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ABSTRACT 

 
Application of the Sterile Insect Technique to Control American Serpentine Leafminer, Liriomyza 

trifolii (Burgess) (Diptera: Agromyzidae), in Ornamental Greenhouses 

 
 

Maryam Sultan Advisor: 

University of Guelph, 2015 Dr. Cynthia Scott-Dupree 

 
 

This research investigated use of the sterile insect technique (SIT) to control American 

serpentine leafminer, Liriomyza trifolii (Burgess), an important insect pest of chrysanthemums 

and gerberas in Canadian ornamental greenhouses. Emergence and flight ability of treated L. 

trifolii were not compromised by X-ray exposure from a linear particle accelerator.  Females 

treated with 150Gy and 170Gy were completely sterile, while residual male fertility was 

observed. Three sieves were designed to remove females prior to irradiation and improve SIT 

efficacy. Sieve pore dimensions of 1.543mm by 0.688mm excluded 76% of female pupae and 

doubled the male-to-female ratio. Knowledge of the endemic population density determines 

sterile insect release rates. The regression equation y = (√YSC - 1.36) / 0.0074 (R2 = 0.73) was 

found to provide an estimate of current L. trifolii populations.  

Results from this research regarding dose rate, mechanical sexing, and estimation of L. trifolii 

population density will aid in developing a commercial SIT program.  
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Chapter 1 

LITERATURE REVIEW 

 

The American serpentine leafminer is an important insect pest in ornamental greenhouses. 

The sterile insect technique has been advocated as a non-chemical alternative to conventionally 

used control options that could be implemented without disrupting the proactive release of 

biological control agents used against this and several other greenhouse insect pests. The 

industry, which has a low tolerance for any kind of plant damage, is an important segment of 

Canadian agriculture and has been an early and successful adopter of biological control. A 

sterile leafminer release program will add a genetic control component to the pest 

management tool-kit currently employed by ornamental growers.  

 

1.1 The Canadian Ornamental Industry 

Horticulture is an important segment of Canadian agriculture and comprises a diverse range 

of industries and sectors (Fig. 1.1). Canadian horticulture has generated $6.9 billion in farm cash 

receipts in 2012, which represents 13% of total Canadian agricultural farm cash receipts 

(Statistics Canada 2014a).  

Canadian horticulture consists of six industries, including vegetables (field and greenhouse), 

potatoes, fruit, maple, honey, and floriculture and nursery (Fig.1.1). The vegetable industry 

generated $2.2 billion in farm cash receipts in 2012, while floriculture and nursery contributed 

$1.8 billion (Statistics Canada 2014a). Farm cash receipts include both sales of agricultural 

commodities and direct program pay-outs received by the industry from government funds 

(Statistics Canada 2014c).   
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Figure 1.1- Hierarchical structure of Canadian agriculture. Source: AAFC, 2012 

 

Sales of floriculture and nursery products have been exceeding vegetable sales since 

2007and amounted to over $1.4 billion in 2012 (Fig. 1.2; Statistics Canada 2014a, 2014b). This 

divergence in trends between farm cash receipts and sales would indicate that the vegetable 

industry has been benefiting from greater government subsidies. This benefit is further 

supported by the trend in sales growth rates. Between 2007 and 2013, the vegetable industry 

experienced an average sales growth rate of 8.2% per annum, while floriculture and nursery 

sales decreased an average of 0.75% per annum (Fig. 1.2; Statistics Canada 2014a, 2014b).Thus, 

an introduction of new technology or pest management approaches in the floriculture and 

nursery sector that would lead to increased sales would be desirable.  

The Canadian floriculture and nursery industry consists of four sectors, including the 

ornamental floriculture sector, nursery crops, sod, and Christmas trees (Fig. 1.1; AAFC 2012a). 

Ornamental floriculture represents the largest sector within the floriculture and nursery 
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industry, generating $1.13 billion in 2012 which corresponds to 60% of Canadian floriculture 

and nursery farm cash receipts (AAFC 2013).  

 

Figure 1.2- Canadian vegetable (squares) and floriculture and nursery (circles) sales in millions 
of dollars between 2007 and 2013. Source: Statistics Canada, 2014b. 

 

Ontario generated the highest farm cash receipts in the floriculture and nursery industry and 

the ornamental sector, while British Columbia had the greatest average annual increase in farm 

cash receipts and sales between 2010 and 2013 (Table 1.1.; Statistics Canada 2014a and b). 

 

Table 1.1 – 2013 farm cash receipts and sales for the floriculture and nursery industry and the 
ornamental floriculture sector in Canada, Ontario (ON), British Columbia (BC), and Quebec (QC). 
The average annual percent change was calculated for the time period of 2010 to 2013. Source: 

Statistics Canada (2014a and b).  

Region 

Floriculture and nursery industry 
Ornamental floriculture 

sector 

2013 Farm Cash 
Receipts 

CAD$ (millions) 

Average 
annual % 
change 

2013 Sales 
CAD$ 

(millions) 

Average 
annual % 
change 

2013 Farm Cash 
Receipts 

CAD$ (millions) 

Average 
annual % 
change 

Canada 1,811.3 -0.39 1,394.1 0.33 1,089.6 0.58 

ON 807.7 0.42 736.3 0.47 544.7 1.05 

BC 463.5 2.54 313.4 3.33 267.6 5.12 

QC 254.2 -4.66 161.2 -3.01 123.3 -5.90 
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The ornamental floriculture sector can be broadly divided into indoor potted plants, outdoor 

potted plants, and greenhouse cut flowers (Statistics Canada 2011). Foliage and green plants, 

potted chrysanthemums, and poinsettias are three of the most widely grown varieties of indoor 

potted plants in Canada (Statistics Canada 2011). In 2013, Canadian ornamental greenhouses 

produced over 12 million potted chrysanthemums and 3 million potted gerberas, with Ontario 

accounting for 82.4% of chrysanthemums and 67.7% of gerberas grown (Table 1.2; Statistics 

Canada 2014d).  

 

Table 1.2 - Production of potted and cut chrysanthemums and gerberas in Ontario (ON), British 
Columbia (BC), Quebec (QC) and Canada in 2013. Potted chrysanthemums include indoor and 

outdoor potted plants. Production of potted crops is indicated in millions of pots, and cut crops 
are indicated in millions of stems.  Figures were rounded to two decimals and the percent of 

production of crops in Ontario was included. Source: Statistics Canada (2014d). 

Type Variety 

Production in millions of pots or millions of stems Percent 
production 
in Ontario ON BC QC Canada 

Potted 
Chrysanthemums 10.12 1.44 0.12 12.28 82.4% 

Gerberas 2.03 0.76 0.08 3.00 67.7% 

Cut 
Chrysanthemums 22.51 12.44 0 34.95 64.4% 

Gerberas 58.46 19.11 0 78.56 74.4% 

 

Chrysanthemums, alstroemerias, gerberas, tulips and lilies dominate the Canadian cut flower 

market). Since 2009 average cut chrysanthemum production in Canada and Ontario has 

increased by 18.5% and 16.1% per annum, respectively and average Canadian cut gerbera 

production grew by an average of 6.8% annually over the same time period (Statistics Canada 

2014d).Cut chrysanthemums and gerberas are grown almost exclusively in Ontario and British 

Columbia, with growers producing 35 million stems of chrysanthemums and over 78 million 

stems of gerberas in 2014 (Table 1.2; Statistics Canada 2014d).  

Ontario’s ornamental floriculture sector is primarily located in southern Ontario, specifically 

the Niagara region, Essex, Haldimand and Norfolk counties (Brown 2014). Ontario’s climate, the 
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presence of large, specialized, high-tech greenhouses, and proximity to the large US export 

market and strong domestic markets (i.e., Greater Toronto Area), have driven the growth of the 

province’s floriculture sector (Brown 2014).  

Ontario is now the third largest floriculture and nursery crops producer in North America, 

with farm cash receipts of $582 million in 2012 (AAFC 2013). Within North America, California 

remains the largest producer of these crops, generating a wholesale value of US$985 million in 

2012, while Florida’s wholesale value was US$812 million (USDA-NASS 2013).  

The Canadian floriculture and nursery industry has had a negative balance of trade over the 

last five years, with total imports of $384 million far exceeding total exports of $267 million in 

2012 (AAFC 2013). In August 2011, the Canada-Colombia Free Trade Agreement (CCFTA) was 

signed, leading to the elimination of import tariffs which had previously acted as a tax of 

between 6% – 10% that served to protect the domestic floriculture market (Gamez 2012). 

Production of cut flowers, including roses, chrysanthemums, alstroemerias, and iris, had 

already been adversely impacted by South American imports since 2002 (Brown 2014). These 

flowers are easy to grow throughout the year under high light conditions and retain quality 

when shipped dry (Brown 2014). Consequently, the market had to shift its focus and rely on the 

production of larger, more fragile cut flowers, including gerberas, snapdragon, and tulip, that 

don’t ship well over large distances (Statistics Canada, 2011, Brown 2014). With the 

implementation of the CCFTA, domestic floriculture production may face even greater 

competition at a time of rising costs, stagnant sales, and a strong Canadian dollar adversely 

affecting exports.  

In order to remain competitive, the industry is concentrating on new technologies, novelty 

colours and plant varieties, and greater adoption of Integrated Pest Management (IPM) focused 

primarily on biological control strategies to combat insect pests, many of which have developed 

insecticide resistance (Brown 2014).  
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1.2 American Serpentine Leafminer – A Pest Profile 

1.2.1 Introduction 

The American serpentine leafminer (ASL), Liriomyza trifolii (Burgess) (Diptera: Agromyzidae) 

is a cosmopolitan insect pest causing significant damage to floriculture crops in North America 

(Parrella et al. 1984). This insect pest is native to the eastern United States (US), with the 

earliest species descriptions based on adults bred from white clover (Trifolium repens L.) 

collected by Burgess in the 1870s in the District of Columbia and an Indiana specimen from 

1913 (Spencer 1965). The insect is now well established across the US, Canada, the Caribbean, 

northern South America, and Europe (Capinera 2014). It has been a documented pest in Florida 

since the 1950s and in Ontario since the late 1970s (Broadbent and Pree 1989, Parrella et al. 

1984). Pupae have a lower threshold temperature of 10.7C for development, making winter 

survival in Ontario almost impossible outside a greenhouse environment (Chaput 2000, Lanzoni 

et al. 2002). Although ASL does not occur naturally in California, imports of chrysanthemum 

propagative cuttings and celery transplants from Florida have led to establishment of this insect 

species in California ornamental and vegetable greenhouses and outdoor production facilities  

since the 1970s (Parrella et al. 1984).  

ASL attacks over 120 different plant species in more than 21 different families (Parkman and 

Pienkowsi 1989). The two main commercial flower crops affected by ASL in Ontario are 

chrysanthemums (Chrysanthemum morifolium (Ramat.), Dendranthema grandiflora Tzvelev) 

and gerberas (Gerbera jamesonii (H. Bolus ex Hook)) (Murphy 2010). Infestations in potted 

chrysanthemums will generally cause the greatest financial losses as the entire plant is sold, 

while cut flowers have all or most of their foliage removed.  

 

1.2.2 Biology and Lifecycle 

Adult ASL have large red eyes, a yellow head, black or dark grey thorax, and black and yellow 

bands across their abdomen (Capinera 2014). They are between 1.5 - 2.0mm in length (Fig. 1.3). 

ASL reproduce sexually and have a holometabolous life cycle (Fig. 1.4).  
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Figure 1.3 - American serpentine leafminer (Liriomyza trifolii (Burgess) adult female on a 
chrysanthemum (Chrysanthemum morifolium (Ramat.) var. Chesapeake) leaf. Source: Maryam 

Sultan 

 

Females (Fig. 1.3) are facultatively polyandrous and by mating multiple times they maximize 

fecundity and hedge against low quality sperm and sperm transfer failure (Kaspi and Parrella 

2008). In a mating trial, single mated females did not exhaust stored sperm supplies in their 

spermatheca after a 6-day exposure period to host plants; however, 57% readily re-mated 

following the first oviposition phase, indicating sperm supplies had dropped below a 

“receptivity threshold” (Kaspi and Parrella 2008). Increased rates of copulation positively 

correlated with the number of viable offspring per female (Kaspi and Parrella 2008). Mated 

females damage leaf tissue with their large barrel-shaped ovipositor by moving it perpendicular 

to the upper leaf surface and rapidly thrusting it downward (Bethke and Parrella 1985). Once 

the upper mesophyll layer of the leaf is damaged, the female will start a series of slow thrusts 

that create a deep tube-like puncture (Bethke and Parrella 1985). These punctures are used for 

oviposition and a single female can deposit up to several hundred small, oval-shaped, creamy-

white eggs into these leaf stipples over the course of her 1 to 2 week life span (Capinera 2014, 

Dreistadt 2001).  Females prefer the upper 10 leaves on a plant for oviposition, avoiding 

immature leaves (Broadbent et al. 1986, Dreistadt 2001). Not all leaf punctures are used for 

oviposition. If the rapid thrusting of the ovipositor is followed by slow thrusts accompanied by 

abdominal twisting, the ensuing puncture will be fan-shaped and is created strictly for feeding 

(Bethke and Parrella 1985). However, in both cases, the female backs up over the wound to  

2mm 
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Figure 1.4 - Lifecycle of the American serpentine leafminer, Liriomyza trifolii. L1, L2, and L3 refer to the three larval instars. Photos and 
design: Maryam Sultan



9 
 

feed on the resultant exudates which will be more excessive for a fan-shaped wound than a 

tubular puncture (Bethke and Parrella 1985).  

The egg stage encompasses 13% of total immature development time at 25C and eggs 

hatch in 2 to 5 days (Dreistadt 2001, Lanzoni et al. 2002). There are 3 larval instars. The larvae 

are creamy white to yellow and develop in and feed on the upper leaf mesophyll, creating 

serpentine leaf mines (Dreistadt 2001).   

After approximately one week, mature 3rd instar larvae chew a hole through the upper leaf 

surface and turn into flexible pre-pupae that exit the hole and drop to the ground to pupate 

(Dreistadt 2001, Chaput 2000).  

Pupae are darker in colour than pre-pupae and flexibility of the pre-pupae allows them to 

burrow into the soil for protection before spending the remaining 60% of their immature 

development time in pupation (Dreistadt 2001, Lanzoni et al. 2002). 

Development time of both male and female ASL is approximately equal, with males 

emerging 3 h earlier than females at 30C (Lanzoni et al. 2002). In general, higher temperatures 

favour faster development of ASL across all life stages. Low levels of natural enemy immigration 

into greenhouses and high fecundity of ASL females can lead to a rapid population increase. 

 

1.2.3 Damage and Economic Impact 

Adult females create small punctures in the upper leaf surface during oviposition and 

feeding, and larvae develop in leaf mines, causing foliar damage (Bethke and Parrella 1985, 

Dreistadt 2001, Capinera 2014, Lanzoni et al. 2002).The leaf mines created by larval feeding are 

unsightly, can act as entry sites for a variety of plant pathogens and may even reduce the 

photosynthetic area in heavy infestations (Dreistadt 2001, Chaput 2000).  Thus, ASL oviposition 

and larval feeding behaviours result in white, unsightly leaf stippling and serpentine leaf mines 

that can severely reduce the economic value of the affected crop. 
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American serpentine leafminer infestations have become more difficult to control over the 

years due to rapid development of insecticide resistance (Parrella 1983, Keil et al. 1985; 

Broadbent et al. 1986, Hara 1986, Smith 1986, Mason et al. 1987, Broadbent and Pree 1989, 

Parrella and Trumble 1989, Sanderson et al. 1989, Keil and Parrella 1990).The reproductive 

potential of ASL is estimated to be 300% greater than that of other Liriomyza pest species 

(Mason et al. 1989).  Short developmental times and high female fecundity cause ASL 

populations to build up quickly in greenhouse environments and might be contributing factors 

to the insect’s ability to rapidly develop resistance to different insecticides applied for its 

control. However, a model of the simulated rate of pyrethroid resistance development in ASL 

indicated that neither high fecundity nor low immigration rate of susceptible strains into the 

greenhouse environment were the main causal agents of the insect’s great potential for 

insecticide resistance (Mason et al. 1989). Instead, heavier and more frequent insecticide 

applications were identified as the primary factor in development of insecticide resistance. 

 

1.3 American Serpentine Leafminer Mitigation 

1.3.1 Introduction 

ASL damage to leaf tissue can result in economic losses, which may be especially 

pronounced in floricultural crops where the entire plant is sold, such as potted 

chrysanthemums. The eggs and 1st larval instars are well protected by the leaf tissue itself and 

often very difficult to detect, especially during the early stage of infestation when leaf mines 

are still small and sparse. Their small size and wide host range have facilitated world-wide 

spread as propagative plant material is shipped between greenhouses. Instead of relying on 

insecticides as the only control method for ASL, the use of alternative pest management 

strategies to decrease the impact of this insect pest has been advocated (Chaput 2000, 

Dreistadt 2001, Murphy 2010).  

Integrated Pest Management (IPM) is a comprehensive strategy for pest mitigation that 

focuses on the application of multiple, compatible tactics to reduce a pest population to 

tolerable levels while conserving ecosystem quality (Pedigo and Rice 2009). The pest is 

managed in the context of the specific crop production system and the aim is to prevent 
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substantial economic loss rather than pest eradication. IPM tactics for ASL presently include 

cultural or ecological, biological, chemical and genetic controls.  

Monitoring a crop for visible mines and distributing yellow sticky cards or tape throughout 

the crop canopy in an effort to mass-trap adult ASL can aid in determining the infestation level 

in a greenhouse environment (Murphy 2010, Dreistadt 2001). These techniques can then help 

in selecting the appropriate IPM tactics to mitigate ASL infestations in a greenhouse agro-

ecosystem. 

 

1.3.2 Cultural or Ecological Control 

Cultural or ecological control refers to the deliberate modification of the crop environment 

to exploit any vulnerable points in the pest’s lifecycle and thereby reduce its impact.  

Sound sanitation practices, including bagging and removal of all infested plant material, 

quarantine of stippled plants, and steam-sterilization of the entire ground beds when growing 

cut flowers, are some examples of cultural control tactics (Dreistadt 2001, OMAFRA 2011a). 

Mass trapping of adults using yellow sticky tape and screening off sections of greenhouses for 

containment purposes can reduce the incidence and spread of ASL in a particular operation 

(Dreistadt 2001). Elimination of weeds that serve as alternate hosts also can interrupt the 

lifecycle of ASL. Modification of host tolerance through use of more resistant cultivars may 

increase larval mortality and therefore decrease the rate of population increase (Schuster and 

Harbaugh 1979, Broadbent and Blom 1983, De Jong and Rademaker 1991).  

While cultural or ecological control tactics can aid in the mitigation of an insect pest 

problem, they are usually not powerful enough to reduce crop damages below economic injury 

levels on their own and therefore must be used in a multi-faceted IPM approach to pest 

mitigation. 
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1.3.3 Biological Control 

1.3.3.1 Introduction 

One important aspect of IPM is the use of naturally occurring and introduced natural 

enemies of an insect pest that will act as biological control agents (BCAs). As the population of 

the insect pest increases, the BCA will have access to a greater number of hosts, and this will 

lead to an increase in the predator or parasitoid population. In this way, any increase in the 

host population is usually met with an increase in the predator or parasitoid population, thus 

leading to balanced oscillations of expanding and contracting population levels of both host and 

BCA over time. Both species act as checks on each other’s rate of population increase. Two 

main categories of BCAs have been commercialized for use against ASL – parasitic wasps and 

nematodes.  

  

1.3.3.2 Parasitic Wasps 

Two species of parasitic wasps, Dacnusa sibirica Telenga (Hymenoptera: Braconidae) and 

Diglyphus isaea (Walker) (Hymenoptera: Eulophidae) are available as commercial products in 

Canada. Adult wasps are shipped directly to the grower, who releases them into the crop. Di. 

isaea tends to provide better control during warmer weather in the summer, while Da. sibirica 

can provide control of ASL in cooler seasons (Chaput 2000).  

The Di. isaea females search for leaf mines and upon locating a mine with a late-stage instar 

paralyze the developing larva (OMAFRA 2011a). The adult females feed on 2nd instars, and 

deposit up to 5 eggs into the leaf mine next to a 3rd instar ASL larva (Dreistadt 2001, Kaspi and 

Parrella 2005). After hatching, the developing Di. isaea larvae feed on the paralyzed ASL larva, 

killing it in the process (Dreistadt, 2001, Kaspi and Parrella 2005). Total development time from 

egg to adult wasp can take between 10 and 11 days at 25C and adults can live up to an 

additional 10 days (OMAFRA 2011a, Kaspi and Parrella 2005). Di. isaea pupate in the leaf mine 

and emerge from the leaf by chewing a hole through the leaf surface. The resultant small wasps 

have short antennae and a metallic sheen to an otherwise black body (OMAFRA 2011a).  
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The small black wasp Da. sibirica, on the other hand, does not have a metallic sheen or short 

antennae, and females deposit eggs directly into the paralyzed body of the ASL larva (OMAFRA 

2011a, Kaspi and Parrella 2005). As such, these insects are known as endoparasitic wasps. 

Complete development time from egg to adult is slightly longer for Da. sibirica: approximately 

14 days at 22C (OMAFRA 2011a).  

 

1.3.3.3 Entomopathogenic Nematodes 

Nematodes are very small, un-segmented roundworms that can parasitize a variety of 

different organisms, including insects (Norris et al. 2003). In the case of entomopathogenic 

nematodes, such as Steinernema spp. and Heterorhabditis spp., the nematodes deliver lethal 

bacteria into the insect body (Norris et al. 2003). Nematodes require very moist conditions to 

penetrate into a leaf tunnel and then swim toward the ASL larva. Penetration of the larval body 

occurs via natural openings, including the mouth, anus, and spiracles (Hara et al. 1993, Norris et 

al. 2003). The nematodes release their symbiotic, entomopathogenic bacteria into the larval 

hemocoel, where they multiply and act as a source of nutrition for the nematodes (Norris et al. 

2003).  

At present, only Steinernema feltiae (Filipjev) is used as a BCA against ASL larvae (Murphy 

2010).  No incompatibility issues with currently registered pesticides are documented (Head et 

al. 2000, Rovesti and Deseo 1990).  

 

1.3.3.4 Problems Associated with Biological Control Agents 

Use of BCAs will not completely eliminate an insect pest from the greenhouse environment 

and a certain level of crop injury should be expected and tolerated as part of an IPM program 

(Wawrzynski and Ascerno 2006). However, the balance of BCAs to pest population may become 

disturbed when contaminated plant material is moved into a greenhouse or a lack of screening 

facilitates entry of insects from outside, thus reducing the efficacy of BCAs. When the pest 

pressure exceeds threshold levels, pesticide application may become necessary (OMAFRA 2012, 

Wawrzynski and Ascerno 2006). Furthermore, multiple pests can co-exist on the same crop and 
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the need for chemical control for one insect pest may interfere with the BCA regime of another. 

Thus, compatibility of a particular insecticide with BCAs present in the greenhouse environment 

needs to be determined prior to its application (OMAFRA 2012, Wawrzynski and Ascerno 2006). 

Cyromazine (Citation™ 75WP) and abamectin (Avid® 1.9% EC), the only two larvicides 

registered for use against ASL in Canada, were shown to be compatible with Diglyphus 

intermedius, a different parasitic wasp species (Hara 1986). Permethrin (Pounce® 3.2EC) was 

not compatible for use with this BCA (Hara 1986). Permethrin (Pounce® 384EC, Ambush® 50EC) 

is the only insecticide registered for use against adult ASL in Canadian flower production 

facilities. 

A separate study by Kaspi and Parrella (2005) determined that D. isaea adult longevity was 

seriously compromised in direct contact lab trials involving abamectin. Similarly, they 

determined that parasitoid larvae feeding on leafminer larvae that had been exposed to 

abamectin had significantly greater mortality rates than parasitoids that had not been exposed 

to abamectin. Thus, the compatibility of insecticides registered for control of ASL with parasitic 

wasps is doubtful, especially when using large quantities and concentrations to subdue an 

exploding ASL population. Excessive use of insecticides will lead to the development of 

insecticide resistance and can adversely affect existing BCA populations (Murphy 2010).  

The use of nematodes requires very high relative humidity (>70%), moderate temperatures 

ranging between 20 to 26C, and low UV radiation (Dreistadt 2001). These conditions will 

facilitate movement of nematodes into leaf tunnels and increase infectivity. However, plant 

pathogens also thrive in this type of damp, dark environment, potentially requiring 

supplemental use of fungicides (Dreistadt 2001, Murphy 2010). 

 

1.3.4 Chemical Control 

1.3.4.1 Introduction 

Several synthetic, broad-spectrum insecticides have been registered for control of ASL in 

North America since the 1940s, with the first signs of resistance development occurring as early 
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as 1948 in southern Florida (Mason et al. 1987). According to Parrella et al. (1984), the 

carbamates, pyrethroids, and organophosphate (OP) insecticides used for control of ASL in 

Florida in the late 1970s and early 1980s, have each retained an average effective field life of 

less than three years.  In Canada, the only insecticides registered for control of ASL are 

cyromazine, abamectin, and permethrin (OMAFRA 2011a). Insecticide resistance has been 

documented for all three products (Parrella 1983, Parrella et al. 1984, Keil et al. 1985, 

Sanderson et al. 1989, Ferguson 2004, Conroy et al. 2008, Ferguson and Pineda 2010). 

 

1.3.4.2 Occurrence of Insecticide Resistance 

Aldicarb (Temik® 10G), a carbamate insecticide, was registered for control of ASL on 

chrysanthemums in Ontario greenhouses from 1973 until the early 1990s. Growers began 

reporting a decline in its effectiveness in the early 1980s, while control failures had been 

reported in the US since 1978 (Broadbent et al. 1986). Treatments at 10 times the 

recommended field rate of 0.55g/m2 were shown to fail in significantly reducing leaf puncturing 

(Smith 1986).  

ASL has also developed resistance to several OP insecticides, including chlorpyrifos, 

methamidophos, and methyl parathion (Parrella 1983, Parrella et al. 1984, Hara 1986, 

Broadbent and Pree 1989, Parrella and Trumble 1989, Sanderson et al. 1989, Keil and Parrella 

1990). Table 1.3 below specifies a resistance ratio RR50 of 11.6 for chlorpyrifos, which indicates 

a high degree of resistance to this insecticide. The RR50 value is the ratio of the LC50 of the 

resistant population to the LC50 of the susceptible population and demonstrates the degree of 

resistance a species can attain relative to its susceptible strain (Sanderson et al. 1989).  

Resistance to pyrethroid insecticides, including permethrin and fenvalerate, has been 

documented in field colonies in California and Hawaii (Table 1.3; Parrella 1983, Parrella et al. 

1984, Mason et al. 1987, Sanderson et al. 1989). Permethrin, the active ingredient in Pounce®, 

was introduced to the Californian greenhouse industry under a Federal Insecticide, Fungicide 

and Rodenticide Act (FIFRA) §24(c) special local need registration in 1979 and applications 

occurred almost weekly (Parrella 1983, Parrella et al. 1984, US EPA 1996). As a result, resistance 
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to permethrin developed in four years after its emergency registration, with two strains of ASL 

collected from different chrysanthemum growers in California displaying resistance ratios of 

16.54 in 1984 and 71.1 in 1989 (Table 1.3; Parrella 1983, Parrella et al. 1984, Sanderson et al. 

1989).  

Over the last ten years, various degrees of resistance to several reduced risk insecticides 

have been documented (Table 1.3; Ferguson 2004, Conroy et al. 2008, Ferguson and Pineda 

2010). Cyromazine (Citation™ 75WP), Abamectin (Avid® 1.9% EC), and spinosad (Success™ 

480SC) can be classified as reduced risk insecticides, based on their minimal adverse effects on 

human health, birds, fish, non-target pollinators, beneficial insects, or the environment, 

including groundwater (US EPA 1997).  

Abamectin, a macrocyclic lactone, is derived naturally from the soil-dwelling bacterium 

Streptomyces avermitilis (PMEP 1994). It acts as an agonist of a γ-aminobutyric acid receptor, 

blocking electrical conductivity of nervous and muscular tissue which leads to paralysis and 

death (Ananiev et al. 2002).  

Cyromazine is an S-triazine insect growth regulator and has been used for control of ASL 

larvae since the mid-1980s (Parrella et al. 1988; Ferguson 2004). Although cyromazine does not 

directly inhibit chitin formation in developing larvae, it adversely impacts moulting and 

pupation (Graf 1993).   

