (Hinks and 

Doane 1988).  Swede midge overwintering in the field are often seen to exhibit bimodal 

and possibly even trimodal emergence patterns in the spring (Goodfellow 2005, Hallett et 

al. 2007).  Delayed emergence is not necessarily exclusive to the diapausing population 

and reportedly occurs in swede midge and relatives Delia radicum (L.) and D. floralis 

(Fallén) in non-diapausing generations throughout the growing season (Rogerson 1963, 

Biron et al. 1998, Biron et al. 2003).  The swede midge emergence pattern appears as an 

initial small peak followed by a larger second peak (Rogerson 1963, Hallett et al. 2007).  
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The peaks are too close temporally for the second to represent the offspring of the first 

peak, and thus these peaks likely represent two emergence phenotypes (Hallett et al. 

2009).  Hallett et al. (2009) postulated that three emergence phenotypes may exist for the 

swede midge and could involve larvae that overwinter for more than one year.  However, 

overlap of generations following the second peak has made this difficult to ascertain 

(Hallett et al. 2007).   

 
C-type polymodality, where emergence of individuals entering diapause in the 

same season emerge over the course of two or more years, is known for number of 

cecidomyiids including the wheat blossom midges, Contarinia tritici (Kirby) and 

Sitodiplosis mosellana (Gehin), the sasa gall midge, Hasegawaia sasacola (Monzen), and 

the machilus leaf gall midge, Daphnephila machilicola (Yukawa) (Waldbauer 1977, 

Maeda et al. 1982).  In the gall midge, Asteralobia sasakii (Monzen), the majority of 

individuals diapause for one year while a small percentage remain in diapause for two 

years if reared on certain host plants (Tabuchi and Amano 2003).  Both one- and two-

year diapause also occurs in the western corn rootworm, Diabrotica virgifera virgifera 

(LeConte) (Levine et al. 1992).  Two-year diapause was reported for swede midge in 

Norway (Rygg and Braekke 1980).  Some swede midge emergence peaks could represent 

cohorts undergoing two or more years of diapause. However, lack of emergence 

synchrony between individuals of one and multi-year diapause durations would be 

puzzling.  Random amplified DNA polymorphism analysis resulted in a high success of 

molecular differentiation between early and late emergence phenotypes in D. radicum 

(L.) (Biron et al. 2002), and such techniques could be employed to profile genetic 

differences between swede midge individuals of different emergence peaks.  In a number 
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of studies, bimodality as a form of allochronic isolation has prompted the supposition that 

emergence peaks may represent two different species (Tabuchi and Amano 2003, Scriber 

and Ording 2005).  There appears to be little to no conservation of discrete generations 

following initial emergence peaks in swede midge (Hallett et al. 2007, Hallett et al. 

2009), thus reproductive isolation between emergence phenotypes is unlikely.  

 
Regulation of emergence timing can be influenced by photoperiod at diapause 

entry (Nakamura and Numata 2000), parental age at oviposition (Rakshpal 1962), 

microclimate discrepancies experienced during diapause (Weiss et al. 1993, Chen and 

Shelton 2007), or differences in diapause durations or post-diapause development day 

requirements (Gage and Haynes 1975, Cunningham et al. 1981, Weiss et al. 1993, Hallett 

et al. 2007).  Control over emergence phenotype in many species including D. radicum 

(L.) and D. floralis ( Fallén) is inherently genetic (Waldbauer and Sternburg 1973, Biron 

et al. 2003).  However, in bimodality studies on diapausing pupae of the Cecropia moth, 

Hyalophora cecropia (L.), it was found that differing adult development initiation dates 

of early and late emergence phenotypes did not necessarily correspond to differences 

between emergence peak dates, suggesting additional and potentially non-genetic 

controlling factors (Waldbauer and Sternburg 1986).  Variation in diapause intensity may 

also result from environmental rather than intrinsic factors.  Spring photoperiods are 

unlikely to affect diapause termination in swede midge as the larvae are submerged in 

soil (Baxendale and Teetes 1983a), but photoperiod at the time of diapause entry could 

have an effect on diapause duration.  An inverse relationship between day length at 

diapause entry and diapause duration was reported for adults of the green lacewing, 

Chrysopa carnea (Stephens) (Tauber and Tauber 1972), with similar effects noted for 
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diapausing adults of the bean bug, Riptortus clavatus (Thunberg) (Nakamura and Numata 

2000).  If swede midge larvae respond similarly, earlier spring emergence for larvae 

entering diapause in early summer would be expected compared to those entering 

diapause in early fall.  Few larvae enter diapause early in the summer season and a much 

smaller initial peak of emergence is often observed the following spring, but diapause 

entry dates for adults belonging to different emergence peaks have never been 

ascertained.  Diapause intensity in populations of Drosophila triauraria (Brock & 

Wheeler) varies geographically (Kimura 1988).  However, geographic differences in 

diapause intensity for swede midge would not explain bimodal emergence observed in a 

single region. 

 
Degree day accumulation is a close predictor of emergence in many insects 

(Cunningham et al. 1981).  Bimodal emergence of overwintering pupae of H. cecropia 

(L.), at a fixed temperature is thought to involve differences in degree day accumulation 

between emergence phenotypes (Waldbauer and Sternburg 1986), and Biron et al. (1998) 

identified differences in post-diapause degree day requirements for early and late 

emergence phenotypes of D. radicum (L.).  Early and late emergence phenotypes in 

diapausing D. radicum (L.) display temporal separation similar to the mean emergence 

peaks observed in swede midge (approximately 8 days) (Biron et al. 1998).  Although 

soil depth and microclimatic differences across diapause sites could influence degree day 

accumulation, degree day models employed by Hallett et al. (2009b) did not explain the 

bimodal emergence of swede midge in the field.  Rather, the two emergence peaks were 

best predicted using discrete diapause durations of 150 and 230 days, assuming that 

diapause development was initiated for all individuals in October (Hallett et al. 2007).  A 
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common diapause initiation date is a reasonable assumption; D. radicum (L.) pupae of 

different generations and diapause entry dates were found to begin diapause development 

simultaneously in mid-October (Collier and Finch 1983).  Knowing whether diapause 

duration or post-diapause development explains emergence patterns in swede midge 

would help to better understand how emergence timing is determined.    

 
Polymodal emergence is not uncommon in insects as a bet-hedging strategy.  It 

can act to increase the likelihood that at least some individuals will synchronize with 

optimal growth stages of plant or insect hosts for feeding or oviposition (Valera et al. 

2006, Yukawa and Akimoto 2006) or facilitate avoidance of predation or parasitism 

(Waldbauer and Sternburg 1986, Tammaru et al. 1999, Fournet et al. 2004).  Polymodal 

emergence may also permit some portion of the population to avoid adverse conditions 

such as those occurring with sporadic weather in the early spring (Hopper 1999).  

Because the swede midge is multivoltine and highly polyphagous (with successful 

oviposition on most plant stages), synchronization with plant hosts is unlikely to be a 

major selective pressure on emergence timing, especially in agricultural systems where 

hosts are not often limited.  The persistence of two phenotypes in D. radicum and D. 

floralis is likely a bet-hedging strategy against variable emergence conditions and 

evidence suggests a direct benefit for predator avoidance (Biron et al. 2002, Fournet et al. 

2004).  Like the swede midge, D. radicum (L.) larvae are pests on a range of temperate 

cruciferous crops in both Europe and North America.  Delia radicum are multivoltine, 

with 2-3 generations annually in Canada (Biron et al. 1998).  Perhaps investigation into 

the selection pressures on bimodal emergence in D. radicum (L.) may shed light on 

selection pressures experienced by the swede midge.  Natural enemy information is 
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limited for swede midge, but variable emergence timing could in part serve as a means to 

avoid predation and parasitism (Thireau and Régnière 1995, Stoks et al. 2006).  To 

investigate whether natural enemies act as a selective force in emergence timing it would 

be worthwhile to compare dates and magnitudes of swede midge emergence in Europe 

and North America as they relate to the presence and activity of associated enemy 

assemblages.   

 
 

 
1.4.  SUMMARY & OBJECTIVES 

 

  
Our understanding of the mechanisms controlling variation in both the timing of 

insect diapause entry and termination are incomplete and vary greatly from species to 

species.  Different species a) occupy habitats with different conditions and seasonality, b) 

differ in the degree of genetic control over diapause behaviours, and c) undergo diapause 

in different life stages mediated by different genes and components of the neuroendocrine 

system.  Furthermore, the means by which environmental cues orchestrate the 

biochemical events leasing to diapause initiation are largely unknown.  Plasticity of 

diapause initiation in swede midge may be dictated by larval nutrition, genetic variation 

(e.g. allelic or  maternal effects), or unstable biochemical mechanisms.  Swede midge 

appear to possess two or more emergence phenotypes which may be controlled by 

photoperiod at the time of diapause entry or heritable differences in duration of diapause 

duration or post-diapause development.  Apart from environmental factors, selection 

pressures dictating diapause entry and especially termination in swede midge (such as 
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synchronization with hosts or enemy avoidance) are not always apparent.  Widespread 

cultivation of cruciferous crops may have altered selection pressures with regard to host 

acquisition, and natural enemies of the swede midge are scarce in North America.   

 
Crop rotation and appropriate timing of seed sowing and pesticide applications 

are reliant on an understanding of pest life histories. Understanding more about the 

controls of diapause entry and termination in invasive pests such as the swede midge will 

allow for more accurate predictions of population dynamics and consequently more 

efficient population management.  Because almost all temperate insects and a great 

number of other arthropods undergo diapause, research into diapause control is widely 

applicable for both the pursuit of fundamental and applied science.  

 
The aims of this thesis were to investigate the heritability of diapause initiation in 

swede midge in addition to patterns of emergence from diapause and possible regulators.  

The specific objectives of this study were to: (1) develop methods for induction (at 

predictable frequencies) and quantification of diapause in a laboratory setting (Chapter 

2), (2) investigate heritability of the diapause entry decision (Chapter 3), and (3) assess 

emergence patterns and the influence of diapause entry conditions on diapause 

frequencies and emergence in the field (Chapter 4).   

 
Induction of diapause in laboratory cultures of swede midge was investigated by 

manipulating photoperiod and rearing temperatures.  Methods for cocoon recovery and 

quantification of diapause were also developed to facilitate diapause research in the 

swede midge.  Heritability of diapause entry under near diapause-critical conditions (i.e. 

conditions resulting in a diapause frequency of 50%) was assessed using sibling swede 
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midge.  A field study was conducted to determine 1) the effect of photoperiod and 

temperature on diapause frequency, 2) the effect of photoperiod at diapause entry on 

emergence timing, 3) the emergence profile of only the diapausing cohort, 4) the 

diapause and pupal development day requirements of emergence phenotypes, and 5) 

whether some swede midge overwinter for more than one year. 
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2.  A METHOD FOR INDUCTION & QUANTIFICATION OF  

DIAPAUSE ENTRY IN SWEDE MIDGE1

 

 

2.1.  INTRODUCTION 
 
 

Swede midge, Contarinia nasturtii (Kieffer) (Diptera: Cecidomyiidae), is an 

invasive pest of Brassicaceae in North America and is of increasing economic concern 

(Kikkert et al. 2006).  In the sixteen years since the first symptomatic plants were found 

in Ontario in 1996 (Hallett and Heal 2001), swede midge has become established across 

southeastern Canada (Canadian Food Inspection Agency 2009b).  Swede midge 

populations have spread to some regions of the Prairies and northeastern regions of the 

United States (Chen et al. 2009b, Hallett et al. 2009).  In southern Ontario, four 

generations of swede midge occur from May to October (Hallett et al. 2009).  Swede 

midge has a facultative diapause.  This form of diapause occurs in multivoltine species 

with variable diapause induction frequency based on environmental conditions 

(Mansingh and Smallman 1966).  Swede midge overwinter in the third (last) larval instar 

within spherical cocoons in the soil (Readshaw 1961).  Adults emerge during the spring 

and summer following diapause termination and pupation (Readshaw 1961).  Our 

understanding of diapause physiology and factors regulating diapause entry or 

termination in swede midge and many other insects is incomplete (Denlinger 2002, 

Emerson et al. 2009).  Knowledge of diapause systems in insects (especially for species 

of beneficial or detrimental economic importance) may be useful for population 

management and may allow us to elucidate selection pressures influencing the evolution 
                                            
1 This section has been accepted for publication in The Canadian Entomologist 



 

36 

of plasticity in diapause behaviour (Danks 1987, Biron et al. 1998, Masaki 2002, Fournet 

et al. 2004, Emerson et al. 2009).   

 
Photoperiod is one of the most ubiquitous and reliable environmental cues 

employed by insects to avoid adverse conditions (De Wilde et al. 1959, Dingle et al. 

1977, Bingxiang et al. 1998, Han and Denlinger 2009).  Methods for diapause induction 

using photoperiod manipulation in laboratory settings have been developed for a number 

of species including the pest insects Delia radicum (L.) (De Wilde et al. 1959, Biron et al. 

1998), Leptinotarsa decemlineata (Say) (De Wilde et al. 1959), and Sarcophaga bullata 

(Parker) (Denlinger 1972), but have not been conducted for swede midge.  Entry into 

diapause in swede midge is influenced by photoperiod (in the field) and temperature (in 

the field and laboratory) (Readshaw 1961); however, photoperiod induction of diapause 

for swede midge reared in laboratory has only been briefly reported for individuals under 

natural light regimes (Readshaw 1961, 1966), and methodological details are sparse.   

Isolation of diapausing swede midge in field-collected soil samples is often difficult and 

time-consuming, involving extensive searches through water-suspended debris (Bevan 

and Uncles 1958).   

