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ABSTRACT

Although parasitoid wasps have shown promise as model systems for studying

life history evolution, empirical studies of certain traits in these small insects have proven

difficult.  In this dissertation, two “black boxes” in the life histories of female parasitoids

are examined: (1) oosorption, and (2) dispersal by flight.

I first demonstrate that a short-lived species with high early reproductive

investment (Eretmocerus eremicus) resorbs eggs, which runs counter to the notion that

the time costs of oosorption are prohibitive to such wasps.  Instead, it appears that the

resorption mechanism in E. eremicus is capable of both decreasing costs and increasing

nutritional benefits of oosorption relative to that of other parasitoid species.  In addition, a

literature review reveals four functional hypotheses for parasitoid oosorption: (1) age-

related egg apoptosis, (2) conservation of ovarian capacity, and (3) nutrient allocation to

either longevity or future oogenesis.  As none of these can be rejected, I propose several

avenues of future research: 1) refinement of physiological techniques to measure nutrient

traffic into and out of eggs, 2) morphological phylogenetic studies of oosorption

mechanisms, 3) development of lifetime nutrient budgets for parasitoids with different

reproductive life histories, 4) examination of decay rates of oocytes with different yolk

types, and 5) increased study of ovarian dynamics in pro-ovigenic parasitoids.

Next, I describe results from a vertical flight chamber study designed to test

hypotheses regarding the correlation between pre-oviposition dispersal and reproductive

effort in parasitoid wasps.  This experiment was conducted on 1-d-old female whitefly
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parasitoids from five species in two genera.  The two Eretmocerus spp. showed a higher

flight propensity than the three Encarsia spp.  This may be, in part, due to a more time

limited life history in the former.  Within species, egg load did not correlate well with

flight propensity for all species examined.  Finally, among individuals of Er. eremicus,

the relationship between effective flight distance and egg load appears to be context

dependent, as data consistent with both positive and negative correlations were collected.

Correlational changes between flight distance and egg load may be due to variation in

biotic (female longevity) or abiotic (temperature, relative humidity) factors.   



CHAPTER 1.

INTRODUCTION

1.1. Basic and Applied Benefits of Studying Parasitoid Biology

From both theoretical and empirical perspectives, insect parasitoids are

considered a promising group of organisms for studying life history evolution and

behavioral ecology (Godfray 1994).  Parasitoids are insects whose juvenile development

on a single host nearly always culminates in its death (Godfray 1994, Strand 2000).  This

guild is found in six insect orders, with the overwhelming majority (approximately 75%)

belonging to Hymenoptera (Eggleton and Belshaw 1992, Brodeur and Boivin 2004).

Parasitoid wasps exhibit a wide spectrum of life histories, varying in: timing of

reproduction and dispersal, internal versus external parasitism, investment per offspring,

clutch size, degree of control over host development, host stage attacked, and nutritional

ecology of adult females (Blackburn 1991, Ellers et al. 1998, Mayhew and Blackburn

1999, Jervis et al. 2001).  Furthermore, parasitoids are highly desirable as models for

behavioral ecology because the link between adult reproductive behaviors and fitness is

both easily understood and measured when compared to that of other taxa (Godfray 1994,

Wajnberg 2006).  Finally, most of these insects have relatively short generation times and

are easily cultured, making them amenable to experimental manipulation.

In addition to their scientific value, several species have shown promise as agents

of biological control (Greathead and Greathead 1992, Van Driesche and Bellows 1996).

Successful Integrated Pest Management (IPM) programs utilizing hymenopteran

 12
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parasitoids involve targeted pests within Coleoptera (Kingsley et al. 1993, Perez-Lachaud

et al. 2002), Diptera (Petersen 1993, Sher et al. 2000), Hemiptera (Reeve and Murdoch

1986, Day 1996, Pickett and Pitcairn 1999), and Lepidoptera (Brower and Press 1990,

Roland and Embree 1995, Sarfraz et al. 2005).  Economic benefits of these strategies

have been impressive, with the Agricultural Research Service (United States Department

of Agriculture) estimating the annual savings from using classical biological control

programs against just five pest species in the USA at approximately $150 million

(USDA-ARS 2002).

It is important to realize that basic and applied studies of parasitoid biology need

not be mutually exclusive.  Several studies have been undertaken to understand how

aspects of parasitoid biology influence their efficacy as biological control agents (e.g.,

studies of intraguild competition among parasitoids [Pedersen and Mills 2004], parasitoid

possession of endosymbionts [Grenier et al. 2002]).  It thus appears that students of

parasitoid biology have been relatively successful in bridging the divide between basic

and applied science.

1.2. Life History Organization in Parasitoid Wasps

1.2.1. The Dichotomous Hypothesis

The traditional view of parasitoid life history organization is the “dichotomous

hypothesis”, which suggests that two broad life history strategies have evolved in

parasitoid wasps (Godfray 1994).  The first describes those species that have external

juvenile development (ectoparasitism) and exhibit the tendency to kill or incapacitate
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their host at oviposition (idiobiosis).  Concomitant with this is the production of

anhydropic oocytes (i.e., eggs rich in yolk; Flanders 1950), which serve as the sole

nutritive source for the developing embryo.  Yolk can constitute greater than 90% of the

cytoplasmic volume of mature insect oocytes (Chapman 1998).  Such large eggs occupy a

large volume of abdominal space and require a greater relative nutritional investment per

egg, leading to a trade-off between egg size and number (Messina and Fox 2001).  These

constraints on egg load (the number of mature oocytes carried by a female at any given

point in time; Ellers et al. 2000) would greatly limit lifetime female fecundity were

oogenesis limited to pupal development.  This presumably favors the continued

development of eggs throughout adult life (i.e., synovigeny; Flanders 1950).  Finally, due

to the additional demand for dietary proteins and lipids for post-eclosion, anhydropic egg

production is believed to have driven the evolution of host feeding (consumption of host

hemolymph and/or other tissues) in female parasitoids (Jervis and Kidd 1986, Thompson

1999; but see Giron et al. 2002).

A second suite of correlated characters has evolved independently in several

hymenopteran lineages (Godfray 1994, Grimaldi and Engel 2005). These wasps deposit

their eggs directly into host tissues, where they complete juvenile development

(endoparasitism). Coupled with this is the trend toward continued development and

feeding by the host after the initial parasitoid attack (koinobiosis). These developing

embryos meet the majority of their nutritional demands from the tissues of their host, thus

permitting a lower per-egg investment (both in size and nutrients) on the part of the

mother (i.e., hydropic eggs; Flanders 1950). This would be expected to relax constraints
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on the number of eggs matured and facilitate the evolution of pro-ovigeny (a reproductive

strategy where all or nearly all oocytes are mature at eclosion; Flanders 1950).  Finally,

with the adoption of hydropy and pro-ovigeny, little selective pressure would presumably

exist to maintain female host feeding (Jervis and Kidd 1986, Jervis et al. 2001).  Godfray

(1994, Figs. 8.5 and 8.6) provides an excellent summary of the various selective

pressures that may have been responsible for developing and refining these opposing life

history strategies.

1.2.2. The Ovigeny Concept

A legitimate concern about dichotomous life history hypotheses is that it is often

difficult to place certain observed life histories into one of the two categories.  Such

variation is often reported in natural populations and likely has biological relevance.  It

has thus been argued that many life history strategies are best conceptualized as existing

along continua (Stearns 1992, Ricklefs and Wickelski 2002).  The timing of egg

production in female parasitoids is a trait that can be easily conceived of in this way.

Jervis et al. (2001) present strong empirical support for a continuum of ratios of the mean

eclosion egg load over the mean maximum lifetime fecundity for 67 parasitoid species in

15 hymenopteran families.  Correlated with this “ovigeny index” (OI) are numerous life

history parameters, including many discussed above (Table 1).

In an effort to provide plausible explanations for variation in the OI of parasitoid

wasps, Ellers and Jervis (2003, 2004) constructed a series of dynamic programming

models.  Their results suggest a strong role for intraspecific variation in parasitoid body



16

size.  Specifically, the optimal allocation of fixed nutritional resources to (1) initial egg

load (IEL; the OI numerator) and (2) maximum lifetime egg production (the OI

Table 1.  Relationship between ovigeny and various life history parameters in

parasitoid wasps derived from an interspecific comparative analysis. OI =

mean ovigeny index for the given trait. *Analysis restricted to parasitoids of host

larval stages. Data from Jervis et al. (2001).  See section 1.2.1 for trait definitions.

Idiobiosis vs. Koinobiosis* 0.01 OI vs. 0.48 OI

Anhydropy vs. Hydropy 0.11 OI vs. 0.59 OI

Host Feeding vs. No Host Feeding 0.09 OI vs. 0.48 OI

Oosorption vs. No Oosorption 0.02 OI vs. 0.53 OI

Mean Synovigenic (OI < 1.0)
Adult Life span vs. Mean Pro-

ovigenic (OI = 1.0) Adult Life span
25.8d vs. 9.0d

denominator) differs with body size, with larger parasitoids investing a relatively higher

amount in the latter than in the former.  This leads to a decrease in the OI with increasing

body size, a finding supported by empirical data at both the intra- and interspecific levels

(Jervis et al. 2003, Jervis and Ferns 2004, Thorne et al. 2006). A second ecological factor

that strongly explained OI variation was habitat quality with respect to the host resource.

Increases in host richness and stochasticity in host availability lead to an increased early

investment in reproduction, manifesting in a strategy involving a higher optimal OI.
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Strict pro-ovigeny (OI = 1.0) is extremely rare in parasitoid wasps (1.8% of the > 600

species examined by Jervis et al. [2001]) and, in the Ellers and Jervis models, evolves

only under the following conditions: (1) restriction to a single patch encounter in very

small wasps, (2) large per egg costs in proportion to the total resource pool, and (3)

relative uniformity (i.e., minimal stochasticity) in host distributions (Ellers and Jervis

2004).

Although the evolution of pro-ovigeny appears to be a rare occurrence in

parasitoid wasps, environmental constraints could cause a failure of wild female

parasitoids to realize much of their potential fecundity.  These include high host patch

stochasticity (Taylor et al. 1978, Ellers et al. 2000), high adult mortality (Heimpel et al.

1997), and searching/oviposition constraints related to different plant architectures

(Headrick et al. 1999).   Time costs associated with these stressors could lead to

incidences of “functional pro-ovigeny” in normally synovigenic parasitoids (Jervis et al.