Spinosad, a mixture of spinosyns A and D, is a natural fermentation product of the soil-

dwelling actinomycete Saccharopolysora spinosa and causes excessive excitation of the central 

nervous system, leading to neuromuscular fatigue, paralysis, and eventually death (Salgado 

1998). It is registered for control of ASL in the US, but not in Canada.  

While all three of these insecticides were providing adequate control for ASL in the past, the 

earliest documented cases of abamectin, cyromazine, and spinosad resistance in ASL strains 

found in commercial ornamental greenhouses in California and Georgia showed very low larval 

mortality rates (Ferguson 2004).  
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Table 1.3 - List of classes of insecticides and active ingredients to which American serpentine leafminer (ASL) have developed resistance in North 
America.  

Class of insecticide Active Ingredient Trade Name 

Resistance 

Ratio* 

 RR50 

Location of resistant 

ASL strains in North 

America 

References 

Carbamates 
aldicarb Temik™ 10G N/A Ontario Broadbent et al. (1986) 

methomyl Lannate® L N/A Hawaii Hara (1986) 

Organophosphate (OP) 

chlorpyrifos Dursban™ ** 11.60 California 
Sanderson et al. (1989), Parrella and Trumble 

(1989) 

methyl parathion Penncap-M® 2E 3.46 California 
Parrella (1983), Parrella et al. (1984), Keil and 

Parrella (1990) 

Pyrethroids 

fenvalerate N/A ** 71.2 Hawaii Mason et al., (1987) 

permethrin Pounce® 384 EC 71.1 California 
Parrella (1983), Parrella et al. (1984), Keil et al. 

(1985), Sanderson et al. (1989) 

Spinosyns spinosad 
Conserve® SC; 

Success® 480 SC 
> 188 California Ferguson (2004), Conroy et al. (2008) 

Avermectins abamectin Avid® 1.9 EC 22.0 Ontario, California 
Ferguson (2004), Conroy et al. (2008), 

Ferguson and Pineda (2010) 

Benzoylureas diflubenzuron Dimilin® 25 WP N/A Nova Scotia Smith (1986) 

Triazine Insect Growth 

Regulator 
cyromazine Citation® 75 WP 18.1 Ontario, California 

Ferguson (2004), Conroy et al. (2008), 

Ferguson and Pineda (2010) 

Diamides chlorantraniliprole Altacor® 35 WG 3.0 Ontario Conroy et al. (2008) 

 

* The RR50 ratio is the ratio of the LC50 of the resistant strain to the LC50 of the susceptible strain. Only the highest RR50 value reported is listed. 

** Actual product trade name was not mentioned in the source paper.



18 
 

Resistance ratios of one of the California strains were 18.1, 22.0 and over 188 for 

cyromazine, abamectin, and spinosad, respectively (Table 1.3; Ferguson 2004). Various 

polymorphism markers present in resistant ASL strains but absent in susceptible populations 

indicated that 5 of 8 ASL strains found in Ontario, Virginia, Georgia and California were resistant 

to cyromazine and abamectin, with the Ontario strain showing a 10.2-fold resistance to 

cyromazine and a 17.4-fold resistance to abamectin (Ferguson and Pineda 2010). 

 

1.3.4.3 Mechanisms of Resistance 

Based on a simulation model that described the development of resistance to pyrethroids in 

Liriomyza, exposure of populations to higher insecticide dosages while immigration of 

susceptible strains into the greenhouse environment is low will lead to accelerated 

development of resistance (Mason et al. 1987).  

Further, gender and age of flies also affect the degree of resistance, as older flies (8 – 11 

days) and males showed greater susceptibility to chlorpyrifos (Sanderson et al. 1989).  

Enhanced metabolism of insecticides confers another mechanism of resistance on ASL, allowing 

them to deal with a broad range of insecticides.  Inhibition of mixed function oxidases and 

general esterases using piperonyl butoxide (PBO) and TBPT, respectively, indicated that 

resistance to permethrin and methamidophos in ASL strains from California and Florida were 

partly attributable to enhanced oxidative metabolism of these chemicals (Keil and Parrella 

1990). In addition, a reduced nerve sensitivity factor and the persistence of resistance alleles in 

the gene pool were suggested to contribute to permethrin resistance in a California strain (Keil 

and Parrella 1990).  

As resistance traits in ASL are not associated with any obvious fitness trade-offs, the 

usefulness of insecticides as a control tactic is limited. A reduction in the number and/or 

concentration of insecticide applications, frequent rotation of insecticides with different modes 

of action, and implementation of economic action thresholds and refuges would be important 

factors in creating more sustainable pesticide management techniques (Mason et al. 1989, 

Parrella and Trumble 1989). While lab-reared colonies do revert back to insecticide-susceptible 
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populations, such a decline in resistance requires approximately 15 generations of no selection 

pressure (Parrella and Trumble 1989). Reliance on pesticides alone will not allow for continued, 

efficacious, sustainable control methods. Thus, combining newly registered insecticides or 

insecticides with a new mode of action with other IPM tactics is crucial in controlling ASL 

populations in Ontario.  

 

1.4 Genetic Control – The Sterile Insect Technique 

1.4.1 Introduction 

In addition to cultural, biological, and chemical control tactics, genetic control can 

substantially decrease economic injury levels. For example, the sterile insect technique (SIT) 

works by introducing sterility into a pest population, resulting in a rapid reduction of their 

numbers to an economic threshold and often eradication within a geographically isolated or 

confined area, such as an island or a greenhouse environment. 

The SIT is rooted in the experimental findings of the American geneticist Hermann Joseph 

Muller, who in 1927 determined that exposure to X-rays would lead to reproductive and visible 

mutations in fruit flies, Drosophila spp. (Klassen and Curtis 2005).  In the 1950s, two American 

entomologists, Drs. E.F. Knipling and R.C. Bushland, utilized Muller’s findings to sterilize the 

New World screwworm (NWS), Cochliomyia hominivorax (Coquerel) (Klassen and Curtis 2005). 

NWS females lay masses of up to 400 eggs onto the edges of open wounds of humans and 

domesticated animals such as cattle and, once hatched, larvae feed on and burrow into the 

damaged tissue (Krafsur 1985, Vargas-Teran et al. 2005, OIE 2008). Knipling determined that 

NWS are suitable for sterilization because females only mate once and males are sexually 

aggressive, which means that vast numbers of equally fit, sterile males would be able to out-

compete wild, fertile males, thus driving down the population (Klassen and Curtis 2005). By 

1984, NWS was eradicated in the US and by the end of the 20th century Mexico, Honduras, 

Nicaragua, Costa Rica, Belize, Guatemala, El Salvador, and Panama were considered 

screwworm-free zones (Klassen and Curtis 2005). 
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Table 1.4 - Comparison of different sterile insect technique (SIT) strategies used to suppress or eradicate a number of Dipteran and 
Lepidopteran insect pests. 

Insect Controlled with 

SIT 
SIT Strategies 

Amount of 

Radiation 

Administered 

(Gray) 

Result in Area-Wide 

Release Program 
Countries Involved References 

New World Screwworm 

(Cochliomyia 

hominivorax (Coquerel)) 

 No sexing strategy 

 γ-irradiation 
50 E* 

US, Mexico, Belize, Guatemala, 

El Salvador, Honduras, 

Nicaragua, Costa Rica, 

Panama, Puerto Rico, Virgin 

Islands, Jamaica, Libya 

Bushland & Hopkins (1953), 

Van der Vloedt & Butt (1990), 

Franz (2005), Klassen & Curtis 

(2005), 

Melon Fly (Bactrocera 

cucurbitae) 

 wild male annihilation using 

cue-lure and insecticide 

 γ-irradiation 

70 E Japan Yosiaki et al. (2003),  

Queensland Fruit Fly 

(Bactrocera tryoni 

(Froggatt)) 

 No sexing strategy 

 γ-irradiation 
60 – 80 S** Australia Collins et al. (2009) 

Mediterranean Fruit Fly 

(Ceratitis capitata 

(Wiedemann)) 

 Y-autosome translocation for 

pupal colour separation 

 Y-autosome translocation 

using temperature-sensitive 

lethal (tsl) sexing strategy 

 γ-irradiation (
60

Co    

Gammacell 220) 

80 – 90         

(>100 at BIO-FLY 

in Israel) 

S/E 
Australia, US, Mexico, 

Guatemala, Israel 

Caceres (2002), BIO-FLY 

(2007), Caceres et al. (2007) 
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Insect Controlled with 

SIT 
SIT Strategies 

Amount of 

Radiation 

Administered 

(Gray) 

Result in Area-Wide 

Release Program 
Countries Involved References 

Oriental Fruit Fly 

(Bactrocera dorsalis 

Hendel) 

 No sexing strategy 

 γ- irradiation (
60

CoGammacell 

220) 

90 S Thailand 

Franz (2005), Orankanok et al. 

(2005), Aketarawong et al. 

(2010) 

Mexican Fruit Fly 

(Anastrepha ludens 

(Loew)) 

 No sexing strategy 

 (
60

CoGammacell 200) 
20 – 80 S/E US (California), Mexico 

Franz (2005), Klassen & Curtis 

(2005), Rull et al. (2007) 

Tsetse Fly (Glossina 

austeni Newstead) 

 Sex-specific time of 

emergence 

 γ- irradiation (
137

Cs or 
60

Co) 

120  E Zanzibar 
Franz (2005), Vreysen et al. 

(2000) 

Mosquitoes (Anopheles 

albimanus Wiedemann) 

 Y-autosome translocation, 

propoxur resistance 

 X-ray irradiation 

Unknown S El  Salvador 
Seawright et al. (1978), Franz 

(2005), 

Codling moth (Cydia 

pomonella (L.)) 

 No sexing strategy 

 γ- irradiation (
60

Co   

Gammacell 220) 

250 - 400 S/E 
Canada (BC), New Zealand, 

Australia 

Bloem et al. (2005), Franz 

(2005), Soopaya et al. (2011) 

American Serpentine 

Leafminer (Liriomyza 

trifolii (Burgess)) 

 No sexing strategy 

 γ- irradiation (
137

Cs ) 
170  N/A US (California) 

Kaspi & Parrella (2003), Kaspi 

& Parrella (2006) 

 

* Eradication 
 
** Suppression
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The successful implementation of any SIT-based, area-wide release program depends on the 

biology and lifecycle of the targeted insect pest, development of economical mass-rearing 

systems, removal of damage-inducing females prior to irradiation, and ease of transporting and 

dispersing sterile males. Insect species with a holometabolous lifecycle and undergoing obligate 

sexual reproduction are most suited for such programs, as sterility is spread when introduced 

sterile males mate with wild fertile females (Lance and McInnis 2005). Facultative sexual 

reproduction or parthenogenesis would allow the target pest species to increase despite mass 

releases of sterile males. Releases in isolated/confined areas, such as greenhouses or islands 

are most effective in suppressing or eradicating the target pest as immigration is more easily 

controlled (Ito and Yamamura 2005). 

Since the successful eradication of NWS in the US and Central America several other 

Dipteran, Lepidopteran, and Coleopteran species have been subjected to SIT, with varying 

degrees of success based on the prevailing political and geographic conditions, as well as the 

biology and response of the target insect to the sterilization technique (Table 1.4).  

 

1.4.2 SIT Strategy Components 

To be effective, a SIT strategy must be implemented as a component of an area-wide IPM 

program against a particular insect pest in a specified, buffered geographic region (Klassen 

2005). A number of study programs worldwide have utilized various SIT strategies to control 

insect pests (Table 1.4). There are essentially two main components to SIT – sexing and 

sterilization of insects, in either the adult or pupal stage.  

 

1.4.2.1 Use of Genetic Sexing Strains 

Most of the crop damage, livestock losses, and human diseases caused by Lepidopteran and 

Dipteran insect pests are attributable to feeding and oviposition by females. The release of 

sterile females will result in the production of non-viable eggs that will reduce the pest 

population to some degree. But in order to avoid a decrease in fitness, sterile females are only 

limited in their fecundity and not in their ability to cause economic crop damage such as 
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stippling of leaves or lesions that serve as entry sites for pathogens, or animal injuries and 

losses often due to transmission of diseases (Franz 2005, Klassen and Curtis 2005). 

Simultaneous release of sterile males and females could increase the likelihood of mating 

between the sterile sexes, thus reducing the chances of crosses between wild females and 

sterile males and adversely affecting population control (Franz 2005).  

By contrast, male contributions to crop or livestock losses are negligible. Furthermore, 

sterility can only be introduced to a pest population using sterile males, which supply millions of 

sterile sperm cells with the potential to spread sterility at a much faster rate than the hundreds 

of non-viable eggs from sterile females.   Thus, the crucial component of every effective SIT 

strategy involves the use of sterile males, rather than sterile females or both sexes (Robinson et 

al. 2002, Franz2005).  

Consequently, many efforts have been made to separate males from females prior to 

sterilization and subsequent release into the wild population. In some cases, pupal size or sex-

specific timing of adult emergence can improve the efficacy and reduce costs of an SIT strategy 

(Franz 2005). However, for most insects the differences between males and females are subtle 

and require detailed inspection of the adults. Differentiation at the pupal stage can be even 

more difficult. For this reason, several genetic sexing strains (GSS) have been developed for use 

with area-wide mass release programs and as part of an SIT strategy. A GSS represents an insect 

pest strain that only produces viable male offspring due to the introduction of specific genetic 

mutations and chromosome rearrangements into the lab-reared or mass-reared insect 

population, thus making mass-sterilization of males economically feasible (Franz 2005).  

 

1.4.2.1A   Y- autosome translocation of an insecticide resistance gene 

The mosquito Anopheles albimanus Wiedemann is a vector for malaria and a successful SIT 

strategy would rely on the exclusion of females from any mass-release, as even the sterile 

females will feed on human blood thus transmitting malaria. A GSS was developed by 

translocating a dominant gene for propoxur resistance from autosome 2 to the Y-chromosome 

(Seawright et al. 1978, Klassen and Curtis 2005). Propoxur is a carbamate insecticide and the 



24 
 

naturally occurring gene for resistance to propoxur was linked to the Y-chromosome by 

exposing males to X-rays to induce translocation (Seawright et al. 1978). Furthermore, F1 males 

were irradiated to achieve chromosome inversion involving the propoxur resistance allele 

linked to the Y-chromosome (Seawright et al. 1978). This additional procedure helped to 

prevent recombination at this locus and the production of heterozygous, resistant females. 

Insecticide treatment at the egg or early larval stage resulted in more than 99% control of 

females and allowed for the mass-release of sterile male mosquitoes (Seawright et al. 1978; 

Klassen and Curtis 2005). 

 

1.4.2.1B   Y-autosome translocation of temperature sensitive lethal (tsl) mutation 

In an effort to eliminate female Mediterranean fruit flies (Medfly), Ceratitis capitata 

(Wiedemann), from SIT mass-release programs to increase sterility in the wild population, two 

genetic mutations have been incorporated into a GSS (Caceres 2002, Franz 2005, Klassen and 

Curtis 2005). The temperature sensitive lethal (tsl) mutation and the white pupae (wp) mutation 

occur on the right arm of autosome 5 (Caceres 2002). Males of the GSS, or T(Y;5)101, are 

heterozygous as a radiation-induced  Y-autosome translocation has shifted the segment of 

autosome 5 carrying tsl and wp onto the Y chromosome that features the Maleness factor 

(Caceres 2002, Franz 2005). The females have two X chromosomes and two autosomes that 

carry the tsl and wp alleles (Fig. 1.5). Pupae of GSS males would therefore be brown (wp+) and 

temperature-resistant (tsl+), while female pupae would be white (wp) and temperature-

sensitive (tsl).   

As described above, genetic recombination during male meiosis can lead to undesirable 

phenotypes in the F1 offspring, although such events are rare in Medfly (Gethmann 1988). The 

resultant offspring from a cross-over in region A (Fig. 1.5) would produce white, temperature-

sensitive male pupae (wp tsl) and brown, temperature-resistant female pupae (wp+tsl+). The wp 

mutation serves as a colour indicator of the success of the Y-autosome translocation of both 

mutations (Franz 2005). However, recombination can lead to a false positive, as white pupae 

are male instead.  
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Figure 1.5 - Schematic diagram of genetic recombination scenarios in Medfly genotypes and 
phenotypic outcomes of genetic sexing strain (GSS) crosses. Adapted from Caceres (2002). 

 

Temperature-sensitive males emerging from white pupae and temperature-resistant 

females emerging from brown pupae can easily be removed from a Filter Rearing System (FRS), 

which employs several “filtering” steps before amplification of adult colonies to mass-produce 

male Medfly pupae destined for sterilization (Caceres 2002). The initial colony is small and new 

adults are observed as they eclose from their puparia. Any recombinant types are discarded. On 

the other hand, a cross-over in region B (Figure 1.5) will result in temperature-sensitive males 

emerging from brown pupae (wp+tsl)  and temperature-resistant females (wp tsl+)  emerging 

from white pupae. If the pupae are subjected to temperatures above the range of 23 – 25C the 

homozygous males would not survive. The females, on the other hand, would survive heat 

treatment and could end up being released into the wild population, reducing the degree of 

success of the SIT program (Caceres 2002). The FRS screens out these B-type recombinants 

based on longer developmental times of temperature-sensitive flies (Caceres 2002). Thus, the 
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FRS would call for the elimination of any male flies emerging late from brown pupae and any 

females flies that emerge first from white pupae.  

However, FRS is not always the most commercially viable or desirable solution. A new strain 

of Medfly utilizes chromosomal inversion to reduce genotype variation due to recombination 

(Franz 2005). The D53 inversion is homozygous for wp and tsl and although it does not actually 

include tsl, it will suppress recombinations in its vicinity, including those affecting tsl (Franz 

2005).The resultant new VIENNA 8 strain features both the T(Y;5)101 translocation and the D53 

inversion, making it highly stable and well adapted to SIT and area-wide IPM programs (Franz 

2005).  

 

1.4.2.1C   Release of Insects Carrying a Dominant Lethal Gene (RIDL) Technique 

The release of insects carrying a dominant lethal gene (RIDL) technique is not classified as a 

GSS method and does not require subsequent irradiation of males to induce sterility. Thomas et 

al. (2000) developed a transgenic line of the fruit fly, Drosophila melanogaster Meigen, to 

express a dominant tetracycline-repressible trans-activator fusion protein (tTa) linked to a 

female-specific transcription factor. In the presence of tetracycline, both male and female flies 

survived however in the absence of the antibiotic female-specific lethal genes were being 

expressed and none of the females survived (Thomas et al. 2000). None of the insects involved 

are actually sterilized; however, females carrying the conditional, dominant, lethal mutation 

won’t be able to survive in the absence of the lab-specific condition while males will transmit 

the lethal genes to the next generation. Thus, population control is achieved without 

compromising male quality due to exposure to high-energy radiation (Thomas 2000). Recent 

laboratory experiments involving Medfly introduced dominant lethal genes into the wild gene 

pool but require more research before being effective and practical in the context of an area-

wide IPM program (Robinson and Hendrichs 2005).  
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1.4.2.2 Types of Insect Sterilization Methods 

Ionizing radiation damages living organisms by causing double-strand breaks in the cells’ 

chromosomes, which in turn lead to dominant lethal mutations (Bakri et al. 2005). Somatic cell 

damage should be minimized and insect irradiation events for SIT programs are timed to occur 

at the developmental stage of the insect at which the majority of somatic cells are fully 

differentiated so as to maximize damage to germ cells only (Robinson 2005). Thus, carefully 

timed irradiation of appropriately aged insects will induce dominant lethal mutations in the 

genetic material of germ cells without compromising the structure, mobility, or success of 

sperm during fertilization of a wild female by a sterile male (Robinson 2005). Once the damaged 

genetic material has entered the egg and undergoes mitosis, the fusion of broken 

chromosomes leads to telomere loss and the formation of dicentric chromosomal fragments, 

which can undergo bridge formation followed by another break (Robinson 2005). These so-

called breakage-fusion-bridge cycles lead to asynchronous cell division, loss of telomeres, and 

the buildup of incongruent genetic information (Robinson 2005). Thus, a zygote with dominant 

lethal mutations will not be viable following the first few divisions (Klassen 2005). The impact of 

ionizing radiation on biological tissue is determined by the absorbed dose measured in grays 

(Gy), where 1Gy is defined as 1 joule of energy absorbed per1 kilogram of irradiated tissue 

(Hanna 2012).  

Ionizing radiation can be categorized into directly ionizing particles, such as electrons, and 

indirectly ionizing photons such as X-rays and γ-rays (Hanna 2012). Directly ionizing radiation 

transfers energy to the irradiated material through direct Coulomb interactions between the 

charged particle emitted and the orbital electrons of atoms comprising the irradiated material 

(Podgorsak 2005, Hanna 2012). An example of a directly ionizing irradiator is an electron 

accelerator, which can produce very intense, focused beams that may exceed the biological 

impact of gamma irradiators (Bakri et al. 2005). Indirectly ionizing radiation deposits energy 

into the irradiated material in a two-step process. First, the uncharged photon causes the 

release of an electron or positron in the medium (Hanna 2012). Next, the released charged 

particle transfers energy to the irradiated material through direct Coulomb interactions with 

orbital electrons (Podgorsak 2005). While directly ionizing beams generated by electron 
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accelerators are more energetically intense and are not affected by radioactive decay and 

associated dose re-calibration issues or increasing transport and waste storage costs associated 

with gamma irradiators, their limited penetration power of up to 4cm renders them ineffective 

for SIT programs (Bakri et al. 2005, Hanna 2012). Most SIT programs rely on γ-irradiators to 

sterilize insects, however, increasingly complicated and costly acquisition and transport of 

these machines has lead to the adoption of more efficient X-ray irradiators (Mastrangelo et al. 

2010, IAEA 2012).  

 

1.4.2.2A  γ-Radiation 

The radioisotopes cobalt-60 (60Co) and cesium-137 (137Cs) are the two most predominant 

radioactive sources used in γ-irradiators (Bakri et al. 2005). 60Co is a radioactive metal that will 

naturally undergo radioactive decay to form the non-radioactive Nickel-59 (59Ni) (US EPA 2012). 

During this process, the extra neutron of 60Co is converted into a proton and a negatively 

charged β-particle and γ-rays are emitted. Thus, γ-radiation originates in the nucleus of an 

atom. Both 60Co and 137Cs have long half-lives of ca. 5.3 and 30.1 years, respectively (Bakri et al. 

2005).  

Several SIT strategies involved the use of the GammaCell 220 irradiator which utilizes 60Co as 

radioactive source material (Table 1.2). A long half-life, high photon energy of up to 1.33 mega 

electron volt (MeV) and large activity of 250 Curies (Ci) per gram of radioactive nuclide allow for 

a 4 times greater throughput compared to 137Cs, thus making 60Co  the preferred radioisotope 

for SIT programs (Bakri et al. 2005, Podgorsak 2005). The GammaCell 220 was produced by 

MDS Nordion International and featured a 20.3 x 7.5cm exposure chamber (Rodrigues et al. 

2010).  The radioactive material is encapsulated in aluminum and stainless steel tubes arranged 

in a circular pattern around the exposure chamber (Rodrigues et al. 2010). To prevent 

unwanted exposure for workers handling the equipment, the source tubes and exposure 

chamber are further contained within a lead box (Rodrigues et al. 2010). Insect pupae are 

placed into the exposure chamber, often in labeled bags, that feature an indicator which 

changes colour to indicate successful irradiation.  
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However, radioactive source material undergoes decay over time, at a rate dependent on 

the specific half-life. To ensure a continuous dose rate for irradiated insects, the time of 

exposure thus needs to be extended by 1% per month for 60Co as the activity of the 

radioisotope decreases until the source tubes are replaced (Bakri et al. 2005).  Furthermore, γ-

irradiators cannot be switched off and need to be stored in secure and shielded facilities. Over 

the last few years, sourcing and movement of radioactive source material has become more 

difficult and expensive, with average shipping costs roughly ten times greater than for X-ray 

technology (FAO/IAEA 2007). Furthermore, MDS Nordion, one of the leading manufacturers of 

γ-irradiators, began to discontinue its production and refurbishment of the self-contained 

GammaCell 220 research irradiator in 2006 (FAO/IAEA 2007, Nordion 2013). Alternative x-ray 

technology is being explored to replace radioisotope source material in insect sterilization 

programs.  

 

1.4.2.2B   X-ray irradiators and linear particle accelerator systems 

X-rays are generated when a high atomic mass target, such as tungsten, is bombarded with 

high kinetic energy electrons (Bakri et al. 2005).  The abrupt deceleration of the incident 

electrons causes the emission of photons as characteristic X-rays and “Bremsstrahlung”, or 

braking radiation (Bakri et al. 2005, Podgorsak 2005). “Bremsstrahlung” is the product of 

Coulomb interactions between the incident electrons and the target nuclei and the resultant 

photon beams are considered heterogeneous as photon energies can range from 0 to the 

kinetic energy of the incident electrons (Bakri et al. 2005, Podgorsak 2005). Radioisotopes, on 

the other hand, produce mono-energetic photon beams (Podgorsak 2005). A large portion of 

potential X-ray beam energy is lost as heat during the collision of the incident electrons onto 

the target, resulting in a low electron-to-photon-conversion efficiency and requiring continuous 

cooling of the X-ray tube in low-/medium-energy beams or the accelerator tube, target, and RF 

source in a linear particle accelerator (linac) (Bakri et al. 2005, Podgorsak 2005). Lower voltage 

X-ray irradiators have lower power requirements than linacs and do not require additional 

shielding, such as a concrete maze. However, X-ray tubes have been known to frequently 

malfunction, especially when used to generate high dose rates as required during the 
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sterilization of insects (IAEA 2012). The superior depth penetration of linac beams and great 

precision in the effective dose administered make this system a more reliable irradiator for SIT 

trials.  

The linac electron gun that acts as the source of the high kinetic energy electrons consists of 

a cathode, a gate, and an anode. The cathode is often made up of a 1cm3 block of thermionic 

barium, which will spontaneously release electrons when heated (Fig. 1.6; Moxon 2001). A 

copper grid or gate continuously receives a positive charge at a rate of 500MHz which attracts 

large numbers of electrons at a rate of 500 million particles per sec (Moxon 2001). The 

electrons are pulled through the gate and a doughnut-shaped anode to enter an accelerator 

tube. The accelerator tube is coupled to a very strong magnetron, which constantly alternates 

the charge on the ends of the small drift tubes contained within the accelerator tube (Griffith 

and Harsh 2000). As the electrons approach the positive end of a drift tube, the magnetron 

switches the local magnetic field giving the entrance a negative charge and the exit a positive 

charge. This will attract the electron bunch to the exit of the first drift tube, while the negative 

charge on the entrance side will act as a repellent force, pushing electrons forward. The whole 

process is designed to accelerate the electrons to near the speed of light (Griffith and Harsh 

2000). Once the electrons leave the accelerator tube, they are focused toward the target by the 

bending magnets (Griffith and Harsh 2000). As the high-speed electrons collide with the target, 

they are deflected, which results in a dissociation of energy from the electrons (Griffith and 

Harsh 2000). This energy now travels on as photons.  Finally, collimators in the head of the linac 

machine bundle and shape the resultant X-ray beams.  The exposure field varies, depending on 

the manufacturer, model, and intended use. It is these photon beams that penetrate the 

insect’s tissues to cause breaks in the DNA of germ cells, leading to dominant lethal mutations 

in the zygote.   
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Figure 1.6 - Diagrammatic representation of electron flow in a Linear Particle Accelerator (linac) system and generation of photon 
beam. Diagram design by Maryam Sultan, adapted from Griffith and Harsh (2000).
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1.4.3 Applications of SIT 

1.4.3.1 Sterile Insect Release and Area-Wide IPM of the Codling Moth in British Columbia 

The codling moth, Cydia pomonella (L.) is key pest of apples and pears worldwide (OMAFRA 

2011b). In 1993, a sterile insect release (SIR) area-wide IPM program for codling moth was 

initiated in the Okanagan-Kootenay region of BC. A mass-rearing facility in Osoyoos, BC became 

operational and sterile adults have been supplied to apple and other pome fruit growers in the 

region on an annual basis since 1994 (Bloem et al. 2005). Insects are sterilized using γ-radiation 

and no sexing strategy is employed (Table 1.4). The dosage of radiation required for complete 

sterilization of male codling moths is very high at 400Gy.  However, irradiation at 250Gy yields 

ultra-sterile females and males with residual sterility which is passed on to the next generation 

(Klassen and Curtis 2005). Chilled, irradiated moths are delivered to growers and then spread 

throughout an orchard with specially equipped ATVs (Bloem et al. 2005, SIR 2012). Since its 

implementation, this SIR program has resulted in the release of over 200 million sterile moths 

per year and an 82% reduction in pesticide use (Bloem et al. 2005, SIR 2012). The aim of the 

program is suppression, rather than eradication. Continued monitoring using pheromone traps 

is an important aspect of this area-wide IPM program. The traps are used to capture wild moths 

and can help determine current infestation levels and identify areas that may require higher 

sterile:fertile release ratios or could benefit from other control tactics (Bloem et al. 2005, SIR 

2012).  

