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Abstract 

Praon unicum Smith (Hymenoptera: Braconidae) is a naturally occurring parasitoid of a 

common highbush blueberry aphid in British Columbia (BC), Ericaphis fimbriata 

Richards (Hemiptera: Aphididae).  The possibility of managing E. fimbriata using P. 

unicum in a mass rearing and release program has been previously suggested, 

however, rearing large numbers of P. unicum on E. fimbriata is not economic or 

practical.  I investigated the consequences of using an alternative host, Myzus persicae 

Sulzer (Hemiptera: Aphididae), grown on pepper plants, to rear P. unicum.  I found that 

rearing on an alternative host for many generations (~20) had a negative influence on P. 

unicum’s ability to oviposit in E. fimbriata; however, the alternative host did not influence 

the total number of offspring that emerged, male:female offspring ratio, offspring 

development time, or offspring size for P. unicum on E. fimbriata.  The implications of 

using an alternative host for mass rearing P. unicum as a management strategy are 

discussed.  

Keywords:  Mass rear and release; natal host; augmentation; biological control. 
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Chapter 1: Introduction 

In this thesis I investigate the possibility of using an alternative host to mass rear 

a common parasitoid in British Columbia (BC), Praon unicum Smith (Hymenoptera: 

Braconidae), of a key aphid pest of highbush blueberry, Ericaphis fimbriata Richards 

(Hemiptera: Aphididae), with the eventual aim of augmenting natural field populations 

and increasing pest suppression early in the season.  It is difficult to maintain highbush 

blueberry Vaccinium corymbosum L. (Ericales: Ericaceae) plants in a suitable condition 

for rearing E. fimbriata all year, therefore, I chose to study whether this parasitoid could 

be reared on an alternative host, the green peach aphid, Myzus persicae Sulzer 

(Hemiptera: Aphididae).  Very little is known about P. unicum, therefore in the thesis I 

investigate the oviposition behaviour of P. unicum in its natural host and assess whether 

this is altered by rearing in an alternative host on a different crop plant.  

Highbush Blueberries in British Columbia 

The small fruit crop V. corymbosum, commonly known as the highbush 

blueberry, is naturally occurring in eastern and northwestern North America (Kloet 1980).  

It is adapted to cooler habitats, although some varieties have been bred to grow in 

warmer climates (Trehane 2004).  Highbush blueberries are perennial plants that require 

winter dormancy for at least 500 hours below 7ºC before undergoing growth during the 

next season (Trehane 2004; Spiers et al. 2006).  Canada accounted for 28% of the 

worldwide blueberry production in 2002, with BC being the second largest producer of 

blueberries worldwide (Ministry of Agriculture and Lands 2003).  The blueberry industry 

has grown very rapidly in BC, increasing by more than double its farm gate value of $20 

million in 1997 up to more than $44 million in 2002 (Ministry of Agriculture and Lands 

2003).  The fresh blueberry market has increased in demand over the years, increasing 

the pressure on growers to keep blueberries unblemished and appearing undamaged.  

As a result, there is very little tolerance for insect pests on blueberries that may reduce 
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blueberry yield and growth, as well as damage the fruit.  Some of the main pests of the 

highbush blueberries in BC are aphids. 

Aphid Pests of Blueberry 

Aphids are a large group of phloem-feeding insects that reproduce 

parthenogenetically during the summer, meaning that they produce live clones of 

themselves without needing a sexual partner.  Aphids have specialized mouthparts 

known as a proboscis that penetrate leaf veins and stems in order to withdraw sugar and 

nitrogen from the plants.  Waste is excreted as a sugar-rich solution, commonly known 

as aphid honeydew.  Through this process the aphids reduce the sugar and nitrogen 

content of the plant, which is required for plant growth; nitrogen is particularly necessary 

for new foliage and fruiting bodies.  As the density of aphids increases, their impact on 

the vitality of the plant increases.  Without any means of management, aphids can 

quickly overwhelm a plant and cause its mortality.  As such, aphids can be of concern in 

agricultural practices, where growers are trying to maximize yields.  One of the most 

common aphids found on V. corymbosum in BC is Ericaphis fimbriata Richards 

(Hemiptera: Aphididae).  Ericaphis fimbriata is of special concern because it vectors the 

Blueberry Scorch Virus (BlScV) (Bristow et al. 2000; Raworth 2004); a Carlavirus that 

was first identified on highbush blueberries in BC in 2000, although it may have been 

present before that (Wegener et al. 2006).  The BlScV is a virus that causes twig 

dieback, necrosis of new leaves and flowers, leaf chlorosis, up to an 85% reduction in 

yields after three years from infection (Bristow et al.. 2000), and can eventually lead to 

plant death.  This is a devastating consequence of BlScV for blueberry growers, as a 

blueberry plant only begins to produce a significant amount of berry biomass after three 

or four years of age (Pritts & Hancock 1985). 

Ericaphis fimbriata is the primary vector of BlScV (i.e. via passive transmission), 

even though it is not considered a very efficient transmitter of the virus (Bristow et al. 

2000; Raworth et al. 2006).  Considering the formation of alate aphids would be an asset 

in any management strategy, as alate morphs migrate between plants, therefore 

enhancing transmission of the virus.  Production of alate E. fimbriata morphs tends to 

occur near the beginning (i.e. May) and end (Sept. – Oct.) of the blueberry growing 
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season, and the proportion of alate aphids increases in a curvilinear function with aphid 

density on flower buds (Raworth 2004).  Current management strategies of aphids, as 

suggested by the BC Ministry of Agriculture and Lands (2009), involve the use of the 

chemical insecticides; Fulfill 50WG (pymetrozine) and Admire 240F/Alias 240SC 

(imidacloprid).  However, both pymetrozine and imidacloprid can be harmful to aquatic 

invertebrates and highly toxic to bees, which are necessary for pollination of the 

blueberry flowers.  Additionally, conventional fields (i.e. use synthetic chemical 

insecticides for management) tend to have a lower abundance of beneficial insects, such 

as parasitoids, compared to organic blueberry farms in BC (Raworth et al. 2008).  As 

such, I propose investigating the potential use of a natural predator for biological control 

of E. fimbriata, which would be less harmful to beneficial insects and non-toxic to the 

environment.  

Parasitoids 

Parasitoids are a group of organisms that rely on a living host for a significant 

portion of their life history.  More specifically, a parasitoid oviposits outside 

(ectoparasitoid) or inside (endoparasitoid) the host.  The offspring consume the host 

over time (as a larva), and eventually pupate, and emerge as new adults.  As a result, 

the host is killed during consumption by the parasitoid offspring.  Koinobiont parasitoids 

tend to oviposit inside the host, as the host continues to grow and feed while the 

parasitoid offspring is growing, which contrasts with idiobiont parasitoids that stagnate 

the growth of the host while the parasitoid offspring feed (Askew & Shaw 1986).  As 

such, parasitoid reproductive strategy will influence optimal host choice behaviour; 

koinobionts will choose hosts that will feed sufficiently and live long enough to support 

the parasitoid offspring through to pupation, whereas idiobionts will choose hosts with 

the highest amount of resources at the time of parasitization. 

There are a number of naturally occurring parasitoid species of E. fimbriata in 

BC, with P. unicum, Aphidius ericaphidis Pike & Stary, sp. nov. (Pike et al. 2011), A. sp., 

and Aphidius ervi Haliday being among the most common (Raworth et al. 2008).  Praon 

unicum is the most abundant parasitoid of E. fimbriata, reaching a peak parasitization 

rate of approximately 12% in organic highbush blueberry fields and 8% in conventional 
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fields in the late summer in BC (Raworth et al. 2008).  Praon unicum is a generalist 

koinobiont parasitoid, with known hosts including Aphis fabae Scopoli, Aphis pomi De 

Geer, E. fimbriata, Myzus persicae Sulzer, and several others (Carroll & Hoyt 1986).  

Praon unicum is also found in north-central Washington, where it has above a 60% 

parasitization rate on aphids of apple orchards (Carroll & Hoyt 1986).  One possible 

explanation for the high parasitization rate was that the apple orchard was ‘sandwiched’ 

between two peach orchards, where P. unicum populations from M. persicae may have 

migrated to the apple orchards.  Regardless of the mechanism, parasitism rates of P. 

unicum in north-central Washington suggest that P. unicum is capable of higher 

parasitization rates than those observed on E. fimbriata on highbush blueberries of BC. 

There could be several potential factors limiting the parasitization rate of P. 

unicum on E. fimbriata on highbush blueberries in BC: lack of habitat, insufficient 

nutritional resources, lack of aphid hosts, hyperparasitoid populations, lack of temporal 

synchronization, aphid resistance, and long development time.  Several of these factors 

could be mitigated through a farm scale mass rearing and release program, where 

parasitoids are reared in large numbers in a greenhouse and released to manage the 

aphid populations that are beginning to flourish in the fields.  It has been proposed that a 

mass rearing and release program early in the season could increase the efficacy of P. 

unicum and help create overlapping generations that would cause continual suppression 

of E. fimbriata on highbush blueberries (Raworth et al. 2008). 

Mass rearing and release 

Mass rearing and release programs for parasitoids have been used for area-wide 

suppression of pests and for use on individual farms.  In 1992, the Mexican Government 

launched the National Campaign Against Fruit Flies; an area-wide management strategy 

to suppress fruit flies of economic importance belonging to the Anastrepha genus 

(Reyes et al. 2000).  As a part of the strategy, the fruit fly parasitoid, Diachasmimorpha 

longicaudata Ashmead, became a part of a mass rearing and release program.  With 

900-1800 parasitoids released per hectare, parasitism rates were as high as 60.7 and 

68.8% in 2001 and 2002, which was considered sufficient suppression of the fruit flies 

(Montoya et al. 2005).  Such a mass rearing program also demands quality control to 
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ensure sustained rearing of high quality and fecund parasitoids (Cancino & Montoya 

2006).  This sort of program requires area-wide participation.  For pests managed on 

smaller-scales, such as aphids on individual farms, smaller-scale introductions of 

parasitoid populations provided by pest management companies can be used for 

management by augmenting natural parasitoid populations. 

A number of biological control companies, such as Applied Bio-nomics, The Bug 

Factory, and Koppert Biological Systems have mass rearing programs of aphid 

parasitoids such as Aphidius colemani Viereck, Aphidius ervi, and Aphidius matricariae 

Haliday, to make them commercially available for growers.  This approach is primarily 

focused on contained and controlled environments such as greenhouses, where 

parasitoid populations can be augmented at regular intervals through the release of the 

commercially reared parasitoids. Through this type of augmentation strategy, parasitoid 

populations can be increased to manage the aphids, or other pests, on the crop of 

interest.  Praon volucre Haliday is also commercially available through a company called 

Viridaxis, located in Europe, where it is used as a preventative strategy against aphid 

populations on cucumbers, sweet peppers, eggplants, tomatoes, strawberries, and 

beans in greenhouses.  The cost of a mass rearing and release program must be 

balanced against the cost (damage) incurred by the pest.  Increasing P. unicum 

populations on E. fimbriata reared on V. corymbosum may not be economically feasible, 

because V. corymbosum is perennial, and requires winter dormancy to remain healthy.  

Vaccinium corymbosum kept in greenhouses with controlled lighting and temperature 

will still tend to show signs of overwintering, thereby reducing plant quality for the E. 

fimbriata, which in turn, results in unstable P. unicum populations over the winter 

(unpublished data, Erfan Vafaie). As such, an alternative host needs to be used to mass 

rear P. unicum throughout the winter for control of E. fimbriata on V. corymbosum.    