2001), which has strong potential for influencing female behavioral decisions (such as the

choice between oviposition and host feeding; Burger et al. 2004).

1.3. “Black Boxes” in Parasitoid Life Histories

Despite the large body of empirical work regarding parasitoid life history

evolution, two traits remain especially enigmatic in these insects: oosorption and

dispersal by flight.  Both have important fitness consequences to female parasitoids, and

empirical investigation of them serves as the impetus of the dissertation research

presented here.
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1.3.1. Oosorption

Although ovarian dynamics (Papaj 2000) in insects is defined as the interplay

between two processes, oogenesis and oosorption, the latter has received far less

empirical attention than the former.  It is commonly believed that oosorption is a

mechanism for releasing egg-bound nutrients and returning them to the insect’s general

nutrient pool, usually during periods of resource limitation (Bell and Bohm 1975).

Physiological studies in the cockroach Periplaneta americana confirm that vitellogenin

(the predominant insect yolk protein; Wheeler 1996, Chapman 1998) levels increase

during oosorption, even though de novo vitellogenin synthesis can be ruled out (Bell

1971).  This data suggests that oosorption is more than simple apoptosis of oocytes, but

rather an active means for nutrient recycling on the part of the insect (Bell and Bohm

1975).

Oosorption by parasitoid wasps is common (Flanders 1942, King and Richards

1968, Jervis et al. 2001), and is typically modeled as a means of nutrient retrieval for

fueling future reproduction, adult longevity, or both (Jervis and Kidd 1986, Rosenheim et

al. 2000).  Despite these assumed roles, there is little direct evidence regarding fitness

consequences of oosorption in the parasitoid Hymenoptera (Rivero and West 2002).

More effort rather has been devoted to life history correlates with oosorption in these

wasps.  Jervis et al. (2001) found that oosorption was largely restricted to strongly

synovigenic (OI < 0.1) parasitoids (Table 1).  The authors claim that this, coupled with

the well-established negative relationship between longevity and OI, supports their

hypothesis that time constraints related to the process hinder its evolution in species with
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high OIs.  They also found, however, that the degree of yolk provisioning (i.e.,

anhydropy versus hydropy) shares a nearly identical interspecific correlation with OI to

oosorption (see Table 1 for OI values), suggesting that egg richness could also mediate

the OI/oosorption relationship.  Owing to the strong cross correlations among these traits

in most taxa, it is difficult to discern which hypothesis carries greater support.

1.3.2  Dispersal by Flight

Considerations of dispersal are of paramount importance to both basic and applied

studies of parasitoid biology.  Parasitoid dispersal can be linked to several critical

ecological and evolutionary characteristics, including (1) the persistence of parasitoid-

host associations via spatial heterogeneity and (2) increased opportunities for allopatric

speciation as parasitoid dispersal forces host habitat fragmentation (van Baalen and

Hochberg 2001).  It can also have dramatic impacts on their efficacy as biological control

agents.  While high levels of dispersal could facilitate parasitoid establishment in

classical biological control programs, wasp emigration could negatively impact

augementative biological control under open-field conditions (Collier and Van Steenwyk

2004).

Abiotic factors are known to influence parasitoid dispersal.  Changes in

barometric pressure suppress flight propensity in several parasitoid species (van

Roermund and van Lenteren 1995, Fournier et al. 2005), which is likely a response to

unfavorable weather conditions.  In addition, as the dispersal of many parasitoid species

is wind-aided (Compton et al. 2001, Bellamy and Byrne 2001), it is not surprising that

changes in wind speed can be an important regulator of movement (Fink and Volkl 1995,
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Messing et al. 1997, Idris and Grafius 1998, Marchand and McNeil 2000).  Furthermore,

increases in locomotory activity with temperature are well known in animals (Schmidt-

Nielsen 1990), with parasitoids being no exception (Forsse et al. 1992, Langer et al.

2004).  Finally, higher levels of dispersal have been observed after exposure of

parasitoids to higher light intensity (Idris and Grafius 1998, Barbosa and Frongillo 2006).

In addition to environmental factors, some biotic characteristics also appear

important in modulating parasitoid dispersal.  Female-biased patch colonization (Corbett

and Rosenheim 1996) and flight duration (Bellamy and Byrne 2001) have been reported

in parasitoid wasps.  In addition, mating status appears to influence flight duration in both

male and female Eretmocerus eremicus (Aphelinidae) (Bellamy and Byrne 2001).

Finally, the effects of certain arresting chemical cues (i.e., kairomones) on flying

parasitoid wasps and their implications for tri-trophic interactions have been well

documented (Guerrieri et al. 1993, Vinson 1997, Birkett et al. 2000).

Despite these findings, exploration of causal relationships between dispersal and

other parasitoid life history traits has proven difficult.  A major impediment to such

research appears to be uncertainty about the main flight fuel used by these insects.  In a

field dispersal study of Asobara tabida females (Braconidae), Ellers et al. (1998) found a

decrease in lipid reserves with distance from the release point, suggesting a role for lipids

in fueling parasitoid dispersal.  More recent researchers (e.g., Casas et al. 2003,

Tenhumberg et al. 2006), however, suggest that carbohydrates are the chief flight fuel for

parasitoid wasps.  Direct studies of flight physiology, however, are extremely challenging

for these insects, owing to their small relative body size.
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Unlike the case of oosorption (see section 1.3.1), comparative analyses that

incorporate parasitoid dispersal are currently infeasible.  This is because few field

dispersal studies exist for these small insects.  One tool that may help in the collection of

dispersal-related data for parasitoids, however, is the vertical flight chamber (Kennedy

and Booth 1963, Blackmer and Byrne 1993).   Free-flight data taken from this apparatus

can provide two important parameters of dispersal by small insects: (1) an estimate of the

maximum potential self-directed dispersal distance of an individual insect at a given point

in its life cycle, and (2) a measure of vertical climb strength toward a skylight cue (which

is critical to an insect’s success in leaving the flight boundary layer).  Although these

techniques have been thus far been implemented in one parasitoid species (Er. eremicus;

Bellamy and Byrne 2001, Blackmer and Cross 2001), comparative vertical flight

chamber studies of multiple parasitoid species have yet to be conducted.

1.4. Bemisia Parasitoids: A Model System?

While many taxa have been proposed as model systems for both basic and applied

parasitoid studies, one parasitoid guild in particular appears to have many desirable

characteristics for both.  The sweet potato whitefly, Bemisia tabaci (Gennadius), is a

worldwide pest of agricultural and ornamental crops (Naranjo and Ellsworth 2001).

Several genera of parasitoids are known to utilize this species as a host, including

members of Platygasteridae (Platygastroidea) and Aphelinidae (Chalcidoidea) (Gerling et

al. 2001).  Despite the fact that these wasps share a common host, they exhibit wide

interspecific variation in physiological and behavioral traits, such that all major parasitoid
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life history modes are observed (see section 1.2.1).  In addition, several species of

whitefly parasitoids have life history patterns that lead to trait combinations rarely

observed in other parasitoid wasps.  Examples include: (1) anhydropic egg production by

short-lived (ca. 6-10d) Er. eremicus females (see Appendix A), and (2) hydropic egg

production by the strongly synovigenic Encarsia pergandiella (Donnell and Hunter

2002).  Taken together, these characteristics of Bemisia parasitoids may hold great

promise in allowing the testing of myriad hypotheses regarding parasitoid life history

evolution.

Understanding life history patterns in this parasitoid guild may also be of benefit

in the applied arena.  While the control of Bemisia is currently achieved largely through

chemical means (Ellsworth and Martinez-Carrillo 2001), legitimate concerns over the

evolution of pesticide resistance (Dennehy et al. 2005) suggest a need for alternative

control methods.  While augmentative biological control of this insect using parasitoid

wasps has been successful in closed agricultural settings (Simmons and Minkenberg

1994, Hoddle and Van Driesche 1999), no similar result has been reported for open-field

agrosystems (Hoelmer 1996, Bellamy et al. 2004).  Bellamy et al. (2004) suggested that a

high dispersal rate and atypical reproductive timing might have accounted for the failure

of augmentative releases of Er. eremicus to control B. tabaci in open cantaloupe fields.

The consideration of variation in life history parameters for selecting biological control

agents of this insect, however, has been limited.  This oversight may be of importance;

for while life history traits have been shaped by natural selection, pest population

suppression may not be favored in nature (Hawkins et al. 1999).  As the potential exists
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for mismatch between desirable traits for biological control and the biological needs of

parasitoid species, it may be prudent for IPM practitioners targeting B. tabaci to consider

the latter more closely in parasitoid screening processes.

1.5. This Study

This study utilizes some of the unique biological characteristics of Bemisia

parasitoids to test hypotheses about life history correlations in female parasitoid wasps.  I

first discuss my investigation into the potential for oosorption in a short-lived parasitoid

(Er. eremicus) that produces anhydropic eggs, two traits that are expected to either favor

(anhydropy) or hinder (short life span) its adoption.  I then synthesize the existing

literature on oosorption in parasitoid wasps to evaluate various adaptive hypotheses for

its function.  Finally, I present data from vertical flight chamber studies of 1-d-old

females of three Encarsia spp. and two Eretmocerus spp. to test whether reproductive

timing and pre-oviposition dispersal are positively or negatively correlated at the intra-

and interspecific levels.

1.6. Explanation of Dissertation Format

The dissertation chapters are designed to introduce relevant topics and summarize

the major conclusions from research conducted as part of my Ph.D. studies at the

University of Arizona.  Each appendix (A-C) represents either peer-reviewed, published

work or manuscripts submitted for publication.  Appendix A presents quantitative and

ultrastructural data on oösorption in Er. eremicus, which was published in the Journal of
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Morphology in 2006 (v. 267, pp. 1066-1074).  Appendix B is my own review and

synthesis of the oösorption literature for parasitoid wasps and has been submitted to

Oikos (Forum section).  Finally, Appendix C contains results from vertical flight chamber

studies of Bemisia parasitoids and has been submitted to the Journal of Experimental

Biology.  In the two collaborative studies (Appendices A and C), I was (1) directly

involved in all data collection and analysis, and (2) the primary manuscript author.
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CHAPTER 2.

PRESENT STUDY

The methods, results, and conclusions of this dissertation research are presented

in the papers appended below.  What follows here is a summary of the most important

findings of these studies.