 
 Here we present a rearing method and development of a technique for inducing 

and efficiently quantifying diapause for swede midge in the laboratory.  Pre-sifting 

pupation and diapause media to particle sizes smaller than cocoons expedites recovery of 

swede midge when quantifying diapause frequency.  Washing field-collected soil through 

appropriate sieve sizes may also alleviate the often cumbersome task of separating swede 

midge larvae and cocoons from soil (Golightly 1952, Bevan and Uncles 1958). 
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2.2.  METHODS 

 

Swede midge rearing 

 Swede midge were reared on ‘Snow Crown’ cauliflower (Brassica oleraceae) 

(Stokes Seeds, Thorold, ON) according to the methods of Chen and Shelton (2007).  

Cauliflower was seeded into 128-cell flats and allowed to germinate in a greenhouse at 

the University of Guelph, Guelph, ON.  Flats were fertilized weekly with 10-52-10 plant 

starter fertilizer (Plant Products Co. Ltd., Brantford, ON).  After approx. 3 weeks, 

seedlings were transplanted in pairs to 13 cm diameter pots.  Transplants were fertilized 

weekly with 20-20-20 all purpose fertilizer (Plant Products Co. Ltd., Brantford, ON) until 

approx. 4 months of age.  Plants were used for swede midge rearing when they had 8-10 

true leaves with substantial heartleaf formation (i.e. just prior to head formation).   

 
 Swede midge for initiation of the University of Guelph colony were kindly 

donated from Dr. Anthony Shelton at the New York State Agricultural Experiment 

Station, Cornell University, Geneva, NY from a colony established in 2004.  The colony 

originated from the Swiss Federal Research Station for Horticulture, Wädenswil, 

Switzerland (Chen and Shelton 2007).  Adults were kept in Plexiglas® chambers (48 x 

35.5 x 46 cm) with mesh on three sides, while larvae were kept in Plexiglas® chambers 

(61 x 91.5 x 61 cm) with mesh on two sides to maintain humidity.  Both larvae and adults 

were kept at 28 ± 2.5ºC and RH 65 ± 15% on a 16.5 L:7.5D light cycle.  Chambers were 

lit with four 40 watt fluorescent bulbs; three standard white light bulbs and one full 

spectrum bulb (Sylvania® Gro-Lux or General Electric® Plant and Aquarium Ecolux).  

During the emergence period, pots of cauliflower were provided to adults for 24 hours 
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each before placement in a larval chamber for larval development (approx. 7-8 days).  

Cauliflower heads containing late third instar larvae were cut and laid on the soil in their 

respective plant pots.  Pots with cut heads were placed into empty adult chambers where 

pupation and emergence occurred after approx. 7-8 days.  The total life cycle from egg to 

adult was approx. 15 days under these conditions. 

 

Cocoon size and shape 

 Swede midge diapause cocoons from the field were measured to determine an 

appropriate sieve mesh size for separating cocoons from the substrate used for the 

diapause induction methods described below.  Soil samples containing larval cocoons 

were collected from the field at the University of Guelph Elora Research Station during 

Fall 2008 and stored in a refrigerator at 4ºC in lidded plastic containers until April 2009.  

Soil samples were transferred to individual watch glasses and submerged in tap water.  

The floating cocoons were then retrieved under a dissecting microscope.  Cocoons were 

placed on a P8 Fisherbrand® filter paper in a 10 cm Petri plate and allowed to dry in a 

refrigerator until November 2010.  The widest and narrowest aspect of each cocoon was 

measured using an ocular micrometer, and the average diameter of each cocoon 

determined (n = 34). 

 
  To determine quantitatively the shape difference between diapause cocoons 

(spherical) and pupal cocoons (ovoid) (Readshaw 1966), pupal and diapause cocoons of 

swede midge reared in laboratory were measured.  Midges were laboratory-reared under 

warm, long day conditions of 28 ± 2.5 ºC, 16.5 L:7.5D light cycle (n = 59), or cool, short 

day conditions of 13.3 ± 1.4ºC, 10L:14D light cycle (n = 49).  These conditions 
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corresponded to those previously shown in the field to result in low and high diapause 

entry, respectively (Readshaw 1961).  Cocoons were collected from cups containing 

ground peat moss as described below and dried at 4ºC for 20-30 days before measuring 

with an ocular micrometer.  The ratio between the narrowest and widest aspects of 

laboratory-reared cocoons were compared to field-collected diapause cocoons used in 

cocoon size analysis by ANOVA (Statistica 7.0, Tulsa, OK) with α = 0.05. 

  

Diapause induction 

To determine the critical conditions for diapause entry, swede midge were reared 

under pupation-inducing or diapause-inducing conditions (Readshaw 1961, Tauber and 

Tauber 1970).  Pupation-induced swede midge were reared in a larval chamber under 

warm, long day length conditions: 28 ± 2.5 ºC; 65 ± 15% RH; 16.5L:7.5D light cycle.  

Diapause-induced swede midge were reared under one of two conditions: cool, 

decreasing day length at 11.9 ± 1.4 ºC; 65 ± 15% RH; light cycle decreasing 10 min per 

day from 16.3L:7.7D to 12.3L:11.7D over 25 days, or cool, short day length conditions: 

14.3 ± 1.7 ºC; 65 ± 15 % RH; 10L:14D light cycle.  Adult midges were allowed to 

oviposit on cauliflower for 24 hours.  The plants were then immediately transferred to 

larval rearing chambers under pupation-inducing or diapause-inducing conditions, with 8 

replicated pots per treatment.  When larvae reached the late third instar stage (approx. 7-8 

days under pupation-inducing conditions and 25 days under diapause-inducing 

conditions), 100 larvae were selected randomly from the two cauliflower heads in each of 

the 8 replicate pots per treatment and carefully transferred to pupation/diapause 

containers. On four out of 24 occasions there were fewer than 100 larvae on cauliflower 
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heads within a single pot, therefore all third instar larvae (between 27 and 92) were 

selected for those replicates.   

 
Pupation/diapause containers consisted of 5 cm wide 30 dram clear styrene vials 

with snap lids (Bel-Art Scienceware, USA) containing a small fresh cauliflower heart leaf 

on top of a layer of peat moss. Ground, sifted peat moss was used as the 

pupation/diapause medium in order to increase efficiency of cocoon and swede midge 

retrieval.  Dry PRO-moss peat moss (Premier Tech. Ltd., Rivière-du-Loup, QC) was 

ground finely with a coffee grinder and sifted twice through a steel sieve with a No. 40 

mesh size of 0.425 mm (Fisher Scientific, Ottawa, ON) (see Results).  Sifted peat moss 

was added to containers to a depth of 3.5 cm (68.7 cm3 of peat moss).  Peat moss was 

overlain with 0.75 cm tap water (14.7 cm3 of water) and stirred thoroughly until the peat 

moss particles were moistened but still well separated (approx. 4.7:1 peat moss to tap 

water volume ratio).  The mixture was gently patted down for a final soil height of 5 cm.  

Larvae were transferred carefully to the surface of a fresh cauliflower heart leaf, which 

allowed for continuation of larval feeding, if required for some individuals.  Cups with 

lids were placed individually in mesh BugDorm© cages (24.5 x 24.5 x 24.5 cm) 

(Megaview, Taiwan) to contain emerging adults and stored in the same conditions under 

which the larvae were reared.  Lids ensured that larvae were contained and each day any 

larvae found on the lid or cup sides were gently placed back onto the peat moss.  Cups 

were kept lidded until all larvae had burrowed into the soil, after which the lids were 

removed to allow for emergence.  Emerging adult males and females were counted and 

removed from cages daily.   
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Following emergence of adults, diapause frequencies were quantified for cups 

when no emergence was observed for five consecutive days.  Cup were rinsed for approx. 

5 minutes under a tap through 0.425 mm No. 40 sieve atop a 0.180 mm No. 80 steel mesh 

sieve (Fisher Scientific, Ottawa, ON).  The 0.180 mm mesh sieve was used to ensure 

retention of small larvae that might have passed through the 0.425 mm mesh sieve.  

Gentle pressure applied to clumped material aided in washing peat moss through the 

upper sieve.  Fine peat particles (the bulk of the material) washed through, leaving a few 

large particles, cocoons, larvae, pupae, and dead adults on the 0.425 mm sieve.  These 

were washed from the sieve and suspended in water in a watch glass.  The lower sieve 

fraction only occasionally contained small larvae.  To avoid excessive searching through 

large amounts of material, the lower sieve fraction was suspended in water in a watch 

glass in small portions so that larvae could be easily seen.  The contents were viewed 

under a dissecting microscope and all swede midge life stages were sorted and removed 

using fine forceps.  The majority of cocoons (with or without larvae) were buoyant, 

whereas pupae would float or sink and larvae would sink.  Dead larvae, pupae, and adults 

were removed and laid on wet P8 filter paper (Fisher Scientific, Ottawa, ON) for 

counting.  Cocoons were removed from the watch glass and placed on a wet filter paper 

for evaluation and counting.  Live larvae in cocoons were bright yellow in colour and 

clearly visible through the silk and substrate surrounding cocoons.  Live larvae in 

cocoons were considered to be in diapause because they had persisted in the larval stage 

longer than the mean time for development (see Results).  All other cocoons were opened 

carefully with fine forceps to remove and enumerate any dead larvae or pupae.  Many 

cups contained a few ‘free-living’ larvae (i.e. those that did not pupate or enter diapause 
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and were not found within cocoons).  ‘Free-living’ larvae were also removed and 

counted.  Cocoons could be stored on moist filter paper in lidded Petri dishes sealed with 

Parafilm in a refrigerator at 4ºC for several months.  Readshaw (1966) recommended that 

cocoons be stored 2-5ºC for 100 days to complete diapause development before 

transferring to moist, 20-25ºC conditions for diapause termination and pupation.   

 
For each cup the number of larvae diapausing in cocoons was divided by the 

number of pupae and adults recovered to determine the proportion of larvae that entered 

diapause.  Dead larvae and larvae not in cocoons were excluded because the potential fate 

of these individuals (i.e. pupation or diapause) was unknown.  The ratios were arcsin-

square root transformed prior to analysis of variance.  Means separations were evaluated 

using Tukey’s HSD with α = 0.05.  Untransformed means are presented.  Statistical 

analyses were performed using Statistica© 7 (StatSoft, Inc. Tulsa, OK). 

 

 
 

2.3.  RESULTS 

 

Cocoon size and shape 

Field-collected diapause cocoons were 0.92 ± 0.02 mm (mean ± S.E.) in average 

diameter (range 0.74 mm - 1.23 mm) (Fig. 2.1).  A mesh size of 0.425 mm was therefore 

chosen for pre-sifting ground peat.  Diapause cocoons from the laboratory (Fig. 2.2a) 

were larger than those collected in the field, with an average diameter of 1.01 ± 0.02 mm 

(range 0.60 mm - 1.40 mm) (F = 9.015, df = 1, 81, p = 0.0036).  Diapause cocoons  
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Figure 2.1.  Average diameter of dry, field-collected swede midge diapause cocoons 
used to determine an appropriate sieve mesh size for cocoon retrieval. 

 

 

Figure 2.2.  Cocoons of laboratory-reared swede midge: a) diapausing larvae, b) pupae. 
The cocoons pictured were dried at 4ºC for approximately 5 months. 
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collected from the field and from the laboratory did not differ from one another in aspect 

ratio (F = 0.002, d.f. = 1, 81, p = 0.969).  Laboratory-reared pupal cocoons (Fig. 2.2b) 

averaged 1.45 ± 0.03 mm in diameter (range 1.10 mm - 2.08 mm).  Pupal  cocoons were 

significantly less spherical in shape compared to diapause cocoons (F = 139.8, d.f. = 1, 

140, p = 0.000).  Mean length-to-width ratios for diapause and pupal cocoons were 1.23 ± 

0.04 and 1.72 ± 0.02, respectively (Fig. 2.3).  The difference in shape between pupal and 

diapause cocoons reflects larval position.  Larvae and pupae were observed to be 

extended within pupal cocoons, whereas larvae in diapause cocoons are curled into a ‘C’ 

shape. 

 

 

Figure 2.3.  Length and width of dried swede midge pupal and diapause cocoons.  The 
dashed line indicates a 1:1 relationships between length and width (i.e. spherical 
cocoons).  Diapause cocoons were collected from soil at Elora, Ontario (n = 34) and from 
a laboratory colony (n = 49).  Pupal cocoons were collected from a laboratory colony (n = 
59).  Pupal cocoons tend to be less spherical compared to diapause cocoons. 
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Diapause induction 

In this study, 76 ± 18% of the total larvae per pupation/diapause container were 

recovered.  Individuals that were not recovered may have died and decomposed prior to 

sifting.  Total premature (larval and pupal) mortality averaged 18.2 ± 4.8% and did not 

differ significantly between treatments (F = 1.44, d.f. = 2, 21, p > 0.05).  Under warm, 

long day length conditions, larval feeding lasted 9.6 ± 0.4 days, emergence of adults 

occurred over 7.6 ± 0.8 days, and lifecycle completion required 21.4 ± 0.5 days.  Under 

cool, decreasing day length conditions, larval feeding lasted 26.0 ± 0.0 days, emergence 

of adults occurred over 11.1 ± 3.6 days, and lifecycle completion required 57.4 ± 1.8 

days.  Under cool, short day conditions larval feeding lasted 26.3 ± 0.3 days, adult 

emergence occurred over 13.6 ± 3.3 days, and lifecycle completion required 58.1 ± 1.9 

days.  Diapause frequencies differed significantly for larvae under control and treatment 

conditions (F = 37.37, d.f. = 2, 21, p < 0.05).  Cool, short day length conditions resulted 

in the highest mean incidence of diapause (45.2 ± 4.6%) followed by cool, decreasing 

day length (19.5 ± 4.2%) (Fig. 2.4).  Only 1.2 ± 0.7% of larvae entered diapause under 

control conditions.  The percentage of larvae that neither pupated nor entered diapause 

was significantly higher under both diapause-inducing conditions (approx. 6.9%) 

compared to pupation-inducing conditions (approx. 1.9%) (F = 10.12, d.f. = 2, 21, p < 

0.05), but treatments did not differ from one another (Fig. 2.5). 
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Figure 2.4.  Proportion of swede midge larvae entering diapause.  Larvae were reared 
under warm, long day (28 ± 2.5 ºC, 16:30 L:7:30D), cool, decreasing day (11.9 ± 1.4 ºC, 
decreasing 10 min per day from 16:20L:7:40D to 12:20L:11:40D), and cool, short day 2 
(14.3 ± 1.7 ºC, 10L: 14D) conditions.   

