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Whether interactions among biocontrol agents limits their ability to control shared 

prey has been one of the most important and controversial questions surrounding 

biological control. In California multiple parasitoid wasp species have been introduced to 

control the invasive giant whitefly Aleurodicus dugesii Cockerell (Hemiptera: 

Aleyrodidae). The overall goal of this dissertation was to determine aspects of these 

species’ basic biologies and investigate factors contributing to the efficacy of these 

parasitoids. Findings of these studies will provide a better understanding of how 

parasitoid community complexity affects biological control and may enhance biological 

control of A. dugesii in California and elsewhere. 

First the effects of temperature on survival and development of A. dugesii were 

assessed. Starting at 10°C development rate of A. dugesii increased until an optimum of 

29°C was reached, then development ceased at 30°C. Using these data developmental 

degree days were calculated for A. dugesii. 



 viii 

Second, host stage preferences of the three parasitoids were determined. All host 

nymphal stages were accepted by I. affinis for oviposition, while only the 2
nd

–4
th

 and 3
rd

–

4
th

 instars were accepted by E. noyesi and E. krauteri respectively. Host stage preferences 

overlapped considerably between species.  

Third, the effects of A. dugesii nymphal wax production on I. affinis and E. noyesi 

efficacy was determined. Wax production decreased parasitoid effectiveness, with I. 

affinis being more negatively impacted by wax than E. noyesi. Wax was found to serve as 

an effective defense against parasitism.    

Finally, the effects of climate and season on population dynamics of species in 

this system were assessed. Population densities of A. dugesii were found to not differ 

across climate types in southern California. Total and E. noyesi parasitism rates also did 

not differ across climate types. Parasitism rates of I. affinis were highest in inland climate 

sites. Parasitism by E. noyesi and I. affinis was high throughout the year, except during 

the early spring. The contribution of E. krauteri to A. dugesii biological control appears 

to be negligible. 
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Chapter 1 
  

Introduction 

 
1.1 The Rational Basis for the Study of Biological Control 

One of the fundamental theories in ecosystem ecology states that overall 

ecosystem functioning and resource utilization should increase as biodiversity increases 

(Schwartz et al., 2000; Naeem and Wright, 2003). A significant proportion of the interest 

in how consumer biodiversity affects resource utilization has been fueled by the field of 

classical biological control (Crowder and Jabbour, 2014; Letourneau et al., 2015). Here 

the introduction and permanent establishment of exotic natural enemy communities are 

performed with the intent of achieving permanent control of a target pest species 

(DeBach and Rosen, 1991). As public opinion shifts away from the use of chemical 

insecticides (Doutt and Smith, 1971; Paoletti and Pimentel, 2000) and insect species 

become more resistant to these chemicals (Sun and Sun, 1994; Nauen and Denholm, 

2005; Tabashnik et al., 2014), biological control has become an increasingly pursued 

option for pest management. Cost benefit analyses of biological control programs have 

shown that these programs are highly justified (De Clercq et al., 2011), and in the United 

States alone the value of pest control services provided by natural enemies have been 

estimated to be at least $4.5 billion annually (Losey and Vaughan, 2006). The financial 

and ecological consequences of these programs make their preservation and advancement 

a high priority for a variety of stakeholders.  
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Despite the human influence behind classical biological control programs and the 

financial assets at stake, the dynamics of these systems remain ecologically driven 

processes. These dynamics are often complex and may involve multiple trophic levels 

each containing multiple species making their theoretical study a worthwhile endeavor. A 

great deal of the theoretical advancement of the fields of trophic and population ecology, 

as well as invasion biology has been derived from the study of biological control systems 

during the last century (Fagen et al., 2002; Pearse and Altermatt, 2013). Due to the 

complexity of these systems however, a great deal of research is still needed to enhance 

our ability to predict the outcome of biological control programs and manipulate the 

interactions of species involved in a meaningful way. 

1.2 Coexistence in Parasitoid Communities 

An intense debate surrounding whether herbivore suppression is enhanced by 

greater natural enemy diversity exists (Straub and Snyder, 2008; Tylianakis and Romo, 

2010; Griffin et al., 2013). This debate is fueled by the fact that while herbivore 

suppression often correlates positively with natural enemy diversity, antagonistic 

interactions between natural enemies exist that may disrupt prey suppression 

(Rosenheim, 1995; Letourneau et al., 2009). Many studies interested in examining the 

effects of natural enemy diversity on herbivore control using biological control agents 

have focused primarily on parasitoids (insect parasites that kill their host to complete 

development), because multiple species of parasitoids frequently attack a single host 

species (Price, 1971; Hawkins, 1990; Polis, 1991; Hawkins and Mills, 1996; Polis and 

Strong, 1996). The relatively narrow diet breadth observed in parasitoid communities has 



 3 

led to the prediction that intense resource competition should exist in these communities, 

and that these competitive interactions will ultimately lead to the exclusion of inferior 

competitors (Gause, 1934; Nicholson and Bailey, 1935; Allesina and Levine, 2011; 

Kramer and Drake, 2014). 

Many models with varying assumptions and conclusions have been developed to 

examine the prediction that competitively inferior parasitoid species should be driven 

from a system (May and Hassell, 1981; Hogarth and Diamond, 1984; Kakehashi et al., 

1984; Comins et al., 1992; Briggs, 1993; Briggs et al., 1993; Hochberg, 1996; Klopfer 

and Ives, 1997; Pedersen and Mills, 2004). Despite the variable conclusions of these 

models, most with support from empirical studies have shown that coexistence between 

competing parasitoid species is possible given that these parasitoids have evolved 

mechanisms (e.g. modes of niche separation) to diffuse the effects of competition. Some 

of the mechanisms shown to promote parasitoid coexistence suggested by various 

theoretical models are summarized in Table 1.1. 

Table 1.1. Parasitoid coexistence mechanisms suggested by different theoretical models. 
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One of the most significant conclusions from models which suggest parasitoid 

coexistence is possible is that coexistence is mediated in these systems when intraspecific 

competitive interactions are stronger than interspecific competitive interactions (Briggs et 

al., 1993; Chesson, 2000; Finke and Snyder, 2008). This can be put into theoretical 

context when considering the basic Lotka-Volterra competition model with absolute 

competition coefficients (𝑎): 

                            
𝑑𝑁𝑖

𝑑𝑡
= 𝑟𝑖(1 − 𝛼𝑖𝑖𝑁𝑖 − 𝛼𝑖𝑗𝑁𝑗), 𝑖 = 1,2, 𝑗 ≠ 𝑖.  

If 𝑎𝑗𝑗 > 𝑎𝑖𝑖 (i.e. intraspecific competition between species j is greater than 

intraspecific competition between species i); then species j cannot competitively exclude 

species i if the effect that species j has on itself is more than the effect that species j has 

on species i (Chesson, 2000). In other words if strong intraspecific competition occurs in 

both species i and species j then even if interspecific competition is occurs, self-limiting 

density-dependence will drive the overall system dynamics and lead to stable coexistence 

(MacArthur and Levins, 1967). 

Understanding the factors facilitating parasitoid coexistence is an important 

question in ecology (Lawton and Hassell, 1984; Hawkins, 2000). The various coexistence 

mechanisms proposed by different models and the difficulties encountered when 

attempting to  incorporate parameters which create more realistic models suggests that 

experimental and empirical approaches may be best at answering some of the remaining 

questions surrounding parasitoid coexistence (Myers et al., 1989). 
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1.3 Competitive Interactions Between Parasitoids 

Competition between parasitoids takes two broad forms; interactions between 

adults searching for hosts (extrinsic) and between larvae developing on a shared host 

(intrinsic) (Harvey et al., 2013). Unlike predators which remove their prey from the 

system, individual hosts attacked by parasitoids can be encountered multiple times. 

Females of some solitary  parasitoids occasionally inject more than a single egg into the 

host (superparasitism) or may lay eggs into hosts previously parasitized by another 

species (multiparasitism) creating the potential for intraspecific and interspecific intrinsic 

competition to occur respectively. The rejection or acceptance of hosts parasitized by 

conspecifics and heterospecifics has been referred to as intraspecific and interspecific 

host discrimination respectively (Salt, 1961; Mackauer, 1990).  

Host discrimination is a form of extrinsic competition, and may lead to the 

occurrence of intrinsic competition depending on whether acceptance of a previously 

parasitized host occurs (van Alphen and Visser, 1990). While some parasitoid species 

appear to be capable of discriminating between hosts that have been previously 

parasitized by conspecifics and/or heterospecifics (McBrien and Mackauer, 1990; Ivens 

et al., 2009), others are not (Cronin and Strong, 1993). Interspecific host discrimination 

has been reported less frequently than intraspecific discrimination (Godfray, 1994), and 

the ability to recognize hosts parasitized by heterospecifics may be greater in closely 

related taxa (Vet et al., 1984).   

The evolution of discrimination and avoidance of conspecifics is believed to be 

less likely than that of heterospecifics, because mechanisms to prevent superparasitism 
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are predicted to evolve first followed by the ability of competing parasitoid species to 

discriminate and avoid the marks produced by heterospecifics (Bakker et al., 1985).  

In most hosts parasitized by multiple solitary endoparasitoids, lethal interference 

competition where one wasp larvae kills others inside the host occurs (Collier and 

Hunter, 2001). Research examining lethal interference competition suggests which 

individuals survive is dependent on the life history strategy of each species, and so the 

outcome should vary between competitors in a predictable manner when these traits are 

known (Yamamoto et al., 2007). Various mechanisms have been identified as influencing 

the outcome of lethal interference competition and include: physical attack using 

mandibles (Vinson, 1972; McBrien and Mackauer, 1990; Tian et al., 2008), physiological 

suppression via toxins (Strand and Vinson, 1984; Hagver, 1988), and asphyxiation 

(Fisher, 1963). The effects of these various processes may be further influenced by the 

order of oviposition, the time interval between the two oviposition events, and by the 

developmental rate of the two competitors (most influential in cases of multiparasitism) 

(Mackauer, 1990). 

After successfully surviving a super- or multiparasitism event, the emerged adult 

has often been shown to suffer indirect fitness-related costs associated with the 

elimination of supernumerary larval competitors. It is predicted then that parasitoid 

females that are egg limited or do not gain any reproductive success by super- or 

multiparasitizing should avoid these scenarios if the cost of supernumerary parasitism is 

high enough to offset any loss in reproductive success due to host limitations (Bakker et 

al., 1985; Mackauer, 1990). Two of the most common negative fitness costs associated 



 7 

with lethal interference competition are reduced larval survival and a reduction in the size 

of adult parasitoids. Adult size plays a major role in individual fitness, since in many 

parasitoids species it is correlated with mating success (Nicol and Mackauer, 1999; Ueno, 

1999) and is often closely linked to female fecundity leading to a negative effect on per 

capita parasitoid fitness. Due to the potential negative and positive effects of 

supernumerary parasitism events on individual fitness it is important to understand the 

potential outcomes of these interactions when attempting to examine mechanisms of 

parasitoid coexistence for a given system. 

In addition to superparasitism and multiparasitism, another common form of 

intrinsic competition is hyperparasitism. Hyperparasitic species lay their eggs within the 

larvae or pupae of conspecific or heterospecific parasitoid species and during this process 

the primary parasitoid larvae within the host is consumed. It has been argued that 

hyperparasitism due to the outcome of the interaction can be considered a form of 

intraguild predation (Briggs and Collier, 2001). Both hyperparasitism and intraguild 

predation is ubiquitous in nature (Sullivan, 1987; van Veen et al., 2006). Recent work by 

Amarasekare (2006, 2007) and Kidd and Amarasekare (2012) have applied intraguild 

predation theory (Rosenheim et al., 1995; Amarasekare, 2000) as a means of testing 

mechanisms of parasitoid coexistence under hyparasitism scenarios. Classical predation 

theory suggests that there should be a trade-off between intraguild predation and resource 

competition at intermediate levels of host resource productivity (Holt and Polis, 1997; 

Křivan and Diehl, 2005). This trade-off can occur between competing parasitoids if the 

inferior resource competitor can gain a competitive advantage by parasitizing a superior 
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resource competitor, thus gaining an additional source of resources. As stated however, 

this trade-off should only occur at intermediate levels of host productivity. At low levels 

the superior resource competitor is predicted to competitively displace the intraguild 

predator due to the effects of scramble competition, while at high host productivity the 

combined effects of predation and resource competition should lead to the competitive 

exclusion of the superior resource competitor (Mylius et al., 2001). While this trade-off 

may explain coexistence in parasitoid communities where super- and multiparasitism 

occur (i.e. many communities), the fact that host populations (productivity) fluctuate 

greatly both spatially and temporally suggests that other mechanisms must also exist if 

coexistence is going to occur between parasitoid species for any ecologically relevant 

length of time (Polis et al., 1989; Arim and Marquet, 2004). 

In the past, a negative focus has been placed on the effects of lethal interference 

competition in mediating coexistence between parasitoids (Frago, 2016). For example, it 

has been suggested and high levels of supernumerary parasitism events can lead to failure 

of biological control programs due to increased larval parasitoid mortality rates and 

subsequent decreases in population levels (DeBach and Rosen, 1991; Xu et al. 2013). 

More recent theory however, suggests that lethal interference competition may actually 

promote parasitoid coexistence and lead to greater levels of pest suppression. The act of 

prior parasitism may serve as a niche partitioning mechanism, and models developed by 

Bonsall et al. (2002) suggest that parasitoid coexistence is possible when an inclusive 

niche is formed, due to differential abilities of competing parasitoids to use hosts 

previously parasitized by heterospecifics. Coexistence however, is only possible under 
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this scenario (one species cannot use hosts parasitized by heterospecifics) if the excluded 

parasitoid gains competitive superiority via other means such as behavioral and/or 

ecological trade-offs. 

One of the primary areas of focus for new research examining parasitoid 

coexistence are the effects of habitat structure and quality (Didham et al., 1996; 

Tscharntke et al., 2002; László and Tóthmérész, 2013). It is clear from the literature that 

insect natural enemies possess varying spatial strategies, and certain habitats may affect 

natural enemies' ability to locate hosts or aggregate around prey sources differently (With 

et al., 2002).  

Studies have shown that natural enemies such as parasitoids may be more 

sensitive to differences in spatial scale (Thies et al., 2003) and respond to differences at 

smaller scales than herbivores (Brewer et al., 2008). For example, strong competition 

within parasitoid guilds may cause niche partitioning at scales as small as within the plant 

canopy (Wieber et al., 1995; Harvey et al., 2014). Understanding how parasitoid 

interactions differ under varying habitats and the scale at which these interactions are 

affected is crucial developing effective biological control programs (Thies and 

Tscharntke, 1999). 

1.4 Parasitoid Competition and Biological Control Success 

 Whether interspecific and intraspecific interactions among biological control 

agents affects community structure (May and Hassell, 1981; Luck, 1990; Rosenheim et 

al., 1995; Bonsall and Hassell, 1999) or limits the ability of biological control agents to 

control shared hosts has been one of the most debated issues surrounding classical 
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biological control (Turnbull and Chant, 1961; Ehler and Hall, 1982; Greathead and 

Greathead, 1992; Denoth et al., 2002). Competitive displacement among introduced 

parasitoids is not an uncommon phenomenon (Bess et al., 1961; Ehler and Hall, 1982), 

and displacement of native parasitoids by introduced parasitoids has also been shown to 

occur (Sorribas et al., 2010). Even when introduced parasitoids coexist in their native 

range, biotic and abiotic differences in their areas of introduction may provide a 

competitive advantage to one species over another (DeBach et al., 1978; LeBrun et al., 

2009). Without a thorough understanding of such multi-species interactions, the approach 

of using multiple parasitoids to control pest species has led to many failures of biological 

control programs (Stilling, 1993). 

Although theory predicts that ecosystem functioning should increase as 

biodiversity increases (Hawkins, 1993), the alternative and somewhat controversial 

hypothesis suggests that a few or even a single species within a system may account for 

the vast majority of the ecosystem services (Myers et al., 1989; Huston, 1997; Cardinale 

et al., 2006). This hypothesis has been a point of particular contention among biological 

control practitioners when debating the selection process of parasitoid species for use in 

biological control programs. Some researchers have argued that the identification and 

introduction of a single superior parasitoid species (the one capable of achieving lowest 

pest densities) is more practical than the release of multiple species, because there is the 

possibility that the superior resource competitor may be excluded or its efficacy 

compromised via interspecific competitive interactions (Turnbull and Chant, 1961; Watt, 

1965; Turnbull, 1967; Ehler, 1982, 1985). Looking beyond the direct consequences of 
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these species on the target system, Hoelmer and Kirk (2005) also argue that releasing 

multiple species that may contain inefficient biological control agents is a waste of 

researchers’ time and resources and may ultimately cost stakeholders money due to 

delaying the onset of a successful control program. In modern biological control 

programs the requirements that the host specificities of all candidate species be 

examined, due to concerns of non-target effects on native species may ultimately make it 

prohibitive to even consider all potential parasitoid species. 

Other researchers have taken a more pragmatic stance and argue that the 

identification of the "best" species is impractical (van den Bosch, 1968; Huffaker et al., 

1971) and that multiple species should be released given comparative levels of combined 

control. Supporting this view, the model developed by May and Hassel (1981) predicts 

lower pest equilibrium via the combined action of multiple parasitoids compared to that 

of a single superior parasitoid. They argue that “the reduced depression of the host 

equilibrium will in general be small and would not warrant the very considerable effort to 

rank all candidate species during preliminary screenings.”   

A major point of discussion regarding the release of multiple parasitoid species is 

whether releasing heteronomous hyperparasitoids is detrimental to biological control (Del 

Bene and Landi, 1991; Mills and Gutierrez, 1996; Williams, 1996; Gabarra et al., 1999; 

Zang et al., 2011). Heteronomous parasitoid species have a unique reproductive strategy 

where female eggs are deposited into a primary host (e.g. the target pest species) and 

male eggs are laid hyperparasitically on immatures of conspecific females or on the 

immatures of other parasitoid species. The majority of heteronomous species occur in the 
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aphelinid genera Encarsia, Coccophagus, Coccobius, and Coccophagoides (Hunter and 

Woolley, 2001). The primary concern with the release of heteronomous hyperparasitoids 

as biological control agents is that if they utilize other parasitoid species of the target pest 

they may ultimately reduce overall levels of pest control (Reitz and Trumble, 2002; Van 

Lenteren et al., 2006; Nofemela, 2013). 

Supporting this concern is empirical evidence of biological control disruption by 

hyperparasitoids. Onillon et al. (1994) found that the presence of the facultative 

hyperparasitoid Encarsia pergandiella Howard reduced parasitism of the whitefly 

Bemisia tabaci (Gennadius) by 14% under greenhouse conditions. This finding was 

partially supported by Bográn et al. (2002) who found only limited differences in 

suppression of Bemisia argentifolii Bellows & Perring when exposed to variable 

combinations of E. pergandiella and the primary parasitoids Eretmocerus mundus and 

Encarsia formosa Gahan over single species treatments. Only under low host densities 

did they observe that the presence of E. pergandiella resulted in lower than expected 

levels of host suppression compared to E. formosa alone.  

Despite the evidence provided above, successful biological involving 

heteronomous hyperparasitoids has also been documented on several occasions (Ehler, 

1979; Thompson et al., 1987, Heinz and Nelson, 1996; Hunter et al., 2002; Zang et al., 

2011). A significant body of research has been devoted to trying to explain the conditions 

where inclusion of a hyperparasitoid does not disrupt biological control. The model 

developed by Mills and Gutierrez (1996) shows that if hyperparasitoids only parasitize 

conspecifics then in combination with traditional parasitoids, hyperparasitoids may 
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achieve lower levels of pest suppression. This is possible if hyperparasitism rates are 

relatively low in order to prevent male-biased sex ratios that may limit the 

hyperparasitoid’s reproductive capacity. If the hyperparasitoid species attacks both 

conspecifics and heterospecifics at equal rates however, disruption of pest control is 

likely to occur if the hyperparasitoid is an inferior resource competitor. Further work by 

Schreiber et al. (2001) suggests that a hyperparasitoid and primary parasitoid can coexist 

as biological control agents if the primary parasitoid suppresses the host to a lower 

equilibrium density. Disruption of biological control is prevented in this case when 

obligate hyperparasitoids are introduced, since the population equilibrium of the pest 

remains unchanged.  It is clear from the literature that different predictions regarding the 

applicability of releasing hyperparasitoids can only be evaluated if the biology and 

behavior of the species in question are well understood.  

Attempts to increase the success rate of parasitoids being used as biological 

control agents has led to a steady increase in empirical studies aiming to elucidate the 

form, function, and outcome of interactions between multiple parasitoids, so that these 

interactions can be manipulated in a predicted manner (Godfray and Shimada, 1999). 

