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ABSTRACT

This thesis presents laboratory investigations on the competitive interactions which
take place within and between bethylid parasitoids. Part one investigates the
compatibility of three bethylids (Cephalonomia hyalinipennis, Cephalonomia
stephanoderis and Prorops nasuta) for biocontrol releases against the principal pest
of coffee, the coftee berry borer (CBB), Hypothenemus hampei. Cephalonomia
hyalinipennis is able to hyperparasitise and consume pupae of C. stephanoderis and
P. nasuta. Cephalonomia stephanoderis also engages in intra-guild predation.
consuming pupae of C. hyalinipennis. In contests for CBB hosts, fatal fighting occurs
in 69% of inter-specific replicates but never occurs in intra-specific replicates. This
suggests that interspecitic competition 1s stronger than intraspecific competition and
that species coexistence may be compromised. Cephalonomia stephanoderis is the
superior interspecific contestant while P. nasuta is the least successful and never kills
an opponent. Where CBB infested coftee berries are provided to the three bethylids,
coexistence between species 1s possible, but rare, within a single coffee berry.
Prorops nasuta 1s the most successful species in interspecific replicates and
replicates containing C. hyalinipennis generally have low production, regardless of
the species combination added. Part two investigates contest interactions, the
variables that influence contest outcome between Goniozus nephantidis females and
chemical release. Prior ownership and difference in contestant weight have positive
influences on contest outcome. Host weight positively influences the outcome of
contests between two ‘owners’ and ‘intruder’ take-over success increases when
intruders are older than owners. Seven bethylid species are found to release volatile
chemicals when stressed. A pilot study identifies the volatile chemical in G.
nephantidis and employs Atmospheric Pressure Chemical Ionisation-Mass
Spectrometry for real-time analysis of chemical release during contest interactions.
The appendix contains an advanced investigation using this technique. Bethylids are
useful model organisms for the study of competitive interactions but appear to be

generally ineffective as biological control agents.
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CHAPTER 1 - GENERAL INTRODUCTION

This thesis is unified by the core theme of intra- and inter-specific interactions
between adult female bethylids, which are parasitic wasps considered as potential
biological control agents. The first part of the thesis (Chapters 2-4) explores the
Interactions that take place between three species, Cephalonomia hyalinipennis
Ashmead, Cephalonomia stephanoderis Betrem and Prorops nasuta Waterston (all
Hymenoptera: Bethylidae), which have been investigated for biological control
attempts against the coffee berry borer, Hypothenemus hampei Ferrari (Coleoptera:
Scolytidae). The second part of the thesis (Chapters 5-6) investigates intra-specific
contests in Goniozus nephantidis Muesebeck, a bethylid natural enemy of the
coconut pest Opisina arenosella Walker (Lepidoptera: Oecophoridae). Each of the
chapters can be read in isolation but are all inter-related. In chapter seven I

summarise the results of the thesis and suggest possible future investigations.

1.1 BIOLOGICAL CONTROL

With the knowledge that chemical control of pest species has numerous
disadvantages (Table 1.1), recent research on pest control has focussed on biological
control as a constituent of Integrated Pest Management (IPM) (Mackauer, Ehler and
Roland, 1990; Baker, 1999; Waage, 2001). These IPM programmes use knowledge
of the biology of a pest species to assess which control methods could reduce the
economic damage caused by the pest to acceptable levels and may often incorporate
the use of chemicals (Baker, 1999). Essential to the functioning of IPM are the
conservation of local natural enemies of pests and/or mass releases of screened
exotic biological control agents against exotic pests (Waage, 2001). These methods
can result in the establishment, and persistence, of a natural enemy population which
can suppress pest populations within the release environment. Thus 1t could maintain
the pest population level below an economic threshold and provide the possibility of
bringing long-term stability to the system. In addition, when biological control 1s

effective it can be cheap, environmentally clean and pose no health risk to humans.



1.1.1 Non-target effects and biological control decisions

Biological control is not without problems. Many researchers consider that release ot
exotic natural enemies into novel environments to control an exotic pest (classical
biological control) may lead to detrimental non-target effects which could reduce
biodiversity in the release area (Simberloff and Stiling. 1996; Thomas and Willis.
1998). This may lead to the exclusion, and subsequent extinction. of beneficial or
endemic species from the region. Thus a major focus of biological control in recent
years has been to incorporate considerations of the ecology. population dynamics,
behaviour and host range of pests and their natural enemies into prior screening of
biological control agents before their release into a novel environment (Murdoch and
Briggs, 1996; Thomas and Willis. 1998: Waage, 2001: Hopper. 2001; Kidd and
Jervis, 2005). For this reason, in many programmes quarantine tests are required
before the natural enemy is released (Abraham, Moore and Godwin, 1990; Murphy
and Moore, 1990; Simberloff and Stiling, 1996; Lopez-Vaamonde and Moore, 1998:;
Waage, 2001; van Lenteren ¢r al., 2003). This includes screening the agent for any
direct non- target ettects, for example by assessing its specificity for the target host.
and any indirect non-target eftects. such as transter of exotic hyperparasitoids or if it

may act as a vector for exotic disease.

Table 1.1 Advantages and disadvantages of chemical control

Advantages Disadvantages

Can have high efﬁcfency | Environmental damage and reduction of biodiversity‘
Low specificity to pest

Costly for small tarmers

Only short term solution — continued spraying required
Pest can develop resistance

Health risk to sprayer

Residues in crop can taint flavour

Bad publicity, public require natural control methods

A— e



The level of non-target testing required before release of natural enemies remains
one of the most debated topics in biological control research. Equally. if not more.
hotly contested is the issue of whether it is better to introduce a single or multiple
natural enemy species to control a pest (reviewed in Hagvar, 1989; Myers, Higgins
and Kovacs, 1989; Denoth, Frid and Myers, 2002). General consensus agrees that
multiple natural enemies are generally more successful against weeds because there
are numerous niches for specialists to attack, such as the roots, stem and leaves

(Denoth er al., 2002). Recommendations for arthropod pest control are far more

contentious.

1.1.2 Single or multiple species releases against-arthropod pests?

There are three main categories of natural enemies that are released against arthropod
pests: entomopathogens, predators and parasitoids. Entomopathogens include fungi,
nematodes, protozoa, viruses and bacteria which are sprayed on crops in the form ot
bioinsecticides (Lacey et al., 2001). The most widely used entomopathogen is
Bacillus thuringiensis (Lacey et al., 2001), but fungi such as Beauvaria bassiana and
Metarhizium anisopliae are also commonly employed (e.g. Bustillo ef al.. 1999;
Lord, 2001). Although entomopathogens are fairlyv commonly used, most biological
control agents of arthropod pests are parasitoids or predators. Predators can be
vertebrates or invertebrates, some of which are arachnids, but deployment ot insects

1S mOst common.

Entomopathogens, parasitoids and predators can be liberated in single or multiple
species release programmes. When released against arthropod pests, there appears to
be more support for the release of single species to control the pest (e.g. Myers et al.,
1989: Wen and Brower, 1995; Denoth e al., 2002; Matsumoto et al., 2003; Pedersen
and Mills, 2004) but there is also some support for the use of multiple natural
enemies (e.g. Ehler, 1978; Gutiérrez et al., 1988: Kindlmann and Ruzicka, 1992;
Heinz and Nelson, 1996; Bogran, Heinz and Ciomperlik, 2002).

When multiple natural enemies are released, there are often two approaches adopted.
The first is to release several possible natural enemies until one of them achieves

successful biological control of the pest, referred to as the “lottery mode!l™ by Denoth



et al. (2002). The second, perhaps more informed, approach 1s to release agents
which may act additively or synergistically and thus may achieve greater control
together than a single species acting alone. an approach retferred to as the
“cumulative stress model” by Denoth er al. (2002). Reviews of the biological control
literature by Myers et al. (1989) and Denoth ef al. (2002) have indicated that release
programmes adopt the lottery model more often than the cumulative stress model.
Myers et al. (1989) reviewed 50 published biological control programme successes
In which a mean of three natural enemies were released. They found that in 68% (34)
of projects, control could be attributed to a single species from the complex. whereas
only 32% (16) of the successes involved control by a complex of natural enemies.
Furthermore, Denoth ef al. (2002) reviewed a random, bias-controlled sample of 108
biological control programmes against insect pests from the BIOCAT database
(Greathead and Greathead. 1992) and reported that 64 of these projects resulted in
successtul biological control. Of the 64 successful projects, 39 involved the release
of a single species to control the pest and 25 involved multi-species releases.
However, of the programmes that involved release of multiple species, control could

be attributed to the actions of a single species in 56% (14) of cases.

