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Abstract

Interactions between individuals can range from peaceful cooperation, through
mediated contest, to escalated conflict. Understanding such diversity of interactions
between individuals requires an understanding of the costs and benefits involved
with these behaviours, and the influence of relatedness between interacting
individuals. Species in the parasitoid wasp genus Melittobia display social
behaviours at both extremes of this spectrum, from the potentially cooperative traits
of the ratio of male to female offspring that they produce, and the dispersal of
females to new habitats, to the extreme conflict of violent contests between males. In
this thesis, I examine a number of aspects of social evolution in Melittobia. First,
consider the pattern of sex allocation — the division of resources between male and
female offspring - where local mate competition theory predicts that females will
adjust their offspring sex ratio (proportion of males) conditionally, with females
laying increasingly female biased sex ratios as the number of other females laying
eggs on the same patch increases. In Chapter 2, [ show that M. acasta females always
lay an extremely female biased sex ratio, and that this may be explained in part by
the fact that male Melittobia engage in violent lethal combat in competition for
mates. Early emerging males have a competitive advantage and thus there is a
limited advantage for later laying females to produce a less female biased sex ratio.
However, I also demonstrate that the advantage of early emergence can be reduced
when we consider male body size, which is linked to fighting ability, suggesting that
the occurrence of this extreme conflict does not fully explain the unusual pattern of
sex allocation in Mellitobia. In Chapter 3, I examine whether the level of dispersal
varies in response to the extent of local competition for resources, and the relatedness
between competitors. I use the species M. australica, which readily produces two
distinct female dispersing morphs, to show that the production of dispersing females
increases with the competition for resources. I consider the parallels between the
evolution of dispersal and of sex ratio. In Chapter 4, I examine male fighting in more
detail and explore theory that predicts that when extreme conflict does evolve, the
incidence of fighting varies with resource value, number of competitors, and the

level of relatedness between males. I show that mating opportunities are sufficiently



valuable that male Melittobia will always engage in fighting irrespective of
relatedness, that there is no evidence of opponent assessment prior to fighting, and
that the intensity of fights increases with the number of competitors. This thesis
highlights the importance of considering combinations of social traits and the

interactions between them, to understand the evolution of social characters.
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Chapter 1 Introduction

1.1 Social evolution: cooperation to conflict

1.1.1  What are social behaviours?

A behaviour is termed social when it has consequences for both the actor (the
individual carrying out the behaviour) and the recipient (Frank, 1998; West et al.,
2007b). Clearly, this is often true for interactions, both cooperative and involving
conflict. Social behaviours can be categorised depending upon their fitness costs and
benefits (Hamilton, 1964): Selfishness benefits the actor, at a cost to the recipient;
altruism benefits the recipient at a cost to the actor; mutualism benefits both actor
and recipient; and spite has a cost for the actor and for the recipient (Table 1.1).
Hamilton (1964) showed that a social behaviour will be favoured when rb>c, where
b is the benefit to the recipient, c is the cost to the actor, and r is the relatedness of
actor to recipient. Hamilton’s (1964) rule underlies much of our understanding of
social behaviour, and can be used to help explain behaviours ranging from sex ratio
to dispersal and conflict; and exceptional examples where Hamilton’s rule does not
apply, such as when extreme conflict occurs despite high relatedness (West et al.,

2001; 2002), can be particularly informative.



Effect on recipient
+ -
+ mutualism selfishness
Effect on actor
altruism spite

Table 1.1: a classification of social behaviours.

1.1.2 Cooperation to conflict

Interactions between individuals can lie anywhere on a spectrum between peaceful
cooperation and escalated conflict. For instance, relatively peaceful cooperation
occurs between cooperatively breeding vertebrates, and in a number of bird species
where helpers remain at the nest to raise the subsequent offspring of a related
breeding pair (e.g. Clutton-Brock et al., 2000; Griffin et al., 2003; Komdeur et al.,
1997). In cases where contests are more likely, such as when male red deer or
fighting fish compete for matings, violent escalation is often prevented by the
ritualised behaviour and assessment which mediates these contests (Clutton-Brock
and Albon, 1979; Jakobsson et al., 1979). Some form of convention or social
hierarchy may also limit conflict, as seen between queuing females of the paper wasp
Polistes dominulus (Cant et al., 2006; Innocent and West, 2006). At the opposite
extreme of this spectrum, wingless male fig wasps compete violently within fig fruit

for access to locally emerging female mates (Hamilton, 1979; Murray, 1987; 1989).