 
 

2.4.  DISCUSSION 

 

 Washing soil samples through a 0.425 mm mesh sieve increases efficiency when 

retrieving swede midge larvae, pupae, or cocoons from the field or laboratory.  However, 

some small larvae that pass through a 0.425 mm mesh sieve could be recovered with the 

addition of a 0.180 mm mesh sieve.  Clumps of soil may be gently patted to facilitate 

washing and the remaining fractions suspended in water within a watch glass for retrieval 
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Figure 2.5.  Proportion of ‘free-living’ larvae remaining on the surface of peat moss.  
Larvae were reared under warm, long day (28 ± 2.5 ºC, 16:30L:7:30D), cool, decreasing 
day (11.9 ± 1.4 ºC, decreasing 10 min per day from 16:20L:7:40D to 12:20L:11:40D), 
and cool, short day (14.3 ± 1.7 ºC, 10L: 14D) conditions.   

 

 

of swede midge.  In previous studies of swede midge by Readshaw (1961, 1966), 

pupation/diapause media contained larger soil particles (<2.0 mm) and soil was washed 

through sieves with much smaller mesh sizes (0.149 mm).  Because a mesh size of 0.180 

mm retains the vast majority of material, recovery of swede midge would be difficult and 

time-consuming even after sifting through a 0.149 mm mesh sieve.  The present substrate 

sifting method may therefore facilitate recovery of swede midge (or related species) in 

small-scale studies and replace more laborious recovery techniques (Golightly 1952, 

Bevan and Uncles 1958).  Substrate sifting may also save time when assessing premature 
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mortality or developmental chronology (Chen and Shelton 2007).   

 
By manipulating temperature and photoperiod, diapause could be induced in 

nearly half of larvae in cool and short or decreasing day length conditions.  Conversely, 

diapause was almost entirely prevented under warm, long day length conditions used in 

this study.  Greater diapause frequency in swede midge may require rearing under colder 

temperatures than those used in the present study or exposing swede midge cool, short 

day length conditions at earlier life stages (i.e. embryos).  Photoperiods experienced by 

the last swede midge generation in mid-October exceed 10.5 hours in southern Ontario 

(~43º64’N 80º41W) and 10 hours in northern native regions such as Svalöv, Sweden 

(55°55′N 13°07′E) (Barnes 1950, Rogerson 1963, Readshaw 1966, Hallett et al. 2007).  

Rearing under photoperiods less than 10 hours is therefore not expected to increase the 

diapause induction frequency further.  The maximum diapause induction frequency for 

swede midge reared under laboratory conditions is not currently known.  In addition to 

further manipulation of rearing temperature, determination of other mechanisms 

contributing to diapause induction (e.g. photosensitive life stage, heritability of diapause, 

or maternal effects) may be required to increase diapause frequencies in the laboratory.  

The swede midge used in the present study were reared under warm, long day length 

conditions for many years (Chen and Shelton 2007), which may have selected against 

swede midge that would enter diapause under similar conditions in the present study.  

Diapausing swede midge were not reared out in colonies, therefore individuals entering 

diapause under warm, long day length conditions would not make reproductive 

contributions to subsequent generations.  Because swede midge colonies were not 

supplemented with wild individuals, diapause frequencies in laboratory populations may 
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therefore not fully reflect those of wild populations under similar conditions.  In wild 

swede midge populations, premature mortality due to factors other than predation is not 

well documented.  Larval and pupal mortality in the present study (18.2 ± 14.2%) is, 

however, lower than that reported from previous studies which range from approx. 32% 

(Readshaw 1968) to approx. 70% (Dry 1915).  

 
The occurrence of a prolonged larval stage in 2 to 8 % of the swede midge 

(depending on rearing conditions) has not been previously reported, but may represent a 

delayed pupation phenotype (Biron et al. 1998).  The higher incidence of prolonged 

larval stage for individuals reared under diapause-inducing conditions may be a result of 

slower overall development at colder temperatures.  To determine the developmental fate 

of these larvae it is recommended that individuals be placed back into soil and kept under 

prior rearing conditions until pupation occurs.  Because diapause in swede midge was 

reported to last a minimum of 100 days (Readshaw 1961), larvae avoiding pupation for 

100 days or more are likely to be in diapause in the absence of a cocoon.  Whether larvae 

are able to diapause without a cocoon could be confirmed by comparing gene expression 

for individuals in a prolonged larval stage with that of diapausing individuals.  
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3.  HERITABILITY OF DIAPAUSE ENTRY IN SWEDE MIDGE 

 
3.1. INTRODUCTION 

 

 Swede midge, Contarinia nasturtii (Kieffer) (Diptera: Cecidomyiidae), is an 

interesting and important organism for the study of diapause due to its economic impact 

and high degree of phenotypic plasticity with respect to diapause.  Swede midge is a 

relatively recent invader to North America and a pest on many crops of Brassicaceae (the 

mustard and cabbage family) (Hallett and Heal 2001).  These multivoltine midges have 

facultative diapause, overwintering as third larval instars (Readshaw 1961).  Diapause 

induction for many arthropods in temperate habitats relies on environmental cues that 

forecast the arrival of adverse conditions.  In swede midge, photoperiod and temperature 

are the major environmental factors controlling diapause entry.  Diapause frequencies 

increase throughout the growing season from about 2% in early July to nearly 100% by 

early November (Readshaw 1961).  In southern Ontario, diapause-critical conditions 

(those inducing diapause in half of the population) occur in late August (Chapter 4), but 

factors dictating whether individuals pupate or enter diapause under diapause-critical 

conditions are unknown.  

  
 Mechanisms responsible for diapause entry for some individuals and not others 

may be a result of a heritable propensity for diapause entry as shown for a number of 

other insects (Schneiderman and Horwitz 1958, Masaki 1965, Saunders 1965, Morris and 

Fulton 1970, Waldbauer and Sternburg 1973, Dingle et al. 1977, Saunders 1987, Roff and 

Bradford 2000, Blanckenhorn and Heyland 2005, Han and Denlinger 2009).  In a 
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population, variation in the diapause entry trait attributable to genetics defines the 

heritability of that trait, but heritability values of a trait can change depending on the 

environment.  In larvae of the yellow dung fly, Scathophaga stercoraria (L.), heritability 

of diapause entry decreases with environmental stress (Blanckenhorn and Heyland 2005).  

Stressful environments typically accentuate phenotypic variation in a trait despite 

genotype, leading to a reduction in heritability for that trait (Blanckenhorn and Heyland 

2005).  Heritability is considered to be high if genetics explain most of the variation in 

traits across a population.  Three strains of the silkworm, Bombyx mori (L.), have been 

reported that differ in embryonic diapause behaviour: a univoltine strain that enters 

diapause in every generation, a bivoltine strain that enters diapause under certain 

environmental conditions, and a strain that never enters diapause (Yamashita 1996).  

Heritable trait variation may be dictated by allelic and/or maternal or paternal effects.  

Photoperiodic diapause response in female milkweed bugs, Oncopeltus fasciatus 

(Dallas), is primarily determined by alleles (Dingle et al. 1977), while diapause in some 

strains of the flesh fly, Sarcophaga bullata (Parker), is maternally-influenced (Henrich 

and Denlinger 1983).  Identifying any genetic contributions to the diapause entry trait in 

swede midge may explain variation in diapause frequencies previously observed in the 

field (Readshaw 1961).  Phenotypic plasticity is often advantageous for species in new 

environments (Ghalambor et al. 2007), thus plasticity for diapause in swede midge may 

have promoted their establishment in North America.  Further investigations into the 

nature of diapause plasticity in swede midge may offer insight into the selective 

environment from which the species originated (Lee 2002, Ghalambor et al. 2007, Crispo 

2008). 
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 In swede midge, variation in diapause frequency is low under strong pupation- or 

diapause-inducing conditions (e.g. in July and November) (Readshaw 1961).  Therefore 

heritability of diapause entry would be most easily observed under diapause-critical 

conditions.  Under diapause-critical conditions we would expect all siblings to exhibit the 

same behaviour (either pupation or diapause) if heritability for diapause entry is high.  

Across the population the number of families exhibiting diapause entry should equate to 

the number of families pupating (an evenly bimodal distribution of diapause frequency).  

Conversely if heritability is low, half of the siblings in each family should enter diapause 

and half should pupate because genetic similarly would not explain variation in the 

diapause entry trait.  To assess heritability of diapause entry the present study quantified 

diapause frequencies for siblings reared under near diapause-critical conditions.     

 

 
3.2.  METHODS 

 

 
 Under a critical photoperiod of about 13:30 hours approximately 40% of swede 

midge in the field enter diapause (Readshaw 1961, 1966).  In comparison, 45.2 ± 4.6% of 

swede midge entered diapause when reared under 14.3 ± 1.7 ºC and a 10 hour day length 

in the laboratory (see Chapter 2.3).  In the present study the latter set of laboratory 

conditions were matched as closely as possible to induce diapause in 50% of individuals.   

 
 Swede midge were reared on cauliflower as previously described (see Chapter 

2.2).  Adult females were selected from cages with no host plants during times of peak 

emergence to increase the likelihood that they were mated and gravid.  Between August 
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19 and September 13, 2011, females were randomly selected and introduced singly into 

30 x 30 x 30 cm observation cages (BioQuip®, Sancho Dominguez, CA) containing a 

single cauliflower plant.  Females in observation cages were removed after 48 hours and 

all offspring on a given plant comprised a family of siblings.  Families with fewer than 10 

individuals were omitted.  Plants were assigned randomly to pupation-inducing 

conditions (24.9 ± 1.0 ºC, 16:30 L:7:30D) (n = 14 families) or diapause-inducing 

conditions (13.3 ± 1.4ºC, 10L:14D) (n = 16 families) (Appendix I, Table 1).  All late third 

instar larvae were carefully transferred to a fresh heart leaf resting on peat moss surface 

in one plastic cup per family (see Chapter 2.2) with a modification: each cup was 

received dry ground peat to a height of 1 cm and 8 ml tap water.  Peat and water were 

mixed well and gently patted down, resulting in a final peat depth of approx. 3 cm.  The 

cups were placed individually in mesh 24.5 x 24.5 x 24.5 cm BugDorm© cages 

(MegaView Science Co. Ltd., Taiwan) to contain emerging adults and maintained under 

the same conditions as the larvae.  Cups were kept lidded until all larvae had burrowed 

into the soil.  Emerging adults were sexed, enumerated, and removed from cages daily.   

 
 Cup contents were examined after five consecutive days (under pupation-inducing 

conditions) or ten consecutive days (under diapause-inducing conditions) after emergence 

of the last adult.  Cup contents were first rinsed for approx. 5 minutes under a tap through 

0.425 mm No. 40 and 0.180 mm No. 80 steel mesh Fisherbrand® sieves.  Gentle pressure 

was applied to aid washing clumped peat moss through the mesh.  A few large peat 

fragments, cocoons, larvae, pupae, and dead adults were retained by the 0.425 mm mesh 

sieve surface.  A few small larvae were occasionally found in the 0.180 mm sieve 

fraction.  Cup contents were washed from the sieve and suspended in water within a 



 

54 

watch glass.  The majority of cocoons (with or without larvae) were buoyant, whereas 

larvae would sink and pupae would float or sink.  The contents were viewed under a 

dissecting microscope and all swede midge life stages were sorted and removed using 

fine forceps (Appendix I, Table 1).  Dead larvae, pupae, and adults were removed and 

laid on wet filter paper (Fisherbrand®, P8) for counting.  Cocoons were removed from 

the watch glass and placed on a wet filter paper for evaluation and counting.  Live larvae 

in cocoons were bright yellow in colour and clearly visible through the silk and substrate 

surrounding cocoons.  Live larvae in cocoons were considered to be in diapause because 

they had persisted in the larval stage longer than the mean time for development.  All 

other cocoons were opened carefully with fine forceps to remove and enumerate any dead 

larvae or pupae.  Many cups contained a few ‘free-living’ larvae (i.e. those that did not 

pupate or enter diapause and were not found within cocoons).  ‘Free-living’ larvae were 

also removed and counted.  Cups containing ‘free-living’ larvae were lidded and placed 

on a bench at room temperature and no light cycle.  These larvae were observed on a 

weekly basis until death or pupation occurred.   

 
 The number of larvae in diapause was divided by the sum of diapausing larvae, 

pupae, and adults to determine the proportion of larvae that entered diapause for each 

family.  Dead larvae and larvae not in cocoons were excluded because the potential fate 

of these individuals (i.e. pupation or diapause) was unknown.  Because the time of year 

has been known to affect diapause frequency in laboratory populations of some insects 

(Timer et al. 2010), the effect of oviposition date on diapause frequency under diapause-

inducing conditions was assessed via regression.  Diapause rates were evaluated using a 

t-test.  Analyses were performed in Statistica© 7 (StatSoft, Inc. Tulsa, OK) with α = 0.05. 
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3.3.  RESULTS 

 
 

 Mean family size was approx. 28, ranging from 10 to 90 individuals.  91 ± 2.4% 

(mean ± S.E.) of the total third instar larvae placed in cups of peat in either set of rearing 

conditions were recovered by collection of emerging adults and sifting of the remaining 

individuals.  The mean mortality for recovered individuals in a given cup was 6 ± 1.4%.  