These studies indicate that, if the literature reviewed provides a valid sample of
biological control programmes, the release of a single species against arthropod pests
1s generally preterable to multi-species releases. In addition the greater proportion of
successes that do occur in multi-species releases are brought about by a single
species. If a single natural enemy exerts sutficient control on an arthropod pest. there
is no need to introduce further control agents. In fact, adopting a lottery approach and
introducing more than one natural enemy to control a pest can actually reduce the
success of the agent with the most potential and disrupt control (Myers et al., 1989;
Rosenheim, Wilhoit and Armer, 1993; Briggs, 1993; Snyder and Ives, 2001; Denoth
et al.. 2002). This could happen if a competitively superior natural enemy displaces,
or reduces the impact of, a more effective biological control agent in a complex.
Such consequences can occur via interspecific tnteractions such as interference
competition, exploitative competition and Intra-Guild Predation (IGP). which

Includes facultative- and heterospecific hyperparasitism.



1.1.3 Exploitation and interference competition

Both interference and exploitative (scramble-type) competition may be frequent
between species which attack a common host. The most effective exploitative
competitors may reduce the resource available to their competitors (Hagvar. 1989).
for instance if they attack earlier host stages or develop faster than their opponents
(e.g. Yu, Luck and Murdoch, 1990: Briggs, 1993: Murdoch, Briggs and Nisbet,
1996). On the other hand, interference competitors may consume and parasitize their
opponents (1GP) or use aggressive behaviours and resource defence to prevent access
to a resource for feeding or parasitisrh. This may take the form of fatal larval contests
(e.g. Chow and Mackauer. 1984; Lawrence, 1988; Mackauer, 1990), or adult contests
that can involve lethal (e.g. Collier. Kelly and Hunter, 2002: Pérez-Lachaud, Hardy
and Lachaud, 2002) or non-injurious interactions (e.g. Mills, 1991: Murdoch ¢r al..
1996; Ryoo, Yoon and Shin, 1996). In these situations, if the best competitor is not
the best control agent. it would be unwise to release the least effective species. This
1s also of concern if there is little or no resource partitioning between the natural

enemy species.

Coexistence of more than one species on the same stages of a host may be unlikely.
leading to the persistence of only the superior competitor, whether through
Interference or exploitation, at the expense of the inferior competitor (Turnbull and
Chant, 1961). It may. however. be possible for two natural enemies to coexist on the
same host if one ot the species 1s superior in Intrinsic competition (e.g. iarval and
adult contests, development time) and the other 1s superior in extrinsic competition
(adult searching efficiency. dispersal, reproductive capacity and synchronisation with
the host) (Hagvar. 1989; Mills, 1991; van Alebeek, Rojas-Rousse and Leveque.

1993; Collier er al.,, 2002). This 1s the counter-balanced competition principle
proposed by Zwolter (1971).

1.1.3.1 Intra-guild predation

Another aspect of interference competition is the propensity to take part in IGP. The

incidence of IGP in natural communities was first reviewed by Polis, Mvers and Holt

(1989) and then brought into the context of biological control by Rosenheim et al
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(1995). who stated that IGP “occurs when two species that share a host or prev (and
therefore may compete) also engage in a trophic interaction with each other
(parasitism or predation)”. Intuitively, if a biological control agent feeds on or
parasitizes one of its competitors rather than the pest prey there may be some
disruption in pest population suppression. This can arise because the more effective
natural enemy 1s the Intra-Guild prey (IG prey). so its population size and
effectiveness may be reduced by the Intra-Guild predator (IG predator).
Alternatively, if the more effective natural enemy acts as an IG predator, it may
divide its attack between the pest and its intra-guild competitor, thus attacking a
smaller proportion of the pest population. In the extreme, IGP may lead to the

competitive exclusion of the IG predator or IG prey (Rosenheim et al.. 1995:

Williams, 1996; Holt and Polis, 1997; Miiller and Brodeur. 2002).

IGP theory predicts that when the IG predator is competitively superior to the IG
prey, the 1G prey will be outcompeted and its population will be driven to extinction
(Polis et al., 1989; Holt and Polis, 1997). To achieve coexistence between an IG
predator and IG prey, the IG predator needs to be competitively inferior to its IG
prey (Holt and Polis, 1997; Arim and Marquet, 2004). Theory also predicts that
coexistence between an 1G predator and its IG prey is only likely when the basal
resource 1s at intermediate productivity (Polis e al., 1989; Holt and Polis, 1997).
These conditions are unlikely to be met when natural enemies are released to try to
control an outbreak pest population, so we need to consider what may be expected to

occur at high basal resource.

At high host production, if the IG predator has a high numerical response it may
build up large populations that then consume all of the IG prey, leading to the loss of
the IG prey from the system (Holt and Polis, 1997; Polis et al., 1989). Theretore the
IG prey may be driven to extinction when released against large pest populations.
Conversely, at low pest population levels the IG prey is better at finding hosts than
the IG predator, so the IG prey could persist at lower pest densities and thus
outcompete the IG predator, leading to the loss of the 1G predator from the system
(Polis et al., 1989; Holt and Polis, 1997). Therefore, after biocontrol releases against
an abundant pest, if the IG prey persists with the IG predator and they bring the pest

population down to low levels, it is then the IG predator that may be driven to
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extinction, which could feasibly raise pest population levels once more. This is
preferable to the establishment of the IG predator in this system alone as the greater

suppressive ettect of the IG prey would mean the pest population is lower when only

the IG prey persists than when only the IG predator persists.

Caution should therefore be applied when releasing multiple species against large
pest populations, because if one of the natural enemies acts as an IG predator it may
exclude a more effective biological control agent, leading to the possible disruption,

or a reduction in the level, of biological control (Rosenheim et al., 1995; Borer et al.,

2003).

The species which take part in [GP include predators, parasitoids and pathogens.
Entomopathogens are often not very specific to the pest they are sprayed against.
They may infect and reduce the beneficial impact of insect predators and parasitoid
populations that are released in tandem with them (de la Rosa et al., 2000; Lord,
2001). Predators are also relatively oligo- or poly-phagous and may directly engage
in IGP whilst consuming the immature stages of their predator and parasitoid
competitors, or indirectly by consuming hosts which harbour developing

endoparasitoids.

There are also several ways that parasitoids can engage in IGP. Firstly, they may act
as predators and consume the immature stages of their competitors to derive nutrient
benefits or to reduce the effect of larval competition for their own offspring (Hardy
and Blackburn, 1991; Infante et al, 2001la). Secondly, some species may be
facultative hyperparasitoids. These have the capability of acting as primary
parasitoids of the arthropod pest, but also have the ability to parasitize the immature
stages of their competitors (van Alebeek et al., 1993). Depending on the preference
of the facultative hyperparasitoid, they may often hyperparasitise allospecitic
parasitoids or only choose this option when host resources are limited. Thirdly, some
natural enemies are heteronomous hyperparasitoids (also referred to as
autoparasitoids). These species act as primary parasitoids when laying female eggs
and hyperparasitoids when laying male eggs. Autoparasitoids can be heterospecitic
(laying males on developing allospecific female parasitoids) or conspecific (laying

males on developing conspecific female parasitoids) (Briggs and Collier, 2001;
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Hunter, Collier and Kelly, 2002). Facultative- and heteronomous hyperparasitoids
are often predicted to be superior competitors than primary parasitoids, which may
prevent the persistence of multiple species in these systems and can lead to reduced
pest control (Williams, 1996; Briggs and Collier, 2001). However. if the
heteronomous hyperparasitoid prefers to oviposit male eggs on or in conspecifics.
rather than heterospecifics, this may promote coexistence with a primary parasitoid.
The probability of coexistence increases as the preference for conspecific
hyperparasitism increases, due to self-limiting density dependence in the
autoparasitoid population (Briggs and Collier, 2001). Thus hyperparasitoids should
not be disregarded entirely from control programmes; in some cases thev may
coexist with their primary parasitoid competitors and achieve greater pest
suppression together (e.g. Heinz and Nelson, 1996; Bogran er al., 2002: Pedersen and
Mills, 2004) and in other cases the hyperparasitoid may exert equal or better

suppression of the pest in the absence of a primary parasitoid (e.g. Hunter er al.,

2002).

Parasitoids are less likely to cause disruption to biological control than predators and
pathogens. This 1s because both predators and pathogens can engage in IGP without
attacking the common pest (Rosenheim e¢r al.. 1995; Lhler, 1996; Miiller and
Brodeur, 2002). In contrast, parasitoids that indulge in IGP consume and parasitize
con- and allo-specitfic eggs and immatures that are already present in or on the pest,
which means that the host must have been attacked previously by another parasitoid
(Ehler, 1996). Therefore the pest will always be attacked when parasitoids engage n
IGP, reducing the likelihood of complete disruption to control, but the overall

success of pest suppression may still be reduced and lead to larger pest populations.