2.1 Oosorption

In Appendix A, quantitative analyses of egg load dynamics and transmission

electron microscopy both confirmed the existence of oosorption in Er. eremicus.  The

ultrastructure of egg digestion by this species differs considerably from that reported for

the strongly synovigenic Nasonia vitripennis (Pteromalidae).  While chorionated oocytes

are resorbed in both species, strong mechanistic differences exist in the following: (1)

apparent role of follicle cells in yolk digestion (extremely limited in Er. eremicus versus

strong in N. vitripennis), (2) evidence for active resorption of the chorion remnants by the

follicle cells (present in Er. eremicus versus absent in N. vitripennis), and (3) synchrony

of chorion and ooplasm digestion (concurrent in Er. eremicus versus non-concurrent in N.

vitripennis).

Two non-exclusive adaptive explanations may explain the observed differences

between Er. eremicus and N. vitripennis.  First, more uniform autolytic oosorption and

synchronized chorion/ooplasm digestion could each decrease the per-egg digestion time

when compared to the alternatives (phagocytosis by the follicle cells and stepwise
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chorion/ooplasm breakdown, respectively).  As time costs are thought to limit the

adoption of oosorption, the mechanisms employed by the short-lived Er. eremicus may

serve to relax this constraint.  Secondly, resorption of chorion remnants may increase the

nutritive return per oocyte.  Taken together, these oosorption traits may be adaptations to

both a high early reproductive investment and short adult life span.  The results of this

study suggest the difficulty in providing independent explanations of life history

correlations within a suite of related traits.  Specifically, the link between strong

synovigeny and oosorption may not be explained by adult life span, but rather by the

strong correlation between low OI and anhydropic egg production (see 1.2.2, Table 1).

Functional hypotheses for parasitoid oosorption were explored further in

Appendix B.  The process in parastioid wasps differs from that of many other insects in

their tendencies to (1) resorb mature, chorionated oocytes and (2) exhibit simultaneous

oogenesis and oosorption.  This suggests that oosorption in Insecta may not be

homologous, which raises questions as to whether or not it serves a similar nutritive

function throughout the taxon (a long-standing, but poorly supported, assumption).  After

reviewing and synthesizing the literature, I found four functional hypotheses for

oosorption in parasitoid wasps: (1) age-related oocyte apoptosis, (2) oocyte elimination

during oogenesis in the absence of hosts, (3) nutrient re-allocation to somatic

maintenance, and (4) nutrient allocation to future reproduction.  None of these non-

exclusive hypotheses can be falsified, however, as each is consistent with known trends

(e.g., age and yolk content of resorbed eggs, degree of oogenesis/oosorption overlap) and

supported only indirectly by data from a limited taxonomic sample.
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It is clear that more studies of oosorption in parasitoid wasps are needed to

resolve the function(s) of the process.  Several foci for these endeavors are

recommended.  First, physiological techniques for minute insects must be refined to

permit measurements of nutrient flow into and out of eggs.  In addition, phylogenetic

studies of oosorption mechanisms should be conducted to assess the homology of the

process across parasitoid wasps.  Furthermore, additional nutrient budgets to the one

recently developed for Eupelmus vuilletti (Casas et al. 2005) must be developed.  This

will permit assessment of the relative nutritive value of eggs within a comparative

framework.  Another important area of research would be the empirical examination of

decay rates in both high and low yolk content eggs over time.  Finally, parasitoid

biologists should not simply assume that oosorption does not exist in short-lived pro-

ovigenic species, but rather collect data to support or refute this hypothesis.

2.2 Dispersal

In Appendix C, I explored the relationship between reproductive effort and pre-

oviposition dispersal in 1-d-old females of five whitefly parasitoid species.   At the

generic level, vertical flight chamber studies revealed that a significantly greater

percentage of wasps from the two Eretmocerus species engaged in flight within 3 min

when compared to the three Encarsia species.  A possible explanation for these findings

is the stark difference in the life histories of members of these two genera, with the

former exhibiting much more time-limited reproduction than the latter.  Other anecdotal

examples of high dispersal with time-limitation are known for parasitoid wasps; however,
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rigorous phylogenetic testing is required to assess the existence and generality of such a

trend.  The paucity of flight data for parasitoids makes such a test infeasible at this time.

Within species, for all of the species examined, egg load did not influence the

flight propensity of 1-d-old female parasitoids.  These results are in agreement with the

limited data available on this topic in the literature (Thiel and Hoffmeister 2004).  Taken

together, these results caution parasitoid biologists against assuming that increased levels

of oogenesis trade off against the behavioral decision to disperse.

Studies of the relationship between egg load and effective flight distance (EFD) in

the vertical flight chamber yielded surprising results.  While it had been hypothesized that

the oogenesis-flight distance correlation in parasitoids would be either positive or

negative, the results from the two Er. eremicus trials suggest that this relationship may be

context dependent.  Data from the first trial indicate either a non-significant or positive

correlation between egg load and EFD (depending on the inclusion of a statistical

outlier), while females from the second trial show a strong negative correlation between

these two traits.  This lability may be mediated by either biotic or abiotic factors, as the

two trials significantly differed in adult female longevity (6.6d versus 10.8d), mean flight

chamber temperature (25.7°C versus 29.6°C), and mean flight chamber relative humidity

(30.1% versus 20.8%).  Regardless of the cause, however, these results suggest that

researchers should not necessarily expect a universal correlation between these two traits

(e.g., an oogenesis-flight syndrome) in parasitoid wasps.

The data collected during this study may be useful for biological control efforts

against B. tabaci.  The failure of inundative Er. eremicus releases in controlling this pest
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is due, in part, to high levels of female parasitoid emigration.  The results of this study

suggest that (1) Encarsia females may be less apt to leave release sites than those of

Eretmocerus, and (2) conditions exist that appear to inhibit dispersal in Er. eremicus

females carrying high egg loads.   These findings could be used to inform selection,

rearing, and release protocols for biological control agents of B. tabaci.

2.3 Conclusion

The studies described here expand our knowledge of two relatively enigmatic life

life history traits in the parasitoid Hymenoptera: oosorption and dispersal.   This has

consequences for both basic and applied studies of parasitoid biology.  In addition, the

findings of this dissertation research have a few larger biological implications.  First, the

studies of oosorption in Er. eremicus point to a need for the consideration of proximate,

organismal details in the context of broad ecological patterns.  Secondly, the vertical

flight chamber findings warn against the development of biological syndromes to explain

life history correlations, as context dependence may be more prevalent than typically

imagined.
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APPENDIX A.

QUANTIFICATION AND ULTRASTRUCTURE OF OOSORPTION

IN ERETMOCERUS EREMICUS (HYMENOPTERA: APHELINIDAE)

Reprint from Journal of Morphology (v. 267, pp. 1066-1074)
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Detailed knowledge of reproduction by female parasitoid wasps is critical to

understanding how they regulate host population dynamics in both natural and

manipulated (e.g., agricultural) settings.  While oösorption (egg resorption) is a major

determinant of parasitoid egg load, very little empirical evidence exists regarding its

function in these insects. I first examine differences in the form of the resorptive process

in parasitoid wasps, and other insects, to see if these may portend functional alternatives.

Four adaptive hypotheses proposed for parasitoid oösorption are then discussed within

the context of recent empirical studies: 1) age-related apoptosis of oöcytes, 2) removal of

oöcytes to conserve ovarian capacity during high levels of egg production, 3) nutrient re-

allocation to somatic maintenance, and 4) the use of resorbed nutrients in future

oögenesis.  As current data are insufficient to falsify any of these hypotheses, suggestions

for new research on parasitoid oösorption include: 1) honing of fine-scale physiological

techniques to measure nutrient flow into and out of eggs, 2) morphological phylogenetic

studies of the process to assess its homology, 3) development of lifetime nutrient budgets

(and assessment of the value of eggs therein) for parasitoid species with different life

history characteristics, 4) examination of decay rates in both high and low yolk content

eggs over time, and 5) intensified examination of parasitoids with life histories

traditionally thought to be inconsistent with oösorption (i.e., short-lived, pro-ovigenic

species).
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Parasitoid wasps develop as larvae on a single insect host, a process that nearly always

culminates in host death (Godfray 1994).  The species-level diversity of this group is

staggering, with diversity estimates of one superfamily alone (Chalcidoidea) reaching

400,000 species (Noyes 2000).  The study of these insects has also had important

consequences for biological research.  From a basic science perspective, parasitoid wasps

have become model systems for research in behavioural ecology, as there is a direct link

between fitness and oviposition decisions (Godfray and Shimada 1999).  From a more

applied perspective, hundreds of parasitoid species have been successfully utilized as

agents of biological control against a myriad of insect pests (Van Driesche and Bellows

1995).

While sharing the parasitoid habit, these wasps display far-ranging variance in

several reproductive life-history traits, including: timing of female reproduction,

investment per offspring, and clutch size (Blackburn 1991, Mayhew and Blackburn 1999,

Jervis et al. 2001).  In an effort to add physiological realism to life history models crafted

to explain this variation (e.g., Rosenheim 1999, Murdoch et al. 1997, Ellers and Jervis

2003), several recent studies have focused on parasitoid physiology and nutrient

dynamics (e.g., Giron et al. 2002, Rivero and West 2002, Casas et al. 2005).  Despite this

work, however, many aspects of parasitoid reproductive physiology remain enigmatic.

Ovarian development in insects is a dynamic process (Papaj 2000), with egg load

determined by two antagonistic processes: 1) egg gains via oögenesis and 2) egg losses

due to oösorption (egg resorption).  While the physiological basis of oögenesis is well

understood for several insect taxa (Büning 1994, Chapman 1998), oösorption has been



54

poorly studied by comparison.  In what remains the only substantial review of the topic,

Bell and Bohm (1975) asserted that oösorption in insects is a mechanism of releasing

egg-bound nutrients during periods when reproductive opportunities are limited by a lack

of resources (e.g., food, oviposition sites, mates).  Once released, these nutrients are

returned to the insect’s general nutrient pool, where they can be re-allocated to serve

other physiological functions.  This is best supported by an observed increase in yolk

protein (i.e., vitellogenin = Vg) levels in the hemolymph of starved cockroaches

(Periplaneta americana), despite the fact that de novo Vg synthesis was ruled out (Bell

1971).  This suggests minimal lysis of egg-bound nutrients by oösorption-specific

enzymes, a result not expected under normal apoptosis (Bell and Bohm 1975).