 

1.4.3.2 Mass-rearing of Sterile Medfly in Israel 

Irradiation of Medfly pupae is generally preceded by a GSS tactic to avoid the costly and 

unnecessary release of females into the environment. The BIO-FLY facility in Israel mass-

produces male Medfly pupae of the VIENNA 8 strain (BIO-FLY 2007). The eggs are harvested in 

water and incubated at 24C for the first 24 h post-oviposition to avoid the maternal effect 

(Caceres 2002). The maternal effect describes a phenomenon whereby the embryonic genome 

is inactive for the first 24 h after oviposition and maternal gene products are present and active 

(Franz 2005). Thus, for a heterozygous VIENNA 8 Medfly male, the maternal tsl gene product 

causes temperature-sensitivity in the male egg.  To avoid losing a large percentage of males, 



33 
 

the temperature of the water is only increased to 34C after the first 24 h period is passed 

(Caceres 2002). Eggs not intended for SIT will not undergo thermal treatments, as viable 

females are required to maintain the colony. Larvae destined for colony maintenance have to 

be stored at temperatures below 26C, which requires adequate ventilation for removal of 

excess heat generated by the larvae as females remain temperature-sensitive (Caceres 2002, 

BIO-FLY 2007).  Larvae are fed an artificial diet on rearing trays and once ready to pupate, the 

pre-pupae will move out of the trays and fall into a pan with a pupation medium, such as 

vermiculite (Caceres 2002). Male pupae destined for sterilization are packaged in vacuum bags 

and then exposed to γ - irradiation at a dose of 80Gy to over 100Gy a few days prior to eclosion. 

Several million sterile males are released by plane or delivered to individual greenhouse 

growers (BIO-FLY, 2007).  

 

1.4.3.3 Using SIT to Control American Serpentine Leafminer in Laboratory Bioassays 

Following the documentation of several cases of insecticide resistance in ASL, two American 

researchers started lab and cage trials to investigate the feasibility of SIT as part of an overall 

IPM program aimed at mitigation (Kaspi and Parrella 2003). Colonies of ASL were reared on 

chrysanthemums and pupae were irradiated using a 137Cs irradiator (Kaspi and Parrella 2003). 

Exposure of pupae to the optimum dosage of 170Gy ± 5% resulted in a high sterility and 

subsequently reduced crop damage to less than 0.7 mines per female without reducing  or 

compromising flight ability, longevity of males, copulatory success, or sperm transfer and 

storage by females (Kaspi and Parrella, 2003). Further research indicated a high degree of 

synergism between an augmentative release of the parasitic wasp D.  isaea and use of SIT 

(Kaspi and Parrella 2006). Three different sterile-to-fertile male ratios (3:1, 5:1, and 10:1) were 

tested; however, no significant difference in the reduction of mine production or plant damage 

was observed between the three ratios (Kaspi and Parrella 2006).  
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1.5 Summary 

The ornamental floriculture industry is an important component of Canadian horticulture. 

Over the last few years the industry has been challenged by a negative balance of trade, 

increasing labour costs, greater competition from South American imports and stagnant sales. 

Consequently, the industry is relying on novel technologies and greater implementation of IPM 

techniques to remain competitive.  

Effective control of insect pests is crucial in ornamental crops where aesthetic damage 

directly translates into economic losses for the grower that may be especially pronounced in 

crops where the entire plant is sold, such as potted chrysanthemums. ASL cause significant 

damage to cut and potted chrysanthemums and gerberas, two widely grown flower crops in 

Canadian ornamental greenhouses. Females cause damage known as stippling by using their 

ovipositor to puncture leaves for egg-laying and feeding. The resulting larvae feed and tunnel 

through the upper leaf mesophyll, creating unsightly serpentine mines. 

American serpentine leafminer have become more difficult to control over the years due to 

rapid development of insecticide resistance. In Canada, the only insecticides registered for 

control of ASL are cyromazine, abamectin, and permethrin. Resistance has been documented 

for all three of these products as well as chlorantraniliprole, a member of the same class of 

insecticides as cyantraniliprole. BCAs can provide some control, but are not effective during 

severe ASL infestations and are adversely affected by insecticide applications against ASL or 

other pests. Thus, new alternatives are needed.  

The SIT has been advocated as a non-chemical alternative to supplement currently used 

control methods. American serpentine leafminer qualify as a good candidate pest species for an 

SIT program. The insects only reproduce sexually and have a holometabolous lifecycle involving 

a diapausing pupal stage that can undergo irradiation at specific doses without loss of quality 

and are easily stored and transported following sterilization. 

Previous research established an ideal dose of 170Gy ± 5% for ASL sterilization using a 137Cs 

irradiator (Kaspi and Parrella 2003). The observed synergism between releases of the BCA 
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Diglyphus isaea and sterile ASL males is indicative of SIT’s compatibility with existing IPM 

strategies while avoiding the development of insecticide resistance.  

However, less expensive and more precise X-ray technology is replacing radioisotope source 

material in insect irradiation programs (FAO/IAEA 2007). Verification of irradiation doses for 

sterilization of ASL using X-ray technology and development of methodologies to ensure 

uniform exposure and absorption of ionizing radiation by the target tissues are needed.  

Furthermore, the success of an SIT area-wide release program also depends on insights into 

the population dynamics of the candidate pest species and appropriate sampling methods to 

determine the most economical number of sterile males that need to be released to achieve 

suppression over time. A sexing system to remove most female pupae prior to irradiation will 

increase SIT efficacy. At this time, no mechanical or genetic sexing systems to separate male 

and female ASL pupae exist.  Thus, development of a mechanical sexing system and sampling 

methods to estimate ASL infestation levels in greenhouses are necessary to advance the 

logistical and economic viability of this alternative pest management tactic.   
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Chapter 2 

RESEARCH OBJECTIVES 

 

The goal of this research was to investigate the use of the sterile insect technique to control 

American serpentine leafminer (ASL) in Canadian ornamental greenhouses. The information 

from this research will aid in the development of a sterile leafminer release (SLR) program 

involving greenhouse-wide mass releases of sterile ASL males in an effort to reduce damage to 

ornamental crops without adversely impacting any existing IPM programs.  

 

My research objectives were to: 

 

1. Conduct a grower survey as part of an economic feasibility study, 

 

2. Prepare a Strengths, Weakness, Opportunities and Threats (SWOT) analysis as part of an 

economic feasibility study, 

 

3. Adapt  previously established protocols for determination of quality/competitiveness 

and sterility of irradiated adults developed by Kaspi and Parrella (2003) for use with 

gamma irradiators to verify the effectiveness of a linear particle accelerator (linac) 

system located at the Ontario Veterinary College (Guelph, ON) for use in an SIT-based 

program, 

 

4. Measure ASL pupae and investigate the potential for development of a mechanical sex 

separation method to remove female pupae prior to irradiation and improve SIT 

efficacy, and 

 

5. Conduct a greenhouse study to determine sampling methods that would allow for the 

estimation of ASL infestation levels in ornamental greenhouses. 
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Chapter 3 

A SURVEY OF THE ECONOMIC IMPACT OF AMERICAN SERPENTINE LEAFMINER IN CANADIAN 

ORNAMENTAL GREENHOUSES AND POTENTIAL FEASIBILITY OF THE STERILE INSECT 

TECHNIQUE FOR ITS CONTROL 

 

3.1 Introduction 

The American serpentine leafminer (ASL) is a pest of cut and potted gerberas and 

chrysanthemums in Canadian ornamental greenhouses. ASL females create stippling damage to 

the adaxial leaf surface during oviposition and larvae feed on the upper mesophyll, creating 

serpentine mines (Bethke and Parrella 1985, Dreistadt 2001, Capinera 2014, Lanzoni et al. 

2002). Stippling and larval feeding damage may be extensive during heavy ASL infestations and 

can cause a decrease in the photosynthetic area, facilitate entry of plant pathogens, and 

significantly reduce the economic value of the affected ornamental crop (Chaput 2000, 

Dreistadt 2001, Newman and Parrella 1986).  While some foliage is removed in 

chrysanthemums grown for cut flower crops prior to packaging and sale of the flowers, potted 

gerberas and chrysanthemums are sold as whole plants and any damage to leaves will reduce 

the economic value of potted crops to a greater extent.  

ASL infestations can build up quickly in ornamental greenhouses and early detection may be 

difficult as stippling and leaf mines are still sparse. ASL has been a documented pest in Ontario 

since the late 1970s (Broadbent and Pree 1989). The insect’s ability to rapidly develop 

resistance to several different classes of insecticides used for its control in California in the late 

1970s led to an estimated annual crop loss of 23%  and forced the ornamental industry to 

spend almost US$6,000 per acre per year on conventional insecticides to control ASL between 

1982 and 1985 (Newman and Parrella 1986). By 1986, the California floriculture industry had 

incurred a total cost of US $93 million due to insecticide resistant ASL infestations (Newman 

and Parrella 1986). At this time, the GABA agonist abamectin (Avid®) received ‘emergency use’ 

registration in Florida and Hawaii to combat ASL in cut and potted chrysanthemums (Newman 

and Parrella 1986, Parrella et al. 1988). The insecticide became registered for use in 
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ornamentals in California in 1987 (Parrella et al. 1988). The larvicides abamectin and 

cyromazine and the adulticide permethrin are the only three insecticides registered for control 

of ASL in Canada (OMAFRA 2011a). However, insecticide resistance has been documented for 

all three of these insecticides (Parrella 1983, Parrella et al. 1984, Keil et al. 1985, Sanderson et 

al. 1989, Ferguson 2004, Conroy et al. 2008, Ferguson and Pineda 2010), and Ontario growers 

have had difficulty in obtaining adequate control with any of these products (Murphy, 2010). 

Frequent applications of any new insecticide will invariably promote resistance development, 

create a continued reliance on new chemical control products, and expose the ornamental 

greenhouse industry to significant economic losses during a heavy ASL infestation.  

The development of a sterile leafminer release program could supplement currently used 

control methods and greatly delay or potentially prevent resistance development to newly 

registered insecticides, thus protecting the industry from costly outbreaks of resistant strains of 

ASL in ornamental greenhouses. However, no cost estimates for the development of such a 

program currently exist.  

In order to better estimate the financial losses associated with past and current ASL 

infestations in ornamental greenhouses across Canada and to assess the efficacy of currently 

employed biological and chemical control strategies in reducing plant damage, a survey was 

designed and distributed to ornamental growers.  Further, the cost of using registered 

insecticides or available biological control agents (BCAs) was summarized to obtain a 

benchmark for the maximum cost to growers of sterile ASL releases, if a sterile leafminer 

release program would be implemented.  
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3.2 Methods and Survey Design 

 In late November 2012, a survey was posted on the website of Flowers Canada Growers 

Inc. requesting participation of growers of cut/potted chrysanthemums and/or gerberas in 

order to estimate financial losses associated with ASL infestations in ornamental greenhouses 

across Canada (Appendix A).The survey asked growers to: 

 

1. Identify their location. 

2. Indicate the main ornamental crops in production affected by ASL and their 

approximate areas of production for each crop. 

3. Estimate the degree of past and current ASL infestations as minor, moderate or 

severe. Minor infestations were defined as sporadic and possible to control. 

Moderate infestations implied regular infestations that were possible to control. 

Severe infestations were classified as persistent and difficult to control.  

4. Estimate their annual cost to control ASL.  

5. Rank the degree of control achieved in the past and present using BCAs and 

insecticides as low, moderate, or high. Low control referred to the pest population 

and/or crop damage decreasing moderately or not at all following application of the 

control method. Moderate control referred to the pest population and/or crop 

damage decreasing somewhat after insecticide or BCA application, while high control 

referred to control actions maintaining pest or damage levels well below thresholds.  

6. Identify their use of several cultural control methods and indicate their degree of 

satisfaction. 

7. State whether they would be interested in the development of new technology or 

approaches to control ASL and identify specific areas they would be willing to 

participate in, including trials in their own greenhouses, reading of material on new 

pest control approaches, or participation in future surveys and more comprehensive 

reviews of costs associated with ASL control.  

 

According to the Canadian Greenhouse Grower’s Directories and Buyers’ Guides of 2012 and 

2013, at least 95 ornamental greenhouse growers were producers of cut/potted 
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chrysanthemums and/or gerberas. However, by early January of 2013, only 14 growers had 

participated in the web-posted survey. In late January 2013, an e-mail was sent out to 74 

chrysanthemum/gerbera growers that had indicated an e-mail address in the Grower’s 

Directory and had not yet participated in the survey. By late February 2013, a total of 18 

responses had been collected, indicating a participation rate of approximately 19%. In March 

2013, an additional 25 larger acreage growers were called and asked for their participation in 

the survey. Eleven of these growers agreed to respond, resulting in a total of 29 completed 

surveys that increased the participation rate to 30.5%.  

 

3.3 Results 

The majority of survey participants were located in Ontario (Fig. 3.1).  

 
Figure 3.1- Location of chrysanthemum and gerbera growers that participated in the 2012/2013 

grower survey administered online via a web-link, phone and through an e-mail. 

 

Of the 29 participating growers, 48% grew potted chrysanthemums (Fig. 3.2). However, cut 

gerberas accounted for the largest area of crop production across both Ontario and British 

Columbia (Fig. 3.3). The total area of production reported by respondents to the survey for both 

cut/potted chrysanthemums and cut/potted gerberas in Ontario was approximately 24 ha. 

 

ON

BC

NB

10% 
3% 

86% 



41 
 

Cut chysanthemums Potted chrysanthemums

Cut gerberas Potted gerberas
Cut chrysanthemums Cut gerberas

 

Figure 3.2 -Percent of participating growers growing cut/potted chrysanthemums and 
cut/potted gerberas in Ontario and British Columbia in 2012/2013. 

  

 

 

 

 

 

 

 

 

 

Figure 3.3 - Area of production in hectares of cut/potted chrysanthemums and cut/potted 
gerberas in a) British Columbia and b) Ontario in 2012 as reported by 3 participating British 

Columbia growers and 25 participating Ontario growers. 
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Not all growers were willing or able to indicate their current or past ASL infestation levels. 

Current ASL infestations were indicated as minor by 65.5% of respondents and moderate by 

17.2%. Approximately 62% of participating growers indicated that they had suffered from 

severe infestations in the past and 17.2% indicated moderate past infestations.  

 

Table 3.1 - Average annual costs of control strategies and crop losses due to ASL infestations in 
British Columbia and Ontario in 2012. Averages were calculated by dividing the sum of costs 
indicated by the number of respondents for each province. The figures are estimates only, as 

they are not weighted for operation size or severity of infestations. 

Province Average Annual Cost 
due to Crop Losses 

Average Annual Cost of 
Control Strategies 

Total Average Annual 
Costs due to ASL 

Infestations 

Ontario $4,960 $12,288 $17,248 

British Columbia $66,667 $81,667 $148,334 

 

Not all growers provided complete crop type, crop area, or control cost information and cost 

per ha data only includes those growers that provided complete size and cost figures. The 

average annual cost (crop losses and control costs) experienced by Ontario growers was 

estimated at $17,000 (n = 25), or $48,797 per ha per year (n = 17), while for British Columbia 

growers it was estimated in excess of $148,000 (n = 3) or $82,815 per ha per year (n = 3). Given 

the greater number of respondents from Ontario, the cost figures shown in Table 3.2 are more 

reliable for that province than for British Columbia, where only three growers responded. In 

addition, one grower from British Columbia had experienced very significant losses of $260,000 

in past years and these figures skewed the average costs experienced by growers from that 

province. None of the data could be weighted for operation size or severity of infestations. 

Further, survey participants were asked which BCAs they were currently employing in their 

greenhouses and which ones had been used in the past. None of the three respondents from 

British Columbia declared any current use of BCAs while 2 of 3 growers noted the use of 

parasitic wasps in the past. In Ontario, 21 growers reported current minor or moderate ASL 

infestations. Of those respondents, 33.3%, 4.8%, and 33.3% indicated current use of parasitic 



43 
 

wasps Diglyphus isaea and Dacnusa sibirica, and the nematode Steinernema feltiae, 

respectively (Fig. 3.4).  

 

 

Figure 3.4 - Graph of the percent of participating growers in ON and BC indicating  low, 
moderate, or high control with the three biological control agents Diglyphus isaea, Dacnusa 

sibirica, and nematodes (Steinernema feltiae) in 2012. Only growers indicating use of a 
biological control agent were included.  

 

Growers were also asked to identify the degree of control achieved with the three 

insecticides registered for ASL control - abamectin, cyromazine, and permethrin. The 

application of cyromazine and permethrin was limited, with only 6.9% and 3.4% of growers, 

respectively, indicating current use (Fig. 3.5). None of the participating growers indicated a 

satisfactory degree of control with permethrin. Less than 7% of growers reported a high level of 

control with abamectin and cyromazine.  Of the 29 responding growers, 18 indicated 

application of unregistered insecticides. Control with these insecticides was more adequate, 

with 24% of those 18 participating growers indicating a high level of control and 17% indicating 

moderate control. Off-label use included organophosphate, organochlorine, carbamate, 

diamide, pyrethroid, and spinosad products. Specific product names are not mentioned to 

satisfy terms of confidentiality agreements.  
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Figure 3.5 - Graph of the percent of participating growers indicating low, moderate, or high 
control for three registered insecticides and other pest management tools in 2012.  

 

 

Cultural control approaches employed by growers included the use of tolerant plant 

varieties, crop rotation, weed management and sanitation, and mass trapping using yellow 

sticky tape. Over 30% of growers indicated satisfaction with weed management and mass 

trapping and 24% and 7% of growers reported satisfaction with crop rotation and use of 

tolerant varieties, respectively (Fig. 3.6). Ornamental growers usually do not switch between 

crops on a frequent basis. Cut gerberas are grown as a perennial crop and most potted crops 

are grown on a year-round schedule (Graeme Murphy, Personal Communication1). 

Furthermore, market demand dictates the varieties of chrysanthemums and gerberas that 

should be grown, and often those varieties are susceptible to ASL infestations (Graeme 

Murphy, Personal Communication1).  Weed management and mass trapping were not specific 

to ASL infestations only. Instead, growers resorted to these cultural control practices to control 

different types of pests and to maintain sanitary conditions in their greenhouses.  

 

 

 
1
 Graeme Murphy - OMAFRA Greenhouse Floriculture IPM Specialist, 4890 Victoria Avenue North, Vineland, ON 

L0R 2E0, Canada - e-mail: graeme.murphy@ontario.ca
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According to survey results, the majority of participants were interested in new technology 

for ASL control (Fig. 3.7), with 88% of the 25 Ontario growers indicating such interest. The only 

grower participant from New Brunswick did not indicate any interest in new technology for ASL 

control or willingness to participate in surveys, greenhouse (GH) trials, or webposts/pamphlets. 

Less than 50% of all growers were interested in volunteering space for greenhouse trials (Fig 

3.7).  

Figure 3.6 - Graph of the percent of participating growers indicating use, dissatisfaction, 
neutrality, or satisfaction with four cultural control practices in 2012. 
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Figure 3.7 - Percent interest in new technology for ASL control and reading of 
webposts/pamphlets, and willingness to participate in greenhouse (GH) trials and future 

surveys indicated by growers from three provinces, based on survey results collected between 
November 2012 and March 2013. 

 

3.4 Discussion and Conclusions 

Over 30% of ornamental greenhouse growers responded to the survey, representing more 

than 29 ha of greenhouse area dedicated to cut/potted chrysanthemums and gerberas. More 

than 85% of respondents indicated interest in new technology for control of ASL. The average 

annual cost in terms of crop losses and control costs amounted to approximately $17,000 per 

year per grower in Ontario, or $48,797 per ha per year.  However, survey results indicated that 

most ornamental growers in Ontario were currently experiencing minor infestations of ASL, 

with over 70% indicating moderate to severe infestations in the past. Fewer than 25% of 

growers reported high levels of control achieved with any of the available BCA options, while 

fewer than 10% of respondents indicated satisfaction with the three chemical control products 

registered at the time of the survey. Thus, costs could be expected to be higher and resembling 

those indicated for British Columbia during severe infestations.   
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Growers can expect to spend $290.00 to $348.30 per ha per week for the larvicides 

cyromazine and abamectin, respectively, based on manufacturer recommended application 

rates (Table 3.2; Syngenta Crop Protection 2013a, 2013b).  

 

Table 3.2- Cost per unit and cost per hectare per week (1 application) of the three registered 
insecticides for control of ASL in ornamental greenhouses. Sources:  Syngenta® Crop Protection 

Canada Inc. 2013 and, 2013b; FMC Corporation 2013. 

Active 
Ingredient 

Manufacturer 
Product 
Name 

Unit Size 
Application 

Rate 
Spray 

Interval 
Cost per 

unit 

Cost per ha 
for single 

application 

abamectin 
Syngenta Crop 

Protection 
Canada Inc. 

Avid® 
1.9% EC 

1,000mL 600mL/ha 7 days $580.50 $348.30 

cyromazine 
Syngenta Crop 

Protection 
Canada Inc. 

Citation™ 
75WP 

450g 188g/ha 7 days $676.00 $290.00 

permethrin 
FMC 

Corporation 
Pounce® 

384EC 
1,000mL 260mL/ha 7 days $64.71 $16.83 

 

 

Based on the collected survey data, a grower would have to spend an average of more than 

$4,000 per hectare per year for abamectin, based on a weekly spray regime for 12 weeks per 

year, not including labour, with less than a 7% chance of achieving high control.  The adulticide 

permethrin would cost a grower only $16.83 per ha per week (FMC Corporation 2013). 

However, resistance to this pyrethroid is well documented (Parrella 1983, Parrella et al. 1984, 

Keil et al. 1985, Sanderson et al. 1989). Continued use of permethrin has resulted in persistent 

resistance in ASL, which is reflected in the low efficacy indicated by surveyed growers. The lack 

of adequate control achieved with these products is reflected in the use of non-registered 

insecticides by more than 50% of survey respondents.  
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Table 3.3- Cost per unit and cost per hectare of each application of the two parasitic wasp species, Diglyphus isaea and Dacnusa sibirica, 
and the nematode Steinernema feltiae, used to control infestations of ASL in ornamental greenhouses. Sources: Koppert Biological Systems 
Inc 2013a and 2013b; Natural Insect Control 2013a and 2013b; BioBest®2013a and 2013b; Syngenta® 2013a; Global Horticultural Inc. 2013. 

 

 

 

 

 

 

 

 

 

 

 

 

BCA Manufacturer 
Type of 

infestation 
Unit Size 
(adults) 

Application 
Rate (adults 

per m2) 

Unit 
Coverage 

(m2) 

Interval 
(days) 

Cost per 
Unit ($) 

Cost ($) per 
ha per 

application 

Diglyphus isaea 
Koppert Biological 

Systems 

Light 

500 

0.25 2,000 

7 117.00 

585.00 

Heavy 1 500 2,340.00 

Dacnusa sibirica Light 500 0.25 2,000 7 117.00 585.00 

Diglyphus isaea 
Natural Insect 

Control 

Light* 250 0.1 2,500 7 91.00 364.00 

Dacnusa sibirica   Light** 250 0.25 1,000 14 55.00 550.00 

Diglyphus isaea 

BioBest® 

Light 

250 

0.5 500 

7 86.50 

1,730.00 

Heavy 1 250 3,460.00 

Steinernema 
feltiae 

Moderate 250 million 0.5 million 500 7 127.00 2,540.00 

Diglyphus isaea 
Syngenta® Bioline 

Ltd. 

Light 

250 

0.25 1,000 

7 60.00 

600.00 

Heavy 0.5 500 1,200.00 

* Natural Insect Control also offers a larger unit size containing 1,000 D. isaea adults and with a lower cost per unit of $229.00. Thus, the    
   cost  per application would be reduced to $229.00.  
** Natural Insect Control also offers a larger unit size containing 1,000 Dacnusa sibirica adults and with a lower cost per unit of $130.00.  
     Thus, the cost per application would be reduced to $325.00.  
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The cost for BCAs is also significant. A grower could expect to spend several hundreds of 

dollars per ha per week when applying parasitic wasps for control of ASL, while applications of 

nematodes would cost more than $2,500 per ha per week (Table. 3.3). More frequent 

applications of nematodes lead to higher levels of control; however, this effectively doubles the 

cost of control to the grower (Murphy 2010). Furthermore, parasitic wasps are highly sensitive 

to insecticide residues and the use of chemicals against other insect pests, such as western 

flower thrips (Frankliniella occidentalis), can significantly reduce the population of parasitic 

wasps.  

A lack of consistent control with any of these three BCAs, the significant cost of application, 

and incompatibility with chemical controls translate to low adoption rates in Canadian 

ornamental greenhouses, with only one third of participating Ontario greenhouse growers 

using BCAs to control ASL.  Combining BCAs with sterile ASL releases could increase efficacy and 

adoption of both control tactics. Sterile leafminer pupae could be priced at a similar price per 

ha as parasitic wasps to increase acceptance by growers and ensure competitiveness of the 

product. However, due to relatively modest size of the domestic ornamental greenhouse 

industry, direct program payments by the federal or provincial governments will be required, 

especially during the implementation phase, due to the significant start-up costs associated 

with the acquisition of a suitable irradiator and the development of a mass-rearing system.  

Ornamental greenhouses have reported varying levels of ASL infestations that fluctuated 

over the years. While most growers reported low current infestations, ASL populations built up 

rapidly in some isolated cases, causing economic damage. Since both registered insecticides 

and BCAs cannot provide complete control of ASL, combining the SIT with BCAs may lead to a 

more robust IPM plan.  
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Chapter 4 

STRENGTHS, WEAKNESSES, OPPORTUNITIES, AND THREATS ANALYSIS OF A STERILE 

LEAFMINER RELEASE PROGRAM IN CANDIAN ORNAMENTAL GREENHOUSES 

 

4.1 Introduction 

A Strength, Weaknesses, Opportunities, and Threats (SWOT) analysis facilitates an 

understanding of the positive and negative attributes associated with a particular subject, issue, 

or program and provides insight into the possible impact on stakeholders and the environment 

in case of implementation of the program. Furthermore, this analytical tool is used to identify 

flawed, limited, or underdeveloped components of the program. Thus, weaknesses and threats 

can be addressed prior to implementation, while strengths and opportunities can be used to 

promote awareness and attract financial resources to aid in the execution of the program or its 

components. The value of a SWOT analysis in the overall planning effort depends on the validity 

and attainability of the project objective and the correct identification, categorization, and 

inclusion of all internal and external factors that may impact the project (Thompson and 

Strickland 1995). Internal factors refer to elements, processes, or characteristics that are 

inherent to the project itself and are listed as the project’s strengths or weaknesses. External 

factors describe any aspect, issue, or entity that is not directly associated with the project, its 

organization, or its components but that could impact the project’s implementation or success. 

External factors include opportunities and threats. Strengths and opportunities are regarded as 

positive factors, while weaknesses and threats are negative factors. The purpose of this SWOT 

analysis was to assess the feasibility of a sterile leafminer release program in Canadian 

ornamental greenhouses.  

4.2 Methods 

Factors relating to or affecting the feasibility of a sterile leafminer release program were 

identified through an extensive literature review (Chapter 1) and feed-back from growers based 

on survey responses (Chapter 3) or direct communications at conferences and workshops. 

Factors were then classified as strengths, weaknesses, opportunities, or threats based on  
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Table 4.1 Strengths, weaknesses, opportunities and threats (SWOT) analysis diagram associated with the use of the sterile insect 
technique to control American serpentine leafminer, Liriomyza trifolii, in Canadian ornamental greenhouses. 