Why do some interactions lead to cooperation when others end in conflict? The key
to understanding the range of behaviours observed is to understand the balance of

costs and benefits for individuals, and to consider the influence on these costs and



benefits of relatedness. For instance, high costs incurred from not cooperating, or
benefits (direct or indirect) gained from cooperation, can favour cooperative
interactions (West et al., 2007a). While relatedness between individuals is an
important factor in the evolution of cooperation — in particular for altruistic
cooperation, where indirect fitness benefits are accrued - cooperation can also be
favoured between unrelated individuals when, for instance, it is mutually beneficial
but not altruistic (West et al., 2007a). Examples of such cooperation include
mutualism, where cooperation occurs between individuals of different species;
reciprocity, when repeated interactions occur, and individuals are more cooperative
with those that have previously been helpful or cooperative; and cooperation because
of the resulting direct benefits to an individual, such as increased predator defence or
greater foraging success due to increased group size (West et al., 2007a). One way of
looking at the importance of relatedness (r) for the evolution of social interactions is
that, if r < 1 then selection can favour the evolution of conflict between individuals,
whilst if r > 0 then selection can favour cooperation; this sets up a spectrum, along
which the balance of costs and benefits, and the specific level of relatedness can vary
to produce different behaviours. In general, the most common strategy observed
when individuals have a conflict of interests is one of conflict limitation, where
mechanisms have evolved to minimise the occurrence of costly, violent conflict
(Maynard-Smith and Price, 1973). In order to fully understand why the outcome of
interactions varies so much, it is important to consider specific examples (and
identify the costs and benefits); it is particularly useful to study the extremes of this
spectrum, and the exceptions to the general rule of conflict limitation. In some
instances, both extremes of cooperation and conflict are found within the same
species, often associated with unusual natural history (Hamilton, 1979; Murray,
1987). And, as the factors that bring individuals together to cooperate will also bring
them together to compete, both cooperation and extreme conflict can be favoured

between relatives (West et al., 2001; 2002).

In this thesis, I consider the social evolution of the parasitoid wasp genus Melittobia,

which exhibits behaviour at both spectrum extremes: these wasps display both



potentially cooperative traits, such as sex ratio and dispersal (of females); and also

extreme conflict, most strikingly in the form of fatal fighting (between males).

1.1.3 Sex allocation and dispersal as social behaviours

Within the field of social evolution as a whole, a large amount of work has
considered two widespread social traits, sex allocation and dispersal. One reason for
this is because the costs and benefits associated with social behaviours will vary,
depending on the demographic context within which individuals interact; and the
distribution of resources and individuals is a central component of this (Frank, 1998).
Why are these two traits considered to be social? Both sex ratio and dispersal
commonly occur in situations where a number of individuals interact, and often when
these individuals are related. More specifically, with local mate competition (LMC;
Hamilton, 1967b; see section 2.2), the optimal sex ratio will depend upon the level of
competition between relatives. And in contrast, dispersal from a patch where related
individuals must compete can be favoured in order to reduce the level of competition
experienced by relatives (Hamilton and May, 1977; see section 1.4 and chapter 3).
Both sex ratio and dispersal have commonly been used as model traits for developing
methods for social evolution theory (Frank, 1998; Taylor and Frank, 1996). In
addition, sex ratio and dispersal are interesting traits to consider together because: (1)
there are a number of similarities between the evolutionary processes leading to the
evolution of dispersal and of sex ratio; (2) the evolution of these two traits is affected
by the same factors, and they may influence each other. Therefore it is possible to
consider sex ratio and dispersal independently, and also to try and understand the

interaction between these traits within a wider social context.

1.1.4 Thesis aims & outline

In this thesis I consider aspects of the social evolution of the parasitoid wasp genus
Melittobia. A number of aspects of the biology of Melittobia are unusual (details in

section 1.3 and chapters 2-4), and I use this system to ask questions about several of



these social traits: sex ratio, female dispersal, and fatal fighting amongst males.
Moreover, Melittobia are a good system for trying to understand different social
traits at the same time, as this system allows us to ask questions about the

relationship between social traits, as well as the traits themselves.

In chapter 2, I examine the pattern of sex allocation in Melittobia, and ask: What is
the pattern of sex ratio observed in Melittobia, and is sex ratio adjusted with variation
in LMC? Does fatal fighting between male offspring influence sex allocation? And
are there additional/alternative influences? I describe the pattern of sex allocation in
Melittobia acasta, which produces an extremely female-biased sex ratio, and shows a
lack of sex ratio adjustment. I discuss the potential explanations for this unusual

pattern of sex allocation.