Oösorption is commonly observed in parasitoid wasps (Flanders 1942, Jervis et

al. 2001), and is typically presented as a means of nutrient allocation to future

reproduction, re-allocation to female longevity, or both (Jervis and Kidd 1986,

Rosenheim et al. 2000).  Despite these assumed nutritional roles, there is little evidence

supporting oösorption-related fitness consequences in the parasitoid Hymenoptera

(Rivero and West 2002).

In an effort to stimulate new research paths concerning this subject, I start by

examining key mechanistic aspects of oösorption in parasitoid wasps.  I then discuss the

main adaptive hypotheses proposed for parasitoids in light of recent empirical findings.

Finally, I offer suggestions on how research on this poorly studied parasitoid life history

trait should proceed.
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Can the form parasitoid oösorption takes inform us of its function?

In comparison to other insects, two observations concerning oösorption in hymenopteran

parasitoids merit discussion.  The first concerns the general age of resorbed oöcytes.

While females of most insect species resorb eggs prior to chorion (eggshell) deposition

(King and Richards 1968), chorionated eggs are typically resorbed in parasitoid wasps

(Flanders 1942, Lloyd 1966, Asplen and Byrne 2006).  The second is related to the

degree of overlap between egg production and resorption cycles (Fig. 1).  In some

insects, especially those in which oögenesis and oösorption are controlled by the

respective presence or absence of juvenile hormone (JH) (Chapman 1998), the two

processes are not simultaneous (Fig. 1A).  In other species, however, some oöcytes can

accumulate yolk while others are being resorbed (Fig. 1B).  Such simultaneous oögenesis

and oösorption appears to be common in parasitoid wasps (Flanders 1942, Lloyd 1966,

Rivero-Lynch and Godfray 1997, Asplen unpubl.).

In a pivotal study, Rivero-Lynch and Godfray (1997) observed that Leptomastix

dactylopii (Encyrtidae) females adjusted egg load after high levels of oviposition by

increasing egg production rather than by decreasing oösorption rates.  The authors took

this result, coupled with a weak decline in egg load, as evidence against stress-related

nutrient re-allocation via oösorption.  They instead posited that oösorption serves in the

removal of older oöcytes so that they can be replaced with a continuous complement of

newly matured eggs (Fig. 2).  This suggests that age-related apoptosis, rather than

adjustable hormone titres, may be the underlying oösorption mechanism in parasitoid

wasps.  Such a mechanism is consistent with the tendencies toward resorption of
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chorionated oocytes and simultaneous egg production/resorption noted above.  In

addition, purely autolytic oösorption has been observed in several parasitoid species

(Asplen and Byrne 2006), suggesting that enzymes derived from the follicular epithelium

are not necessary to drive the resorption process.

While age-related apoptosis of oöcytes is a compelling mechanistic hypothesis, it

may not be universally utilized in parasitoid wasps.  Ultrastructural analyses of

oösorption in Nasonia vitripennis (Pteromalidae) do not rule out the possibility of (and

even suggest) at least partial phagocytosis by the follicular epithelium (King and

Richards 1968).  In addition, despite utilizing simultaneous oögenesis and oösorption

(Edwards 1954), N. vitripennis females show both 1) increased oösorption after removal

of the corpus allatum (the organ responsible for JH production) and 2) its cessation

following treatment with a JH analogue (King and Richards 1968, Bell and Bohm 1975).

Taken together, the available data argue against a uniform mechanism for oösorption in

parasitoid wasps and possibly bring into question the trait’s homology within the

parasitoid Hymenoptera.  If such evolutionary lability exists, then it is possible that

oösorption may serve different functions both within and across phylogenetic lineages.

Size matters: Oösorption and maternal investment

As host tissues provide sufficient nutrition for embyronic development, many

endoparasitoids produce extremely yolk-poor (hydropic) oöcytes (Flanders 1950, Jervis

and Kidd 1986, Donnell and Hunter 2002).  As hydropic eggs would yield negligible

nutrient returns per egg, it has been suggested that oösorption should be restricted to
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parasitoids that produce relatively yolk-rich (anhydropic) oöcytes.  This hypothesized

relationship is supported by comparative analysis (Jervis et al. 2001).

If oösorption does not function in nutrient recycling, then alternative hypotheses

are necessary to explain restriction of the process to species with large, nutrient-rich eggs.

One possibility is that, unlike hydropic eggs, anhydropic eggs could precociously develop

within a female’s ovarioles, with unfertilized eggs becoming males through haplodiploid

sex determination.  This explanation is unlikely, however, as mechanical stresses related

to ovulation and/or oviposition are required to stimulate embryogenesis in parasitoid

wasps (Flanders 1942, King and Rafai 1973).  Another alternative is that proteinaceous

yolk (which constitutes much of the volume of anhydropic eggs, but is largely absent

from hydropic eggs; LeRalec 1995) may decay more rapidly than lipoid yolk, effectively

shortening the relative longevity of anhydropic eggs compared to hydropic ones.

Empirical support for this hypothesis is lacking, although the measurement of in vitro

rates of egg decay in the two egg types would be a worthwhile examination.

Making room: Discarding eggs during oögenesis

While hydropic egg-producers do not engage in oösorption, at least some species exhibit

more or less continuous oögenesis.  One such species, Venturia canescens

(Ichneumonidae), appears incapable of ceasing oögenesis when host-deprived, even when

the maximal oviduct capacity is reached (Roberts and Schmidt 2004).   Here, elimination

of excess eggs is accomplished by deposition of older eggs into a non-host environment,

a finding not previously reported for parasitoid wasps.  This finding, coupled with the
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observation of simultaneous oögenesis and oösorption in some species (see above), led

Roberts and Schmidt (2004) to suggest that oösorption and ovipositional egg disposal

(OED) may be parallel means of maintaining ovarian space in parasitoids with different

egg-provisioning strategies.  For this hypothesis to merit further examination, increased

knowledge of two factors are required: 1) the general ability of parasitoid wasps to cease

oögenesis, and 2) the likelihood of their egg loads reaching maximal storage capacity in

nature.

If no nutrients are gained through oösorption, then why do so many parasitoids

with anhydropic eggs use oösorption rather than OED?  This is an important

consideration, given the potential for time costs associated with oösorption to restrict

eventual oviposition (Jervis et al. 2001).  The time costs of OED, however, are only as

short as those of normal oviposition events.  Unless other costs to OED exist (perhaps

such as interference with female learning during oviposition), it seems most likely that

oösorption simply provides a more energetically efficient way of removing excess

nutrient-rich eggs to other alternatives.

Making a living: Oösorption and parasitoid longevity

The most convincing evidence for re-allocation of nutrients to somatic maintenance

following oösorption in parasitoid wasps comes from studies of the genus Aphytis

(Heimpel et al. 1997a, Rosenheim et al. 2000).  In these wasps, oösorption proceeds at a

slow rate (approximately one egg per day) when a sugar-rich food source is provided.  If,

however, Aphytis females are starved, then the oösorption rate increases dramatically and
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proceeds until death.  Note that this evidence is indirect, as neither the effects of

oösorption knockdown nor the nutrient flow out of eggs have been assessed for any

parasitoid species.

Any suggestion of a nutritive role for oösorption in parasitoid wasps requires an

understanding of the relative nutrient value of oöcytes.  Recently, Casas et al. (2005)

modeled the relative contributions of various nutrient sources and sinks in Eupelmus

vuilletti (Eupelmidae) to assess the lifetime nutrient dynamics of its females.  The authors

found that each oöcyte contains but a small fraction (<10%) of a female’s daily nutrient

requirements, leading them to suggest that 1) eggs can only function as reserves under

starved conditions, and 2) oösorption can be largely ignored when modeling somatic

maintenance in female parasitoid wasps.

While development of the E. vuilletti lifetime nutrient budget has tremendous

potential for adding physiological realism to parasitoid life history models, caution

should be taken in extrapolations to other taxa.  Although E. vuilletti is an ectoparasitoid

that must provision its eggs with sufficient yolk to complete embryogenesis, anhydropy

must be viewed as a continuous trait in parasitoid wasps.  For example, in whitefly

parasitoids (Aphelinidae), ectoparasitic Eretmocerus spp. produce far smaller anhydropic

oöcytes than do most endoparasitic Encarsia spp. (Asplen and Byrne 2006; Asplen

unpubl.).   As it is unclear where E. vuilletti oöcytes fall on this continuum, implications

of their nutritional content for the evolution of oösorption should be restricted to this

species alone.  Furthermore, the influence of low per egg nutrient values is difficult to

assess, given that the simultaneous nature of oögenesis and oösorption in many
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parasitoids likely leads to underestimates of the total number of eggs resorbed over a

female’s lifetime (this excludes many encyrtids which, unlike other parasitoids, leave

recognizable egg remains; Lloyd 1966, Rivero-Lynch and Godfray 1997).   Even so, the

net losses due to oösorption in some species can be quite high; e.g., Eretmocerus

eremicus females resorb approximately half of their initial egg load within 8d of adult life

(Asplen and Byrne 2006).  Finally, daily gains may be too coarse of a scale for the

accurate measurement of potential oösorption-related life span returns, especially given

the dramatically shortened life spans of parasitoid wasps in the field (Heimpel et al.

1997b).

Making eggs: Oösorption fueling oögenesis

A chief constraint on parasitoid oögenesis appears to be the level of capital lipid reserves,

as species studied thus far appear incapable of lipogenesis (Olson et al. 2000, Giron and

Casas 2003a).  Specifically, sterols may be a particularly limiting resource for successful

reproduction that can be acquired only during larval development or adult feeding on host

tissues (Mondy et al. 2006).   Furthermore, protein supplementation is often necessary for

oögenesis (Jervis and Kidd 1986, Thompson 1999).   In the absence of hosts, resorption

of eggs that cannot be currently deposited may provide an additional nutrient source for

future oögenesis.  Incidentally, the Aphytis findings above (and others like them; Jervis

and Kidd 1986) could be interpreted as evidence for both somatic and reproductive

functions for oösorption.  This is because increased rates of egg loss during starvation

could partly result from the shunting of recycled nutrients from oögenesis to maintenance
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in the absence of alternative food sources, which lowers the egg production rate relative

to the resorption rate (Fig. 2).