Strengths 

  Ease of application for growers 
  Irradiated and sterilized pupae are easy to store and ship  
 Long-term control of ASL as population cannot develop 

resistance 
  Reduced pesticide applications increase consumer 

acceptance 
  Can complement both pesticide-based  programs and BCA 

strategies 
 

Weaknesses 

  Reduction in ASL population and establishment of sterility in 
endemic gene pool are time consuming and involve several 
generations i.e. repeated applications are needed 

 Prediction of future infestation levels is difficult 
 No immediate reduction in damage as number of females 

declines over several generations,  
 Complete removal of female pupae prior to irradiation is not 

possible as no GSS for ASL exists. 
 No artificial diet for ASL has been developed 
  Initial cost of mass-rearing facility and sterilization can be 

very high 

Opportunities 

 
 Collaborations with existing SIT programs in Canada and 

abroad could reduce start-up costs 
 Application of an ASL SIT program to other Liriomyza species 

could increase target market and profitability 
 Control methods with low environmental impact and BCA 

compatibility are viewed favourably by consumers  
 BCA efficacy is variable and dependent on temperature, 

humidity, host availability, and presence of pesticide residues 
  ASL resistance to carbamates, pyrethroids, 

organophosphates and reduced risk insecticides, such as 
abamectin and cyromazine has been documented 

Threats 

 
 Growers  and consumers may have negative perceptions of 

radiation and the release of irradiated insects into the 
environment 

 New, more efficacious BCA’s and bio-pesticides, as well as 
insecticides with new modes of action might out-compete SIT 
in terms of cost while producing immediate ASL population 
decreases.  
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extensive discussions with industry experts from the Ontario Ministry of Agriculture, Food and 

Rural Affairs (OMAFRA), the Vineland Research and Innovation Centre, Flowers Canada Growers 

Inc., the Bio-Fly program at BioBee Biological Systems Ltd., and the Okanagan-Kootenay Sterile 

Insect Release Program, as well as researchers from the School of Environmental Sciences at 

the University of Guelph, and the Israel Cohen Institute for Biological Control. 

 

4.2 Strengths 

The application of sterilized ASL pupae in ornamental greenhouses would be simple for 

growers, as pupae could be broadcast over cut flower beds or interspersed between plant pots 

in paper bags, with emerging adults spreading out over a wider area.  Pupae have a lower 

threshold temperature of 10.7C for development and are capable of surviving for up to 3 

months at these temperatures (Parrella 1987, Chaput 2000, Lanzoni et al. 2002). Thus, storage 

of sterilized pupae at cool temperatures would result in a shelf life of 2 - 3 months and would 

aid in the distribution and appeal of this product.  

Unlike chemical control tactics, a sterile leafminer release program would not fail over time 

due to resistance development in the target pest.  Sterile insect technique (SIT) relies on the 

use of ionizing radiation, the dosages of which are adjusted such that germ cell genetic material 

is damaged without compromising the structure, motility, or success of sperm during 

fertilization of a wild female by a sterile male; however, the resultant zygote will not be viable 

following the first few divisions (Klassen 2005). Irradiated insects are therefore incapable of 

developing resistance, as breaks in the genetic material of germ cells are random and 

unpredictable and have no bearing on the phenotype of the adult insect itself.  

Canadian ornamental greenhouses are currently using BCAs and a sterile leafminer release 

program could provide a further incentive to transition away from conventional insecticide use, 

as the technique has shown great potential for synergism with the parasitic wasp D. isaea 

(Kaspi and Parrella 2006).  A reduction in pesticide applications would be a more 

environmentally sustainable approach, would reduce potential worker pesticide exposure in 
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the greenhouse, increase product acceptance by or attractiveness to consumers, and can, 

consequently, serve as a marketing tool. 

Alternatively, SIT can be used as part of a pesticide-based program, as long as sterile flies are 

not released just before or right after an insecticide application to avoid potential detrimental 

effects on the purchased sterile flies.  

 

4.3 Weaknesses 

Implementation of a sterile leafminer release program will only provide significant decreases 

in the adult population and reduce plant damage after repeated applications of sterile males 

over several generations. The extent of reduction in the endemic greenhouse population will 

depend on its initial size, the release ratio of sterile-to-fertile males, and immigration of new 

insects due to importation of contaminated cuttings or other plant material into the 

greenhouse environment. The initial size of the endemic greenhouse population has to be 

determined to estimate the number of sterile adults required during each round of greenhouse 

releases. Quantification of small, constantly moving flies for the purpose of sterile male release 

rate determination is difficult as populations may build or decrease between first count and 

actual release of sterile flies.  

Furthermore, the SIT is not meant to be employed as a one-time, quick-acting replacement 

of insecticides. Instead, a SIT program is supposed to be used on an on-going basis to provide 

control of low or moderate infestations and to avoid flare-ups in the population. As such, the 

SIT is meant to be a preventative control method with growers using multiple applications for 

most of the year. Depending on the application method, this can be time-consuming and costly 

to growers.   

At present there is no method to entirely remove all female ASL pupae from a batch prior to 

sterilization. Males are the critical component of an SIT program and the release of sterile 

females alongside sterile males can contribute to a temporary increase in stippling damage, 

which may be problematic for growers of potted plants. Mass-release programs for control of 

Mediterranean fruit fly, Ceratitis capitata, employed in South America and Israel make use of a 
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genetic sexing strain (GSS) known as Vienna-8 to separate males and females (Caceres 2002, 

BIO-FLY 2007, Caceres et al. 2007). This GSS allows the production facility to exterminate 

females during the egg stage and avoid wasting resources on raising female pupae. Females 

carry a temperature-sensitive, lethal gene and exposure to high temperatures will remove 

female eggs (BIO-FLY 2007). By using a GSS, the program can produce and release male flies 

only. No GSS or mechanical sex separation method for ASL exists at present.  

American serpentine leafminer larvae live in and feed on leaf tissue exclusively. Despite 

previous research efforts, no artificial diet and growth medium exists for this insect species at 

this time. Lack of an artificial diet can be considered a barrier to cost-effective, highly 

automated mass-rearing procedures (Parker 2005). Large quantities of host plants will need to 

be grown and replaced in the colony cages continuously. The cost of greenhouse space to grow 

these host plants or the procurement of host plants from an external source will be expensive 

and subject to availability and price fluctuations. Collection of pupae from host plants will be 

tedious and time-consuming, with a certain fraction of pupae invariably lost in disposed soil and 

plant material.  

The initial cost of a mass-rearing facility, greenhouse space for growing host plants, and 

insect sterilization is very high, requiring substantial initial capital investment in infrastructure 

or outsourcing to other, already existing SIT facilities (Parker 2005). While the SIT could provide 

significant reductions in ASL populations in greenhouses in Canada, the price of sterile pupae 

and monitoring fees need to be comparable to current costs of insecticides and BCAs in order 

to motivate growers to implement this strategy. The Canadian market alone may not be 

sufficiently large to support the economic viability of an SIT program for the control of ASL.  

 

4.4 Opportunities 

Collaborations with insect-rearing companies, such as Beneficial Insectaries Inc. located in 

Guelph, ON, or the Okanagan-Kootenay Sterile Insect Release (OKSIR) program for codling moth 

in Osoyoos, BC, could greatly reduce start-up costs of the ASL-SIT program and therefore 

improve success and acceptance of the program amongst growers. The OKSIR facility is funded 
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with federal, provincial, and municipal funds and is looking to expand their product range (SIR 

2012). 

ASL and other Liriomyza species are pests of a variety of vegetable crops (Chaput 2000). 

With fairly similar lifecycles amongst these species, the ASL-SIT program could be adjusted to 

include several other leafminer species, such as L. bryoniae, L. sativae, or L.huidobrensis 

(Parrella 1987). This would increase the number of greenhouses and farms across Canada that 

could benefit from this technology, and thus increase the target market and potential profits. 

Additionally, with ASL host crops grown widely throughout the world, export of sterile pupae 

into regions such as the US and Central/South America could increase profitability and create 

new market opportunities.  

Releases of sterile insects do not leave behind any residues or pollutants, thus reducing a 

greenhouse operation’s adverse impact on the environment.  Marketing crops as having a 

reduced environmental impact could tap into consumer preference for such products and 

increase sales.   

Both chemical controls and BCAs have short-comings that adversely affect pest control if 

used as stand-alone strategies. The SIT is compatible with both control options and could 

provide continuous, more reliable control, when combined with either of the other two 

methods.  

The efficacy of currently available ASL BCAs is subject to changes in environmental factors, 

such as temperature, humidity, and presence of chemical residues on plants. The efficacy of a 

BCA-based control program is subject to a pesticide-free environment and can be inconsistent 

during the transition from an insecticide-based control program to a BCA program.  

The use of entomopathogenic nematodes requires very high relative humidity (>70%), 

moderate temperatures ranging between 20 to 26C, and low UV radiation (Dreistadt 2001). 

These conditions will facilitate movement of nematodes into leaf tunnels and increase 

infectivity. However, plant pathogens also thrive in this type of damp, dark environment, 

potentially requiring supplemental use of fungicides (Dreistadt 2001, Murphy 2010). 
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Several synthetic, broad-spectrum insecticides have been registered for control of ASL in 

North America since the 1940s, with the first signs of resistance development occurring as early 

as 1948 in southern Florida (Mason et al. 1987). According to Parrella et al. (1984), the 

carbamate, pyrethroid, and organophosphates (OP) insecticides used for control of ASL in 

Florida in the late 1970s and early 1980s, have retained an average effective field life of less 

than three years.  In Canada, insecticide resistance has been documented for all three products 

registered for control of ASL (Ferguson 2004, Conroy et al. 2008; Ferguson and Pineda 2010). 

Reliance on pesticides alone will not allow for continued, efficacious, sustainable control 

methods of this insect pest. Thus, application of excessive amounts of any insecticides will 

invariably promote development of insecticide resistance, as well as adversely impact BCAs 

present in the greenhouse environment (Murphy 2010).  

 

4.5 Threats 

Based on comments and queries received during the administration of a grower survey 

(Chapter 3), growers may hesitate to employ radiation-sterilized insects in their greenhouses. 

Consequently, grower education and awareness programs need to be implemented to increase 

acceptance of this new pest control technology in ornamental greenhouses.  

New, more efficacious bio-pesticides and chemical controls could out-compete an SIT 

program by providing a lower price point for growers and attracting greater interest with 

promises of immediate reduction in plant damage. Again, grower awareness and education 

programs, as well as a solid quality control and pest monitoring service in the greenhouse 

would help in ensuring competitiveness and lasting success of a sterile leafminer release 

program. 

 

4.6 Discussion and Conclusion 

The implementation of a sterile insect technique program against ASL in Canadian 

ornamental greenhouses has potential benefits in terms of providing a new alternative pest 

control strategy that is compatible with BCAs and immune to resistance development.  
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Initial set-up costs for a sterile leafminer release program will likely be significant due to the 

development and maintenance of a mass-rearing facility and procurement of an X-ray 

irradiator. While initial start-up expenses will be significant, cost mitigation can be 

accomplished through partnerships with already existing SIT program both in Canada, and 

abroad. The OKSIR program for codling moth in Osoyoos, BC and the Bio-Fly® program at 

BioBee Ltd. in Sde Eliyahu, Israel have both voiced interest in potential collaborations, 

specifically with regards to insect rearing, colony maintenance, and sterilization of pupae.  

Furthermore, the program could be expanded with minimal additional costs to include 

several other leafminer species and/or to expand the release of sterile pupae into vegetable 

greenhouses or to fields, where ASL can act as an insect pest of tomatoes and celery (Chaput 

2000). 

Research funding is also required to enhance mass-rearing, sex separation, and application 

methods. Grower workshops are needed to increase acceptance and adoption by ornamental 

greenhouse growers. This, too, would require significant public and private investment. 

However, with the general public wary of pesticide use in the agricultural sector, development 

of this alternative control tactic could act as a marketing tool for the ornamental industry and 

potentially increase sales.  
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Chapter 5 

VERIFICATION OF IRRADIATION DOSAGES USING A LINEAR PARTICLE ACCELERATOR SYSTEM 

AND DETERMINATION OF QUALITY, COMPETITIVENESS, AND STERILITY OF IRRADIATED 

AMERICAN SERPENTINE LEAFMINER ADULTS 

 

5.1 Introduction 

The American serpentine leafminer (ASL), Liriomyza trifolii (Burgess), is a highly polyphagous 

insect pest with host plants in the Asteraceae, Solanaeceae, Apiaceae, and Cucurbitaceae 

families (Capinera 2014). In Canadian ornamental greenhouses, ASL infestations can persist at 

varying levels throughout the year and flare up during warm temperatures in the summer. Cut 

and potted chrysanthemums (Chrysanthemum morifolium (Ramat.)) and gerberas (Gerbera 

jamesonii (H. Bolus ex Hook)) are the principal floriculture crops affected by this insect pest 

(Murphy 2010). More than 64% of these crops are produced in Ontario and a grower survey 

(Chapter 3) indicated an average cost due to ASL induced crop losses and mitigation expenses 

of $17,000 per year per grower during mild infestations. A heavy infestation in British Columbia 

caused a loss of $260,000 for one particular grower over the period of one year. With a 

propensity to rapidly develop resistance to available chemical control methods and limited 

efficacy of biological control agents (BCAs) in potted chrysanthemums and gerberas, where the 

entire plant is sold, a heavy infestation could cause rapid economic losses to growers. Females 

cause leaf stippling during feeding and oviposition. The resultant larvae feed on the upper leaf 

mesophyll cells, creating light green or yellowish mines. Thus, heavy ASL infestations can cause 

significant crop losses as females and larvae reduce the aesthetic value of the crop, weaken the 

plant by reducing the potential photosynthetic area, and facilitate entry of plant pathogens 

(Chaput 2000, Dreistadt 2001, Newman and Parrella 1986).  

The sterile insect technique (SIT) could supplement currently used ASL control methods and 

protect growers from seasonal surges in this pest population. An SIT program for ASL would 

involve continuous releases of large numbers of reproductively sterile ASL males into infested 

greenhouse environments to decrease population growth as sterile males out-compete 
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endemic, fertile males during mating and spread dominant lethal mutations in the population 

leading to inviable eggs (Lance and McInnis 2005). The SIT can form part of a chemical control 

program as long as sterile male releases are timed to avoid exposure to insecticides to minimize 

potential detrimental effects on the purchased ASL. Similarly, the SIT is highly compatible with 

BCAs and has shown potential for synergism with the parasitic wasp Diglyphus isaea (Kaspi and 

Parrella 2006).  BCAs are most efficient at high insect pest densities, as large numbers of hosts 

ensure population growth of the BCA in subsequent generations. However, at low pest 

densities, BCAs will have limited efficacy due to the availability of fewer hosts, while flooding of 

the system with sterile insects results in an exponentially increasing sterile-to-fertile ratio which 

increases efficacy (Lance and McInnis 2005, Mangan 2005).  

ASL cause significant damage to a high-value ornamental crop in Canadian greenhouses. To 

be a suitable candidate species for a SIT program, a pest species has to have certain biological 

characteristics that enable efficient mass-rearing, sterilization, storage, and transport, without 

loss of competitiveness or quality of released sterile insects (Lance and McInnis 2005).  

A short, holometabolous lifecycle provides the potential for mass-rearing of multiple 

generations of insects which is required for the continuous release of sterile insects, while the 

quiescent pupal stage improves the handling, storage, and transport of the irradiated insects 

(Lance and McInnis 2005). ASL have a short, host- and temperature-dependent lifecycle which 

can produce treatment-ready pupae within 15 to 16 days (Table 5.1; Parrella 1987). The 

immobile pupae are easy to transfer from the colony room to the irradiation facility and into 

storage or bioassay containers, without causing excessive damage to the insects. Their lower 

temperature threshold of 10.7C results in a shelf-life of up to 3 months which allows for the 

transport and storage of sterilized pupae without loss of product (Parrella 1987, Chaput 2000, 

Lanzoni et al. 2002).  

Other favourable traits for a SIT program include exclusive sexual reproduction and a simple 

mating system without the involvement of complex courtship behaviours or semiochemicals 

(Lance and McInnis 2005). Facultative sexual reproduction and parthenogenesis can lead to an 

increase in the pest population and reduce the spread of sterility in the wild population. 



60 
 

Table 5.1 – Developmental stage durations of American serpentine leafminer, Liriomyza trifolii, 
on bean plants, Phaseolus vulgaris, at different temperatures. Adapted from Parrella (1987). 

  

Developmental Stage Durations (in days) 

Host Plant 
Temperature 

(in °C) 
Egg Larva Pupa 

Total immature 
stages 

Phaseolus 
vulgaris 

10.7 53.7 35.6 55.8 145.1 

15 7.5 11.9 21.6 41.0 

20 3.8 6.7 12.6 23.0 

22 3.1 5.7 10.8 19.6 

24 2.7 5.0 9.4 17.1 

25 2.5 4.7 8.9 16.1 

26 2.3 4.4 8.4 15.1 

 
30 1.9 3.6 6.9 12.3 

 

Complex mating systems involving courtship behaviours, such as the release of mating 

pheromones to attract females can significantly affect an SIT program if released sterile males 

are less competitive or attractive to females during these courtship periods (Lance and McInnis 

2005). The mating system of ASL is simple and females are facultatively polyandrous (Kaspi and 

Parrella 2008). While pheromones and complex courtship behaviours are not part of the ASL 

mating system, sufficient supplies of undamaged sperm cells and male accessory gland 

secretions need to be transferred during copulation to ensure adequate fertilization success 

rates and the oviposition of zygotes with dominant lethal mutations that will lead to the 

suppression of population growth over time (Lance and McInnis 2005, Kaspi and Parrella 2008).  

Previous work by Kaspi and Parrella (2003) confirmed the suitability of ASL as a candidate for 

a SIT program and indicated an optimum dose rate of 170Gy ± 5% for sterilization of both sexes 

to yield less than 0.7 mines per female without compromising longevity, quality, 

competitiveness or copulatory success of males as determined in bioassays. A J.L. Shepherd 

Mark I 137Cs irradiator emitting 7.6 Gy/min was used to sterilize ASL pupae at 1 to 2 days prior 

to eclosion (Kaspi and Parrella 2003). Irradiation occurred in normoxic conditions and at 

temperatures of 14 - 18:C to reduce pupal metabolic rate (Kaspi and Parrella 2003).  
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While most SIT programs rely on γ-irradiators with either 60Co or 137Cs as their radioactive 

source material, the International Atomic Energy Agency (IAEA) has clearly advocated a shift 

toward use of X-ray technology as production of the GammaCell 220 was suspended in 2006 

and trans-boundary movement of radioactive source and waste material had become much 

more expensive and logistically complex (IAEA 2012).  Irradiation of ASL pupae using X-ray 

technology has not been conducted previously. A linear particle accelerator (linac) can supply 

high-energy X-ray beams and requires insects to be submerged in a hypoxic environment to 

reduce scatter. Thus, a different set-up for irradiation of ASL pupae necessitates a verification 

of dose rate and an examination of the resultant sterility, quality, and competitiveness of ASL 

adults.  

 

5.2 Materials and Methods 

5.2.1 Age-specific Mass-rearing 

American serpentine leafminer colonies were established from pupae collected from 

chrysanthemum greenhouses in Ontario (ON) and British Columbia (BC). A sample of ASL adults 

from the lab-reared colony was submitted for molecular species identification (i.e. DNA 

barcoding) at the Biodiversity Institute of Ontario, University of Guelph.  Mitochondrial DNA 

from sample adults was compared to references of Liriomyza trifolii in the Barcode of Life Data 

Systems (www.boldsystems.org). Results provided molecular confirmation of the insects from 

the lab-reared colony belonging to the species L. trifolii.  

A total of 5 colonies in BugDorm® insect rearing cages (MegaView Science Co. Ltd., Taichung, 

Taiwan) were maintained in two growth chambers at 25:C ± 2:C, 60% ± 10% relative humidity 

(RH) and 16:8 L:D. All colonies were raised on faba beans, Vicia faba L. var. Witkiem (William 

Dam Seeds Ltd., Dundas, Ontario) with 6 to 12 pots per colony cage.  Each 12.7 cm (5”) pot 

contained 6 faba bean seeds in Sunshine Professional Growing Mix and plants were watered 

and fertilized (20-8-20) every second day. Plants in growth chambers were maintained under 

high output T5 fluorescent lights to ensure adequate lighting conditions. A 9cm filter paper 

coated with diluted honey was hung in the center of each ASL colony as supplemental feeding 

for adult ASL. Colonies were refreshed three times over a 1-year period using pupae emerged 

http://www.boldsystems.org/


62 
 

from infested leaves that had been collected from two ornamental greenhouses in ON. Pupae 

were allowed to emerge from leaf mines in separate cages to prevent an accidental 

introduction of parasitic wasps to ASL colonies.  

Age-specific mass-rearing of ASL pupae occurred in growth chambers in the conditions 

described above and involved exposure of young bean plants at the 1-or 2-leaf stage to ASL 

colonies for 24 h. Plants were removed and larvae were allowed to develop and feed in the leaf 

tissue for 5 days. Plants were subsequently cut at the soil line and leaves with mines were 

placed on chicken wire over trays containing Tyler 75-mesh silica sand. After 2-3 days, all pupae 

had emerged from their leaf mines and dropped on the sand. Pupae were separated from sand 

with a Tyler 35-mesh stainless steel sieve (Fisher Scientific) and stored in plastic Petri dishes 

with mesh-modified lids. A unique cohort identification number was generated for each batch 

of pupae and used to track age groups and plan irradiation events.  

 

5.2.2 Dosimetry and Irradiation 

Dosimetry refers to the process of determining the dose absorbed by the irradiated material 

within a particular set-up and involves measurements of the dose variation across the 

horizontal and vertical profiles of this system using dosimeters, such as GafChromic® film (Bakri 

et al. 2005, FAO/IAEA 2003). A Clinac® iX linear particle accelerator (Varian Medical Systems 

Inc., Palo Alto, CA) located at the Ontario Veterinary College, Guelph, ON, was employed for all 

dosimetry and irradiation events.  

In an effort to reduce scatter and provide a uniform dose, air spaces between pupae had to 

be removed and both water- and sand-based systems were evaluated on July 25, 2013. Four 

lithium fluoride thermo-luminescent dosimeters (TLDs; Thermo Scientific Inc., Waltham, MA) 

were placed in each of two Falcon® tight-fit lid Petri dishes (50 x 9mm; VWR International LLS., 

Mississauga, ON) filled with water or Tyler 75-mesh silica sand. These relatively homogenous, 

hypoxic systems were further subjected to low temperatures by submerging Petri dishes in an 

ice water bath.  Low temperatures reduce insects’ metabolism, thus minimizing damage to 

somatic cells (FAO/IAEA 2003). GafChromic® EBT3 film (Ashland Inc., Covington, KY) was placed 
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both on top and below the Petri dishes. To further reduce scatter, 5 cm and 4 cm thick slabs of 

Solid Water® (Gammex®, Middleton, WI) were placed underneath and on top, respectively, of 

the tray holding the Petri dishes and ice water. The linac collimators were adjusted to yield a 25 

cm x 25 cm irradiation field, with a 0° gantry rotation. The Source to Skin Distance (SSD) was 

adjusted to 96 cm, thus providing a distance of 100cm between the beam source and the Petri 

dishes. A total of 500 monitor units (MUs) were applied to this system using a 10MV photon 

beam.  

A follow-up dosimetric trial was conducted on September 20, 2013, to ensure dose 

uniformity across the irradiated tray. Nine TLDs were positioned at the bottom of each of two 

sand-filled dishes and a total of 500 MU were applied. Irradiation field size, gantry rotation, 

beam energy, and SSD were the same as for the first dosimetry trial. Radiation-induced colour 

changes of all TLDs and GafChromic® film were assessed by medical physicists at the Grand 

River Regional Cancer Center, Kitchener, ON. 

 

Figure 5.1 - Dosimetry and Irradiation set-up. The Clinac iX linear particle accelerator (A) was 
used to irradiate dishes containing thermo-luminescent dosimeters and surrounded by 

GafChromic® film (B) in an ice water bath (C). 5 cm and 4cm thick Solid Water® layers were 
placed underneath and on top, respectively, of the tray containing dishes and dosimeters (D). 
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A similar set-up was used for irradiation of pupae at 1 -2 days prior to eclosion. A layer of 

cooled Tyler 75-mesh sand was poured into each of 4 Falcon® tight-fit lid Petri dishes. Each dish 

received 0.25g ± 0.05g ASL pupae, corresponding to 625 ± 125 pupae, and assigned randomly to 

one of 4 treatment groups (Table 5.2).  

 

Table 5.2 – Description of the location, radiation dose in grays (Gy) and oxygen environment of 
each of the 4 treatment groups in the quality, competitiveness, and sterility trials. 

Treatment 
Group 

Location 
Radiation 

Treatment (Gy) 
Normoxic (N) or Hypoxic (H) 

Treatment 

OIR-N Outside Irradiation Room 0 N 

OIR-H Outside Irradiation Room 0 H 

150Gy Inside Irradiation Room 150 H 

170Gy Inside Irradiation Room 170 H 

 

The OIR-N dish received a mesh-modified lid to ensure a normoxic environment. Dishes of 

the other three treatment groups were filled with sand to remove any remaining air space and 

closed off with the tight-fit lids (Fig. 5.2).  

 

Figure 5.2 – In preparation for irradiation, American serpentine leafminer pupae in a tight-fit lid 
Petri dish are covered with fine sand to create a hypoxic environment.  

 

Dishes from all treatment groups were sealed with Parafilm M™ (Fisher Scientific Inc., 

Ottawa, ON) and placed on ice in a Styrofoam cooler to maintain sand temperatures of 10°C ± 

2°C, monitored by a HOBO® U23-001 temperature and relative humidity data logger (Onset 

Computer Corp., Bourne, MA), while pupae were transported to the linac facility.  

The OIR-H and OIR-N dishes were kept in an ice water bath outside the irradiation room, 

while 150Gy and 170Gy treatment dishes were added to set-up described above. Field size, 
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gantry rotation, SSD, and beam energy values were identical to those used in the dosimetry 

trial. The linac was initiated and after 150Gy had been applied to the system, the 150Gy dish 

was removed and replaced with a substitute containing sand only. A further 20Gy were applied 

to the system to reach the 170Gy dose and all treatment groups were moved back to the lab to 

set up the bioassays.  A total of 5 irradiation events occurred between August 14, 2013 and 

October 16, 2013.  

 

5.2.3 Emergence Bioassay 

To determine percent emergence, 50 pupae from each of the 4 treatment groups were 

placed in 9cm Petri dishes with mesh-modified lids and allowed to emerge freely.  

 
 

 

Figure 5.3 - Petri dish set-up for the emergence experiment, using a modified lid with thrips-
screening to allow for ventilation. 

 

Petri dishes were kept in indirect light in a growth chamber at 25°C ± 2°C, 60% ± 10% RH, and 

16:8 L:D for up to 7 days or until all adults had emerged. Eclosed males and females were 

counted using an Olympus SZ61 dissecting microscope (Olympus America Inc. Center Valley, PA) 

and percent emergence was calculated for each sex.  
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5.2.4 Flight Ability Bioassay 

To determine the mean rate of fliers, 50 pupae from each treatment group were placed on 

black cardboard paper in a Petri dish lid. A black cylinder cut from 7.6cm ABS pipe covered with 

talcum powder on the inside was placed into each Petri dish lid. The bottom 2cm of the interior 

of each cylinder were cleared of talcum powder to offer newly eclosed adults a space to rest 

(FAO/IAEA 2003).  

 

 

Figure 5.4 – Flight ability set-up: American serpentine leafminer pupae are placed on black 
cardboard paper in a Petri dish lid (A). A black cylinder is coated with talcum powder (B) and set 

over top of the pupae (C and D). A plastic cup with thrips mesh insert at the bottom is coated 
with Tangletrap® (E) and used to cover the black cylinder to capture any flying adults (F). 