One strategy employed by a small proportion of females of a parasitoid species to
reduce the incidence of IGP, and increase their own reproductive success, 1s to
practice maternal care and resource defence. Such defence may take the form of
direct behavioural contests. These behaviours can be observed in several bethylid
parasitoid species which have been considered as biological control agents. The life
histories of four of these species, which are investigated in this thesis, are detailed In

sections 1.4 and 1.5 below.



1.2 CONTEST BEHAVIOUR

Contest interactions have attracted a great deal of interest from behavioural
ecologists, who investigate why contests take place, their dynamics and what decides
their outcome. Contest behaviour research has been conducted throughout the animal
kingdom, mainly focussing on male-male interactions over food, water. mates and
protection from predators (Huntingford and Turner. 1987: Mesterton-Gibbons and
Adams, 1998; Riechert, 1998). Females also enter into fights, normally in order to
protect their offspring (current reproduction) or their opportunity to reproduce in the
future (future reproduction). Although most theoretical models and predictions have

been devised to understand male-male contests, many of these can also be applied to

female combat.

1.2.1 Evolutionary game theory and contest interactions

Particular emphasis has been placed on how individuals should behave in a contest to
maximise their own success. To address this, Maynard Smith (1974) modified
economic game theory to devise the term Evolutionary Stable Strategy (ESS). This
term refers to the one or more strategies that individuals in a population adopt during
a contest in order to maximise their own fitness. Once the majority of individuals
within a population assume these ESS’s, an individual that adopts an alternative
contest strategy cannot ‘invade’ the population because its strategy will bring tewer
benefits, or more costs (Maynard Smith, 1974). These theories have spawned a great
deal of theoretical research (e.g. Maynard-Smith. 1982; Graten, 1987, Mesterton-
Gibbons, 1992).

Attention has also been focussed on actual contest interactions and what intluences
the success of the individuals involved. In a contest between two individuals, 1f both
adopt the same displays and fighting behaviour, the winner may be determined by
asymmetries in the ability of each of the contestants in resource defence and
aggressive interactions. The combination of these abilities is referred to as the
Resource Holding Potential (RHP; also termed Resource Holding Power) (Parker,
1974; Maynard Smith and Parker, 1976). Components of RHP may include

contender size and ownership, and the individual with the greater RHP may be
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expected to win the contest. However, other factors could also influence which
Individual wins a contest, for example the value that each of the contestants places on
the resource (Resource Value, RV) (Maynard Smith and Parker, 1976; Enquist and
Leimar, 1987). If one of the contenders places a higher value on that resource than its
opponent, 1t may be willing to fight more aggressively than the opponent that
estimated a lower RV. This may result in an individual with a lower RHP beating an

opponent with a higher RHP.

Although contests can involve aggressive interactions, there is a wide range of
possible contest dynamics. Contests can involve non-aggressive displays. aggressive
non-injurious interactions and full escalation to injurious. and sometimes fatal,
fighting. Contests are often settled by convention before aggressive interactions
occur. Convention could rely on a diverse range of cues, for example estimation by a
competitor ot its own and an opponent’s body size. which could allow contestants to
infer RHP and minimise the chance of personal injury. Escalation to high levels of
aggression 1s only expected where there is little chance of injury from such
aggressive displays or where both contestants estimate a high RV, relative to future
expectations, and are thus more willing to risk injury than they are over a low RV
(Maynard Smith and Parker, 1976; Grafen, 1987; Enquist and Leimar, 1990). This
can occur regardless of how large the asymmetry in the RHPs of the two contestants

1S.

There 1s ongoing debate as to whether contestants fight solely on the basis of what
they perceive their own RHP to be or if they also assess their opponents RHP in
relation to their own (Gammell and Hardy, 2003; Taylor and Elwood, 2003). As
contests escalate, individuals may gain more information on their opponent’s RHP
and so, if they can assess their opponent’s RHP, this assessment 1s likely to change as
the contest escalates to more aggressive interactions. Likewise, the competitor’s
assessment of its own RHP may change as the contest progresses, perhaps through
Injuries sustained during escalation (Payne, 1998). Thus, as the contest escalates. the
likelthood of an individual winning or retreating increases, through improved
assessment of RHPs. When there is little asymmetry in RHPs between the two

contestants, the duration of contests is expected to be longer and involve higher



levels of escalation than when there is a large asymmetry between competitors

(Parker, 1974: Maynard Smith and Parker. 1976: \Wells. 1988).

There are several ways assessment may occur within a contest, and theorn has
concentrated on disputes where competitors repeat the same signal but can var the
strength of this signal. These theories are the ‘sequential assessment rule’. the ‘best-
so-far rule’” and the ‘cumulative assessment rule’ (Enquist and Leimar. 1983 Payne
and Pagel, 1997; Payne, 1998). In the sequential assessment rule. both competitors
repeat the same signal multiple times. but with no change in the signal intensity
(Enquist and Leimar, 1983). This is adopted in a situation where there is large error
in information transfer, so, as the signal is repeated, an individual gathers an

Increasingly more accurate estimate of its opponent's relative fighting ability.

The best-so-tar rule relies on the two contestants aiming to minimise the energy they
expend on contests (Payne and Pagel, 1996b). They both begin by producing a small,
low cost display. As the contest progresses they repeat this display. and the intensity
of the display becomes successively larger until one of the individuals concedes. In
this way. both contestants ensure that thev invest the minimum energy needed to

resolve the contest.

The final rule involves the cumulative assessment model (Payne and Pagel, 1996a;
Payne, 1998). Again, the contest starts with a particular signal, which 1s then
repeated. The intensity of each signai repetition can stay the same or become
stronger or weaker as the contest proceeds. Assessment in this model takes account
of all previous actions, so the overall signal intensity increases with each display
even 1f the strength of the current repetition of the signal 1s weaker than the previous
one. In conducting these signal repetitions, the contestants pertorm a war of attrition
or endurance. Payne (1998) takes the cumulative assessment model a step further.
incorporating physical contact into the model. Decisions as to when to concede a
contest are then reliant on the amount of physical damage each contestant is willing

to sustain and competitors are unable to assess the damage they have done to their

opponent.
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In some situations, individuals may continue to accumulate damage until one of the
individuals is killed, termed fatal fighting. This is only predicted to occur where there

1s little risk of damage to the winner when escalating or when the loser will have

very few future reproductive opportunities if it concedes (Grafen, 1987; Enquist and

Leimar, 1990).

1.2.2 Contest interactions and insects

Contest theory has been applied to a wide variety of organisms. including insects.
Much study in the class of insects has inevitably focussed on male-male contests for

mating opportunities, which can range from non-contact wars of attrition between

butterflies competing for territories in which females enter to be mated, such as
sunspots (Stutt and Willmer, 1998), through to direct, injurious combat in the vicinity

of females, such as in fig wasps (Cook, Bean and Power, 1999).

Less research has been conducted on adult female-female fights, which generally
take place for reproductive opportunities, most commonly in parasitoid hymenoptera
searching for hosts to parasitize (Hardy and Blackburn, 1991; Field, 1992; Field and
Calbert, 1999; Pérez-Lachaud et al., 2002). Several of these parasitoid species are

bethylids.

1.3 BETHYLID PARASITOIDS

The Aculeate family Bethylidae is distributed globally and contains about 1900-2200
described species (Evans, 1978; Hawkins and Gordh, 1986; Gordh and Moczar,
1990: Polaszek and Krombein, 1994) and probably at least as many undescribed
species (Polaszek and Krombein, 1994). Most bethylids develop as gregarious

external parasitoids of lepidopteran and coleopteran larvae (Hawkins and Gordh,
1986: Greathead, 1986; Gordh and Moéczar, 1990; Polaszek and Krombein, 1994).
Many of these hosts have cryptic life histories, and attack agricultural crops and
stored products. Their cryptic lifestyle makes them difficult to control with pesticide

applications so there has been interest in the use of their natural enemies as
biological control agents. Bethylids are one family of parasitoids that are iInvestigated

for control of these pests, and they seem fairly promising when considering their life
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history traits; bethylids tend to have high search efticiency, female biased sex ratios.
are relatively species-specific, and have low juvenile mortality due, in part, to host
guarding by foundress females (Griffiths and Godfray, 1988: Gordh and Moczar.

1990; Hardy and Blackburn, 1991; Hardy and Mayhew, 1998; Hardy er al.. 1998:
Perez-Lachaud and Hardy, 2001).

This thesis investigates female competitive behaviours of four species of bethylid
parasitoids. Three of these species belong to the sub-family Epyrinae (Cephalonomia
hyalinipennis, Cephalonomia stephanoderis and Prorops nasuta) and attack
Hypothenemus hampei, a scolytid beetle that is a major pest of coffee worldwide.
The other species, Goniozus nephantidis, belongs in the sub-family Bethylinae and is

a natural enemy of the coconut pest Opisina arenosella.