Alternative host 

Myzus persicae, commonly known as the green peach aphid, is a generalist 

aphid which can feed on over 400 plant species (Weber, 1985).  Among those hosts are 

Capsicum annuum L. (Solanales: Solanaceae); a species of bell pepper commercially 

grown in BC.  Unlike V. corymbosum, C. annuum can be grown throughout the year in 
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greenhouses, and M. persicae populations can be maintained throughout the winter 

season.  As such, I suggest using M. persicae grown on C. annuum as an alternative 

system for mass rearing of P. unicum.  However, if this system is adopted for mass 

rearing of P. unicum, there may be negative consequences of rearing P. unicum on one 

host exclusively for multiple generations (i.e. ~ 9 generations or more between two 

growing seasons).  Daphnia magna Straus, a planktonic fresh-water crustacean, has 

clones that exhibit different degrees of resistance to its bacterial parasite, Pasteuria 

ramosa Metchnikoff 1888 (Carius et al. 2001).  Additionally, the two populations of P. 

ramosa (from Russia and Germany) demonstrated host-clone-specific infectivity on D. 

magna, which suggests specialization by coevolution of host-parasites from common 

locations (Carius et al. 2001); a result of being exposed to one host for several 

generations.  This same principle applies to parasitoid-host systems.  The pea aphid, 

Acyrthosiphon pisum Harris, occurs in alfalfa (Medicago sativa L.) and clover (Trifolium 

praetense L.) fields in France (native territory) and North America (first noticed in 1870s), 

and A. ervi was later introduced to the United States in 1959 as a biological control of A. 

pisum on several crops (Hufbauer, 2002).  Aphidius ervi from France had a higher 

variation in virulence (i.e. ability to successfully parasitize A. pisum) compared to the 

New York population on both A. pisum populations.  The generally higher virulence 

found in the French A. ervi population may have also been due to a coevolutionary arms 

race that allowed A. ervi populations from France to overcome the defences of A. pisum, 

whereas the New York population had less time and less variation upon introduction in 

North America to adapt to A. pisum (Hufbauer, 2002).   

By producing P. unicum exclusively on M. persicae in a mass rearing program, I 

may be creating an artificial system in which P. unicum may become adapted to M. 

persicae, resulting in lower virulence for other hosts.  As a result, P. unicum may 

optimize its virulence to M. persicae, which may be suboptimal or even detrimental when 

transferred back on E. fimbriata for control. 

My Questions 

In my thesis, I investigate whether rearing P. unicum on a more economic and 

easily reared aphid host than E. fimbriata has any negative consequences on P. unicum 
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fecundity on E. fimbriata.  More specifically, I address whether rearing P. unicum on an 

alternative host will alter: 

1. P.	  unicum	  oviposition	  success	  in	  E.	  fimbriata;	  
2. P.	  unicum	  lifetime	  offspring	  production	  in	  E.	  fimbriata;	  
3. P.	  unicum	  offspring	  sex	  ratio,	  intrinsic	  rate	  of	  increase,	  and	  average	  

generation	  time	  in	  E.	  fimbriata.	  

Chapter two will address oviposition success.  The other metrics measured are 

addressed in my third chapter.  
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Chapter 2: Influence of natal host on oviposition 
success of the parasitoid Praon unicum on the 
aphid Ericaphis fimbriata 

Abstract 

Generalist parasitoids used in biological control of pests are often reared on a single 

species; however, it is important to know whether rearing on a particular host affects the 

ability to parasitize other species.  I determine whether rearing a common generalist 

parasitoid, Praon unicum Smith (Hymenoptera: Braconidae) on an alternative host, 

Myzus persicae Sulzer (Hemiptera: Aphididae), for several generations influences the 

parasitoid’s efficacy to parasitize its natal host, Ericaphis fimbriata Richards (Hemiptera: 

Aphididae), a common aphid pest of highbush blueberries.  Praon unicum from E. 

fimbriata (EF-reared) had higher overall oviposition success than P. unicum from M. 

persicae (GPA-reared) on E. fimbriata.  This difference can be attributed to the first two 

days of oviposition, where the EF-reared parasitoids had significantly more successful 

ovipositions than the GPA-reared P. unicum, suggesting a lag in the GPA-reared 

parasitoid’s ability to produce offspring in E. fimbriata.  There was no significant 

difference in the size of the aphids parasitized by EF-reared or GPA-reared parasitoids.  

Parasitoid body length was positively correlated with overall oviposition success.  There 

was no difference in the size of the eggs oviposited by the parasitoids from the different 

natal hosts.  Parasitoids that developed in the two aphid species showed no difference in 

body length and a variety of other body measurements, ruling out parasitoid size as the 

factor causing the difference in fecundity.  The implications of natal host on parasitoid 

oviposition success and egg size are discussed. 

Keywords: Highbush blueberry; alternative host; fitness correlate; Myzus persicae 
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Introduction 

Generalist parasitoids have the unique challenge of needing to specialize 

sufficiently to take full advantage of the host, but to remain general enough that they are 

capable of parasitizing different species (Egas et al. 2005; Stilmant et al. 2008).  

However, generalist parasitoids that are exposed to a single species for several 

generations may exhibit sub-optimal host choices when confronted with novel species of 

hosts (Henry et al. 2005), and may also suffer a decrease in fecundity due to a lag in 

accepting the new host for oviposition (Morris & Fellowes 2002). 

Koinobiont aphid parasitoids prefer 2nd or 3rd instar aphids (Henry et al. 2005; 

Mackauer et al. 1996; Weisser 1994), as these stages provide sufficient resources for 

parasitoid development, but lack the defensive capability of adults.  Parasitoids are 

capable of discriminating different instars/ages by antennation of the aphid to select the 

optimal host instar for development (Mackauer et al., 1996).  However, the challenge 

faced by generalist parasitoids is that different aphid species may differ in size and thus 

development potential.  A study by Henry et al. (2005) on the foxglove aphid 

Aulacorthum solani Kaltenbach and the koinobiont parasitoid Aphidius ervi Haliday 

showed that parasitoids chose suboptimal hosts when offered a novel host that differed 

in size from its natal host.  Choosing suboptimal hosts led to smaller adult offspring and 

decreased offspring fecundity.  Although such studies prove informative when 

considering host choice of parasitoids of different sizes, they tell us little about the 

effects of the natal hosts, per se, on parasitoid preference when controlling for host size. 

In addition to potentially choosing suboptimal hosts, parasitoids that have 

adapted to particular host species may take longer to accept a novel host, resulting in 

decreased lifetime fitness.  For example, Henry et al. (2008) studied the effect of rearing 

A. ervi on one aphid host species for several generations on its ability to parasitize a 

novel host.  They found that the virulence of the parasitoid larva was lower in an 

alternative aphid host compared to the natal host after the parasitoids were reared for 50 

generations on their respective natal hosts and that host acceptance was a plastic trait, 

which could be altered within a single generation.  Similarly, the generalist idiobiont 

parasitoid, Pachycrepoideus vindemiae Rondani, took longer to accept non-native 

dipteran species than their natal dipteran host in no-choice experiments (Morris & 
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Fellowes 2002).  This study also showed that natal host influenced the duration of 

oviposition events, which could potentially make the parasitoids more vulnerable to 

disturbance.  However, natal host does not always exhibit a strong influence on the 

parasitoid’s oviposition behaviour.  Praon volucre Haliday parasitized a similar number of 

its natal host Sitobium avenae Fabricius and a novel host Metopolophium dirhodum 

Walker (Stilmant et al. 2008) in no-choice experiments, suggesting that some parasitoids 

have an inherent likelihood to parasitize different hosts, which is not strongly affected by 

natal host. 

Suboptimal host choice behaviour and acceptance of novel hosts have important 

implications in biological control programs, where a generalist parasitoid is often reared 

on one host species and then used for control of a range of different targets, reducing 

the need to rear multiple species, or to control target hosts that are difficult to produce in 

large numbers.  As a result, the generalist parasitoid may spend numerous generations 

on an alternative host, and be expected to perform equally well on the chosen target 

species.   

Here, I investigate the effects of an alternative natal host on the oviposition 

success of a generalist parasitoid, Praon unicum Smith (Hymenoptera: Braconidae), 

where I define oviposition success as the number of eggs a parasitoid is able to insert in 

the aphid hosts in a given period of time.  The host range of P. unicum has been studied 

in north-central Washington (Carroll & Hoyt 1986), with very few studies on P. unicum 

published since then.  Interest in this parasitoid has recently increased due to its 

potential use as a biological control agent of aphids on highbush blueberries and many 

common greenhouse aphids (Raworth 2004; Raworth & Schade 2006; Raworth et al. 

2008).  Mass rearing and release programs of P. unicum have been proposed for the 

management of aphids on highbush blueberries, however, the common aphid on 

highbush blueberries, Ericaphis fimbriata Richards (Hemiptera: Aphididae), is not 

practical to rear in large numbers because blueberries require large shelf-space, three to 

four years to mature, and a period of winter dormancy.   As P. unicum can attack a 

range of aphid species, another strategy is to rear it on an alternative host that is easier 

to rear; however, little is known about the effects of using an alternate host to rear P. 

unicum.  In addition to investigating the effect of natal host on P. unicum’s oviposition 

success, I will investigate the physical measurements that may correlate with oviposition 
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success.  Many studies have found physical measurements (i.e. dry mass, hind tibial 

length, head width, and body size) that correlate with different fitness parameters (Ellers 

et al. 1998; Harvey, Harvey, & Thompson 1994; Honek 1993; Lauzière et al. 2000), 

however, there are no published studies to date correlating physical measurements with 

fitness parameters for P. unicum.  Finding a physical correlate of oviposition success 

can potentially help in assessing the fecundity of P. unicum based on physical 

measurements in future studies.  

In this study, I investigate the effect of an alternative natal host, Myzus persicae 

Sulzer (Hemiptera: Aphididae), commonly called green peach aphid, on the fitness of P. 

unicum on E. fimbriata, and on the relationship between parasitoid size and oviposition 

success.  

Specifically, I address the following questions: 

i. What is the influence of natal host on oviposition success of P. unicum on E. 
fimbriata? 

ii. Is there a physical measurement that correlates with oviposition success? 
iii. Does natal host affect the size of the parasitoid eggs?	  

Methods 

Aphid colonies 

E. fimbriata were collected as eggs on the highbush blueberry, Vaccinium 

corymbosum L. (Variety: Duke), from field cages (183 cm x 365 cm x 183 cm; Mesh 

Lumite cage from BioQuip, CA, USA) at the Pacific Agriculture Research Centre (PARC) 

in Agassiz, British Columbia, in the summer of 2008.  They were subsequently reared in 

greenhouses at 18ºC with LD 8:16 h photoperiod in cages (36 cm x 36 cm x 183 cm; 

polyester/nylon mesh rearing & observation cage from BioQuip, CA, USA) containing 

two V. corymbosum (Variety: Duke) plants.  Myzus persicae colonies were initiated from 

a single population residing in a pepper greenhouse in Agassiz, BC in 2002.  In March of 

2008, a subpopulation was reared under similar lighting and temperature conditions as 

the E. fimbriata colonies, but aphids were raised in cups on mature leaves of pepper 

plants, Capsicum annuum L., that had petioles submerged in water through a hole in the 

bottom of the cup to keep them turgid.  When M. persicae densities were high, the 
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population was split into multiple cups with low aphid density to allow continual growth of 

M. persicae populations while decreasing the effect of density on aphid quality. 

Parasitoid colonies 

I reared two distinct and separate colonies of P. unicum on different natal hosts; 

P. unicum on E. fimbriata (EF-reared) and P. unicum on M. persicae (GPA-reared).  In 

the summer of 2008, P. unicum was field collected from highbush blueberries in Agassiz, 

BC as mummies, and introduced into the E. fimbriata cages described above.  Parasitoid 

populations persisted on the aphid populations inside the cages; this constituted the EF-

reared P. unicum colony.  In November 2009, a subset of the parasitoid population from 

the E. fimbriata colony was introduced to cages (61 cm x 61 cm x 61 cm; white polyester 

mesh bug dorm, BioQuip, CA, USA) containing M. persicae on a mature pepper plant.  A 

new pepper plant with additional aphids was introduced weekly and old plants were left 

one week before being removed to allow for some parasitoid emergence to feed back 

into the population; this constituted the GPA-reared P. unicum colony.  Both colonies 

were reared exclusively on their respective aphid hosts.  Below, I define the colony host 

as the natal host for the parasitoid. 