Programs intended for use in agricultural settings offer a particular incentive to 

community ecologists to study the effects of parasitoid competition due to the economic 

importance of these systems and environmental impacts of pesticide use that these 

biological control agents aim to replace (Bográn et al., 2002). In addition to the questions 

still fueling the debate surrounding the merits and risks associated with the introduction 

of multiple parasitoid species for use in biological control programs, many unanswered 
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questions still remain seeking to elucidate the ways in which competitive interactions 

structure parasitoid communities. For example, very little is still known about the extent 

that parasitoids compete for hosts in nature, how these competitive interactions vary 

spatially and temporally, and how this variation in competitive pressure affects the 

population dynamics a shared host (Harvey et al., 2013). Given the varying outcomes of 

multiple parasitoid introductions, differing predictions regarding the importance of 

biodiversity, and valid arguments on both sides regarding the practice of implementing 

biological control programs there is still no clear answer to this debate. 

1.5 The Giant Whitefly Aleurodicus dugesii  

In order to contribute to the debate surrounding the release of multiple natural 

enemy species for use in biological control programs and to increase our ability to predict 

the outcome of these releases, I examined the dynamics of a relatively understudied 

biological control program against the giant whitefly Aleurodicus dugesii Cockerell 

(Hemiptera: Aleyrodidae: Aleurodicinae) in southern California. Classical biological 

control against A. dugesii has been ongoing for over 20 years in the United States, yet A. 

dugesii is still appears to be problematic in parts of its introduced range. Currently little is 

known about the biology and behavior of A. dugesii and its biological control agents, so 

this system offers a unique opportunity to examine the factors contributing to its control. 

Specifically, I will be focusing on the intra- and interspecific interactions between the 

parasitoid species used as biological control agents and how these interactions affect 

control of A. dugesii.  
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In this section I provide a historical overview of the biological control program 

against A. dugesii. I also provide an overview of what little was known about the biology 

of A. dugesii and its parasitoids prior to the start of this research. 

Identification 
 

 The giant whitefly as its name suggests, is a comparatively large whitefly species 

measuring up to 4 mm in length. The wings and body of adult A. dugesii are covered in a 

fine white powder and the wings have a mottled grey pattern (Figure 1.1). Adult and 

nymphs of A. dugesii are highly gregarious and it is not uncommon to see over a 

thousand individuals on the underside of a heavily infested leaf. Due to its large size, A. 

dugesii is a relatively poor flier and will drop from the host rather than take to the wing 

and remains motionless when disturbed. Male and female A. dugesii are distinguished by 

the presence of claspers in males and by the presence of conspicuous wax bundles on the 

abdomen of females during the ovipositional phase. 

 

Figure 1.1 The giant whitefly Aleurodicus dugesii Cockerell (Hemiptera: Aleyrodidae: 

Aleurodicinae) (right) in comparison to the smaller greenhouse whitefly Trialeurodes 

vaporariorum (Westwood) (left). 
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Distribution 

 

Giant whitefly was first discovered in the United States in Texas in 1991. It has 

since become established in California in 1992 (Gill, 1992), Arizona, Florida and 

Louisiana in 1996 (Nguyen and Hamon, 2002; Hodges, 2004), and Hawaii in 2002 (Hue 

et al., 2004). The native range of A. dugesii is likely Central and Southern Mexico where 

it was originally collected (Cockerell, 1896; Sampson and Drews, 1941). It has also been 

found in Belize, Costa Rica, El Salvador, Guatemala, Nicaragua, Pakistan, and Venezuela 

(Lasalle et al., 1997; Evans, 2008). In 2007 A. dugesii was collected for the first time in 

Asia from Java, Indonesia and like the spiraling whitefly Aleurodicus disperses (Russell) 

it is expected to thrive (Muniappan et al., 2009). 

In California A. dugesii was first discovered near Balboa Park in San Diego in 

1992. Since its discovery, its range has slowly been expanding northward along the 

coastline and into adjacent counties (Figure 1.2). In 2004 A. dugesii was discovered for 

the first time in northern California in Sacramento County and has since spread to 

adjacent counties. This large gap in its introduced range is likely due to the transport of 

infested plant material. As of 2008 A. dugesii has been confirmed in 16 counties in 

California and has likely become established elsewhere. 

Hosts 
Giant whitefly is a highly polyphagous species with a host range encompassing at 

least 77 genera in 47 plant families (Table 1.1) (Zolnerowich and Rose, 1996; Bellows 

and Meisenbacher, 2000; Bellows et al., 2002; Hodges, 2004; Heu et al., 2004; Evans, 

2008). The preferred hosts of A. dugesii appear to be woody dicotyledonous plants, and 

in California A. dugesii can be frequently be found attacking Hibiscus sp., Strelitzia sp., 
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Bauhinia variegata (L.), and Aralia sp. (Bellows and Meisenbacher, 2000). I have 

observed that less preferred host species adjacent to preferred hosts appear to be only 

colonized after the suitable leaves on the preferred host have been completely colonized 

by adults. 

 

Figure 1.2 The reported distribution of giant whitefly Aleurodicus dugesii in California. 

Distribution data obtained from the California Department of Food and Agriculture’s 

Plant Pest and Disease Reports (1992-2009). 
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Table 1.2 Partial list of Aleurodicus dugesii host plants.    

   

Family  
       Acanthaceae 

       Altingiaceae 

       Anacardiaceae 

       Annonaceae 

       Apocynaceae 

 

 

       Araliaceae 

 

 

      Araceae 

 

 

      Arecaceae 

 

      Asteraceae 

 

      Bignoniaceae 

      Berberidaceae 

      Berberidaceae 

      Buxaceae 

     Cannaceae 

     Chrysobalanaceae 

     Convolvulaceae 

     Cucurbitaceae 

     Cyperaceae 

     Euphorbiaceae 

 

 

     Fabaceae 

 

 

 

 

 

 

     Geraniaceae 

     Heliconiaceae 

     Iridaceae 

     Lamiaceae 
 

 

 

 

 

 

             Hosts 
Eranthemum pulchellum 

Liquidambar styraciflua 

Schinus terebinthifolius 

Annona sp. 

Hoya sp. 

Mandevilla sp. 

Plumeria sp. 

Aralia sp. 

Hedera helix 

Schefflera sp. 

Colocasia sp. 

Philodendron sp. 

Spathiphyllum floribundum 

Cocos nucifera 

Howea forsteriana 

Baccharis trinervis 

Osteospermum sp. 

Verbesina virginica 

Pyrostegia venusta 

Begonia sp. 

Nandina domestica 

Buxus japonica 

Canna sp. 

Chrysobalanus icaco 

Morning Glory 

Cucurbita sp. 

Cyperus papyrus 

Bishofia javanica 

Euphorbia pulcherrima 

Ricinus communis 

Acacia longifolia 

Acacia salign 

Bauhinia galpinni 

Bauhinia variegata 

Phaseolus vulgaris 

Calliandra sp. 

Erythrina sp. 

Pelargonium sp. 

Heliconia sp. 

Gladiolus sp. 

Callicarpa Americana 

Plectranthus sp. 

Solenostemon scutellarioides 

Vitex lucens 

 

 

 

 

 

 

 

 

 

 

 Family 
Lauraceae 

 

Malvaceae 

 

 

 

 

 

 

Moraceae 

 

Musaceae 

Myrtaceae 

 

 

Nyctaginaceae 

Nymphaeaceae 

Oleaceae 

Onagraceae 

Orchidaceae 

 

Passifloraceae 

 

Pittosporaceae 

Rosaceae 

Rutaceae 

 

Salicaceae 

 

 

Sapindaceae 

Scrophulariaceae 

Solanaceae   

 

 

Sterculiaceae 

Strelitziaceae 

 

Tropaeolaceae 

Verbenaceae 

 

 

Xanthorrhoeaceae 

Zingiberaceae 

      Hosts 
Cinnamomum sp. 

Persea Americana 

Anoda sp. 

Bombax sp. 

Gossypium hirsutum 

Hibiscus mutabilis 

Hibiscus rosa-sinensis 

Hibiscus syriacus 

Urena lobata 

Ficus nitida 

Morus alba 

Musa sp. 

Eucalyptus sp. 

Psidium sp. 

Syzygium sp. 

Bougainvillea variegata 

Water Lilly 

Jasminum sp. 

Fuchsia sp. 

Calanthe sp. 

Phalaenopsis sp. 

Passiflora sp. 

Turnera ulmifolia 

Pittosporum sp. 

Prunus sp. 

Citrus sp. 

Murraya paniculata 

Salix sp. 

Xylosma compacta 

Xylosma congestum 

Acer negundo 

Myoporum sp. 

Cestrum nocturnum 

Solandra hartwegii 

Solanum melongena 

Brachychiton sp. 

Strelitzia nicolai 

Strelitzia reginae 

Tropaeolum sp. 

Citharexylum spinosum 
Clerodendrum speciosissimum 

Lantana sp. 

Hemerocallis sp. 

Zingiber officinale 
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Damage 

 
 Adult and nymphs of A. dugesii feed on the fluids of their host using needle-like 

mouthparts that they insert into the phloem tissue of the leaves. Feeding by A. dugesii 

deprives the host of water and nutrients and at high infestation levels can lead to severe 

leaf senescence and abscission, followed by plant dieback and even death. Additionally, 

feeding by A. dugesii promotes the development of sooty molds (e.g., Capnodium sp.), 

which use the sugary excrement produced by the nymphs and adults called honeydew as 

a substrate. Detrimental effects of sooty molds on plants include reduced rates of 

photosynthesis and gas exchange (Brink and Hewitt, 1992). 

 In addition to physical damage to the host, 2
nd

 through 4
th

 instars of A. dugesii 

produce copious amounts of wax filaments, giving infested leaves a “bearded” 

appearance (Figure 1.3). In the wild these filaments can attain lengths of up to 5 cm, but 

in greenhouses and areas shielded from wind these filaments can reach astounding 

lengths of > 25 cm (Hodges, 2004). Not surprisingly, the aesthetic value of plants is 

negatively affected by the presence of these wax filaments. 

Development 

 Aleurodicus dugesii has six life stages, including an egg, mobile 1
st
 instar 

“crawler” stage, three sessile nymphal stages, and an adult stage (Figure 1.4). 

Approximately 48 hours post-adult eclosion, female A. dugesii begin producing wax from 

their three abdominal wax glands (Nelson et al., 1999). This wax is applied to the 

underside of leaves in concentric circle patterns where the eggs are then deposited. After 

6-7 days post-oviposition the eggs hatch and the mobile 1
st
 instar locates a suitable spot 
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inside the circular wax deposit to attach and begin feeding. The developmental period of 

A. dugesii varies by temperature (see Chapter 2), and due to its relative size its 

developmental time is longer than most whitefly species. 

1.6 Parasitoids of Giant Whitefly 

More than 30 genera of parasitic Hymenoptera are known to attack whiteflies. 

These wasps belong primarily to 6 families within the Chalcidoidea and Platygastroidea; 

including the Aphelinidae, Eulophidae, Pteromalidae, Signiphoridae, Encyrtidae, and 

Platygastridae. Successful biological control against many whitefly species has been 

achieved with the aid of species within these groups (van Lenteren and Martin, 1999; 

Pickett and Pitcairn, 1999; Gerling et al., 2001; Heraty et al., 2008). 

In the United States at least five species of chalcidoid wasps have been observed 

attacking A. dugesii. In this section I provide an overview of the history of these species 

as biological control agents of A. dugesii and what was known about their biologies at the 

onset of this research. 

Entedononecremnus krauteri 

The first parasitoid discovered attacking A. dugesii was Entedononecremnus. 

krauteri Zolnerowich & Rose (Hymenoptera: Eulophidae) (Zolnerowich and Rose, 1996) 

(Figure 1.5). This species was found on A. dugesii infesting Hibiscus syriacus L. in 

Comfort, Texas by entomologist Peter Krauter on October 10, 1995 (Figure 1.3). 

Collected individuals were maintained at the laboratory of Mike Rose at Texas A&M 

University, and once established in the laboratory approximately 3500 individuals of E. 

krauteri were sent to San Diego County in late 1995 for release. This species was also 
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released that same year in San Antonio, Fort Worth, and Houston, Texas. In the summer 

of 1997 about 500 E. krauteri were released in Seminole, Indian River, St. Lucie and 

Volusia Counties in Florida to help control A. dugesii populations there (Nguyen and 

Hamon, 2002). The native range of E. krauteri is unknown; however specimens have 

been collected from Texas, Mexico, Costa Rica, and El Salvador (Hansson and LaSalle, 

2003). 

Little is known about the life history of E. krauteri. The only reported host of E. 

krauteri is A. dugesii. Hansson and LaSalle (2003) however, report it from unidentified 

Aleyrodidae in Mexico and El Salvador. Entedononecremnus krauteri is an 

arrhenotokous, solitary endoparasitoid and anecdotal evidence suggests it specializes on 

4
th

 instar A. dugesii.  Zolnerowich and Rose (1996) mention that in the field this species 

was male biased, but under laboratory conditions the sex ratio was found to be 5.6:1 

female: male. It has also been observed that unlike other parasitoid species attacking A. 

dugesii, E. krauteri parasitizes nymphs through the upper surface of the leaf (Hodges, 

2004). This may be a behavioral mechanism to avoid the waxy filaments produced by the 

nymphs. 

Encarsia noyesi and Idioporus affinis 

In California during the late 1990’s it became apparent that there was a need for 

additional parasitoids to help control populations of A. dugesii. In May, 1997 

entomologists Mark Hoddle and David Headrick from the University of California-

Riverside went on an expedition to Guadalajara, Mexico to search for additional A. 

dugesii parasitoids (Bellows and Meisenbacher, 2000). During this expedition two  
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Figure 1.3 The Hibiscus syriacus located in Comfort, Texas that provided the source 

population of Entedononecremnus krauteri for biological control of Aleurodicus dugesii 

in other parts of the United States. Photo Credit: Peter Krauter, October, 10 1995. 

 

parasitoids Idioporus affinis LaSalle & Polaszek (Hymenoptera: Pteromalidae) and 

Encarsia noyesi Hayat (=Encarsiella) (Hymenoptera: Aphelinidae) were found attacking 

A. dugesii on Hibiscus (Figure 1.4). These wasps were brought back to the University of 

California-Riverside and laboratory colonies were established. Once laboratory colonies 

were established field releases were initiated in San Diego and Orange Counties in 1997 

and 1998 for I. affinis and E. noyesi respectively. These parasitoids were later released in 

additional counties, and by May 2000 a total of 187,315 individuals of these two species 

had been released. Follow-up surveys at field release sites suggest that these parasitoids 

were having an impact on A. dugessi populations (Bellows and Meisenbacher, 2000). In 

June, 1998 approximately 100 E. noyesi were released in Volusia and Indian River 
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Counties in Florida from California to help control populations of A. dugesii (Nguyen and 

Hamon, 2002). 

Encarsia noyesi (Figure 1.5) is a cosmopolitan species that has been utilized to 

control whitefly pests in multiple countries. In addition to giant whitefly, E. noyesi is 

currently being investigated as a biological control agent for rugose spiraling whitefly 

Aleurodicus rugioperculatus Martin in Florida (Taravati et al., 2013) and Aleurodicus 

chirripoensis Martin in Costa Rica (Sánchez and Laprade, 2013). The native range of E. 

noyesi appears to be the Caribbean, and was originally described from Trinidad and 

Tobago (Hyat, 1983). In addition to the U.S. and Mexico, E. noyesi has been reported 

from Anguilla, Antigua, Barbados, Bermuda, Costa Rica, Grenada, Peru, and St. Vincent 

(Polaszek and Hayat, 1992). Other reported hosts of E. noyesi include Aleurodicus cocois 

(Curtis), A. dispersus, Aleurodicus maritimus Hempel, and Aleurodicus floccosus 

(Maskell), (Polaszek and Hayat, 1992; Blanco-Metzler and Laprade, 1998; Noyes, 2013).  

While not unusual for the genus Encarsia (Walter, 1983; Hunter and Woolley, 

2001), within the Chalcidoidea the heteronomous autoparasitic life history exhibited by 

E. noyesi is uncommon. The heteronomous life history of E. noyesi has been observed by 

Boughton et al. (2015) in laboratory studies and in the field during this study as well (see 

Chapter 5). 

The genus Idioporus is monotypic and very little is known about the general life 

history of I. affinis (Figure 1.5). In addition to Mexico and the U.S., I. affinis is reported 

from Guatemala, El Salvador, and Costa Rica (LaSalle et al., 1997). The only known host 

of I. affinis is A. dugesii. In Hawaii in 2002 I. affinis was discovered attacking A. dugesii 
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on Hibiscus. It is believed that these two species arrived in Hawaii at approximately the 

same time via infested plant material originating from California. In Hawaii I. affinis has 

been observed affecting A. dugesii populations (Heu et al., 2004).  

 
Figure 1.4 The Hibiscus rosa-sinensis located in Guadalajara, Mexico that provided the 

source populations of Encarsia noyesi and Idioporus affinis for biological control of 

Aleurodicus dugesii in the United States. Photo Credit: Mark Hoddle, May 5, 1997. 

 

Encarsia hispida 

 The only parasitoid species found attacking A. dugesii that was already 

established in the U.S. at the time of A. dugesii’s initial invasion was the Encarsia  
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Figure 1.5 Parasitoids released as biological control agents against Aleurodicus dugesii. 

From left to right: Entedononecremnus krauteri (Hymenoptera: Eulophidae), Encarsia 

noyesi (Hymenoptera: Aphelinidae), and Idioporus affinis (Hymenoptera: Pteromalidae). 

Photo Credit: Jack Kelly Clark. 

 

hispida. This species was discovered attacking A. dugesii by John Heraty (UCR) in San 

Diego in 2002. This species appears to prefer early instars of A. dugesii and likely 

complements other parasitoids in this complex. The current range of E. hispida is large, 

due to either its importation for control of various whitefly pests or via accidental 

introductions.  

The original range of E. hispida appears to be neotropical, where it was originally 

described from Santa Fe, Argentina in 1947 (De Santis, 1948). Additional reported 

countries for E. hispida include: Barbados, Brazil, Canary Islands, Chile, Colombia, 

Dominican Republic, Ecuador, France, French Polynesia, Guadeloupe, Guatemala, 

Honduras, Italy, Jamaica, Madeira, Mexico, The Netherlands, Peru, Puerto Rico, South 

Africa, Spain, and Venezuela (Polaszek et al., 1992; Polaszek et al., 2004).  

 Compared to the other parasitoids attacking A. dugesii, E. hispida has a wide host 

range and has been reported attacking A. dispersus, Aleurodicus floccissimus (Martin et 
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al.) Aleuroglandulus subtilis Bondar, Aleurothrixus aepim Goeldi, A. floccosus, 

Aleurothrixus porteri Quaintance & Baker, Aleurotrachelus rhamnicola (Goux), 

Aleurotrachelus socialis Bondar, Aleurotrachelus trachoides (Back), Aleyrodes proletella 

(L.), Aleyrodes singularis Danzig, Aleyrodes spiraeoides Quaintance, the Bemisia tabaci 

Gennadius complex, Bemisia tuberculata Bondar, Crenidorsum aroidephagus Martin and 

Aguiar, Dialeurodes sp., Lipaleyrodes sp., Metaleurodicus minimus (Quaintance), 

Parabemisia myricae (Kuwana), Siphoninus phillyreae (Haliday), Tetraleurodes acaciae, 

Trialeurodes abutilonea (Quaintance), Trialeurodes floridensis (Quaintance), 

Trialeurodes ricini (Misra), T. vaporariorum, and Trialeurodes variabilis (Quaintance) 

(Hernández‐Suárez et al., 2003; Oliveira et al., 2003; Polaszek et al., 2004). 

 Throughout the work of this dissertation I did not observe E. hispida activity on 

A. dugesii populations despite collecting host material from dozens of sites across 

southern California over a six year period. It is unclear if this species is rare or has been 

competitively displaced by the introduced parasitoid species. Regardless, the relative 

importance of this species as a natural enemy of A. dugesii is highly suspect. 

Encarsia guadeloupae 

 Although not currently recorded attacking A. dugesii in California the wasp E. 

guadeloupae has been found attacking A. dugesii in Hawaii, where it was imported from 

Trinidad to control A. dispersus in the early 1980’s (Heu et al., 2004). It has also been 

reported in Florida attacking the invasive rugose spiraling whitefly, Aleurodicus 

rugioperculatus Martin (Taravati et al., 2013), but it unclear whether it is attacking A. 
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dugesii there as well. In February 2011 this species was found attacking A. dugesii in 

Indonesia (Muniappan, 2011).  

In addition to parts of the U.S. and Indonesia, the range of E. guadeloupae 

includes: Guadeloupe, India, Mexico, The Canary Islands, Benin, The Philippines, 

Thailand, Nevis, Micronesia, and Papua New Guinea (Evans, 2008; Myartseva, 2007). In 

India and The Canary Islands it was purposely introduced to control A. dispersus and A. 

floccissimus (Nijhof et al., 2000). Other reported hosts of E. guadeloupae include: B. 

tabaci (Schmidt et al., 2001) and T. vaporariorum (Viggiani, 1993). 