1.4 STUDY SPECIES — COFFEE AGRO-ECOSYSTEMS

[ begin with a summary of the life history of the coffee berry borer and its parasitoid
natural enemies and then focus on the brief life histories and biological control

histories of the three study species, C. hyalinipennis, C. stephanoderis and P. nasuta.

Both cottee and the cottee berry borer (CBB). Hypothenemus hampei, are indigenous
to central Africa (Davidson, 1968; Le Pelley, 1968). From here, coffee has been
introduced into tropical climates throughout the world and has become a major
economic product. The CBB was first noticed in South America, in Brazil, in 1924
(Moreira, 1928 in Le Pelley, 1968) then in Central America in 1971 (Baker et al.,
1992), reaching Mexico 1n 1978 (Baker, 1984). It is suspected that the spread of the
CBB occurred through infestations of traded berries (Le Pelley, 1968; Damon, 2000).

The CBB has subsequently reached virtually all coffee producing regions around the

world, and 1t 1s now considered the most serious pest of coftee worldwide (Le Pelley.

1968; Baker, 1999; Damon, 2000; Jaramillo et al., 2005).

1.4.1 The coffee berry borer

The CBB is a small scolytid beetle pest, the females of which primarily attack coftee

species, particularly Coffea arabica and C. canephora (robusta variety) (Le Pelley.
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1968: Damon, 2000). Adult females are approximately 2.2mm in size and males are
considerably smaller (Hargreaves, 1926). The female locates ripe red or vellow
coffee berries and bores a tunnel into the fruit until she reaches the endosperm
(bean), where she excavates galleries and tunnels. Within these galleries she
oviposits 2-3 eggs per day, laying a batch of up to 70 eggs in her lifetime (Le Pelley.
1968; Baker, 1984). The larvae that eclose from the spanandrous broods consume the
endosperm and emerge as adults. Sibling mating is normal and the sex determination
mechanism 1s pseudoarrhenotoky (Brun ef al, 1995; Borsa and Kjellberg, 1996a,
1996b). The lite cycle lasts 28-34 days in field conditions (Le Pelley, 1968: Damon,
2000) and longevity varies from 35-112 days (Hargreaves, 1926).

Damage is not only caused by the developing immatures consuming the endosperm;
the tunnel that the female has bored can act as a source for secondary infection by
fungi or further pest attack. When there are few suitable mature berries to attack,
such as early n the season or where frequent harvesting 1s practiced, females may
bore into green, unripe berries which are unsuitable for breeding (Le Pelley, 1968;

Baker, 1999; Damon, 2000). This may stop the development of these berries and can

cause their decay and premature fall, all of which reduce the coftee yield to farmers.

Levels of infestation by the CBB are often high, with reports ot 80% of berries
infested in Uganda (Hargreaves, 1926), 90% in Tanzania (Le Pelley, 1968) and 60-
100% in Mexico (Baker, 1984). This can lead to large economic losses, such as the

US $58 million per year estimate that has been quoted for Colombia (Ruiz, Uribe and
Riley, 2000).

1.4.2 Natural enemies of the coffee berry borer

When considering control options for the CBB, its cryptic within-berry lifestyle not
only provides it with a refuge from pesticide and bio-insecticide applications, but
also limits the range of natural enemies that can attack it; concealed hosts like the
CBB tend to have parasitoid complexes that are relatively species poor compared to
more exposed hosts (Hawkins, 1988; Hawkins, Thomas and Hochberg, 1993).
Pesticides such as Endosulfan have been reasonably effective in controlling CBB

when applications have been made when females were beginning to bore into the
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berry, but there are many reasons why the use of chemical control has become less
favoured (Table 1), including the development of resistance to Endosulfan and
Lindane in some CBB populations (Brun er al., 1990, 1995: Parkin, Brun and

Suckling, 1992). For these reasons, attention turned to the use of classical biological

control.

The first instance of a classical biological control attempt against the CBB was the
introduction of P. nasuta into Brazil in 1929 (Hempel, 1934). Although P. nasuta
established, it had little impact on CBB populations. Once the CBB had reached
Central and North America (Mexico) biological control practitioners began further
explorations within the African native range of the CBB to look for more natural
enemies of potential use in classical biological control. Several parasitoid species
were identified and investigated in the laboratory, including the braconid
Heterospilus coffeicola Schmiedeknecht (Hymenoptera: Braconidae) and three
bethylid species Cephalonomia stephanoderis. Sclerodermus cadavericus Benoit and
the previously released Prorops nasuta (Moore and Prior, 1988; Murphy and Moore,
1990). Of these species, S. cadavericus causes dermatitis in humans so could not be
introduced outside of its native range (Murphy and Moore, 1990) and rearing
attempts of H. coffeicola in the laboratory repeatedly failed (Hargreaves, 1935;
Moore and Prior, 1988; Murphy and Moore, 1990; Baker, 1999). Quarantine and
screening trials for H. coffeicola are necessary before it can be released as an exotic
parasitoid against the CBB as it may act as a vector for the fungus Collerotrichum
coffeanum, which causes coffee berry disease within Africa and has been found to be

carried by the congener, H. prosopidis (Nemeye, Moore and Prior, 1990).

Both C. stephanoderis and P. nasuta were investigated further and imported into
Mexico in 1985 and Ecuador in 1987 from Togo, via quarantine in the UK, for a

CABI Bioscience biological control programme against the CBB (Barrera et al.,

1990b; Baker, 1999). I summarise the life histories of C. stephanoderis in section
1.4.2.1 and P. nasuta in section 1.4.2.2, focussing on Mexico, where releases began

in 1988 (Moore and Prior, 1988; Barrera et al., 1990a).

Following the release of C. stephanoderis and P. nasuta, a further parasitoid natural

enemy of the CBB. Phymastichus coffea LaSalle (Hymenoptera: Eulophidae), was
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discovered in the Ivory Coast and Togo (LaSalle, 1990). The life cycle of P. coftea
was Investigated in the laboratory (Feldhege, 1992; Infante er al.. 1994a: Lopez-
Vaamonde and Moore, 1998) and it has subsequently been released as a classical
biological control agent around the world (Vergara-Olava er al.. 2001a. 2001b:

Baker, Jackson and Murphy, 2002; Jaramillo et al., 2005).

Briefly, P. coffea is a synovigenic gregarious endoparasitoid which attacks adult
female CBBs as they are beginning to bore into the coffee berry (Feldhege, 1992;
Infante ef al., 1994a; Baker, 1999). Adult female P. coffea lay one or two eggs inside
the adult CBB and then disperse to search for further CBB adults in different berries
(Feldhege, 1992). The adult females are approximately Imm in length and live for 2-
4 days, in which time they can parasitize adult CBBs in more than 10 coffee berries
(LaSalle, 1990; Feldhege, 1992; Infante ef al., 1994a; Lopez-Vaamonde and Moore,
1998; Baker, 1999). They are relatively specific to scolytid beetles (Lopez-
Vaamonde and Moore, 1998) and have now been released, and are believed to have

established, in Guatemala, Colombia, Mexico., Ecuador and Honduras (Vergara-

Olaya et al., 2001a, 2001b; Baker et al., 2002: Jaramillo et al., 2005).

1.4.2.1 Cephalonomia stephanoderis

The bethylid parasitoid Cephalonomia stephanoderis was identified by Betrem
(1961). Adults are black and females, which are approximately 2mm in length, are
larger than males (Abraham et al., 1990; Infante er al., 1994b). It is a solitary,
primary, idiobiont ectoparasitoid that can feed on all stages of the CBB, but
preterentially consumes eggs and adults and parasitizes large larvae, prepupae and
pupac of the CBB (Abraham er al., 1990; Barrera, Gébmez and Alauzet, 1994;
Lauziere, Brodeur and Pérez-Lachaud, 2001a: Lauziere, Pérez-Lachaud and Brodeur,
2001b). It is indigenous to Africa and is reported in the Ivory Coast (Le Pelley. 1968:
Vega et al., 1999) and Togo (Moore and Prior. 1988: Vega et al.. 1999), where it has

only been found attacking the CBB.

An adult female locates a coffee berry containing a suitable range of CBB stages.
enters and paralyses all developmental stages. Females are synovigenic and

anautogenous; in order to mature eggs they must host feed on CBB stages which are
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suitable for oviposition (Lauziére et al.. 2001b). They normally display non-

concurrent destructive host feeding, except at verv low host densities when

concurrent host teeding 1s possible (Lauziere. Pérez-Lachaud and Brodeur. 1999).