 

The bottoms of transparent plastic cups were removed and replaced with fine thrips 

screening to provide ventilation. The inside of each mesh-modified cup was coated with 

Tangletrap® brushable insect trap coating (Contech Inc., Victoria, BC) and positioned on top of 

the cylinder to trap any flying adults (Fig. 5.4).   
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Petri dishes were kept in a growth chamber at 25°C ± 2°C, 60% ± 10% RH, and 16:8 L:D for up 

to 7 days or until all adults had emerged( Fig. 5.5). The numbers of flying adults (F) trapped in 

each plastic cup, eclosed but non-flying adults (NF) in each Petri dish, partially-emerged adults 

(PE), eclosed but deformed adults (D), and non-eclosed pupae (NE) were counted. Percentages 

of emergence and fliers, and the rate of fliers were calculated as:  

 

%Emergence =[(F + NF + D)/n] * 100, where n = F + NF + D + PE + NE 

%Fliers = [F/n] * 100 

Rate of Fliers = %Fliers/%Emergence 

 

 

Figure 5.5 – Set-up of the flight ability bioassay in a growth chamber at 25:C ± 2:C, 60% ±10% 
RH, and 16:8 L:D. 

 

5.2.5 Sterility Trial 

Following irradiation, ASL pupae from all treatments groups were allowed to emerge freely 

in small BugDorm® insect rearing cages. Within hours after emergence, adults were separated 

by sex to prevent potential matings once exoskeletons had hardened, and given free access to 

diluted honey. Within the next 1-2 days, adults were paired up in small plastic vials with mesh-

modified lids (Table 5.3). Fertile adults used in the 150Gy and 170Gy treatment groups were 

sourced from the OIR-N vials.  
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Table 5.3 - Combinations of American serpentine leafminer males and females used in the 
sterility trial. 

Treatment Group Non-irradiated♀ Irradiated♀ Non-irradiated♂ Irradiated♂ 

OIR-N 1 - 1 - 

OIR-H 1 - 1 - 

150Gy SM 1 - - 1 

150Gy SF - 1 1 - 

170Gy SM 1 - - 1 

170Gy SF - 1 1 - 

 

Only pairs that had mated for at least 10 minutes were transferred to 3-week-old 

chrysanthemum plants (Chrysanthemum morifolium var. Chesapeake) in plant cages with 

thrips-proof screening at the top and sides to facilitate air flow (Fig. 5.6A). 

 

All plants were kept on an ebb-and-flood bench in a compartment at Bovey greenhouses, 

University of Guelph, for 15 - 17 days under natural lighting (Fig. 5.6B).  

 

Figure 5.6 – A pair of male and female American serpentine leafminer is transferred into a plant 
cage containing a 3 week-old chrysanthemum plant (A) and all treatment cages are kept on an 

ebb-and-flood bench in a greenhouse compartment at the University of Guelph (B).  
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Plants were watered and fertilized (20N-8P-20K) on alternate days. At the end of the 

exposure period, plants were cut at the soil-line and all leaves were examined for mines with 

exit holes using a light and magnifying glass. The number of leaves with mines (N) and the 

number of mines (M) per plant, i.e. per female, were counted and used to assess sterility of 

irradiated and non-irradiated ASL. 

 

5.2.6 Data Analysis 

Water- and sand-based irradiation systems were evaluated by comparing the mean doses 

absorbed by TLDs  and GafChromic® film above and below dishes, respectively, with a Student’s 

t-test (pooled method) using the Ttest procedure in SAS v. 9.4 (SAS Institute, Cary, NC). Dose 

uniformity across the beam’s profile was assessed by comparing TLD mean absorbed doses 

between the right and left dishes using a Student’s t-test (pooled method).  

ASL emergence and flight ability trials were arranged as a randomized complete block 

designs with 5 blocks, four treatments, and 3 samples within treatments. In each case, variance 

was partitioned into block, treatment, and sample within treatment effects.   Treatments were 

considered fixed effects, while blocks and samples within treatments constituted the random 

effects. To test for differences in emergence between males and females, a separate analysis 

included sex and sex-by-treatment interactions as fixed effects. To test assumptions of 

homogeneity and normality for % emergence and flight rate data, residuals were plotted 

against predicted values, samples within treatments, treatments, and blocks, and a Shapiro-

Wilk test was performed. A test for outliers was carried out by comparing internally studentized 

residuals with a critical value of 3.15 for Lund’s test of outliers (α = 0.05; q = 5; n = 48; Bowley 

2008). Male emergence data and flight rate data had to be transformed to satisfy conditions of 

normality. Percent emergence, including log-transformed male emergence data, and arcsine-

transformed flight rate data were analyzed by performing a one-way analysis of variance using 

the Mixed procedure in SAS v. 9.4. Least-square means were generated and compared using a 

Tukey-Kramer multiple means comparisons.  
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The ASL sterility trial was arranged as a randomized complete block design with 5 blocks, 6 

treatments, and 3 samples within treatments. Total numbers of mines per female were 

analyzed with a Kruskal-Wallis nonparametric analysis of variance using the Non-parametric 

One-way procedure in SAS v. 9.3 as errors were heterogeneous and not normally distributed. 

Least-square means for the treatment effect were compared visually using the distribution of 

Wilcoxon scores for mines. 

 

5.3 Results and Discussion 

5.3.1 Dosimetry 

The TLDs in both water and sand dishes registered a mean absorbed dose of 5.16Gy and 

therefore no significant difference was observed between systems (t = 0, P = 1.0000). Absorbed 

dose also did not differ significantly between systems based on readings obtained from 

GafChromic® film above the tray (t = -1.41, P = 0.293). Readings from film below systems 

indicated that the mean difference of 0.1Gy between the sand and water systems was 

significant at a type I error rate of 0.05 (t = 4.47, P = 0.047). However, as the absorbed dose only 

differed significantly between systems beneath the tray, i.e. at the exit point of the beam, and 

as that difference was less than 2% of the absorbed dose, the sand-based system can be 

considered equivalent to the water-based system in terms of dose absorbance. A sand-based 

system acts as a more appropriate reduced-oxygen environment during irradiation, as pupae do 

not float at the surface where they may become damaged when the lid is pushed down onto 

the dish.  

The beam profile was determined to be homogeneous, with TLD mean absorbed dose on the 

right and left not significantly different (α = 0.05, meanright = 5.05 Gy, SDright = 0.195 Gy, meanleft 

= 5.03 Gy, SDleft = 0.182 Gy, t = -0.24, P = 0.816).   A depth dose profile at 5 cm and 6 cm below 

the top layer of solid water, i.e. at 101 cm and 102 cm from the source, yielded an average dose 

of 5.15 Gy applied at these depths. Thus, 97.09 MU of applied energy corresponded to 1 Gy and 

a total of 14,563 MU and 16,505 MU had to be applied to yield 150 Gy and 170 Gy, respectively.  
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The difference between the applied dose of 5.15 Gy and the absorbed dose of 5.16 Gy 

corresponds to 0.2%, indicating a highly precise dose delivery.   

 

5.3.2 Emergence Bioassay 

The analysis of residuals indicated that errors were random and independent. No outliers 

were detected when internally studentized residuals were compared to the critical value of 

3.15 for Lund’s test of outliers (α = 0.05; q = 5; n = 48; Bowley 2008). Errors were normally 

distributed based on a Shapiro-Wilk test (W=0.9803, Pr< W = 0.4418).Total percent emergence 

did not differ significantly between blocks, treatments, or samples within treatments (α = 0.05, 

F = 0.53, P = 0.676; Fig. 5.7). 

 
Figure 5.7 – Mean percent emergence (± SE) of American serpentine leafminer adults subjected 

to 0Gy under normoxic conditions (OIR-N), 0Gy under hypoxic conditions (OIR-H), 150Gy, or 
170Gy  using a linear particle accelerator located at the Ontario Veterinary College, Guelph, ON. 

Different letters indicate significantly different means at α = 0.05. 

 

When male and female ASL emergence rates were analyzed separately neither male nor 

female emergence rates differed significantly across the four treatment groups and no block or 

sample within treatment effects were observed (Table 5.4).  

When male and female emergence data were analyzed together results indicated that 

emergence rates differed significantly between the sexes (meanmales = 37.6%, SEmales = 1.04%, 

meanfemales = 33.3%, SEfemales = 1.18%, P = 0.0024; Table 5.4). However, no sex-by-treatment 
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interactions were observed (P = 0.5903; Table 5.4) and thus these differences in male and 

female emergence rates apply to the ASL population as a whole, rather than being attributable  

to a particular treatment.  

 

Table 5.4 – Variance analysis of the effect of hypoxia and X-ray radiation on American 
serpentine leafminer, Liriomyza trifolii, emergence.  

Covariance Parameters Estimate Standard Error Z-value Pr > Z 

Block (Males) 0.00094 0.00110 0.85 0.1971 

Residual (Males) 0.0073 0.00143 5.10 <0.0001 

Block (Females) 47.81 36.584 1.31 0.0956 

Residual (Females) 46.96 9.209 5.10 <0.0001 

 

Fixed Effects Num DF Den DF F-value Pr > F 

Treatment (Males) 3 8 0.63 0.6184 
Treatment (Females) 3 8 0.19 0.8995 
Sex 1 100 9.72 0.0024 
Sex*Treatment 3 100 0.64 0.5903 

 

 

Kaspi and Parrella (2003) reported male mean percent emergences of 41.4% and 40.4% for 

control and irradiated males receiving a dose rate of 170Gy, respectively. Results from the 

linac-treated insects support these emergence rates with males from the hypoxic control and 

170Gy treatment groups indicating mean percent emergence of 39.3% ± 2.55% and 36.0% ± 

1.54%. However, Kaspi and Parrella (2003) reported a 1:1 sex ratio in their treatment and 

control groups. While no significant differences in male and female emergence could be 

observed across the four tested treatment groups of this experiment, overall male emergence 

exceeded female emergence and this difference was found to be significant, leading to a 

slightly male-skewed sex ratio of 1.25:1. Differences in mass-rearing conditions, pupal 

preparation for irradiation, or strain characteristics could be involved in this divergence in sex 

ratios.  
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5.3.3 Flight Ability Bioassay 

The mean of pooled residuals was zero. The Shapiro-Wilk test of residuals indicated that the 

distribution was normal (W=0.9766, Pr< W = 0.3033).Thus, the residual analysis indicated that 

normality, independence, random distribution, and sum to zero of error assumptions were 

applicable. The analysis of residuals indicated that errors were random and independent. 

However, one outlier was detected when internally studentized residuals were compared to 

the critical value of 3.15 for Lund’s test of outliers (α = 0.05; q = 5; n = 48; Bowley 2008). The 

outlier involved the 150Gy treatment (sample 2, replication 5).The untransformed data value 

indicated a 100% flight rate and the outlier was not removed from the analysis. The rate of 

fliers did not differ significantly between treatments (α = 0.05, F = 1.77, P = 0.231; Fig. 5.8). 

American serpentine leafminer males irradiated at 170Gy had a mean flight rate (± standard 

error) of 79% ± 13.7%, which corresponded closely to the mean of 82.5% reported by Kaspi and 

Parrella (2003).  

 
Figure 5.8 – Mean rate of fliers (± SE) of American serpentine leafminer adults subjected to 0Gy 

under normoxic conditions, 0Gy under hypoxic conditions, 150Gy, or 170Gy  using a linear 
particle accelerator (linac) located at the Ontario Veterinary College, Guelph, ON. Different 
letters indicate significantly different means at α = 0.05 based on a Tukey-Kramer multiple 

means comparison. 
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5.3.4 Sterility Trial 

The number of mines per female for each of the four different treatments and two controls 

were not normally distributed. Removal of outliers and data transformations did not result in 

homogeneity of errors and a nonparametric Kruskal-Wallis analysis of variance had to be 

performed. The analysis indicated significant difference between treatments at a type I error 

rate of 0.05 (χ2 = 74.2, P < 0.0001; Fig 5.9). Specifically, the mean number of mines per female 

on all leaves of the exposed chrysanthemum plants differed significantly between the two 

control treatments and two irradiation treatments for both sterile males and sterile females 

(Fig. 5.9).  

 

 

 
Figure 5.9 - Mean number of mines per female (± SE) for the two control treatments and the 
sterilized male (SM) and sterilized female (SF) treatments at 150Gy and 170Gy. Insects were 
irradiated with a linear particle accelerator (linac) located at the Ontario Veterinary College, 

Guelph, ON. Different letters indicate significantly different means at α = 0.05 based on 
Wilcoxon scores of mines.  
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meanhypoxic = 93.5 mines/female, SEhypoxic = 9.20 mines/female; Fig. 5.9).The mean numbers of 

mines produced per female did not differ significantly between the 150Gy SF, 170Gy SF, and the 

170Gy SM treatments (mean150Gy SF = 0 mines/female, SE150Gy SF = 0 mines/female, mean170Gy SF = 

0 mines/female, SE170Gy SF  = 0mines/female, mean170Gy SM = 6.53 mines/female, SE170Gy SM = 

4.17mines/female ; Fig. 5.9 ). Thus, irradiation resulted in complete sterilization of the adult 

females at both doses. However, at a dose rate of 150Gy, male ASL were not sufficiently sterile 

and females paired with these males produced an average of 20.9 mines ± 10 mines. While 

both irradiation treatments did not result in complete sterilization of adult males, exposure did 

significantly reduce the number of mines produced. Treatment with 170Gy yielded the best 

results in terms of combined male and female sterility.  

At a dose rate of 170Gy, Kaspi and Parrella (2003) reported means of 0.68 mines per fertile 

female mated with sterile males (SM) and 0.09 mines per sterile female (SF) mated with fertile 

males. Thus, the mean of 6.53 ± 4.17 mines/female for the 170Gy SM treatment does not 

correspond well to the SM result reported by Kaspi and Parrella (2003). However, when the two 

outliers of 30 and 58 mines/female were removed from the dataset, the 170Gy SM mean was 

reduced to 0.77 ± 0.28 mines/female. Insufficient sterility in these two cases might have been 

the result of advanced pupal age at the time of irradiation. Furthermore, a smaller sample size 

(n = 15) for each treatment could have impacted results, while outliers might have been 

removed from Kaspi and Parrella’s data set (n = 55) prior to analysis.   

 

5.4 Conclusions 

American serpentine leafminer can be classified as a good SIT candidate species based on 

biological characteristics, including a short, holometabolous lifecycle, simple mating system, 

and obligate sexual reproduction (Parrella 1987, Chaput 2000, Lanzoni et al. 2002, Kaspi and 

Parrella 2008). Previous research using gamma irradiation identified a dose rate of 170Gy ± 5% 

as sufficient for ASL sterilization (Kaspi and Parrella 2003). A more precise dose delivery system 

using a linac produced a dose rate of 170Gy ± 0.2% and was used to confirm the results 

produced using the gamma irradiator. Irradiated and non-irradiated ASL adults were equally fit 

and competitive as determined by percent emergence and flight ability.  Irradiated ASL females 
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were completely sterile at both dose rates, while males retained low levels of fertility that 

increased with decreasing dose rate. A slight increase in dose rate to ensure sufficient sterility 

of males treated under hypoxic conditions might be necessary for a commercial SIT program, 

especially once a mechanical, biological, or genetic sexing system to exclude most or all female 

pupae prior to irradiation would become available. The increased irradiation duration might not 

be economically justifiable if sterile females become sexually non-competitive due to a higher 

dose rate.  

Hypoxia did not affect emergence, flight ability, or sterility of treated ASL, indicating that 

pupae can be irradiated safely when packaged in sand or vacuum-sealed bags. By filling the 

treatment dishes with sand most of the air-space is removed and pupae will reduce the 

remaining oxygen in the dishes prior to and during irradiation, which in turn reduces their 

metabolic rate and lowers somatic cell damage (FAO/IAEA 2003). Prolonged periods of hypoxia 

should be avoided, however, as tests on Mediterranean fruit flies, Ceratitis capitata, 

demonstrated diminishing emergence and flight rates with increasing exposure to low oxygen 

environments (FAO/IAEA 2003). ASL pupae were held in hypoxic environments for < 2 h during 

all replications that were part of this experiment, and tests on Mediterranean fruit flies only 

indicated adverse effects on flight rate and emergence after 4 h (FAO/IAEA 2003). Nevertheless, 

a more detailed analysis of the effects of hypoxia on ASL is needed to determine a maximum 

exposure period without loss of quality or competitiveness.  
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Chapter 6 

SEXUAL DIMORPHISM IN AMERICAN SERPENTINE LEAFMINER PUPAE AND EFFICACY OF A 

MECHANICAL SEX SEPARATION METHOD 

 

6.1 Introduction 

The implementation of an area-wide sterile insect release program in a contained 

environment, such as a greenhouse where migration of the targeted species can be controlled, 

will be most effective if mass-rearing, storage, transportation, and dispersal of the sterile 

insects are all economical, feasible on a large scale, and resulting in highly competitive males 

spreading sterility rapidly throughout the wild population (Klassen 2005). In order to maximize 

production economics and sterility spread, females need to be eliminated or ideally moved 

back into the mass-rearing cages prior to sterilization.  

In most insect species, female feeding and oviposition behaviours spread viruses and 

diseases, cause crop and livestock losses, and result in significant economic damage (Klassen 

and Curtis 2005). American serpentine leafminer females create leaf stipples with their 

ovipositor which may act as feeding or oviposition sites (Bethke and Parrella 1985). Once 

hatched, the larvae feed on the leaf mesophyll and create unsightly leaf mines that result in 

economic damage as the affected crop becomes unmarketable. Males, on the other hand, lack 

an ovipositor and cannot create their own feeding sites (Bethke and Parrella 1985). While 

sterile ASL females can no longer lay viable eggs, their capacity to produce leaf stippling 

remains. Thus, irradiation and release of both male and female insects would reduce the 

efficacy of the entire program, as sterile females would compete with endemic, fertile females 

for sterile males, as well as continue to cause crop damage. By removing females prior to the 

irradiation process, resources can be allocated more efficiently and economically (Parker 2005). 

The spread of millions of sterile sperm cells from highly competitive, irradiated males will 

ensure the fastest rate of sterility distribution across the targeted insect population without 

generating additional crop damage (Robinson et al. 2002, Franz2005).  
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 Sex separation methods can range from simple, inexpensive mechanical or biological 

systems to highly sophisticated, research-and development-intensive genetic methods. Genetic 

sexing strains (GSS) may involve Y-autosome translocation of insecticide resistance genes, 

temperature sensitivity genes, or colour mutations as described in Chapter 1. A new technique 

involving the release of insects carrying a dominant lethal gene (RIDL) eliminates second-

generation females in the field as their survival depends on the availability of an antibiotic to 

suppress a dominant lethal mutation (Thomas et al. 2000). However, no GSS or RIDL technique 

has been developed for ASL, and the time and financial investments involved in the creation of 

such genetic sexing systems are first of all allocated to insects vectoring human diseases and 

viruses (Klassen 2005).  

Mechanical and biological sexing systems utilize pupal sexual dimorphisms, such as colour or 

size differences, sex-specific developmental stage durations, male swarming tendencies, and 

exposure to insecticide-treated food to separate males from females (Papathanos et al. 2009). 

The majority of mechanical and biological sexing systems have been developed for 

haematophagous human disease vectors, such as mosquitoes, Culex spp. and Anopheles spp., 

and tsetse flies, Glossina spp. (Parker 2005, Papathanos et al. 2009). A 2-day difference in 

developmental rates between male and female Glossina austeni was used to efficiently 

separate the earlier emerging females from male pupae to avoid time-consuming hand-sorting 

in a chiller (Opiyo et al. 2000). Size differences between male and female pupae have been used 

to sort culicine mosquitoes and Lepidoptera, however, a large size overlap between the sexes 

often renders these labour-intensive methods inefficient (Parker 2005, Papathanos et al. 2009). 

Nevertheless, several mechanical separators have been developed for culicine and anopheline 

mosquito species, involving size-sorting of pupae rather than the more fragile adults 

(Papathanos et al. 2009). These devices use adjustable glass panes or plates over sluiceways 

and increase the male-to-female ratio (MFR) in the collected sample, but cannot entirely 

eliminate females (Focks 1980, Papathanos et al. 2009). A metal sieve with up to 1,500 micron 

square openings was used to separate smaller male Asian tiger mosquitoes, Aedes albopictus, 

from females, resulting in up to 99% male purity of the collected samples (Bellini et al. 2007).  

However, a male recovery ratio (MRR) of 15 to 25% implied greater production costs and 
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potential for reduced field performance by smaller, less competitive males (Bellini et al. 2007, 

Papathanos et al. 2009). While these systems may not result in the complete elimination of 

females  or allow for the automation of sex separation, their relatively low development and 

production costs, fast implementation of updates to add improvements, and ease of operation 

facilitate an initial increase in efficiency for new SIT programs by enriching the pupal sample 

with males prior to irradiation.  

At present, no mechanical or biological sexing system has been developed for ASL. The 

objectives of this study were to examine ASL pupal size to determine whether male and female 

size distributions were statistically different to allow for the identification of optimum length 

and width measurements for separating sexes. These measurements were used to design three 

different sieve models that were tested for their efficacy in removing females from the pupal 

samples.   

 

6.2 Materials and Methods 

6.2.1 Test Colonies 

American serpentine leafminer colonies were reared on faba beans, Vicia faba L., and 

maintained in growth rooms at 25°C ± 2°C, 60% ± 10% RH and 16:8 L:D under high output T5 

fluorescent lights as described in Chapter 5. Adults received diluted honey as supplemental 

food. ASL pupae of known age were reared by exposing young bean plants to colonies for 24 h 

and collecting pre-pupae on sand following their emergence from leaf tissue. Pupae from each 

cohort were sifted and placed in separate 90mm Petri dishes with mesh-modified lids. Each dish 

was labeled with a unique cohort identification number and stored in the growth room for 6 to 

7 days, or 1 to 2 days prior to adult eclosion.  

 

6.2.2 Size distributions of ASL pupae 

A total of 1,200 pupae from 12 separate cohorts were randomly selected for this size trial. 

The dorsal and lateral sides of 6 – 8 day old ASL pupae were photographed using an Olympus 

SZ61 dissecting microscope at 4.5X magnification and Lumenera Infinity 2-3c USB camera 
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(Lumenera Corporation, Ottawa, ON). Photographs were loaded into digital image analysis 

software ImageJ v. 1.47 (US National Institutes of Health, Bethesda, MD) and the program was 

calibrated on an image of a 2mm stage micrometer using the Set Scale tool in the Analyze  

menu of ImageJ. Dorsal and lateral widths of the 6th anterior segment, dorsal length, and dorsal 

area were measured using the Straight and Freehand selection tools in ImageJ (Fig. 6.1). Once 

photographed, each pupa was assigned a unique identifier and placed in its own, 

correspondingly numbered vial with mesh-modified lid and allowed to emerge in a growth 

room in indirect light at 25°C ± 2°C, 60% ± 10% RH and 16:8 L:D until all pupae had eclosed.   

 

 

Figure 6.1 – Images of American serpentine leafminer pupae with dorsal length (A), dorsal (B) 
and lateral (C) widths of the 6th anterior segment, and manually determined area (D) indicated 
with yellow lines. Images were collected using an Olympus SZ-61 dissecting microscope at 4.5X 
magnification and a Lumenera Infinity 2-3c USB camera. Pupae were measured in ImageJ (US 

National Institutes of Health, Bethesda, MD). 

 

The sex and development, such as properly formed wings, of each eclosed adult were 

determined visually and associated with the measurements from ImageJ. Measurements of all 

cohorts were pooled and means and standard deviations calculated for male and female dorsal 

width, dorsal length, lateral width, and area. The manually determined area of each pupa was 

compared to the area of an ellipse using 50% of the dorsal width as the semi-minor axis and 

50% of the dorsal length as semi-major axis. Using the NORMDIST function in Microsoft Excel®, 

the cumulative frequency distributions (CFD) were calculated for each dimension dataset in 

increments of 1μm.   
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6.2.3 Mechanical Sex Separation 

In order to design sieves to mechanically separate male ASL pupae from females, the 

optimum size cut-off points had to be determined using the male and female CFDs for each of 

the measurement datasets. Three sieve prototypes were designed.  

The ‘Ridge’ model consists of narrow slots, running across the 2.5mm thick sieve (Fig. 6.2A 

and Appendix B). The width of the slots was defined as the lateral width value at which the 

difference between the male and female CFDs was maximized. Lateral width rather than dorsal 

width was chosen to reduce the likelihood of flat females falling through the slots when 

positioned laterally during sieve agitation. The sieve standard lithography (stl) file was created 

using the digital prototyping software Autodesk Inventor® Professional 2014 (Autodesk Inc., 

USA). The file was loaded into the CatalystEX v. 4.2 (Dimension® Printing, USA) software 

informer program at the University of Guelph’s School of Engineering and printed with an 

uPrint SE Plus (Stratasys Ltd., USA) 3D prototype printer using p430 ABS Plus plastic layered at a 

rate of 5.08 cm/min.  

 

 

Figure 6.2 – Designs of the ‘Ridge’ (A) sieve model and the ‘LengthOpt’ and ‘WidthOpt’ (B) sieve 
models tested as mechanical sex separation devices for American serpentine leafminer pupae. 
3D models were created in Autodesk Inventor® Professional 2014 (Autodesk Inc., USA). Image 

files created by Zafar Sultan. 
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The ‘LengthOpt’ and ‘WidthOpt’ models both feature small rectangular openings with 

rounded edges (Fig. 6.2 B; Appendix B) and could not be printed from plastic due to the 

clogging of the very small and densely packed openings on the sieve plate. Both models were 

instead cut from grade 6061-T6 aluminum using a 0.025 inch diameter carbide, two-flute end-

mill and Haas VF-4, 4-axis CNC milling machine at the Physics Department’s machine workshop 

at the University of Guelph.   

The ‘LengthOpt’ model sieve openings were defined as 1.000mm wide by 1.543mm long. 

The openings were designed to be wide enough to prevent pupal exclusion based on width, and 

simultaneously be too narrow to allow short males to pass through if their horizontal plane 

were to line up orthogonally to the minor axis of the sieve opening. The length of each opening 

represents the maximum difference between male and female pupal length CFDs. Thus, the 

‘LengthOpt’ model was designed to discriminate between male and female pupae based on 

length only. 

The ‘WidthOpt’ model features sieve openings 1.543mm long and 0.765mm wide. The width 

value represents the largest difference between the male dorsal width CFD and the average of 

female dorsal and lateral width CFDs, to maximize the number of males and minimize the 

number of females in the sieve throughput.  

A comparison of sieve efficacies and efficiencies involved a total of 3 ASL cohorts for the 

‘Ridge’ model, and 2 cohorts for the ‘LengthOpt’ and ‘WidthOpt’ models, due to time and 

resource limitations. Pupae from each cohort were split into equally weighted subsamples and 

assigned randomly to the three sieve treatment groups and a control group that was not 

sieved. Sieving was done manually and care was taken to move pupae in a horizontal plane to 

prevent individual insects from tipping and moving through openings in a vertical position, 

invalidating the length discrimination method. The throughput and retained pupal samples 

from the control and each treatment group were placed in separate, labeled Petri-dishes with 

mesh-modified lids and kept in a growth room in indirect light at 25°C ± 2°C, 60% ± 10% RH and 

16:8 L:D until all pupae had eclosed. The numbers of males and females in all dishes were 
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counted and male-to-female ratios (MFR), male recovery ratios (MRR), and female exclusion 

ratios (FER) were determined as:  

MFR = [Number of males in throughput] / [Number of females in throughput] 

MRR = [Number of males in throughput] / [Total number of males] 

FER = [Number of females in retained sample] / [Total number of females] 

The MFR of a sieve model was used to determine efficacy, while the MRR and FER were 

indicators of sieve efficiency.   

 

6.2.4 Data Analysis 

Male and female distributions of dorsal length, dorsal width, lateral width and manually 

determined dorsal area were compared with median tests and Kolmogorov-Smirnov two-

sample tests using the Non-parametric One-way procedure in SAS v. 9.3 (SAS Institute, Cary, 

NC). The Univariate procedure was applied to generate means, medians, standard deviations, 

and a Shapiro-Wilk test for normality for each distribution. Male and female sample means 

were compared with a two-tailed t-test (Satterthwaite method). Manually determined and 

calculated (ellipse) area, dorsal and lateral width, and female lateral and male dorsal width 

distributions were also compared using the same tests.  

Means and standard deviations generated for both male and female length and widths were 

used to set up cumulative frequency distributions using the NORMDIST function in Microsoft 

Excel®.  

The sieve efficacies trial was arranged as a randomized complete block design with 3 

replications for the ‘Ridge’ model and 2 replications for the ‘LengthOpt’ and ‘WidthOpt’ models. 