9 ± 2.4% of individuals were not recovered and presumed to have died and decomposed 

prior to sifting.   Families were 97 ± 1.9% unisexual.  Larval development and lifespan of 

individuals reared under diapause-inducing conditions were approx. 2.5-fold and 3.3-fold 

longer than under pupation-inducing conditions, respectively (Table 3.1).  A few live 

pupae remained in an immature stage of development for approx. 36% longer than 

siblings.  The frequency of ‘free-living’ larvae was low and did not differ between 

control and critical rearing conditions (Table 3.1) (t = 0.53, d.f. = 28, p = 0.60).  Active 

‘free-living’ larvae were observed in cups as long as 240 days after hatching. 

 

Table 3.1.  Development, diapause frequency, and frequency of ‘free-living’ larvae in 
swede midge families reared under pupation- and diapause-inducing conditions.  
Durations are reported as means ± S.E.  T-tests were used to compare rearing conditions 
on the above parameters.  
 

 Rearing conditions  
t 

 
p Pupation-inducing Diapause-inducing 

 
n (families) 

 
14 

 
16   

Larval feeding (days) 7.29 ± 0.13 18.13 ± 0.33 -29.30 0.000 
Emergence span (days) 4.86 ± 0.67  

Range: 2-9 
8.10 ± 1.28  
Range: 2-16 -2.06 0.052 

Lifespan (days) 18.54 ± 0.38 60.32 ± 1.48 -25.55 0.000 
Diapause frequency (%) 1.07 ± 1.07 83.00 ± 4.71 -15.91 0.000 
Frequency of ‘free-living’ larvae (%) 
 

6.42 ± 1.00 
 

5.59 ± 1.18 
 

0.53 
 

0.600 
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 Under pupation-inducing conditions, pupation occurred in 99 ± 1.1% of swede 

midge larvae across all families, with diapause observed in only two individuals.  

Diapause-inducing conditions resulted in 83 ± 4.7% of the larvae entering diapause 

across all families.  This exceeds the expected diapause proportion by 38% (see Chapter 

2.3).  No relationship was found between oviposition date and diapause frequency under 

diapause-inducing conditions (R2 = 0.084, df = 1, 14, p = 0.275) (Fig. 3.1).   

 

 

 

-10

0

10

20

30

40

50

60

70

80

90

100

17
-A

ug

19
-A

ug

21
-A

ug

23
-A

ug

25
-A

ug

27
-A

ug

29
-A

ug

31
-A

ug

02
-S

ep

04
-S

ep

06
-S

ep

08
-S

ep

10
-S

ep

12
-S

ep

14
-S

ep

16
-S

ep

Oviposition date of families

Fr
eq

ue
nc

y 
of

 d
ia

pa
us

e 
w

ith
in

 fa
m

ili
es

 (%
)

Pupation-inducing
conditions

Diapause-inducing
conditions

 
 

Figure 3.1. Frequency of diapause for swede midge families reared under pupation-
inducing or diapause-inducing conditions.  Oviposition date had no effect on incidence of 
diapause.    
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The relatively low diapause frequency observed in one clutch (<40%) may have been the 

result of sampling error (Appendix I, Table 1).  Under present diapause-inducing 

conditions some families appeared to be more prone to diapause entry than others as 

indicated by a weakly bimodal distribution of diapause frequencies among families (p = 

0.00, likelihood ratio = 155.6) (Fig. 3.2).   The bimodal distribution was uneven; one in 

five families experienced noticeably lower rates of diapause.  Consistent diapause 

behaviour across all siblings occurred in only 25% of families reared under diapause-

inducing conditions.   
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Figure 3.2. Diapause frequencies for swede midge families reared under pupation-
inducing or diapause-inducing conditions.  Bimodality in diapause entry under diapause-
inducing conditions suggests some heritable influence over diapause entry. 
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3.4.  DISCUSSION 

 

 Present study diapause-inducing conditions resulted in higher than expected rates 

of diapause.  In  a  previous study (conducted between late December and early January), 

1ºC warmer diapause-inducing conditions resulted in about 38% lower diapause 

incidence (see Chapter 2.3).  It is possible that a 1ºC difference in rearing temperature 

explains the discrepancy in diapause frequencies between the two studies.  Replication of 

the present study under the exact conditions employed previously would be required to 

verify the effect of a 1ºC increase in rearing temperature.  Yearly timing of experiments  

may also have an effect on diapause frequency.  Mean diapause frequencies under present 

study diapause-inducing conditions (83% between September 5 and October 2) fell well 

within diapause rates observed in the field between similar dates (approx. 76% on 

September 7 to 100% by October 1, see Chapter 4.3).  Diapause in laboratory populations 

of the grape berry moth, Paralobesia viteana (Clemens), have been observed to coincide 

with diapause entry in wild populations, regardless of rearing conditions (Timer et al. 

2010).  However, P. viteana (Clemens) in the aforementioned study had been reared in 

laboratory for under 4 years with supplementation of wild individuals annually (Timer et 

al. 2010).  Swede midge colonies used in the present study had been reared in laboratory 

without input of wild individuals for a minimum of 7 years (see  Chapter  2.2).   Long-

term colonies of face flies, Musca autumnalis (DeGeer), display a lower diapause 

frequency under diapause-inducing conditions compared to recently-established colonies 

(Caldwell and Wright 1978).  It is unknown whether swede midge, despite long-term 

rearing in laboratory, have maintained the capacity for appropriate timing of diapause 
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entry in the absence of natural environmental cues.  We found no correlation between 

oviposition date and diapause frequency for larvae reared under diapause-inducing 

conditions, however the present study took place over a relatively narrow time frame.   

 
 The frequency of a ‘free-living’ larval state did not differ between rearing 

conditions, indicating low likelihood that ‘free-living’ larvae were in a state of diapause 

without cocoons.  Comparisons of gene expression for ‘free-living’ and diapausing larvae 

could be used to verify whether ‘free-living’ larvae were in diapause or a similar state of 

metabolic depression (Robich et al. 2007).  Mechanisms responsible for the ‘free-living’ 

larval state, whether the state has any adaptive significance (for instance as a form of bet-

hedging), and what the developmental fate of those individuals is should be determined.   

 
 In the present study, differences in diapause frequencies among families were 

indicative of some heritable influence over diapause entry for swede midge.  Because 

more than half the population entered diapause under diapause-inducing conditions, more 

than half of the families were expected to exhibit high rates of diapause.  As such, an 

uneven bimodal distribution towards higher diapause frequencies across families was 

expected.  Heritability may not have been easily visualized given the high frequency of 

diapause in larvae reared under diapause-inducing conditions overall, nevertheless the 

strength of any heritable effect for diapause entry is likely to be low.  Under diapause-

inducing conditions both pupation and diapause occurred within single families in most 

cases.  Consistent behaviour of siblings within families would have been indicative of a 

stronger heritable effect on diapause entry.  Swede midge in the present study may have 

lower genetic variation for diapause entry than in wild populations.  The swede midge 
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colony used in the present study had been reared under pupation-inducing conditions 

consistently for 7 or more years.  During that time, weak but steady selection for pupation 

rather than diapause entry likely occurred.  Population bottlenecks often occurring in 

laboratory colonies and also may account for loss of alleles associated with diapause 

entry behaviour (Maruyama and Fuerst 1985, Dlugosch and Parker 2008).  Heritability of 

the diapause entry trait should be most easily observable for wild swede midge 

populations reared under diapause-critical conditions. 

 
 As heritability for diapause entry had not been investigated in swede midge 

previously, modes of genetic contribution to the diapause entry trait (whether allelic, 

maternal, etc.) are not known.  Maternal effects dictate diapause behaviour in a number 

of species and may be a product of factors including maternal environment, age, 

nutritional state, or genotype (Simmonds 1948, Saunders 1965, Henrich and Denlinger 

1982, Saunders 1987, Roff and Bradford 2000).  However, the present study suggests that 

conditions experienced by females are not primarily responsible for diapause entry 

patterns in offspring.  A high incidence of diapause occurred in larvae reared under 

diapause-inducing conditions despite maternal rearing and oviposition under pupation-

inducing conditions.  Selective rearing for diapause avoidance under diapause-critical 

conditions would allow for characterization of allelic contributions to diapause entry 

behaviour.  Similarly, determining the effects of different maternal rearing conditions on 

diapause frequencies for offspring (reared under diapause-critical conditions) would 

verify whether a maternal effect explains variation in diapause entry under diapause-

critical conditions. 
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 An alternative intrinsic factor influencing variation in diapause entry for swede 

midge could involve chaotic or unstable biochemical mechanisms (Emlen et al. 1998, 

Lalonde and Roitberg 2006).  The influence of multiple environmental, physiological, 

and phenotypic factors in addition to genotype can act to initiate a self-perpetuating and 

irreversible internal chemical cascade that favours one biological response over another 

(Gleick 1988).  For instance, short photoperiod, high nutritional state, and high rearing 

temperature may initiate the chemical pathway leading to pupation in one individual 

while favouring the pathway leading to diapause in another individual as a result of 

differences in critical photoperiod threshold.  Chaotic systems are highly sensitive to 

initial conditions.  Chaos in dormancy, which encourages variability in dormancy 

induction across a population may be selected for as a bet-hedging strategy, ensuring 

survival of some individuals even in the absence of cues for adverse conditions (Lalonde 

and Roitberg 2006).   

 
 Quantitative assessments of heritability patterns for diapause entry in swede 

midge are lacking.  Future studies involving selective breeding or sib analyses under 

diapause-critical conditions are recommended, however caution should be taken with 

regard to the yearly timing of laboratory trials.  Plasticity of diapause entry in swede 

midge may be a result of unpredictable conditions in the native range and one explanation 

for the species’ successful colonization of North America (Ghalambor et al. 2007).  

Understanding more about the dormancy behaviours of economic pests such as swede 

midge will be especially useful in predicting population dynamics for effective pest 

management programs. 
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4.  DIAPAUSE FREQUENCY, LONGEVITY & EMERGENCE PATTERNS OF 

SWEDE MIDGE IN THE FIELD 

 

4.1.  INTRODUCTION 

 

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

invasive pest of cole crops in eastern North America (Hallett and Heal 2001).  Swede 

midge display a high degree of variability in diapause entry timing which is largely 

controlled by a temperature-mediated photoperiodic mechanism (Readshaw 1961).  In 

West Wheldon, UK, diapause frequencies for a swede midge population monitored in situ 

increased from 2% at a 16.5 hour day length on July 7 to 100% at a 10 hour day length on 

November 3 (Readshaw 1961).  The most rapid increase in diapause incidence, occurred 

between 14 and 13 hour day lengths (August 27 to September 8), indicating a critical 

photoperiod of approx. 13.5 hours (Readshaw 1961).  Diapause frequency as it relates to 

photoperiod has not been determined for North American populations.  After a prolonged 

period of cold, increased soil temperature and moisture in the spring are thought to 

terminate larval diapause and initiate pupation and emergence (Readshaw 1961).  

However, not all individuals of the overwintering cohort emerge simultaneously; single 

populations often exhibit bimodal, and possibly even trimodal, emergence patterns and 

this occurs in both the native and North American ranges (Rogerson 1963, Goodfellow 

2005, Hallett et al. 2009).  Polymodal emergence is a strategy employed by some insects 

as a means of ensuring population persistence in the face of unfavourable conditions 

(Waldbauer 1977, Biron et al. 2003, Tabuchi and Amano 2003, Fournet et al. 2004).  

Temporal separation of emergence events may increase the likelihood that some 
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individuals will emerge in synchrony with the appropriate life stages of plant or insect 

hosts (Valera et al. 2006, Yukawa and Akimoto 2006), avoid predation or parasitism 

(Tammaru et al. 1999, Fournet et al. 2004), or avoid adverse climatic conditions (Hopper 

1999).   

 
In southern Ontario, a small initial emergence peak of swede midge occurs in late 

May with a larger second peak occurring in early-to-mid June (Hallett et al. 2007).  The 

peaks are too close temporally for the second one to represent a second generation, thus 

each peak probably represents a distinct emergence phenotype (Hallett et al. 2009).  

Additional emergence phenotypes may exist, but generational overlap following the 

second peak has made this difficult to ascertain (Hallett et al. 2007).  Hallett et al. (2009) 

postulated that three emergence phenotypes may exist for the swede midge including one 

characterized by diapause that lasts for more than one year.  C-Type polymodality, in 

which individuals entering diapause in the same season emerge over the course of two or 

more years (Waldbauer 1977), was reported in a number of cecidomyiids including the 

wheat blossom midges, Contarinia tritici (Kirby) and Sitodiplosis mosellana (Gehin), the 

sasa gall midge, Hasegawaia sasacola (Monzen), and the machilus leaf gall midge, 

Daphnephila machilicola (Yukawa) (Maeda et al. 1982).  Determination of emergence 

timing for swede midge undergoing more than one year of diapause would be required to 

verify whether multi-year diapause represents a distinct emergence peak.   

  
Emergence phenotypes in many insects tend to result from differences in 

durations of diapause or post-diapause development (Waldbauer and Sternburg 1973, 

Gage and Haynes 1975, Cunningham et al. 1981, Weiss et al. 1993, Turnock and Boivin 
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1997, Biron et al. 1998, Biron et al. 2002, Masaki 2002, Biron et al. 2003, Fournet et al. 

2004, Son et al. 2007) and may be controlled by both genetic (Morris and Fulton 1970, 

Biron et al. 2002) and extrinsic factors (Kimura 1988, Collier et al. 1989, Nakamura and 

Numata 2000).  Diapause duration may vary with environmental factors.  For example an 

inverse relationship between day length at diapause entry and diapause intensity has been 

reported for adults of the green lacewing, Chrysopa carnea (Stephens) (Tauber and 

Tauber 1972), with similar effects noted for diapausing adults of the bean bug, Riptortus 

clavatus (Thunberg) (Nakamura and Numata 2000).  If swede midge diapause relates to 

photoperiod in a similar fashion, larvae entering diapause in early summer would be 

expected to emerge earlier in the spring than those entering diapause in early fall.  