Oviposition success 

The oviposition success of P. unicum from the E. fimbriata and M. persicae 

colonies was examined on E. fimbriata, to investigate whether exclusive rearing on M. 

persicae for nine months (~ 14 generations) or more would affect P. unicum’s ability to 

parasitize E. fimbriata.  A female parasitoid and two male parasitoids (0 - 24 hours old) 

from each colony (P. unicum from M. persicae (N=10) and E. fimbriata (N=10) were 

transferred with a fine brush into a Petri dish containing 30 II/III instar E. fimbriata (which 

appeared to be more than a sufficient number of hosts for P. unicum each day based on 

lab observations), a terminal V. corymbosum leaf, and moist filter paper.  After 24 hours, 

each female was moved into a new Petri dish with another 30 E. fimbriata aphids, 

terminal leaf and moist filter paper, while the aphids and two male parasitoids from the 

previous Petri dish were frozen at -20ºC.  This was repeated until the female was six 

days old, as female survival decreased after this point.  Females were preserved in 70% 

ethanol and refrigerated at 4ºC. 
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Frozen aphids were later dissected under a microscope (Model Wild M8, Wild 

Leitz Canada Ltd., Willowdale, Ontario) to record the number of P. unicum eggs.  In 

effect, I was able to compare age-specific oviposition success between the females from 

the two natal hosts.   

To understand the implications of the difference in the timing of oviposition of 

parasitoids from the two natal hosts, I calculated the average generation time for the 

parasitoids from the two hosts.  Average generation time was calculated by assuming 

equal development time for all parasitoid eggs (i.e. 20 days from oviposition to 

emergence) based on lab observations of P. unicum development time.  I then 

calculated average generation time (AGT) separately for each individual parasitoid from 

the two natal hosts using the following equation: 

𝐴𝐺𝑇 = 20 𝑚! ∙ 𝑥
!

!!!

f 

where x represents the age of the parasitoid, mx represents the oviposition 

success of the parasitoid at age x, f represents the total oviposition success for the 

parasitoid, and 20 represents the assumed development time for a single offspring, from 

the time of ovipisition to emergence. 

Aphids were photographed at 30x magnification (Infinity Camera V:4.2.0, 

Lumenera Corporation, Ottawa, Ontario) and aphid instar was identified prior to 

dissection.  Aphids were dissected in insect saline solution (160 mM NaCl, 10 mM KCl, 4 

mM CaCl2 in dH2O), and eggs stained using 0.1% Methylene Blue (w/v).  Eggs were 

photographed (100x magnification) under a microscope, and length and width of the 

eggs were measured.  Eggs had a general ellipsoid shape, and so I calculated egg 

volume using the equation: 

𝑉 =
4
3
∙ 𝜋 ∙ 𝑎 ∙ 𝑏 ∙ 𝑐 

where ‘a’ represents the half the height of the egg, ‘b’ represents the half the 

width (I assumed a perfect prolate spheroid shape, therefore a and b are equivalent) and 

‘c’ represents half the egg length.   
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Physical Measurements 

Female adults that were frozen in the oviposition success experiment were 

photographed using a Nikon Digital Camera (DXM1200F, Nikon Instruments, Inc.) with 

Nikon ACT-1 software (version 2.70 for Windows, LEAD Technologies, Inc.) under a 

microscope (Nikon SMZ1500, Nikon Instruments, Inc.) at 3x magnification at the end of 

the experiment (day 6).  Body length, head height, head length, wing width, wing length, 

hind tibial length, thorax length, abdominal length, and ovipositor length were measured 

using ImageTool (version 3.00 for Windows, UTHSCSA) that was calibrated using a 

micrometer at 3x magnification under the same microscope for each photographed 

female.  Body length was measured from the point of antennal attachment to the tip of 

the abdomen.  Head height was measured from the point of antennal attachment to the 

point of head attachment to the thorax.  Head length was measured as the distance from 

the mandibles to the furthest distance at the back of the head.  Wing length was 

measured from the point of wing attachment to the furthest point on the wing.  Wing 

width was measured as the widest part of the wing that was perpendicular to the wing 

length transect.  If the female body or body part was damaged, it was not measured and 

consequently removed from the analysis, explaining the differences in replicates for 

physical measurements (Table 1). 

Egg swelling 

I could not find information on the nature of parasitoid egg swelling after 

oviposition in the aphid.  In order to assess whether timing of oviposition (i.e. within 

24hrs) could be a confounding factor affecting egg size due to swelling, single 

parasitoids were placed inside a Petri dish with a blueberry leaf and 10 – 15 E. fimbriata 

aphids.  Parasitoids were observed directly, and aphids removed immediately after 

oviposition.  Some aphids were dissected for egg presence photography immediately 

after oviposition (0hrs; N=22), while others were reared on a blueberry leaf inside a Petri 

dish with moist filter paper for 24 hours (N=16) before dissection.  Photographs were 

used to measure the volume of the eggs using the equation of an ellipsoid as described 

above. 
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Data analysis 

 

Any replicates (female parasitoids) that died prematurely (i.e. after day one) or did 

not produce any eggs were removed from the analysis.  As a result, two replicates from 

the EF-reared treatment were removed; making the final number of replicates ten and 

eight for the GPA- and EF-reared treatments, respectively.   

All statistical analyses were performed using JMP (version 8.0.2 for OSX).  Mean 

number of aphids parasitized, number of ovipositions per female wasp, AGT, and 

physical measurements of the parasitoids were determined to be normally distributed 

based on visualization of the distribution and normal quantile plot.  Egg volume and aphid 

volume were normally distributed after log-transformation. 

Physical measurements, total oviposition success, and number of aphids 

parasitized by parasitoids were compared between the two natal hosts using general 

linear models.  The age-specific oviposition success of parasitoids was compared 

between the natal hosts using a MANOVA repeated measures analysis.  Where the 

assumption for sphericity was not assumed, the Greenhouse-Geisser (G-G) correction 

was used to interpret results.  The G-G correction modifies the F- and P-value by 

multiplying the degrees of freedom by epsilon; as a result, the degrees of freedom have 

decimal values.  Where the assumption of sphericity was assumed, the univariate 

unadjusted epsilon was used.  Oviposition success was compared between the 

parasitoids from the two natal hosts within individual days using t-tests. 

The best predictor of oviposition success was determined using a linear 

regression between the different physical measurements and oviposition success.  The 

physical measurement with the highest r2 value was determined to be the best predictor 

of oviposition success. 

The relationship between parasitoid natal host and parasitoid body length on 

oviposition success was analyzed using a general linear model.  Aphid volume and egg 

volume was averaged for each parasitoid prior to analysis.  The volume of parasitized 

and unparasitized aphids, and egg volume between parasitoids from the two natal hosts 

was compared using general linear models, with parasitoid length incorporated into the 

model as a main effect. 

Power and Least Significant Number (LSN) were calculated for tests where P-

values were nearly significant.  A power analysis is used to test the probability of not 
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committing a Type II error (false negative) and LSN to find the number of samples 

required to have a significant difference between treatments. 

Results 

Effect of natal host on parasitoid size 

None of the body measurements were significantly different between the 

parasitoids from the two natal hosts (i.e. body length, head height, head length, wing 

width, wing length, thorax length, abdominal length, ovipositor length, and hind tibial 

length; Table 1).  Ovipositor length and head length may be the most influenced by natal 

host as they had the lowest P-values of all the other body measurements.  Wing length 

appeared to be the most similar between the parasitoids with the highest P-value, 

suggesting that wing length is relatively robust and consistent between parasitoids from 

different natal hosts.  The similar size in physical proxies between the EF- and GPA-

reared parasitoids indicates that any differences in oviposition success between the 

parasitoids from the two natal hosts are not attributed to any differences in the sizes of 

physical structures. 

Effect of natal host on oviposition success 

Parasitoids from the two natal hosts differed significantly in the total number of 

eggs they oviposited (F1,16=4.63, P=0.047) and showed a strong trend in the number of 

aphids parasitized (F1,16=3.64 P=0.074 Power=0.434 LSN=22), with EF-reared 

parasitoids having the higher values in both cases (Table 2).  Age-specific oviposition 

success met the assumption of sphericity (𝛆=0.995).  There was no significant interaction 

between parasitoid age and natal host on mean age-specific oviposition success 

(F5,80=1.81 P=0.120); however, parasitoid age had a significant effect on oviposition 

success (F5,80=2.42 P=0.043; Figure 1).  Comparisons of individual days showed that 

parasitoids differed significantly in their oviposition success on day 1 (F1,16=9.99, 

P=0.006) and day 2 (F1,16=6.20, P=0.024), with parasitoids from E. fimbriata ovipositing 

more eggs than parasitoids from green peach aphid, but not on any other day 

(F1,16=0.23, P=0.640; F1,16=0.2.38, P=0.143; F1,16=0.07, P=0.798; F1,16=0.60, P=0.448 for 
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days 3 – 6, respectively; Figure 1).  The average generation time was significantly 

shorter for EF-reared parasitoids compared to GPA-reared for the number of successful 

ovipositions (F1,16=5.776 P=0.029) and number of aphids parasitized (F1,16=5.396 

P=0.034).  Some aphids had several eggs in them (i.e. super-parasitism), explaining the 

discrepancy between number of aphids parasitized and number of eggs oviposited by a 

given female parasitoid.  Overall, superparasitism was more common in EF-reared 

parasitoids than the GPA-reared parasitoids (Figure 2).   

Physical measurements and oviposition success  

The only physical measurement that had a positive relationship with oviposition 

success was parasitoid body length (P=0.049, F1,15=4.61, r2=0.339); as such, parasitoid 

body length was used as the main physical measurement to compare the two 

treatments. There was no interaction between female parasitoid length and natal host 

treatment on total eggs oviposited per female (P=0.772 F3,13=0.09).  The lack of 

interaction may have been due to an outlying data point (circled, Figure 3), however, 

there was still no interaction between female parasitoid length and natal host treatment 

on total eggs oviposited per female if the circled data point was removed (P=0.127 

F2,14=2.68). 

Other physical measurements that showed a positive trend with oviposition 

success included wing width (P=0.069, F1,12=4.61 r2=0.250, wing length (P=0.059, 

F1,12=4.35, r2=0.266), thorax length (P=0.087, F1,15=3.36, r2=0.183), and abdominal 

length (P=0.073, F1,15=3.72, r2=0.199).  Oviposition success did not correlate with head 

length (P=0.251, F1,15=1.43, r2=0.087), head height (P=0.581, F1,15=0.318, r2=0.021), 

hind tibial length (P=0.390, F1,15=0.782, r2=0.050) or ovipositor length (P=0.282, 

F1,15=1.24, r2=0.077).   