A legitimate concern about a hypothetical role for resorbed nutrients in oögenesis

is that thermodynamic constraints on nutrient assimilation should lead to poor levels of

egg replacement, a result not observed in carbohydrate-provisioned parasitoid females

(see above).  Resolution to this paradox may lie in relaxation of the assumption of

constant allocation per egg.   Recent studies indicate decreased per egg investment with

maternal age in an eupelmid (Giron and Casas 2003b) and starvation in an ichneumonid

(Bezemer et al. 2005).  This change in allocation appears to come at a cost, however, as

developmental success decreases with reduction in egg size (Giron and Casas 2003b).

Furthermore, Mondy et al. (2006) show that E. vuilletti females lacking essential dietary

sterols maintain normal oögenesis rates despite low egg viability levels.  As it appears

that many parasitoid wasps will maintain oögenesis regardless of the likelihood of

offspring survival, even small amounts of limiting vital nutrients obtained through

oösorption in the absence of hosts could push developing eggs past developmental

thresholds.

If resorbed nutrients function in fueling oögenesis, then host-deprived female

parasitoids would appear to face a choice between retaining older, richer eggs and

maturing younger, poorer eggs later.  This could represent a reproductive trade-off if 1)

uncertainty exists in the time to host encounter and 2) oöcyte quality declines with age.

The former is highly likely given stochasticity in the distribution of most host

aggregations (Ellers et al. 2000, Wajnberg 2006), and suggestive evidence and/or
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hypothetical reasons for the latter exist (see above).  This hypothesis echoes the need for

investigations into egg viability through time in parasitoid wasps and underscores the

possibility that adaptive explanations for oösorption need not be mutually exclusive.

Conclusions

Oösorption remains one of the most poorly-studied parameters in parasitoid life histories.

The four functional hypotheses that have been promoted by parasitoid researchers (age-

related apoptosis, conservation of ovarian space, nutrient re-allocation to somatic

maintenance, and nutrient re-allocation to future oögenesis) enjoy only indirect support

from a small taxonomic sampling.  This lack of direct evidence has rightfully led to

questioning of adaptive arguments for oösorption.  Unfortunately, the relatively small

body size of parasitoid wasps makes physiological studies of ovarian dynamics difficult.

Recent work on E. vuilletti, however, suggests that these hurdles can be overcome,

bringing hope that the mystery of how some parasitoid taxa control oögenesis and

oösorption will be unlocked in the near future.  Armed with this knowledge, researchers

can then use experimental manipulation to directly assess the fitness consequences of

oösorption.

Until then, however, parasitoid biologists need not ignore oösorption.

Examination of the ultrastructure of the process within a phylogenetic framework can

help assess its evolutionary lability across parasitoid taxa.   Detailed morphological

analyses of resorbing eggs have been performed on only two parasitoid species (N.

vitripennis [King and Richards 1968] and E. eremicus [Asplen and Byrne 2006]), which
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show considerable variation in this trait.  More data in this regard is clearly needed.  In

addition, given the diversity of reproductive strategies in parasitoid wasps, the value of

eggs in parasitoid nutrient dynamics must also be examined within a comparative

framework.  This requires the laborious task of developing multiple lifetime nutrient

budgets akin to that constructed for E. vuilletii.  As a starting point, doing this for an

Aphytis species would allow comparisons of two parasitoid model organisms with

different nutritional inputs and outputs (Giron et al. 2002).  Finally, oösorption is often

simply assumed not to exist in parasitoids with either short lifespans or early reproductive

schedules (i.e., pro-ovigenic species; Jervis et al., 2001).  Failure to confirm this,

however, hinders the evaluation of functional hypotheses that depend on significant

levels of adult oögenesis.  The routine conducting of straightforward time series

experiments (e.g., van Lenteren et al. 1987, Collier 1995) by parasitoid researchers would

both 1) increase the taxonomic sampling of oösorption in parasitoid wasps and 2)

uncover potential deviations from theory.

In 1975, Bell and Bohm cautioned against disregarding oösorption in studies of

insect reproductive physiology.  Thirty-two years later, our understanding of this life

history trait has not substantially improved.  Detailed knowledge of determinants of

female parasitoid reproductive success is vital to our understanding of insect population

dynamics in both basic and applied entomology.  Whether it is adaptive or not,

oösorption is an integral part of the reproductive dynamics of many parasitoid wasps and

deserves both theoretical and empirical attention.
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Figure legends

Fig. 1.  Two conceptual models of insect ovarian dynamics.  In the first model, (A) the

presence of a hormonal ovarian stimulant (OS) directs allocation of nutrients from the

somatic pool to egg production in the ovaries (oögenesis; solid line), while its absence

(A') leads to a return of nutrients from the ovaries to the somatic pool via oösorption

(dotted line).  In the second model (B), the states of ovarian follicles do not influence

each other, permitting oögenesis and oösorption to occur simultaneously.  Parasitoid

wasps appear to exhibit ovarian dynamics of the latter type.

Fig. 2.  Conceptual diagram of the effects of synchronized ovarian dynamics on

parasitoid egg load.  A consequence of simultaneous oögenesis (solid line) and

oösorption of mature oöcytes (dotted line) is that constancy in egg load (oöstasis) can

occur at the equilibrium point between their respective rates (thin dashed line). Et-1 = egg

load at time (t-1).
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APPENDIX C.

THE RELATIONSHIP BETWEEN PRE-OVIPOSITION FLIGHT BEHAVIOR

AND REPRODUCTIVE EFFORT IN WHITEFLY PARASITOIDS
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Summary

            Although timing of oögenesis appears to be a major life history organizer in

parasitoid wasps, little is known about how this parameter correlates with dispersal

in these small insects.  We used a vertical flight chamber to examine both flight

propensity and effective flight distance (EFD; the product of vertical climb rate and

flight duration) in 1-d-old females from five aphelinid species (Chalcidoidea) that

attack the whitefly Bemisia tabaci.  At the generic level, two Eretmocerus species

engaged in vertical flight within 3 min. far more often than three Encarsia species.

This may be, in part, a consequence of the divergent life histories of these two

genera, as the former typically possess a more time-limited reproductive strategy

than the latter.  Within species, for all of the species examined, egg load did not

correlate well with flight propensity.  Furthermore, in Eretmocerus eremicus the

relationship between EFD and egg load appears to be labile rather than fixed, as

different trials showed evidence for either negative or positive correlations between

these traits.  The source of this context dependence may be either variation in biotic

(female longevity) or abiotic (temperature, relative humidity) factors.  Finally, as

parasitoid dispersal is an important consideration in biological control, these results

may provide information useful to the development of selection, rearing and release

protocols for prospective agents against B. tabaci and other insect pests.

Key words: Aphelinidae, dispersal, egg load, parasitoid, vertical flight chamber
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Introduction

Parasitoid Hymenoptera (i.e., wasps that complete development on, and

eventually kill, a single host insect; Godfray, 1994) have long been considered a model

for studying insect life history evolution.  Recent studies have implicated the timing of

female reproduction as a major life history organizer for these insects (reviewed by Jervis

and Ferns, 2004).  The degree to which parasitoid wasps allocate larval resources to

oögenesis (initial reproductive effort, or IRE) has been estimated using the ovigeny index

(OI), i.e., the ratio of egg load at adult eclosion to the total number of eggs matured by a

female over its adult life span.  Wasps with a low OI typically emerge with few mature

eggs, while an OI of 1.0 describes a wasp that emerged with her entire lifetime egg

complement matured.  The OI correlates strongly with many life history traits in

parasitoid wasps including: adult life span, body size, investment per offspring, and

capacity for nutrient re-allocation (Jervis et al., 2001; Jervis et al., 2003).

Despite these findings, much remains to learned about dispersal by flight and its

relationship to reproductive timing in parasitoid wasps.  In many migratory insects

females tend to undertake these flights prior to completing egg development.  The

oögenesis-flight syndrome (Johnson, 1969) was developed as an explanation, stating that

the same physiological mechanisms that stimulate flight behaviour inhibit oögenesis, and

vice versa.  While some are convinced that this direct physiological linkage is unlikely

(Sappington and Showers, 1992), there is still a general understanding that these two

processes are ecologically antagonistic (Wheeler, 1996).  More recent proponents of a

negative relationship between IRE and pre-oviposition dispersal by flight present the
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following in support of this view: (1) evidence of competition between the thorax and

abdomen for resources, and (2) the idea that high initial egg loads result in unfavourable

wing loading values (Jervis and Ferns, 2004; Jervis et al., 2005).

There are reasons to suspect, however, that certain parasitoid wasps may differ in

their relationship between early-life reproduction and pre-oviposition flight behaviour.  In

females with high IRE, the number of mature eggs ready to be deposited just subsequent

to adult emergence is greater than in those with lower IRE (Jervis and Ferns, 2004).

Given that the former also tend to have a far shorter adult life span during which to

deposit their relatively larger egg load (Jervis et al., 2001), natural selection could favour

a stronger early drive to locate hosts in the former when compared to the latter.  In

addition, wing loading constraints in parasitoids with high OIs may be less pronounced in

minute (< 25 µg) species, such as those in many Chalcidoidea.  This is because dispersal

in these insects is largely wind-aided (Compton et al., 2000; Bellamy and Byrne, 2001),

with self-directed movement relegated primarily to exiting and re-entering the flight

boundary layer.  Taken together, these potential adaptive benefits and reduced constraints

may lead to a positive relationship between pre-oviposition dispersal and early

reproductive effort in chalcidoids.

The use of a vertical flight chamber (Kennedy and Booth, 1963; Blackmer and

Byrne, 1993) provides an opportunity to empirically test these two opposing hypotheses

of the oögenesis-flight relationship in minute parasitoids.  First, the data taken from this

apparatus can be interpreted in two non-exclusive ways: (1) it provides an estimate of the

maximum potential self-directed dispersal distance an individual insect is capable of



78

moving at a given point in its lifetime, and (2) it measures the strength of the sustained

vertical climbs toward a skylight cue critical to an insect’s success in leaving the flight

boundary layer.  Secondly, support for the generality of trends observed in vertical flight

chamber studies is presented from dispersal studies of populations of the whitefly

Bemisia tabaci (Gennadius) conducted in the field (Byrne et al., 1996).  Finally, the free-

flight behaviour of a minute (< 1mm long) aphelinid parasitoid (Eretmocerus eremicus

Rose and Zolnerowich) has been examined in the vertical flight chamber (Bellamy and

Byrne, 2001; Blackmer and Cross, 2001), demonstrating that this technique can be

adopted for studies of parasitoid flight behaviour.