Variances for MFR, MRR, and FER were partitioned into block and treatment effects, with only 

treatments as the fixed variables. Assumptions of error homogeneity and normality were tested 

by plotting residuals against predicted values, blocks, and treatments, and performing a 

Shapiro-Wilk test. Internally studentized residuals were compared with a critical value of 2.31 in 

Lund’s test of outliers (α = 0.05; q = 3; n = 10; Bowley 2008).  MFR, MRR, and FER data were 

analyzed by performing a one-way analysis of variance using the Mixed procedure in SAS v. 9.4. 
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Least-square means of the control group and three different sieve models were compared using 

a Tukey-Kramer multiple means comparison.  

 

6.3 Results and Discussion 

6.3.1 Size distributions of ASL pupae 

A total of 1,200 pupae had been measured as part of the size trial and 994 adult ASL eclosed 

successfully and were identified as male (n = 492) or female (n = 502). The lateral width of 405 

of these pupae were measured and eclosed as females (n = 204) or males (n = 183). 

Comparisons of male and female distributions of pupal length, lateral width, dorsal width, and 

manually determined area indicated that means, medians and distributions differed 

significantly between sexes (Table 6.1).  The maximum differences between male and female 

length and width distributions suggested that a mechanical separation of pupae at these 

optimum cut-off points would lead to the capture of over 75% of males, while eliminating at 

least 50% of females (Figs. 6.3 – 6.5).  

 

 

Figure 6.3 – Percent cumulative frequency distributions of male (blue) and female (pink) 
American serpentine leafminer, Liriomyza trifolii, pupal lengths (mm). Distributions differed 

significantly at a Type 1 error rate of 0.05 (P < 0.0001). Black lines identify the pupal length of 
1.543mm at which the difference between distributions is maximized and 76.2% of males and 

39.1% of females would be included in a sieved sample. 
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Table 6.1 – Means with standard deviations (SD), medians and test statistics of a t-test, median two-sample test (Z), and 
Kolmogorov-Smirnov test (D) used to compare female and male pupal distributions of dorsal length, dorsal width, lateral width, and 
manually determined area. All means, medians, and distributions differed significantly between the sexes as indicated by P-values, 

based on a Type 1 error of 0.05. 

Measured 

dimension 
Sex Mean (± SD) t-value P > t Median Z-value P > Z D-value P > D 

Dorsal 

Length 

Female 
1.58 mm         

(± 0.147 mm) 
14.80 <0.0001 

1.58 mm 

-11.033 <0.0001 0.393 <0.0001 

Male 
1.46 mm         

(± 0.119 mm) 
1.47 mm 

Dorsal 

Width 

Female 
0.77 mm         

(± 0.075 mm) 
13.53 <0.0001 

0.77 mm 

-10.018 <0.0001 0.349 <0.0001 

Male 
0.71 mm         

(± 0.061 mm) 
0.71 mm 

Lateral 

Width 

Female 
0.69 mm           

(± 0.079 mm) 
6.25 <0.0001 

0.69 mm 

-5.008 <0.0001 0.318 <0.0001 

Male 
0.64 mm         

(± 0.058 mm) 
0.64 mm 

Manually 

determined 

Area 

Female 
1.00 mm2

(± 

0.175 mm2) 
15.42 <0.0001 

1.00 mm2 

-11.386 <0.0001 0.398 <0.0001 

Male 
0.85 mm2(± 

0.130mm2) 
0.85 mm2 
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Figure 6.4 - Percent cumulative frequency distributions of male (blue) and female (pink) 
American serpentine leafminer, Liriomyza trifolii, pupal dorsal widths (mm). Distributions 

differed significantly at a Type 1 error rate of 0.05 (P < 0.0001). Black lines identify the pupal 
width of 0.749mm at which the difference between distributions is maximized and 75.1% of 

males and 40.9% of females would be included in a sieved sample. 

 

 

Figure 6.5 - Percent cumulative frequency distributions of male (blue) and female (pink) 
American serpentine leafminer, Liriomyza trifolii, pupal lateral widths (mm). Distributions 

differed significantly at a Type 1 error rate of 0.05 (P < 0.0001). Black lines identify the pupal 
width of 0.688mm at which the difference between distributions is maximized and 78.7% of 

males and 51.2% of females would be included in a sieved sample. 
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A comparison between manually determined pupal area and calculated area indicated that 

the two distributions were significantly different (D = 0.101; P < 0.0001). Both means (t = -4.54; 

P< 0.0001) and medians (Z = 3.818; P = 0.0001) differed significantly for the two area 

measurement groups. Thus, a calculated area based on an ellipse using 50% of the dorsal width 

as the semi-minor axis and 50% of the dorsal length as semi-major axis cannot replace manually 

determined area for ASL pupal size comparisons.  

The means, medians, and distributions of dorsal and lateral widths also differed significantly 

for both sexes (P <0.0001), indicating that both male and female pupae were always 

considerably narrower when measured laterally. Consequently, a comparison between male 

dorsal width and female lateral width was carried out to determine the extent of distribution 

overlap. While the male dorsal width cumulative frequency distribution was significantly 

different from the female lateral width distribution (α = 0.05; D = 0.165; P = 0.0008), the degree 

of overlap between the two cumulative frequency curves was considerable and the width 

measurement of 0.659mm at which the difference between the curves was at a maximum 

would lead to the exclusion of 63.1% of females, while also excluding 78.5% of males (Fig. 6.6).  

Thus, a comparison between male and female size distributions indicates that a mechanical 

method for the removal of at least 50% of females from a sample of ASL pupae is possible. 

However, the lateral arrangement of pupae during movement merits consideration in any sieve 

design, as both male and female ASL pupae are narrower in this position. A sieve design based 

solely on dorsal width measurements could reduce the efficacy of a mechanical separation 

method. 
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Figure 6.6 - Percent cumulative frequency distributions of American serpentine leafminer, 
Liriomyza trifolii, male dorsal (blue) and female lateral (pink) widths. Distributions differed 
significantly at a Type 1 error rate of 0.05 (P = 0.0008). Black lines indicate the maximum 

difference between distributions at 0.659mm, where 21.5% of males and 36.9% of females 
would be included in a sieved sample. 

 

 

6.3.2 Mechanical Sex Separation 

Based on the cumulative frequency distributions of male and female ASL pupae, three 

different sieve prototypes were designed and tested for their efficacy and efficiency in 

removing a large proportion of females and increasing the proportion of male pupae in a 

sample.  

The ‘Ridge’ model was designed to separate pupae based on the maximum difference 

between male and female lateral width distributions of 0.688mm (Fig. 6.5). The maximum 

difference between male and female dorsal width distributions at 0.749mm was deliberately 

not chosen as ridge width dimension since more than 70% of laterally arranged females could 

theoretically end up in the throughput, reducing efficacy of the model.  
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The ‘LengthOpt’ model design consisted of rectangular sieve pores with rounded edges and 

a length of 1.543mm, which corresponds to the maximum difference between male and female 

length distributions (Fig. 6.3).  

Thus, both the ‘Ridge’ and ‘LengthOpt’ models segregated pupae based on one size 

measurement only. The ‘WidthOpt’ sieve, on the other hand, was designed to separate pupae 

based on length and width. The length of its openings was identical to those of the ‘LengthOpt’ 

model, i.e. 1.543mm. However, the issue of lateral positioning of females due to shaking during 

the sieving process had to be taken into consideration. By using the lateral width cut-off point 

of 0.688mm as with the ‘Ridge’ model, too many males would be eliminated, unless pupae 

were shaken vigorously to ensure they would move through the openings in a lateral 

configuration.  Severe, prolonged shaking could potentially damage pupae or allow female 

pupae to ‘dive’ into and clog sieve pores if they penetrated the sieve pore opening with their 

anterior or narrower posterior segment only to become stuck once the width of their anterior 

segment prevented them from falling through. Comparisons of male to female dorsal width, 

and male dorsal to female lateral width distributions indicate sieve pore width dimensions of 

0.749mm or 0.659mm, respectively (Figs. 6.4 and 6.6). However, at 0.749mm, the risk of 

increasing the proportion of females in a sample due to lateral positioning would again 

increase, while sieve efficiency would be strongly reduced at 0.659mm, with only 61.7% of 

laterally arranged males and 21.5% of dorsally arranged males ending up in the throughput 

sample. Consequently, the width cut-off point of 0.765 for the ‘WidthOpt’ model was chosen by 

selecting the point of maximum separation between the male dorsal width CFD and the 

average of female lateral and dorsal width CFDs (Fig. 6.7). This width value represents the 

optimum cut-off point at which 82.6% of males in a dorsal position and 66.7% of females 

(average of dorsal and lateral positions) can move through the sieve pores. At 0.749mm, the 

difference between the percent of males and average percent females in the throughput is less 

than the corresponding difference at 0.765mm.  
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Figure 6.7 - Percent cumulative frequency distributions of American serpentine leafminer, 
Liriomyza trifolii, male dorsal (blue), female lateral (pink), and female dorsal (orange) widths. 

Black lines indicate the maximum difference between male dorsal and the average of the 
female lateral and dorsal width distributions at 0.765mm, where 82.6% of males and 66.7% of 

females would be included in a sieved sample. 

 

All sieve model designs were based on theoretical values only and assumed the frequency of 

lateral and dorsal positions would be equal for both male and female pupae during the sieving 

process. Each sieve was examined for its efficacy in terms of increasing the male-to-female ratio 

(MFR) and its efficiency in terms of the proportions of males recovered (MRR) and females 

excluded (FER).  

Residual analysis indicated means of pooled residuals were zero, plots of residuals were well 

dispersed, and the MFR, MRR, and FER data were normally distributed according to a Shapiro-

Wilk test (α = 0.05; WMFR = 0.88, PMFR = 0.119; WMRR = 0.94, PMRR = 0.556; WFER = 0.97, PFER = 

0.906). No outliers were detected for MRR and FER data, and the MFR data contained one 

outlier based on a comparison of internally studentized residuals and Lund’s test critical value 

of 2.31 (α = 0.05, q = 3; n = 10; Bowley 2008), which corresponded to the ‘Ridge’ model MFR of 

3.44 in replication 3 and was not excluded from the dataset.   
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The number of males to females in the throughput did not differ significantly between 

treatments (F= 6.36; P = 0.053; Table 6.2), indicating that superior effectiveness of any of the 

sieve prototypes could not be demonstrated successfully in this trial.   

Sieve efficacies were less pronounced when compared to the control treatment that 

assumed a 100% recovery of males and 100% exclusion of females. The MRR differed 

significantly between treatments (F=51.66; P = 0.0012), with only the ‘LengthOpt’ model 

producing a male recovery of 0.70 ± 0.058 which was not significantly different from the control 

based on a Tukey-Kramer multiple means comparison (P = 0.0537). The FER also differed 

significantly between treatments (F=43.74; P = 0.0016), however, both the ‘Ridge’ and the 

‘WidthOpt’ models were efficient in excluding females with FERs not significantly different from 

the control (P’Ridge’ = 0.4157; P’WidthOpt’ = 0.0579). 

 

Table 6.2 – Least-square means (LSM) and standard deviations (SD) of the male-to-female ratio 
(MFR), male recovery ratio (MRR), and female exclusion ratio (FER) for each of the three sieve 

models and a control treatment that assumes 100% male recovery and female exclusion. In 
each column different letters indicate significantly different means based on a Tukey-Kramer 

multiple means comparison at a Type 1 error rate of 0.05.  

Treatment 

MFR MRR FER 

LSM SD LSM SD LSM SD 

Control 0.97 a 0.283 1.00 a 0.048 1.00 a 0.042 

‘Ridge’ 2.51 a 0.283 0.19 b 0.048 0.91 a 0.042 

‘LengthOpt’ 1.16 a 0.346 0.70 a c 0.058 0.33 b 0.051 

WidthOpt’ 2.17 a 0.346 0.45 b c 0.058 0.76 a 0.051 

 

The optimum sieve design would have been characterized by a large MFR, significantly 

different from the control, to indicate an increase in efficacy. Similarly, such a design would be 

efficient, as characterized by MRR and FER figures near 1, i.e. not significantly different from 

the control. None of the three sieve prototypes produced a MFR significantly different from the 
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control, which might be an effect of limited repetitions. Only the ‘LengthOpt’ model produced a 

MRR value that was not significantly different from the control, while the 19% mean male 

recovery of the ‘Ridge’ model indicated a significant decrease in efficiency. Both the ‘Ridge’ and 

the ‘WidthOpt’ model generated high FER figures that did not differ significantly from the 

control.   

Thus, while the ‘LengthOpt’ model allowed for the highest retention of males, it also led to 

an average of 70% of female pupae ending up in the throughput, thus decreasing the MFR. The 

‘Ridge’ model had the highest mean FER, however, despite its ability to remove an average of 

91% of females from a sieved sample, the male recovery was too low and would lead to the loss 

of too many of the larger, more competitive males.  The mass-rearing output would have to be 

increased tremendously to produce enough throughputs for irradiation, making the process 

highly inefficient. Thus, the ‘WidthOpt’ model which was shown to exclude 76% of females on 

average was selected as the most efficient model and further testing might lead to improved 

efficiency by increasing the MRR and thus, greater efficiency.   

Furthermore, the 3D prototyping process, while far less expensive compared to the end-mill, 

creates models by layering plastic threads which can lead to a grooved surface that could 

damage pupae during sieving as well as produces uneven slots that could impact efficiency and 

efficacy. A ‘Ridge’ model made from aluminum and with sieve slot widths expanded to 

0.749mm might increase the MRR without a significant drop in the FER or MFR. Expanding the 

slots to 0.765mm should ideally be avoided, as the ‘Ridge’ model only sorts based on a width 

dimension. The ‘WidthOpt’ model, on the other hand, segregates pupae based on width and 

length, and females that would be slim enough to fit through the 0.765mm wide pores would 

be prevented from falling through due to the length restriction.  
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6.4 Conclusions 

One of the critical components of an area-wide SIT program involves the removal of females 

prior to irradiation to prevent wasting economic resources and releasing damage-inducing, 

albeit sterile, ASL females into a greenhouse environment. To be effective, a SIT program has to 

flood the targeted insect population with sterile, competitive males which are considered the 

true vector of sterility and any sterile females released into the environment would only 

adversely impact the likelihood of matings between sterile males and endemic, fertile females 

(Franz 2005).  

No methods for separating male and female ASL pupae prior to irradiation existed prior to 

this study, which has developed and tested 3 different sieves for mechanical separation of ASL 

pupae. The ‘WidthOpt’ model was identified as the most efficient model, while improvements 

to the ‘Ridge’ model could provide an alternate sieve design.  

However, further testing of sieve models with more replications are needed to determine if 

sieves can produce consistent ratios over time, without loss of efficacy due to pore clogging. In 

addition, quality control trials are needed to determine if pupae suffer damage during sieving 

leading to potential loss of quality or competitiveness. At this time, the degree of separation 

between CFDs of male and female ASL pupae was insufficient to yield a mechanical separation 

method that would lead to the complete removal of all females in a sample. Thus, the 

development of a GSS would be required if samples should be free of females, while avoiding 

the loss of all large and medium-sized males, which tend to be more competitive in the field.  
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Chapter 7 

RELATIONSHIP BETWEEN AMERICAN SERPENTINE LEAFMINER POPULATION DENSITIES AND 

SAMPLING METHODS IN ORNAMENTAL GREENHOUSES 

  

7.1 Introduction 

A viable sterile insect release program for commercial ornamental greenhouses requires a 

constant, reliable supply of the target insect from a mass-rearing facility, the production of 

sexually competitive, sterile males, and an understanding of the population dynamics of the 

target insect population (Ito and Yamamura 2005, Klassen 2005). Mass-rearing, mechanical sex 

separation, and quality, competitiveness, and sterility of irradiated adult ASL were discussed in 

Chapters 5 and 6. Sexual competitiveness which refers to both mating and sperm 

competitiveness of irradiated ASL males (Ito and Yamamura 2005) was successfully 

demonstrated by Kaspi and Parrella (2003). This chapter will address ASL population dynamics 

in ornamental greenhouses with the aim of developing a sampling tool to estimate infestation 

levels. This information will aid growers in determining the number of sterile ASL required for 

an SIT-based control program.   

A sterile insect release program involves repeated flooding of the isolated system, such as a 

greenhouse, with sterile, sexually competitive males, with release rates determined by the 

existing infestation levels and the species-specific male-to-female ratio (Ito and Yamamura 

2005). In the case of ASL, a male-to-female ratio of approximately 1, an average count of 88 

mines per fertile female, and an average adult eclosion rate of 72% can be used to model 

population increases over time (Chapter 5). Using the integral of the basic Hale-Malthus model, 

the number of adult ASL at any given time t can be calculated as:  

Nt = N0ert, 

where N0 is the initial population of ASL adults, e is the base of natural logarithms, and r is the 

intrinsic rate of population increase. In the specific case of ASL, r can be estimated as 3.4 based 

on female fecundity and adult eclosion rates. If the initial ASL population density was known to 

the greenhouse operator and no generational overlap occurred, the integral of the Hale-
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Malthus model could be used to estimate the existing ASL adult population at any time t which 

could then aid in the determination of the number of sterile males required for suppression.   

However, no models for estimating this initial ASL population in a particular greenhouse 

environment currently exist. Furthermore, density-dependent population growth control is not 

considered as part of the Hale-Malthus model: while the theoretical population dynamics 

follow an exponential growth pattern, actual infestation levels would likely reach a plateau 

once a certain density threshold has been reached (Ito and Yamamura 2005). In addition, any 

adverse effects on population growth, including use of chemical, biological or cultural control 

practices, temperature fluctuations, or changes in host species are also not being considered by 

this model (Knipling 1955).  Thus, both a sampling plan and model to estimate the initial ASL 

population density and a more realistic population dynamics model based on the Hale-Malthus 

model would be required to accurately forecast ASL population changes and allow for 

greenhouse-specific, targeted release rates of sterile males.  

Nevertheless, the Hale-Malthus model can be used to theoretically explain the rapid 

decrease in the target insect population once high-quality sterile males are released as part of 

an SIT control program, leading to an exponential decrease in the proportion of females 

capable of laying viable eggs (Table 7.1; Ito and Yamamura 2005).   

As the number of sterile insects released remains constant while the endemic population 

decreases, the sterile-to-fertile ratio increases with every successive flooding event (Table 7.1; 

Knipling 1955). Ultimately, this process diminishes the endemic population to below economic 

threshold values or, ideally pushes it into a genetic bottleneck, leading to suppression. Thus, SIT 

becomes more effective as the endemic population decreases, contrary to chemical control 

strategies where repeated applications may induce resistance development, which could cause 

the population to bounce back again. 
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Table 7.1 – Changes in American serpentine leafminer (ASL) female populations over 4 
generations with and without the effects of the sterile insect technique (SIT). In this example, 

the initial population of ASL females, N0, was 1,000 and the intrinsic rate of increase, r, was 3.4. 
It is assumed that the fertile male-to-female ratio is 1:1. The number of females in the next 

generation (Ng+1) is determined using the Hale-Malthus model. Under an SIT control program, 
the number of females in the next generation is determined as the product of the number of 
females in the previous generation and the proportion of females laying viable eggs. Sources: 

Knipling (1955), Ito and Yamamura (2005).    

Generation 
(g) 

Number of Fertile 
Females in next 

generation (Ng+1) 
without SIT 

Number 
of sterile 

males 
released 

Sterile-to-
fertile 

male ratio 

Proportion of 
females laying 

viable eggs 

Number of Fertile 
Females in next 
generation(Ng+1) 

with SIT 

1 29,964 3,000 3 : 1 0.25 250 

2 897,847 3,000 12:1 0.077 19.23 

3 26,903,186 3,000 158 : 1 0.006 0.12 

4 806,129,759 3,000 25,000 : 1 0.00004 Less than 1 

 

Releases of insufficient numbers of sterile, mass-reared insects into commercial greenhouse 

operations would fail to achieve pest population suppression and ultimately would lead to 

financial losses in terms of wasted acquisition costs and continued crop damage. Similarly, 

flooding the endemic population with sterile insects in excess of the optimum sterile-to-fertile 

release ratio while likely leading to a decrease in pest pressure would also unnecessarily 

increase the cost of control. Furthermore, in cases where no GSS has been developed and 

mechanical sex separation would only lead to partial removal of females prior to irradiation and 

release, flooding the system with excessive numbers of sterile insects would potentially result 

in increased stippling damage caused by sterile female ASL. While this added crop damage 

would likely result in minimal economic losses compared to the combined mining and stippling 

damage caused by fertile ASL females not controlled by an SIT program, growers may still be 

wary of adding additional damage-inducing insects to their greenhouses.  

Several different sampling strategies for both ASL larvae and adults have been explored with 

the aim of developing a quick, effective, and relatively accurate tool for determining pesticide 

efficacy and adjusting application intervals (Foster 1986, Parrella and Jones 1985, Jones and 

Parrella 1986). However, no sampling techniques to estimate the present endemic population 
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or to forecast future ASL infestation levels currently exist. Thus, the objective of this research 

was to conduct a greenhouse study to determine whether a correlation exists between adults 

caught on yellow sticky cards and endemic population levels for two generations. An 

examination of the relationship between the next generation’s leaf mine count and the 

parental population levels could allow for the development of a prognostic tool to estimate 

future ASL infestation levels in ornamental greenhouses.  

 

7.2 Materials and Methods 

7.2.1 Insect Marking and Release Rates 

Adult ASL were sourced from lab colonies reared on faba beans, Vicia faba L., in growth 

rooms at 25°C ± 1°C, 60% ±10% relative humidity (RH), and 16:8 L:D at the University of Guelph. 

The age-specific mass-rearing method described previously in Chapter 5 was used to ensure all 

adults were of similar age, by exposing young bean plants to lab colonies for 24 h only. 

Following exposure to ovipositing ASL females, the bean plants were removed from the colony 

cages and moved into a separate growth room with the same temperature, relative humidity 

and photoperiod conditions as the colony rearing room. Pupae from the same cohort were 

placed in Petri dishes with mesh-modified lids and maintained in the growth room for 6 to 7 

days.  

At 1 to 2 days prior to adult eclosion, pupae were randomly assigned to one of three 

treatment groups. The sex of each adult assigned to a treatment group was assessed visually. 

The low density (LD), medium density (MD), and high-density (HD) treatment groups consisted 

of 20, 100, and 500 adult ASL adults in a 1:1 male-to-female ratio, respectively (Table 7.2). Very 

little information on action threshold and ASL densities in chrysanthemum greenhouses exists. 

For this experiment, treatment densities were chosen based on information available on low 

and high infestation levels in chrysanthemum greenhouses located in San Diego, Santa Barbara, 

and Orange Counties, CA in the summer of 1983 (Parrella and Jones 1985). A high infestation 

was identified as 620 adults per small sticky trap in an area of 75m2 (Parrella and Jones 1985). 

Assuming a 10% catch rate, a heavy infestation would entail 83 adults/m2, or 335,900 

adults/acre. Since summer conditions in California would induce heavier infestations than 
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winter and spring conditions in Ontario greenhouses, a lower release rate of 44,000 ASL 

adults/acre (or 500 adults per 46m2 greenhouse compartment) was chosen as the HD 

treatment rate.  

 Each group of pupae was moved into small BugDorm® insect rearing cages (MegaView 

Science Co. Ltd., Taichung, Taiwan) and lightly dusted with Day-Glo® fluorescent powder (Day-

Glo Corp., Cleveland, Ohio).  

Table 7.2 – Description of treatment groups of American serpentine leafminer (ASL) adults for 
release into greenhouse compartments at Bovey Building Greenhouses, University of Guelph, 
Guelph, Ontario. Each treatment group was marked with a unique colour of Day-Glo® powder 

(Day-Glo Corp., Cleveland, Ohio). 

Treatment Group 
Number of ASL adults 

per 46m2 compartment 
Number of ASL adults 

per m2  
Day-Glo® Colour 

Low density (LD) 20 0.43 Horizon Blue 

Medium density (MD) 100 2.17 Signal Green 

High density (HD) 500 10.87 Aurora Pink 

 

 

The fluorescent powder allowed for a permanent marking of each treatment group and 

ensured that any cross-contamination between treatments could be identified.  An adult ASL 

emerges from its puparium using the ptilinum, a bladder-like organ at the anterior end of the 

head (Parrella 1987, Hagler and Jackson 2001). Once the puparium has been broken and the 

adult has fully eclosed, the ptilinum retracts (Hagler and Jackson 2001). As treatment groups 

emerged they became exposed to the fluorescent powder and any particles attached to the 

ptilinum became trapped inside the insects’ heads following retraction. Thus, individual adults 

could eventually be traced back to their respective treatment groups by crushing the head and 

viewing under a microscope at 4.5X magnification.  

Each treatment group was allowed to emerge freely in their separate small BugDorm cages 

in a growth room at 25°C ± 1°C, 60% ±10% RH, and 16:8 L:D and had access to a honey-water 

solution spread on a filter paper (Grade 4 Whatman filter paper, 90mm diameter) hung from 

the top centre of each cage. At 24 to 48 h after eclosion, adults from each treatment group 
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were aspirated into 10 transparent plastic vials with mesh-modified lids. Each vial contained 2, 

10, or 50 ASL adults at a 1:1 male-to-female ratio for the LD, MD, and HD treatment groups, 

respectively.  The vials were placed into their corresponding greenhouse compartments and 

opened to allow ASL adults to walk or fly out and disperse. One vial was placed at each end of 

the four benches in each greenhouse compartment and the last two vials of each treatment 

group were positioned in the centre of each of the two outer benches (Fig. 7.1). Thus, ASL 

dispersion toward the compartment centre would occur in a uniform fashion across all 3 

greenhouse compartments. Vials were checked after 24 h to ensure all adults had left the vials. 

 

7.2.2 Test Plants and Greenhouse Set-up 

Three 46m2 greenhouse compartments located in D-wing of Bovey Building Greenhouses at 

the University of Guelph, were selected for this research and isolated from the main corridor 

and header house with a plastic sheet barrier to avoid any potential contamination of the 

remaining wings with ASL. Each compartment contained 4 benches covered with white row 

covers to collect any emerging pupae that might fall off the plants during the course of the 

experiment, in an effort to enhance post-experimental clean-up and allow for re-randomization 

of greenhouse compartments between repetitions.  

Each compartment received 240 pots of 3 to 5-week-old chrysanthemums (Chrysanthemum 

morifolium var. Cheasapeake) sourced from Boekestyn Greenhouses Ltd., Jordan Station, ON. 

Plants were not treated with any insecticides or parasitic wasps for control against ASL. Each 15 

cm (6”) pot contained 5 cuttings and each bench received 60 pots spaced at 30.5cm (12”) 

intervals so as to conform with commercial greenhouse practices (Figs. 7.1 and 7.2). The potted 

chrysanthemums were watered and fertilized (20-8-20) on alternate days for 5mins using a 

drip-irrigation system, which delivered approximately 175ml per plant.  
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Figure 7.1 – Arrangement of plants in greenhouse compartments located in D-wing of Bovey 
Building Greenhouses at the University of Guelph, Guelph, ON. Green circles denote plant pots 

containing 5 cuttings of 3-week old chrysanthemum var. Chesapeake, each and spaced at 
30.5cm intervals. The main and centre walkways are labeled.  

 

Each greenhouse compartment was maintained at 24°C ± 1°C (22°C ± 1°C at night) and 16:8 

L:D to maintain vegetative growth. A HOBO® U23-001 temperature and relative humidity data 

logger (Onset Computer Corp., Bourne, MA) was placed on one of the centre benches in each 

greenhouse with the sensor protruding into the centre walkway to monitor temperature 

fluctuations at 12-hour intervals.  All potted chrysanthemums were sprayed with the growth 

regulator B9 by a certified greenhouse staff member at least twice during the course of each 

repetition to maintain manageable plant height.   

The greenhouse study involved 3 repetitions between November 2013 and April 2014. Each 

repetition involved movement of chrysanthemum pots into compartments (Day 0) followed by 

the release of the LD, MD, and HD ASL groups (Day 1) and the development of a first filial (F1) 

generation in the compartments (Day 31 - 34). Based on the developmental stage durations of 

ASL on C. morifolium (Ramat) at 22°C - 24°C, the first F1 adults were estimated to complete 

eclosion after approximately 30 days following the first possible oviposition date (Parrella 

1987). 



101 
 

 

Figure 7.2 - Greenhouse compartment set-up to determine relationship between sampling 
methods and American serpentine leafminer populations. Chrysanthemum var. Chesapeake, 

pots are arranged at 30.5cm intervals and watered and fertilized using a drip-irrigation system. 
Greenhouse compartments were located in D-wing of Bovey Building Greenhouses at the 

University of Guelph, Guelph, ON. 