However, very few swede midge larvae enter diapause early in the summer season and a 

much smaller initial peak of emergence is often observed during the following spring 

(Readshaw 1961).  Diapause entry dates for spring adults have yet to be ascertained.  

Diapause durations in populations of Drosophila triauraria (Brock & Wheeler) vary with 

location (Kimura 1988).  However, location cannot explain bimodal emergence observed 

for swede midge in a single region.  Swede midge emergence patterns were best 

predicted by a model assuming that emergence phenotypes were characterized by 

different diapause durations of 150 and 230 days (Hallett et al. 2009).  Diapause 

durations were found to vary for swede midge in laboratory; at 2-5ºC all individuals 

complete diapause in 100 days, however some individuals were able to complete 

diapause in as little as 40 days (Readshaw 1966).  Early and late emergence phenotypes 

in Delia radicum (L.) and D. floralis (Fallén) did not differ in diapause duration but had 

different durations of post-diapause development (Collier and Finch 1983, Biron et al. 
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1998, Biron et al. 2003).  Biron et al. (1998) demonstrated discrete degree day 

requirements for pupal development in early and late non-diapause emergence 

phenotypes of D. radicum (L.).  Degree day accumulation is a reliable predictor of 

emergence in many insects (Cunningham et al. 1981, Waldbauer and Sternburg 1986), 

but whether emergence phenotypes in swede midge correlate to differences in diapause 

durations or post-diapause development is not known.   

 
Understanding mechanisms responsible for swede midge phenotypic plasticity 

with regard to both diapause induction and emergence, and whether behavioural 

differences exist between native and invasive ranges is important from a pest 

management standpoint.  The present study investigates the effect of photoperiod and 

temperature on diapause frequency, the effect of photoperiod at diapause entry on 

emergence timing, the emergence profile of only the diapausing cohort, and the diapause 

and pupal development day requirements of emergence phenotypes.  We also determine 

whether swede midge may overwinter for more than one year. 

 

 

4.2.  MATERIALS & METHODS 

 

Field site set-up 
 
 A field study was conducted at the University of Guelph Elora Research Station, 

Elora, Ontario (coordinates: 43º38’27”N, 80º24’18”W) from May 2010 to October 2011.  

Broccoli (Brassica oleraceae var. Eureka) was planted in an adjacent tilled plot (33 m x 

26 m) to collect swede midge larvae throughout the growing season.  Broccoli was 

started from seed (Stokes®, Thorold, ON) in 128-cell flats and grown in a greenhouse at 
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the University of Guelph, Guelph, Ontario.  Flats were fertilized weekly with Plant-

prod© 10-52-10 plant starter fertilizer (Plant Products Co. Ltd., Brampton, ON).  After 

approximately three weeks of growth broccoli flats were hardened outdoors for one week 

before transplanting to the field plot.  Because earlier plantings may be more susceptible 

to swede midge damage than later ones (Baur and Rauscher 2003, Chen et al. 2011), 

broccoli plantings were spaced temporally to ensure the availability of pre-headed plants 

throughout the growing season.  Four-week old seedlings were transplanted into the field 

in 5 adjacent rows covering a 5 x 26 m block.  Three sets of seedlings were initiated: one 

set on each of May 28, June 28, and July 28, with 45 cm spacing within rows and 1 m 

between rows and blocks.   

 
 Swede midge were isolated in the field within cages to track diapause entry and 

emergence.  Twenty mesh BugDorm© cages (24.5 x 24.5 x 24.5 cm) were instated in 

2010 and an additional ten cages were instated in 2011.  The cages were placed into a 2.5 

m x 9 m plot of freshly tilled soil at a depth of 5 cm (Readshaw 1961, Chen and Shelton 

2007) (Fig. 4.1).  Excavated soil was placed inside each cage until level with the soil 

surrounding each cage (approx. 0.242 m3 soil per cage).  A 5 cm circle was cut from the 

center of each plastic cage bottom and replaced with a fine mesh cloth to allow for water 

drainage.  Generation cycling was avoided by weeding inside cages regularly to prevent 

ovipositing by emerging swede midge.  A data logger (HOBO® H08-008-04, Onset 

Computer Corp., Cape Cod, MA) was placed in the vicinity of field cages on June 7, 

2010 to measure air temperature and soil temperatures at 1 and 5 cm depths.  The logger 

malfunctioned between July 28 and Nov 23, 2010.  For this period, air temperatures were 

obtained from the National Climate Data and Information Archive 
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(www.climate.weatheroffice.gc.ca) and 5 cm depth soil temperatures were obtained from 

a nearby field at the Elora Research Station (generously provided by Dr. Gary Parkin, 

School of Environmental Sciences, University of Guelph), respectively.  The data logger 

(HOBO® U12-008, Onset Computer Corp., Cape Cod, MA) was replaced within the 

field plot on November 23, 2010.   

 

EXPERIMENT 1 

Background emergence from soil 
 
Because cruciferous weeds were present in the cage plot, diapausing swede midge 

were likely to be present in soil used to fill emergence cages.  Ten cages established 

throughout the plot on May 11, 2011 were used to estimate the emergence of swede 

midge in diapause that were present in cage soil in 2010.  Five of the ten cages were 

randomly selected to receive white single-sided Jackson trap inserts (15.5 x 9.5 cm; 

Distributions Solida, Quebec, Canada) while the remaining five cages received yellow, 

double-sided sticky traps (12 x 10 cm; Cooper Mill Ltd, Ontario).  Sticky trap sampling 

of adults emerging from diapause began on May 11 and continued on a weekly basis until 

October 28, 2011.   

 

EXPERIMENT 2 

Effect of photoperiod and temperature on diapause frequency 
 
Sixteen of the twenty cages instated in early May 2010 were used to determine 

how diapause entry  conditions  (i.e. photoperiod and temperature)  influence  emergence 

timing in situ.  Third instar larvae were  collected  from  infested broccoli  heartleaf  galls 
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Figure 4.1.  Layout of field study at the Elora Research Station, Elora, ON in early June 
2010.  Broccoli planting and establishment of twenty cages used for experiments 2 and 3 
in the crop border occurred in 2010.  Ten additional cages used for experiment 1 were 
added to the plot in 2011. 

 

prior to head formation.  Galls were approx. 1 to 2 cm in width and contained at least 5 

readily visible third instar swede midge larvae.  Every two weeks from June 26 to 

October 1, 2010, a pair of cages was randomly selected to each receive 5-12 infested 

broccoli galls depending on availability of galls (Appendix II, Table 1).  Due to shortages 

of infested galls, only one cage received galls on June 26, July 2, July 9, and October 1.  

In the event that a heritable component influences diapause entry, infested broccoli heads 

were collected from multiple plants throughout the field plot to avoid filling cages with 

single families (genetically similar individuals).  Sampling of multiple families for each 
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cage was confirmed by balanced sex ratios of emerged swede midge (Appendix II, Table 

1).   

 
Sticky traps were hung in the center of each cage to collect emerging adults from 

the time of infested gall input to October 6, 2010.  Unless damaged, a given sticky trap 

remained in a cage until October 6, 2010.  White, single-sided glued paper Tetra trap 

liners (16 x 9 cm; Andermatt Biocontrol AG, Grossdietwil, Switzerland) were used in 

cages 1-9.  More durable double-sided yellow plastic sticky traps (12 x 10 cm; Cooper 

Mill Ltd, Ontario) were employed for cages 10-16.  On October 14, 2010, the upper 

frames of the cages were removed to collapse the cage mesh against the soil surface.  

Cage frame removal allowed for soil within to experience typical snow cover and 

moisture conditions during the winter.  If traps caught less than 25% of emerging adults 

predicted for a cage that received larvae prior to September, the cage was omitted from 

diapause frequency analyses (Appendix II, Table 2).  Because swede midge cocoons were 

already present in the soil used to fill cages, the mean emergence recorded from ten cages 

in 2011 (see EXPERIMENT 1) was used to adjust the number of emerging adults 

observed within the sixteen cages in 2010 (Appendix II, Table 3).   

 
Cage frames were replaced on May 11, 2011.  Adults emerging from diapause 

were collected on sticky traps that were replaced on a weekly basis from May 11 until 

October 28, 2011.  White traps were used in cages if the cage had white traps in 2010, 

and similarly for cages with yellow traps.  More durable white single-sided Jackson trap 

inserts (15.5 x 9.5 cm; Distributions Solida, Quebec, Canada) were used in 2011 in place 

of white Tetra trap liners that had been used in 2010.  Because some diapausing swede 
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midge present in soil used to fill cages in 2010 did not emerge until 2011, the mean 

emergence recorded from four cages in 2011 (see EXPERIMENT 3) was used to adjust 

the number of emerging adults observed within the sixteen cages in 2011 (Appendix II, 

Table 3).  The adjusted ratio of adults emerging in 2010 to the total number of adults 

emerging in 2010 and 2011 were used to approximate the frequency of diapause for each 

cage in 2010.  Diapause frequencies for cages with the same larval input date 

(photoperiod) were averaged.  The relationship between diapause frequency, photoperiod, 

and temperature was analyzed by ANOVA with α = 0.05 (R 2.13.0).  Diapause frequency 

was arcsin square root transformed and a model using photoperiod and temperature 

parameters was selected using the Aikaike information criterion (AIC) for goodness-of-fit 

(Akaike 1974).  Air and 5 cm soil depth temperatures were incorporated in the models 

(Appendix II, Table 4).  Linear regressions of diapause frequency with photoperiod of 

were performed to determine whether the diapause frequency slopes for swede midge in 

Elora, 2010 differed from that in a previous study in West Wheldon, UK (coordinates: 

~55º12’N, 02º00’W) in 1959 (Readshaw 1961).  Due to unequal variances between the 

two studies, diapause frequency slopes between Elora and West Wheldon were compared 

using a Welch’s t-test with degrees of freedom calculated from the Welch-Satterthwaite 

approximation and α = 0.05.  Comparison of diapause frequency pattern between Elora 

and West Wheldon is approximate as the two studies employed different methodologies 

to determine diapause frequencies.  Diapause frequencies in West Wheldon were 

calculated from the proportion of diapause cocoons remaining in soil (with known larval 

input) 30 days after emergence of adults (Readshaw 1961).   
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Effect of photoperiod at diapause entry on emergence timing  
 

To determine whether photoperiod at diapause entry influenced emergence timing 

the approximate photoperiod experienced by third instar larvae at diapause entry in 2010 

was compared to emergence timing in 2011.  Photoperiods were obtained from a 

photoperiod calculator available online (Lammi 2008). 

 
 
Diapausing cohort-only emergence profile 

 
Four pheromone traps (Hallett et al. 2007) were set up around the study field to 

monitor adult male swede midge activity from May 17 to November 4, 2011.  Pheromone 

traps caught both adult males of the overwintering cohort and their offspring.  Traps 

within cages in 2011 caught only males of the overwintering cohort because generation 

cycling within cages was prevented.  A comparison of cage and pheromone traps allowed 

for differentiation of emergence peaks represented by the offspring of the overwintering 

cohort and the overwintering cohort itself in 2011. 

 

Diapause and pupal development day requirements 
 

Diapause durations and post-diapause degree day accumulations were estimated 

for emergence peaks in 2011.  Temperatures experienced during diapause were assumed 

to be the same for all individuals.  The onset of diapause development was assumed to 

start on October 1, 2010 based on previous studies (Readshaw 1968, Collier and Finch 

1983, Hallett et al. 2009 ).  Because emergence peaks may result from different diapause 

durations, diapause termination dates were assumed to correspond to the number of days 

between emergence peaks and degree-day accumulations were expected to be similar for 
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each emergence peak.  A model employed in a previous study accurately predicted timing 

of swede midge emergence peaks assuming that diapause termination occurred when the 

7-day average air temperature reached 4ºC and that pupal development occurred between 

6.8ºC and 30ºC (Hallett et al. 2009).  In the event that post-diapause development rather 

than diapause duration differs between emergence phenotypes, the model diapause 

termination conditions were used to estimate diapause duration, and pupal development 

temperatures were used to predict the degree day accumulation for post-diapause 

development.  Degree day accumulations were calculated using the Growing Degree 

Days Assistant v. 1.6 from HOBOware Pro v. 3.1.0 software (Onset Computer Corp., 

Cape Cod, MA).   

 

EXPERIMENT 3 

Overwintering for two or more years  
 
Four of the twenty cages placed in the field in early May, 2010 were used to 

determine whether swede midge in diapause for two or more years were present in the 

soil used to fill the cages.  Cages did not receive galls infested with swede midge larvae 

in 2010.  Cage frames were removed on October 14, 2010 and replaced on May 11, 2011 

as described previously.  Emerging adults were collected on yellow, double-sided sticky 

traps which were replaced on a weekly basis from May 11 until October 28, 2011.  Any 

adults emerging in 2011 were assumed to have entered diapause in 2009 or earlier and to 

have overwintered for at least two years.   

 

 



 

73 

4.3.  RESULTS 
 
 

EXPERIMENT 1 

Background emergence from soil 
 

 Over the entire 2011 season, the mean emergence per cage ± standard error of 

was 11.6 ± 3.3 individuals (Fig. 4.2a), equating to 48.3 ± 13.8 swede midge per m3 of 

soil.  The per-cage catch was 14.8 ± 5.2 individuals for yellow sticky traps and 8.4 ± 2.2 

for white Jackson traps.  In 2011, the antennae of many adults caught on yellow traps 

were severed, making those adults difficult to sex.  Antennae remained intact for all 

individuals caught on white Jackson traps (which had thicker glue than yellow traps).   

 

EXPERIMENT 2 

Effect of photoperiod and temperature on diapause frequency 
  

The frequency of diapause induction for swede midge larvae in Elora in 2010 

increased from 0% at a photoperiod of 15:26 hours (June 26) to 93% at a photoperiod of 

12:26 hours (October 1) (Fig. 4.3).  Photoperiod   at   the time of larval input to cages in 

the field was a significant predictor of diapause frequency (AIC = -0.5274, residual d.f. = 

5, p = 0.0019).   