In chapter 3, I ask: Is dispersal in this system influenced by competition between
relatives? And is the pattern of dispersal associated with the pattern of sex
allocation? Here, I consider the evolution of dispersal when relatives compete for
resources. Melittobia species produce two female morphs, a dispersing and a non-
dispersing form. I describe the patterns of morph production, and then examine

whether variation in the level of dispersal is related to the pattern of sex ratio.

In chapter 4, I focus on the nature of extreme fighting behaviour observed between
male Melittobia, and consider how this behaviour evolved. Here, I ask: What is the
nature of fighting behaviour between male Melittobia in competition for mates?
What influences the intensity of fighting between males? Is the relatedness between
opponents important? And finally, is there evidence for kin discrimination in
Melittobia? 1 test experimentally the importance of several biological variables
predicted to be important in competition for mates, resource value and competitor
density. I also consider the influence of kin selection, and look for evidence of kin

discrimination from the pattern of fighting behaviour with variation in relatedness.

In chapter 5, I summarise and discuss the key findings from experiments described in

chapters 2-4, and make several general points highlighted by the work in this thesis.



In addition to the work contained in this thesis, I have also made significant
contributions to a number of other projects during the same period of time, leading to
several further publications. While my role in each was insufficient for the work to
appear in chapters of this thesis, I had considerable input into these pieces of work,
and both studies address questions that are relevant to the subject of this thesis;

therefore, three additional publications are included as appendices to this thesis.

In appendix 1 a series of experiments are used to test theoretical predictions for
conflict behaviour in the parasitoid wasp Melittobia acasta. Characteristics of the
competitive environment, and of the individual, were both found to influence the
extent of conflict behaviour between competing males. The level of fighting within a
group increased with the density of competitors, but decreased with an increasing
proportion of females present. Larger males were more likely to win contests than
smaller males, with relative body size found to be a strong predictor of fight
outcome. Furthermore, fights between size-matched or asymmetric male pairs were
equally likely; this suggests that opponent assessment does not occur in Melittobia

species. This study forms the basis for the work in chapters 2-4 of this thesis.

Appendix 2 describes a series of experiments assessing the importance of
asymmetric larval competition in the parasitoid wasp Nasonia vitripennis. The
predictions of LMC theory for optimal sex allocation vary when there is an
asymmetry between the abilities of the sexes to compete for host resources during
development. These results show that the body size of females, but not of males, is
affected by the sex ratio of the developing clutch; this asymmetric larval competition
is predicted to select for less biased sex ratios. However, theoretical models are then
used to show that the influence of asymmetric competition on offspring sex ratio is
negligible, in comparison to the strength of the effect of LMC. Overall, this study
addresses another potential reason than those considered in chapters 2-4 for deviation
from the predictions of LMC theory, when the fitness of male and female offspring
varies; and illustrates the importance - and strength of - LMC for sex allocation in

other parasitoid species.



Appendix 3 is a commentary [ wrote on research carried out with the paper wasp
Polistes, showing that the existence of a social hierarchy can be an important
influence on, and mechanism for the regulation of, aggressive behaviour within
groups. We discuss the potential impact of social environment on conflict between

individuals, and the fact that conflict and cooperation can occur simultaneously.

Each chapter of my thesis has a specific introduction that describes the relevant
literature. In the remainder of this introduction, I first describe the natural history of
the parasitoid genus Melittobia, and then provide a brief overview of the relevant

literature on the relevant aspects of sex allocation and dispersal.



1.2 Natural history of Melittobia

Species in the wasp genus Melittobia (Hymenoptera: Eulophid) are gregarious
ectoparasitoids: adult females paralyse insect larvae or pupae and lay eggs on the
external surface of the host, upon which their offspring feed during development.
Melittobia species have an unusually wide host range for parasitoids that includes
Diptera and Lepidoptera, though they most commonly parasitise large, solitary
Hymenoptera (Balfour-Browne, 1922; Cooperband and Vinson, 2000; Dahms, 1984;
Freeman, 1977; Freeman and Parnell, 1973; Gonzalez et al., 2004c; Matthews et al.,
2009; Van den Assem et al., 1980). There are currently 12 species described within
the Melittobia genus - including the species studied in this thesis, M. acasta and M.
australica - which share common natural history in many respects (Gonzalez et al.,
2004a; Matthews et al., 2009; Van den Assem et al., 1980). Several of these species,
for instance M. acasta, have a worldwide distribution (Gonzalez et al., 2004a;
Matthews et al., 2009; Van den Assem et al., 1980). Adult wasps are approximately
1-2mm in length, considerably smaller than their host species, which has important
implications for their life history: as a consequence, up to several thousand wasps
can develop on a single host, from few or many foundress females, developing

simultaneously or across several — overlapping — generations (Matthews et al., 2009).