Due to either the rarity or absence of E. hispida and E. guadeloupae in southern 

California, they were not included in the studies performed in this dissertation. Instead I 

focused my attention on the other three parasitoid species. 

1.7 Objectives of Dissertation 

 It is becoming apparent that taking natural enemy interactions into consideration 

when designing biological control programs is critical for ensuring their long-term 

success (Ehler and Hall, 1982; Hoelmer and Kirk, 2005; Straub et al., 2008). To 

incorporate this information into control-program design, we must first gain a better 

understanding of factors mediating natural enemy interactions. Data obtained from this 

study will increase our understanding of the dynamics of multiple natural enemy 

interactions and allow us to contribute to the debate surrounding the validity of the use of 

multiple natural enemies in biological control programs. 

 The primary goal of this dissertation is to document the occurrence and dynamics 

of interactions between multiple biological control agents. Specifically, to elucidate how 
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environmental factors and species’ life histories mediate these interactions and how these 

interactions might affect the control of a shared host under a biological control setting. 

This information can be used in tandem with the background knowledge of a given 

system to make educated predictions on the outcomes of specific natural enemy release 

strategies. The secondary goal of this dissertation is to provide the foundatational 

knowledge necessary on the dynamics of the interactions between species in this system 

to enhance biological control of A. dugesii.  

The specific objectives for this project are: 

1) To create developmental and degree day models for A. dugesii (Chapters 2). 

2) To determine the host-stage preferences for all three parasitoids (Chapter 3). 

3) To examine the impact of host defenses on parasitoid efficacy (Chapter 4) 

4) To determine the spatial and temporal occurrence of species in this study system 

under different field conditions (Chapter 5). 
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Chapter 2 
 

Temperature-Dependent Development and 

Survival of Giant Whitefly at Constant 

Temperatures. 

 

2.1 Introduction 

Temperature plays a major role in determining the distribution, abundance, and 

phenology of insects (Bowler and Terblanche, 2008) by impacting survivorship and 

fitness (Amarasekare and Savage, 2012). Extreme temperatures, especially high 

temperatures, have been shown to induce high mortality and fitness loss in insects 

(Hoffman et al., 2013; Dallas and Ross-Gillespie, 2015). It is widely recognized that 

taking temperature into consideration is critical for developing effective management 

strategies for insects (Shi et al., 2011). 

Development rate (the reciprocal of development time) is a metric frequently used 

to assess the effects of temperature on insect physiology. The simple linear regression 

model has traditionally been used to describe this relationship due to its ease of 

calculation and widespread application for calculating the themal units (degree-days) 

required for development. The linear model assumes that development rate is linear 

across the full range of temperatures encountered by insects, which is often not the case. 

Insects as well as many other ectotherms have been shown to exhibit a nonlinear response 

of development in respect to temperature (Huey and Stevenson, 1979). Insect 
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development rates typically decline as an upper developmental threshold is reached, and 

thus the linear model has difficulties estimating development at temperature extremes and 

may limit the linear model’s usefulness for forecasting pest populations (Shi et al., 2011). 

Many nonlinear models have been developed that address the shortcomings of the linear 

model by accurately estimating development rates across the entire temperature range 

(Logan et al., 1976; Sharpe and DeMichele, 1977; Schoolfield et al., 1981; Lactin et al., 

1995; Briére et al., 1999; Shi et al., 2011). There appears to be no model, however, that 

best describes this relationship across all insect taxa, thus appropriate models must be 

tested on a case by case basis. 

The giant whitefly Aleurodicus dugesii Cockerell (Hemiptera: Aleyrodidae) is a 

pest of many economically important food and ornamental crops (Bellows et al., 2002). 

Giant whitefly’s native range is Central and Southern Mexico (Sampson and Drews, 

1941), and it was discovered in the U.S. in Texas in 1991. Since its introduction, A. 

dugesii has become established in California, Arizona, Florida, Louisiana, and Hawaii 

(Gill, 1992; Nguyen and Hamon, 2002; Hodges, 2004; Hue et al., 2004). In addition to 

the U.S., A. dugesii has also been found in Belize, Costa Rica, El Salvador, Guatemala, 

Nicaragua, Pakistan, Venezuela, and Indonesia (Lasalle et al., 1997; Evans, 2008, 

Muniappan et al., 2009).  

Current management strategies for A. dugesii utilize an integrative pest 

management approach consisting of physical control practices such as leaf removal or 

washing infested plants; cultural control practices such as exposing at risk or infested 

plants to direct sunlight (Bellows et al., 2002); and classical biological control using non-
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native parasitoids (Bellows and Meisenbacher, 2000). Chemical control strategies are not 

readily utilized due to fears of disrupting biological control. While current A. dugesii 

population densities are reportedly lower than seen during the first few years post-

invasion (CH. Pickett, unpublished), overall control of A. dugesii appears to be much less 

than observed for other invasive whiteflies in California such as ash whitefly Siphoninus 

phillyreae (Haliday) (Jetter et al., 1997), sweet potato whitefly Bemisia argentifolii (= B. 

tabaci biotype B) Bellows & Perring (Goolsby et al., 2005) and Woolly whitefly 

Aleurothrixus floccosus (Maskell) (DeBach and Rose, 1976). 

The objective of this study was to examine the effects of sex and temperature on 

development of A. dugesii stadia by constructing temperature-dependent developmental 

and degree-day models. Additionally, the effect of temperature on survival to adulthood 

was investigated. Little is known about the biology of A. dugesii besides some basic 

information on its host range and life cycle (Bellows and Meisenbacher, 2000; Bellows et 

al., 2002). A better understanding of the effect of temperature on the life history of A. 

dugesii may allow us to better predict areas at risk of A. dugesii invasion and predict its 

seasonal occurrence to optimally utilize control strategies. Development of specific stadia 

was examined to provide the foundational knowledge for future studies examining 

biological control of A. dugesii using parasitoids. Differences in the development times 

between sexes across temperatures is of interest due to the potential consequences that 

this difference may have on the operational sex ratio (OSR), the number of sexually 

active males to receptive females (Emlen and Oring, 1977), and its potential effects on 

reproductive success and fitness of A. dugesii. 
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2.2  Materials and Methods 

Plant and Insect Material 

 Whiteflies used to establish laboratory colonies were collected from infested 

Hibiscus rosa-sinensis L. located in Santa Ana, California (N33°46.051', W117°53.143'). 

Adults still attached to leaves were placed into plastic containers over ice and transported 

to the laboratory and were utilized within 72 h of collection. A mixed sex group of 30-50 

individuals were confined to leaves for 48 h to infest host plants. Plants used to rear A. 

dugesii were created using woody cuttings taken from a single large H. rosa-sinensis 

‘White Wings’. Cuttings were taken from straight branches and prepared so that they 

were 10-18 cm in length with 0.4-1.2 cm diameters. The bottoms of the cuttings were cut 

at a 45º angle below a leaf node and the tops were cut cleanly across 0.5 cm above 

another node. Approximately 1/3 the length of each cutting was dipped into Hormex
®
 

rooting powder No. 8 (Brooker Chemical Co., Chatsworth, CA) prior to being placed into 

a 10 cm pots containing UC Soil Mix Type 3 (Matkin and Chandler 1957; 

http://agops.ucr.edu/soil/). Cuttings were placed into an environmentally controlled room 

with artificial light (14:10 L:D photoperiod, 28 ± 2 ºC, ambient RH) and watered every 

other day. Plants were approximately 3 months old at the start of the experiment. 

Temperature-Dependent Development of Giant Whitefly 

To test the effects of nymphal stage, sex, and temperature on development rate, 

the abaxial surfaces of 6-month old H. rosa-sinensis leaves were infested by placing 10–

15 72-h old mated females from the laboratory colony in small mesh bags enclosing the 

leaves for 12 h to ensure stage uniformity. Each plant had only a single leaf infested. 

http://agops.ucr.edu/soil/


 46 

Initially only 10 leaves (200 individuals) were infested per temperature treatment, but 

additional leaves were infested (up to 14 total per treatment) as needed in treatments with 

high observed mortality in order to achieve at least 25 nymphal replicates per sex 

reaching adulthood. Females had been held with males for at least 48 h prior to the start 

of the experiment to ensure mating. After 12 h, leaves were examined and the density of 

eggs manipulated so that 20 eggs remained on each leaf. This density facilitated the 

process of tracking individuals and decreased the likelihood of leaves prematurely 

abscising due to feeding activity.  A schematic was drawn to record the position of each 

egg on the leaf surface. Plants were placed into environmental chambers and held at 

constant temperatures of either 10, 15, 20, 25, 28, 30, or 35 ± 0.2°C (16L:8D 

photoperiod, 75±10% RH). Each temperature treatment was conducted in 4-6 different 

environmental chambers to control for chamber effects. Development was observed at 24 

h intervals between 15:00 – 18:00 hours and the stage of each individual was recorded. 

Stadia transition was determined via observable changes in size between each nymphal 

stage. Stadia duration was determined for each individual using the first day a particular 

stage was observed as time zero until the day the subsequent developmental stage was 

observed with a full 24 h added in duration from the previous day’s observation. 

Once all crawlers had emerged and settled, the schematic of their position on the leaf was 

redrawn, since their egg of origin could not be determined. Due to the inability to 

accurately determine crawler identity until they had settled on the leaf, the duration of the 

crawler stage for each individual was estimated by calculating the mean duration (days) 

of crawler presence prior to the first day that all crawlers had emerged. The first day that 
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all crawlers had emerged was counted as day one and the mean duration of crawler 

presence (days) prior to this point was applied as a positive correction factor for the total 

duration of the crawler stage for each individual. Upon adult emergence the sex of each 

individual was determined and number of days required for complete development and 

duration for all life stages recorded. Developmental data were not separated by sex for 

eggs, as their sex could not be determined. The fraction of individuals successfully 

reaching the adult stage was analyzed as described below, but for development rate only 

individuals that reached the adult stage were considered for analysis. 

 The survival of A. dugesii under different temperatures was monitored during 

developmental trials described above. During each observation period the status (alive or 

dead/missing) was recorded for each individual. Dead individuals appeared discolored 

(yellow/brown) and mortality was confirmed under high magnification (250x) and light 

intensity by the lack of hemolymph flow and muscle contractions. Survival was 

monitored from the time of egg oviposition until the time to death or adult eclosion. Dead 

nymphs or emerged adults were removed during each observation period.  

Data Analysis 

   The relationship between developmental rate r = (1/d) and temperature was 

estimated using both linear and nonlinear models. The three nonlinear models examined 

included a modification Logan model (Model 1) (Logan et al., 1976) developed by 

Lactin et al. (1995) (hereafter the Lactin-2 model), the Brière-1 (Model 2) and Brière-2 

(Model 3) models (Brière et al., 1999). These models have proven to be useful in 

accurately estimating insect development across a broad range of temperatures, and are 
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improvements upon earlier models in the literature due to both their increased ease of 

calculation compared to other available models (e.g. Sharpe and DeMichele, 1977; 

Schoolfield et al., 1981), and elimination of redundant parameters. 

   r(T) = eρT − e[ρTmax−(Tmax−T)/Δ] + λ          [1]  

 

   r(T) = aT(T − Tmin)(Tmax − T)
1

2           [2] 

 

   r(T) = aT(T − Tmin)(Tmax − T)
1

m           [3] 

In the Lactin-2 model r(T) is developmental rate at each temperature, Tmax is the 

upper developmental threshold, and ρ, Δ, and λ are fitted parameters. The value of ρ 

represents the rate of increase to the optimal temperature (Topt), and Δ represents the 

width of the high temperature boundary layer (Δ = Tmax – Topt) (Logan et al., 1976). The 

value of λ proposed by Lactin et al. (1995) forces the curve to intersect the abscissa in 

order to estimate the lower developmental temperature threshold (Tmin).  

In the Brière-1 and Brière-2 models T and Tmax are the same as in the Lactin-2 

model, Tmin is the lower developmental threshold, and a is a fitted parameter. The Brière-

2 model adds an additional parameter m, which is a shaping parameter and gives spread 

to the curve in order to describe the capacity of an insect to survive at high temperatures 

(Brière et al., 1999).  

             Linear regression analysis was performed using PROC REG and nonlinear 

regression analyses using PROC NLIN in SAS (SAS institute, 2011). Curves were fitted 

by iterative nonlinear regression based on the Marquardt algorithm on mean 
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developmental rates. The lower and upper temperature thresholds were estimated 

graphically and computed by a simulation method where the curves intersects the 

abscissa at suboptimal and superoptimal temperatures [r(T)  = 0], respectively. The 

optimal temperatures were determined in the same manner, where the developmental 

rates in the curves reached a maximum value. Unlike the Lactin-2 model, the Brière-1 

and Brière-2 models estimate both Tmax and Tmin and allows for the direct calculation of 

Topt using the following equation for the value of x where dr(T) / dx = 0: 

        Topt =  
[2mTmax +  (m + 1)Tmin] + √4m2Tmax

2 + (m + 1)2Tmin
2 −  4m2TminTmax

4m + 2
           

 The performance of each development model was assessed using the adjusted 

coefficient of determination (Radj
2 ) and the residual sum of squares (RSS) (Roy et al., 

2002). Since the value of R2 automatically increases as the number of explanatory 

variables increase in a model, Radj
2  was used to account for this and allow direct 

comparison between models with varying number of parameters. Higher values of Radj
2   

and lower values of RSS indicate a superior fit of the model to the data. The equation for 

R
2
 is defined as: 

R2 = 1 − (Sum of Squares (Residual) / Sumof Squares (Total)) 

Calculation of R2 for nonlinear models cannot be calculated with the above equation, 

since nonlinear models typically have non-identifiable intercepts (Freund and Littell, 

1986). A related parameter can be calculated, which closely corresponds to R2 and is 

referred to as Psuedo R2. The equation for  Psuedo R2 is defined as: 
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 Psuedo R2 = 1 − (Sum of Squares (Residual)/ Corrected Sumof Squares (Total)) 

The Corrected Sum of Squares (Total) can be obtained in SAS using the PROC MEANS 

procedure. Using this Pseudo-R
2
 value, the value of Radj

2  (Kvålseth, 1985) can then be 

calculated. The equation for Radj
2  is defined as: 

Radj
2 = 1 − (1 − Psuedo R2)[(n − 1) (n − p − 1)]⁄  

Where n is the sample size and p is the number of model parameters estimated. The 

Akaike information criterion (AIC) was used as additional goodness-of-fit measures of 

the mathematical models tested. Lower AIC values indicate superior fits of the models to 

the data (Burnham and Anderson 2002). The equation for AIC is defined as: 

AIC = n ln(RSS/n) + 2p 

Where n is the number of treatments and p is the number of model parameters estimated. 

To calculate degree days required for development the linear model was utilized, 

which is defined by the equation: 

                                                 r(T) = a + bT      

Where r(T) is the development rate (1/d), T is the temperature, and a and b are estimates 

of the y-intercept and slope respectively (Sokal and Rohlf, 2012). In this study the y-axis 

is development rate and the x-axis is temperature. The linear model was utilized, since it 

is the only model which can calculate the thermal constant (K), which is the amount of 

thermal energy (degree-days) required to complete development. The thermal constant is 

defined as: 

K =
1

b
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Additionally, the lower developmental threshold (Tmin) can be estimated with the linear 

model with the following equation:                         

Tmin = −
a

b
 

The developmental data points for 30°C (eggs) and 28°C (all other stages) which 

deviated from a straight line were excluded in order to accurately calculate the linear 

regression (Campbell et al., 1974). 

The duration of each stadia and complete development were compared between 

gender treatments and across temperature treatments using separate Kruskal-Wallis tests 

followed by Dunn’s multiple comparison tests using PROC NPAR1WAY in SAS (Zar, 

1996, Elliott and Hynan, 2011; SAS institute, 2011). Data were corrected for 

heteroscedasticity using optimal λ Box-Cox transformations determined using PROC 

TRANSREG in SAS prior to performing Kruskall-Wallis tests.  

The homogeneity of A. dugesii survival curves among different temperatures was 

examined using the Kaplan-Meier method with the PROC LIFETEST procedure in SAS. 

Statistical differences in A. dugesii survival were determined based on the log-rank 

statistic and multiple comparisons were performed with the Sidák correction. Adult 

longevity could not be followed post-eclosion, so adult emergence times were treated as 

censored data. Mean survival of specific life stages were calculated on a per leaf basis (n 

= 10 to 14). 
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2.3 Results 

Successful A. dugesii emergence occurred between 15 and 30°C, while complete 

development occurs between 15°C and 28°C (Table 2.1). Egg development was 

monitored for 150 days at 10°C, at which time no eclosion had occurred and observations 

were ceased.  There was a significant effect of temperature observed for the egg (F = 

13389.004,772;  P < 0.0001), 1
st
 instar (F = 603.043,390; P < 0.0001), 2

nd
 instar (F = 

1173.173,390; P < 0.0001), 3
rd

 instar (F = 575.423,390; P < 0.0001), 4
th

 instar (F = 

422.923,390; P < 0.0001), and the egg-adult (F = 2293.573,390; P < 0.0001) mean stadia 

durations. Development rates increased with increasing temperature until 30°C for eggs 

and 28°C for the nymphal stadia then began to decline. Egg and nymphal stadia durations 

were approximately three to four times longer at 15°C compared to 25°C. Complete 

development time (± SEM) ranged from 27.22 ± 0.30 d at 25°C to 88.19 ± 1.27 d at 15°C 

for males, and 29.19 ± 0.18 d at 25°C to 94.67 ± 0.82 d at 25°C for females (Table 2.1). 

Male A. dugesii developed faster than females at all temperatures tested, with as much as 

a 6.5 d difference in development time between sexes observed at 15°C. 

As temperature deviated from the thermal optimum (~29°C, see Table 2.2), an 

increase in the variation of eclosion times were observed. The greatest variation in 

eclosion times occurred at 15°C (s² = 1.527, range = 22-27 d) followed by 20°C (s² = 

0.7067, range = 10-14 d), 30°C (s² = 0.3724, range = 6-8 d), 25°C (s² = 0.2942, range = 

7-8 d), and 28°C (s² = 0.2226, range = 6-8 d). This variation persisted through subsequent 

developmental stages ultimately leading to increased variation in adult emergence. 
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The relationship between development rate and temperature described by the 

three nonlinear models are depicted in Figure 2.1 and parameter estimates are presented 

in Table 2.2. Thermal optimum estimation for complete development ranged between 

25.25 and 26.40°C. The thermal minimum and maximum for complete development were 

estimated between 9.99-10.40°C and 30.00-35.11°C respectively. The Lactin-2 model 

overestimated the thermal maximum compared to the Brière-1 and 2 models as seen by 

other authors (e.g. Nielsen et al., 2008); however, the simulated thermal maximum was 

close to the observed values.  

All three models fit the data well, but the best fit model (i.e. the model which 

provided the highest R
2

adj and lowest AIC values) varied by stage and sex (Table 2.3). 

Using the RSS and R
2

adj values the Lactin-2 model provided the best overall for of the 

data for both sexes; however, AIC values were marginally smaller with the Brière-1 

model for some life stages. After removal of temperature points that deviated from a 

linear relationship, the linear model fit these data well for the immature and complete 

developmental periods (Table 2.3).  Although the linear model generally provided the 

highest RSS and R
2

adj values, its use is impractical due to the incapability of the linear 

model to estimate development across all relevant temperatures.  

  The linear equations for each A. dugesii life stage and sex are presented in Table 

2.4.  The lower developmental thresholds estimated for each developmental stage ranged  
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Figure 2.1 Constant temperature-dependent development of Aleurodicus dugesii using 

three nonlinear models for females (black circles) and males (white circles), with 

predicted development shown by solid and dashed lines respectively. 
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Table 2.2 Parameter estimates (± SEM) for three nonlinear developmental rate models 

for Aleurodicus dugesii. 
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from 10.01°C to 10.49°C, which were similar to those estimated by the three nonlinear 

models (Table 2.2). The estimated thermal degree days (DD) required for development 

were calculated as 109.65 for eggs; 231.71 and 245.33 for the total duration of the 

nymphal stage for males and females respectively; and 408.16 and 434.78 for complete 

development of males and females respectively (Table 2.4). 

 Temperature had a significant effect on A. dugesii survivorship (X
2
 = 568.672, df 

= 4, P < 0.001) (Figure 2.2). Multiple comparisons indicated significant differences 

between temperatures, except between 15 and 20°C (X
2 

= 1.188, P = 0.960), 15 and 25°C 

(X
2 

= 0.165, P = 1.000), or 20 and 25°C (X
2 

= 0.395, P = 0.999). Over 95% of eggs 

eclosed between 25 and 30°C, with the lowest successful eclosion rate of 78.5% observed 

at 15°C (Table 2.5). Across all viable temperatures examined, 1
st
 instars exhibited the 

lowest survival rate, ranging from only 2% at 30°C to 85% at 25°C. At 30°C 1
st
 instar 

mortality was high with only 5% present on the leaf at 24 h post-eclosion (Figure 2.2). 