Here we present data on vertical flight chamber studies of 1-d-old, naïve (with

respect to host encounters) female parasitoids (Chalcidoidea: Aphelinidae) from five

different species.  Despite sharing a common host, B. tabaci, these species differ widely

in a variety of life history parameters, including degree of early reproductive effort.  After

assessment of the flight behaviours of individual wasps, we gathered egg load and body

size data and tested their relative contributions to intraspecific variation in several flight

characteristics.

Methods and materials

Parasitoids

Five aphelinid parasitoid species of B. tabaci were examined during the course of

this study. Encarsia formosa (Gahan) is a parthenogenetic endoparasitoid with OI = 0.1
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(Jervis et al., 2001) and is notable for its large, anhydropic (high yolk content) oöcytes

(Donnell and Hunter, 2002).  Encarsia pergandiella Howard is also a parthenogenetic

endoparasitoid with low IRE, but unlike En. formosa, it possesses small, hydropic (low

yolk content) oöcytes (Collier et al., 2002).  Encarsia sophia (Girault and Dodd) is a

biparental parasitoid with low IRE in which females develop on primary whitefly hosts

and males develop as ectoparasitic hyperparasitoids (Hunter and Kelly, 1999).  Eggs in

this species are anhydropic, and at least as large as those of En. formosa.

Two Eretmocerus species were also examined: Eretmocerus eremicus and

Eretmocerus nr. emiratus Zolnerowich and Rose.  Eretmocerus spp. are endo-

ectoparasitoids, i.e., they initially develop outside of the host and later penetrate the

whitefly to complete development internally (Gerling et al., 2001).  Although

Eretmocerus spp. appear to be synovigenic (OI < 1.0), the combination of their relatively

short life spans and oviposition behaviours likely lead to high incidences of ‘functional

pro-ovigeny’ (i.e., the failure of realized fecundity to match potential fecundity under

time limitation; Jervis et al., 2001) in both laboratory and field experiments (Asplen and

Byrne, 2006).

All parasitoids used in this study were from laboratory cultures housed in the

M.S. Hunter laboratory on the University of Arizona main campus (Tucson, AZ).  The

whitefly/plant host combination used there is B. tabaci and cowpea, Vigna unguiculata

(L.) Walpers.  Encarsia formosa was originally collected in 2004 from B. tabaci on the

University of Arizona main campus.  Encarsia pergandiella was originally collected

from B. tabaci in Brazil in 1994.  The Encarsia sophia colony was initiated from
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parasitized B. tabaci nymphs collected from Maricopa County, AZ in 2005.  Males of

this autoparasitic species were reared from Er. eremicus on B. tabaci/cowpea.

Eretmocerus nr. emiratus on B. tabaci were originally collected in 2003 from

greenhouses on the University of Arizona main campus.  Eretmocerus eremicus was

originally purchased from Koppert Biological Systems, Inc. (Romulus, MI, USA) in 1997

and 1998.  This colony was later infused with Er. eremicus from Novartis Beneficials for

Crop Management (Oxnard, CA, USA) in 2000.

Parasitoid flight behaviour

Parasitized fourth instar whitefly nymphs from each of the parasitoid colonies

were removed from cowpea leaves and placed individually into honey-provisioned,

capped polystyrene tubes (12 x 75 mm).  These were then held in a Nor-Lake DP36-78

growth chamber (27 ± 2°C, 16:8 LD) and monitored daily between 0600 and 1200 hours

for adult parasitoid emergence.  Newly eclosed (< 5 h old) female parasitoids were either

held alone (parthenogenetic species) or with a conspecific male (biparental species) for

24 ± 2 h.  This period was considered sufficient to ensure mating in biparental species.

Mating status has been shown to influence parasitoid dispersal behaviour (Bellamy and

Byrne, 2001).  At least 30 min. prior to flight chamber evaluation, male parasitoids were

either removed or females gently transferred to a clean polystyrene tube provisioned with

honey.

The behaviours of 420 female parasitoids were measured in a vertical flight

chamber (Fig. 1) and recorded.  All observations took place between 1000 and 1400



81

hours, which was 3 to 7h after growth chambers lights were turned on.  Tubes containing

individual female wasps were placed in the chamber, where they underwent a 10-min

acclimation period. Each tube was then placed individually in a rack in the centre of the

chamber and the wasp given 3 min to engage in flight toward the skylight cue.  Jumps or

trivial flights that did not reach the wind tunnel (a vertical distance of < 69mm) were

ignored.  If flight was initiated, vertical airflow was introduced into the chamber at a

velocity necessary to maintain the parasitoid in a stable flight position (Blackmer and

Byrne, 1993).  After the parasitoid landed, with no further flight initiated within 1 min,

the wasp was re-captured and stored at -80°C.

An individual parasitoid’s rate of climb was measured on a per second basis using

an AS-201 hotwire anemometer (GrayWolf Sensing Solutions®, Trumbull, CT)

connected to a laptop computer.  The summed rates over the total flight duration(s) were

recorded as the effective flight distance (EFD) for that individual.  In addition,

temperature and relative humidity (RH) measurements inside the flight chamber were

taken at the start of an experimental series using a portable weather station.

A total of eight vertical flight chamber trials were performed.  Two trials each

were conducted using En. formosa (EF1 [March 2005 to April 2005; N=62] and EF2

[October 2005 to December 2005; N=56]), En. pergandiella (EP1 [July 2005 to August

2005; N=62] and EP2 [May 2006 to June 2006; N=44]), and Er. eremicus (EE1 [April

2005 to July 2005; N=55] and EE2 [January 2006 to May 2006; N=56]).  Owing to their

more erratic flight behaviour and difficulty in re-capture, only one trial each was
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performed using En. sophia (July 2006 to August 2006; N=55) and Er. nr. emiratus (June

2006 to October 2006; N=30).

Parasitoid egg load and body size

Parasitoids re-captured from the flight studies were dissected with minuten pins in

insect Ringer’s solution.  The dissected wasp tissues were then stained with methyl green

(Asplen and Byrne, 2006) and their mature eggs counted under a compound microscope.

In addition, the hind tibia length, forewing length, and forewing width of each parasitoid

were measured using an ocular micrometer.

Data Analysis

Differences in flight propensity (binomial; yes or no) across species were

compared using chi-square goodness-of-fit tests.  Whenever possible, congeners were

pooled when comparisons were made across genera to avoid phylogenetic

pseudoreplication.  The validity of such pooling was assessed through heterogeneity chi-

square tests (Zar, 1984).  Interspecific and inter-trial comparisons for EFD were

performed using two-tailed Student’s t-tests, but only within Eretmocerus.  This is

because an insufficient number of Encarsia spp. individuals flew and/or were re-captured

to permit such analyses (Table 1).  For the two Er. eremicus trials, several continuous

response variables (see below) were also compared using two-tailed Student’s t-tests.  All

continuous response variables were log (ln) transformed and unequal variances were

assumed for t-tests where appropriate.  In cases where two trials were conducted for a
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species, propensity data from the one with the highest proportion engaging in flight were

used.

Intraspecific effects of egg load and hind tibia length (both separately and

together) on flight propensity were examined using logistic regression techniques for all

species except En. formosa, for which insufficient data were available.  These analyses

were restricted to data from individuals whose behaviours were assessed on days when at

least one conspecific female flew, thus ruling out the possibility that any unmeasured

daily conditions were unsuitable for parasitoid flight.  Intraspecific effects of the above

explanatory variables on EFD (ln transformed) were modeled both separately and

together using regression techniques, but only in Er. eremicus.  This is because only this

species had both sufficient egg load/hind tibia length data and a wide enough range of

EFD values to permit these analyses (Table 1).

With the exception of heterogeneity chi-square tests, all statistical analyses were

performed in the JMP v. 5.0.1 software package (SAS, Cary, NC, 2002).

Results

Summary statistics over all species and trials are given in Table 1.  Considerable

inter-trial variation was observed.  While restrictions on analyses with the Encarsia

species prevented this variation from influencing results (see above), meaningful effects

were related to differences between the two Er. eremicus trials (see below).  Wasps from

the Er. eremicus trials did not differ significantly in EFD (t25=1.91, P=0.07), egg load

(t77=1.36, P=0.18), hind tibia length (t77 = 0.24, P=0.81), or forewing area (t65=1.14,
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P=0.26).  Three parameters, however, did differ significantly between the EE1 and EE2

trials: (1) flight chamber RH was higher in EE1 than in EE2 (back-transformed means of

30.1% and 20.8%, respectively; t44=8.37, P<0.0001), (2) flight chamber temperature was

higher in EE2 than in EE1 (back-transformed means of 29.6°C and 25.7°C, respectively;

t44=10.40, P<0.0001), and (3) adult longevity for female members of the Er. eremicus

colony at the end of  EE2 was significantly longer than that of similarly measured

females following EE1 (back-transformed means of 10.5d and 6.6d, respectively;

t42=5.10, P<0.0001).

Intergeneric comparisons

Heterogeneity chi-square tests revealed that congener pooling was valid for

Encarsia spp. (χ2
2=0.43, P=0.81), but not for Eretmocerus spp. (χ2

1=5.86, P=0.02).

Significantly fewer incidences of vertical flight within 3 min were observed between

Encarsia females (14 out of 179, 7.8%) and those of both Er. eremicus (22 out of 56,

39.2%; χ2
1=32.6, P<0.0001, N=235) and Er. nr. emiratus (20 out of 30, 66.7%; χ2

1=65.3,

P<0.0001, N=209).

Interspecific comparisons within genera

No significant differences in flight propensity (χ2
2=1.50, P=0.47, N=179) were

found among the three Encarsia species.  Vertical flight frequency did differ, however,

between the two Eretmocerus species (χ2
1=5.94, P=0.01; N=86), with Er. nr. emiratus

females showing a greater propensity for flight than those of Er. eremicus (66.7%
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compared to 39.2%).  No significant differences in EFD were observed between Er.

eremicus and Er. nr. emiratus individuals using either data from the EE1 (t17=0.12,

P=0.90) or EE2 trials (t19=1.77, P=0.09).