Melittobia species exhibit pronounced sexual dimorphism. Males are blind and
flightless (with vestigial wings), and remain in the immediate area surrounding the
natal host to compete for mating opportunities (Buckell, 1928; Dahms, 1984;
Gonzalez et al., 2004c; Matthews et al., 2009). Males eclose before females — by up
to several days - and engage in fierce lethal combat: during fights males use their
highly modified mandibles to attack opponents, severing limbs, piercing abdomens
and decapitating competitors (Abe et al., 2003b; 2005; Balfour-Browne, 1922;
Buckell, 1928; Dahms, 1984; see also Hamilton, 1979; Hartley and Matthews, 2003;
Innocent et al., 2007; Reece et al., 2007). This fighting is unusually extreme, and
often only a single male will survive. Upon female emergence, the remaining male(s)

will mate with all females on the local patch. In contrast, females are winged and



have fully functioning eyes; after mating most females will disperse to find new
hosts (Matthews et al., 2009). If the host is encased in some form of puparium,

females are adapted to chew holes in order to escape (Matthews et al., 2009).

Females commonly lay large clutch sizes — from as many as 200 offspring, up to
more than a thousand per host, depending upon the host species (e.g. Abe et al.,
2005; Balfour-Browne, 1922; Innocent et al., 2007; Matthews et al., 2009). As
Melittobia species are haplodiploid, females can adjust their offspring sex ratio, by
producing daughters from fertilised and sons from unfertilised eggs (Cook, 1993).
Highly female-biased sex ratios have been reported for several Melittobia species, in
the range of 85-95% female offspring for both lab studies and natural populations
(Abe et al., 2003b; 2005; Cooperband et al., 2003; Gonzalez et al., 2004c; Innocent
et al., 2007; Schmieder, 1938; Van den Assem et al., 1980). Studies suggest this sex
ratio bias is unlikely to be due to the presence of sex ratio distorting bacteria, which
have rarely been found in natural populations to date, and which have been shown
experimentally to have little impact on the degree of sex ratio bias (Abe et al.,
2003b). While data suggests that foundress number is variable in natural populations
(and is influenced by host size and density; M. hawaiiensis: Freeman and Ittyeipe,
1976; Freeman, 1977; M. japonica, M. acasta: Van den Assem et al., 1980; M.
femorata: Molumby, 1996; Cooperband et al., 2003), and therefore populations are
subject to variation in LMC, a lack of sex ratio shift has also been shown for
laboratory populations of several species (Abe et al., 2003b; 2005; Cooperband et al.,
2003; Innocent et al., 2007; Matthews et al., 2009). A further consequence of
haplodiploid sex determination in Melittobia is that virgin females are able to
produce male offspring: studies suggest that they are able to lay a small first clutch of
males, and mate with one of these sons upon emergence, in order to lay a larger

second clutch containing females (Balfour-Browne, 1922; Dahms, 1984; Abe et al.,

in prep).

Two female morphs have been identified, a long-winged and a short-winged morph,
which vary in proportion between broods (M. chalybii: Schmieder, 1933; M.
australica: Freeman and Ittyeipe, 1976; Freeman and Ittyeipe, 1982; Dahms, 1984;



M. digitata: Consoli and Vinson, 2002a; Cooperband, 2003; M. clavicornis:
Gonzalez et al., 2004a). The morphological differences between the morphs have
been shown to correlate with different patterns of dispersal and associated
differences in life history strategies (Consoli and Vinson, 2002a; 2002b; 2004;
Cooperband et al., 2003; Dahms, 1984; Freeman and Ittyeipe, 1976; 1982; Gonzalez
et al., 2004a; Schmieder, 1933; Innocent et al., in press; see chapter 3). The amount
of dispersal relates to resource availability - which is known to vary across the host
range — and studies suggest that morph determination is environmental, rather than
genetic (Consoli and Vinson, 2002a; Matthews et al., 2009; Innocent et al., in press;
see chapter 3). The studies of female dispersal dimorphism suggest that multi-
foundress scenarios are likely, and highlight the potential for non-dispersing female
offspring to superparasitise large hosts, leading to overlapping generations on a host
(in culture, generation time at 30°C ranges from 14-21 days). Future work is needed
to determine the pattern of morph production in natural populations, the
consequences of overlapping generations for lethal male combat, and the potential

relationship between dispersal rate and sex ratio.
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1.3 Sex allocation