Parasitoid host size 

Parasitoids reared on the different natal hosts successfully oviposited in similarly-

sized E. fimbriata (F1,16=0.118, P=0.735).  There was no difference between the mean 

size of parasitized and unparasitized aphids for the EF-reared or GPA-reared treatments 

(F1,14=0.355, P= 0.561; F1,18=2.034, P= 0.171) (Table 2).  When considering the effects 

of parasitoid length on aphid size, there was no interaction between treatment and host 
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aphid on the size of unparasitized (F3,13=1.441, P= 0.252) or parasitized aphids 

(F3,13=0.130, P= 0.724).  With the interaction term removed, there was a negative 

relationship between parasitoid length and mean size of unparasitized aphids 

(F2,14=5.164, P=0.039, r2=0.272; Figure 4) and no effect of natal host (F2,14=0.441, 

P=0.517; Figure 3).  However, there was no relationship between parasitoid length and 

mean size of parasitized aphids (F2,14=2.907 P=0.110, r2=0.177), and no effect of natal 

host (F2,14=0.000 P=0.996) (Figure 5). 

Egg size 

There was a trend towards an interaction effect between parasitoid length and 

parasitoid natal host on egg volume by each female (P=0.067, F3,13=4.017).  With the 

interaction term removed, there was a positive influence of parasitoid body length and 

natal host on egg volume (P=0.004, F2,14=11.793, r2=0.462), with no significant 

difference in egg volume between the parasitoids from the two natal hosts (P=0.873, 

F2,14=0.027; Figure 6).  Variation in egg size could have been a result of initial egg size 

at the time of oviposition, or due to egg swelling, as eggs from 0 hrs (0.18 ± 0.03 µm3, 

N=22) after oviposition were significantly smaller than eggs that were measured 24 hrs 

(0.35 ± 0.04 µm3, N=16) after oviposition (P<0.001, F1,36=15.60). 

Discussion 

Parasitoid size 

Many studies use different physical parameters to approximate fitness of 

parasitoids.  Parasitoid dry mass (Honek 1993), hind tibial length (Ellers et al. 1998; 

Harvey et al. 1994), head width (Harvey et al. 1994), wing length (Visser 1994), and 

body size (Lauzière et al. 2000), have been shown to correlate positively with fitness 

proxies (Roitberg, et al. 2001), such as number of offspring produced.  This study also 

showed total oviposition success to be correlated with parasitoid body length.  To study 

the effect of natal host on parasitoid fecundity, the sizes of the parasitoids from the two 

natal hosts need to be considered.  In this study, I found that the physical measurements 

did not differ between the parasitoids from the two natal hosts, which rules out the effect 
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of parasitoid size on successful oviposition, giving this study a unique understanding of 

the effects of natal host on parasitoid oviposition success. 

Effect of natal host on fecundity 

The P. unicum reared on E. fimbriata had a higher total oviposition success in E. 

fimbriata than the parasitoids that developed in M. persicae.  The difference in 

oviposition success decreased when the number of aphids parasitized was considered, 

due to the higher rate of superparasitism in the EF-reared parasitoids.  This could 

potentially have resulted from of a lack of aphid hosts in two highly fecund parasitoids in 

the EF-reared treatment. The main difference in oviposition success between the 

parasitoids from the different natal hosts occurred over the first two days.  This could be 

important in the context of biological control, where earlier offspring production can result 

in earlier suppression of the aphid pest.  I discuss timing of offspring emergence in its 

relevance to management of aphid populations in the next chapter.   

The reason for the discrepancy in fecundity, especially during the first two days 

of the parasitoids’ life, may be due to host fidelity; a potential result of the chemical 

legacy hypothesis (Corbet 1985).  The chemical legacy hypothesis proposes that insect 

oviposition preference can be directly influenced by larval experience.  Although I had 

no-choice experiments, the low fecundity of the GPA-reared parasitoids in the first two 

days may be explained by a lack of proclivity towards E. fimbriata, and as such, a period 

of time was required for the parasitoid to accept the novel host.  Similar effects have 

been demonstrated in a study with Pachycrepoideu vindemiae, a generalist parasitoid of 

Drosophila melanogaster, where the parasitoid took less time to accept hosts that were 

conspecific to their natal host than another species in no-choice experiments (Morris & 

Fellowes 2002).  In multiple-choice experiments, the generalist parasitoid Aphidius 

colemani preferred the aphid-plant complex on which they had been reared (Storeck et 

al. 2000); a preference that was lost when parasitoids were dissected out of the mummy 

prior to adult emergence.  This preference is learned by chemical cues associated with 

the mummy upon parasitoid emergence (Hérard et al. 1988; Storeck et al. 2000), which 

supports the chemical legacy hypothesis; adult behaviour can be influenced by events 

before or during insect eclosion (Corbet 1985).  These theories provide support for why 

the GPA-reared parasitoids may have initially taken longer to oviposit in the aphids, and 
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eventually, through positive feedback of some ovipositions in the novel host, were able 

to learn and adapt to the new host, as has been demonstrated in other parasitoids (Vet 

& Groenewold 1990). 

Host size 

EF- and GPA-reared parasitoids demonstrated no overall difference in the size of 

the aphids that they successfully parasitized.  When I analyzed the relationship between 

parasitoid length and aphid volume, I found no significant relationship between them.  

This may seem contradictory to the work done by Henry et al. (2006), which showed that 

parasitoids tend to pick aphids relative to their own body size; however, our experiment 

was not designed to test specifically for aphid size preference.  As such, it is quite 

possible that an appropriate range of aphid sizes were not made available to the 

parasitoids.  However, I found a negative linear relationship between volume of 

nonparasitized aphids and parasitoid length, which supports the notion that larger 

parasitoids do not parasitize smaller aphids.  More investigation on aphid size 

preference and natal host influences would need to be performed to provide more 

supportive results.  

Studies with Aphidiinae wasp shows that the relationship between parasitoid 

offspring size and aphid host size are not linearly correlated (Sequeira & Mackauer 

1992).  Sequeira and Mackauer found that the adult parasitoids emerging from the fourth 

instar aphids were smaller than the parasitoids emerging from the third instars, 

suggesting that the larger fourth instar aphids were less suitable for parasitoid offspring 

development.  Larger aphids within instars produce larger parasitoid offspring, but at the 

cost of longer development time (Kouamée & Mackauer 1991), making parasitoid 

offspring in larger aphid hosts more prone to predation. 

This adds to the complexity of the effects of natal host on fecundity, as it goes 

beyond the timing of offspring production, but also considers the placement of the 

parasitoid eggs.  In order to know whether the GPA-reared parasitoids were laying eggs 

in better hosts, realized fecundity experiments are required, as well as considerations of 

ecological context, where predators and hyperparasitoids are also involved.  This study 

did not determine the actual effect of natal host on offspring quality, as parasitoid 
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offspring were killed when removed from the host; however, realized fecundity is studied 

in a later experiment (Chapter 3). 

Egg size 

Another proxy for offspring quality is egg size; larger eggs often result in larger 

offspring (Awmack & Leather 2002; Bernardo, 1996; Fox 1994), which may or may not 

result in more fit offspring, depending on the ecological context (see Bernardo (1996) for 

a full review).  According to this proxy for offspring quality, the EF- and GPA-reared 

parasitoids oviposited offspring of similar quality, however, true offspring quality is 

difficult to determine in this experiment, as eggs were killed during excision.  Female 

parasitoids have demonstrated the capacity to selectively oviposit haploid (male) 

offspring in lower quality hosts and diploid (female) offspring in higher quality hosts 

(Pandey & Singh 1999).  There are no published data on how to discern diploid from 

haploid parasitoid eggs for P. unicum, which would have been beneficial for determining 

sex allocation behaviour by the parasitoids from the two natal hosts. 

Concluding remarks 

In summary, this study found that natal host has an impact on the number of 

successful ovipositions by P. unicum.  This study also indicates that care needs to be 

taken when using proxies to estimate fecundity, as it would appear that different proxies 

estimate fitness better for some species than others, and even so, there are natal host 

effects that may influence the number and quality of offspring relative to the size of the 

female parasitoid.  Future studies will need to perform the reciprocal cross (i.e. 

performance of EF- and GPA-reared parasitoids on green peach aphids) to further 

understand natal host effects, as well as rearing offspring through to emergence to 

compare sex ratios and offspring quality between parasitoids of different natal hosts.  In 

terms of oviposition success, the use of green peach aphid as an alternative host may 

have a negative influence on the efficacy of P. unicum as a biological control agent for E. 

fimbriata. 
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Table 1.  Measurements of physical parameters of P. unicum reared on M. persicae 
(GPA) or E. fimbriata (EF) in mm (mean ± SE).  

 EF-reared GPA-reared 
P-value 

N* 
F  Mean ± SE Mean ± SE EF GPA 

Body length 1.67 ± 0.06 1.61 ± 0.05 0.469 7 10 0.551 
Head height 0.25 ± 0.01 0.26 ± 0.01 0.713 7 10 0.141 
Head length 0.33 ± 0.01 0.35 ± 0.01 0.134 7 10 2.509 
Wing width 0.64 ± 0.03 0.61 ± 0.02 0.521 6 8 0.437 
Wing length 1.58 ± 0.06 1.58 ± 0.05 0.986 6 8 0.002 
Thorax length 0.50 ± 0.02 0.48 ± 0.02 0.332 7 10 0.101 
Abdominal length 0.87 ± 0.03 0.84 ± 0.03 0.585 7 10 1.004 
Ovipositor length 0.14 ± 0.01 0.12 ± 0.01 0.117 7 10 0.312 
Hind tibial length 0.47 ± 0.02 0.48 ± 0.02 0.755 7 10 0.117 

* N= sample size.  Differences in sample sizes due to damaged body parts which could no longer be 
measured accurately. 
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Table 2.  Differences in fecundity, average generation time (AGT), mean egg volume, 
and size of aphids successfully parasitized between EF- and GPA-reared 
P. unicum on E. fimbriata (mean ± SE).   

 EF-reared GPA-reared 

Eggs oviposited over six days  68.5 ± 8.38a (8) 44.3 ± 7.50b (10) 
Aphids parasitized over lifetime 57.3 ± 6.70a (8) 40.1 ± 5.99a (10) 
AGT for number of eggs 23.1 ± 0.186a (8) 23.7 ± 0.167b (10) 
Egg volume in mm3 x104 2.20 ± 0.15a (8) 2.02 ± 0.14a (10) 
Size of parasitized aphids in mm3 x102 4.06 ± 0.10a (457) 4.43 ± 0.10a (388) 
Size of unparasitized aphids in mm3 x102 4.43 ± 0.08a (757) 4.02 ± 0.07a (1148) 
Size of available aphids in mm3 x102 4.29 ± 0.06a (1214) 4.12 ± 0.06a (1536) 

Sample sizes are denoted in parentheses.  Different letters within rows denote significant differences 
between natal host treatments (P<0.05). 
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Figure 1. Age-specific mean oviposition success of EF-reared and GPA-reared P. 
unicum.  Significant differences between natal hosts within parasitoid age 
are denoted by a star (P<0.05).   
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Figure 2.  Proportion of single (white), double (grey), and triple (black) oviposition events 
for EF-reared and GPA-reared P. unicum. 