 

 

Figure 4.2.  Mean numbers of swede midge adults caught on sticky traps within field 
cages from May 17 to October 28, 2011.  a) Experiment 2 cages (n = 16) contained soil 
from the field in 2010 and received additional third instar swede midge larvae in 2010, b) 
Experiment 1 cages (n = 10) contained soil from the field in 2011, and c) Experiment 3 
cages (n = 4) contained soil from the field 2010.  Note differing y-axis scales. 
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Figure 4.3.  Relationship between photoperiod and weekly absolute maximum air 
temperature (dashed line) on diapause frequency for third instar swede midge larvae in 
Elora, ON.  Larvae were collected from field-grown broccoli and placed in cages at 
approximately two-week intervals in 2010.  Diapause frequencies were obtained by a 
comparison of swede midge emerging in 2010 and swede midge emerging in 2011.  Two 
cages received third instar larvae on August 27, September 7, and September 17, 2010, 
and mean diapause frequencies ± S.E. of those cages are reported. 

 

The model was as follows: 

Arcsin√(Df) = (5.712±0.867) - (0.366±0.061)PLE,  

where Df = diapause frequency (%) and PLE = approx. photoperiod at larval entry 

into soil (hours).   

The critical photoperiod (at which 50% of individuals entered diapause) was calculated 

from the above model to be 13.45 hours, which is in general agreement with the critical 
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photoperiod previously reported for West Wheldon, UK (Readshaw 1961).  Diapause 

frequency with photoperiod for West Wheldon, UK in 1959 from Readshaw (1961) was 

modeled as follows: 

Arcsin√(Df) = (3.650±0.277) - (0.216±0.020)PLC,  

where Df = diapause frequency (%) and PLE = approx. photoperiod at larval 

‘collection’ date (hours) (Readshaw, 1961).   

The slope of diapause frequency with photoperiod observed in Elora was -0.366 ± 0.061 

compared to -0.216 ± 0.020 at West Wheldon.  Diapause frequency increased at a 

significantly faster rate with decreasing photoperiod in Elora compared to West Wheldon 

(t = 2.344, d.f. = 7.391, p = 0.0497) (Fig. 4.4).  The only thermal parameter to 

significantly improve the diapause frequency model for Elora was the absolute maximum 

air temperature during the seven-day period surrounding larval entry into soil (AIC =  

-3.6558, residual d.f. = 4, p = 0.1061) (Appendix II, Table 4), shown below: 

 Arcsin√(Df) = (5.900±0.678) - (0.319±0.052)PLE - (0.030±0.014) Tmax  

where Df = diapause frequency (%), PLE = approx. photoperiod at larval entry into soil 

(hours), and Tmax = absolute maximum air temperature over seven days surrounding 

larval entry into soil.  A high absolute maximum temperature during the week of August 

27, 2010 coincided with lower than expected diapause frequency (Fig. 4.3). 

 
Effect of photoperiod at diapause entry on emergence timing 
  
 Emergence of the 2010 diapausing cohort peaked twice in 2011.  A small peak 

occurred between June 13 and June 26, followed by a larger peak between June 30 and 

July 8  (Fig. 4.5).   Approx  97%  of   the   overwintering individuals caught in 2011 
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Figure 4.4.  Comparison of in-field diapause frequency with photoperiod for swede 
midge in Elora, ON (2010), and swede midge in West Wheldon, UK (1959) (with data 
from Readshaw, 1961).  Diapause frequency slopes differed significantly between Elora 
and West Wheldon, UK (t = 2.344, d.f. = 7.391, p = 0.0497). 
 
 

belonged to the two main peaks, whereas the remaining 3% emerged later, between 

August 19 and September 8.  The 2011 emergence pattern appeared to be independent of 

the photoperiod that third instar larvae were exposed to prior to diapause in 2010.   

 
 
  Emergence profile of the diapausing cohort  
 
 Within cages, male capture rates occurred in two peaks between June 17 and July 

22 and paralleled the male capture rates in nearby pheromone traps (Fig. 4.6).  A small 

number of males within cages emerged later between August 26 and September 2.  Two 
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Figure 4.5.  Effect of photoperiod at diapause entry in 2010 on emergence timing in 
2011.  Third instar larvae were placed in cages at intervals throughout the 2010 season.  
Emergence in 2011 from cages with larval input on August 27, September 7, and 
September 17 is reported as an average of two cages representing each date.   
 
 

emergence peaks occurring on pheromone traps between August 5 and September 16 

were absent within cages.   

 
 
Diapause and pupal development day requirements 
  
 Emergence of the diapausing cohort peaked around June 19, July 4, and a small 

peak occurred around August 18, 2011 (Fig. 2.6b).  At a 1 cm soil depth, diapause 

termination conditions (a 7-day mean temperature of 4ºC) were reached on April 10, 

2011.  If diapause development initiated for all individuals around  October 1,  2010  and 
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Figure 4.6.  Mean adult male swede midge caught per day in 2011. a) non-pheromone 
sticky traps within cages with no generation cycling (n = 16) and b) pheromone sticky 
traps exposed to the field in which generation cycling occurred (n = 4). 
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terminated on April 10, 2011, then diapause lasted approx. 191 days.  Swede midge 

emerging around June 19, July 4, and August 18 had accumulated 516, 715, and 1449 

degree days, respectively.  If instead diapause termination occurred on May 25, June 9 

(15 days after May 25), and July 24 (60 days after May 25), diapause would thus have 

lasted 236, 251, and 296 days for individuals of the first, second, and third emergence 

peaks, respectively.  Approx. 321, 323, and 367 degree days would have accumulated for 

the first, second, and third peaks, respectively.  A heat-wave-attributed drought was 

experienced in Ontario between late July and early August and may correlate to the 

slightly higher number of degree days (367) calculated for the third emergence peak 

(Readshaw 1961). 

 

EXPERIMENT 3 

Overwintering for two or more years  
 
 The 2011 mean emergence ± standard error per cage was 11.5 ± 5.6 individuals, 

equating to 48 individuals per cm3 of soil.  Emergence of swede midge adults in cages 

indicated that some individuals remain in diapause for two or more winters (Fig. 4.2c).  A 

small peak of emergence around June 23 preceded a second larger peak around July 4, 

both of which coincided with emergence of individuals undergoing one or more years of 

diapause in Experiment 1 and 2 cages (Fig. 4.2a, b).   No emergence event was observed 

in mid-to-late August, unlike in Experiment 1 and 2 cages.  Approx. 33% of the mean per 

cage emergence in 2011 was attributed to swede midge in diapause for two or more 

years. 
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4.4.  DISCUSSION 
 
 

 
Diapause frequency for swede midge in the field was inversely correlated with 

photoperiod and the absolute maximum air temperature experienced by third instar larvae 

just prior to diapause entry.  Only a proportion of swede midge larvae enter diapause 

under a given temperature and photoperiod, indicating that other factors (either genetic or 

environmental) might influence diapause entry.  Diapause entry may be inherently 

variable, or a genetic predisposition for diapause entry could contribute to the induction 

of diapause for some individuals and pupation for others.  For instance, diapause entry 

patterns could be determined by maternal photoperiods as observed in other dipterans 

(Saunders 1965, Ring 1967, Saunders 1987).  Larval diapause entry could also be 

partially attributed to a chaotic, or unstable biochemical mechanism (Gleick 1988).  The 

effects of many environmental and physiological factors, along with phenotypic 

variation, can act to initiate a chemical cascade in the insect and favour one biological 

response over another.  After the threshold for diapause entry is surpassed in an 

individual, the diapause pathway should be self-perpetuating and irreversible.  Such 

chaotic mechanisms can be considered unstable in the sense that selection has favoured 

sensitive biological fulcrums that act to maintain variability (phenotypic plasticity), rather 

than synchrony in populations (Nylin 1994, Emlen et al. 1998).  Chaotic fluctuation in 

dormancy dynamics may be selected for as a bet-hedging strategy for populations 

(Lalonde and Roitberg 2006). 

 
The diapause frequency trend with photoperiod in Elora differed in slope from 

that observed at West Wheldon, UK in 1959 (Readshaw 1961).  The discrepancy in 
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diapause entry slope between the two studies could be attributed to differences in 

diapause assessment methodologies, sampling frequencies (especially between 10- and 

13-hour photoperiods), latitudes, or sampling error.  Temperature was a significant 

predictor of diapause entry for swede midge both in Elora and at West Wheldon 

(Readshaw 1961).  Differences in thermal profiles during each of the study periods could 

therefore influence diapause entry patterns.  Although critical photoperiods for diapause 

entry differ by latitude in some species (Tauber and Tauber 1972, Gomi 1997), critical 

photoperiods were consistent between populations in Elora and West Wheldon.  It is 

unknown whether swede midge populations in Elora and West Wheldon differed in 

physiological responses to environmental cues.   

 
Photoperiod influences diapause duration in some insects (Tauber and Tauber 

1972, Nakamura and Numata 2000).  Despite having a substantial effect on diapause 

entry in swede midge, the photoperiod at diapause entry did not correspond to emergence 

timing.  Photoperiod at diapause entry is therefore unlikely to have a great impact on 

diapause duration.  An alternative control of diapause duration and/or emergence timing 

may involve multiple phenotypes inherent in swede midge populations as opposed to 

extrinsic factors acting at diapause entry (as all diapausing swede midge are assumed to 

have experienced similar environmental conditions). 

 
 Prevention of oviposition and subsequent generation cycling within cages allowed 

for separation of emergence for the overwintering cohort and emergence of their 

offspring.  Emergence within cages occurred mainly in two peaks, between early June 

and mid-to-late July.  Two large peaks of emergence in August observed on pheromone 
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traps in the field were not observed within cages, indicating that the large August peaks 

represented offspring of the diapausing cohort.  A few individuals within cages emerging 

in mid-to-late August could represent a third and highly delayed emergence phenotype.   

 
 Emergence phenotypes may manifest as differences in diapause duration 

(Nakamura and Numata 2000), post-diapause development (Biron et al. 1998), or perhaps 

a combination of the two.  Diapause termination and pupal development times were 

calculated using thermal thresholds from a previous study (Hallett et al. 2009).  It was 

suggested in the previous study that different diapause durations of 150 and 230 days 

could account for emergence phenotypes (Hallett et al. 2009).  In the present study, 

diapause durations were predicted to range from 236 to 296 days if approx. 322 

accumulated degree days were required for post-diapause development.  A sixty-day 

discrepancy in diapause completion time at 5ºC has been observed for swede midge in 

laboratory (Readshaw 1966).  The rate of swede midge diapause completion is known to 

be inversely correlated with temperature; diapause lasts from 40 to >200 days for larvae 

held at 2ºC and 25ºC, respectively (Readshaw 1966).  Different soil temperatures 

between years of study may explain overall shorter diapause durations proposed in the 

previous model (Hallett et al. 2009) compared to present study calculations.  If 

differences in post-diapause development times give rise to emergence phenotypes, most 

individuals would emerge after approx. 516 or 715 degree days were accumulated.  A 

small fraction (3%) would require approx. 1449 degree days to emerge.  Determination of 

actual diapause termination dates in the field would help to establish whether differences 

in emergence timing depend primarily on diapause duration or post-diapause 

development and could be used to refine models of swede midge population dynamics.   
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Emergence observed within cages in 2011 indicated that approximately one third 

of the swede midge population overwinters for more than one year.   However, we do not 

know how many years of diapause individuals actually underwent.  Related species C. 

tritici (Kirby) and S. mosellana (Gehin) may diapause for up to three and twelve years, 

respectively (Barnes 1952).  If similar multi-year diapause occurs in swede midge, such 

plasticity in diapause duration may contribute to its success as an invasive agricultural 

pest.  Determination of maximum diapause duration will be a prerequisite for employing 

crop rotation to control swede midge, and will require long-term emergence monitoring 

of isolated diapausing populations in the field.  It was suggested in a previous study that a 

third emergence phenotype may exist for swede midge and could involve individuals in 

diapause for more than one year (Hallett et al. 2009).  Emergence of some individuals 

observed in mid-to-late August could represent a third emergence phenotype, but August 

emergence was not observed for swede midge undergoing two or more years of diapause.  

It is therefore unlikely multi-year diapause explains an August emergence phenotype.   

  
 Earlier transplanting of a greater amount of broccoli into the field would have 

allowed for earlier sampling of a greater number of third instar larvae.  It is further 

recommended that soil containing no swede midge cocoons be used for field studies to 

prevent sampling of emerging individuals that entered diapause in years prior to the study 

period.  Investigation of swede midge diapause entry over a greater range of photoperiods 

and over multiple years would help to better characterize the relationship between 

diapause frequency and photoperiod.  Furthermore, multi-year studies may provide a 

better indication of thermal influence over the patterns of diapause frequency during the 

growing season.   
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 The adaptive significance of polymodal emergence for swede midge has not been 

investigated.  Delayed emergence for many insects ensures host availability for 

oviposition and/or allows for the avoidance of adverse spring conditions such as cold 

snaps or heavy rains (Diarisso et al. 1998, Hopper 1999, Yukawa 2000, Lalonde and 

Roitberg 2006).  Because swede midge is multivoltine, highly polyphagous, and able to 

feed on a range of host tissues and developmental stages (Barnes 1950, Stokes 1953a, 

Hallett 2007), synchronization with hosts is unlikely to be a major selective pressure on 

emergence timing (especially in agricultural systems where hosts are seemingly 

unlimited).  Late emergence in swede midge may be a means of avoiding adverse 

conditions.  Early emergence may still be maintained in the population due to increased 

reproductive potential; individuals emerging earlier may give rise to a greater number of 

descendents by the end of season.  Early or late emergence timing serve as a means of 

avoiding peaks of parasitoid emergence or predator activity in some insects (Thireau and 

Régnière 1995, Stoks et al. 2006).  If enemies are playing a selective role in swede midge 

emergence timing, it would be of interest to compare timing and magnitude of emergence 

peaks for European and North American populations in relation to the presence and 

activity of natural enemy assemblages.  Investigation into the selection pressures 

maintaining polymodal emergence in swede midge relatives with similar biology, such as 

D. radicum, may offer hints as to the selection pressures experienced by the swede 

midge.   