Unlike 1
st
 instars, survival of the 2

nd
 through 4

th
 instars was high and exceeded 85% 

between 15 and 28°C (Table 2.5). Egg to adult survival reached a peak of 67% at 20°C 

and then steadily declined to approximately 43% at 15 and 30°C. 

Table 2.5 Survival (± SEM) of Aleurodicus dugesii life stages at seven temperatures. 
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Table 2.3 Goodness-of-fit criteria of the linear and nonlinear models to developmental 

rate data for Aleurodicus dugesii. 
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Table 2.4 Lower developmental threshold (°C) and thermal constant (DD) estimated 

from the linear regression for Aleurodicus dugesii. 

 

 

 
 

Figure 2.2 Age-specific survival curves from egg to either death or adult eclosion 

estimated (using the Kaplan-Meier method) of Aluerodicus dugesii at five constant 

temperatures. 
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2.4 Discussion 

 Temperature is one of the most critical habitat factors and frequent stressors that 

organisms encounter (Danks, 2007; Fisher et al., 2010), and ectotherms are particularly 

sensitive to temperature stress (Deutsch et al., 2008; Amarasekare and Savage, 2012; 

Paaijmans et al., 2013).  A future increase in both mean temperatures and the occurrence 

of extreme temperature events is predicted due to the consequences of anthropogenic 

climate change (Easterling et al., 2000; Meehl and Tebaldi, 2004). Understanding the 

effects of temperature on ectotherms’ behavioral, physiological, and molecular traits is 

critical for their management and conservation in current and future climate conditions 

(Deutsch et al., 2008; Kingsolver et al., 2013). 

 The thermal maximum observed for A. dugesii may explain its current geographic 

distribution and population expansion patterns in California. Non-coastal areas of 

southern California typically experience temperatures above 40°C making it difficult for 

A. dugesii to establish long-term populations. In these areas, A. dugesii can sometimes 

persist for long periods on smaller hosts well-shaded by adjacent structures, plants, or the 

basal portions of large hosts due to self-shading. With rising global temperatures and 

expected greater temperature variability, the current range of A. dugesii may be even 

more constrained to cooler areas. The observed optimal development temperature of 

29°C being so close to the thermal maximum (30°C) observed for A. dugesii also 

suggests that it may be particularly sensitive to temperatures changes. These predictions 

are supported by field observations of inconsistencies in the presence of A. dugesii 

populations in inland sites compared to coastal sites in California (see Chapter 5) 
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particularly during the summer months during which temperatures frequently exceed the 

upper developmental threshold.  

  Increased duration and variation in A. dugesii development times observed at 

suboptimal temperatures may have significant impacts on predator-prey interactions 

(Costa and Kishida, 2015). For example, the observed increase in overall development 

times of different host stages at suboptimal temperatures may benefit some natural enemy 

species by lengthening the duration of the availability of susceptible host stages (He et 

al., 2005). The increased variance in development time may also synergize with increased 

developmental duration to further lengthen the overall time a specific stage is present in 

the field. The increased mortality rates observed at suboptimal temperatures however, 

may counteract the benefits of increased availability of suitable host stages on 

parasitoids’ host acquisition success by reducing the total abundance and increasing the 

patchiness of A. dugesii in the field. Given that temperature is one of the primary factors 

influencing foraging performance of natural enemies as well (Fournier and Boivin, 2000; 

Amat et al., 2006), it is difficult to predict what effect increased host-availability has on 

predator-prey dynamics in this system.  

The goodness-of-fits of the three nonlinear models observed in this study were 

similar and did not indicate a clear “best” overall model unless looking at a particular 

stage or sex. Because of this, using the Brière-1 model for A. dugesii temperature-

dependent developmental modelling is recommended. The rationale for selecting the 

Brière-1 model is its ease of calculation compared to the Lactin-2 and Brière-2 models 

due to having fewer parameters (Brière et al., 1999) and the Brière-1 model allows for the 
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direct calculation of Topt instead of graphically estimating this value as required by the 

Lactin-2 model. 

The lowest survival rates observed in the crawler stage can be attributed primarily 

to individuals falling off the leaf during the process of searching the leaf for a permanent 

spot to settle and feed (pers. obs. EN. Schoeller). High mortality was also observed 

during the molting process into the next instar where nymphs had a greater chance to fall 

from the leaf or die due to abiotic conditions during the formation of a new cuticle. This 

seemed less likely during each subsequent molt as nymphs greatly increased in size. 

Finally, there appeared to be increased mortality during the adult emergence phase at 

high temperatures if individuals took too long to eclose and begin to feed.  

 The difference observed in development times between sexes was greatest at low 

temperatures. The 10 day lag in female emergence at 15°C may significantly affect the 

OSR of A. dugesii populations exposed to these conditions by leaving males without 

suitable mates for long periods of time, and males may even die before ever mating. The 

OSR can have significant effects on insect reproduction and fitness (Gao and Kang, 2006; 

Chuche and Thiéry, 2012) and potential changes in population dynamics driven by 

changes in OSR in this species requires further investigation.   

Thermal tolerance and survivorship patterns observed for A. dugesii is similar to 

those reported for related species such as Spiraling Whitefly (A. dispersus) Russell, 

which was observed to have a development range of 12-32°C and high mortality at 

suboptimal temperatures (Cherry, 1979; Wen et al., 1994). Unlike A. dugesii, the range of 

A. dispersus has been limited to the southern tip of Florida due to its apparent inability to 
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cope with low temperatures (Cherry, 1979). A much more recent invader to the U.S., 

Rugose Spiraling Whitefly, A. rugioperculatus Martin, has been established in Florida 

since 2009. This species has caused similar problems to those experienced with A. 

dugesii (Francis et al., 2016). At the time of this study, very little is also known about the 

developmental biology of A. rugioperculatus, and the results presented here may provide 

a foundation for managing A. rugioperculatus as well as other invasive Aleurodicus 

species in the future. 

 The increased attention paid to physiologically based approaches in population 

modeling highlights the importance of these types of data for developing pest control 

strategies (Hodkinson, 1999). Results from this study provide a foundation for 

understanding the biology of A. dugesii, which can be used to enhance control strategies. 

For ornamental plants moving susceptible host species away from shaded areas such as 

structures or larger adjacent plants may lead to an increased temperature within the 

canopy. In full-sun A. dugesii populations appear to be restricted to the lower portion of 

the canopy of infested plants (pers. obs. EN. Schoeller), potentially facilitating population 

management. Regular pruning of ornamentals may also achieve the same desired effect 

by increasing interior canopy temperatures. In agricultural settings decreasing crop 

densities may result in increased canopy temperatures due to reduced transpiration 

resulting from lower soil moisture content (Tormann, 1986; Yang et al., 2014), which 

may potentially restrict the total infested surface area of the crop facilitating pest control. 

Given the overall high mortality rates for A. dugesii observed at suboptimal temperatures, 

these control tactics may be most effective in regions where temperatures frequently 
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exceed the upper lethal limit observed.  It has yet to be determined how temperature 

affects natural enemies of A. dugesii and future work must be done to determine its 

impact prior to revising current biological control programs. 
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Chapter 3 

 

Host Stage Preferences of Parasitoids of 

the Giant Whitefly Aleurodicus dugesii 

(Hemiptera: Aleyrodidae). 

 

 
3.1 Introduction 

Multiple species of parasitoids are frequently observed attacking a single host 

species (Price, 1971; Hawkins and Mills, 1996; Derocles et al., 2015), and an individual 

host developmental stage may be utilized by multiple parasitoids (Price, 1972; 

Karamaouna and Copland, 2000; Forbes et al., 2010). Competitive interactions between 

parasitoid species are largely driven by resource competition (Godfray, 1994; Quicke, 

1997; Harvey et al., 2014). Theory predicts that competitive exclusion can occur in 

systems where densities of unparasitized hosts are suppressed below a threshold where 

population growth of competitors occurs (Briggs, 1993). This prediction has been 

validated in some parasitoid-host systems, such as the California red scale Aonidiella 

aurantii and its parasitoids Aphitis lignanensis and Aphitis melinus (Murdoch et al., 

1996). Despite theoretical work and evidence of competitive exclusion in the field, long-

term coexistence between parasitoid species attacking a single host has also been shown 

to occur given that competition-dampening mechanisms exist; such as spatial (Rossi et 

al., 2006; Garcia-Medel et al., 2007; Harvey et al., 2014) and temporal (Wieber et al., 
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1995) partitioning of hosts, or fine scale partitioning of stadia within developmental 

stages (Yu et al., 1990). 

In the United States, three exotic parasitoid wasps were introduced in the mid-

1990’s as part of a biological control program against the invasive giant whitefly 

Aleurodicus dugesii Cockerell (Hemiptera: Aleyrodidae) (Bellows et al., 2002). These 

include Encarsia noyesi Hayat (Hymenoptera: Aphelinidae), Idioporous affinis LaSalle & 

Polaszek (Hymenoptera: Pteromalidae), and Entedononecremnus krauteri (Hymenoptera: 

Eulophidae). The source population of E. krauteri originated from a single location in 

Comfort, Texas in 1995, and it was later distributed to other parts of the U.S. through 

mass rearing efforts (Zolnerowich and Rose, 1996). Source populations of I. affinis and 

E. noyesi were collected from the same locality in Guadalajara, Mexico in 1997 and 

subsequently mass reared for release in areas invaded by A. dugesii across the U.S 

(Bellows and Meisenbacher, 2000). Despite over 20 years of coexistence in the field, 

variation in the ability of these parasitoids to control A. dugesii populations at 

manageable levels and differences in the spatial and temporal composition of parasitoid 

communities in southern California has been observed (per. obs. EN Schoeller). These 

observations have raised questions regarding the factors underlying the source(s) of this 

variation in order to find potential methods to enhance ongoing biological control efforts 

against A. dugesii. All three parasitoid species in this study system are solitary 

endoparasitoids that parasitize the nymphal stages of A. dugesii, so examining the role of 

interspecific resource competition was a logical starting point to this investigation. 
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Laboratory host specificity and preference tests have proven to be a critical tool 

for understanding the dynamics of parasitoid interactions (Sands and Van Driesche, 2000; 

Mansfield and Mills, 2004; Murray et al., 2010) and can assist in selecting suitable 

biological control agents for release (Mackauer, 1990; Bográn and Heinz, 2002; Irvin and 

Hoddle, 2005; Waterworth et al., 2015). The goal of this study was to examine the host 

stage preferences for each of the three parasitoid species in this system. These data will 

provide insight into the ability of each parasitoid to control densities of A. dugesii and 

may help predict the outcomes of interspecific competitive interactions. Given the 

observations in the field, I hypothesized that host use overlap exists between parasitoid 

species in this system and that parasitoids exhibit similar host stage preferences. 

3.2 Materials and Methods 

Host stage preferences of I. affinis, E. noyesi, and E. krauteri were examined 

using choice and no-choice tests.  No-choice tests consisted of parasitoids exposed to a 

single A. dugesii nymphal stage.  Paired-choice tests allowed parasitoids to choose their 

most preferred host stage from different pairwise combinations of the four nymphal 

stages. Treatments in paired-choice tests consisted of parasitoids exposed to all possible 

pairwise combinations of two instars (1
st 

versus 2
nd

, 1
st
 versus 3

rd
, 1

st 
versus 4

th
, 2

nd 
versus 

3
rd

, 2
nd

 versus 4
th

, and 3
rd

 versus 4
th

). Simultaneous-choice tests consisted of all four 

instars offered to parasitoids at once. For each parasitoid species, 20 trials were 

performed for each host stage(s) treatment in paired-choice, simultaneous-choice, and no-

choice tests. 
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Single stage cohorts for no-choice tests were prepared by infesting the abaxial 

surfaces of 6-month old Hibiscus rosa-sinensis leaves with adult whitefly from laboratory 

colonies by placing 10–15, 72-h old, mated females in small mesh bags enclosing the 

leaves for 6 h to ensure stage uniformity. Infested plants were placed into environmental 

chambers and maintained at 25°C ± 0.5°C (16L:8D photoperiod, 75±10% RH). The 

whitefly nymphs were checked daily until a sufficient number had reached the desired 

developmental stage. The density of the nymphs was then manipulated so that each leaf 

contained the desired number of individuals of each developmental stage.  

Leaves containing multiple stadia used in choice tests were prepared by initiating 

single stage cohorts as described above, and then unsettled crawlers from donor leaves 

were transferred onto the experimental leaf with a fine camel hair brush. Crawler transfer 

was initiated at various times post-initial cohort establishment, so that the desired 

combination of developmental stages was achieved. In choice tests, 10 individuals of 

each instar were offered to parasitoids for the two combination treatments, while in the 

simultaneous treatment five individuals of each instar were offered. 

Host stage preference behavior of female parasitoids was observed under a 

dissecting microscope at 120x magnification. Observational arenas for both choice and 

no-choice tests consisted of modified Munger cells (Morse, et al., 1986) with 3.2 cm 

diameter arenas placed over the leaf area containing the nymphs. For E. noyesi and I. 

affinis arenas were placed over the abaxial leaf surface where these species forage. To 

observe E. krauteri host selection behavior, arenas were placed over the adaxial leaf 

surface where the nymphs were located below, as E. krauteri parasitizes A. dugesii 
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nymphs through the leaf surface. The position of each nymph on the leaf was hand-drawn 

on paper and then assigned a unique identification number to assist in tracking parasitism 

rates.  A small ink dot was placed on the upper leaf surface near the location of nymphs 

on the underside of the leaf to record their location in E. krauteri trials. Pilot trials 

showed that ink dots did not influence the searching behavior of females. 

Single mated female parasitoids (48–72 h old) were introduced into the arena 

using a 100 µl micropipette tip inserted into holes positioned on opposite sides of the 

Munger cells. The hole used to introduce females was rotated between each trial to help 

control for directional bias. Females were allowed to forage for 1 h and observations 

were made between 13:00 and 17:00 hours daily. Each time a female encountered a host, 

the time, identity (unique number), and whether or not it was accepted or rejected for 

parasitism was recorded. The female was watched carefully and the time she disengaged 

the host after either rejection or oviposition was recorded.  

Pilot trials were conducted to assess the general suitability of each nymphal stage 

for parasitism for each parasitoid species prior to running experimental trials. Trials 

containing nymphal stages suitable for parasitism were discarded if females did not 

parasitize any hosts within the first 10 minutes of observations or if there was more than 

30 minutes of inactivity to control for unmotivated females. Trials containing hosts 

unsuitable for parasitism as suggested by the pilot trials presented either singly in no-

choice tests or paired with other unsuitable stages in paired-choice tests were allowed to 

run for the full duration in order to observe potentially rare parasitism events. Although 

parasitism was not directly verified via nymphal dissection after the completion of trials, 
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preliminary tests showed that over 95% of nymphs were parasitized when oviposition 

lasted for more than 20 seconds, so all nymphs were considered parasitized if accepted by 

a female. 

Parasitism rates are not always an effective measure of preference (Murray et al. 2010), 

so multiple metrics were assessed when possible to assess each parasitoid species’ innate 

host preference. In paired-choice and no-choice tests stage-specific parasitism rates were 

calculated. In choice tests where all stages were offered simultaneously relative 

preferences and differences in the frequency of the first stage attacked were examined. In 

no-choice tests stage-specific handling times were compared in addition to parasitism 

rates. 

Data Analysis 

All statistical analyses were performed using SAS ver. 9.4 (SAS Institute Inc. 

2013) and a significance level of α = 0.05 was used for all analyses. Parasitism rates were 

calculated as the total number of unique nymphs parasitized divided by the total number 

available of a particular development stage over the 1 h observation period. Prior to 

analyzing no-choice tests, data were arcsine square-root transformed in order to meet the 

underlying assumptions of normality and equality of variances. The 1
st
 instar treatment 

for E. noyesi and 1
st
 and 2

nd
 instar treatments for E. krauteri were dropped from the no-

choice analyses due to no parasitism being observed for these stages. One-way ANOVA 

were performed on the E. noyesi parasitism rate data, followed by a post-hoc test to 

compare differences in treatment means. Data transformation did not remedy issues with 

heteroscedasticity with the I. affinis data, so Welch's ANOVA was performed followed 
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by a Games-Howell post-hoc test. A two sample t-test was performed for E. krauteri no-

choice test data, due to only the 3
rd

 and 4
th

 instars being parasitized. 

Parasitism rates in paired-choice tests were analyzed on the mean difference 

between each host stage combination using paired t-tests. The Wilcoxon signed-rank test 

was used for paired-choice test data when the assumption of normality of the distribution 

of paired differences was not met. Data from the E. krauteri 1
st
 vs. 2

nd
 instar paired-

choice test was not analyzed as no parasitism was observed in either of these treatments. 

For choice tests with all four A. dugesii instars offered simultaneously, relative 

host stage preferences were calculated using the ratio of the number of individuals 

parasitized for each stage divided by the total number of each stage present (Lockwood, 

1998; Hougardy and Mills, 2008). These values were then standardized so that their sum 

totaled one (Lockwood, 1998). The null hypothesis was that no host stage preference 

existed, represented by expected relative expected preferences of 0.25 for each host stage. 

The proportional preferences were analyzed using Hotelling's T
2
 and 95% confidence 

intervals were calculated around the mean proportional preferences using the PROC IML 

procedure. To control for experiment-wise error a Bonferroni correction was applied to 

the confidence intervals. Confidence intervals which contained zero indicated that there 

was no preference exhibited by female parasitoids between stages in that comparison 

(Lockwood, 1998). Differences in the first host stage parasitized were analyzed in the 

simultaneous choice tests using Fisher’s exact tests.  An equal probability of choice was 

assumed for the four hosts with an expected frequency of 5 individuals chosen first for 

each stage.  
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No-choice tests were used to examine differences in handling times between 

stages as we were only interested in differences in innate handling times exhibited 

between stages and not how handling times for a specific nymphal stage may differ in 

response to the presence of another stage. Handling times were compared between stages 

for each parasitoid species using a generalized linear model with handling time as the 

dependent variable and host stage, outcome (accepted or rejected for parasitism), and a 

stage*outcome interaction term as the explanatory variables. The interaction term was 

included to examine whether there was a larger than expected change in handling times 

when hosts were accepted or rejected for parasitism. Data were transformed using the 

natural logarithm prior to analyses to meet normality and variance homogeneity 

assumptions.  

3.3 Results 

Stage First Parasitized 

Results from first stage parasitized observations during the simultaneous-choice 

tests showed clear differences in the frequencies of the first stage attacked according to 

Fisher’s Exact Tests. A total of 4, 13, 2, and 1 individual(s) of the 4
th

, 3
rd

, 2
nd

, and 1
st
 

instars respectively were parasitized first by I. affinis and the observed frequencies 

differed significantly from the null hypothesis of equal probability of parasitism (X
2
 = 

18.0, df = 3, P < 0.0001). The observed frequency of first parasitism by E. noyesi also 

differed significantly from an equal probability of parasitism (X
2
 = 45.2, df = 3, P < 

0.0001), with 18, 2, 0, and 0 individual(s) of the 4
th

, 3
rd

, 2
nd

, and 1
st
 instars respectively 

being parasitized first. As observed with the other two parasitoid species, the frequency 
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of first stage parasitized differed significantly from an equal probability of parasitism (X
2
 

= 39.6, df = 3, P < 0.0001) for E. krauteri with 17, 3, 0, and 0 individual(s) of the 4
th

, 3
rd

, 

2
nd

, and 1
st
 instars respectively parasitized first. These results support the findings of the 

preference tests indicating preference for the 4
th

 instar by E. noyesi and E. krauteri, and 

for the 3
rd

 instar by I. affinis. 

Parasitism Rates and Relative Preferences 

Choice Tests: Idioporus affinis 

All four A. dugesii nymphal stages were successfully parasitized by I. affinis. 

There was a significant effect of stage on parasitism rates exhibited by I. affinis in paired-

choice tests (Figure 3.1a). The combined findings of the paired-choice tests suggested 

that I. affinis exhibited a preference hierarchy for specific stages. The results suggest that 

the 3
rd

 instar is the most preferred stage for parasitism (3
rd

 vs. 1
st
:  t = 6.92, P < 0.0001; 

3
rd

 vs. 2
nd

: t = 3.21, P = 0.0046; 3
rd

 vs. 4
th

: t = 3.03, P = 0.0069), followed by the 4
th

 

instar (4
th

 vs. 2
nd

:  t = 5.35, P < 0.0001; 4
th

 vs. 1
st
: t = 2.42, P = 0.026), 2

nd 
instar (2

nd
 vs. 

1
st
: t = 3.38, P = 0.0032), and the 1

st
 instar being least preferred.  

Choice tests where all A. dugesii nymphal stages were offered simultaneously 

produced different results to those observed in the paired choice tests (Figure 3.2a). A 

significant difference was observed in the relative preferences of the different A. dugesii 

nymphal stages exhibited by I. affinis (T
2
 = 153.74, F3,17 = 45.85, P < 0.0001). The 95% 

Bonferonni confidence intervals showed differences in relative stage preferences, with 

the 1st instar being the least preferred and the 3
rd

 instar being more preferred than the 2
nd
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instar. No differences in relative preferences between the 3
rd

 and 4
th

 or 2
nd

 and 4
th

 instars 

were observed. 