 

 

 

 



 

28 

 

 

 

Figure 3.  Relationship between female P. unicum length reared on EF or GPA aphids 
and total eggs oviposited.  The line represents a statistically significant 
linear regression for all of the data. 
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Figure 4. Relationship between female P. unicum length reared on EF or GPA aphids 

and mean volume of unparasitized E. fimbriata.  The line represents a 
statistically significant linear regression for all of the data. 
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Figure 5.  Relationship between female P. unicum length reared on EF or GPA aphids 
and mean volume of parasitized E. fimbriata. 
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Figure 6.  Relationship between female P. unicum length reared on EF or GPA aphids 
and mean of log egg volume.  The line represents a statistically significant 
linear regression for all of the data. 
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Chapter 3: The influence of natal host on the 
lifetime fertility, development time, average 
generation time, and intrinsic rate of increase of 
the parasitoid Praon unicum in the aphid 
Ericaphis fimbriata 

Abstract 

I conducted an experiment to investigate the effect of being reared on Myzus persicae 

Sulzer (Hemiptera: Aphididae) or Ericaphis fimbriata Richards (Hemiptera: Aphididae) on 

lifetime successful emergence of Praon unicum Smith (Hymenoptera: Braconidae) 

offspring from E. fimbriata; what I refer to as lifetime fertility.  Additionally, I looked at 

timing of oviposition and emergence of offspring, offspring development time, and 

intrinsic rate of increase for P. unicum from the two natal hosts.  I found that natal host 

did not have a significant effect on lifetime fertility, age-specific fertility, sex-ratio of 

offspring, age-specific emergence, offspring development time, or intrinsic rate of 

increase.  I found that age-specific fertility for female offspring tended to decline more 

rapidly than male offspring production in parasitoids from both natal hosts; a 

phenomenon that may be a result of sperm depletion.  I found that a rational model best 

fit the pattern of offspring emergence; however, males tended to demonstrate a second 

peak in emergence later in the mother's life.  Findings are discussed in the context of 

using M. persicae as an alternative host for mass rearing and release of P. unicum on E. 

fimbriata. 

Keywords:  Alternative host; fecundity; lifetime fertility; intrinsic rate of increase; average 
generation time 
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Introduction 

The previous chapter investigated the ability of the parasitoid Praon unicum 

Smith (Hymenoptera: Braconidae), reared on two hosts, Ericaphis fimbriata Richards 

(Hemiptera: Aphididae) (EF-reared) or Myzus persicae Suzler (Hemiptera: Aphididae) 

(GPA-reared), to oviposit successfully in the E. fimbriata.  This ability is relevant in the 

context of a mass rearing and release program of P. unicum to manage E. fimbriata, 

where maintaining blueberry cultures in greenhouses is impractical, and as a result, an 

alternative rearing host is adopted.  Rearing host, which I have called natal host, was 

found to have a significant effect on the successful oviposition of P. unicum in E. 

fimbriata; specifically, during the first two days of the parasitoid’s life when EF-reared 

parasitoids had higher oviposition success than GPA-reared females.  I concluded that 

this difference might have been due to learning in the parasitoid, possibly attributable to 

the chemical legacy hypothesis (Corbet 1985).  The GPA-reared parasitoids apparently 

took several days to become familiar with and oviposit in the novel E. fimbriata, whereas 

EF-reared hosts had relatively high oviposition success from the beginning of the 

experiment.  However, oviposition success is just one part of the process and does not 

necessarily translate into successful emergence of offspring; what I define as parasitoid 

fertility.  Praon unicum typically require at least seven days from oviposition to 

mummification, and an additional minimum of eight days before emergence as a new 

adult P. unicum, depending on ambient temperature and aphid host (based on 

observations of our lab colonies).  Several factors, such as aphid host mortality (i.e. ‘host 

suicide hypothesis’; McAllister & Roitberg 1987), aphid quality, aphid host resistance, 

and superparasitism (i.e. multiple eggs in one host) could affect the successful 

emergence of offspring, thereby decreasing P. unicum fertility.  Other factors, such as 

predation, multiparasitism (i.e. multiple eggs from heterospecifics), and hyperparasitism 

could also have an impact on successful emergence of offspring in the field; however, I 

will focus on factors that could potentially impact successful emergence of P. unicum in 

mass rearing. 

The host suicide hypothesis (McAllister & Roitberg 1987) proposes that an aphid 

is more likely to drop from a leaf (which drastically increases the likelihood of mortality 

under certain conditions) when parasitized, if the cost of potential harm to kin is higher 
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than the potential reproduction of the aphid host.  As a consequence of the aphid’s 

suicidal behaviour, parasitoid eggs may not successfully develop into mummies (Chau & 

Mackauer 1997; McAllister & Roitberg 1987; McAllister et al. 1990), thereby reducing 

parasitoid fertility.  Another potential cause of premature aphid host mortality could be 

due to suboptimal choices made by the adult parasitoid.  A number of aphid koinobiont 

parasitoids have difficulty producing offspring from older aphids (i.e. IV instar), due to 

higher defensive capability in older aphids (i.e. kicking), competition with aphid embryos 

for resources, and the possibility of a stronger physiological immune response (Chau & 

Mackauer 2001; Colinet et al. 2005; Henry, et al. 2005; Walker & Hoy 2003).  

Additionally, older pea aphids, Acyrthosiphon pisum Harris, were six times more likely to 

drop off a leaf in the presence of a parasitoid than was a first instar, which lowers 

survival significantly, and 16 times more likely to drop off when attacked by the 

parasitoid, Monoctonus paulensis Ashmead (Aphidiinae), compared to a first instar 

(Chau & Mackauer 1997).  However, the degree and range (i.e. distance between the 

aphid and the predator) of disruption is at least partially dependent on the parasitoid 

species (Henry et al. 2010).  Parasitoids also avoid aphids that are too young, as young 

aphids do not have the resources to support development of the parasitoid offspring.  

Aphidius ervi Haliday allocates a smaller proportion of females to younger instars, and 

produces lower quality offspring, as determined by dry mass of emerging females (Henry 

et al. 2005).  Development time for A. ervi oviposited in first-instar pea aphids is also 

longer than A. ervi in second-instar aphids (Sequeira & Mackauer 1992b), thereby 

increasing the chance of predation or mortality of the aphid before parasitoid larval 

pupation.   

The Aphidiinae parasitoid, A. ervi, has demonstrated optimal host choice 

behaviour by measuring and selecting the optimally sized aphid host relative to the size 

of the female wasp (Henry et al. 2006).  However, when faced with a new species, a 

female A. ervi may select a suboptimal host instar, thereby reducing the proportion of 

ovipositions resulting in mummification, a decreasing development time, and decreasing 

mean proportion that emerge (Henry et al. 2005).  A change in bias towards female 

offspring, depending on instar parasitized, was also observed with parasitization of 

younger instar aphids, resulting in fewer female parasitoid offspring being produced.  In 

addition to ovipositing in optimal hosts, parasitoids need to have evolved optimal 
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virulence of their offspring; the death of the aphid is required for the parasitoid larva’s 

development to continue.  When the generalist parasitoid, A. ervi, was reared on A. 

pisum for 50 generations, the parasitoid offspring showed a decrease in virulence when 

exposed to a novel host, Aulacorthum solani Kaltenbach (Henry et al. 2008), resulting in 

greater resistance to mummification by the aphid host.  As a result, introduction of 

parasitoids to a novel host, as opposed to the natal host, can lead to a lower proportion 

of eggs actually maturing to mummified aphids.  Very few studies have looked at the 

effect of rearing a parasitoid on a single host for multiple generations on the parasitoid’s 

ability to parasitize a novel host; an area of study that should receive more attention in 

relation to the commercial development of generalist parasitoids and mass rearing 

programs (see Henry et al. 2010 for exception). 

A common immunological defence in insects against large foreign bodies, such 

as parasitoid eggs, is encapsulation, resulting in the accumulation of layers of 

haemocytes around the foreign body.  Evidence for encapsulation of parasitoid eggs has 

yet to be shown in aphids (Ferrari et al. 2001; Gerardo et al. 2010; Henter 1995; 

Kraaijeveld & van Alphen 1994; Laughton et al. 2011; Oliver et al. 2010; Le Ralec et al. 

2010).  Acyrthosiphon pisum has demonstrated the ability to form melanotic capsules in 

response to Sephadex beads; however, the response was found mostly near the 

injection site and no haemocytes were bound to the beads (Laughton et al. 2011).  As 

such, aphids are thought to have a relatively weak endogenous immune system.  The 

role of secondary endosymbionts in aphid resistance to parasitoids has advanced 

substantially in the past decade (Moran et al. 2005; Oliver et al. 2010; Sandström et al. 

2001).  Three main secondary endosymbionts for aphid defence have been identified: 

Hamiltonella defensa, Serretia symbiotica, and Regiella insecticola. These vertically 

transmitted secondary endosymbionts have all shown a possible role in the defence 

against parasitoid larva in aphids (Oliver et al. 2006, 2008; Vorburger et al. 2010), and 

R. insecticola has shown to also confer resistance to infectious fungi of the pea aphid 

(Scarborough et al. 2005).  The direct mechanism of resistance is not well understood, 

however, it is hypothesized that the secondary endosymbionts prevent resources from 

reaching the developing parasitoid egg or larva (Oliver et al. 2005).  These secondary 

endosymbionts have also been shown to play a role in defending specifically against A. 

ervi and Aphidius eadyi Starý, González & Hall (Ferrari et al. 2004; Oliver et al. 2003) in 
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the pea aphid, but no studies have investigated the presence of these endosymbionts in 

E. fimbriata.  However, secondary endosymbionts demonstrate the capacity for aphids to 

resist the development of parasitoid eggs, thereby decreasing the number of parasitoid 

offspring that actually emerge as a function of oviposition.  

In the previous chapter, there was a disparity between the number of aphids 

parasitized and number of eggs oviposited (total), as P. unicum often superparasitized 

hosts by laying multiple eggs in a single aphid.  In any solitary endoparasitoid, such as 

P. unicum, only one offspring will survive in each host.  Some species of parasitoid 

larvae, such as those from Praon pequodorum Viereck, Aphidius smithi Sharma & 

Subba Rao, and Ephedrus californicus Baker possess mandibles at some point during 

their larval development, typically as first and fourth instars.  Mandibles are used to 

combat heterospecifics, as well as conspecifics (Chorney & Mackauer 1979; Chow & 

Mackauer 1986, 1984; Chow & Sullivan 1984).  Although superparasitism may seem like 

costly or wasteful behaviour by the adult parasitoid, a study on A. ervi found that 

parasitoid offspring from superparasitized hosts gained an average of 14% more dry 

mass, without any increase in development time (Bai & Mackauer 1992). I found that P. 

unicum from E. fimbriata tended to superparasitize E. fimbriata more than M. persicae 

reared wasps in the previous chapter, thereby potentially decreasing fertility of P. unicum 

on E. fimbriata. 