 
 Understanding of diapause entry, emergence patterns, and their adaptive 

significance in agricultural pests such as swede midge is required to accurately predict 

emergence events and develop appropriate pest management programs.  Pesticide 
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applications that target initial adult emergence events (i.e. those before late July 

depending on climatic conditions) should provide the most efficient means of population 

control for two reasons: eliminating the majority of adults emerging from diapause will 

diminish the potential for population expansion later in the season, and prevent damage to 

early (more susceptible) plants by first larval generation feeding (Rogerson 1963, 

Bardner et al. 1971).  Multi-year overwintering in swede midge suggests that one- and 

two-year rotation of cruciferous crops are an ineffective means of population control.  

Prolonged diapause is thought to increase the speed of species invasion, at least in 

stochastic environments (Mahdjoub and Menu 2008).  Plasticity for diapause entry and 

emergence in swede midge may be the key to the its success as an invasive agricultural 

pest.   
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5. CONCLUSIONS 

 

 Insect diapause presents a challenging field of study due to the great diversity of 

dormancy systems among species and often complex interactions between the genetic 

and environmental mechanisms regulating diapause.  Although knowledge of diapause 

systems in insects is incomplete, a number of studies have addressed aspects of dormancy 

including diapause-related photoreception (Saunders 1997), the effect of photoperiod and 

temperature on diapause entry and duration (Tauber and Tauber 1970, Tauber and Tauber 

1972, Saunders 1982, Danks 1987, Nakamura and Numata 2000), heritable effects on 

diapause entry (Rakshpal 1962, Saunders 1965, Henrich and Denlinger 1982, 1983, Roff 

and Bradford 2000), and effects of post-diapause development on emergence timing 

(Tauber and Tauber 1976, Collier and Finch 1983, Collier et al. 1989, Biron et al. 1998).  

New techniques for gene expression analyses have also provided a means of 

characterizing biochemical involvement in the diapause program (Robich et al. 2007, 

Rinehart et al. 2010, Urbanski et al. 2010, Bao and Xu 2011).   

 
Swede midge exhibits plasticity with regard to diapause entry and emergence 

(Readshaw 1961, Hallett et al. 2009) and is a valuable model organism for diapause 

research because of its economic pest status.  Until recently, the bulk of swede midge 

diapause research was limited to a few early laboratory and field studies in Europe 

(Readshaw 1961, 1966, Rygg and Braekke 1980).  Some research on swede midge 

emergence patterns has been published since the species invaded North America (Hallett 

et al. 2007, Chen et al. 2009b, Hallett et al. 2009).  Rearing methods for swede midge in 

the laboratory have also been established (Chen and Shelton 2007).  Prior to this thesis, 
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diapause induction methodology for swede midge in laboratory had not been well 

developed.  Mechanisms responsible for swede midge polymodal emergence and 

plasticity of diapause entry under a given temperature and photoperiod had not been 

investigated.  Previous field studies were not able to determine whether swede midge 

emergence peaks in mid-to-late summer belonged to diapausing cohorts, their offspring, 

or both.  Multi-year diapause had not been reported for North American swede midge 

populations.   

 
By manipulating photoperiod and temperature, I was able to induce and 

efficiently quantify diapause entry in laboratory-reared swede midge.  This methodology 

allowed me to investigate heritability of the diapause entry trait under a given 

photoperiod and temperature.  Isolation of swede midge larvae in the field allowed me to 

determine how photoperiod and temperature influence diapause frequency patterns and 

how timing of emergence relates to photoperiod at diapause entry.  I was able to separate 

emergence of overwintering and non-overwintering cohorts, and verify whether swede 

midge populations in Ontario are capable of multi-year diapause.  Potential durations of 

diapause and post-diapause development were estimated, but further studies are required 

to determine whether emergence phenotypes manifest as differences in diapause duration 

or post-diapause development.   

 

Diapause induction in laboratory  
 
 When developing laboratory diapause induction methodology, the rearing 

conditions of a 10 hour day length and approx. 14ºC were found to be diapause-critical 

(resulting in nearly 50% diapause entry) (Chapter 2).  When assessing diapause trait 
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heritability, 83% diapause frequency was observed at a 10 hour day length and approx. 

13ºC rearing temperature (Chapter 3).  At a 10 hour day length (November 3) at West 

Wheldon, UK, 100% of swede midge in the field were observed to enter diapause 

(Readshaw 1961).  Mean November temperatures in Northeast England are typically 

under 10ºC (Met Office 2012).  Different rearing temperatures should account for at least 

part of the discrepancy in diapause frequencies at 10 hour day lengths between laboratory 

studies and between the laboratory and field.  Different diapause frequencies between the 

two laboratory studies could also relate to the yearly timing in which the studies were 

conducted.  Some insects reared under non-diapause laboratory conditions may still enter 

diapause around the same dates as wild populations (Timer et al. 2010).  This 

phenomenon could be attributed to the persistence of circadian clock mechanisms 

independent of external conditions (Saunders 1981).  In the heritability study, the third 

instar larval stage coincided with dates of high diapause frequency in wild populations 

(September to October).  Wild swede midge were already in diapause when the third 

instar stage was reached in the diapause induction methodology study (December to 

January).  However, it is unlikely that a clock mechanism retaining annual diapause entry 

rhythms has persisted in the swede midge colony which has spent 6 or more years in 

constant pupation-inducing conditions, and where selection against diapause entry is 

expected to have occurred (Glass 1969, Hoy 1978, Chen and Shelton 2007).   

 
 There was some evidence of a heritable component to the diapause entry trait 

based on a bimodal pattern of diapause entry among families.  Rearing conditions 

induced diapause in more than 50% of the sample population which may have dampened 

any heritable effect.  In addition to a low sample size of families, bimodality of diapause 
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frequencies among swede midge families may have been difficult to visualize.  

Inbreeding depression and/or long term selection against diapause entry in the swede 

midge colony may also have altered the strength of a heritable influence over diapause 

entry.  Repeating the heritability study under diapause-critical conditions with a large 

number of families produced from wild swede midge should yield more accurate results.  

 
 Lower mortality and higher recovery rates of swede midge were achieved in the 

heritability study compared to the diapause induction methodology study.  Pupal and 

adult mortality was lower (4%) in the heritability study compared to that in the 

methodology study (9%) and may be due to the more shallow peat substrate used in cups 

in the former.  Soil depth above larvae is known to be positively correlated with mortality 

(Chen and Shelton 2007) and many larvae that had visibly burrowed to the bottom of the 

peat layer perished.  The 3 cm peat depth used in the heritability study is therefore a 

recommended modification over the 5 cm peat depth used in the diapause induction 

methodology study.  The cause for lower larval mortality in the heritability study (4%) 

compared to the methods study (7%) is not known, but may relate to maintenance of 

adequate moisture in peat moss.  Larval size was not quantified in laboratory studies, but 

larvae developing on cauliflower in which only one female had laid eggs (low egg 

density) appeared to be larger on average than on cauliflower in which multiple females 

had laid eggs (high egg density).  A higher recovery rate in the heritability study could be 

attributed to larger larvae which were seen more easily when sorting through peat 

substrate.   
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 The frequency of individuals in an extended larval stage differed between 

pupation-inducing and diapause-inducing treatments in the methods study (1.9% and 

6.9% for pupation- and diapause-inducing conditions, respectively) but not in the 

heritability study (approx. 6% for both treatments).  The extended larval stage was seen 

to last at least 250 days in at least one individual from the heritability study.  The 

developmental status and adaptive significance (if any) for individuals in an extended 

larval state is unknown.   

 

Diapause induction in the field 

The relationship between diapause frequency and photoperiod is known to be 

sigmoidal but mediated by temperature (Readshaw 1961).  The effect of temperature on 

diapause frequency in the present field study was dependent on the thermal parameter 

measured; only the maximum absolute air temperature during the week surrounding 

larval input into cages varied significantly with diapause frequency.  Caution should 

therefore be taken when selecting thermal parameters to explain biological response.  The 

rate of increase in diapause frequency with decreasing photoperiod was steeper for swede 

midge in Elora, ON than for swede midge in West Wheldon, UK (Readshaw 1961).  

Diapause frequency rates may have differed due to incongruent sampling dates between 

the two studies (e.g. less frequent sampling during short day lengths in West Wheldon).  

A steeper diapause frequency rate could also indicate lower genetic variation for the 

diapause entry trait in the Elora population compared to the population in West Wheldon.   

Swede midge populations likely experienced some degree of allelic loss (especially for 
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rare alleles) on invasion of North America (Maruyama and Fuerst 1985, Dlugosch and 

Parker 2008).   

 

Emergence from diapause  
 

 In the present field study, two peaks of emergence for the overwintered cohort 

occurred prior to July 22, 2011.  Apart from highly delayed emergence in a very small 

fraction (approx. 3%) of overwintered swede midge in mid-to-late August, emergence 

events after July 22 represented offspring of the overwintered cohort.  The adaptive 

significance for highly delayed emergence in a small fraction of the overwintered 

population could relate to a bet-hedging strategy.  Delayed emergence for many insects 

ensures host availability for oviposition and/or allows for the avoidance of adverse spring 

conditions such as cold snaps or heavy rains (Diarisso et al. 1998, Hopper 1999, Yukawa 

2000, Lalonde and Roitberg 2006).  The delayed emergence phenotype did not 

correspond to swede midge that had remained in diapause for two or more years.   

 
Despite the influence of photoperiod on diapause duration in some species 

(Williams 1963, Tauber and Tauber 1972, Nakamura and Numata 2000), photoperiod at 

diapause entry did not correlate with emergence timing in swede midge.  It is therefore 

unlikely that photoperiod at diapause entry affects diapause duration in swede midge.  If 

extrinsic factors such as photoperiod and temperature are not determinants of emergence 

phenotype then we may look to investigations of genetic factors (e.g. allelic or maternal 

effects) to explain emergence phenotypes.  In a previous study that modeled swede midge 

emergence it was suggested that emergence phenotypes could relate to discrete diapause 

durations of 150 and 230 days (Hallett et al. 2009).  If different diapause durations 
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explain emergence timing, then post-diapause development requirements should be 

consistent throughout the swede midge population.  Temperatures experienced during 

diapause were assumed to be the same for all individuals.  Based on the number of days 

between emergence peaks in Elora, diapause was estimated to last approx. 236, 251, and 

296 days with approx. 322 degree days required for completion of post-diapause 

development.  Longer diapause durations calculated in the present study could be 

attributed to the notably cool spring in 2011.  Emergence peaks were first observed in late 

May in the previous modeling study but not until early June in Elora (Hallett et al. 2009).  

Diapause completion in swede midge is known to occur more rapidly at lower 

temperatures (Readshaw 1961).  Swede midge in Elora should have therefore completed 

diapause earlier than those in the previous study experiencing a warmer spring.  This 

suggests that post-diapause development, rather than diapause duration differs between 

emergence phenotypes.  Using the same thermal developmental parameters as the 

previous study model, diapause in the Elora population should have lasted approx. 191 

days, with emergence phenotypes corresponding to post-diapause development 

requirements of approx. 526, 715, and 1149 degree days (Hallett et al. 2009).  Actual 

diapause termination dates for larvae in the field between 2010 and 2011 were not 

examined in the present study.  Frequent springtime monitoring of diapausing larvae 

would be required to determine whether diapause duration is consistent across the swede 

midge population.  Understanding controls of diapause termination is necessary to verify 

whether diapause duration or post-diapause development explains emergence phenotypes 

and to refine models of swede midge population dynamics (Hallett et al. 2009).   
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Multi-year diapause was observed for swede midge in Europe (Rygg and Braekke 

1980) but had not been reported for swede midge in Ontario until the present study.  In 

Elora, approximately one third of individuals emerging in 2011 had remained in diapause 

more than one year.  The maximum duration of diapause in swede midge has yet to be 

determined, but the swede midge relative, Sitodiplosis mosellana (Gehin), is known to 

diapause for up to twelve years (Barnes 1952).  It is therefore recommended that a 

modified field study be conducted in which larvae are isolated in soil devoid of pre-

existing swede midge and monitored for emergence for at least three years.   

 

Future directions & applications 
 

The proposed methodology for diapause induction, in combination with 

Readshaw’s (1966) diapause completion methodology and new molecular techniques for 

gene expression analysis (Simon et al. 1994, Frey et al. 2004, Urbanski et al. 2010) 

should facilitate research on diapause in swede midge.  Field methodologies presented in 

this thesis may also be employed for diapause research in swede midge and related 

species.  Little is known about which organs and/or chemical messengers link 

environmental cues to the biochemical pathway of diapause entry.  The photosensitive 

phase for swede midge should first be determined by subjecting different instars to 

diapause-inducing conditions in laboratory.  Characterizing gene expression in 

photosensitive-phase swede midge could then provide clues as to which chemical 

messengers may be responsible for initiating the diapause program.  I am currently 

employing suppression subtractive hybridization to investigate gene expression in pre-

pupal and pre-diapause swede midge.  Comparisons of gene expression between pre-
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pupal, pre-diapause, and extended larval stage individuals would help to determine the 

developmental state of extended larval stage swede midge.   

 
Heritable components of the diapause entry trait (e.g. additive or maternal effects) 

may be investigated by sibling analysis for swede midge reared under a variety of 

conditions in the laboratory.  Patterns of inheritance for the diapause entry trait could also 

be determined through selective breeding for diapause avoidance under diapause-critical 

conditions.  Studies of heritability for diapause termination and/or emergence timing 

could be achieved via induction and completion of diapause in sibling swede midge 

reared in laboratory.  Similarly, we may use the present diapause induction methodology 

to investigate maternal effects on emergence timing.  Emergence from diapause in sibling 

swede midge could be compared to maternal age, rearing, or ovipositing conditions.  