After a pre-oviposition period of 2-9 days, a single egg is deposited on each pupa,
prepupa or large larva of the CBB (Abraham er al.. 1990; Infante and Luis. 1993:
Lauziere et al., 2001a) at an oviposition rate of 1-2 eggs per day (Lauziere et al..
1999). The lite cycle lasts from 20-22 days at a mean temperature of 25°C, but is
inversely related to temperature (Abraham ef al., 1990; Infante et al., 1992). Adult
females can feed on 70 or more hosts, lay up to 70 eggs and longevity can be up to
49 days under field temperatures (25-35°C) in the laboratory (Abraham et al.. 1990;
(Infante et al., 1992; Infante and Luis, 1993; Lauziere, Pérez-Lachaud and Brodeur.
2000a). A foundress temale C. stephanoderis remains within a single berry guarding
the paralysed hosts and her developing brood (Abraham ef al.. 1990: Pérez-Lachaud
et al., 2002). On emergence of the brood, sibling mating occurs and brood sex ratio 1s
female biased, with up to seven females for each male (Inftante and Luis, 1993;
Cabrera and Barrera, 1998; Lauziere ef al., 1999). Mated females then disperse to

find new CBB infested berries.

Cephalonomia stephanoderis was previously thought to be monophagous but Pérez-
Lachaud and Hardy (2001) demonstrated that it is able to host tfeed and develop on
alternative curculionids in the laboratory. Further, Damon (1999) suggested that the
CBB may actually be the secondary host of C. stephanoderis in Togo, because large
populations of C. stephanoderis only build up in coffee plantations close to the inter-
harvest period. Parasitism levels by C. stephanoderis in the Ivory Coast can reach
50% of CBB infested berries (Le Pelley. 1968) but are generally a lot lower (Barrera
et al., 1990a) and Damon (1999) found a maximum of only 6% parasitism of CBB-

infested berries by C. stephanoderis 1n Togo.

Where it has been released in classical biological control programmes, C.
stephanoderis has normally established but has contributed little to CBB population
suppression (Bustillo-Pardey et al, 1996: Baker. 1999; Damon, 1999). Within
Mexico, the first releases of C. stephanoderis lead to parasitism rates of up to 80% ot

CBB infested berries within a month of release, but this quickly fell to low levels



(Barrera et al.. 1990b). Despite continued releases and its establishment. parasitism

levels in Mexican agro-ecosystems remain below 1% of CBB infested berries

(Damon, 1999).

1.4.2.2 Prorops nasuta

Prorops nasuta was first reported attacking the CBB by Hargreaves (1926). Females
are 1.5 - 2.5mm in length (Evans, 1978), but normally 2 - 2.3mm (Hargreaves, 1926:
Abraham er al, 1990), and are larger than males. They are solitary primary
ectoparasitoids that consume all stages of the CBB, feeding preferentially on eggs
and adults and parasitizing large larvae, prepupae and pupae of the CBB (Abraham et
al., 1990: Infante, Mumford and Baker, 2005). It is indigenous to Africa and is
reported attacking the CBB in Uganda (Hargreaves, 1926), the Congo (Le Pelley,
[968), Kenya (Le Pelley, 1968; Murphy and Rangi. 1991), Tanzania (Le Pelley.
1968), Zaire (Le Pelley, 1968). Togo (Moore and Prior, 1988), Cameroon (Barrera ef
al., 1990a) and the Ivory Coast (Barrera ¢r al., 1990a).

The life-history of the priumary. idiobiont parasitoid P. nasuta is very similar to that
of €. stephanoderis. Females are svnovigenic and anautogenous: in order to mature
eggs they must destructively host feed on CBB stages which are suitable for
oviposition (Infante ef al., 2005). Adults will feed and develop on a small number of
alternative coleopterans in the laboratory i1f access to CBB stages is prevented. but
juventie mortaiity 1s high on these hosis (Pérez-Lachaud and Hardy, 2001). They
paralyse all CBB stages in a single berry and, after a pre-oviposition period of 3-16
days (Infante, 2000; Infante er al.. 2005), they lay one egg on pupae, prepupae or
large larvae at a rate of 1-2 eggs per day (Murphy and Rangi, 1991). The life cycle
lasts 22-30 days at 25-26°C (Abraham et al., 1990; Murphy and Rangi, 1991). Adult
temales can lay up to 28 eggs and live for up to 65 days under tield temperatures (25-

35°C) in the laboratory (Le Pelley, 1968; Abraham er al, 1990; Intante, 2000). A

foundress female remains within a single berry guarding the paralysed hosts and her
developing brood (Murphy and Rangi, 1991; Pérez-Lachaud er al., 2002). On
emergence, sibling mating occurs within the female biased brood. which can have up

to seven females to each male (Barrera, 1991 Infante es al.. 2005). Mated females

disperse to find new CBB infested berries.
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Parasitism levels in Kenya have never been more than 20% of CBB infested berries
(Barrera et al.. 1990a; Murphy and Rangi, 1991) and population levels of P. nasuta
are low when found (Vega et al., 1999). When released in classical biological control
programmes, P. nasuta has had little impact on CBB populations (Infante et al..
2005). but has established in several release countries. such as Brazil (Hempel. 1934)
and Colombia (Bustillo-Pardey et al., 1996). Prorops nasuta has failed to persist in
Mexican coffee agro-ecosystems. despite repeated releases of cultures originating

from Togo and Brazil (Infante, Mumford and Mendez, 2001b: Infante, Mumtord and
Garcila-Ballinas, 2003).

1.4.3 New association parasitoids of the coffee berry borer

In addition to efforts to use classical biological control against the (BB, some
practitioners have noticed new associations forming involving the CBB. In Mexico.
field nematodes have been discovered naturally attacking the CBB (Castillo et al.,
2002) and Pérez-Lachaud (1998) found the bethylid " /nvalinipennis parasitizing the
CBB in Mexican coffee agro-ecosystems. This species was then investigated further

to assess its potential as a biological control agent against the CBB.

1.4.3.1 Cephalonomia hyalinipennis

(‘ephalonomia hvalinipennis is a smali black bethyiid native to Europe, North and
South America which has been reared from a range of coleopteran species and galls
of cynipids (Evans, 1978; Gordh and Moczar. 1990; Pérez-Lachaud and Hardy.
2001). According to Evans (1978) temales vary in length from 1.5 - 2.2mm, but they

tend to be smaller than this (1.2 - 1.7mm) when reared on the CBB (Pérez-Lachaud,

1998: Pérez-Lachaud and Hardy. 1999). Males vary from 1 - 1.5mm (Evans. 1978).

Pérez-Lachaud and Hardy (1999, 2001) have investigated the biology of C.

hyalinipennis to assess its suitability for mass release against the CBB. Females are



primary ectoparasitoids' that consume all stages of the CBB except the adult, feeding
preferentially on eggs and small larvae and parasitizing large larvae. prepupae and
pupae of the CBB (Pérez-Lachaud and Hardy, 1999). Females are svnovigenic.
anautogenous and practice both concurrent and non-concurrent host feeding (Pérez-
Lachaud and Hardy, 1999, 2001). They are semi-gregarious, laying 1-4 eggs on
pupae, prepupae or large larvae of the CBB after a pre-oviposition period of 2-5 days
(Pérez-Lachaud, 1998; Pérez-Lachaud and Hardy, 1999). Development lasts 19.6 -
20.9 days at 28°C (Pérez-Lachaud and Hardy, 1999).

Adult females lay a mean of 88 eggs and live for up to 95 days at 28°C in the
laboratory (Pérez-Lachaud and Hardy, 1999). On locating a batch of CBB hosts, a
foundress female will paralyse them before guarding these hosts and her developing
brood (Pérez-Lachaud et al., 2002). Similarly to C. stephanoderis and P. nasuta, sex

ratios are female biased, male sex ratio being 0.212, and sibling mating occurs

(Pérez-Lachaud and Hardy, 1999).

Cephalonomia hyalinipennis has not been identified attacking the CBB in other
regions of North and South America. It has not been released against the CBB and

parasitism levels in the field appear to be low (Pérez-Lachaud, 1998).

1.4.4 Interactions between species in coffee agro-ecosystems

The release of C. stephanoderis and P. nasuta into coffee agro-ecosystems where C.
hyalinipennis is indigenous prompts the question of whether these species are able to
coexist, or if it may be better to release a single species to attempt CBB control. The
obvious overlap in life history of the species suggests that there may be competition

between them for access to CBB infested berries.

Previous experimental research has provided conflicting evidence as to whether
coexistence is possible between the three bethylid species. Infante ef al. (2001a)

concluded that P. nasuta and C. stephanoderis can co-exist in laboratory ‘cotfee jar

' But Pérez-Lachaud and Hardy (1999) suggested that it may, however, act as a facultative

hyperparasitoid, and chapter 2 of this thesis addresses this issue.
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experiments’ with numerous berries. However. Pérez-Lachaud er al. (2002) and
Batchelor er al. (2005; Chapter 3) have demonstrated that, on a one-to-one basis. P.
nasuta, C. stephanoderis and C. hyalinipennis females will fight violently for

possession of H. hampei hosts in an artificial arena, often resulting in the death of the

loser.