1.3.1  Fisher’s theory of equal investment

Decisions about how to allocate resources to offspring, in particular, sex allocation -
the division of resources between male and female offspring - have important
implications for individual fitness. Sex allocation theory predicts that individual
females should allocate resources to male and female offspring in a way that
maximises the fitness returns gained from these offspring (Charnov, 1982). The
optimal strategy for sex allocation in large panmictic populations - first considered
by Darwin (1871), and first modelled mathematically by Diising (1883, 1884; in
Edwards, 1998; 2000) - was eloquently explained by Fisher (1930). Fisher (1930)
argued that, as observed in many species, equal investment in male and female
offspring is favoured by natural selection. He reasoned that the total reproductive
success for males must equal that of females, because an individual must be the
product of two parents, one male and one female. In a population where males were
common and females rare, then on average the reproductive success would be higher
for the rarer sex, females. Consequently, parents who produced a higher proportion
of females would also produce a greater number of grandchildren and gain higher
fitness; and selection would therefore favour parents that overproduce the rarer sex.
As a result of this negative frequency dependant selection, the proportion of the rarer
sex in the population would increase towards an equal (unbiased) sex ratio.
Similarly, if males were rare, the reverse would apply. Overall, theory predicts that
equal investment in male and female offspring will evolve as the evolutionary stable
strategy (ESS; Maynard-Smith, 1982), reflecting equal investment of resources in
males and females, not necessarily equal numbers of males and females (Fisher,

1930).

Fisher’s (1930) theory of equal investment forms the basis of all sex allocation

theory. It has been extended in numerous directions, by relaxing the implicit

11



assumptions, to explain cases of biased sex allocation (West, 2009). The field of sex
allocation has a substantial theoretical underpinning, and makes specific predictions
that have been widely tested empirically (Charnov, 1982; West et al., 2005; West,
2009). Much success in this area has followed from the fact that the important
features of biology that influence sex allocation can be identified and modelled, and
often sex ratio can be measured with relative ease in natural or laboratory conditions
(West et al., 2000; 2005; West, 2009). Sex allocation theory is therefore able to
explain variation in sex ratio and its fitness consequences across a wide range of taxa
(Charnov, 1982; West et al., 2005; West, 2009). Consequently, sex allocation is one
of the most productive and well-understood areas of evolutionary biology. This has
made sex allocation a useful model trait for developing social evolutionary theory
more generally (e.g. Taylor and Frank, 1996; Frank, 1998), and addressing more
general biological questions (West et al., 2000; West, 2009). Within the field of sex
allocation, most attention has focused upon cases where biased sex allocation occurs

(West, 2009), and I discuss the relevant issues in more detail below.

1.3.2 Biased sex ratios & LMC: When more Mums = more sons...

One important reason for biased sex allocation is the influence of cooperative or
competitive interactions between relatives (Hamilton, 1967a; Taylor, 1981; West,
2009). Local resource enhancement (LRE) occurs when producing one sex increases
the fitness of relatives, and so selection favours sex allocation biased towards this sex
(Trivers and Willard, 1973; Taylor, 1981). For instance in species where offspring of
one sex remain at the natal site to help rear subsequent offspring, the sex ratio is
biased towards the helping sex, as seen in the Seychelles Warbler (Komdeur et al.,
1997); see also (Griffin and West, 2003; Griffin et al., 2005). In contrast, when the
production of one sex increases competition for local resources, this can have a
detrimental affect on the fitness of related competitors of the same sex; this is known
as local resource competition (LRC), and favour biased sex allocation towards the

less-competing sex (Clark, 1978; Bulmer and Taylor, 1980b; Taylor, 1981).

12



Hamilton’s (1967) local mate competition theory (LMC) - the best-studied example
of LRC - relaxes Fisher’s assumption that mating occurs at random across a
population and applies when a population is subdivided so that individuals compete
for a discrete, ephemeral resource. Under conditions of LMC, related male offspring
compete locally for mates, and these mates may be related females — in the extreme
case of a single female foundress laying offspring on a patch, all competitors are
brothers, and all mates, sisters. Hamilton’s (1967) LMC theory makes two
predictions with regards to sex ratio: first, that under LMC a female-biased offspring
sex ratio is favoured; and second, that the extent of sex ratio bias will be proportional
to the level of LMC, shifting in the direction of an equal sex ratio as foundress
number increases (relatedness decreases). The ESS sex ratio (r, proportion males) for

a female to produce under LMC with N foundresses on a patch is predicted by:

r=N-1/2N (equation 1.1)

Taylor (1981) showed that a female-biased sex ratio is favoured under conditions of
LMC for two reasons. First, by producing a higher proportion of daughters, a
foundress maximises the number of mates available to her sons. Second, by
producing a lower number of sons, a foundress minimises competition between sons
for mates (Taylor, 1981). When a single foundress produces offspring on a patch,
equation 1 predicts that s = 0; this is interpreted to mean that a female is expected to
produce the maximum number of daughters possible, and the minimum number of

sons required to fertilise them (Hamilton, 1967a).