Choice Tests: Encarsia noyesi 

Paired-choice tests showed a significant effect of A. dugesii nymphal stage on E. 

noyesi parasitism (Figure 3.1b).  Results suggested a preference hierarchy, with the 4
th

 

instar being most preferred (4
th

 vs. 3
rd

: t = 2.41, P = 0.0263; 4
th

 vs. 2
nd

: z = 3.95, P < 

0.0001; 4
th

 vs. 1
st
: t = 15.54, P < 0.0001), followed by the 3

rd
 (3

rd
 vs. 2

nd
 t = 7.17, P < 

0.0001; 3
rd

 vs. 1
st
 t = 16.58, P < 0.0001) and 2

nd
 instars (2

nd
 vs. 1

st
 t = 12.22, P < 0.0001). 

Unlike I. affinis, the 1
st
 instar of A. dugesii was not parasitized by E. noyesi making it the 

least preferred stage.  

 Simultaneous-choice tests showed very similar results to the paired-choice tests 

(Figure 3.2b). Simultaneous-choice tests found a significant difference in the relative 

preferences of the different A. dugesii nymphal stages exhibited by E. noyesi (T
2
 = 65.49, 

F3,17 = 19.53, P < 0.0001). Again, the 4
th

 instar appeared to be the most preferred stage of 

E. noyesi followed by the 3
rd

, 2
nd

, and 1
st
 instar as indicated by the 95% Bonferonni 

confidence intervals. 

Choice Tests: Entedononecremnus krauteri 

 There was a significant effect of stage on E. krauteri parasitism rates observed in 

paired-choice tests (Figure 3.1c). The 4
th

 instar appeared to be the most preferred stage 

(4
th

 vs. 3
rd

: t = 5.88, P < 0.0001; 4
th

 vs. 2
nd

: t = 15.25, P < 0.0001; 4
th

 vs. 1
st
: t = 15.25, P < 

0.0001) followed by the 3
rd

 instar (3
rd

 vs. 2
nd

 z = 3.46, P < 0.0001; 3
rd

 vs. 1
st
 z = 3.46, P < 

0.0001). The 1
st
 and 2

nd
 instars were not parasitized.  



 79 

 
Figure 3.1 Mean (± 95% CI) parasitism rates of (A) Idioporus affinis, (B) Encarsia noyesi, and (C) 

Entedononecremnus krauteri in paired-choice tests of different Aleurodicus dugesii nymphal stages. Paired 

bars in each graph with an “*” indicate a significant difference at the P ≤  0.05 level and “**” indicates 

significance at P < 0.0001 in paired t-tests. 
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Figure 3.2 Mean (± 95% CI) relative stage preferences of (A) Idioporus affinis, (B) Encarsia noyesi, and 

(C) Entedononecremnus krauteri in choice tests with all Aleurodicus dugesii nymphal stages offered 

simultaneously. Bars in each graph followed by the same letter indicate no significant differences 
(Hotelling’s T

2
, α = 0.05).   
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Figure 3.3 Mean (± 95% CI) parasitism rates of (A) Idioporus affinis, (B) Encarsia noyesi, and (C) 

Entedononecremnus krauteri in no-choice tests of different Aleurodicus dugesii nymphal stadia. Bars in 
each graph followed by the same letter indicate no significant differences (ANOVA, α = 0.05). († Denotes 

instars that were no included in analyses due to treatments having zero variance). 



 82 

Simultaneous-choice tests showed similar results to the paired choice tests 

(Figure 3.2c). A significant difference was observed in the relative preferences of the 

different A. dugesii nymphal stages exhibited by E. krauteri (T
2
 = 20.20, F3,17 = 6.03, P < 

0.0055). The 95% Bonferroni confidence intervals indicated that the highest relative 

preference for the 4
th

 instar followed by the 3
rd

 instar, and the 1
st
 and 2

nd
 instars not 

preferred at all.  

No-Choice Tests: Idioporus affinis 

The results from no-choice trails differed considerably from the results from the 

choice trials for I. affinis (Figure 3.3a). A significant effect of host stage on parasitism 

rate was observed (Welch’s F = 35.14, P <0.0001).  Post-hoc analyses indicated a 

different host stage preference hierarchy than observed in the choice tests, with the 1
st
 (4

th
 

vs. 1
st
: P < 0.0001; 3

rd
 vs. 1

st
: P < 0.0001; 2

nd
 vs. 1

st
: P = 0.459), and 2nd instars (4

th
 vs. 

2
nd

: P < 0.0001; 3
rd

 vs. 2
nd

: P = 0.642) preferred the most, followed by the 3
rd

 instar (4
th

 

vs. 3
rd

: P < 0.0001) and the 4
th

 instar being least preferred. 

No-Choice Tests: Encarsia noyesi 

A significant effect of host stage on parasitism was observed (F = 22.17, P < 

0.0001). Tukey’s HSD test indicated that there were significant differences in parasitism 

rates between the 2
nd

 and 3
rd

 (P < 0.0001) as well as the 3
rd

 and 4
th

 instars (P < 0.0001), 

but not between the 2
nd

 and 4
th

 instars (P = 0.8261) (Figure 3.3b). While not explicitly 

tested, due to the absence of parasitism data for the 1
st
 instar it is clear that this stage is 

preferred the least of the four nymphal stages. These results differ from the paired-choice 
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and simultaneous-choice trials, where the 4th instar appears to be the most preferred stage 

instead of the 3rd instar. 

No-Choice Tests: Entedononecremnus krauteri 

The results of the no-choice tests were similar to those observed in choice tests for E. 

krauteri (Figure 3.3c). No-choice tests showed a significant difference in parasitism rates 

between the 4
th
 and 3

rd
 instars (t = 5.35, P < 0.0001), with the 4

th
 instar being preferred over the 

3
rd

 instar. As also seen in the choice tests, neither the 1
st
 nor the 2

nd
 instar was parasitized by E. 

krauteri in the no-choice tests. 

Handling Times 

Idioporus affinis 

A significant effect of host stage on I. affinis handling times for both accepted 

(F3,76 = 110.14, P < 0.0001) and rejected (F3,51 = 3.52, P = 0.0214) hosts was observed. A 

trend for longer handling times was observed as instar age increased, with mean handling 

times increasing from 32 s for 1
st
 instars to 261 s for 4

th
 instars when hosts were accepted 

(Figure 3.4a). Mean handling times for rejected hosts showed a similar trend with 

handling times increasing from 6 s for 1
st
 instars to 22 s for 3

rd
 instars. A significant 

interaction effect between host stage and encounter outcome on handling times was 

observed for I. affinis (F = 11.51, df = 3, P < 0.0001). This indicated that the decrease in 

handling time observed between accepted and rejected hosts were not proportional across 

instars. This was apparent for the 4th instar, which I. affinis rejected as quickly as the 3
rd

 

and 2
nd

 instars despite exhibiting the longest handling time for this stage when accepted 

for parasitism (Figure 3.4a).  
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Encarsia noyesi 

A significant effect of host stage on handling times exhibited by E. noyesi was 

observed for accepted (F2,57 = 23.07, P < 0.0001) but not rejected (F2,42 = 1.82, P = 0.174) 

hosts. Unlike I. affinis, E. noyesi did not exhibit as strong of a trend for longer handling 

times as instar age increased (Figure 3.4b). Mean handling times of accepted hosts were 

166, 151, and 314 s for the 2
nd

, 3
rd

, and 4
th

 instars respectively. Mean handling times for 

rejected hosts were 12, 21, and 17 s for 2
nd

, 3
rd

, and 4
th

 instars respectively. A significant 

interaction effect between host stage and encounter outcome on handling times was 

observed for E. noyesi (F = 4.43, df = 2, P = 0.014). Handling times observed for the 3
rd

 

instar between accepted and rejected individuals for parasitism appeared to not exhibit 

the same linear decline as observed for the other instars (Figure 3.4b). 

Entedononecremnus krauteri  

A significant effect of host stage on handling times exhibited by E. krauteri was 

observed for accepted (F1,33 = 152.77, P < 0.0001) and rejected (F1,17 = 26.43, P < 

0.0001) hosts. Similar to I. affinis, E. krauteri exhibited longer handling times for late 

instars (Figure 3.4c). Mean handling times of accepted hosts were 194 s and 289 s for the 

3
rd

 and 4
th

 instars respectively. Mean handling times for rejected hosts were 10 s and 18 s 

for the 3
rd

 and 4
th

 instars respectively. A significant interaction effect between host stage 

and encounter outcome on handling times was observed for E. krauteri (F = 6.94, df = 1, 

P = 0.0112). A larger decrease in handling times by E. krauteri when individuals were 

rejected for parasitism was observed for the 3
rd

 instar compared to the 4
th

 instar (Figure 

3.4c). 
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Figure 3.4 Mean (±SE) handling times ln(s) of Idioporus affinis (A), Encarsia noyesi (B), and 

Entedononecremnus krauteri (C) for Aleurodicus dugesii nymphal stadia accepted and rejected for 

parasitism. Within accepted/rejected treatments stages with different letters indicate a significant difference 
(α = 0.05) in handling times. 
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3.4 Discussion  

 The literature has shown that the release of multiple species of biological control 

agents can have a positive, negative, or neutral effect on prey suppression, and that the 

outcome is often context dependent (Straub et al., 2008; Tylianakis and Romo, 2010). 

When functional redundancy exists between species (e.g. shared feeding niches) the 

outcome of releasing multiple biological control agents more likely leads to negative or 

neutral effects on prey suppression due to interspecific competition negating the overall 

positive effects of natural enemy diversity (Casula et al., 2006). Partitioning of the host 

resource can lead to niche complementarity between natural enemy species, but it is often 

difficult to predict the degree of niche complementary required to enhance prey 

suppression, as both natural enemy and prey-specific traits can influence the trophic 

interactions between biological control agents (Wilby et al., 2005). Continued research is 

needed to further develop the theoretical basis for multi-predator effects on the outcome 

of biological control programs.  

 The results from this study support the hypothesis that host use overlap exists 

between parasitoid species in this system, but the hypothesis that parasitoids exhibit 

similar preferences for A. dugesii nymphal stages was only partially supported. While 

host use overlap was observed, there were differences in preference hierarchies between 

parasitoid species. The broadest host use breadth was observed for I. affinis, which 

successfully utilized all four A. dugesii nymphal stages. The narrowest host use breadth 

was observed for E. krauteri, which only parasitized the 3
rd

 and 4
th

 instars. Encarsia 

noyesi exhibited an intermediate host use breadth parasitizing all stages except the 1st 
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instar. All three parasitoids exhibited the highest preference for either the 3
rd

 or 4
th 

instar 

of A. dugesii.  

As seen frequently in other host preference studies (Babendreier et al., 2005) a 

general consensus in the results between choice and no-choice tests was observed for 

each parasitoid species; however there were some inconsistencies.  The conflicting results 

for host stage preferences of I. affinis, and to a lesser extent E. noyesi, observed for no-

choice tests compared to choice tests may be due to differences in the number of hosts 

encountered during the observational period. For example, in no-choice trails I. affinis 

encountered an average (± SE) of 27.4 ± 2.7, 32.1 ± 3.3, 25.9 ± 2.9, and 9.4 ± 0.8 

individuals/hr for the 1
st
, 2

nd
, 3

rd
, and 4

th
 instars respectively resulting in the increased 

level of parasitism observed for the younger instars. These differences are likely driven 

by shorter handling times observed by I. affinis for younger instars (up to an 8x 

difference between 1
st
 and 4

th
 instars) allowing for more individuals to be encountered 

during the observation period. I hypothesize that the increased handling time observed for 

older instars may be related to thickness of the dorsal cuticle, making it take longer for 

females to penetrate the cuticle and deposit eggs. The ovipositors of E. noyesi and E. 

krauteri are long, at least ½ the length of the gaster, while the ovipositor of I. affinis is 

very small and approximately ¼ the length of the gaster (Lasalle et al., 1997). The small 

ovipositor of I. affinis may explain the more apparent increase in handling times for older 

instars than observed for E. noyesi and E. krauteri if this hypothesis is valid.  

 Given the host use breadths and preference hierarchies observed, in the absence of 

other potential factors mediating competition, I predict that I. affinis may be under the 
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least competitive pressure for hosts in this system due to its ability to utilize earlier stages 

of A. dugesii than E. noyesi and E. krauteri. Parasitoids that can utilize earlier host stages 

than competitors have been shown to possess a competitive advantage in resource 

competition (Murdoch et al., 1996; Wang et al., 2003; Teder et al., 2013) unless 

previously attacked host stages can be used by other species (Briggs, 1993). With the 

exception of E. noyesi (discussed below), use of previously parasitized hosts by I. affinis 

and E. krauteri does not appear to occur in this system (per. obs. EN Schoeller). In 

addition to the broader host use exhibited by I. affinis, the trend for higher absolute 

parasitism rates and shorter handling times observed for this species further supports the 

hypothesis that this species may be the most important biological control agent in this 

system.   Alternatively, E. krauteri may be under the strongest competitive pressure of 

the three species due to its narrow observed host use breadth and strong preference for 

the 4
th

 instar, which may subject it to strong effects of exploitative competition. These 

predictions are supported by observations of E. krauteri populations in the field, which 

suggest E. krauteri is uncommon and if present parasitism rates are low (see Chapter 6).  

Unlike E. noyesi, which is polyphagous (Polazsek and Hayat, 1992), E. krauteri 

and I. affinis are only reported from A. dugesii and are likely resource specialists 

(Zolnerowich and Rose, 1996; Lasalle et al., 1997). The host-use strategy of E. krauteri 

may be one that attempts to utilize late instars that have escaped parasitism by I. affinis. 

Whether E. krauteri can discriminate between hosts previously parasitized by I. affinis 

would be a necessary behavioral adaptation for this strategy to succeed, and research 

providing evidence that E. krauteri can detect hosts previously parasitized would help 
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test the validity of this hypothesis. Future research examining if the presence of E. noyesi 

affects overall host-use efficiency achieved by I. affinis and E. krauteri may also provide 

insight into how other generalist competitors across the introduced range of A. dugesii’s 

may impact its control. 

As it forages on the upper leaf surface without direct contact with hosts until the 

act of oviposition, one of the major questions remaining that pertains to resource 

utilization in this system is how E. krauteri locates and discriminates between hosts. It is 

unlikely that host chemical cues indicating the position of nymphs on the underside of 

leaves exist on the upper leaf surface, and E. krauteri was not observed to 

indiscriminately probe leaves looking for hosts. We suggest that E. krauteri utilizes 

vibrotaxis like many other parasitioids (e.g. leafminer parasitoids) whose hosts reside 

beneath a substrate to facilitate host location (Meyhöfer and Casas, 1999). As observed 

for other parasitoid species, such as Psyttalia concolor (Szépligeti) (Hymenoptera: 

Braconidae) (Canale and Loni, 2006), E. krauteri may have difficulty locating earlier 

instars using vibrotaxis and this may have resulted in the lower parasitism rates observed 

for these stages rather than differences in preference per se.  

Unlike I. affinis and E. krauteri, which are primary parasitoids, E. noyesi is a 

heteronomous hyperparasitoid (Boughton et al., 2015) where females develop as primary 

parasitoids and males develop hyperparasitically on the pupal stage of conspecific 

females or males and females of heterospecifics. The pupal stage of the three parasitoids 

in this system does not occur until late into the 4
th

 instar of A. dugesii. The observed 

preference for the 4
th

 instar exhibited by E. noyesi may be linked to having a higher 
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probability of encountering hosts suitable for both male and female production. The 

hyperparasitic life history of E. noyesi, which allows it to use previously parasitized hosts 

for male production, may give it a large competitive advantage over E. krauteri and I. 

affinis (Hunter and Woolley, 2001). Future research investigating host use in this system 

should focus on the effects of prior parasitism on host preference and acceptance for each 

parasitoid species.  
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Chapter 4 
 

Host-produced Wax Affects the Searching 

Behavior and Efficacy of Parasitoids of the Giant 

Whitefly. 

 

4.1 Introduction 

Wax production by insects is widespread and diverse in both form and function 

(Blomquist and Bagnères, 2010). Functions of insect wax include: maintenance of 

internal water levels (Ramsay, 1935; Locke, 1965; Hadley, 1981); protection from UV 

radiation (Pope and Hinton, 1977; Hadley, 1994); epicuticular immunity against 

microorganisms (Koidsumi, 1957; St. Leger, 1991; Ortiz-Urquiza and Keyhani, 2013); 

chemical communication (Carlson et al., 1971; Howard and Blomquist, 2005), and 

protection from the soiling effects of honeydew (Gullan and Kosztarab, 1997; Smith, 

1999; Pike et al., 2002).  

One of the most intriguing functions of insect wax is its ability to mediate 

interactions between insect herbivores and their natural enemies. In many situations these 

waxes appear to serve as a defense against natural enemy attack and, depending on the 

circumstances, the mode of defense provided has been observed as primary (i.e. one that 

offers pre-emptive protection) or secondary (i.e. one that offers protection during 

detection/attack) (Edmunds, 1974). An example of a primary defensive function of insect 

wax is visual camouflage against natural enemy detection (Moss et al., 2006). Examples 
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of secondary defensive attributes of insect wax include the physical prevention of feeding 

by interfering with the proper functioning of natural enemy mouthparts (Eisner, 1994; 

Völkl and Vohland, 1996; Liereand and Perfecto, 2008), acting as a physical barrier 

against natural enemy attack (Mueller et al., 1992; Agarwala and Yasuda, 2001), 

chemical repellency of natural enemies (Schwartzberg et al., 2010), and prevention of 

natural enemy aggression via chemical mimicry of non-prey (Howard et al., 1990; 

Liepert and Dettner, 1996).  

While wax production can benefit the producer, it can also benefit the natural 

enemies of the herbivore. For example, some natural enemies harvest wax from their prey 

in order to camouflage themselves from their prey or to protect against intraguild 

predation (Eisner et al., 1978; Eisner and Siberglied, 1988; Mason et al., 1991). Prey-

produced wax can also assist in host seeking behaviors of natural enemies by serving as 

arrestment cues (van den Meiracker et al., 1990) and ovipositional stimulants 

(Takabayashi and Takahashi, 1985). 

One of the most striking examples of wax production in insects is exhibited by the 

giant whitefly Aleurodicus dugesii Cockerell (Hemiptera: Aleyrodidae). Giant whitefly is 

an invasive species introduced into the United States from Mexico; it was first discovered 

in the United States in 1991 (Hodges, 2004).  To date, it is established in at least six 

states including Texas, California, Arizona, Florida, Louisiana, and Hawaii (Gill, 1992; 

Nguyen and Hamon, 2002; Hue et al., 2004). Giant whitefly has a broad host range 

encompassing at least 77 plant genera in 47 families (Bellows et al., 2002; Evans, 2008). 

Feeding by giant whitefly adults and nymphs deprives their host plants of water and 



 96 

nutrients and, at high infestation levels, can lead to leaf senescence or abscission 

followed by plant dieback and even death (Bellows et al., 2002). In addition to physical 

damage to the host plant, giant whitefly adults and nymphs produce copious amounts of 

wax. This wax affects the aesthetic value of infested plants making giant whitefly a 

particular nuisance in urban settings.  

While the wax produced by adults is noticeable, it is the wax produced by the 

nymphs which is truly striking. Giant whitefly possesses four nymphal stages; a mobile 

first instar “crawler” and three sessile stages. The bulk of wax production by nymphs 

occurs during the 4
th

 instar. Nymphs appear to produce two major forms of wax; long 

filaments which are produced from two separate rows of five pores each located on the 

dorsum, and short curls which are produced from numerous dorsal-lateral pores (Figure 

4.1) (Nelson et al., 2000). Wax filament production by the nymphs gives afflicted leaves 

a “bearded” appearance, and under natural conditions these wax filaments can attain 

lengths of 5 - 20 cm depending on wind conditions (Hodges, 2004).  

Little is known on the function of the wax produced by giant whitefly nymphs; 

however, some have speculated that it may serve as a defense against predators and 

parasitoids (Nelson et al., 1999). This is of concern as three parasitoid species have been 

introduced as part of a biological control program against giant whitefly in the United 

States. They include Encarsia noyesi Hayat (Hymenoptera: Aphelinidae), Idioporous 

affinis LaSalle & Polaszek (Hymenoptera: Pteromalidae), and Entedononecremnus 

krauteri Zolnerowich & Rose (Hymenoptera: Eulophidae). Both E. noyesi and I. affinis 

forage for hosts on the underside of leaves amongst the nymphs and come into direct 
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contact with their wax. In contrast, E. krauteri has the unusual behavior of foraging on 

the adaxial leaf surface and parasitizes nymphs through the leaf. All three parasitoid 

species in this system are solitary primary endoparasitoids, with exception of male E. 

noyesi which are produced as hyperparasitoids on immatures of conspecific females 

(Boughton et al., 2015) or on immature male and female I. affinis and E. krauteri (pers. 

obs. EN Schoeller). These parasitoids are koinobionts and emerge during the late “pupal” 

fourth instar of A. dugesii regardless of the instar initially parasitized. No studies have 

been done examining the reproductive biology of these species, however I. affinis and E. 

noyesi  both appear to be synovigenic and possess a clutch of mature eggs two to three 

days post-eclosion (pers. obs. EN Schoeller). The reproductive biology of E. krauteri is 

still unknown. Adults of all three parasitoid species feed on the honeydew excreted by A. 

dugesii, but only E. noyesi has been observed host-feeding on nymphs (pers. obs. EN 

Schoeller). 