Egg load and flight propensity within species

In all four species tested, egg load did not significantly correlate with the

propensity of female parasitoids to engage in vertically oriented flight (Table 2).  This

finding holds if egg load is modeled either alone or after correction for body size.

Egg load and effective flight distance (EFD) in Eretmocerus eremicus

Female parasitoids from the EE1 trial showed suggestive, but not significant,

evidence of a positive relationship between egg load and EFD (Fig. 2A; Table 3: EL

alone).  Hind tibia length (Fig. 2B) as a lone explanatory variable does not correlate well

with EFD in females from the EE1 trial (Table 3: HTL alone).  When these two variables

are modeled together in a multiple regression model (F2,7=8.11, P=0.02, R2=0.70),

however, a significant positive relationship exists between egg load and EFD (Table 3:

EL with HTL), while hind tibia length correlates negatively with this flight parameter

(Table 3: HTL with EL).  This translates to an estimated 14.6% increase in median EFD

(95% CI 5.8% to 24.2%) for each egg carried, while a 0.01-mm increase in hind tibia

length relates to an estimated 34.4% reduction in median EFD (95% CI 5.5% to 54.6%).

Analysis of data from the EE2 trial illustrates a different relationship between egg

load and EFD.  In these wasps, egg load and EFD showed a strong negative correlation
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(Fig. 2C; Table 3: EL alone), such that carrying one more egg leads to a 13.8% decrease

in median EFD (95% CI 5.4% to 21.4%).  As with the EE1 data set, hind tibia length

alone did not correlate significantly with EFD (Fig. 2D; Table 3: HTL alone).  When the

effects of egg load and hind tibia length on EFD are modeled together (F2,12=5.92,

P=0.02, R2=0.50), a significant decrease in median EFD is observed with increasing egg

load (Table 3: EL with HTL; estimate: 12.5% per 1-egg increase [95% CI 2.6% to

21.3%]), but no significant correlation exists between EFD and hind tibia length (Table 3:

HTL with EL).

It should be noted that the positive egg load-EFD correlation detected using EE1

data is heavily influenced by data from a single female (egg load = 70; EFD = 280.47m).

If this individual is excluded from the analyses, then no significant relationship between

egg load and EFD is found (simple linear regression, t7=-0.52, P=0.62), and the multiple

regression whole model is no longer significant (F2,6=1.00, P=0.42).

Discussion

Comparisons between Encarsia and Eretmocerus

Despite foraging for common hosts, Encarsia and Eretmocerus parasitoids

possess very different reproductive life histories.  In a study of Bemisia parasitoids, Qiu

et al. (2004) found that female Er. eremicus and Eretmocerus mundus Mercet exhibit

rapid reproduction during the first day of adult life followed by a much lower rate

thereafter.  This contrasts with results for En. formosa, which maintains a low oviposition
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rate throughout adult life.  These divergent strategies could, in part, explain the variation

in flight propensity observed between the two genera in this study.  The naïve females

used here were studied at an age likely more closely aligned to peak reproduction for

Eretmocerus spp. than for Encarsia spp.  This increased time limitation possibly led to a

higher drive on the part of the former to quickly leave the “sink” habitat of the holding

tube to locate hosts.

Increased flight incidence with time-limited reproduction may be a general

phenomenon across the parasitoid Hymenoptera.  Among aphid parasitoids, aphidiine

braconids (OI ~ 0.7; Jervis et al., 2001) often forage by flight (Powell et al., 1998;

Guerrieri et al., 2002), while strongly synovigenic Aphelinus spp. tend to search for hosts

by walking (Mason and Hopper, 1997).  In addition, field studies of Anagrus epos Girault

(a pro-ovigenic species) indicated strong downwind dispersal and female-bias in new

patch colonization (Corbett and Rosenheim, 1996).  Finally, short-lived female fig wasps

(Agaonidae) frequently engage in long distance, wind-aided flights (Compton et al.,

2000; Harrison and Rasplus, 2006).  Given the biological diversity within this taxon,

however, adequate testing of this hypothesis is possible only through analyses of large

data sets that correct for phylogenetic relatedness and other confounding factors.

It is important to note that, in this study, females of examined species were

collected from laboratory cultures of different ages.  Longer colony ages could increase

the likelihood of laboratory selection against dispersal.  In addition, not all trials were

conducted concurrently, and thus different conditions across trials could have contributed

to the interspecific variation observed.  Finally, it is possible that the five species have
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different diurnal activity peaks.  In light of these concerns, we offer several lines of

evidence to support the robustness of our findings: (1) significant differences in flight

propensity between the two genera are observed even if analyses are restricted to

concurrent studies of the two youngest colonies (i.e., En. sophia colony [~1 yr. old]

versus Er. nr. emiratus colony [~ 2 yr. old]; χ2
1=28.4, P<0.0001, N=85), (2) mass-reared

Er. eremicus females disperse effectively in the field (Bellamy and Byrne, 2001), and (3)

bias towards afternoon dispersal in En. formosa disappears under the ‘long day’ (16:8

LD) conditions used in this study (Ekbom 1982).

Reproductive effort and dispersal capacity within species

For all species examined in this study, egg load did not correlate with vertical

flight propensity.  Egg load also had no effect on patch residence time in the braconid

Asobara tabida Nees (Thiel and Hoffmeister, 2004), suggesting that this may be a

general trend in parasitoid wasps.

When comparing data from the two Er. eremicus trials, we found a marked

difference in the correlations between EFD and egg load.   Females from the EE2 trial

showed an antagonistic oögenesis-flight relationship, suggesting that flight-related costs

exist for females with high reproductive investment.  In the EE1 trial, however, it appears

that factors may have led to relatively increased benefits for and/or relaxed constraints to

farther distance dispersal with increased reproductive effort.  This appears to have

resulted in either (1) a breakdown in antagonism between these traits or (2) a positive

correlation between them, depending on the inclusion of a statistical outlier.  These
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results suggest both lability and context dependence in the relationship between dispersal

distance and early-life egg maturation in Er. eremicus.

Three measured parameters differed between the two Er. eremicus trials: adult

longevity (6.6d for EE1 versus 10.5d for EE2), flight chamber temperature (25.7ºC for

EE1 versus 29.6ºC for EE2), and flight chamber relative humidity (30.1% for EE1 versus

20.8% for EE2).  The independent effects of these variables cannot be assessed using data

from this observational study.  Therefore, two hypotheses should be considered in

explaining the observed inter-trial variance: (1) increased longevity correlates with higher

dispersal costliness per egg carried, and (2) phenotypic plasticity exists in the oögenesis-

flight relationship, such that environmental changes alter it.  Regardless of the cause,

however, the results of this study suggest that an immutable relationship between

reproduction and dispersal (e.g., an oögenesis-flight syndrome) need not be expected

among conspecific parasitoid wasps.

Implications for biological control

Parasitoid wasps have been used as agents of biological control against hundreds

of insect species (van Driesche and Bellows, 1996).  In addition to its importance in the

evolution of parasitoid life histories, variation in dispersal by female parasitoids could

also affect their efficacy in pest suppression.  In classical biological control, high levels

of dispersal could facilitate the establishment of an exotic parasitoid species within the

area of release.  On the other hand, extreme levels of dispersal could hinder parasitoid

establishment by reducing parasitoid population sizes and hindering mate location (i.e.,
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the Allee effect).  Dispersal could also negatively impact augmentative biological control

under open-field conditions, as parasitoids can emigrate from the release site prior to

reproduction (Collier and Van Steenwyk, 2004).  Regardless of the specific management

strategy, vertical flight chamber techniques, such as those employed here, could be

especially valuable for researchers involved in parasitoid screening, for the data gathered

could aid in pre-release predictions of natural enemy dispersal patterns.

Bemisia tabaci is a worldwide pest of crop and ornamental plants (Naranjo and

Ellsworth, 2001).  Despite successful efforts in enclosed agriculture (Hoddle et al., 1998;

Gerling et al., 2001), augmentative biological control attempts under open-field

conditions using Er. eremicus have not met with the same success (Bellamy et al., 2004).

A major part of this failure appears to be emigration by female wasps.  The results of this

study may help management efforts for this pest in two non-exclusive ways: (1)

information about intergeneric variation in flight propensity may inform selection of

agents for open-field releases, and (2) knowledge of context dependence in the

oögenesis-flight relationship of Er. eremicus may help lead to the development of rearing

and release strategies that permit behavioural manipulation to maximize female

persistence.
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List of symbols and abbreviations

EFD = effective flight distance; EL = egg load; HTL = hind tibia length; IRE = initial

reproductive effort; OI = ovigeny index; RH = relative humidity



92

Acknowledgements

We thank M.S. Hunter, D.R. Papaj, R.L. Smith, and D.E. Wheeler for reviewing an

earlier draft of this manuscript.  M.S. Hunter graciously provided the parasitoids and

environmental chamber space needed to conduct this study.  S.E. Kelly and J. Garcia

provided invaluable assistance in parasitoid colony management.  C.R. Bartlett and C.A.

Schmidt aided in the collection of flight chamber data.  Early discussions with D.E.

Bellamy were greatly helpful in the design and execution of these experiments. This work

was partially supported by University of Arizona CALS IPM Grant 570723.



93

References

Asplen, M.K. and Byrne, D.N. (2006). Quantification and ultrastructure of oosorption in

Eretmocerus eremicus (Hymenoptera: Aphelinidae). J. Morphol. 267, 1066-1074.

Bellamy, D. E. and Byrne, D.N. (2001). Effects of gender and mating status on self-

directed  dispersal by the whitefly parasitoid Eretmocerus eremicus. Ecol.

Entomol. 26, 571-577.

Bellamy, D.E., Asplen, M.K. and Byrne, D.N. (2004). Impact of Eretmocerus eremicus

(Hymenoptera: Aphelinidae) on open-field Bemisia tabaci (Hemiptera:

Aleyrodidae) populations. Biol. Control 29, 227-234.

Blackmer, J.L. and Byrne, D.N. (1993). Flight behaviour of Bemisia tabaci in a vertical

flight chamber: effect of time of day, sex, age and host quality. Physiol. Entomol. 18,

223-232.

Blackmer, J.L. and Cross, D. (2001). Response of Eretmocerus eremicus to skylight

and plant cues in a vertical flight chamber. Entomol. Exp. Appl. 100, 295-300.