1.3.3 LMC & inbreeding in haplodiploids - Mummy’s girls?

In haplodiploids, there is another, additional effect of LMC due to inbreeding (Frank,
1985; Herre, 1985). With haplodiploid sex determination a mother produces
daughters from fertilised (diploid) eggs, and sons from unfertilised eggs (haploid)
(Cook, 1993). If a female mates with a related male this mate will pass shared genes
to female offspring, making a mother more related to her daughter under inbreeding.

In contrast, male offspring will only receive gene copies from their mother, and so

13



inbreeding has no effect on the relatedness of a mother to her sons. Therefore, with
inbreeding, a mother is relatively more related to her daughters than her sons. This
favours an additional female-bias in offspring sex ratio beyond LMC predictions
(Hamilton, 1972; 1979; Frank, 1985; 1986b; Herre, 1985; West, 2009). The ESS sex
ratio (r, proportion male offspring) under LMC for haplodiploids is predicted by the

following, modified, equation:

r=(N-1)(2N-1)/N(4N-1) (equation 1.2)

The sex ratio pattern predicted by LMC theory for both diploids and haplodiploids,

across a range of foundress numbers is shown in figure 1.1.
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Figure 1.1: LMC curve illustrating the predictions for optimal sex ratio

under LMC for diploid (black line) and haplodiploid (grey line) species.

1.3.4 Extensions of basic LMC Theory

Hamilton’s original model of LMC has since been extended in many ways, to
describe specific biological examples. For instance, LMC has been modelled for

cases where females lay different numbers of eggs on the same patch, with
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oviposition (egg-laying) either sequential (superparasitism; e.g. Werren, 1980) or
simultaneous (Frank, 1985; 1986b). One specific extension of LMC models for
sequential oviposition considers asymmetrical LMC (I test an example of this type of
model for the sex ratio in Melittobia; chapter 2). Here, a male’s mating success
varies with the brood he’s laid, and different males experience different (asymmetric)
levels of LMC (e.g. Abe et al., 2003b; 2005; Shuker et al., 2005). For instance, early
emerging males may have a mating advantage compared to later emerging males;
this asymmetry will be more pronounced if early emergence confers a competitive
advantage in male-male competition, such as an advantage in attack, or greater size
(e.g. in Melittobia: Abe et al., 2003a; 2003b; 2005; Innocent et al., 2007). With
asymmetry in the level of LMC, the fitness returns of laying males diminish with
successive broods; this selects for superparasitising foundresses to lay more female-
biased sex ratios than predicted by sequential LMC models — and in the extreme
case, can favour little or no sex ratio adjustment (Abe et al., 2003a; 2003b; 2007;
Innocent et al., 2007).

A second alternative scenario relevant to sex allocation in Melittobia occurs when
multiple females oviposit on a patch, but the females are themselves related (see
chapter 3). These models assume that female dispersal is limited, increasing the
relatedness between co-founding females (which produce the same sex ratio for a
given foundress number) (West, 2009). The general prediction here is that
foundresses will lay a more female biased sex ratio than predicted by LMC (Bulmer,
1986; Frank, 1985; 1986b; 1998). A female-biased sex ratio is favoured in this case
because multiple, highly-related female foundresses on a patch is more similar to a
single foundress scenario, as increasing foundress number corresponds to little
variation in average relatedness in this instance (Frank, 1985; 1986b). Thus,
producing few sons minimises competition for mates between all male relatives, and
producing many daughters maximises the number of mates available to them (Frank,

1985; 1986b; Taylor, 1981).
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1.3.5 Empirical tests of LMC