The primary objective of this study was to test the hypothesis that wax production 

by giant whitefly nymphs provides a successful defense against parasitoids. This was 

achieved by performing a comparative study of the foraging behaviors and parasitism of 

E. noyesi and I. affinis in the presence or absence of giant whitefly wax.  
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Figure 4.1 Wax filament bundles (arrow) produced by abdominal plates on an adult 

female Aluerodicus dugesii top) and wax production by 4
th

 instar Aluerodicus dugesii 

(bottom). 
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4.2 Materials and Methods 

Plant, Host, and Parasitoid Material 

 Plants used to rear giant whitefly were prepared using woody cuttings taken from 

a single large Hibiscus rosa-sinensis ‘White Wings’. Cuttings were placed into a 10 cm 

pots containing UC Soil Mix Type 3 (Matkin and Chandler, 1957; 

http://agops.ucr.edu/soil/) and grown in environmentally controlled rooms with artificial 

light (16:8 light:dark photoperiod, 28 ± 2 ºC, and ambient RH). Plants were watered 

every other day and fertilized once a month with a water soluble fertilizer (Growmore®, 

20N-10P-20K; Gardena, CA).  Plants were ready for use five months post-propagation. 

 Individuals of A. dugesii, E. noyesi and I. affinis used in this study were collected 

from infested H. rosa-sinensis located in Oceanside, CA (33°10’44.96”N; 

117°22’15.77”). Infested leaves were brought back to the laboratory and placed into 14 

cm diameter ventilated petri dishes. Adult A. dugesii and parasitoids on the leaves at the 

time of collection were immediately removed by aspirating them off of plant material.  

Adult A. dugesii were saved for subsequent use and parasitoids discarded as their ages 

were unknown. Parasitoid emergence from developing whiteflies was monitored daily 

and newly emerged parasitoids were placed into 2.5 ml glass vials containing moist 

cotton and a small piece of honey-soaked tissue (Kimwipes®, Kimberly-Clark Co., 

Neenah, WI) as an energy source. A total of 10 males and 30 females of each parasitoid 

species were placed into each vial and then vials were placed into environmental 

chambers (14:10 L: D photoperiod, 25 ± 0.5 ºC, 70 ± 10% RH) to allow parasitoids to 

mate for 48-72 h prior to use. 
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Effect of Whitefly Wax on Parasitism  

Infestation of plants with A. dugesii was performed by covering individual 

uninfested leaves still attached to the plants with 7.6 cm x 12.7 cm fine mesh drawstring 

bags. Fifteen to thirty unsexed adult whiteflies were place into each bag for a 6 h 

oviposition period thus restricting differences in whitefly progeny age. Whitefly infested 

plants were placed into environmental chambers (16:8 light:dark photoperiod, 25 ± 0.5 

ºC, 75 ± 10% RH) and held for 20 days, at which time the majority of nymphs had 

reached the 4
th

 instar. At 20 days post-infestation, earlier instars still present on the leaves 

were removed and the density of the remaining 4
th

 instars manipulated such that 20 

individuals remained. The position of each nymph on the leaf was recorded by taking a 

photograph and then each nymph was assigned a unique identification number to assist in 

tracking parasitism rates (Figure 4.2).   

Figure 4.2 Experimental design for parasitoid efficacy tests; with wax treatment (left) 

and waxless treatment (right) consisting of 20 Aluerodicus dugesii nymphs. 
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To investigate the effects of the whitefly wax on the percentage of hosts 

parasitized by the two parasitoid species two treatments were prepared. A wax treatment 

(control) consisted of host plant patches with wax left untouched, while a no wax 

treatment consisted of host patches with wax blown away vigorously using an aspirator to 

deliver an airstream until no wax (both adult and nymphal) remained (Figure 5.3). The 

removal of wax did not damage the nymphs or alter their position on the leaves. A 

control of wax reapplication after removal was not necessary due to the sessile lifestyle of 

the nymphs making it unlikely their behaviors would change due to the removal of wax. 

Observational arenas consisted of a modified Munger cell (Morse et al., 1986) with a 3.2 

cm diameter placed over the leaf area containing the nymphs. Munger cells were placed 

on the abaxial leaf surface to allow natural foraging behavior by E. noyesi and I. affinis. 

The space between the Munger cell and leaf was sealed with a ring of Blu-tak® (Bostik 

Ltd., Stafford, UK) to prevent parasitoid escape.  

Pilot trials suggested that female parasitoids encountered hosts infrequently 

during wax-treatment trials. It was unknown if this was due to the presence of wax or 

lack of motivation to oviposit. To ensure female parasitoids were consistently selected 

with a high degree of motivation, immediately prior to use, females were exposed to wax-

free nymphs and their behavior observed. Females that exhibited a motivation to oviposit 

were removed before they were successful and transferred to experimental arenas.  

A single mated I. affinis or E. noyesi female (48–72 h old) was introduced into the 

experimental arena using a 100 µl micropipette tip into one of two holes located on the 

sides of the cells. Trials began after a one-minute acclimation period and females were 
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allowed to forage for 1 h. Foraging behavior of female parasitoids was observed under a 

dissecting microscope at 120x magnification.  During each host encounter, the time of 

encounter, identity (unique number assigned to each nymph), and host accepted was 

recorded. Trials were paused if females walked off the leaf and resumed once they 

returned. If females failed to return to the leaf within 15 minutes the trial was stopped and 

the data discarded. Observations were made between 13:00 and 17:00 hours daily. A total 

of 20 replicates consisting of a single female foraging bout were performed for each 

parasitoid species and wax treatment combination. These data were used to calculate the 

percent parasitism (dependent variable) for each parasitoid species (treatment 1, two 

levels) and wax condition (treatment 2, two levels). 

Effect of Whitefly Wax on Parasitoid Host-Searching Behavior 

In addition to examining effects of wax on percent parasitism, differences in 

parasitoid host selection behavior were compared between wax treatments for each 

species. To facilitate behavioral analyses, females were simultaneously recorded during 

parasitism trials using a Zarbeco ZC-203 2.0 megapixel video camera mounted on a 

Mycrolyte Hi Mag® Standard Zoom digital video imaging system (EmCal Scientific 

Inc., San Diego, CA) for subsequent analysis.  

For each trial the frequency, duration, and sequence of each behavioral event was 

recorded. The behaviors of interest were:  

(1) Walking: The wasp moves at a relatively constant speed with its antennae 

held tightly together above its head. Walking may include brief (< 1s) 

grooming behavior, but the wasp does not stop moving to do so. 
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(2) Searching: The wasp asynchronously touches (at a slower frequency than 

drumming) its antennae, which are held wildly apart, to the leaf surface while 

either moving or remaining still. 

(3) Resting: The wasp remains motionless with its antenna held tightly above its 

head.  

(4) Feeding: After detecting honeydew with its antennae the wasp lowers its 

head and drinks or chews the honeydew. The antennae are held tightly above 

the head. 

(5) Grooming: The wasp uses its prothoracic legs to clean its head, antenna, and 

mesothoracic legs. It then runs its legs through its mouth. The mesothroacic 

legs are used to clean the wings, and the metathroacic legs are rubbed 

together to clean themselves. Grooming behavior also happened during 

ovipositing and was not scored when it happened simultaneously. 

(6) Host Encounter: While searching the antennal club comes into contact with 

the host body and the wasp immediately initiates drumming behavior.  

(7) Drumming: The wasp rapidly and asynchronously touches the surface of the 

host’s body with its antennae, which are held closely together, and the wasp 

moves towards the center of the host. 

(8) Ovipositing: The wasp stops drumming and assumes a species-specific 

oviposition stance. Encarsia noyesi downturns its abdomen and pierces the 

top of the host with its ovipositor at a 90° angle with its antennae 
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downturned; Idioporus affinis downturns its abdomen and pierces its 

ovipositor into the host’s side with its antennae downturned. 

(9) Disengagement: The wasp raises its abdomen to remove its ovipositor from 

the host and raises its antennae back tightly to its head as observed in the 

resting state.  

In this experiment data were used to calculate the proportion of time spent 

searching (dependent variable 1) and grooming (dependent variable 2) for each parasitoid 

species (treatment 1, two levels) and wax condition (treatment 2, two levels). 

Data Analysis 

 Percent parasitism [(number of nymphs parasitized/total number of nymphs) x 

100] was calculated for each wax treatment and parasitoid species combination. A 

generalized linear model with a negative binomial distribution was performed to test for 

effects of  wax treatment, parasitoid species, and their interaction on percent parasitism 

using the PROC GENMOD procedure in SAS version 9.4 (SAS Institute Inc., 2013). The 

negative binomial distribution was selected due to frequency of zeros present in the data and 

evidence of overdispersion in the Poisson model (Pearson’s X
2
/df = 3.719, ≠ 1). The lower 

Akaike information criteria values obtained for the negative binomial models from goodness-of-

fit analyses confirmed an overall better fit of the data over the Poisson model. When significant 

treatment effects were observed, post-hoc analyses were performed for all four 

species*wax pairwise comparisons using the Bonferroni adjustment. 
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A two-way multivariate analysis of variance (MANOVA) was performed to 

examine the effects of wax treatment and parasitoid species on the time allocated (% of 

time allocated during the 1h observation period) to specific behaviors recorded. To 

prevent dependency issues arising as a result of including all behaviors representing 

100% time allocation, only time spent searching and grooming were analyzed. When the 

two-way MANOVA was found to be significant, individual ANOVAs were performed 

followed by multiple comparison tests on each species*wax combination using the least 

squared means with a Bonferroni adjustment to identify significant differences between 

treatment groups. 

4.3 Results 

Effects of Wax on Parasitism  

There was a significant effect of species (χ
2
 = 4.21; df = 1; P < 0.0402), wax 

presence (χ
2
 = 147.25; df = 1; P < 0.0001), and an interaction between wax presence and 

parasitoid species (χ
2
 = 85.38; df = 1; P < 0.0001) on observed parasitism (Figure 4.3). 

Multiple comparison tests indicated that the percentage of hosts parasitized differed 

significantly for all four of the treatment combinations except percent parasitism between 

E. noyesi and I. affinis in the waxless treatment (z = 2.05; P = 0.2412). While both 

species exhibited reduced parasitism in the presence of wax, I. affinis appeared to be 

more affected by wax than E. noyesi. Parasitism of I. affinis were reduced from 30-fold, 

while E. noyesi parasitism was reduced 2-fold due to the presence of wax (Figure 4.3). 

The disproportionate effect of wax on percent parasitism between species appeared to be 

driven primarily by changes in I. affinis behavior. 
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Figure 4.3 The effects of the presence and absence of Aluerodicus dugesii nymphal wax 

on Encarsia noyesi and Idioporus affinis parasitism. Error bars are standard errors of the 

means and different letters indicate a significant difference between treatments (α = 

0.05). 

 

The two-way MANOVA indicated an overall interaction between parasitoid 

species and wax presence on the proportion of time spent grooming and searching (F2,75 = 

11.05; P < 0.0001) (Figure 4.4). Looking at each behavior individually there was a 

significant effect of wax presence (F3,76  = 119.09; P < 0.0001) and interaction (F3,76 = 

11.02; P = 0.0014) observed on the proportion of time spent grooming, but no main 

effect of species (F3,76  = 0.81; P = 0.3695). There was a marginally significant effect of 

species (F3,76  = 3.98; P = 0.0496), and significant effect of wax presence (F3,76  = 4.97; P 

= 0.0288) and interaction (F3,76  = 4.78; P = 0.0319) on proportion of time spent 

searching.  
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Both I. affinis and E. noyesi spent more time grooming in the presence of wax 

according to multiple comparison tests (I. affinis: t = 10.06, P < 0.0001; E. noyesi: t = 

5.36, P < 0.0001), and the time allocated to grooming in the presence of wax differed 

between species (t = 2.99, P = 0.023). However, there was no difference in the proportion 

of time spent grooming between species with wax absent (t = 1.71, P = 0.5494). The 

presence of wax increased the proportion of time spent grooming by E. noyesi almost 2-

fold and by I. affinis 3-fold (Figure 4.4).  

The proportion of time spent searching differed significantly between species in 

the presence and of wax (t = 2.96, P = 0.0249). There was no difference between the 

proportion of time spent searching between species in the absence of wax (t = 0.14, P = 

1.000) and no difference in searching time exhibited by E. noyesi in the presence or 

absence of wax (t = 0.03, P = 1.000). The presence of wax did not increase the proportion 

of time spent searching by E. noyesi, but increased the time spent searching by I. affinis 

1.5-fold (Figure 4.4). The significant interaction observed between parasitoid species and 

wax presence suggests that the magnitude of the effect of wax presence on the proportion 

of time spent searching and grooming was stronger for I. affinis than E. noyesi.  

4.4 Discussion  

The results from this study further highlight the importance of considering the 

influence of host characteristics in mediating parasitoid-prey interactions. The differences 

in the magnitude of wax effects observed on parasitism and foraging behaviors between 

E. noyesi and I. affinis was unexpected due to the fact both species forage amongst the  
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Figure 4.4 The effects of the presence and absence of Aluerodicus dugesii nymphal wax 

on Encarsia noyesi and Idioporus affinis foraging behaviors. Error bars are standard 

errors of the means and different letters indicate a significant difference between 

treatments within behaviors (α = 0.05). 

 

 
 

Figure 4.5 The accumulation of wax particles produced by Aluerodicus dugesii nymphs 

on the body of a female Idioporus affinis after foraging. 

 



 109 

nymphs. Not apparent from these data was the fact that I. affinis appeared to be unable to 

effectively remove wax particles while grooming. While E. noyesi remained mostly wax-

free after grooming bouts, I. affinis often remained covered with wax particles during 

experimental trials (Figure 4.5), and this may have contributed to its poor efficacy in the 

presence of wax. The difference in the magnitude of the effect of wax presence on the 

time spent grooming and searching exhibited between parasitoid species was likely due to 

the buildup of wax particles on the body of I. affinis impeding its movement as it 

searched for hosts. 

Without possessing behavioral differences or life history traits that may provide it 

an advantage in resource acquisition over the other two parasitoids, these results would 

suggest that I. affinis may be the least effective biological control agent. Differences in 

host preferences between parasitoid species however, may help dampen the negative 

effects of this wax due to the substantial differences in wax production by different 

instars. This hypothesis appears to have merit for I. affinis, which prefers earlier instars 

that produce little amounts of wax (Schoeller and Redak, 2017 in prep.). Although we did 

not test the effects of wax on E. krauteri due to its rarity in the field at the time of this 

study, we expect that the presence of wax would have no effect on its parasitism rate due 

to its unique behavior of foraging on the adaxial leaf surface. This behavior may have 

evolved to allow E. krauteri to achieve higher parasitism, since it prefers to parasitize the 

4
th

 instar (Schoeller and Redak, 2017 in prep.), the stage that produces the greatest 

amount of wax. However, there may be tradeoffs associated with foraging on the upper 

leaf surface, such as greater exposure to predators, negative environmental conditions, or 
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reduced searching efficiency. Thus, given differences between parasitoid species in host 

stage preferences and ability to overcome nymphal wax the combined effects of the three 

parasitoids may achieve higher levels of host suppression than any species alone. 

It is possible that pilot trials created experimental bias due to exposure of wax-

free nymphs causing females used in wax trials to alter their searching behaviors to 

reflect the absence of wax, however we believe this to be unlikely due to the short 

exposure period of females to these conditions and the fact females were never allowed to 

oviposit into these hosts. Additionally, if an altered searching behavior due to wax 

presence is a real phenomenon and these changes occurred, we believe it is likely that 

females would readjust their searching behaviors in response to the presence of wax at 

the start of the experimental trials and the majority of searching behavior data would 

reflect wax effects. Nonetheless, results from wax trials should be interpreted with this 

potential bias in mind.    

The results suggest that wax production by A. dugesii nymphs functions primarily 

as a secondary defense against parasitoids. While the attractiveness of A. dugesii wax was 

not empirically tested in this study, both I. affinis and E. noyesi were observed 

anttennating the wax present on leaves and focusing their foraging on areas of leaves 

where wax was present. This may increase the risk of parasitism to some degree by 

aggregating parasitoids to the location of the nymphs, however the fact that the wax 

particles were able to inhibit movement of parasitoids may be sufficient counteract this 

effect. These observations suggest that A. dugesii wax production may only provide a 

weak primary defense against parasitoids. Despite the unclear role of A. dugesii nymphal 
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wax as a primary defense, it was clear that wax served as a strong secondary defense by 

inhibiting parasitoid movement when nymphs were encountered by providing a physical 

barrier against parasitoid oviposition attempts.  

To date only one other study which has examined the potential defensive 

properties of whitefly wax. Guershon and Gerling (1994) looked at the defensive 

properties of wax produced by the whitefly Aleyrodes singularis Danzig against two 

parasitoids, Encarsia inaron (Walker) and Encarsia sophia (= E. transvena) (Girault & 

Dodd). The nymphs of A. singularis create “exuvial pyramids” over their bodies in 

addition to wax which is supplemented by adults. Similar to the findings of this study, the 

authors found that nymphal wax increased the duration of parasitoid foraging behaviors 

and that there were differences in the strength of wax effects on the two parasitoid 

species' efficacies (Guershon and Gerling, 1994). 

In addition to the potential of wax serving as a defense against natural enemies, 

during the process of blowing away wax during experiments we observed that some 

nymphs would expel honeydew during contact with the airflow. Additionally, during 

foraging when parasitoids came into direct contact, nymphs would also expel honeydew. 

Honeydew expulsion during the wax removal procedure did not fall back onto the leaf, so 

there was no apparent difference in the amount of honeydew on the leaf at the start of 

trails, which may have altered parasitoid foraging activities between treatments. On 

occasion during parasitism events honeydew would adhere to the anterior surface of the 

parasitoids and force them to disengage from the act of oviposition to groom. Nymphs of 

A. dugesii may be able to sense a potential natural enemy using tactile or vibrational 
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stimuli and this honeydew excreting behavior may provide an additional form of defense, 

however this hypothesis needs to be tested experimentally. Many species of whiteflies, in 

addition to other sessile taxa such as mealybugs and scale insects form mutualisms with 

ants that provide a defense against natural enemies in return for access to honeydew 

resources (Delabei, 2001; Styrsky and Eubanks, 2007). Honeydew expulsion in response 

to the presence of parasitoids in addition to inhibiting the movement of parasitoids in this 

system may also serve to aggregate ants to the location of natural enemies. 

Taking into consideration the variable impact of host defenses on different natural 

enemy species is critical for selecting the most suitable species for biological control. 

Future work should focus on examining how wax production mediates the interspecific 

competitive interactions of parasitoids in this system due to the differential impact on 

species’ efficacies observed. Given that E. noyesi and I. affinis are capable of coexisting 

on A. dugesii for long periods of time; this would imply that I. affinis possesses a 

behavioral or biological mechanism to compete with E. noyesi despite the effects of host 

defenses.  Studies examining these parasitoid’s efficacies when given the opportunity to 

select less defended host stages may also provide a more realistic picture of dynamics in 

the field since host patches typically have a mixture of different host stages available at 

any given point in time. 
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Chapter 5 

Effects of Temperature on Phenology and Biological 

Control of Giant Whitefly Aleurodicus dugesii 

(Hemiptera: Aleyrodidae) in Southern California. 

 
5.1 Introduction  

The impact of climactic conditions on the dynamics of host-parasitoid interactions 

and interactions between multiple parasitoid species is of interest due to the frequent use 

of parasitoids as biological control agents (Waage and Hassell, 1982; Greathead and 

Greathead, 1992). Climate is an important regulator of the distribution and abundance of 

insects (Huffaker et al., 1971; Price, 1987; Crozier, 2004), and the effects of weather 

conditions (Quezada and DeBach 1973; Risch, 1987; Fink and Völkl, 1995; Bourchier 

and Smith, 1996) and climate as a whole (Stilling, 1990; Sorribas et al., 2010) have been 

shown to impact the success of parasitoids. Sensitivity to changes in climactic conditions 

is predicted to be highest at the upper trophic levels (Voigt et al., 2003), and parasitoids 

may be particularly sensitive to climate conditions (Hance et al., 2007; Walther, 2010; 

Wetherington et al., 2017).    