The only theoretical study into the population dynamics involved in coffee biocontrol
was conducted by Gutierrez et al. (1998). They used population parameters collected
from Colombia to model the population dynamics of H. hampei, C. stephanoderis, P.
nasuta and the eulophid P coffea. The model suggested that, if releasing only one
parasitoid, P. coffea was the only species that could feasibly reduce H. hampei
populations to significant levels. Prorops nasuta and C. stephanoderis were
eftectively treated as having the same life-histories, with competition between the
two species assumed to be symmetrical. This assumption was subsequently
investigated and contest work suggested that C. stephanoderis was the superior
competitor (Pérez-Lachaud er al., 2002). Within the models, both bethylid species
had little impact on /1. hampei populations and were predicted to have even lower
success when released together due to interference. Of note, however, iIs that
simulations that included P. coffea and one bethylid species (either P. nasuta or C.
stephanoderis) had the capacity to reduce H. hampei populations to slightly lower
levels than P. coffea alone. The addition of C. hyalinipennis into the simulations and

experimental studies could feasibly change the predictions for whether coexistence

and control are possible.

With these gaps in our knowledge, the aim of Part one of this thesis is to assess the
competitive interactions that take place between the three bethylid species C.
hyalinipennis, C. stephanoderis and P. nasuta in order to infer the release strategy
that could have the most impact on CBB populations. Despite the debate on the pros

and cons of multiple and single species releases, few studies have actually attempted

to establish the compatibility of multiple natural enemies to be introduced into the

field to control a pest.
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1.5 CONTEST BEHAVIOUR IN GONIOZUS NEPHANTIDIS

Part two of this thesis concentrates on intraspecific contest interactions between

females of G. nephantidis. 1 start with a brief description of the life history of G.

nephantidis and then summarise its known contest interactions.
1.5.1 Goniozus nephantidis

Goniozus nephantidis 1s an idiobiont gregarious ectoparasitoid that is a natural
enemy of Opisina arenosella in coconut plantations in India and Sri Lanka. Adult
females are 3 — 4.5 mm in length and males are 3 - 3.5mm (Remadevi, Mohamed and
Abdurahiman, 1981; Kapadia and Mittal, 1986). Goniozus nephantidis has been
investigated as a biological control agent against O. arenosella, but investigation into
alternative hosts for mass rearing of G. nephantidis demonstrated that it could
successfully parasitize Corcyra cephalonica Stainton (Lepidoptera: Pyralidae) in the
laboratory (Kapadia and Mittal, 1986). The life history ot G. nephantidis reared on
C. cephalonica is similar to on Q. arenosella and the details reported below are from
both species. Because of the ease in culturing as a factitious host, (. cephalonica has

been used to rear G. nephantidis for many subsequent experiments (e.g. Hardy and

Blackburn, 1991; Petersen and Hardy, 1996).

Adult female G. nephantidis paralyse their host and exhibit host guarding behaviour
during a 3 - 8 day pre-oviposition period (Antony and Kurian, 1960; Kapadia and
Mittal, 1986). They then lay a clutch of 3 - 18 eggs on larval hosts (Antony and
Kurian, 1960; Hardy, Griffiths and Godfray, 1992) and aggressively defend their
developing brood. Adult females can lay between 20 — 110 eggs over their lifespan
(Antony and Kurian, 1960; Kapadia and Mittal, 1986; Cock and Perera, 1987: Hardy
et al., 1992), which generally lasts for 3 - 23 days (Antony and Kurian, 1960;
Remadevi e al., 1981; Kapadia and Mittal, 1986). On emergence, the offspring have
a female biased sex ratio (proportion male 0.093 — 0.16) and sibling mating occurs
(Cock and Perera, 1987: Hardy and Cook, 1995; Hardy et al.. 1998; Hardy er al.,
1999).
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Under natural conditions, G. nephantidis parasitism rates are generally below 5%
(Kapadia and Mittal, 1986). but can reach 28% where there are outbreaks of O
arenosella (Kapadia and Mittal, 1986; Cock and Perera, 1987). Goniozus nephantidis
s attacked by at least five species of hyperparasitoid in India and at least one species
In Sr1 Lanka (Jayaratnam, 1941). Hyperparasitism rates of G. nephantidis by one
hyperparasitoid, Pediobius imbrues, can reach 90.14% in India (Kapadia and Mittal.
1986). The high prevalence of hyperparasitism in the field could partly explain why
brood guarding behaviour is important in this species (Hardy and Blackburn, 1991).
Despite the low parasitism rates of G. nephantidis, it continues to be investigated.

mass reared and released against O. arenosella (e.g. Venkatesan et al., 2003).
1.5.2 Prior contest research on Goniozus nephantidis

The host and brood guarding behaviour of female G. nephantidis has been
investigated 1n the laboratory (Hardy and Blackburn, 1991: Petersen and Hardy.
1996; Stokkebo and Hardy, 2000). These studies used the factitious host C
cephalonica. Hardy and Blackburn (1991) demonstrated that guarding behaviour
iIncreases the probability of brood survivorship because it prevents superparasitism
by conspecifics and reduces multiparasitism by the allospecitfic parasitoid Bracon
hebetor. Egg broods that were unguarded were vulnerable to ovicide by conspecitics,
which can subsequently lay their own clutch onto the host (Hardy and Blackburn,
1991; Hardy et al, 1999). In contrast, larval broods were rarely attacked by
conspecifics. This could occur because the larvae have already consumed much of
the host and left little resources for development of superparasitoids or practicing
larvicide could be too time-consuming (Hardy and Blackburn, 1991). When the

allospecific B. hebetor intruded on unguarded hosts, larvicide, followed by

multiparasitism, always occurred.

Further research established that adult female G. nephantidis engage in aggressive
intraspecific contests for paralysed hosts. These contests rapidly escalate to chasing,
biting, grappling and (usually) non-injurious fighting and were generally resolved
within the 90 minute experimental period (the length of videotapes available) used
by Stokkebo and Hardy (2000), although they suggest that natural contests may

occur over a longer period. The probability of a female winning a contest has been
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tound to be positively influenced by its weight relative to its competitor (Petersen
and Hardy, 1996; Stokkebo and Hardy, 2000). The importance of body size (wasp
weight) asymmetries in female-female contests has implications for the *Lack’ ¢lutch
size that should be laid on hosts; the Lack clutch size is the number of eggs a female
should lay to maximise clutch fitness (Godfray. 1994: Mesterton-Gibbons and
Hardy, 2004). When host size increases, there is evidence that females of many
bethylid species, including G. nephantidis, increase their clutch sizes (Gordh.
Woolley and Medved, 1983; Hardy ef al., 1992; Mayhew, 1998: Mayvhew and Hardy.
1998). In addition, female G. nephantidis that emerge from larger hosts tend to be
larger (Hardy et al., 1992). Because larger females are advantaged in contests.
foundresses that lay fewer eggs than their competitors on a similarly sized host
provision more resource to each of their offspring, thus producing larger progeny that
subsequently have a competitive advantage during contests. It is argued that natural
selection would lead to clutch sizes of one if contests alwayvs occurred, and larger
individuals always won, because this is the only non-invasible clutch size strategy
(Petersen and Hardy, 1996; Mesterton-Gibbons and Hardy, 2004). Hardy et al.
- (1992) report that, for standard sized hosts, the calculated Lack clutch size for G
nepnantidis 1s 18, whereas the average observed clutch size 1s 9. The Lack clutch
size prediction of 18 eggs was based on a static optimality model that considers
fitness components that are related to absolute body size (longevity and fecundity).
The observed clutches of 9 may be produced because the fitness effects of body size
were underestimated (Hardy et al., 1992) and/or because it is body size relative to

competitors that is important for success in contest interactions (Petersen and Hardy.

1996).