LMC theory is particularly well developed and has been thoroughly tested
empirically, with wide-ranging support from a variety of taxa (Charnov, 1982; West
et al., 2005; West, 2009). Precise theoretical predictions can be made, and these have
been tested most comprehensively using the parasitoid wasp Nasonia vitripennis,
providing strong qualitative and quantitative support (Werren, 1980; 1983). First, the
empirical data shows that under high levels of inbreeding the offspring sex ratio is
extremely female biased (Werren, 1980; 1983). Second, the sex ratio in M.
vitripennis is adjusted according to the number of foundresses, with a shift towards
an equal (unbiased) sex ratio with increasing foundress number (Werren, 1980;
1983). Recent studies have also found a similar pattern of sex ratio variation with
variation in foundress number in natural populations of N. vitripennis (Burton-
Chellew et al., 2008; Grillenberger et al., 2008). More general tests of LMC in a
range of taxa from flowering plants to malaria parasites qualitatively support the
prediction that the average sex ratio should correspond to the intensity of LMC in
populations (West et al., 2005; West, 2009). Support has also been found, in some
cases, for facultative adjustment of sex ratio across species or populations with
variation in the level of LMC. For instance, fig wasp species that experience greater
variation in foundress number in natural populations (stronger selection for sex ratio
adjustment), show greater facultative sex ratio adjustment; and species meet the
predictions of LMC most closely for the foundress number(s) encountered most

frequently (Herre, 1985; 1987; West and Herre, 1998b).

More generally, as sex allocation is a particularly well-understood area of
evolutionary biology with strong empirical support, examples where sex allocation
does not meet the predictions of LMC pose a problem, and need to be explained. The
unusual pattern of sex ratio in Melittobia species is a striking exception: females
produce an extremely female-biased sex ratio, which is adjusted little in response to

variation in foundress number (Abe et al., 2003b; 2005; Cooperband et al., 2003;

16



Innocent et al., 2007). The possible explanation for this unusual pattern is one of the

central themes of this thesis (chapters 2, 3 and 6).

1.4 Dispersal

1.41 Dispersal as a social trait

Hamilton and May (Hamilton and May, 1977) first demonstrated theoretically that,
when related individuals compete locally for a resource, dispersal can be considered
a social trait. This is because dispersal will reduce competition between relatives, and
increase the direct fitness of relatives (and the indirect fitness of the disperser),
despite any direct cost to the disperser; it can therefore be considered a cooperative,
potentially altruistic trait (Hamilton and May, 1977; West et al., 2007b). Extensions
of this model (Comins et al., 1980; Comins, 1982) considered the effect of variation
in foundress number, and therefore variation in relatedness on a patch, as average
relatedness will decrease with increasing foundress number. In combination, this
theoretical work predicts that selection for a higher level of dispersal will occur when
a greater number of offspring are competing (for a resource), or when offspring are
more highly related (as a result of being produced by a lower number of mothers), or

both (Comins et al., 1980; Comins, 1982; Hamilton and May, 1977).

Hamilton and May’s original model has subsequently been extended prolifically, in
an attempt to consider more biologically realistic scenarios. The effect of inbreeding,
population size, population structure, age structure, dispersal rate and distance, have
all been considered (Bulmer and Taylor, 1980a; Comins et al., 1980; Comins, 1982;
Frank, 1986a; 1998; Taylor, 1988; 1994; Crespi and Taylor, 1990; Taylor and Frank,
1996; Gandon, 1999; Gandon and Michalakis, 1999; Gandon and Rousset, 1999;
Irwin and Taylor, 2000; Leturque and Rousset, 2002; 2003; 2004; Motro, 1982a;
1982b; 1991; Ronce et al., 2000; Rousset and Billiard, 2000; Rousset and Gandon,
2002; Wild and Taylor, 2004; Roze and Rousset, 2005; Wild et al., 2006).
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1.4.2 Dispersal and sex ratio

A parallel can be drawn between the evolutionary processes leading to the evolution
of dispersal, and of sex ratio, as both are influenced by competition between relatives
(Bulmer and Taylor, 1980a; Frank, 1998; Leturque and Rousset, 2003; 2004; Motro,
1991; Taylor, 1994; Perrin and Mazalov, 2000; Rousset and Billiard, 2000; Wild and
Taylor, 2004). Predictions can therefore be made for the combined effects of sex
ratio and dispersal when individuals compete locally for resources (Hamilton, 1967a;
Bulmer and Taylor, 1980a; Taylor, 1981; West, 2009). When one sex disperses less,
relatives of this sex experience a greater level of competition, and so a sex ratio bias
towards the more-dispersing sex is favoured (Hamilton, 1967a; Bulmer and Taylor,
1980a; Taylor, 1981). Similarly, when the sex ratio is biased towards one sex, a
higher level of dispersal in that sex is favoured to reduce competition between
relatives of the same sex (e.g. Taylor, 1981; Wild and Taylor, 2004). Overall,
increasing foundress number predicts lower average relatedness between competing
individuals, and therefore favours both less female biased sex ratios (Hamilton,
1967a; Taylor, 1981), and lower rates of dispersal (Hamilton and May, 1977; Comins
et al., 1980; Comins, 1982).
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Chapter 2 Lethal combat and sex ratio evolution in a
parasitoid wasp

This chapter appears as the following publication: Innocent, T.M., Savage, J., West,
S.S., Reece, S.E. (2007) Lethal combat and sex ratio evolution in a parasitoid wasp.
Behavioural Ecology 8, 709-715.