Byrne, D. N., Rathman, R.J., Orum, T.V. and Palumbo, J.C. (1996). Localized migration

and dispersal by the sweet potato whitefly, Bemisia tabaci. Oecologia 105, 320-328.

Collier, T. and Van Steenwyk, R. (2004). A critical evaluation of augmentative

biological control. Biol. Control 31, 245-256.

Collier, T., Kelly, S. and Hunter M. (2002). Egg size, intrinsic competition, and lethal

interference in the parasitoids Encarsia pergandiella and Encarsia formosa. Biol.

Control 23, 254-261.

Compton, S.G., Ellwood, M.D.F., Davis, A.J. and Welch, K. (2000). The flight heights



94

of chalcid wasps (Hymenoptera, Chalcidoidea) in a lowland bornean rain forest:

Fig wasps are the high fliers. Biotropica 32, 515-522.

Corbett, A. and Rosenheim, J.A. (1996). Quantifying movement of a minute parasitoid,

Anagrus epos (Hymenoptera: Mymaridae), using fluorescent dust marking and

recapture. Biol. Control 6, 35-44.

Donnell, D.M. and Hunter, M.S. (2002). Developmental rates of two congeneric

parasitoids, Encarsia formosa and E. pergandiella (Hymenoptera: Aphelinidae),

utilizing different egg provisioning strategies. J. Insect Physiol. 48, 487-493.

Ekbom, B.S. (1982). Diurnal activity patterns of the greenhouse whitefly, Trialeurodes

vaporariorum (Homoptera, Aleyrodidae) and its parasitoid Encarsia formosa

(Hymenoptera, Aphelinidae). Prot. Ecol. 4, 141-150.

Godfray, H.C.J. (1993). Parasitoids: Behavioral and Evolutionary Ecology. Princeton

University Press, Princeton.

Guerrieri E., Poppy, G.M., Powell, W., Rao, R. and Pennacchio, F. (2002). Plant-to-

plant communication mediating in-flight orientation of Aphidius ervi. J. Chem.

Ecol. 28, 1703-1715.

Harrison, R.D. and Rasplus, J-Y. (2006). Dispersal of fig pollinators in Asian tropical

rain forests. J. Trop. Ecol. 22, 631-639.

Hoddle, M.S., Van Driesche, R.G., Sanderson, J.P. and Minkenberg, O.P.J.M.

(1998). Biological control of Bemisia argentifolii (Hemiptera: Aleyrodidae) on

poinsettia with inundative releases of Eretmocerus eremicus (Hymenoptera:

Aphelinidae): Do release rates affect parasitism? Bull. Entomol. Res. 88, 47-58.



95

Hunter, M.S. and Kelly, S.E. (1999). Hyperparasitism by an exotic

autoparasitoid: Secondary host selection and the window of vulnerability of

conspecific and native heterospecific hosts. Entomol. Exp. Appl. 89, 249-259.

Jervis, M.A. and Ferns, P.N. (2004). The timing of egg maturation in insects: ovigeny

index and initial egg load as measures of fitness and of resource allocation. Oikos

107, 449-460.

Jervis, M.A., Heimpel, G.E., Ferns, P.N., Harvey, J.A. and Kidd, N.A.C. (2001).

Life-history strategies in parasitoid wasps: a comparative analysis of 'ovigeny'. J.

Anim. Ecol. 70, 442-458.

Jervis, M.A., Ferns, P.N. and Heimpel, G.E. (2003). Body size and the timing of egg

   production in parasitoid wasps: a comparative analysis. Funct. Ecol. 17, 375-383.

Jervis, M.A., Boggs, C.L. and Ferns, P.N. (2005). Egg maturation strategy and its

associated trade-offs: a synthesis focusing on Lepidoptera. Ecol. Entomol. 30,

359-375.

Johnson, C.G. (1969). Migration and Dispersal of Insects by Flight. London: Methuen

& Co Ltd.

Kennedy, J. S. and Booth, C.O. (1963). Free flight of aphids in the laboratory. J. Exp.

Biol. 40, 67-85.

Mason, P.G. and Hopper, K.R. (1997). Temperature dependence in locomotion of the

parasitoid Aphelinus asychis (Hymenoptera: Aphelinidae) from geographical

regions with different climates. Environ. Entomol. 26, 1416-1423.

Naranjo, S.E. and Ellsworth, P.C. (2001). Special Issue: Challenges and opportunities



96

for pest management of Bemisia tabaci in the new century. Crop Prot. 20, 707.

Powell, W., Pennacchio, F., Poppy, G.M. and Tremblay, E. (1998). Strategies

involved in the location of hosts by the parasitoid Aphidius ervi Haliday

(Hymenoptera: Braconidae: Aphidiinae) Biol. Control 11, 104-112.

Qiu, Y.T., van Lenteren, J.C., Drost, Y.C. and Posthuma-Doodeman, C.J.A. (2004).

Life-history parameters of Encarsia formosa, Eretmocerus eremicus and E.

mundus, aphelinid parasitoids of Bemisia argentifolii (Hemiptera: Aleyrodidae).

Eur. J. Entomol. 101, 83-94.

Sappington, T. W. and Showers, W.B. (1992). Reproductive maturity, mating status,

and long-duration flight behavior of Agrotis ipsilon (Lepidoptera, Noctuidae) and

the conceptual misuse of the oögenesis flight syndrome by entomologists.

Environ. Entomol. 21, 677-688.

Thiel, A. and Hoffmeister, T.S. (2004). Knowing your habitat: Linking patch-encounter

rate and patch exploitation in parasitoids. Behav. Ecol. 15, 419-425.

Van Driesche, R. and Bellows, T.S. (1996). Biological Control. New York: Chapman

and Hall.

Wheeler, D.E. (1996). The role of nourishment in oogenesis. Annu. Rev. Entomol. 41,

345-369.

Zar, J.H. (1984). Biostatistical Analysis, 2nd Edition. Englewood Hills, NJ: Prentice Hall,

Inc.



97

Figure legends

Fig. 1.  Cross-sectional diagram of a vertical flight chamber.  Individually released

insects fly vertically toward a mercury vapour lamp (i.e., skylight cue; B).  Airflow is

generated by a squirrel cage fan (D) and adjusted by the manual manipulation of aperture

(C) size with a handle (H).  This creates downward flow through a series of baffles (E)

sufficient to maintain a stable flight position in the insect (F).  Airspeed (m/s) is

monitored (once per s) throughout the entire flight duration with an anemometer (G)

attached to a laptop computer (I).  In migration studies, a green light cue (A) is used to

measure vegetative cue responses.  After Blackmer and Byrne (1993).

Fig. 2.  Plots of log (ln) transformed effective flight distance (EFD) data for Eretmocerus

eremicus females from the EE1 (N=10) and EE2 (N=15) trials. Explanatory variables and

trials are as follows: (A) egg load (EE1), (B) hind tibia length (EE1), (C) egg load (EE2),

and (D) hind tibia length (EE2).  See the text and Table 3 for statistical results.
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Figures

Fig. 1.
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Fig. 2.
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Tables

Table 1. Summary statistics from vertical flight chamber studies of 1-d-old females of the

five tested parasitoid species.  The numbers of flights used to determine EFD descriptive

statistics are in parentheses (note that Encarsia spp. exhibit a much lower flight

propensity compared to Eretmocerus spp.).  En. = Encarsia, Er. = Eretmocerus

Species
Flight

Propensity
Median

EFD
EFD

Range

En. formosa (EF1) 4.8% 55.8m (1) N/A

En. formosa (EF2) 0.0% N/A N/A

En. pergandiella (EP1) 8.1% 41.1m (4) 28.8 – 138.3m (4)

En. pergandiella (EP2) 2.3% 30.23m (1) N/A

En. sophia 10.9% 36.8m (3) 19.8 – 52.9m (3)

Er. eremicus (EE1) 23.6% 10.8m (11) 5.1 – 280.5m (11)

Er. eremicus
(EE2)

39.2% 44.1m (16) 0.8 – 641.5m (16)

Er. nr. emiratus 66.7% 12.0m (8) 2.8 – 109.9m (8)
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Table 2.  Results of logistic regression analyses for flight propensity in the five tested

parasitoid species.   The two Eretmocerus eremicus trials (EE1 and EE2) were analysed

separately.  Data are presented from models in which egg load (EL) and hind tibia length

(HTL) effects were analysed in a single whole model (= with the other variable) or

separate models (= alone).  Results are not reported for non-significant whole models (=

NS; P > 0.05). P-values in bold illustrate significance at α = 0.05.

 En. = Encarsia, Er. = Eretmocerus

Species Variable N χ2 d.f. P

En. pergandiella
EL (alone/with HTL)

HTL (alone/with EL)

22/21

21/21

0.32/NS

2.56/NS

1/NS

1/NS

0.57/NS

0.11/NS

En. sophia
EL (alone/with HTL)

HTL (alone/with EL)

21/21

21/21

0.04/NS

4.21/NS

1/NS

1/NS

0.84/NS

0.04/NS

Er. eremicus
(EE1)

EL (alone/with HTL)

HTL (alone/with EL)

26/26

26/26

1.17/NS

0.47/NS

1/NS

1/NS

0.28/NS

0.49/NS

Er. eremicus
(EE2)

EL (alone/with HTL)

HTL (alone/with EL)

34/34

34/34

0.48/NS

1.69/NS

1/NS

1/NS

0.49/NS

0.19/NS

Er. nr. emiratus
EL (alone/with HTL)

HTL (alone/with EL)

13/13

13/13

0.75/NS

0.50/NS

1/NS

1/NS

0.39/NS

0.48/NS
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Table 3. Results from regression analyses for effective flight distance (EFD) in

Eretmocerus eremicus.  The explanatory variables of egg load (EL) and hind tibia length

(HTL) were examined both in separate simple linear regression models (= alone) and

together in a single multiple regression model (= with the other variable).  See text for

whole model results and relationship estimates.  P-values in bold illustrate significance

at α = 0.05.

Trial Variable t for slope d.f. P

EE1
EL (alone/with HTL)

HTL (alone/with EL)

2.21/4.03

0.05/-2.72

8/7

8/7

0.06/0.005

0.97/0.03

EE2
EL (alone/with HTL)

HTL (alone/with EL)

-3.44/-2.71

-1.74/-0.69

13/12

15/12

0.004/0.02

0.11/0.51