Sibling and non-sibling larvae induced to enter diapause under laboratory conditions 

could also be relocated to the field to determine patterns and heritability of emergence 

timing.  Alternatively the degree of genomic sequence similarity between individuals 

sampled from each emergence peak could also be used to assess genetic influence over 

emergence phenotype (Luikart et al. 2003).  Long-term field studies of isolated 

diapausing swede midge will be required to assess maximum diapause durations and 

better understand diapause termination and emergence. 

 
Information about the mechanisms responsible for variability in diapause 

induction and emergence in economic pests, such as the swede midge, are invaluable 

with regard to population modeling and subsequent pest management.  Pesticide 

applications targeting adults before late July (depending on climatic conditions) should 
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provide the most efficient means of population control.  Eliminating the majority of 

adults emerging from diapause will both diminish the potential for population expansion 

later in the season and prevent damage to early (more susceptible) plants by first larval 

generation feeding (Rogerson 1963, Bardner et al. 1971).  Pesticide application timing 

should be based on frequent population monitoring on pheromone traps.  Knowledge of 

swede midge diapause duration is also of considerable importance to cruciferous crop 

rotation practices.  Present research indicated that swede midge are able to overwinter for 

more than one year, thus one and two year crop rotations may not be effective means of 

population control despite successful control in a recent simulation of crop rotation (Chen 

et al. 2009a).  Understanding more about plasticity of the diapause response to both 

intrinsic and extrinsic factors may also offer insight into the selective environment in 

which swede midge evolved and why the species is so successful as an invasive.   
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APPENDIX I 

Table 1. Record of larval input (per family) to peat cups and recovery of individuals after 
sifting.  Larvae were reared under pupation-inducing or diapause-inducing conditions.  
Bold indicates cups in which the number of swede midge with known destiny (pupation 
or diapause) was fewer than 10 and thus omitted from analyses. L - live, D - dead, M - 
male, F - female. 
 

Pupation-inducing conditions 
Oviposition 

date 
Larval 
input 

Larvae 
L/D 

Pupae 
L/D 

Adults 
D 

Adults 
emerged 

Diapause 
larvae 

Accounted 
for (%) 

Diapause 
(%) 

Aug 19 41 5/- 1/1 1 27 (F) - 85 0 
Aug 19 67 2/- 1/2 - 62 (M) - 100 0 
Aug 19 90 7/4 -/1 1 66 (F) - 88 0 
Aug 19 15 1/- -/1 - 13 (F) - 100 0 
Aug 21 12 1/- -/1 - 9 (F) - 92 0 
Aug 21 16 1/- -/1 - 13 (M) - 94 0 
Aug 21 19 1/1 -/- - 17 (F) - 100 0 
Aug 21 12 3/1 -/- - 8 (F) - 100 0 
Aug 23 54 5/2 -/1 2 42 (F) - 96 0 
Aug 23 25 -/- -/2 1 19 (F) - 88 0 
Aug 25 33 3/- -/1 - 31 (F) - 100 0 
Aug 25 11 -/- -/- 1 8 (M) - 82 0 
Sept 5 18 -/- -/- - 18 (F) - 100 0 
Sept 5 13 3/2 -/- 2 4 (M) - 85 0 
Sept 7 10 -/- -/1 - 8 (M) - 90 0 
Sept 7 10 1/1 1/- - 6 (M) - 90 0 
Sept 9 19 1/- -/1 - 16 (F) - 95 0 
Sept 9 20 1/1 -/- - 18 (F) - 100 0 
Sept 13 17 2/- -/- - 11 (M) 2 75 15 

 
Diapause-inducing conditions 

Oviposition 
date 

Larval 
input 

Larvae 
L/D 

Pupae 
L/D 

Adults 
D 

Adults 
emerged 

Diapause 
larvae 

Accounted 
for (%) 

Diapause 
(%) 

Aug 19 46 6/7 -/3 2 7 (F) 14 85 54 
Aug 19 37 4/1 -/- - - 27 89 100 
Aug 19 61 5/2 -/1 - 8 (F) 37 87 80 
Aug 19 18 -/- -/- - 2 (F) 16 100 89 
Aug 21 19 3/1 -/- - 2 (F) 6 67 75 
Aug 23 57 6/2 -/- - - 41 86 100 
Aug 23 17 1/2 -/- - 6 (F) 8 100 57 
Aug 25 31 1/1 -/- - 4 (1M,3F) 19 81 83 
Aug 27 27 -/1 1/2 1 (M) 5 (4M,1F) 5 56 36 
Aug 27 53 2/- -/- - 5 (M) 46 100 90 
Sept 5 32 1/- -/- - - 29 94 100 
Sept 5 20 1/1 -/- - 2 (F) 14 90 88 
Sept 7 17 1/3 -/- - - 1 29 100 
Sept 7 10 2/1 -/1 - - 2 60 67 
Sept 7 18 -/- -/- - - 15 83 100 
Sept 9 11 -/- -/1 - 1 (M) 7 82 78 
Sept 11 40 -/- -/1 - 1 (F) 38 100 95 
Sept 11 23 1/2 -/2 - 1 (F) 13 83 81 
Sept 13 28 2/- -/1 - - 23 93 96 
Sept 13 21 3/1 -/1 - 2 (1M,1F) 11 86 79 
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APPENDIX II. 
 
Table 1.  Establishment of Experiment 2 cages in 2010 and adult swede midge 
emergence in 2010 and 2011, at the Elora Research Station, Elora, ON.  The sex of some 
individuals could not be ascertained due obscured genitalia or loss of antennae.    
 

Cage 
No. 

Larval 
Input 
Date 

No. 
Galls 

No. Adults Emerged 2010  No. Adults Emerged 2011 
 
    Male        Female     Total    

  
 Male        Female    Unknown    Total 

 
1 

 
Jun 26 

 
5 

 
26 

 
25 

 
51 

  
1 

 
1 

 
0 

 
2 

2 Jul 2 5 0 0 0 1 2 3 6 
3 Jul 9 6 26 43 69 6 1 0 7 
4 Jul 19 8 4 4 8 10 7 0 17 
5 Jul 19 8 88 72 160 21 7 0 28 
6 Jul 28 12 12 6 18 0 2 0 2 
7 Jul 28 12 0 1 1 24 6 0 30 
8 Aug 13 12 27 16 43 23 9 0 32 
9 Aug 13 12 3 3 6 10 14 0 24 
10 Aug 27 12 46 32 88 18 9 14 41 
11 Aug 27 12 108 117 225 15 13 25 53 
12 Sep 7 12 8 3 11 74 12 2 88 
13 Sep 7 12 16 5 21 22 1 12 35 
14 Sep 17 12 0 0 0 21 18 18 57 
15 Sep 17 12 2 1 3 18 5 8 31 
16 
 

Oct 1 8 0 0 0 2 1 2 5 
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Table 2.  Comparison of swede midge adults caught in Experiment 2 cages and expected 
number of swede midge input to cages in 2010.  If the adult catch in a given cage was 
<25% of that expected to have been input, the cage was omitted from analyses.  Cages 
with <25% caught may have been a result of high larval mortality at the time of input to 
cages or missing/degraded traps.  Low or no catches between September and October is 
expected due to high incidence of diapause entry.  Bold indicates omitted cages. 
 

Cage 
No. 

Larval 
Input 
Date 

No. 
Galls 

No. Adults 
Emerged 2010 

Minimum swede 
midge expected in 

cage 

Proportion caught vs. 
expected (%) 

 
1 

 
Jun 26 

 
5 

 
51 

 
25 >100 

2 Jul 2 5 0* 25 0 
3 Jul 9 6 69 30 >100 
4 Jul 19 8 8* 40 20 
5 Jul 19 8 160 40 >100 
6 Jul 28 12 18 60 30 
7 Jul 28 12 1* 60 2 
8 Aug 13 12 43 60 72 
9 Aug 13 12 6* 60 10 
10 Aug 27 12 88 60 >100 
11 Aug 27 12 225 60 >100 
12 Sep 7 12 11 60 18 
13 Sep 7 12 21 60 35 
14 Sep 17 12 0 60 0 
15 Sep 17 12 3 60 5 
16 
 

Oct 1 8 0 40 0 
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Table 3. Adjustments to swede midge adult catch in Experiment 2 based on background 
emergence within cages (recorded from Experiments 1 and 3).  Mean adult catch within 
Experiment 1 cages (n white traps = 5, n yellow traps = 5) in 2011 was deducted from 
total catches within Experiment 2 cages in 2010 over similar dates.  Mean catch within 
Experiment 3 cages (n = 4) in 2011 was deducted from total catches within Experiment 2 
cages on yellow traps in 2011.  Because yellow traps have twice the surface area as white 
traps, Experiment 3 catches were halved to estimate what the catch may have been with 
white traps in Experiment 2 cages.  Adjusted diapause frequencies in 2010 from 
Experiment 2 cages are given. 
 

EXPERIMENT 1  EXPERIMENT 2   
Trap  
dates 

(2011) 

Mean caught  
(trap type) 

(2011) 
 Cage 

No. 
Trap 
type 

Trap 
dates 

(2010) 

Total caught 
(2010) 

Total caught 
(adjusted) 

(2010) 
 
Jun 23-Oct 6 7.4 (White) 

 
1 

 
White 

 
Jun 26-Oct 14 51 43.6 

Jul 8-Oct 6 2.8 (White) 3 White Jul 9-Oct 14 69 66.2 
Jul 22-Oct 6 0.6 (White) 5 White Jul 19-Oct 14 160 159.4 
Jul 29-Oct 6 0.6 (White) 6 White Jul 28-Oct 14 18 17.4 
Aug 11-Oct 6 0.4 (White) 8 White Aug 13-Oct 14 43 42.6 
Aug 26-Oct 6 0.6 (Yellow) 10 Yellow Aug 27-Oct 14 88 87.4 
Aug 26-Oct 6 0.6 (Yellow) 11 Yellow Aug 27-Oct 14 225 224.4 
Sep 8-Sep 15 0.0 (Yellow) 12 Yellow Sep 7-Sep 17 11 11.0 
Sep 8-Oct 6 0.0 (Yellow) 13 Yellow Sep 7-Oct 14 21 21.0 
Sep 15-Oct 6 0.0 (Yellow) 14 Yellow Sep 17-Oct 14 0 0.0 
Sep 15-Oct 6 0.0 (Yellow) 15 Yellow Sep 18-Oct 14 3 3.0 
Sep 29-Oct 6 0.0 (Yellow) 16 Yellow Oct 1-Oct 14 0 0.0 
       
EXPERIMENT 3  EXPERIMENT 2   

Mean caught  
May 16-Oct 6  

(trap type) (2011) 
 Cage 

No. 
Trap 
type 

Total caught 
May 16-Oct 6 

(2011) 

Total caught  
May 16-Oct 
6 (adjusted) 

(2011) 

Diapause 
frequency 
(adjusted) 

(2010) 
      

5.75 (White) (estimated) 1 White 2 -3.75 -10.3 %* 
11.5 (Yellow) (measured) 3 White 7 1.25 1.8 % 

 5 White 28 22.25 12.2 % 
 6 White 2 -3.75 -21.6 %** 
 8 White 32 26.25 38.1 % 
 10 Yellow 41 29.5 25.2 % 
 11 Yellow 53 41.5 15.6 % 
 12 Yellow 88 76.5 87.4 % 
 13 Yellow 35 23.5 52.8 % 
 14 Yellow 57 45.5 100 % 
 15 Yellow 31 19.5 86.7 % 
 16 Yellow 5 -6.5 0%*** 
      

* Diapause frequency taken to be 0% (expected) (Readshaw, 1961) 
** Cage 6 was omitted due to high likelihood of sampling error. 
*** Cage 16 omitted because the 2011 catch was likely due to background emergence 
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Table 4.  AIC values for models of diapause frequency with approx. photoperiod (Photo.) 
just prior to diapause entry and temperature. Thermal data included average (Avg.) and 
absolute maximum (Abs. Max.) and minimum (Abs. Min.) air temperatures during seven 
consecutive days before (Bef.) and surrounding (Sur.) larval input into cages. Average 5 
cm soil depth temperature for seven consecutive days after larval input into cages was 
also included.  The model including absolute maximum air temperature seven days 
surrounding larval input resulted in the lowest AIC value.  Further addition of an 
interaction term between photoperiod and absolute maximum air temperature did not 
yield an improved model. 
 

Model p AIC Residual deviance Residual d.f. 
 
Arcsin sqrt (% Diapause) ~ Photo. 0.0019 -0.5274 0.1613  5 

+ Air Avg. Bef. 0.8696 1.4192 0.1601 4 
+ Air Avg. Min. Bef. 0.9436 1.4626 0.1611 4 
+ Air Abs. Min. Bef 0.2969 -0.6752 0.1187 4 
+ Air Avg. Max. Bef. 0.8204 1.3705 0.1590 4 
+ Air Abs. Max. Bef. 0.7310 1.2385 0.1560 4 
+ Air Avg. Sur. 0.8584 1.4095 0.1599 4 
+ Air Avg. Min. Sur. 0.5254 0.6748 0.1439 4 
+ Air Abs. Min. Sur. 0.1552 -2.5034 0.0914 4 
+ Air Avg. Max. Sur. 0.5053 0.5946 0.1423   4 
+ Air Abs. Max. Sur. 0.1061 -3.6558 0.0775 4 
+ 5cm Avg. Aft. 0.7155 1.2096 0.1554 4 
     
+ Air Abs. Max. Sur. + Photo.*Air Abs.  

Max. Sur. 
0.6660 -2.1681 0.0721 3 

    
     

 
 
 
 

 

 

 

 