As I am concerned with the use of M. persicae for a mass rearing program of P. 

unicum to manage E. fimbriata, a better understanding of natal host effects on fertility, 

development time, generation time, and offspring size of P. unicum will help me 

understand potential adverse consequences of alternative host rearing.  More 

specifically, in this chapter I address the following questions: 

i. Does	  natal	  host	  have	  an	  effect	  on	  the	  fertility	  of	  P.	  unicum	  on	  E.	  
fimbriata?	  

ii. Does	  natal	  host	  affect	  the	  average	  generation	  or	  development	  time	  in	  
P.	  unicum	  on	  E.	  fimbriata?	  

iii. Does	  natal	  host	  affect	  the	  intrinsic	  rate	  of	  increase	  of	  P.	  unicum	  on	  E.	  
fimbriata?	  

iv. Does	  natal	  host	  affect	  size	  of	  female	  offspring	  in	  P.	  unicum	  on	  E.	  
fimbriata?	  
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Methods 

Aphid colonies 

E. fimbriata were collected as eggs on Vaccinium corymbosum L. (Variety: Duke) 

from field cages (183 cm x 365 cm x 183 cm; Mesh Lumite cage from BioQuip, CA, 

USA) at the Pacific Agriculture Research Centre (PARC) in Agassiz, British Columbia, in 

the summer of 2008.  Ericaphis fimbriata were subsequently reared in greenhouses at 

18ºC with LD 8:16 h photoperiod in cages (36 cm x 36 cm x 183 cm; polyester/nylon 

mesh rearing & observation cage from BioQuip, CA, USA) containing two V. 

corymbosum (Variety: Duke) plants.  Myzus persicae colonies were initiated from a 

single population residing in a pepper greenhouse in Agassiz, BC in 2002.  In March of 

2008, a subpopulation was reared under similar lighting and temperature conditions as 

the E. fimbriata colonies, but aphids were raised in cups on mature leaves of pepper 

plants, Capsicum annuum L., that had petioles submerged in water through a hole in the 

bottom of the cup to maintain turgidity.  When M. persicae densities were high, the 

population was split into multiple cups with low aphid density to allow continual growth of 

M. persicae populations while decreasing the effect of density on aphid quality. 

Parasitoid colonies 

I reared two distinct and separate colonies of Praon unicum on different natal 

hosts: P. unicum on E. fimbriata (EF-reared) and P. unicum on M. persicae (GPA-

reared).  In the summer of 2008, P. unicum mummies were field-collected from highbush 

blueberries in Agassiz, BC, and introduced into the E. fimbriata cages described above.  

Parasitoid populations persisted on the E. fimbriata populations inside the cages (EF-

reared colony).  A subset of the parasitoid population from the E. fimbriata colony was 

introduced to cages (61 cm x 61 cm x 61 cm; white polyester mesh bug dorm, BioQuip, 

CA, USA) each containing M. persicae on a mature pepper plant during, November 

2009.  A new pepper plant with additional aphids was introduced on a weekly basis, and 

old plants were left one week before being removed to allow for some parasitoid 

emergence to feed back into the population to sustain the GPA-reared colony.  Both 

colonies were reared exclusively on their respective aphid.  Below, I define the colony 

host as the natal host for the parasitoid. 
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Lifetime fertility 

Lifetime fertility experiments were performed in three temporal blocks: October 

(2010), May (2011) and August (2011).  The number of generations the GPA-reared P. 

unicum spent exclusively on their host was approximately 18, 29, and 33 generations for 

the October, May and August blocks, respectively (assuming 20-day generation time).   

Clear 12-oz. cups (Conglom Inc., Mississauga, ON) with a hole in the bottom were 

stacked on 9-oz. cups (Conglom Inc., Mississauga, ON) containing water (Figure 1).  

Blueberry shoots containing at least 3 terminal leaves were inserted into the hole, where 

shoots were kept turgid with distilled water in the 9-oz. cups (Figure 1).  Eighty II – IV 

instar and 20 adult E. fimbriata were transferred onto the plant material which is more 

than the maximum number of aphids that P. unicum would be expected to be able to 

parasitize in three days.  A female (0 – 24 hrs old) and two male parasitoids (0 – 24 hrs 

old) from either the EF-reared or GPA-reared colonies were transferred into a cup using 

a fine brush.  Male and female parasitoids were transferred into new cups with 100 

aphids and plant material every 3 days for 21 days.  Four replicates of each treatment 

(i.e. EF- or GPA-reared parasitoids) were carried out in each block.  After 10 days, the 

cups were checked daily for offspring emergence and the number of males and females 

that emerged from each cup was recorded.  The fertility experiment provided a record of 

when eggs were laid (in 3-day intervals) and when offspring emerged, relative to the 

adult parasitoid age.  This information can be used to examine timing of oviposition 

events (i.e. age-specific fertility) and offspring emergence (i.e. age-specific emergence) 

relative to the mother parasitoid’s age.  All offspring were stored in 70% ethanol in a 4ºC 

refrigerator.   

Development time 

As the precise date of oviposition was not known for each offspring, development 

time for each of the offspring was estimated by subtracting the average age of the adult 

parasitoid when it oviposited the offspring (i.e. 1.5 days old in cup 1) from the 

emergence date of each individual offspring.  Mean development time was then 

calculated for male and female offspring for each 3-day interval of the EF- or GPA-

reared parasitoid’s life. 
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Offspring size 

A subsample of the female offspring was photographed using a Nikon Digital 

Camera (DXM1200F, Nikon Instruments, Inc.) with Nikon ACT-1 software (version 2.70 

for Windows, LEAD Technologies, Inc.) under a microscope (Nikon SMZ1500, Nikon 

Instruments, Inc.) at 3x magnification.  Full body length (from point of antennal 

attachment to ovipositor) was measured using ImageTool (version 3.00 for Windows, 

UTHSCSA) that was calibrated using a micrometer at 3x magnification under the same 

microscope.   

Average generation time 

Average generation time (AGT) was calculated using the equation below: 

𝐴𝐺𝑇 =    (𝑚! ∙ 𝑥)
!"

!!!

f 

where x represents the age of the adult parasitoid in days, mx represents the 

number of offspring that emerged at time x, and f is the total fertility of the adult.  

Proportion of adult survival (often denoted by lx) was removed from the equation, as 

adults tended to survive till the end for all the replicates.  Our xmax was set to 52, as there 

was no offspring emergence past that age for any of our replicates. 

Intrinsic rate of increase 

Intrinsic rate of increase was calculated using the method by Birch (1948) for 

female offspring of EF- or GPA-reared parasitoids, assuming 100% survival of adult 

parasitoids (as was the case with female adults in our experiments), using the equation: 

𝑚!

!"

!!!

∙ 𝑒 !!∙ !!! = 1 

where x represents the age of the adult parasitoid when the offspring emerged, 

mx represents the number of offspring that emerged at time x, and r represents the 

intrinsic rate of increase.  In order to solve for r, I first calculated an approximation using 

the equation: 
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𝑟! =
ln  (f)
𝐴𝐺𝑇

 

where the variables describe elements that have already been mentioned above, 

and r1 represents the first approximation for the intrinsic rate of increase.  Using this 

approximation, I could estimate a potential second value for r (r2) to solve for the intrinsic 

rate of increase equation.  Using two estimated r-values, I could then calculate an exact 

r using linear extrapolation with the following equation: 

𝑟 =
𝑟! 𝑦! − 1 − 𝑟!(𝑦! − 1)

𝑦! − 𝑦!
 

where r1 and r2 represent the two approximations for intrinsic rate of increase, y1 

and y2 represent the value to the right of the ‘equal’ symbol in the intrinsic rate of 

increase equation, which should be equal to 1, and r represents the exact intrinsic rate of 

increase. 

The intrinsic rate of increase was then used to project the time for each treatment 

(EF- or GPA-reared parasitoids) to reach 1000, 10 000, and 100 000 individuals, 

assuming unrestricted growth of a starting population of one female using the equation: 

𝑑𝑁
𝑑𝑡

= 𝑟𝑁 

where N represents the population of female parasitoids. 

Data analysis 

Any replicates (female parasitoids) that failed to produce any female offspring 

were removed from analysis, as they were presumably not fertilized.  There were no 

replicates where no male offspring were produced.  As a result, three replicates from the 

GPA-reared treatment and five from the EF-reared treatment were removed, reducing 

the number of replicates from 12 to 9 and 7, for GPA- and EF-reared treatments, 

respectively. 

Normality was examined by visual observation of the distribution plot and normal 

quantile plot.  The experimental ‘block’ was always factored in as a random effect, 
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except in the repeated measures analyses, where it was included as a main effect.  

Lifetime fertility data were normally distributed, as was the proportion of females 

produced by each adult parasitoid.  Offspring sex ratio was calculated by dividing the 

number of female offspring by total number of offspring (i.e. male and female) produced 

by each adult parasitoid.  Lifetime fertility and proportion of females produced were 

compared between EF- and GPA-reared parasitoids using general linear models in JMP 

(version 8.0.2 for OSX).   

Age-specific fertility data were normally distributed.  The age-specific fertility of P. 

unicum from the two natal hosts was compared using a MANOVA repeated measures 

analysis in JMP (version 8.0.2 for OSX).  Where assumptions of sphericity were not met, 

the Greenhouse-Geisser (G-G) correction was used to interpret results, as epsilon 

values were below the 0.75 – 1 range recommended for the Huynh-Feldt correction, and 

significance levels were not different between either correction.  The G-G correction 

modifies the F- and P-value by multiplying the degrees of freedom by epsilon; as a 

result, the degrees of freedom have decimal values. 

The best model to fit day-specific emergence data was determined using Akaike 

information criterion (AICc) for all non-linear models available (36) in CurveExpert 

Professional (version 1.2.1 for OSX), and the coefficient of determination was calculated 

for the best model (lowest AICc value) using GraphPad Prism (version 4.03 PC). 

Mean development times were normally distributed.  Mean development times of 

male, female, and total offspring of EF- and GPA-reared parasitoids, were compared 

using standard general linear model in JMP (version 8.0.2 for OSX).  Development time 

of offspring for early adult parasitoid life (i.e. 1 – 9 days old) and later parasitoid life (i.e. 

10 – 21 days old) were compared using repeated measures as described for the age-

specific fertility analysis; however, sphericity was assumed by definition, as there were 

only two time points.   

The size of female offspring from EF- and GPA-reared parasitoids was compared 

using a general linear model in JMP (version 8.0.2 for OSX), with replicate nested within 

natal host treatment.  
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AGT was calculated separately for each replicate, and compared between EF- 

and GPA-reared parasitoids using a general linear model in JMP (version 8.0.2 for 

OSX).   

Results 

Lifetime fertility 

Natal host did not have a significant effect on lifetime fertility of P. unicum 

(F1,14=0.206, P=0.657).  The GPA-reared parasitoids had a similar mean lifetime fertility 

to the EF-reared parasitoids (138 ± 15.9 (SE) and 125 ± 18.0 (SE), for GPA-reared and 

EF-reared parasitoids, respectively).  The proportion of females produced by each adult 

female parasitoid was compared, as female offspring play a vital role in the succession 

of the next generation.  There was no significant difference in the proportion of females 

produced by EF- or GPA-reared parasitoids (F1,14=0.069, P=0.796).  The mean 

proportion of females for the EF- and GPA-reared parasitoids was 0.474 ± 0.09 (SE) and 

0.506 ± 0.08 (SE), respectively.   

Age-specific fertility 

Although there was no difference in overall fertility of the parasitoids from the two 

natal hosts, parasitoids from the two natal hosts may have oviposited their male and 

female offspring at different times.  The test for sphericity was violated (P=0.004), as 

such, results were corrected using the Greenhouse-Geisser (G-G) correction (𝛆=0.664).  

There was no interaction between natal host and sex of emerged offspring (F1,26=0.016 

P=0.899).  With the interaction term removed, the test for sphericity was violated 

(P=0.004) and G-G correction was used (𝛆=0.673).  There was no difference in the 

number of males or females produced (F1,27=0.032 P=0.860) and no influence of 

experimental block (F2,27=0.887 P=0.424) on number of offspring produced.  There was 

a significant decrease in offspring produced over the adult’s life (F4.04,109.01=8.480 

P<0.001), with female offspring production decreasing more rapidly than male offspring 

production (F4.04,109.01=4.970 P=0.001; Figure 2a/b).  There was no interaction between 
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parasitoid age and natal host (F4.04,109.011.324 P=0.265) or between parasitoid age and 

experimental block (F4.04,109.01=0.629 P=0.754).  