The discrepancy between observed and predicted clutch size in G. nephantidis lead
to the development of a game-theoretic model, which incorporated the effect of body
size on contest outcome (Mesterton-Gibbons and Hardy. 2004). In this model, the
clutch size optima of individual mothers depend on the clutch size decisions made by
other mothers in the population. Many of the model’s parameter combinations
predict the ‘true Lack clutch size’ (based on game theory) to be around half of the
‘traditional Lack clutch size’ (based on static optimality theory). Thus the observed

clutch size of 9 in G. nephantidis may be an optimal strategy.
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Further variables that positively influence contest outcome include prior ownership
(Petersen and Hardy, 1996) and the number of mature eggs in competing females’
abdomens (egg load) (Stokkebo and Hardy, 2000). In laboratory investigations
published to date, prior owners always win contests against smaller intruders. and
larger intruders generally need a size advantage of more than 0.25mg 1n order to
displace the owner from the host (Petersen and Hardy, 1996: Stokkebo and Hardy,
2000). Stokkebo and Hardy (2000) suggested that ownership advantage results from
resource value asymmetries between the owner and intruder. Thev predicted that.
when owners have oviposited prior to the contest. they win because theyv place a
higher RV on the host than intruders do. When contests occur for unparasitized hosts.
Stokkebo and Hardy (2000) hypothesised that the ownership advantage is due to egg
load asymmetries. They showed that, once owners paralyse the host, they increase
their egg maturation rates compared to intruders. This results in larger egg loads in
owners, who might place a larger value on the resource because they can oviposit on
(exploit) the host sooner than intruders. However. thev also found a positive
relationship between wasp weight and egg load, which introduces a confounding
variable. Further, in these experiments egg load asymmetries did not influence
contest outcome 1n owner-intruder contests; owners won 23 of 24 contests regardless
of egg load or body size asymmetries. In contrast, contests between two owners, in
which asymmetries in ownership and body size were absent, found a strong positive
advantage from larger egg load (Stokkebo and Hardy, 2000). Whilst these results are
consistent with ownership advantage being a result of RV asymmetries (instead of, or

as well as RHP), they do not prove that egg load determines resource value.

Additional attributes that influence contest outcome remain to be investigated.

Part two of this thesis investigates some of the candidate further explanatory

variables that may influence contest outcome between G. nephantidis temales.

Emphasis is placed on host size and wasp age, which might be expected to correlate

with RV, and the release of chemicals by females is explored during contest

Interactions.
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1.6 SUMMARY OF THESIS STRUCTURE

[n summary, the structure of the thesis is as follows:

1.6.1 Part One: Competitive interactions between bethvlid parasitoids of the

coftee berry borer

Chapter 2 examines the laboratory hyperparasitic and predatory capacity of adult
female (' hyalinipennis on con- and allo-specific bethvlid parasitoid immatures. and
the predatory capacity of adult female C. stephanoderis on C. hvalinipennis

immatures. The aim is to assess whether intra-guild predation is possible between the

bethylids that attack the CBB.

Chapter 3 1nvestigates inter- and intraspecific contest interactions within and
between . /ivalinipennis, C. stephanoderis and P. nasuta. The aim 1s to compare the
strength of intra- and inter-specific competition via contests. and to identity any

competitive superiority of these species.

Chapter 4 evaluates the production in terms of female recruttment ot C
Ivalinipennis, C. stephanoderis and P. nasuta when provided with ('BB-infested
coffee berries under varying intra- and inter-specific competition intensities. The aim

is to assess whether the bethylid species are likely to coexist under limited CBB

avatlability.

The overall aim of chapters 2-4 is thus to evaluate the "compatibility” of the three

bethylids and to investigate whether particular combinations of species are likely to

provide enhanced, or reduced, control of the CBB.

1.6.2 Part Two: Goniozus nephantidis contests and chemical release

—

Chapter 5 explores the influences of asymmetries in host weight and wasp age on

contest outcome between G. nephantidis females. The aim is to understand more

fully the various influences on contest outcome.
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Chapter 6 investigates the release ot volatile chemicals by female G. nephantidis and
seven other bethylid species. The aim is to provide a pilot study using a new

technique to be used for assessing the influence of volatile release within contests.

The overall aim of chapters 5 and 6 1s to assess the influence of further variables on

contest interactions between bethylid females.
1.6.3 Format of the thesis

All five experimental chapters, and the manuscript in the Appendix. are written In
paper format. Those that have been published already are chapter 2 (Pérez-Lachaud.
Batchelor and Hardy., 2004). chapter 3 (Batchelor et al., 2005) and chapter 4
(Batchelor er al., 2006). Chapter 5 has been submitted to a behavioural journal. The
appendix contains a manuscript that 1 am a co-author for. which follows from the
work in Chapter 6. Although | was involved in the discussion and development of the
work, it is not included as a chapter in the thesis because 1 did not play a major role
in collecting and analysing the data and writing the manuscript. The references and
acknowledgements for each chapter are collected together into the final reference IS

and acknowledgments sections, respectively.



Part One: Competitive interactions between bethvlid parasitoids of

the coffee berry borer



CHAPTER 2 - WASP EAT WASP: FACULTATIVE

HYPERPARASITISM AND INTRA-GUILD PREDATION BY
BETHYLID WASPS'

2.1 ABSTRACT

Bethylid wasps are primary parasitoids of coleopteran and lepidopteran pests of
economic importance and have thus been deployed as biological control agents. We
show that Cephalonomia hyalinipennis (Hymenoptera: Bethylidae) is also a
facultative hyperparasitold of four other bethylid species: Cephalonomia
stephanoderis and Prorops nasuta, natural enemies of the coffee berry borer,
Hypothenemus hampei (Coleoptera: Scolytidae). and of Goniozus nephantidis and G.
legneri, which have been released against lepidopteran pests of coconuts and
almonds respectively. Conspecific and allospecific ovicide and larvicide are also
observed, constituting intra-guild predation. Such trophic interactions have the
potential to disrupt biological control in coffee, coconut and almond agro-

ecosystems.

| bublished as: PEREZ-LACHAUD. G.. BATCHELOR, T.P. and HARDY. L.C.W. (2004) Wasp eat

wasp: facultative hyperparasitism and intra-guild predation by bethylid wasps. Biological Control 30.

149-155
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2.2 INTRODUCTION

The Bethylidae (Hymenoptera: Aculeata) is a cosmopolitan family of ectoparasitoid
wasps consisting of more than 100 genera and approximatelv 2000 described species
(Gordh and Moczar. 1990). The hosts of bethylids are nearly alwavs larval or pupal
Coleoptera or Lepidoptera, often those occurring in cryptic locations such as plant
stems, seeds, wood or soil (Clausen, 1940; Evans, 1964). Many of these host species
are also economically important pests of crops including almonds, coconuts. coffee.
cotton, dates, rice and sugarcane. Bethylids also attack pests of coniferous trees.
stored grain, wool and museum specimens. There have consequently been attempts

to deploy bethylids as biological control agents, with variable results (e.g. Legner

and Gordh, 1992; Baker. 1999).

Host range 1s often an important criterion in the selection of a potential agent of
biological control (e.g. Waage, 2001). as host specificity minimizes the risk of
unwanted non-target effects and/or potentially disruptive intra-guild predation
(Rosenheim ¢r al., 1995: Holt and Hochberg. 2001: Miller and Brodeur. 2002). A
few bethylid species seem to be truly monophagous (e.g. Cephalonomia waterstont:
Howard and Flinn, 1990), but most studied spectes are oligophagous (c.g. Finlayson.
1950; Gordh, 1976; Evans, 1978) and even species that have been reported as
monophagous mayv readily be reared on alternative factitious hosts in the laboratory
(e.g. Cephalonomia stephanoderis. Pérez-Lachaud and Hardy. 2001). It has,
however. been generally accepted that bethylids do not develop hyperparasitically.

For instance, Brodeur’'s (2000) survey of the taxonomic affiliation of

hyperparasitoids did not list any Aculeate species as being hyperparasitic.

The bethylid Cephalonomia hvalinipennis Ashmead (sub-family Epyrinae) 1s a
widely distributed (Evans, 1978), gregarious ectoparasitoid, that attacks a broad
range of coleopteran hosts both in nature (Gordh and Moczar, 1990), and in the

laboratory (Pérez-Lachaud and Hardy. 2001). In the Soconusco region of Chiapas.

S

2 Note that at the time of publishing this paper, we were unaware that C. /ivalinipennis has been

reported to have been reared from galls of dmphibolips and Discholcaspis spp. (Hymenoptera:

Cynipidac) (Evans. 1978). This indicates that our report was not the first documented case ot

hvperparasitism by C. hyalinipennis on another hymenopteran.




Mexico, C. hyalinipennis naturally attacks prepupae and pupae of the coffee berry
borer, Hypothenemus hampei (Ferrari) (Coleoptera: Scolyvtidae) (Pérez-Lachaud.
1998), which has spread from its African origin to become the most Important pest of
coftee worldwide (e.g. Baker. 1999; Damon, 2000). The borer remains a major
agricultural problem for Mexican coffee growers despite the introduction. in the late
1980s, of two of its African natural enemies, the bethylid wasps Cephalonomia
stephanoderis Betrem and Prorops nasuta Waterston (Barrera er al.. 1990a: Infante
et al., 2001b), both also belonging to the sub-family Epyrinae. Improved biological

control practices, including the possible use of additional or alternative agents, are

thus desirable.