Divergence in the pattern of response to climate conditions can disrupt predator-

prey population synchrony (van Nouhuys and Lei, 2004; Kiritani, 2006), and high levels 

of variation in climate conditions can further increase the risk of asynchrony (Stireman et 

al., 2005; Wetherington et al., 2017). Tightly-coupled population dynamics with their 
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host is critical for the success of parasitoids (Hance et al., 2007), and climate-driven 

phenological asynchrony may directly impact the abundance and distribution of 

parasitoid populations (Stenseth and Mysterud, 2002; Voigt et al., 2003; van Nouhuys 

and Lei, 2004). Variation in the degree of phenological synchrony between parasitoids 

and their hosts due to factors such as differences in thermal tolerances have been shown 

to elicit various consequences, such as leading to fluctuations in population densities (van 

Nouhuys and Lei, 2004), influencing population persistence (Godfray et al., 1994), or 

altering community structure (Hawkins and Sheehan, 1994; Briggs and Latto, 1996). 

 Climate-driven effects, particularly phenological asynchrony between parasitoid 

and host populations, have been identified as one of the primary causes of biological 

control program failures (Debach and Hagen, 1964; Hågvar, 1991; Stiling, 1993). 

Phenological asynchrony however, may benefit parasitoids in some systems by 

stabilizing host-parasitoid population dynamics (Godfray et al., 1994), promoting long-

term population persistence. This stability may lead to higher relative host population 

equilibrium in some cases, which for biological control purposes is not desirable (Briggs 

et al., 1999). 

In classical biological control programs parasitoids are imported into the invaded 

range of their host to reduce its population density below an economic threshold. If 

climate conditions differ between the parasitoid’s native and introduced range these 

differences may have an impact on host-parasitoid interactions across the entire invaded 

range (Simberloff, 2012). If the target pest species occupies a broad geographic range 

consisting of multiple climates, pest control may be suppressed in certain areas where 
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climate conditions negatively impact parasitoid efficacy (Huffaker et al., 1971; Huffaker 

and Gutierrez, 1990; Rochat and Gutierrez, 2001). Climate-induced changes may result in 

population outbreaks of the target pest, which may be due in part to the population 

growth potential of parasitoids being reduced (Samways et al., 1999; Thomson et al., 

2010). For example, unsuitable conditions may negatively impact important parasitism-

dependent processes such as host location ability or the ability to overcome the host's 

immune responses (Hérard et al., 1988; Blumberg, 1991; Thomas and Blanford, 2003; 

van Baaren et al., 2005; Bannerman et al., 2011). The phenological synchrony between 

parasitoid and host populations may also become uncoupled under climate conditions in 

the invaded range (Harrington et al., 1999; Jeffs and Lewis, 2013). However, in some 

cases the climate conditions in the invaded range may be more suitable for parasitoids, 

resulting in increased levels of parasitism (Virtanen and Neuvonen, 1999). Compared to 

insect herbivore-plant interactions, we still know very little about the effects of climate 

on parasitoid-host interactions (Baffoe et al., 2012).  Understanding how climate affects 

parasitoid-host interactions is critical for making accurate predictions on the outcome of 

classical biological control programs. 

Classical biological control programs frequently utilize multiple species of 

parasitoids to control a target pest (Turnbull and Chant, 1961; Ehler and Hall, 1982; 

Hoelmer and Kirk, 2005). In systems where the combined effects of multiple parasitoid 

species achieve greater levels of biological control than any species alone, promoting 

parasitoid coexistence is an important objective for biological control practitioners. One 

way in which long-term coexistence between parasitoids has been shown to occur is via 
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temporal partitioning of the host resource (Amarasekare, 2007; Sorribas et al., 2010). 

This temporal partitioning is frequently attributed to differences in parasitoid species’ 

thermal tolerances (Amarasekare, 2007) and may result in the formation of a temporal 

refuge, during which time interspecific competition is relaxed (Hassel, 2000). Even when 

introduced parasitoids coexist in their native range, abiotic differences in their areas of 

introduction may provide a competitive advantage to one species over another (DeBach 

et al., 1978; LeBrun et al., 2009) leading to competitive exclusion. In addition to 

understanding climactic effects on parasitoid-host interactions, understanding the effects 

of climate on parasitoid interspecific interactions is also critically important for 

developing and managing classical biological control programs.  

 In the United States three exotic parasitoid wasps have been introduced as 

biological control agents for the giant whitefly Aleurodicus dugesii Cockerell 

(Hemiptera: Aleyrodidae) (Bellows et al., 2002). These include Encarsia noyesi Hayat 

(Hymenoptera: Aphelinidae), Idioporous affinis LaSalle & Polaszek (Hymenoptera: 

Pteromalidae), and Entedononecremnus krauteri (Hymenoptera: Eulophidae). Giant 

whitefly was first discovered in the United States in Texas in 1991 and has become 

established in other states including California in 1992 (Gill, 1992), Arizona, Florida and 

Louisiana in 1996 (Nguyen and Hamon, 2002; Hodges, 2004), and Hawaii in 2002 (Hue 

et al., 2004). The native range of A. dugesii is likely Central and Southern Mexico, but it 

has also been found in Belize, Costa Rica, El Salvador, Guatemala, Nicaragua, Pakistan, 

Venezuela, and Indonesia (Lasalle et al., 1997; Evans, 2008; Muniappan et al, 2009). In 

California, A. dugesii was first discovered in San Diego in 1992 and then slowly began 
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expanding northward along the coastline and into adjacent counties. In 2004 A. dugesii 

was discovered for the first time in northern California in Sacramento County. Anecdotal 

observations of A. dugesii and parasitoid populations in the field suggest that population 

densities vary considerably across California and that the degree of biological control 

achieved by parasitoids also varies (per obs. EN Schoeller). These observations have 

prompted an investigation into the potential underlying abiotic and biotic factors involved 

in this variation.  

  In southern California a variety of climate conditions exist, ranging from coastal 

conditions with cool summers and warm winters to interior conditions with hot summers 

and cool winters. These climate conditions occur within a relatively small geographic 

range, making this portion of the invaded range of A. dugesii an ideal location to 

investigate how population dynamics of A. dugesii is influenced by local conditions and 

how these conditions affect the degree of biological control achieved. The objectives of 

this study were to determine: 

(1) How A. dugesii population densities vary by climate and time of year, and 

(2) How climate and time of year affect parasitism rates of E. noyesi, I. affinis, and E. 

krauteri. 

 I predicted that A. dugesii population densities would be highest at coastal sites 

and decline as populations move further inland, given that unlike inland and intermediate 

climates in southern California, historical coastal temperature extremes infrequently 

exceed the thermal developmental maximum observed for A. dugesii (see Chapter 2). 

Alternatively, I predicted that parasitism rates would be highest at inland sites, as 
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parasitism rates have been shown to increase with increasing temperatures (Jalali et al., 

2005; Péré et al. 2013; Romo and Tylianakis, 2013). 

5.2 Materials and Methods 

Field Sites 

 A year-long study during 2015-2016 was conducted in southern California in 

order to examine the effects of temperature on the seasonal phenology of A. dugesii and 

its parasitoids as well as parasitism rates. An attempt was made to include equal numbers 

of coastal (USDA Hardiness Zone 10b; Sunset Climate Zone 24), intermediate (USDA 

Hardiness Zone 10a; Sunset Climate Zones 20–22), and inland (USDA Hardiness Zones 

9a/9b; Sunset Climate Zones 18–19) sites; however, months of searching yielded fewer 

suitable inland and intermediate sites (Figure 5.1). A total of nine sites (Table 5.1) were 

selected for surveying. There were negligible differences in day length between sites due 

to latitudinal differences (There was a 118 km difference in latitude between the 

northernmost and southernmost sites).  

Study sites were located on private properties to ensure study plants were not 

trimmed or treated with insecticides during the study period. Each site contained a single 

Hibiscus rosa-sinensis (L.) (1.5 – 3.4 m tall) infested with A. dugesii. At each site an 

Onset® HOBO data logger was installed to record daily temperature fluctuations 

(highs/lows) and means. Temperature data were recorded hourly throughout the duration 

of the study period. We observed that the heaviest whitefly infestations occurred in 

shaded areas at the bottom of plants, so data loggers were placed at 15% of each plant’s 

total canopy height (Figure 6.2) to record the temperature in these areas. 
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Table 5.1 Field site's climate type, GPS coordinates, and elevation. 

 

 

 

 

Figure 5.1 Study site locations. Markers indicate site’s geographic locations within 

southern California. 
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Monitoring Seasonal Activity of Insects on Plants 

Starting in July 2015 sites were sampled every two weeks until July 2016 for a 

total of 26 censuses. Plants were divided vertically into three quadrants (Figure 5.2) and 

branches randomly chosen for sampling using a random number generator to find 

percentage height and radial position around the plant (out of 360°, with 0° to the north). 

Plant height was measured every four months to account for new growth. Sampling by 

cardinal direction was not used as potential directional effects were obscured due to plant 

proximity to structures such as fences or houses. Two of the first six leaves from the tip 

of each branch were sampled, which had maximum widths of at least 3 cm. This 

procedure was repeated until a total of five branches (10 leaves/quadrant) had been 

sampled from each quadrant. Leaves were put individually into labelled petri dishes and 

placed into a paper bag in an ice-filled cooler to be transported back to the laboratory. 

Leaves were stored at 15°C for up to one week before being processed.   

Densities of A. dugesii developmental stages [eggs, nymphs (I-IV instars), and 

adults] and adult parasitoids was estimated on a per leaf area basis in cm
2
 (Pickett et al., 

1996). Densities of insects were only estimated from the abaxial surface of leaves. 

Occasionally A. dugesii nymphs will fall from the upper canopy and affix to the adaxial 

leaf surface of lower canopy leaves, but the number of these individuals are typically few. 

Due to noticeable differences in leaf morphology between cultivars of H. rosa-sinensis 

present in this study, separate regression equations used to estimate leaf area were 

obtained for each study plant. The regression equations were obtained by plotting total 

leaf area against the product of a leaf’s width x length measurements. Total leaf area 
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(lamina area in cm
2
) was measured from scanned leaves using the software ImageJ 

(National Institutes of Health, Bethesda, MD, USA). This technique has proven to be 

reliable for estimating total leaf area across a variety of plant taxa (O’Neal et al., 2002). 

Regression equations were constructed using a total of 50 leaves per cultivar. The 

generated r
2
 values from these equations ranged 0.985 - 0.997. 

 
 

Figure 5.2 Illustration of sampling methodology for experimental plants. Canopies were divided into three 

quadrants based on percentage height. Plants were sampled three times by removing leaves from the tips of 

five selected branches. Two leaves were removed per branch. 
 

Estimating Giant Whitefly Parasitism Incidence   

The proportion of A. dugesii nymphs parasitized by each parasitoid species was 

estimated from the non-feeding late 4
th

 instar “pupal” of A. dugesii, as early 4
th

 instars 

typically died before parasitoids or adult whitefly emerged after leaves were collected. 

The proportion of A. dugesii nymphs parasitized was estimated from leaves containing a 
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minimum of 15 nymphs, and up to 50 nymphs were examined per leaf. Nymphs were 

observed starting from the leaf mid-vein at the petiole and selected at an increasing 

distance from this point. Nymphs were examined under a stereomicroscope at 60x 

magnification and divided into four categories: (1) nymphs with parasitoid emergence 

holes (parasitized and immediate ID possible), (2) nymphs with t-shaped splits (emerged 

adult whitefly), (3) “darkened” nymphs (clearly parasitized and species ID possible at a 

later date), and (4) nymphs with no evidence of parasitism. Nymphs in the first two 

categories were counted, identified, and removed from the leaf. The remaining nymphs 

were placed into an environmental chamber (25°C, 60-75% RH, 14:10 L:D photoperiod) 

and held for up to two weeks to allow parasitoids and adult whiteflies to emerge. These 

individuals were then identified and added to the initial parasitism counts. Total 

parasitism rates were calculated across the three parasitoid species and species-specific 

parasitism rates were calculated after excluding nymphs that contained unidentifiable 

parasitoid emergence holes.  

Data Analysis 

To prevent the confounding effects of temperature and site identity due to each 

temperature point corresponding to a single site per sampling interval, observed 

temperature was not included in the whitefly density and parasitism models. Instead, the 

observed mean daily temperature (dependent variable) at each site was modeled 

separately. Site was included in the model as a random predictor nested within climate 

type. Day of the month from which each temperature was recorded during the experiment 

was used as a random repeated measure to calculate monthly averages. Sampling month 
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was also included as a fixed predictor. There were 13 sample month (two Julys), because 

the experiment started in July, 2015 and ended in July 2016.  Data were checked for 

normality assumptions prior to being analyzed using the PROC MIXED procedure in 

SAS. If the model results showed that the observed temperatures differed significantly 

between climate types and month then any significant climate and sampling interval 

effects on observed densities or parasitism rates could be reasonably attributed to in part 

to temperature differences. 

To assess the effects of climate, sampling interval, and parasitism on total 

population densities of A. dugesii, a generalized linear mixed model (GLMM) was 

utilized with a Poisson error distribution and log link function. Climate type (Coastal, 

Intermediate, and Inland) was included as a categorical fixed predictor. Models included 

site (1–9) as a random effect to allow for non-independence of multiple samples per site. 

Sampling interval (2–26) nested within season was treated as a repeated measure. The 

first sampling interval was dropped from the analyses in both GLMMs (see below) due to 

lacking data for predictors requiring information from the previous sample interval. To 

improve the interpretability of the results, intervals were grouped within seasons using 

solstice/equinox dates as an unbiased cutoff between intervals. Spring consisted of 

intervals 19–24, summer consisted of intervals 1–5/25–26, fall consisted of intervals 6–

11, and winter consisted of intervals 12–18. Mean total parasitism rate for each site from 

the prior sampling interval was included in the model as a continuous fixed effect to 

account for potential lag effects of parasitism on observed whitefly density. Whitefly 

densities were square-root transformed prior to analysis.  



 128 

The effects of climate and sampling interval on species-specific primary 

parasitism and total primary parasitism rates were assessed using a GLMM with a 

binomial error distribution and logit link function. Model factors used included those 

listed above in addition to including total A. dugesii nymphal densities from the previous 

sampling interval as a covariate to account for potential lagged density-dependent effects 

on proportion of hosts parasitized. Total density of nymphs was used to model total 

parasitism rate, but rather than using the total density of A. dugesii nymphs as a covariate 

to model species-specific parasitism rates, the total density of nymphs which are 

susceptible to parasitism by each parasitoid species was utilized (see Chapter 3). These 

densities consisted of all nymphal stages for I. affinis, all nymphal stages except the 1
st
 

instar for E. noyesi, and only the 3
rd

 and 4
th

 instars for E. krauteri. All GLMM analyses 

were performed using the PROC GLIMMIX procedure in SAS (SAS institute, 2011). 

The maximal models were determined in each case by including all the variables 

of interest and progressively removing non-significant interaction terms followed by 

main effects from the model. This was done until no further improvement to the model fit 

was achieved, as measured by the Akaike Information Criterion (AIC). During the model 

fitting process, models were fit using maximum likelihood and the final model was fit 

using restricted maximum likelihood (Bolker et al., 2009). Each maximal model was 

checked for evidence of overdispersion relative to the reference model, by examining the 

ratio of the mean deviance over degrees of freedom. When significant overdispersion was 

observed (i.e. φ much smaller or larger than 1), a multiplicative scale parameter was 

added, calculated from the ratio of the Pearson statistic to the degrees of freedom, to the 
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variance function in the model. When significant effects were observed, multiple 

comparison post-hoc tests were performed using the Tukey-Kramer adjustment to control 

the family-wise error rate. 

5.3 Results 

Effect of Climate Type and Month on Mean Daily Temperatures 

 There was a significant effect of month (F12,17 = 194.77; P < 0.0001), climate type 

(F2,6 = 14.07; P = 0.0054), and a month*climate interaction (F24,72 = 2.07; P = 0.0095) on 

observed mean daily temperatures between sites. Seasonal patterns in the mean daily 

temperatures showed that coastal sites were characterized by cool summers and warm 

winters, while inland sites were characterized by hot summers and comparatively cooler 

winters than coastal sites (Figure 5.3). The intermediate climate type site's temperature 

patterns were more variable, and matched more closely to inland sites in the summer 

months and coastal sites in the winter months (Figure 5.3). The significant 

month*climate interaction appeared to be due to a larger proportional increase in 

temperatures at inland and intermediate sites during the summer months (Figure 5.4). 

The average daily temperatures within each sample month ranged 9.97–26.17°C 

for inland sites, 10.83–25.83°C for intermediate sites, and 11.35–23.98°C for coastal sites 

during the study period. The average of the main daily temperatures across the entire 

study period was 19.25 (± SEM throughout the text) 0.20°C for inland, 18.54 ± 0.09°C 

for coastal, and 19.54 ± 0.18°C for intermediate sites. Differences in mean monthly 

temperatures between sites within climates types were greatest during the summer 

months (sample intervals 1–5, 25–26) (Figures 5.3, 5.4). 
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Figure 5.3 Temperature profiles of study sites belonging to either the coastal, intermediate, or 

inland climate types in Southern California throughout the 2015 to 2016 study period. Data points 

correspond to mean monthly temperatures (± SEM). 

 

 

 

 

 
 

Figure 5.4 Temperature profiles of study sites belonging to either the coastal, intermediate, or 

inland climate types in Southern California throughout the 2015 to 2016 study period. Data points 

correspond to mean seasonal temperatures (± SEM). 
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Effects of Climate, Season, and Parasitism on A. dugesii Densities 

Results from the whitefly density model indicated there was a significant climate*season 

interaction effect (F6,131 = 2.57; P = 0.0157) (Figure 5.5), but no main effect of climate (F2,131 = 

0.33; P = 0.7215) on observed total A. dugesii population densities. The significant interaction 

effect between climate type and season appeared to be due in part to a greater decrease in A. 

dugesii populations at inland sites during the summer than observed for coastal and intermediate 

climates and a larger decrease in costal densities in the winter (Figure 5.5).   

The model indicated that there was a significant main effect of season (F3,131 = 30.84; P 

<0.0001) on observed total A. dugesii population densities. Post-hoc multiple comparison tests 

indicated that total population densities of A. dugesii was highest in the spring and summer and 

lowest during the winter (Figure 5.5). The model also indicated that the total parasitism rate from 

the previous sampling period was a significant covariate (Estimate = -0.601 ± 0.184) for observed 

total A. dugesii population densities in the subsequent sampling period (F1,131 = 10.68; P = 

0.0014) (Figure 5.6). 

    
 

Figure 5.5 Square root of total A. dugesii population densities within study sites over the duration 

of the study period between different climate types within seasons. Values shown are least 

squared means (± SEM). 
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Effect of Climate and Season on Total Parasitism Rates 

The results from the total parasitism model showed that there was a significant 

effect of season (F3,137 = 14.40; P < 0.0001) on total parasitism rates observed (Figure 

5.7). The model also indicated that there was no significant main effect of climate (F2,137 

= 0.71; P = 0.4957) or a climate*season interaction (F6,131 = 1.68; P = 0.1305) on 

observed total parasitism rates, so these terms were not included in the maximal model. 

Unlike the significant effect of total parasitism rate from the previous sample interval on 

observed whitefly densities, the mean site total nymphal density from the previous 

sample interval was not a significant covariate for total parasitism rates in the subsequent 

sampling interval (F1,137 = 2.91; P = 0.0905). 

   
 

Figure 5.6 Plot of mean total A. dugesii population densities against the mean total parasitism 

rate from the previous sampling interval. 
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Figure 5.7 Total parasitism rates within study sites over the duration of the study period between 

seasons. Values shown are least squared means (± SEM). 

 

  Total A. dugesii parasitism rates across the entire study period were high, 

averaging 64.5 ± 1.1%. Multiple comparison tests showed that there was a significant 

difference in total parasitism rates between seasons, except between the summer and 

winter (t = 0.51; df = 137; P = 0.9570) (Figure 5.7). Total parasitism was highest in the 

fall, averaging 81.0 ± 1.4%. After reaching their fall peak, parasitism steadily declined 

throughout the winter until rates reached a low of 46.2 ± 2.6% in the spring, after which 

total parasitism rates exhibited a rapid increase into the summer months (Figure 5.6). 

Effect of Climate and Season on Species-Specific Parasitism Rates 

Idioporus affinis Parasitism Rates 

 Results from the I. affinis parasitism rate model indicated that there was no 

significant climate*season interaction (F6,131 = 1.28; P = 0.2709) on observed parasitism 

rates. The mean site total nymphal density from the previous sample interval was also 



 134 

shown to not be a significant covariate for I. affinis parasitism rates in the subsequent 

sampling interval (F6,137 = 0.42; P = 0.5201). There was however, a significant main 

effect of climate (F2,137 = 3.37; P = 0.0372) (Figure 5.8) and main effect of season (F6,131 

= 6.51; P = 0.0004) (Figure 5.9) on observed I. affinis parasitism rates. 