Offspring size 

Female offspring length did not differ significantly between EF- (1.72 ± 0.02 mm) 

and GPA-reared (1.69 ± 0.01 mm) parasitoids (F15,234=1.401 P=0.247); however, there 

was significant variation between replicates within EF- and GPA-reared parasitoids 

(F15,234=5.689 P<0.001).  The range of parasitoid lengths for the EF- and GPA-reared 

parasitoids were 1.38 – 2.03 mm and 1.30 – 2.06 mm, respectively. 

Development time 

Mean development time of offspring was not affected by natal host of the 

parasitoid (F1,14=0.057, P=0.815); this held true for both male and female offspring 

development time (F1,14=0.061, P=0.808 and F1,14=0.054, P=0.820, respectively; Figure 

3).   

Since parasitoid adults did not produce offspring on aphids in every cup, 

development time was averaged by early life (cups 1 – 3) and later life (4 – 7) in order to 

look for general trends in offspring production.  Two replicates for female production by 

GPA-reared parasitoids were removed from this analysis, because females did not 

produce any female offspring during later life. The timing of the experiment (i.e. block) 

did not have an impact on the development time of male or female offspring (F2,12=0.829, 

P=0.460 and F2,10=0.762, P=0.492, respectively).  There was no relationship between 

natal host and parasitoid age (early/late) on male or female offspring development time 

(F1,,12<0.001, P=0.991 and F1,10=0.804, P=0.391, respectively; Figure 4).  There was no 

relationship between the timing of the experiment (i.e. block) and parasitoid age on 

development time of the male or female offspring (F2,12=1.962, P=0.183 and F2,10=1.619, 

P=0.246, respectively).  Lastly, there was no difference in the development time of male 

or female offspring with parasitoid age (F1,12<0.001, P=0.352 and F1,10=0.804, 

P=0.3911). 
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Day-specific offspring emergence 

The best-fitting three models for the day-specific emergence data were the 

Gaussian, sinusoidal, and rational model.  Based on the Akaike information criterion 

(AICc), the model with the lowest accumulative AICc was the rational model (Table 1), 

as defined by the equation: 

𝑦 =
𝑎 + 𝑏𝑥

1 + 𝑐𝑥 + 𝑑𝑥!
 

where y represents the predicted mean number of emerged offspring, x 

represents the adult parasitoid age, and a, b, c, and d represent estimated values of the 

model to best fit the data.  The model predicted female day-specific emergence better 

than for males (Table 1; Figure 5), as males tended to show a bimodal relationship, 

where a second (smaller) peak of emergence appeared later in the adult parasitoid’s life.   

Average Generation Time 

Average generation time did not differ between offspring from EF- or GPA-reared 

parasitoids (F1,13.18=0.013, P=0.911).  When AGT of male and female offspring were 

separated, there was no significant difference between the parasitoids from the two natal 

hosts (F1,13.26=0.216, P=0.650 and F1,13.24=0.086, P=0.774, respectively; Figure 6). 

Intrinsic rate of increase 

The EF-reared P. unicum had a slightly higher r then GPA-reared P. unicum 

(r=0.1443 and r=0.1428, for EF- and GPA-reared, respectively).  With a starting 

population of one female, both EF- and GPA-reared P. unicum took 53 days to reach 

1000 females and 70 days to reach 10 000 females in their respective populations.  

However, EF-reared P. unicum took one less day (87 days) to reach a population of 100 

000, compared to GPA-reared P. unicum (88 days). 

Discussion 

Mass rearing and release of parasitoids is a common practice for biological 

control of aphids and many species are commercially available.  For a mass rearing 
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program to be viable and economically feasible, an alternative parasitoid host that is 

both easy and efficient for rearing is needed.  This is particularly the case when rearing 

parasitoids for the purpose of managing aphids of perennial plants (e.g.. blueberries), 

which do not readily grow year-round in a greenhouse setting.  However, exposure to a 

single aphid host for several generations may result in selection towards a more 

specialized parasitoid, making the parasitoid potentially less effective at parasitizing the 

host species of interest.  In my study, I tested whether the rearing of P. unicum on a 

more efficiently reared host (M. persicae) for several generations would result in 

specialization that would make it less effective on the host of interest (i.e. E. fimbriata). 

Lifetime fertility 

The results from this study are a tribute to P. unicum’s strong generalist abilities; 

even after numerous generations on an alternative host species, it can reproduce in the 

original host as successfully as individuals that have been continually reared on the 

original host.  Strong generalists may be good predators of several different species of 

aphids, but as a result, lack the specialization to take full advantage of the host; a 

phenomenon called the Jack of all trades hypothesis (Egas et al. 2005). Host 

specialization can result in more efficient use of resources and hosts (Stilmant et al. 

2008).  As an example, A. ervi (a generalist parasitoid) tends to specialize towards a 

particular host by optimizing host choice and virulence of offspring when being reared on 

one particular host for several generations (Henry et al. 2008), making it more fecund on 

its native species compared to a novel species (Henry et al. 2010).  Le Masurier and 

Waage (1993) also showed a similar trend with Cotesia glomerata L. (a lepidopteran 

parasitoid native to Britain found normally attacking the large cabbage white butterfly, 

Pieris brassicae L.) that had been introduced the USA over 100 years ago to manage 

the small cabbage white, P. rapae. The study showed that C. glomerata from Britain and 

USA had higher fecundity on the host of their most recent ancestry, suggesting 

specialization of the generalist parasitoid to the most common host in their habitat.  Even 

after 20 generations, I found no sign of such specialization in P. unicum.  As a result, P. 

unicum may suffer low fecundity compared to other parasitoid species; A. ervi, 

Lysiphlebus delhiensis Subba Rao & Sharma, and Microplitis manila Ashmead, three 

other braconid koinobionts, have demonstrated a mean lifetime fecundity of 777, 271, 

and over 300 offspring per female adult, respectively (Jervis et al. 2008). 



 

49 

Interestingly, there was a steeper decline in the number of females produced with 

parasitoid age, than in the number of males produced, for both EF- and GPA-reared P. 

unicum.  This difference in drop-off rate for male and females may suggest sperm 

depletion in the adult females, which is a phenomenon that has been previously 

documented in female parasitoids (King 2000; Lauzière, et al. 2000).  Like other 

parasitoids, P. unicum females are produced from fertilized eggs (i.e. diploid), where as 

males are haploid (i.e. unfertilized).  Only two males were introduced with each female, 

and once the males died (often before the end of the experiment), they were not 

replaced with new ones, and females may have depleted their stored sperm, resulting in 

a sharper drop in female production. 

The pattern of age-specific fertility for P. unicum was similar to the Type 1 age-

specific realized fecundity, described by Jervis et al. (2008), which would suggest that P. 

unicum is pro-ovigenic; adults emerge with their full set of eggs at the time of eclosion.  

This is similar to findings with Praon volucre Haliday, which found that they are at least 

partially pro-ovigenic (Le Ralec 1995).  As a result, pro-ovigenic parasitoids have their 

highest fecundity early in life, and then it decreases with age; the pattern found in P. 

unicum (Chapter 2, Figure 2).  This contrasts with synovigenic species, which require 

resources for egg production, and as a result, exhibit low fecundity early in life, and 

increase fecundity as resources are acquired.  In order to fully investigate the degree of 

pro-ovigeny, commonly called the ovigeny index, of P. unicum, I would need to dissect 

females just after eclosion and count mature eggs (Appendix B).  The ovigeny index, 

calculated as a ratio of the initial egg load after eclosion over lifetime potential fecundity 

of a parastioid (Jervis et al. 2001), can be useful in understanding whether the parasitoid 

needs to acquire additional resources for egg production or whether the aphid host and 

plant material is most important for the potential number of offspring that P. unicum can 

produce. 

Several studies use different physical measurements to estimate fitness in 

parasitoids.  Some common measurements include dry body mass (Honek 1993), hind 

tibial length (Ellers et al. 1998; Harvey et al. 1994), head width (Harvey et al. 1994), and 

body size (Lauzière, Pérez-Lachaud et al. 2000).  In the previous chapter, I found that 

parasitoid body length was the strongest correlate with oviposition success in P. unicum.  

As such, I used body length to approximate fitness in P. unicum.  Our study indicates 
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that natal host does not affect the overall quality of the female offspring, although more 

detailed studies on female offspring fitness, such as oviposition and fertility, would be 

needed to confirm this. 

Population dynamics 

The lack of influence of rearing on an alternative host on development time is 

also promising in terms of mass rearing.  Praon unicum already faces a relatively long 

development time of approximately 22 days for female P. unicum offspring compared to 

other aphid parasitoids, such as Aphidius colemani Viereck, which take approximately 

12.7 days to develop from egg to newborn adult at 20ºC (van Steenis 1993).  This 

leaves P. unicum larvae vulnerable for a longer period of time to other predators, such 

as lady beetles, compared to other aphid parasitoids. Development time may also vary 

with aphid host instar in which the parasitoid offspring is developing, as development 

time has been shown to vary for A. ervi between different instars of A. pisum (Sequeira 

& Mackauer 1992a).  A lack of a significant difference in development time between the 

EF- and GPA-reared P. unicum suggests that they are successfully producing offspring 

in similarly aged aphids, early and late in P. unicum’s life. 

Day-specific offspring emergence could be described as a quick and early peak 

of offspring emergence, followed by a gradual drop in emergence for both treatments.  

This pattern has also been found in Diaeretiella rapae M’Intosh and Aphidius matricariae 

Haliday on the Russian wheat aphid, Diuraphis noxia Mordvilko (Reed et al. 1992).  An 

early peak of offspring emergence followed by a gradual decline may be the trend for 

many other aphid-parasitoid systems; however, very few papers publish day-specific 

emergence data, and tend to summarize the results as a calculated value for the intrinsic 

rate of increase.  A lack of published age-specific emergence data makes it difficult to 

understand what the natural tendency for emergence is for parasitoids and to create 

predictive models for parasitoid emergence.  A rational model, as outlined in our results, 

can be used to describe the shape of the emergence pattern.  The strength of this model 

is that it describes the pattern of the emergence quite well, however, the individual 

variables of the model (i.e. a, b, c, and d) modify more than one attribute of the curve, 

thereby making them hard to justify biologically.  As such, I do not propose using the 

rational model as a predictive model for emergence patterns, but rather for fitting and 
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descriptive purposes.  I also found that male emergence had a tendency to have a 

second peak later in the adult parasitoid’s life.  This may be a result of sperm depletion 

occurring just before that second peak, resulting in a surge of male offspring, as 

discussed before. 

Although I did not compare the shape of emergence for EF- and GPA-reared P. 

unicum directly, I was able to compare the intrinsic rate of increase and time to reach 

1000, 10 000, and 100 000 females in a population.  I found that natal host had no effect 

on the population growth rate of P. unicum, and as such, I could expect similar 

suppression of the aphids from both EF- and GPA-reared parasitoids.  However, it is still 

important to consider that P. unicum had a relatively low intrinsic rate of increase (mean 

of 0.1436 between both treatments) compared to studies with three other aphid 

parasitoids: A. colemani (r=0.352 at 20ºC) (van Steenis 1993), D. rapae (r= 0.263 at 

20ºC), and A. matricariae (r=0.202 at 20ºC) (Reed et al. 1992).  If P. unicum truly does 

exhibit a relatively low intrinsic rate of increase compared to other parasitoids, then it is 

likely to have implications on P. unicum’s ability to manage E. fimbriata in the field.   