 

By Day 41, all data had been collected (see next sections) and each greenhouse 

compartment was cleared of all plant material and row cover. Floors were cleared of all debris 

and the temperature was raised to approximately 35°C for 6 days to destroy any remaining ASL 

adults and eclosing pupae. Yellow sticky cards were hung throughout the greenhouse 

compartments during the last 2 days of sterilization to determine if all ASL had been eliminated. 

Once greenhouses were deemed clean, the 3 different density groups were again randomly 

assigned to a greenhouse compartment.  
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7.2.3 Sampling with Yellow Sticky Cards 

American serpentine leafminer adults released into the three greenhouse compartments as 

part of one of three density treatment groups were allowed to disperse freely, continue mating, 

and commence ovipositing for one day. On Day 2, a Bug-Scan® MINI yellow sticky card (12.5cm 

x 10cm; Biobest Canada Ltd., Leamington, ON) was hung at 10cm above the crop canopy in the 

centre of each greenhouse compartment. After 5 days each card was wrapped in plastic wrap, 

labeled and removed from the greenhouses and replaced with a fresh sticky card on Day 7. The 

second card was also removed after 5 days and the number of trapped ASL adults was 

determined for both sides of each card. The heads of adults were crushed to determine the 

colour of the fluorescent dye that had been trapped with the retracted ptilinum following 

eclosion. If the colour did not match the treatment group, the relevant adult count was added 

to the correct sticky card as it was assumed that these adults would have been trapped on their 

compartment’s sticky card if they had not escaped into an adjacent compartment. The total 

number of adults from this parental generation trapped on yellow sticky cards (YSCP) was used 

to determine if linear relationships exist between card counts and initial pest density, and YSCP 

and the next generation (F1) leaf mine counts to estimate future infestation levels.  

Following the emergence of the first offspring (F1) adults, a fresh yellow sticky card was 

placed in the centre of each greenhouse compartment above the crop canopy on Day 35 and 

removed after 5 days. The total number of F1 adults trapped on both sides of each card (YSCF1) 

was plotted against the estimated population of F1 adults in each compartment as determined 

by adjusted F1 leaf mine counts. Both YSCP and YSCF1were plotted against total and estimated 

total populations to determine if a common relationship exists across two generations that 

could be used to determine current infestation levels in a greenhouse. 
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7.2.4 Leaf mine Counts 

Twenty-four plants from each greenhouse compartment were randomly selected for a leaf 

mine count. The plants were cut at the soil-line and placed into labeled plastic bags. Leaves 

were examined in the lab using a magnifying lens and all empty mines were counted. When 

mine density prohibited the identification of individual tunnels, or when the leaf had become 

too desiccated, the leaf was automatically assigned a mine count of 10. Mean leaf mine counts 

per plant for each treatment group were multiplied across all 240 plants contained in each 

greenhouse to obtain an estimate of the total F1 leaf mine count. Based on results in chapter 5, 

a 72% adult eclosion rate was applied to the mean total leaf mine counts to estimate the 

potential F1 population (F1 adjusted) in each greenhouse compartment, which assumed that all 

pre-pupae had successfully entered the pupal stage and that no physical damage or predation 

events had diminished the pupal population prior to eclosion. The F1 population estimates 

violated the assumptions of an independent variable due to errors associated with the 

collection and counting of mines and the estimation of percent pupal survival and eclosion. 

However, their use in regression analyses would be justified if a common function describing 

both parental and F1 YSC trends can be determined which would increase the utility of YSCs as 

a tool to estimate ASL population outside the parental release rate range of 0.43 - 10.87 

adults/m2.  

 

7.2.5 Adult Counts 

Twenty-four plants from each of the 3 greenhouse compartments that had not been 

selected for a leaf mine count were randomly selected for an adult count. The selected pots 

were individually moved into labeled, dome-shaped BugDorm cages on Day 32 when the first 

F1 pupae were 2 to 3 days prior to eclosion (Fig. 7.3D).  A HOBO U23-001 temperature and 

relative humidity data logger was placed on the floor of the outermost greenhouse 

compartment (D4) to determine if plants in cages were exposed to cooler temperatures than 

those on the benches. 
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Figure 7.3 – Mesh-modified suction attachment (A – C) used to vacuum up F1 American 
serpentine leafminer emerging from chrysanthemum var. Chesapeake, in BugDorm cages 

placed on the floors of greenhouse compartments (D). Children’s pantyhose was used as mesh. 
Each leafminer sample was labeled (E).  

 

On Day 40, a small vacuum with a mesh-modified suction attachment was used to collect 

ASL adults in each of the 72 BugDorm cages (Fig. 7.3). Adults from each cage were stored in 

labeled plastic bags and counted in the lab. If counting had to be delayed for any reason, 

samples were stored in a freezer at <-10°C until processing could occur. Mean adult counts per 

plant were multiplied across all 240 plants contained in each greenhouse to determine an 

estimate of the total F1 adult populations (F1 adult).  
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7.2.6 Data Analysis 

Day- and night-time temperatures and RH were examined for significant differences 

between greenhouse compartments D2, D3, D4 and the floor of the outer-most compartment 

D4 to assess whether ASL development could have been impacted in any one of the four 

locations over the course of the 3 repetitions of this greenhouse study. The D4 floor position 

was chosen to represent the floor position of all adult emergence plant cages as temperatures 

were expected to be lowest in this outermost compartment. Day-time and night-time 

temperatures and RH data were arranged as randomized complete block designs with 3 

repetitions, up to 40 sub-samples, and four treatments (D2, D3, D4, and D4Floor). In each case, 

variance was partitioned into repetition as a random effect and treatment and subsamples as 

fixed effects.  To test assumptions of homogeneity and normality for all data, residuals were 

plotted against predicted values, treatments, sub-samples and repetitions, and a Shapiro-Wilk 

test was performed using Proc Univariate in SAS v. 9.4 (SAS Institute, Cary, NC).  A test for 

outliers was carried out by comparing internally studentized residuals with a critical value of 

3.40 for Lund’s test of outliers (α = 0.05; q = 4; n = 366; Bowley 2008).  

An inverse transformation had to be applied to day-time temperature data, while 3 outliers 

(rep 1, Greenhouse D2, subsample 3, outlier: 12.68°C; rep 1, Greenhouse D4, subsample 3, 

outlier: 10.83°C; rep 3, Greenhouse D4Floor, subsample 40, outlier: 21.65°C) had to be removed 

from the night-time temperature data set to satisfy conditions of normality. Inverse day-time 

temperatures, night-time temperatures without outliers, and untransformed day-and night-

time RH data were analyzed by performing a one-way analysis of variance using the Mixed 

procedure in SAS v. 9.4. Least-square means were generated and compared using a Tukey-

Kramer multiple means comparisons and a 5% Type I error rate. 

YSCP, total F1 adult counts, total F1 leaf mine counts and YSCF1 were subjected separately to 

one-way analyses of variance using Proc Mixed in SAS v. 9.4 to determine if a seasonality effect 

had impacted the count data over the course of the three repetitions. In each case, variance 

was partitioned into repetition, treatment, and greenhouse compartment (GH), where 

repetition was defined as a random effect while treatment and GH were fixed effects.  
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Treatment levels were defined as the three parental density treatment groups in the case of 

YSCP, total F1 adult counts, and total F1 leaf mine counts. Both F1 adults and F1 adjusted were 

used as treatment groups for YSCF1 in separate variance analyses. Residuals were plotted 

against predicted values, repetitions, GH, and treatment, and a Shapiro-Wilk test was 

performed to test assumptions of homogeneity and normality. A comparison of internally 

studentized residuals with the critical value for Lund’s test (α = 0.05; q = 4; n = 9; Bowley 2008) 

was used to identify any significant outliers. To satisfy conditions of normality, YSCP, total F1 

adult counts, total F1 leaf mine counts and YSCF1had to be square-root transformed.  

Square-root transformed YSCP, F1 adult counts, and F1 leaf mine counts at each parental 

density treatment were subjected to a regression analysis using Proc Reg in SAS v. 9.4 to 

determine the functional relationships between  

i. mean sticky card count and pest density,  

ii. F1 adult populations and initial pest density, and  

iii. F1 leaf mine counts and initial pest density, 

and to obtain the best-fit equation that describes each relationship. Regression analysis using 

Proc Reg in SAS was also used to determine whether a significant linear model could be defined 

for square-root transformed YSCF1 and estimated F1 population density estimates by analyzing 

the relationships between 

iv. YSCF1 data and estimated F1 adjusted and  

v. YSCF1 data and F1 adults.  

Combined YSCP and YSCF1 data at parental and F1 adjusted population densities were 

subjected to an analysis of variance, with repetition as random effect and population densities 

as fixed effects to test for the effect of seasonality over the course of the 3 repetitions.  

Although F1 adjusted data violates the assumptions of an independent variable, as explained in 

section 7.2.4, a homogeneous error variance and normal, random error distribution as 

determined by plots of residuals by predicted and Shapiro-Wilk test would satisfy one of the 

assumptions required for a valid analysis. Square-root transformations were required for both 

YSC count data. A regression analysis using Proc Reg in SAS was used to determine the 
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functional relationship between mean yellow sticky card counts and ASL population density per 

greenhouse compartment.  

Lastly,  square-root transformed F1 leaf mine data were subjected to regression analysis, 

with (log+1)-transformed YSCP data as the independent variable, to determine whether a linear 

relationship could be defined that would allow for a direct projection of future ASL population 

density estimates using yellow sticky card counts.   

 

 

7.3 Results and Discussion 

7.3.1 Greenhouse Compartment Variability 

An analysis of residuals for all temperature and RH data indicated that errors were random 

and independent. No outliers were detected when internally studentized residuals were 

compared to the critical value of 3.40 for Lund’s test of outliers (α = 0.05; q = 4; n = 366; Bowley 

2008). Errors were normally distributed based on a Shapiro-Wilk test (WDay temp = 0.9949, P = 

0.2617; WNight temp = 0.0.9921, P = 0.0511; WDay RH = 0.9931, P = 0.0896; WNight RH= 0.9947, P = 

0.2372). No repetition effects for any of the temperature or RH data were observed, while 

treatment and sub-sample effects were significant (Table 7.3). Mean day-time temperature in 

D3 differed significantly from mean temperatures recorded in the other compartments and 

D4Floor (Fig. 7.4). Night-time temperatures differed significantly across all treatment groups, with 

the only D3 and D4Floor showing no significant temperature difference (Fig. 7.4). RH in all 3 

greenhouse compartments differed significantly from the D4Floor position both during the day 

and at night (Fig. 7.4).   
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Table 7.3 – Variance analysis of the effect of the treatment greenhouse compartment (D2, D3, 
D4, and D4Floor at Bovey Building Greenhouses, University of Guelph) on day-time and night-

time temperature and relative humidity (RH) using a Type I error rate of 0.05.  

Covariance Parameters Estimate Standard Error Z-value Pr > Z 

Repetition (Day-time Temperature) 0.000014 0.000014 0.99 0.1604 

Residual (Day-time Temperature) 0.000014 0.000001 12.67 < 0.0001 

Repetition(Night-time Temperature) 0.9324 0.9349 1.00 0.1593 

Residual (Night-time Temperature) 0.2730 0.0216 12.61 <0.0001 

Repetition (Day-time RH) 0.0018 0.0019 0.97 0.1666 

Residual (Day-time RH) 0.0072 0.0006 12.67 <0.0001 

Repetition (Night-time RH) 0.0025 0.0025 0.98 0.1625 

Residual (Night-time RH) 0.0045 0.0004 12.65 <0.0001 

 

Fixed Effects Num DF Den DF F-value Pr > F 

Treatment (Day-time Temperature) 3 321 17.33 <0.0001 

Subsample (Day-time Temperature) 39 321 4.62 <0.0001 

Treatment (Night-time Temperature) 3 318 69.68 <0.0001 

Subsample (Night-time Temperature) 39 318 3.39 <0.0001 

Treatment (Day-time RH) 3 321 6.07 0.0005 

Subsample (Day-time RH) 39 321 7.02 <0.0001 

Treatment (Night-time RH) 3 320 8.07 <0.0001 

Subsample (Night-time RH) 39 320 6.33 <0.0001 

 

Thus, while temperature and RH did not show any time effects as indicated by the 

insignificant repetition effects, conditions across compartments cannot be considered 

homogeneous and any ASL developing from plants positioned into plant cages on compartment 

floors might have been adversely impacted by the cooler, drier conditions. However, the <1°C 

difference in mean temperatures between D2, D3, and D4 would likely not have had any effects 

on F1 leaf mine counts and YSC counts. While average day- and night-time temperatures of 

between 20.3°C – 21.5°C and 16°C – 17°C, respectively, were well below the set temperature of 

24°C ± 1°C (22°C ± 1°C at night), the scheduled F1 sample collection date was set with a 5-day 

buffer built in, thus ensuring that F1 ASL developing more slowly at average temperatures as 

low as 18°C could still be observed and collected within the experimental time-frame.   
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Figure 7.4  - Day-time (left) and night-time (right) least-square mean temperatures (top) and relative humidity (bottom) ± standard 
errors of 3 different greenhouse compartments (D2, D3, D4) and the floor of the D4 compartment. Data was collected with a HOBO 

U23-001 temperature and relative humidity data logger (Onset Computer Corp., Bourne, MA) at 12-hour intervals. Within each 
graph, different letters indicate significantly different means at a Type I error rate of 0.05 based on a Tukey-Kramer multiple means 

comparison. 
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7.3.2 Parental Yellow Sticky Card Counts 

Square-root transformed YSCP count data satisfied conditions of random, homogeneous 

error distribution and normality (W = 0.9336, P = 0.5159).   No repetition or greenhouse effects 

were observed (Table 7.4). Thus, YSCP counts were not affected by time of year (between 

November and March) or greenhouse compartment location (D2, D3, or D4). The regression 

analysis was therefore conducted using the model YSCP = μ + trt + error, where μ represented 

the mean and trt represented the ASL population density. The model was significant (F = 18.59, 

P = 0.0035) and the best-fit linear prediction equation was defined as √YSCP = 1.36 + 0.0074*trt, 

where 1.36 represented the intercept and 0.0074 represented the slope (Fig. 7.5). The 

coefficient of determination (R2) of this best-fit linear regression model was ascribed a value of 

0.7265 and thus the model explained 72.7% of the variation of the dependent variable, YSCP.  

 

Table 7.4 - Variance analysis of the total American serpentine leafminer (ASL), Liriomyza trifolii, 
population density on counts of ASL adults trapped on yellow sticky cards in the centre of 46m2 

greenhouse compartments. The study was conducted at Bovey Building Greenhouses, 
University of Guelph. 

Covariance Parameters Estimate Standard Error Z-value Pr > Z 

Repetition 0 . . . 

Residual  1.0718 0.7579 1.41 0.0786 

 

Fixed Effects Num DF Den DF F-value Pr > F 

ASL population density 2 2 10.11 0.0900 
Greenhouse 2 2 1.63 0.3805 

 

The best-fit prediction equation for YSCP could therefore be used for an inverse prediction of 

the ASL population density in a 46m2 of greenhouse area for infestation levels ranging between 

0.43 ASL/m2 to 10.87 ASL/m2.  
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Figure 7.5 – Best-fit linear regression model for the increase in yellow sticky card counts of 
American serpentine leafminer (ASL) at increasing population densities. The relationship applies 
to mean yellow sticky card counts with a single card placed in the centre of a 46m2 greenhouse 
area between November and March in south-west Ontario, Canada. Population density refers 

to the number of ASL adults present per 46m2 greenhouse area in a non-blooming 
chrysanthemum var. Cheasapeake, crop. Least-square means (± standard error) are indicated 
by black diamonds and the solid line represents the best-fit prediction equation √YSCP = 1.36 + 
0.0074*ASL population density, where 1.36 represents the intercept and 0.0074 represents the 

slope. The coefficient of determination, R2, was 0.7265.  

 

7.3.3 F1 Adult and Leaf mine Counts 

Square-root transformed F1 adult and leaf mine count data satisfied conditions of error 

homogeneity and normality (WF1 Adults = 0.8632, P = 0.1039; WF1 Mines = 0.9215, P = 0.4044). 

Neither F1 adults nor mine data were affected by time of year (between November and March) 

or greenhouse compartment location (D2, D3, or D4) as indicated by non-significant repetition 

and GH effects (Table 7.5).  
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Table 7.5 - Variance analysis of the total American serpentine leafminer (ASL) population 
density on F1 ASL adults and F1 leaf mines collected from 24 randomly selected 

chrysanthemum var. Chesapeake, plants in 46m2 greenhouse compartments. The study was 
conducted at Bovey Building Greenhouses, University of Guelph. 

Covariance Parameters Estimate Standard Error Z-value Pr > Z 

Repetition (F1 Adults) 21.70 26.40 0.82 0.2055 

Residual  (R1 Adults) 13.01 13.01 1.00 0.1587 

Repetition (F1 Mines) 451.97 596.96 0.76 0.2245 

Residual  (R1 Mines) 391.64 391.64 1.00 0.1587 

 

Fixed Effects Num DF Den DF F-value Pr > F 

ASL population density (F1 Adults) 2 2 8.18 0.1090 
Greenhouse (F1 Adults) 2 2 0.39 0.7182 
ASL population density (F1 Mines) 2 2 8.58 0.1044 
Greenhouse (F1 Mines) 2 2 0.09 0.9180 

 

 A positive linear relationship could be described for each independent variable and the 

parental population density. The regression analyses used the model y = μ + trt + error, where μ 

represented the mean and trt represented the ASL population density. In each case, the models 

were significant (FF1 Adults= 15.53, P = 0.0058; FF1 Mines = 17.79, P = 0.0039). For F1 adult counts, 

the best-fit linear prediction equation was defined as √F1 Adults = 1.49 + 0.033*trt, where 1.49 

represented the intercept and 0.033 represented the slope (Fig. 7.6A). The best-fit linear 

regression model had an R2 value of 0.6866 and thus the model explained 68.7% of the 

variation of the dependent variable. For F1 leaf mine counts, a best-fit prediction equation of 

√F1 Mines = 27.34 + 0.18*ASL population density was found, which explained 72% of the 

variation in F1 leaf mine count data (Fig. 7.6B).  

While both F1 datasets could be correlated with ASL population density in the study 

greenhouse compartments, mean F1 adult counts were consistently below the initial parental 

release rates at all 3 treatment levels. This indicated that the F1 adult count was likely 

underestimating the actual number of ASL adults present in each compartment and thus this 

dataset would not be used in an overall linear regression model to estimate the ASL population 

present in a particular greenhouse environment using mean yellow sticky card counts (7.3.5).   
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Figure 7.6 – Best-fit linear regression model for the increase in the estimated F1 American 
serpentine leafminer (ASL) adult count (A) and F1 leaf mine count (B) at increasing population 
densities. Population density refers to the number of ASL adults present per 46m2 greenhouse 

area in a non-blooming chrysanthemum var. Cheasapeake, crop between November and March 
in south-west Ontario, Canada. Least-square means (± standard error) are indicated by black 

diamonds and the solid lines represent the best-fit prediction equations. 
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7.3.4 F1 Yellow Sticky Card Counts 

The significance and functions of the relationships between square-root transformed YSCF1 

data and adjusted F1 leaf mine counts (assuming a 72% eclosion rate of ASL pupae), and 

square-root transformed YSCF1 data and F1 adult counts were determined through a regression 

analysis using the model y = μ + trt + error, where μ represented the mean and trt represented 

F1 adult count or adjusted F1 leaf mine data. Both F1 adult data and adjusted F1 leaf mine data 

were used as estimates of the ASL population density in each greenhouse compartment. In 

each case, the models were significant (FF1 Adults = 9.48, P = 0.0178; FF1 Adjusted Mines = 10.10, P = 

0.0155) and could be used for an inverse prediction of ASL population density using yellow 

sticky card counts.  

 

 

 

Figure 7.7 – Best-fit linear regression model describing the relationship between yellow sticky 
card counts of American serpentine leafminer (ASL) and F1 adult counts, which represent  

population density in a 46m2 greenhouse area containing a non-blooming chrysanthemum var. 
Cheasapeake, crop between November and March in south-west Ontario, Canada. Least-square 

means (± standard error) are indicated by black diamonds and the solid line represents the 
best-fit prediction equation.  
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The best-fit linear prediction equation describing the relationship between YSCF1 and F1 

adult counts was defined as √YSCF1= 2.23+ 0.028*F1 adult count, where 2.23 represented the 

intercept and 0.028 represented the slope (Fig. 7.7). However, this model only explained 57.5% 

of the variation of the dependent variable, YSCF1.  

 

 

Figure 7.8 – Best-fit linear regression model describing the relationship between yellow sticky 
card counts of American serpentine leafminer (ASL) and adjusted F1 leaf mine counts, which 

represent  population density in a 46m2 greenhouse area containing a non-blooming 
chrysanthemum var. Cheasapeake, crop between November and March in south-west Ontario, 
Canada. Least-square means (± standard error) are indicated by black diamonds and the solid 

line represents the best-fit prediction equation. 

 

The best-fit linear prediction equation describing the relationship between YSCF1 and 

adjusted F1 leaf mine counts was defined as √YSCF1= 1.27 + 0.0011*F1 adult count, where 1.27 

represented the intercept and 0.0011 represented the slope (Fig. 7.8). The model explained 

59.1% of the variation of the dependent variable, YSCF1. Thus, the model using F1 leaf mine 

count as the pseudo-independent variable only accounts for approximately 1.5% more variation 

in the dependent variable than the model involving F1 adult counts. However, use of adjusted 

F1 leaf mine counts in an overall linear regression model would likely yield more realistic 

0

50

100

150

200

250

300

0 2000 4000 6000 8000 10000 12000

Ye
llo

w
 s

ti
ck

y 
ca

rd
 c

o
u

n
t

Adjusted ASL F1 leaf mine count

√YSCF1 = 1.27 + 0.0011*x 

R2 = 0.5907 



116 
 

estimates of the ASL population present in a particular greenhouse environment as F1 adult 

counts underestimate actual ASL population size.  

 

7.3.5 Models for Assessing Current and Future ASL Population Density 

Square-root transformed YSCP and YSCF1 data satisfied conditions of independent, random, 

homogeneous error distribution and normality based on residual plots and a Shapiro-Wilk test 

(W = 0.9297, P = 0.1916). The best-fit linear regression model describing the relationship 

between YSC and ASL population density based on initial parental densities and adjusted F1 leaf 

mine counts was significant (F = 23.05, P = 0.0002).  

 

Figure 7.9 – Best-fit linear regression model for the increase in yellow sticky card counts of 
American serpentine leafminer (ASL) at increasing population densities. The relationship applies 
to mean yellow sticky card counts with a single card placed in the centre of a 46m2 greenhouse 
area between November and March in south-west Ontario, Canada. Population density refers 

to the number of ASL adults present per 46m2 greenhouse area in a non-blooming 
chrysanthemum var. Cheasapeake, crop. Least-square means (± standard error) are indicated 

by black diamonds and the solid line represents the best-fit prediction equation. 
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of determination, R2, was 0.5903(Fig. 7.9). The coefficient of determination indicated that 59% 

of the variation in the dependent variable could be explained by the model. While a higher R2 

value would have indicated greater accuracy of the best-fit prediction equation, this model still 

provides a basis for using mean yellow sticky card counts to determine present ASL population 

density estimates.  

A linear regression analysis between YSCP and F1 leaf mine counts could not be conducted, 

as assumptions of homogeneous, independent, normally distributed errors were not met.  

 

7.4 Conclusions 

In order to achieve high levels of success using SIT tactics certain ecological and behavioural 

factors need to be considered, including estimation of the number of endemic, fertile flies and 

the number of sterile males that would need to be released to achieve eradication, evaluation 

of competitiveness of sterile males in the field, and assessment of mortality rates and dispersal 

of the target population (Ito and Yamamura 2005). Based on research by Kaspi and Parrella 

(2006), sterile insect release rates of 3 to 10 times the number of endemic ASL could achieve 

suppression.  In this research, yellow sticky card counts were used as a sampling technique to 

estimate the endemic ASL population density in 46m2 greenhouse compartments. Yellow sticky 

cards are simple to employ and collection and assessment of ASL card counts are quick and 

straightforward (Parrella and Jones 1985).  

The regression model describing the relationship between ASL population density and F1 

leaf mine counts (Fig. 7.6B), could serve as a predictive tool to calculate approximately future 

infestation levels if combined with the regression model describing the relationship between 

YSCP and ASL population density (Fig. 7.5). A more straightforward method would have involved 

a prediction equation using YSCP as the independent variable and F1 leaf mine counts as the 

dependent variable. However, while the heterogeneous, non-normal error distributions 

prevent regression analysis of these variables, the potential leaf mine counts of the next ASL 

generation could be estimated by using yellow sticky card counts to inversely predict the 

current ASL population density. This density value could then be used to approximately 
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determine the next generation leaf mine count using the best-fit prediction equation √F1 mines 

= 27.34 + 0.18*ASL population density. Using an eclosion rate of 72%, the population density of 

the next generation could then be determined.   

All models, however, assume a yellow sticky card distribution of 1 small card per 46m2 in a 

non-blooming crop of chrysanthemums collected in the winter and very early spring-time 

(November to March) in south-western Ontario. Modifications to these assumptions could 

impact model accuracy and predictive power. Furthermore, no overlap in parental and F1 

generations was observed. While a lack of overlapping generations is typical of the early stages 

of ASL invasion into a crop, an established commercial greenhouse may be accommodating 

multiple, overlapping generations of ASL, particularly during the summer months (Chandler and 

Gilstrap 1987).   

While financial and space constraints prevented the use of more than three greenhouse 

compartments in the Bovey Building Greenhouses, especially when the release of a live insect 

pest requires complete isolation of the compartments involved to prevent spread of the insect 

into other experimental compartments, further repetitions at different ASL population densities 

would improve model significance and predictive range.  The models describing the relationship 

between yellow sticky card counts and population density (Figs. 7.5, 7.8, and 7.9) could be 

tested further using a capture-mark-release study to determine whether model parameters 

remain valid in a more realistic commercial greenhouse environment. 
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Chapter 8 

GENERAL CONCLUSIONS AND RECOMMENDATIONS 

 

8.1 Introduction 

Canadian ornamental greenhouse growers increasingly rely on multiple pest management 

tools to minimize damage to their crops through implementation of an Integrated Pest 

Management (IPM) strategy involving a combination of cultural, physical, biological and 

chemical control options. In Ontario, the majority of floriculture operations have implemented 

biological control agents (BCAs) as their main pest control tactic, with narrow-spectrum, short 

persistence chemical controls applied on an as-needed basis (Murphy 2014). The use of BCAs 

against insects pests such as whitefly (Trialeurodes vaporariorum, Bemisia spp.) and Western 

flower thrips (Frankliniella occidentalis), for example, has increased in ornamental greenhouse 

operations growing potted plants due to the rapid development of insecticide resistance in 

these pest populations (Brown 2014). A report by Agriculture and Agri-Food Canada’s Pest 

Management Centre listed pest resistance issues, decreasing availability of chemical control 

products due to loss of registration following a re-evaluation by the Pest Management 

Regulatory Agency, worker health concerns, and environmental impacts as drivers for the 

development of a pesticide risk reduction strategy in Canadian ornamental greenhouses (AAFC 

2012b).  

While the ornamental industry as a whole is moving toward an IPM approach centered on 

the application of BCAs to maintain a diversity of pest populations below economic injury 

levels, only one-third of cut/potted chrysanthemums and gerbera growers had adopted BCAs as 

a control method for American serpentine leafminer (ASL), based on a grower survey 

conducted in 2013 (Chapter 3).  