We have previously examined various aspects of the reproductive biology and
behaviour of C. hyalinipennis in order to assess the desirability of its augmentative
release within its natural range and possible introduction into other coffee growing
areas (P€rez-Lachaud and Hardy, 1999, 2001; Pérez-Lachaud et al., 2002). During
studies of interactions between C. hyalinipennis. C. stephanoderis and P. nasuta,
adult C. hyalinipennis females were serendipitously observed to parasitize the larvae
and prepupae of the two other species. In this paper we confirm this finding and
report it for the first time, and additionally document inter- and intra-specific
predation (ovicide and larvicide) between these species. We fturther report that C
hyalinipennis can develop hyperparasitically on two turther bethylid species,
Goniozus nephantidis Muesebeck and G. legneri Gordh; these belong to the sub-
family Bethylinae and are natural enemies of lepidopteran pests of coconut (Cock
and Perera, 1987) and almonds (Legner and Gordh, 1992) respectively. We discuss

the implications of these trophic interactions for biological control.

2.3 MATERIALS AND METHODS

2.3.1 Hyperparasitism of allospecific Epvrinae by C. hyalinipennis

Adult female C. hyalinipennis were placed singly into experimental arenas consisting
of chambers in plastic blocks with a clear plexiglass lid (as described by Pérez-
LLachaud and Hardy, 1999; see also Petersen and Hardy. 1996). In "naive female’

replicates (n = 10), females had emerged as adults within the previous 24h. had

36



mated but had not, as adults, had previous contact with hosts. In “experienced

female™ replicates (n = 5), temales had been allowed to attack healthy H. hampei

hosts for 3 days prior to transfer to the arenas.

Each arena also contained 5 healthy hosts (prepupae and/or pupae of H. hampei) and
S H. hampei prepupae or pupae previously parasitized by C. stephanoderis females.
Cephalonomia stephanoderis females lay one egg per host. Cephalonomia
stephanoderis immatures were either at the egg stage (5 naive female replicates) or in
late larval stages of development (still attached to the host, or detached and
beginning to spin a cocoon) (5 naive and 5 experienced replicates). Arenas were
examined at least twice a day, and often more frequently. for four davs after
introducing the C'. hyalinipennis female. The behaviour of some of the females was
also videotaped. We measured the head width of C. hvalinipennis temales that
eventually matured from eggs laid during the observation period. Experiments were

carried out at 28 + 2°C.

Following the above protocol. we set up an additional replicate in which a naive €
Ivalinipennis female was provided with H. hampei hosts bearing single P. nusita
(rather than C. siephanoderis) larvae. Due to lack of biological material, we were

unable to further assess hyperparasitism of P. nusuta.

2.3.2 Conspecific hyperparasitism by C. liyalinipennis

Using a similar protocol, 4 naive and 5 experienced (. hyalinipennis temales were
each provided with 5 healthy hosts and 5 late-instar conspecific larvae (produced by

another C. /iyalinipennis female).

2.3.3 Hyperparasitism of C. hiyalinipennis

A similar protocol was used to assess whether C. stephanoderis hyperparasitise C.
hyalinipennis: 5 naive C. stephanoderis were each provided with 3 healthy hosts plus
5 hosts bearing larval C. hvalinipennis. The capacity of P. nasuta females to attack

other bethylids could not be investigated due to a shortage of biological material.
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2.3.4 Hyperparasitism of Bethylinae by C. hyalinipennis

Naive adult temale C. /nvalinipennis, originating from mixed sex broods, were placed
singly into experimental arenas formed by taping together two excavated microscope
shdes (Pérez-Lachaud and Hardy, 1999). Each arena contained 3 late-stage larvae of
G. nephantidis or G. legneri that had ceased to feed and detached from the host larva
In order to pupate. Both G. nephantidis and G. legneri were reared on the factitious
host Corcyra cephalonica (Lep.: Oecophoridae). Experiments using G. nephantidis
were carried - out at 26-29°C and those using G. legneri at 24-28°C. We measured the

head width of C. hyalinipennis females that eventually matured.

2.3.5 Cephalonomia hyalinipennis reared on H. hampei

For comparison of adult body size when developing on different hosts, we¢ measured
the head widths of 130 C. /ivalinipennis reared on H. hampei in naturally infested

berries collected from the field in Mexico.

2.4 RESULTS

2.4.1 Hyperparasitism of allospecific Epyrinae by C. hyalinipennis

All C. Inalinipennis temales used H. hampei hosts bearing (' stephanoderis eggs,
either by feeding on the eggs followed by oviposition on the H. hampei (2/5). adding
eggs (multiparasitism) without ovicide (2/3) or teeding on H. /lampei without
oviposition (1/5). The also present healthy H. hampei were oviposited on, ted upon
(destructive host feeding) or both (concurrent host feeding). When females were
provided with healthy hosts and late-stage (. stephanoderis larvae (still on their
host’s remains or already spinning a cocoon). they similarly ted upon both healthy A
hampei and . stephanoderis larvae, and oviposited on healthy H. hampei.
Continuous videotape recording allowed us to observe that all C. /ivalinipennis
females chewed holes into. and entered, newly constructed silk cocoons of C.
stephanoderis larvae (Table 2.1. Fig. 2.1). At the end of the 4-day observation period

13/47 (93.5%) C. stephanoderis cocoons had been entered by C. hyalinipennis.



Table 2.1 Actions of C. hyalinipennis females provided with conspecific, C. stephanoderis or P.
nasuta larvae

Species of larvae provided C. hyalinipennis C. stephanoderis ~ P. nasuta

C. hyalinipennis prior

naive experienced naive experienced  naive

experience
Replicates 4 5 5 5 1
Females dpening cOCooNs 0 0o 5 5 ?

Females that fed on

| e 1 3 3 2 l
developing parasitoids
Females that
0 I 5 4 1
hyperparasitised
Replicates in which C.
hyalinipennis oftspring - 0 2 3 1

eclosed

'Values are minima as definitive observations of host feeding are difficult and because some C.

hyalinipennis eggs were accidentally Killed during experimental inspection

Figure 2.1 A C. hyalinipennis female feeding on a C. stephanoderis larva inside its cocoon.
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Cocoons that were later dissected under a stereomicroscope were found to contain
prepupae and pupae of C. sftephanoderis that had been parasitized by C
hyalinipennis. From 1 to 3 eggs were laid on individual C. stephanoderis
prepupae/pupae (Figs. 2.2 and 2.3). However, not all C. stephanoderis
prepupae/pupae inside cocoons entered by C. hyalinipennis were parasitized or fed
upon: 6 C. stephanoderis adults emerged from such cocoons. No eftect of prior
experience of H. hampei hosts on C. hyalinipennis behaviour was discernable and the
proportion of naive and experienced females that hyperparasitised at least some C.

stephanoderis larvae was similar (log-likelihood ratio test, G, = 1.49, P > 0.05). Most

individuals developing as hyperparasitoids died as late-instar larvae or as a

Figure 2.3 A C. stephanoderis pupa parasitized by C. hyalinipennis.
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consequence of experimental manipulation during the eeg  stage. Successtul
reproduction via hyperparasitism was. however. achieved by 7/10 C. valinipennis
females (Table 2.1), with 14 adults obtained from 24 hyperparasitised C
stephanoderis. Cephalonomia hyalinipennis females developing as hyperparasitoids
of (. stephanoderis (head width, mean 0.156mm + SD 0.009) were smaller than
Individuals from stock cultures that developed as primary parasitoids of A hampei

(mean = 0.263 mm, SD + 0.020, n = 130) (Fig. 2.4).

In the single replicate in which a naive C. /valinipennis was provided with 5 P,
nasuta larvae, one larva was destroyed by host feeding and 4 were parasitized after
they had left the H. hampei host and spun cocoons. One adult C. /hvalinipennis

female developed to adulthood as a hyperparasitoid of these P. nasuta (Table 2.1).

2.4.2 Conspecific hyperparasitism by C. hyalinipennis

No . /yalinipennis temale was observed to open cocoons spun by conspecific
larvae (Table 2.1), but some were observed to feed upon these larvae before cocoon
spinning (Table 2.1). One (experienced) female both fed on and laid an ¢gg on a
conspecific larva when there were no suitable H. hampei available, but the egg died
on hatching. The proportion of females that acted as conspecific hyperparasitoids
was uninfluenced by experience (G;= 1.27, P> 0.05) and, overall, the proportion of
females that hyperparasitised conspecifics was lower than the proportion that

parasitized allospecifics (G;= 14.54. P <0.001).

2.4.3 Hyperparasitism of C. hyalinipennis

All 5 C. stephanoderis were observed feeding upon C'. /ivalinipennis larvae betore
cocoons were spun, but these females did not behave as hyperparasitoids. The
difference between the proportions of C. stephanoderis and C. hyalinipennis temales

that acted as allospecific hyperparasitoids is significant (G;=5.58, P <0.05).
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