 Parasitism rates for I. affinis were overall the highest of the three parasitoid 

species, averaging 36.6 ± 1.1% throughout the study period. Multiple comparison tests 

indicated I. affinis parasitism rates were highest in inland sites, and did not differ between 

coastal and intermediate sites (t = 1.87; df = 137; P = 0.1505) (Figure 5.8). Inland I. 

affinis parasitism rates were consistently higher throughout the study period averaging 

48.4 ± 1.8%, compared to 32.2 ± 1.5% and 25.8 ± 2.8% for coastal and intermediate sites 

respectively. Seasonal trends showed that I. affinis parasitism rates were relatively 

consistent across seasons (37–43%), except for a large observed decrease the spring 

where mean parasitism rates were 22.2 ± 2.1% (Figure 5.9). 

 
 

Figure 5.8 Idioporus affinis parasitism rates within study sites over the duration of the study 

period between climate types. Values shown are least squared means (± SEM). 
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Encarsia noyesi Primary Parasitism Rates 
 

 The E. noyesi primary parasitism rate model indicated that there was no 

significant climate*season interaction (F6,118 = 1.67; P = 0.1346) or main effect of climate 

(F2,137 = 0.66; P = 0.5206) on observed primary parasitism rates. As seen with the other 

parasitism rate models, the E. noyesi primary parasitism rate model indicated that there 

was a significant main effect of season (F3,137 = 3.35; P = 0.0209) on observed primary 

parasitism rates (Figure. 5.10). Similar to the other parasitism rate models, mean site 2
nd 

–4
th

 instar A. dugesii nymphal densities from the previous sample period was not a 

significant covariate for E. noyesi primary parasitism in the next sample period (F1,137 = 

2.23; P = 0.1376).  

Primary parasitism rates for E. noyesi were the second highest of the three 

parasitoid species and averaged 26.7 ± 1.0% across the study period. Post-hoc analyses of 

seasonal trends showed that E. noyesi parasitism rates were relatively consistent across 

seasons (22–25%), except for the fall where mean parasitism rates were 35.8 ± 2.2%. 

Unlike I. affinis parasitism rates, primary parasitism rates of E. noyesi did not exhibit a 

significant spring decline, and remained consistent moving from the winter and into 

summer months (Figure 5.10). 
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Figure 5.9 Idioporus affinis parasitism rates within study sites over the duration of the study 

period between seasons. Values shown are least squared means (± SEM). 

 

 
 

 
Figure 5.10 Encarsia noyesi parasitism rates within study sites over the duration of the study 

period between seasons. Values shown are least squared means (± SEM). 
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Entedononecremnus krauteri Parasitism Rates 

 Parasitism rates of E. krauteri were very low and averaged 1.4 ± 0.0% during the 

study period. Due to how infrequently E. krauteri parasitism events were observed and 

how variable parasitism events were across the study period (Figure 5.11), there was 

insufficient data points to obtain a working model for this species. Field observations of 

E. krauteri parasitism suggested that parasitism rates may be highest in the late summer 

and fall where average parasitism rates ranged 2.0–2.5% compared to less than 0.05% 

parasitism rates observed in the spring and winter respectively. Field observations also 

suggested that E. krauteri parasitism rates were highest in coastal sites where average 

parasitism during the study period was 2.08 ± 0.01%, compared to 0.059 ± 0.02% and 

0.702 ± 0.54% average parasitism rates observed at intermediate and inland sites 

respectively. 

 
 

Figure 5.11 Entedononecremnus krauteri parasitism rates within study sites over the duration of 

the study period. Values shown are means (± SEM). 
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5.4 Discussion 

 Contrary to the prediction that A. dugesii population densities would be highest at 

coastal sites and would decline as whitefly populations moved further inland, results 

indicated there were no differences in A. dugesii population densities between climates. 

Higher extreme summer temperatures at inland sites were observed, with inland sites 

experiencing mean daily maximum temperatures during the summer of 32.2°C, compared 

to 30.9°C and 27.8°C for intermediate and coastal sites respectively. The upper 

developmental threshold determined for A. dugesii under laboratory conditions is 30°C 

(see Chapter 2), and population decline during periods exceeding this temperature was 

consistent with high mortality rates observed for variety of whitefly species at 

temperatures greater than 30°C (Cherry, 1979; Curnutte et al., 2014).  Given that even 

short periods of heat stress exposure can inflict high mortality in whiteflies (Cui et al., 

2008), summer temperatures may result in population die-offs at inland climates in 

southern California. The climate by season interaction observed for total A. dugesii 

population densities (Figure 5.5), which indicated a larger decrease in A. dugesii 

densities at inland sites during the spring to summer transition is consistent with this 

prediction.  

 Despite the potential negative effects of extreme summer temperatures on A. 

dugesii survival, during the majority of sample months mean daily temperatures at inland 

and intermediate sites were consistently closer to the thermal developmental optimum of 

26°C observed for A. dugesii (see Chapter 2). This was particularly true for the spring 

and summer where significantly higher overall A. dugesii population densities were 
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observed. Elevated temperatures have been shown to increase the reproductive rates in 

whiteflies (Curnutte et al., 2014), and the combined effects of lower temperature 

extremes observed at coastal sites, but higher mean daily temperatures observed at 

intermediate and inland sites may explain the lack of population density differences 

between climates observed for A. dugesii in southern California. 

 Results indicating no overall climate effect on total parasitism and E. noyesi 

parasitism rates were also not aligned with my initial predictions. Parasitoids may 

(Campbell et al., 1974) or may not (Karban, 1998) exhibit higher thermal tolerances than 

their hosts, so it is unclear if parasitoid fitness in this system will be negatively impacted 

more or less by intermediate and inland site conditions than A. dugesii. Studies 

examining the thermal developmental maxima for the parasitoids in this system are 

needed to determine if mean daily maximum temperatures at intermediate or inland sites 

exceed their tolerance limits. If this is the case for E. noyesi, but not for I. affinis, then 

potentially higher mortality rates at inland and intermediate sites negate the predicted 

benefits of higher temperature on parasitism rates resulting in the lack of observed 

difference in E. noyesi parasitism between climates.  

 Idioporus affinis parasitism rates were highest at inland sites, which supports my 

initial prediction. It is unclear if higher levels of I. affinis parasitism at inland sites is due 

to more favorable environmental conditions enhancing I. affinis fitness, or due to 

competitive release with E. noyesi and E. krauteri. Higher temperatures at inland 

conditions may enhance some parasitism related processes, such as increasing parasitoid 

searching speeds (Mason and Hopper, 1997), but may inhibit others such as increasing 
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host handling times (Jalali et al., 2005; Wu et al., 2011) or enhancing the host's immune 

response (Blumberg and DeBach, 1981; Fellowes et al., 1999). Under ambient laboratory 

conditions, I. affinis was observed to possess shorter handling times and exhibited higher 

absolute parasitism rates than E. noyesi and E. krauteri (see Chapter 4). Thus, the higher 

temperatures observed at inland and intermediate sites may provide I. affinis with a 

greater competitive advantage within these climates. This hypothesis requires further 

testing of differences in these parasitoid species' foraging efficiencies under different 

temperatures. 

 An unexpected finding was the relative scarcity of E. krauteri in the field and 

little apparent contribution it provides to A. dugesii biological control. Both the flight 

phenology and parasitism rate data suggest that E. krauteri may be either a late-summer 

to fall active species or that conditions during this time of year provide weakened 

competition with I. affinis and E. noyesi, allowing its activity to be detected. A variety of 

anecdotal evidence suggests that E. krauteri is both a seasonal species and poor resource 

competitor. Field observations in southern California made by the authors during five 

years prior to the start of this study only observed E. krauteri activity during October 

through December. The original collection date for E. krauteri in the U.S. in 1995 was 

also in October (Zolnerowich and Rose, 1996), suggesting that E. krauteri may be a 

seasonal species. Additionally, population densities of E. krauteri were reportedly high in 

the U.S. with hundreds of adults observed foraging on plants infested with A. dugesii 

prior to the introduction of E. noyesi and I. affinis (per. comm. CH. Pickett & P. Krauter), 

which suggests that the E. krauteri is being competitively displaced. These observations 
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are supported by observations of E. krauteri laboratory colonies, which are capable of 

reaching high numbers of individuals in the absence of competitors (per. obs. EN 

Schoeller). 

 The large spike in A. dugesii population densities in the spring coincided with 

both rising temperatures and the lowest level of parasitism rates observed. High pupal 

mortality during winter months has been observed in California for other parasitoid 

species (DeBach et al., 1955) resulting in loss of biological control. Other forms of 

control may be necessary during the early part of spring when A. dugesii populations 

regain activity to prevent populations from reaching high levels until parasitoid 

populations rebound.  From a biological control perspective, it remains unclear which 

climate type in southern California offers the greatest potential for control of A. dugesii 

populations. The predicted lower population growth rate of A. dugesii at coastal sites 

potentially facilitating its control in these areas may be offset by stronger competition 

between I. affinis and E. noyesi, which may favor E. noyesi the perceived inferior control 

agent. Under inland and intermediate climate conditions, where A. dugesii population 

growth is expected to be high except during summer conditions, I. affinis may be 

successfully regulating A. dugesii populations reaching higher levels than observed in the 

other climate types due to its increased performance. As global temperatures continue to 

rise (Karl and Trenbeth, 2003; Wuebbles et al., 2014), biological control under inland 

climate conditions may be enhanced as long as temperature increases do not negatively 

impact I. affinis performance. In order to obtain a clearer picture of the various processes 

impacting control of A. dugesii across southern California climates, studies are needed 
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that exclude each parasitoid from the system in order to assess the interaction between 

parasitoid competition and abiotic conditions on the level of biological control achieved.    
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Chapter 6 

 

Concluding Remarks 

 
6.1 Additional Remarks 

  
 The broad objective of this dissertation was to determine aspects of the basic 

biologies of A. dugesii and its parasitoids in order to better understand the dynamics of 

this system and assess the potential for A. dugesii biological control. I sought to identify 

factors mediating competition between parasitoids in order to better understand how 

various parasitoid life history and behavioral traits determine the outcome of competition. 

The findings of this dissertation will enable researchers to better predict the outcome of 

multiple parasitoid species introductions for biological control programs by providing 

additional context for trait- and behaviorally-mediated parasitoid interspecific 

competitive interactions. 

Chapter 2 

 Both global temperatures and the frequency of extreme weather events are 

predicted to increase by the year 2100 (Kunkel et al., 1999; Easterling et al., 2000; Karl 

and Trenbeth, 2003). Climate change induced increases in global temperatures and events 

such as extreme droughts are predicted to greatly impact insect population dynamics and 

interspecific interactions (Hance et al., 2007; Tylianakis et al., 2008; Kiritani, 2013; 

Romo and Tylianakis, 2013). My findings showed that given the upper thermal 

physiological limit of A. dugesii, that mortality levels may increase in parts of southern 
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California (e.g. inland climates) as global temperatures continue to rise. Rising global 

temperatures however, may allow the northward expansion of A. dugesii populations. It 

remains unclear whether parasitoids in this system will respond to these changes in a 

similar way.    

Chapter 3 

 I found that while there was overlap in host stage use between parasitoid species 

in this system, that stage preferences were not identical. The long-term prospects for 

parasitoid species coexistence in this system appears promising, at least for E. noyesi and 

I. affinis, but the host preference studies indicated a dubious future for E. krauteri given 

its narrow host use. 

Given that these parasitoids did not co-occur historically in the native range of A. 

dugesii, the conditions under which host use patterns and stage preferences may have 

evolved is still a mystery. It’s unclear how long E. noyesi has existed in sympatry with 

the source populations of E. krauteri and I. affinis. The native range of E. noyesi appears 

to be Trinidad (Hayat, 1983), but it was exported to other Caribbean Islands such as St. 

Vincent and Barbados in 1950 (Cock et al., 1985) as well as Brazil in 1966 (Kamath, 

1979) as a biological control agent for coconut whitefly Aleurodicus cocois (Curtis). How 

E. noyesi arrived in Mexico where source populations were collected for biological 

control of A. dugesii, or whether populations existed there without human intervention is 

unclear. It may be possible to trace the origin of Mexican populations of E. noyesi using 

microsatellite marker techniques (Stouthamer, 2006; Margaritopoulos et al., 2009). This 

information may prove useful for interpreting host use strategies in this system, because it 
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is unknown whether current host use patterns by I. affinis and E. krauteri reflect 

competition with E. noyesi. This is because potential shifts in host use by parasitoids can 

occur rapidly in the presence of competitors (Bográn et al. 2002). 

During host preference trials host feeding behavior (consumption of hemolymph) 

by E. noyesi was observed, but not by I. affinis or E. krauteri. This behavior was rarely 

observed during trials as wasps were well-fed prior to the start of experiments. Further 

investigation showed that starved individuals of E. noyesi spent considerable amounts of 

time host-feeding. All three parasitoid species fed on honeydew attached to leaves, but 

only I. affinis was observed antennating the vasiform orifice of nymphs waiting for 

honeydew excretion when in a starved state. Host feeding (lethal interference 

competition) can provide an advantage in resource competition by directly removing 

competitors from the system (Collier and Hunter, 2001). The fact that E. noyesi host 

feeds may provide it with an additional competitive advantage over the other two 

parasitoid species. Host feeding as an additional source of host morality has been viewed 

as a positive attribute in biological control agents (Jervis et al. 1996)., and  how host 

feeding in this system relates to parasitoid competition and host suppression capabilities 

needs to be investigated further. 

Chapter 4 

Among insects, the hemipteran suborder Sternorrhyncha is particularly notable for 

its prolific lipid production (Smith, 1999; Blomquist and Bagnères, 2010). In these 

groups, lipid production appears to be most common in sessile taxa. For example, while 

most aphids (Hemiptera: Aphididae) are mobile feeders and produce little wax, species 
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like the woolly apple aphid Eriosoma lanigerum (Hausm.) are comparatively sessile and 

produce copious amounts (Mueller et al., 1992). Although the strength of this trend has 

not been examined, lipid production may be one of the few secondary defense 

mechanisms available for sessile insects such as A. dugesii against natural enemies.  

 My findings in this system are consistent with the literature showing that wax 

production is an effective form of defense for a variety of insect taxa. For example, 

Mueller et al. (1992) found that the defensive strength of wax produced the woolly apple 

aphid Eriosoma lanigerum (Hausm.) was correlated with colony size and larger colonies 

(dense wax) experienced lower parasitism rates by the aphelinid Aphelinus mali 

(Haldeman). Moss et al. (2006) found that significantly more individuals of E. lanigerum 

were stalked by the salticid spider Marpissa marina Goyen that had their wax coating left 

intact compared to individuals that had their wax experimentally removed. In addition to 

visual camouflage provided by wax, chemical camouflage against predation by wax 

presence also occurs as seen for the wax-producing coccinellid larvae Scymnus 

louisianae J. Chapin against attack by the cornfield ant Lasius neoniger Emery 

(Schwartzberg et al., 2010). A lot more research is needed on the impact of host defenses 

on the efficacy of biological control agents given the ubiquity of these defenses in nature. 

Chapter 5 

The invasion process of non-native species is typically described by three distinct 

phases: arrival, establishment, and spread (Kolar and Lodge, 2001; Jeschke and Strayer, 

2006; Liebhold and Tobin, 2008). In classical biological control programs the arrival 

phase of species is facilitated by humans, leaving the most difficult hurdle of achieving 
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successful biological control the initial establishment of control agents (Hall and Ehler, 

1979; Julien et al., 1984; Stiling, 1990, 1993; Denoth et al., 2002). Establishment failures 

are often attributed to mismatches in climactic tolerances of parasitoid species between 

their native and introduced ranges (Bartlett and van den Bosch, 1964; Beirne, 1975; 

Hopper et al., 1993; Murphy and Kay, 2000).  

Selecting suitable biological control agents for release is a key step in classical 

biological control programs. In some cases multiple candidate natural enemy species 

exist and may occupy a wide geographic distribution within their native range 

encompassing many climactic conditions (van Driesche et al., 2008). It is important to 

consider the environmental tolerances of different candidate species, as well the potential 

existence of locally adapted "biotypes" when selecting control agents as these choices 

may greatly impact the level of pest control achieved (Sands and Harley, 1981; 

Armstrong and Wratten, 1996). In this system no efforts were undertaken to survey and 

collect the most suitable populations for release in the United States and all individuals of 

each parasitoid species originates from a single source population. Given this fact, 

parasitoid populations may be maladapted to the various local conditions where they have 

released in the United States and genetically constrained preventing local adaptation from 

occurring.  

Climate matching is a process by which candidate natural enemies are selected 

from areas with climates most similar to the intended release site, with the working 

hypothesis that these individuals will be pre-adapted to handle similar environmental 

stress. Climate matching has been shown can greatly facilitate the process of natural 
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enemy establishment (Cameron et al., 1993; Hawkins and Cornell, 1994). Prospective 

climate matching between the native range and areas of introduction of natural enemies 

has proven to be an important technique in both determining the success of biological 

control programs and reducing the time investment involved in searching for candidate 

natural enemies (DeBach, 1964; Wilson and Huffaker, 1976; Hoelmer and Kirk, 2005, 

van Driesche et al., 2008).  It may be a worthwhile endeavor to locate other source 

populations of these parasitoid species in climates in their native range that most closely 

match that of southern California and other problem areas such as Florida to enhance 

biological control of A. dugesii. 

After a few months of collecting and examining samples from the field during the 

phenology experiment, it became apparent that E. noyesi was a heteronomous 

hyperparasitoid (Hunter and Kelly, 1998), where females develop as primary parasitoids 

on A. dugesii and males develop on pupae of conspecific females or on the pupae of I. 

affinis and E. krauteri. This life history was confirmed by another research group near the 

conclusion of my study (Boughton et al., 2015). Beginning in November 2015, E. noyesi 

hyperparasitism rates were recorded until the end of the study. Hyperparasitism events by 

E. noyesi are easily distinguishable visually compared to primary parasitism events of I. 

affinis and E. krauteri (Figure 6.1). While conspecific hyperparasitism occurs frequently, 

it is difficult to identify with certainty as the male larvae typically destroy the female 

pupal remains. Because of this, only hyperparasitism events on I. affinis and E. krauteri 

were quantified. Dissections were performed to further confirm hyperparasitism events of 

nymphs with parasitoid emergence holes at the time of collection. Male E. noyesi that 
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emerged after nymphs were held in environmental chambers were matched with their 

host of origin to ensure all hyperparasitism events were accounted for. 

Figure 6.1 Visual evidence of E. noyesi hyperparasitism. Male E. noyesi emergence holes (A) 

and primary parasitoid emergence holes (B) and are shown. Pictured from left to right: I. affinis 

produces clear pupal exuvia and hyperparasitism events can be determined by the black pupal 

exuvia E. noyesi males leave behind after emergence; A male E. noyesi larva feeding on a female 

E, noyesi pupa; The much smaller and off-center E. noyesi male emergence holes compared to the 

larger and centered E. krauteri emergence holes. 
 

Field observations indicated that total E. noyesi hyperparasitism rates on I. affinis 

and E. krauteri were highly variable and averaged 11.96 ± 1.1% across the study period 

(sample intervals 9–26, the time points after E. noyesi hyperparasitism was first 

recognized) (Figure 6.2). Mean observed E. noyesi hyperparasitism rates in inland sites 

were 7.0 ± 1.5%, which is approximately half the rates observed in coastal (17.2 ± 3.4%) 

and intermediate sites (14.1 ± 5.3%). The majority of E. noyesi hyperparasitism events 

were observed on I. affinis (n = 349 leaves) due to the rarity of E. krauteri in the field (n 

= 34 leaves). When present, hyperparasitism events on E. krauteri averaged 13.2 ± 5.1% 

compared to 12.3 ± 1.2% for I. affinis. Additional studies are necessary examining the 

ability of E. noyesi to recognize previously parasitized hosts and to determine whether a 
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preference exists for hosts parasitized by conspecifics or heterospecifics to better 

understand the potential consequences of hyperparasitism in this system.  

 
 

Figure 6.2 Total Encarsia noyesi hyperparasitism rates across study sites over the 

course of the sampling period. Values shown are means (± SEM). 

 

6.2 Conclusions 
 

The culmination of findings from this dissertation suggest that in the absence of 

competition I. affinis may be the superior A. dugesii biological control agent, but that E. 

noyesi is the superior competitor. The contribution of E. krauteri to A. dugesii biological 

control however, appears limited and my findings suggest that E. krauteri may be 

competitively excluded from the system over time. Not surprising, the outcome of the 

competitive interactions observed in this system appears context dependent, which is to 

be expected given that interspecific competitive outcomes between parasitoids depends 

on many variables.  
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We are only beginning to scratch the surface on the dynamics of this system and 

many questions still remain unanswered. One of the most important remaining questions 

is the degree of A. dugesii biological control that can be achieved by each parasitoid 

species. In the future, studies focusing on the contribution of each parasitoid species 

alone and in combination with the other species in this system on the level of A. dugesii 

control achieved should be a priority to confirm the findings of this study. This 

information is necessary in order to make informed recommendations for enhancing 

current biological control programs against A. dugesii or to establish new programs as the 

infested range of A. dugesii continues to expand. 
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