Infestations of ASL in North American ornamental greenhouses have traditionally been 

managed through application of insecticides of the carbamate, organophosphate, and 

pyrethroid classes. Frequent application of insecticides in California greenhouses in the late 

1970s created a strong selection pressure for resistance development in rapidly reproducing 
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ASL populations which adversely impacted the ornamental industry due to increasing cost of 

control, decreased plant quality, and crop losses in the early 1980s (Newman and Parrella 

1986). Abamectin, cyromazine, and permethrin are the only registered insecticides for control 

of ASL in Canada and resistance has been documented for all three products (Parrella 1983, 

Parrella et al. 1984, Keil et al. 1985, Sanderson et al. 1989, Ferguson 2004, Conroy et al. 2008, 

Ferguson and Pineda 2010). According to the grower survey conducted as a part of this study in 

early 2013, less than 7% of growers who had indicated current or past use of abamectin or 

cyromazine achieved a high degree of control (Chapter 3). Reduced efficacy of registered 

chemical control methods against ASL has contributed to a significant increase in off-label use 

of products in the organophosphate, organochlorine, carbamate, diamide, pyrethroid, and 

spinosad classes of insecticides (Chapter 3). Most of these classes are broad-spectrum 

insecticides providing affordable, simultaneous control of several insect pest species. With 

recent ASL infestation levels described as low to moderate by growers, off-label product use 

provided a quick, simple means of knocking down ASL populations to avoid economic losses.  

Concurrently, lack of reliable pest control and high application costs have led to relatively 

low adoption rates of BCAs, such as the parasitic wasps Diglyphus isaea and Dacnusa sibirica 

and the entomopathogenic nematode Steinernema feltiae, for control of ASL compared to 

adoption rates of parasitic wasps and predatory mites used against whitefly (Trialeurodes 

vaporariorum, Bemisia tabaci, Bemisia argentifolii), thrips (Frankliniella occidentalis), or aphids 

(Myzus persicae, Aphis gossypii, Aulacorthum solani, Macrosiphum euphorbiae).  Applications of 

BCAs for ASL control are more prevalent in cut flower production compared with potted 

ornamental crops as leaves with parasitized ASL larvae in leaf mines can be removed without 

causing significant economic damage to the crop. Biocontrol of ASL in potted chrysanthemums 

and gerberas sold as whole plants is more challenging as the presence of mines lowers the 

aesthetic value of the crop.   

The combination of good sanitation practices, prevention of movement of contaminated 

cuttings into greenhouses, applications of BCAs in some cut flower production systems, and off-

label use of insecticides have reduced pest pressure and the impact of ASL damage to the 
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ornamental industry in Canada. However, a severe infestation as was experienced in the US and 

Canada in the 1970s would have the potential to overwhelm BCAs, promote resistance 

development to any off-label products or newly registered insecticides and lead to significant 

financial losses for the industry. Average annual costs in terms of crop losses associated with 

ASL-induced plant damage and control of ASL in Ontario ornamental greenhouses have been 

estimated at just under $49,000 per ha per year during low infestations (Chapter 3). The total 

area of Canadian ornamental greenhouses in 2013 was 814 ha and sales and operating 

expenses were approximately balanced at $1.1 billion (Statistics Canada 2014b, e, and f). During 

higher infestation periods when available control options fail to maintain ASL populations 

below economic injury levels, the industry’s tight profit margins may become significantly 

affected. Thus, alternative control strategies such as sterile insect releases should be 

introduced at a time when the industry can absorb the costs associated with existing pest 

densities and invest into research and development of new approaches to create a more 

resilient and robust system capable of preventing ASL population increases in the first place. 

The aim of this thesis research was to examine the suitability and feasibility of the SIT against 

ASL infestations in Canadian ornamental greenhouses by assessing dose rate using a linear 

particle accelerator (linac); developing a mechanical method for separating female pupae prior 

to irradiation; and investigating the relationship between ASL population density in a 

greenhouse environment and yellow sticky card counts over two generations to provide a 

method for estimating sterile leafminer release rates required to suppress ASL infestations over 

time. This chapter will summarize key findings and provide recommendations for future 

research and program implementation.  
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8.2 Recommendations for American Serpentine Leafminer Irradiation 

One of the objectives of this thesis was to repeat previous research by Kaspi and Parrella 

(2003) to verify the efficacy of X-ray technology in sterilizing ASL pupae for use in a sterile insect 

release program. Previously established protocols developed for use with gamma irradiators 

were adapted for determination of quality/competitiveness and sterility of X-ray irradiated 

adults. Following the discontinuation of the GammaCell 220, a popular self-contained research 

irradiator using 60Co as radioactive source material, and the increase in cost and logistical 

complexity of moving radioactive material across national boundaries, the IAEA has promoted 

use of X-ray technology for SIT programs (IAEA 2012). Thus, this research examined the 

effectiveness of a linear particle accelerator (linac) system located at the Ontario Veterinary 

College (Guelph, ON) for use in an SIT-based program. Linacs generate X-ray radiation as 

accelerated electrons collide with a target to create photon beams (Griffith and Harsh 2000). 

Unlike lower-voltage irradiators, a linac has high effective dose precision and superior depth 

penetration, making it a reliable tool for SIT research trials, where access is possible. Nascent 

sterile insect release programs, however, would not benefit from these advantages as costs 

associated with equipment use and dosimetry are relatively high and the operation of a linac 

and associated software requires the attention of a medical physicist.  

In this research, the linac generated the dose rate with 1/25 less variability than the gamma 

irradiator used previously by Kaspi and Parrella (2003), thus indicating improved precision.  

Dose precision above the radiation threshold required to induce sterilization may not be the 

most important factor for established sterile insect release programs as less expensive, less 

accurate equipment will be more cost-effective in irradiating large amounts of insects required 

for area-wide releases. However, research trials aimed at determining or testing the optimal 

dose rate required for sterilization of a new SIT species, such as ASL, benefit from the linac’s 

accuracy in delivering a uniform dose across the irradiated material.  

Percent emergence, flight ability and sterility of ASL adults were comparable to the values 

obtained by Kaspi and Parrella (2003). However, residual male fertility following irradiation with 

the linac system was documented and thus, the dose rate may have to be increased above 
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170Gy to account for potential protective effects induced by the cold and hypoxia treatments.  

Hypoxia did not affect emergence or flight ability - the two parameters indicating quality and 

competitiveness of ASL pupae. Further testing of packaging of ASL pupae in sand or vacuum-

sealed bags during irradiation is required as high pressure could crush pupae and prolonged 

exposure to hypoxic conditions could lead to deleterious effects in eclosed adults or reduce 

emergence rates, thus impacting the cost effectiveness of a sterile insect release program.  

While the mass-rearing method using 30 pots of young faba beans per day, planted at 5 

seeds/pot, produced consistent, reliable yields of 1,000 to 3,000 pupae per week, an artificial 

growth medium for ASL larval development would significantly reduce time and input costs of a 

commercial SIT program as well as increase output efficiency. A recent study on the 

development of an egg-capture set-up consisting of 2 sheets of paraffin film stretched over a 

glass cylinder with a glucose solution between the layers indicated that female ASL preferred a 

5-10% glucose solution for oviposition and up to 80% of eggs hatched successfully (Mizoguchi et 

al. 2011). However, oviposition rates were comparatively low, and the growth medium requires 

further improvements to provide a suitable support system for larval growth.  

Furthermore, mass-reared lab colonies may be exposed to different selection pressures 

compared to the endemic ASL populations. Resistance development to ionizing radiation does 

not occur in the target insect species and dominant lethal mutations can be induced 

indefinitely, without the need to adjust the dose rate. However, the endemic population can 

develop behavioral resistance as fertile females reject sterile males during mating due to 

decreased physical competitiveness or inadvertent selection of undesirable traits in the mass-

reared colonies that serve as the source for sterile insects (Lance and McInnis 2005). To avoid 

this type of resistance the mass-reared colonies need to be refreshed periodically and sterilized 

adults need to undergo continuous quality and competitiveness tests to provide quality control.  

 



124 
 

8.3 Recommendations for Pre-irradiation Sex Separation 

The second research objective of this thesis involved the development of a mechanical 

method to remove larger female ASL pupae prior to irradiation by examining significant 

differences in male and female pupal length, dorsal width, and lateral width distributions. 

Measurements of 1,200 ASL pupae were collected and cumulative frequency distributions were 

used to determine the dimensions of three different sieve designs tested for their efficacy in 

mechanically excluding large proportions of female pupae from the throughput and thus 

increasing the male retention ratio (MRR). With males acting as the true vectors of sterility, 

significant population effects are achieved in a more cost-efficient manner when females are 

eliminated from a cohort of pupae prior to irradiation and area-wide release.  

The ‘WidthOpt’ model seemed to provide the most efficient mechanical sex segregation 

option. This sieve prototype combined the largest differences between male and female length 

distributions at 1.543mm, and lateral width distributions at 0.688mm to exclude pupae based 

on 2 dimensions, rather than just width as in the case of the ‘Ridge’ model, or length, as with 

the ‘LengthOpt’ model. Sieve efficacy was determined by the male-to-female ratio (MFR), while 

the male retention ratio (MRR) and the female exclusion ratio (FER) were used as indicators of 

sieve efficiency. The ‘WidthOpt’ model had a MFR of 2.17± 0.346, indicating that the number of 

males in the throughput sample was doubled, however, this ratio did not differ significantly 

from the control or other sieve MFRs.  A 45% MRR and 76% FER meant that the model could 

exclude the majority of female ASL pupae while 45% of males were retained in the throughput. 

While these ratios still imply waste of resources as 55% of males are essentially excluded from 

each batch, this model provided the best compromise between exclusion of a majority of large 

females and maximum retention of males. The ‘Ridge’ model was less efficient, due to the 

exclusion of 91% of females along with the loss of 81% of males. The ‘LengthOpt’ model had the 

highest MRR, but by allowing for the movement of almost 70% of female pupae into the 

throughput, the MFR was considered too low and the time and efforts spent on sieving pupae 

would not be outweighed by the benefits of producing a throughput sample containing mostly 

males. Thus, the ‘WidthOpt’ model would likely be the best candidate for a mechanical sex 

separation device.  



125 
 

By repeating the sieving trial using a greater replication of pupal cohorts and greater number 

of pupae per cohort, more robust data on the consistency of MFR, MRR, and FER for the 

‘WidthOpt’ model can be generated. While a mechanical sexing strategy will never be able to 

completely eliminate all female pupae from a batch of pupae prior to irradiation, the use of a 

sieve such as the ‘WidthOpt’ model could increase the numbers of males per batch, thus 

improving the spread of sterility once irradiated pupae are released.    

However, the exclusion of the largest male pupae may also lead to a loss of competitiveness 

or quality as large adult male ASL are considered more successful in terms of mating success 

than their smaller counterparts (Kaspi and Parrella 2003). Thus, quality control trials will be 

required to ensure sieved pupae will be able to out-compete endemic, fertile males following 

irradiation and release in the greenhouse.  

Pupae mass-reared for the purposes of this research were collected over sand to prevent the 

slightly sticky pre-pupae from attaching themselves to the collection container which would 

lead to damage of the puparia when the insects would need to be transferred for viewing under 

the microscope. While pupae were easily separated from the sand by passing the sand through 

a Tyler-35 mesh (US grade 40) stainless steel sieve, a few grains of sand remained attached to 

most pupae and might have led to their exclusion from the throughput as the sand grains 

added to the length or width of pupae (Fig. 8.1). Dried leaf tissue and other debris may have 

also added to this issue.  

Most importantly, pre-pupae tended to aggregate in the corners of the collection containers 

and attach to each other to form small clusters of pupae that could not be separated without 

causing damage to the puparia. These clusters also led to the exclusion of pupae from the 

throughput, reducing the efficacy and efficiency of sieve models (Fig. 8.1).  Collecting pupae in a 

dark room and keeping the sand moving through gentle shaking might reduce this tendency to 

cluster. Collection trays should be protected from any debris or dried leaf matter to ensure 

clean samples for mechanical sexing prior to irradiation.  
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Figure 8.1 – American serpentine leafminer pupae passing through the ‘WidthOpt’ sieve model. 
Clumping of pupae (yellow circle), attachment of pre-pupae to debris or dried leaf litter (blue 

circle), and grains of sand attached to pupae leading to a false elongation or width increase (red 
circles) can prevent pupae from moving through pore openings into the throughput. 

 

Quality control trials for a mechanical sexing system should also include an examination of 

adult ASL to ensure no physical damage is incurred due to the sieving of pupae which could lead 

to potential loss of quality or competitiveness. In the case of the Mediterranean fruit fly, 

Ceratitis capitata, sieving of pupae at the critical time of wing muscle development sometimes 

led to muscle detachment and adults expressed the ‘droopy wing syndrome’ (Ozaki and 

Kobayashi 1981, Chang et al. 1982). While no information on wing muscle detachment due to 

sieving exists for ASL, use of a mechanical sexing method as part of a sterile leafminer release 

program will have to be investigated to avoid loss of quality of released insects.   

While the development and implementation of a mechanical sexing system is far less 

expensive and resource intensive compared the development of a genetic sexing strain (GSS) or 

a dominant lethal mutation (RIDL) in ASL, complete removal of all females in a sample cannot 

be accomplished using any mechanical method due to the large degree in overlap of cumulative 

frequency distributions of male and female ASL and the lack of any other distinguishing physical 

characteristics or features to sort males from females. However, since sterile ASL females do 
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not induce physical plant damage other than leaf stippling, removal of more than 50% of female 

pupae using a mechanical sexing system would likely enhance a sterile release program 

sufficiently, rendering the more time and cost-intensive genetic sexing systems, i.e. GSS and 

RIDL, useless to the ornamental industry.  

 

8.4 Recommendations for Sterile Leafminer Release Rates 

The third research objective investigated the potential for the estimation of ASL infestation 

levels in ornamental greenhouses by determining whether a correlation between adults caught 

on yellow stick cards and endemic population levels for two generations could be described. No 

sampling plans or forecast models for the estimation of current and prediction of potential 

future infestation levels of ASL currently exist in Canada. Thus, this greenhouse study aimed at 

providing a preliminary assessment tool of ASL population density which would aid in 

determining the timing and number of sterile ASL pupae needed per greenhouse to achieve 

population suppression once a sterile leafminer release program becomes operational.  

A total of three parental ASL density treatments (0.43 ASL/m2, 2.17 ASL/m2, and 10.87 

ASL/m2) from the same cohorts, were released in adjacent greenhouse compartments and the 

parental yellow sticky card count (YSCP), F1 yellow sticky card count (YSCF1), F1 leafmine count, 

and F1 adult count were collected. The greenhouse study was repeated three times over the 

period from November 2013 to March 2014. F1 leafmine count and F1 adult count were used 

as pseudo-independent variables to provide an estimate of the F1 population density in each 

greenhouse compartment.  

Due to movement of pre-pupae away from their host plants and toward the drip irrigation 

main line on each greenhouse bench, the F1 adult count was likely underestimating the actual 

number of ASL adults present in each compartment. Unless plant spacing is increased 

significantly to accommodate BugDorm cages placed on the benches prior to pre-pupae 

emerging from the leaf tissue, or modification of cage size to maintain the commercial 12” 

spacing, F1 adult counts should not be used in a linear regression model with YSCs to estimate 

current or future ASL infestation levels. 
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Regression models describing the relationships between YSC and the population density of 

the parental generation, and YSC and population density of both the parental and F1 

generations using F1 leafmine counts adjusted for 72% eclosion to represent the F1 population 

density can be used as tools to estimate current ASL population densities (Table 8.1). The 

calculated pest density applies to a 46m2 greenhouse area and will have to be extrapolated to 

provide a representative estimate of the ASL population in the entire greenhouse. Once known, 

this information can be used to determine the number of sterile ASL required to achieve 

suppression. 

Table 8.1 – Summary table describing the best-fit linear regression equations, their coefficients 
of variance (R2), and American serpentine leafminer (ASL) population density range. A 

combination of equations 1) and 2) can serve as a prognostic tool. A Yellow sticky card count 
(YSC) is used to determine current ASL population density and using this pest density estimate 

as the independent variable in equation 2), the next generation leafmine count is obtained.  

 
 

Best-fit Linear Regression Equation* R2 
Density 
Range 

Type of 
assessment 

1) ASL population density  = (√YSCP - 1.36) / 0.0074 73% 
0.43 – 10.87 

ASL/m2 
Current 

infestation 

2) F1 Mines = (27.34 + 0.18*ASL population density)2 72% 
0.43 – 10.87 

ASL/m2 

Prognostic 
when combined 

with 1) 

3) ASL population density = (√YSC – 2.204) /0.00097 59% 
0.43 – 221.89 

ASL/m2 
Current 

infestation 

* Model assumptions: yellow sticky card distribution of 1 small card per 46m2 in a non-blooming crop of 
chrysanthemums var. Chesapeake collected between November to March in south-western Ontario 
during the early stages if ASL infestation when generational overlaps would are not yet established.  

 

By combining equations 1) and 2) in Table 8.1, an estimate of future infestation levels can be 

obtained. First, the current ASL population density is calculated using equation 1). Next, this 

pest density value is used in equation 2), to obtain the estimated leafmine count of the next 

generation. When an eclosion rate of 72% is applied to this value, a projection of the next 

generation population size can be generated. Again, this value applies to a 46m2 area and will 
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have to be extrapolated to represent the entire greenhouse area. Knowledge of current and 

potential future infestation levels is not only useful for determining sterile insect release rates 

and frequencies, but also for monitoring and developing economic threshold levels for this 

insect pest (Jones and Parrella 1986).  

Future research trials to test the models described in Table 8.1 should be conducted in 

commercial greenhouses using capture-mark-release studies to determine whether model 

predictions remain accurate in a more realistic setting and in situations when some of the 

model assumptions are violated, such as where sticky card placements may not be as 

homogeneous, or where established ASL populations are present.  

 

8.5 Sterile Insect Technique as an IPM Component 

A truly sustainable IPM strategy involves a proactive systems approach that takes into 

account all factors leading to insect pest population build-up, such as environmental conditions, 

physical and cultural control methods in place, plant characteristics and cropping system, and 

the timing, dose/rate, and type of control agents applied (Buitenhuis 2014). These factors 

directly impact insect pest population dynamics that in turn determine economic injury levels. 

The economic injury level describes the minimum pest density leading to economic losses for a 

grower (Pedigo and Rice 2009), however, most ornamental floriculture cropping systems do not 

tolerate any pest presence and economic injury levels equal 0. The majority of greenhouse 

floriculture operations in Canada have adopted preventative BCAs as their primary pest control 

tactic; however, consideration of the causes of pest population increases as well as interactions 

and interdependencies between the different factors impacting pest management are not 

always addressed sufficiently (Lewis et al. 1997, Buitenhuis 2014). 

Furthermore, no insect pest population exists in isolation within a greenhouse environment. 

Instead, each grower faces a unique amalgam of insect pests, natural and released predators 

and parasites, and beneficial arthropods, that fluctuates as different populations interact with 

each other in constructive or destructive ways. 
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Environmental conditions, plant characteristics, cropping system, and use of chemical 

control products also affect the composition of arthropods in the greenhouse environment. 

Table 8.2 lists 7 major insect and mite pests associated with floricultural production systems 

and a selection of BCAs used for their control. Broad-spectrum organophosphates, 

organochlorines, and pyrethroids tend to be least compatible with released BCAs and of the 

three products registered for control of ASL, only cyromazine would be compatible with the 

BCAs for other insect and mite pests (Table 8.2).Thus, the diversity of BCAs and arthropod pests 

present in IPM-managed greenhouse agro-ecosystems implies that insecticide applications to 

target ASL could interfere with the BCA regime of another pest or vice versa. Moreover, if ASL 

infestation levels should spike again as in the 1970s, chemical control products would quickly 

be rendered ineffective due to the innate ability of the species to rapidly develop resistance.    

Sterile insect technique contributes a genetic control component to an IPM program for ASL 

and as such could add to the therapeutic tool-kit in a systems approach to pest control (Lewis et 

al. 1997). Sterile insect releases have to be timed in accordance with pest population density, 

thus necessitating a thorough analysis of the factors impacting ASL population dynamics (Ito 

and Yamamura 2005). As a result, fundamental weaknesses in a crop production system that 

facilitated the rise and spread of an ASL infestation could be identified as sterile insect release 

rates are being determined.  

In addition, sterile ASL pupae are easy to ship and store for up to three months in cool 

conditions, making sterile insect applications more attractive for growers (Parrella 1987, Chaput 

2000, Lanzoni et al.  2002). By combining applications of sterile, sexually competitive ASL with 

augmentative releases of the parasitic wasp Diglyphus isaea, growers are likely able to improve 

pest control and reduce off-label insecticide use. Previous cage study results indicated a 

synergistic effect with combined releases of sterile ASL and D. isaea (Kaspi and Parrella 2006). 
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Table 8.2 – Compatibility of biological control agents for 7 major insect and mite pests with insecticides and miticides registered for use in Canadian 
ornamental greenhouses. Sources: Jandricic et al. (2006), OMAFRA (2011a), Plant Products (2012), and Koppert Biological Systems 2014.  

 
 
Application methods: HVS = High-volume spray; LVM = Low volume method; SPK = Sprinkle; TMX = Tank mix; DR = Drench; I = Irrigating 
 = Harmless, < 25% mortality;  = Slightly harmful, 25% – 50% mortality;  = Moderately harmful, 51% - 75% mortality;  = Very harmful, >75% mortality 
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Initial high ASL infestation levels provide ample host material for D. isaea, leading to 

increases in both BCA population growth and efficacy.  As infestation levels begin to decrease 

as a result of both parasitism and sterile insect releases, every subsequent high-volume release 

of sterile ASL exponentially increases the sterile-to-fertile ratio and thus SIT efficacy is enhanced 

(Lance and McInnis 2005, Mangan 2005). However, no research has been carried out on a 

greenhouse-wide basis and the extent of this synergism between D. isaea and sterile ASL 

releases in an area-wide IPM approach is still unknown. 

Sterile insect releases also have high target specificity and any BCA regime against other 

greenhouse ornamental pests would not be impacted by this genetic control tactic. With 

increased public awareness of and concern with chemical residues on plant products, the 

combined use of BCAs and sterile insect releases could lead to greater consumer acceptance of 

floriculture products through reduced pesticide application frequency and sustainable ASL 

population suppression.  

 

8.6 Recommendations for a Future Sterile Leafminer Release Program 

The results from the research presented in this thesis indicate that the development of a 

sterile leafminer release program for the Canadian ornamental greenhouse industry is feasible. 

Development of an artificial diet to more efficiently mass-rear ASL pupae for irradiation is the 

most crucial component to be investigated further.  Radiation dosage, sexing of ASL pupae prior 

to irradiation, and estimation of sterile release rates have been explored in this thesis research 

and while fine-tuning of methods will benefit a sterile release program, an artificial diet will 

have the greatest impact on the economic success of such a program.  

Furthermore, the production of sterile ASL could be combined with SIT programs for other 

species of leafminer such as the vegetable leafminer, Liriomyza sativae Blanchard, the pea 

leafminer, Liriomyza huidobrensis Blanchard, and the tomato leafminer, Liriomyza bryoniae 

(Kaltenbach), that have lifecycles similar to ASL (Walker 2012, Capinera 2014, Ferguson and 

Murphy 2014).  
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By targeting multiple leafminer species, the market for a sterile leafminer release program 

could be increased significantly to include commercial greenhouses producing ornamentals and 

vegetables. Rearing and irradiation facilities for ASL could be also be used for SIT programs for 

other greenhouse pests, such as the greenhouse whitefly, Trialeurodes vaporariorum 

(Westwood), or be combined with existing facilities, such as the OKSIR facility in British 

Columbia that rears and sterilizes codling moth, Cydia pomonella L., for area-wide sterile insect 

releases in the Okanagan valley (Calvitti 1998, SIR 2012).  

Combining insect rearing and sterilization of multiple insect species within one facility or 

using existing facilities can reduce initial investment costs per species and lead to greater price 

competitiveness, thus greatly improving the success and acceptance of sterile insect release 

programs amongst growers.  

For Canadian ornamental greenhouse growers, the addition of the SIT to their pest 

management tool-kit currently comprised of chemical and biological controls will lead to a 

more robust, resilient agro-ecosystem and reduce the likelihood of a future ASL infestation 

through continuous, efficacious population suppression.
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Appendix A: Grower Survey 

 
 

Ornamental Greenhouse Grower Survey on Control of 
Leafminer 

 
 
1) Your Province: 
 
 
2) Main ornamental crops in production affected by leafminer: 

 

 Cut Potted 

Chrysanthemums   

Gerberas   

 
Other (please specify):  

 
 
3) Approximate area of crop production: 

 

 Cut Potted 

Chrysanthemums   

Gerberas   

Other   

 
 

4) Please indicate the degree of leafminer infestations you experience currently and have 
experienced in the past: 

 
Minor = Sporadic infestations, control is possible 
Moderate = Regular infestations, control is possible 
Severe = Persistent infestations, control is difficult 

  

 Minor Moderate Severe 

Current Infestations    

Past Infestations    
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5) Could you estimate your annual costs due to leafminers? 

Approximate annual cost due to crop losses: 

Approximate annual cost of control (include all control strategies): 

 

 

6) Which insecticides and/or biological controls do you currently employ (or have employed in the 

past)? 

 
Low control = pest population/crop damage decrease moderately or do not decrease after insecticide or biocontrol 

application 

Moderate control = pest population/crop damage decrease somewhat after insecticide or biocontrol application  

High control = pest population/crop damage are well below threshold levels after insecticide or biocontrol application 

 

Biocontrols 

Control  Achieved Time of Usage 

Low 
Control 

Moderate 
Control 

High 
Control 

Currently 
used 

Used in 
the past 

Never 
used 

Parasitic wasp - Diglyphus isaea       

Parasitic wasp - Dacnusa sibirica       

Nematodes       

 

Insecticides 

Control  Achieved Time of Usage 

Low 
Control 

Moderate 
Control 

High 
Control 

Currently 
used 

Used in 
the past 

Never 
used 

Abamectin (Avid) 
      

Cyromazine (Citation) 
      

Permethrin (Pounce or Ambush) 
      

Other insecticides 
      

 

Please name any other insecticides used:  
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7) Other Controls used: 

Please add comments where applicable and indicate your degree of satisfaction with each control method 

used. 

 Not Used Dissatisfied Neutral Satisfied 

Use of Tolerant Varieties:     

Crop Rotation:     

Weed Management/Sanitation:     

Mass Trapping (e.g. yellow sticky 
tape): 

    

Other (please specify below)     

 

 

 

8) Would you be interested in new technology/new approaches to control leafminer? 

 

 Yes 

 No 

 

9) If you answered ‘yes’ to question 8, please indicate which areas you would be interested in 

participating: 

 

 Trials in own greenhouses/compartments 

 Read web-posts/pamphlets with information on new approaches 

 Participate in further surveys 

 Other (please specify):  

 

10) Would you be interested in participating in a more comprehensive review of costs associated with 

control of leafminer? 

 

 Yes  Name:      e-mail:  

 

 No 

 

 

 

--- Thank you very much for your participation! --- 
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Appendix B: Sieve Designs 

All sieve model images created by Zafar Sultan using Autodesk Inventor® Professional 2014 

(Autodesk Inc., USA). 

‘Ridge’ sieve model: 

Side-view with dimensions in cm: 

 

Top-view with dimensions in mm:  
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‘LengthOpt’ sieve model: 

Side-view with dimensions in cm: 

 

 

Top-view with dimensions in mm:  
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 ‘WidthOpt’ sieve model: 

Side-view with dimensions in cm: 

 

 

Top-view with dimensions in mm:  
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Modification of rectangular sieve pores: 

To round off the edges of the rectangular sieve opening and create an elliptical pore shape, the 

difference between the area of a square with edge r  and a circle with radius r had to be 

subtracted from the area of the rectangle (L x W). This elliptical pore would then have a semi-

major axis L and a semi-minor axis: 

 

Area of square = 4r2 

Area of circle = πr2 

Difference between square and circle = Area of square – Area of circle = 4r2 - πr2= r2(4 – π) 

 

Area of rectangle – Diff. between square and circle = Area of ellipse 

LW - r2(4 – π) = (πLW)/4 

LW –((πLW)/4) = r2(4 – π) 

LW(1 – π/4) = r2(4 – π) 

 r = √* LW(1 – π/4)/(4 – π)+ 

 

Thus, for the ‘LengthOpt’ model where L = 1.543mm, and W = 1.000mm: 

r = √* LW(1 – π/4)/(4 – π)+ = √* (1.543mm x 1mm x(1 – π/4))/(4 – π)+= 0.621mm 

To keep the design simple, r was set at 0.5mm. 

 

And for the ‘WidthOpt’ model where L = 1.543mm, and W = 0.765mm: 

r = √* LW(1 – π/4)/(4 – π)+ = √* (1.543mm x 0.765mm x(1 – π/4))/(4 – π)+= 0.543mm 

And r was set at 0.5mm. 