Conclusion 

Myzus persicae, reared on pepper plants, is potentially a good system for rearing 

P. unicum on an alternate host in order to produce sufficient insects to manage E. 

fimbriata on highbush blueberries, as the lifetime fertility, age-specific fertility, day-

specific emergence, offspring size, AGT, development time, and intrinsic rate of increase 

were not different between parasitoids originating from the two different natal hosts.  It is 

possible that the lack of effect of natal host is due to small sample size, resulting in a 

Type II error, however, I was able to demonstrate significant differences in oviposition 

success with a similar number of replicates in the previous chapter, and the data do not 

even indicate a trend towards significance in this chapter.  Even if differences were 

detected with a higher number of replicates, I would expect the difference in fertility to be 

very small based on our findings, and the impact to be negligible as the other factors 

(such as offspring size, AGT, development time, and intrinsic rate of increase) would 

determine P. unicum’s ability to manage E. fimbriata, as well as establish and grow its 

population in the field. Future studies should look at the possibility of rearing P. unicum 

on M. persicae on different host plants, to test whether the host plant would affect P. 



 

52 

unicum’s fertility.  A more robust and lower maintenance host plant (e.g. cabbage) for M. 

persicae may be desirable for reliable and economic rearing of P. unicum in a biological 

control program. 
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Table 1.  The Akaike information criterion (AICc) and coefficient of determination (r2) for 
three models fitted to lifetime fertility of male and female offspring of P. 
unicum from E. fimbriata (EF) or M. persicae (GPA). 

  AICc value for the model  
Natal Host Sex Rational Gaussian Sinusoidal R2 fit of rational model 
EF M -41.422 -17.597 14.78 0.200 

F -39.524 -48.004 -8.224 0.283 
GPA M 17.056 63.782 4.136 0.330 

F -16.093 67.257 -20.254 0.393 
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Figure 1.  Container used for study of lifetime fertility of P. unicum reared from E. 
fimbriata or M. persicae. 
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Figure 2.  Number of male (a) and female (b) offspring produced by P. unicum females 

ovipositing into E. fimbriata.  Parasitoid females were reared on E. 
fimbriata (EF-reared) or M. persicae (GPA-reared). 
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Figure 3.  Mean development time of male and female offspring of P. unicum females 

ovipositing into E. fimbriata.  Parasitoid females were reared on E. 
fimbriata (EF-reared) or M. persicae (GPA-reared).  Significant 
differences are denoted by different letters of the alphabet within gender 
between the parasitoids from the two natal hosts (P>0.05). 
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Figure 4.  Mean development time of male (a) and female (b) offspring produced during 

early (1 – 9 days old) to late (10 – 21 days old) life by P. unicum females 
ovipositing into E. fimbriata.  Parasitoid females were reared on E. 
fimbriata (EF-reared) or M. persicae (GPA-reared). 
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Figure 5.  Rational model fit to day-specific mean emergence of male and female 

offspring produced by E. fimbriata (a) and M. persicae (b) reared P. 
unicum on E. fimbriata. 
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Figure 6.  Average generation time of male and female offspring produced by P. unicum 

females ovipositing into E. fimbriata.  Parasitoid females were reared on 
E. fimbriata (EF-reared) or M. persicae (GPA-reared).  Significant 
differences are denoted by different letters of the alphabet within gender 
between the parasitoids from the two natal hosts (P>0.05). 
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Chapter 4: Conclusion 

In conclusion, I found that the oviposition success of Praon unicum Smith 

(Braconidae) from Ericaphis fimbriata Smith (Aphididae) (EF-reared) was higher than 

that of P. unicum from Myzus persicae Suzler (Aphididae) (GPA-reared) on E. fimbriata.  

The difference in oviposition success was most notable when looking at egg numbers, 

rather than aphids parasitized, and occurred mostly during the first two days of the 

parasitoids life.  Since there are several factors that could prevent the successful 

emergence of the offspring, I tested whether natal host would have an impact on P. 

unicum offspring emergence.  Additionally, since P. unicum was reared on separate 

natal hosts for several generations, I tested whether being on one exclusive host for 

several generations would have negative consequences for P. unicum’s ability to 

successfully produce offspring in the host of interest, while maintaining a similar 

development and generation time.  The results show that rearing P. unicum on an 

alternative host (i.e. M. persicae) exclusively for numerous generations does not affect 

its ability to produce offspring in the host of interest (i.e. E. fimbriata) and offspring from 

the parasitoids from the two natal hosts were of similar quality (as determined by body 

length).  My research indicates that M. persicae can be used to mass rear P. unicum for 

several generations (~20 or ~400 days) without any negative consequences on P. 

unicum fecundity on E. fimbriata. 

However, before suggesting a mass rearing and release program for P. unicum, 

the efficacy of released P. unicum, especially their dispersal behaviour, would need to 

be studied.  A common predator released for biological control of aphids in British 

Columbia (BC) is the multicoloured Asian Lady Beetle, Harmonia axyridis (Pallas).  

Harmonia axyridis is a voracious lady beetle that has been used in many biological 

control applications in greenhouses and in the field (Koch 2003).  However, H. axyridis 

adults tend to disperse shortly after being introduced into a crop, requiring repeat 

introductions of the lady beetle for constant control (Marples et al. 1993).  As a result, 
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researchers have investigated the possibility of rearing wingless morphs to prevent loss 

of the lady beetle adult populations (Ferran et al. 1998; Marples et al. 1993).  Some 

parasitoid species tend to remain in the patch in which they have been introduced 

(Weisser & Volkl 1997) whereas other parasitoid species may disperse from the patch 

(Corbett & Rosenheim 1996; Langhof et al. 2005; Messing et al.1994) in a mass rearing 

and release program.  Studies would need to investigate P. unicum’s dispersal 

behaviour, and whether they would remain in the field of introduction.  

My thesis has demonstrated a possible alternative host for mass rearing P. 

unicum, however, field trials are necessary to show whether release of P. unicum will 

result in increased rate of parasitism of E. fimbriata in the field.  The highest rate of 

parasitism of P. unicum on E. fimbriata on organic blueberry fields in June of 2006 was 

12% (Raworth et al. 2008).  Additional to assessing the potential increase in parasitism 

due to release of P. unicum on E. fimbriata, an assessment of the number and timing of 

release also needs to be done.  Previous assessments of P. unicum populations found 

that P. unicum tends to exhibit cyclic population dynamics over a season, with two initial 

discrete generations (Raworth et al. 2008).  It has been suggested that an early release 

of P. unicum may create more consistent populations by causing overlapping 

generations, as well as force early suppression of E. fimbriata populations (Raworth et 

al. 2008). 

In increasing P. unicum populations in the field, it is also important to study how 

augmentation may affect the hyperparasitoid populations.  A number of hyperparasitoids 

have been identified for P. unicum by collection of mummies and identifying the 

emerging wasps (Appendix A).  We know very little about the relative abundance of the 

hyperparasitoids of P. unicum, and how augmentation may affect hyperparasitoid 

populations, however, an increase in P. unicum may result in an increase in the number 

of hyperparasitoids in the environment.  As a result, we may be augmenting 

hyperparasitoid populations, which will consequently have a negative impact on P. 

unicum’s ability to establish and sustain its own populations.  This is an important aspect 

to investigate when future studies are being carried out on potential efficacy of a mass 

rearing and release program for P. unicum. 
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The results gathered from this thesis were from unfed parasitoids.  Feeding on 

sucrose, glucose, and fructose, which are sugars that can be found in floral nectar and 

honeydew, caused an increase in longevity (5.7-fold for females) and fecundity (~3.6-

fold) in the parasitoid Microplitis mediator (Luo et al. 2010).  The aphid parasitoid, A. 

ervi, also has increased longevity when provided with sugar resources (Azzouz et al. 

2004).  In my experiments, I found that P. unicum sustained a similar level of fecundity 

and longevity compared to experiments where they were fed sugar-solution 

(unpublished data, Dave Gillespie).  This may suggest that P. unicum is either strictly 

pro-ovigenic (see Appendix B for further support), or that it does not require resources 

outside of the aphid host and plant material.  Many species of parasitoids engage in 

host-feeding (Burger et al. 2005; Casas et al. 2005; Giron et al. 2004; Lebreton et al. 

2009; Moriwaki et al. 2003); a behaviour where the parasitoid feeds on host 

haemolymph.  On a few occasions I observed P. unicum feeding on the aphids: the 

wasp bit the leg of the aphid, and waited for haemolymph to ooze out before consuming 

the exposed haemolymph.  P. unicum may also acquire its resources from the extrafloral 

nectaries commonly found along the edges of the blueberry leaves.  Extrafloral nectaries 

can be a source of sugar and amino acids, and often attract predators of herbivores (i.e. 

ants and parasitoids) in many plant systems (Pemberton 1998; Smith et al. 1990).   

In this thesis, I demonstrated the possibility of using an alternative host for mass 

rearing P. unicum to manage E. fimbriata without any negative consequences on lifetime 

fertility, development time, male:female offspring ratio, and offspring quality.  The field 

studies mentioned above could make a mass rearing and release program of P. unicum 

a viable option for blueberry growers in BC. 
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Appendix A. 
 
Hyperparasitoids 

In the summer of 2009, I was stationed in the Pacific Agriculture and Agrifood 

Research Centre (PARC) located in Agassiz, BC.  The Research Centre has a number 

of large plots of different crops for experimental trials.  Highbush blueberries occupied 

one of these plots.  Naturally, the highbush blueberries were susceptible to infestation 

from Ericaphis fimbriata Richards (Aphididae), and subsequently, I could find Praon 

unicum Smith (Braconidae) mummies on the plants.  I conducted my oviposition success 

experiments at PARC, and large populations of P. unicum were being reared on E. 

fimbriata and Myzus persicae Sulzer (Aphididae).  When populations become too 

abundant, I often released the parasitoid surplus outside, where they could fly freely to 

parasitize and terrorize aphids as they pleased. 

I decided to collect some P. unicum mummies during mid- to late-July to observe 

the percentage emergence and observe what emerged from the mummies.  I 

photographed all of the mummies and the wasps that emerged.  With the help of Dr. 

Sneh Mathur, I was able to identify the different hyperparasitoids.  From the 246 

mummies collected, 122 had successful emergence (~50% emergence).  Of the 122 that 

emerged, 52 (42.6%) were P. unicum and 70 (57.4%) were hyperparasitoids.  The 

hyperparasitoid species of P. unicum that I identified were Dendrocerus sp., Aphidius 

ericaphidis, Asaphes sp., Asaphes sp., and Alloxysta sp.   

A hyperparasitization rate of 57% may seem high, and could be a point of 

concern in an augmentation program, if hyperparasitoids are acquiring more 

opportunities to increase their populations.  However, the rate of hyperparasitization 

might actually be reasonable, as some parasitoids can experience up to 100% 

hyperparasitization rates later in the season (Holler et al. 1993).  Future studies need to 

compare rate of hyperparasitization of P. unicum in fields that are exposed to mass-rear 

and release versus those that are not over an entire growing season to test the effects of 

augmenting P. unicum populations on hyperparasitization rates. 
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Appendix B 
 
P. unicum ovaries 

 

The figure above shows intact P. unicum ovaries (A) and a magnified section (B) of the 
ovaries, where individual eggs can be counted.  These ovaries are from 0 – 24 hr old 

female P. unicum that were reared on E. fimbriata.  More dissections would be required 
to deduce whether P. unicum is fully pro-ovigenic, but the photographs above show that 
P. unicum is at least partially pro-ovigenic, with at least 40 eggs present in the ovaries at 

the time of emergence. 
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