2.1 Introduction

Hamilton (1967a) showed that when the offspring of one or a small number of
females mate within the natal patch, prior to dispersal by females, a female biased
sex ratio is favoured (Local Mate Competition, LMC). The explanation for this bias
can be described equally well through an individual (inclusive fitness) or a
hierarchical (group) selection approach (Colwell, 1981; Taylor, 1981; Harvey et al.,
1985; Frank, 1986¢; 1998; West et al., 2007b). The inclusive fitness approach
suggests that the female bias is favoured in order to: (a) decrease competition
between sons, and (b) increase the number of mates available to them (Taylor, 1981).
In haplodiploids an additional bias is favoured because inbreeding increases the
relative relatedness of mothers to their daughters (Hamilton, 1972; Frank, 1985;
Herre, 1985). LMC theory predicts that in haplodiploids, the evolutionary stable (ES)
sex ratio (7; proportion male) is given by the equation r = (N-1)(2N-1)/N(4N-1),
where N is the number of foundress females laying on the patch. There has been
widespread support for this prediction, with female biased sex ratios being observed
in a huge number of plant and animal species where LMC is likely to occur
(Charnov, 1982). Furthermore, individuals of over sixty species, from a range of
taxa, have been shown to adjust their sex ratio conditionally, in response to the

number of females laying eggs on a patch (West et al., 2005).

In stark contrast, species of the parasitoid wasp genus Melittobia do not appear to

shift sex ratio in accordance with LMC predictions (Abe et al., 2003b; 2005;
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Cooperband et al., 2003). Melittobia species have a life history that meets the
conditions where LMC is expected: competition for mates occurs between brothers,
in order to gain mating opportunities with their sisters, and females disperse after
mating (see methods section for a more detailed life history description). As
expected from this, Melittobia species have extremely female biased average sex
ratios, and were given as an example by Hamilton (1967), in his original LMC paper.
However, recent studies on M. australica and M. digitata have shown that females
fail to shift their offspring sex ratio with increasing foundress number as predicted by
LMC theory (Abe et al., 2003b; Cooperband et al., 2003; see also Molumby, 1996).
It has been suggested that a possible explanation for this relative lack of a shift in sex
ratio is that males fight fatally, in order to gain mating opportunities (Abe et al.,
2003a; 2003b; 2005). Theory has shown that if two females lay eggs on a patch
sequentially, and males laid by the second female have a reduced mating success,
then the second female can be selected to produce an extremely female biased sex
ratio, in contrast to the predictions of classic LMC (Abe et al., 2003a; Shuker et al.,
2005). The idea here is that the fitness gain from later laid males is reduced because
they may be killed without any mating success. Support for this idea has been
obtained from the observation that later emerging males tend to be killed by older,

previously emerged males (Dahms, 1984; Gonzalez et al., 2004c; Abe et al., 2005).

However, another factor that can influence fights between males is body size. Larger
males are more likely to win fights in Melittobia (Hartley and Matthews, 2003;
Reece et al., 2007), as is the case in many animals, ranging from other insects (e.g.
Murray, 1987; Greeff and Ferguson, 1999; Hartley and Matthews, 2003; Taylor and
Jackson, 2003; Batchelor et al., 2005; Cook and Bean, 2006) to mammals (Clutton-
Brock and Albon, 1979; Haley et al., 1994; McElligott et al., 2001; Preston et al.,
2003; Lidgard et al., 2005). If this effect of size in Melittobia reduces or overrides
the influence of emergence order, then fatal fighting will have a reduced influence on
sex ratio evolution. In this situation we would predict an interaction between size and
emergence order — for instance, emergence order may vary in importance as the
asymmetry in the size of opponents changes. Furthermore, there may be an important

distinction to be made between emergence order and age. Emerging early could be
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advantageous if males gained an advantage because males are relatively defenceless
before or during emergence, or if there is a period before cuticle sclerotisation occurs
(Abe et al., 2005). Consequently, any advantage of emergence order may only be

transient, and age itself may not be important once all males have emerged.

Here, I aim to test the potential importance of fatal fighting in restricting sex ratio
shifts in Melittobia. In the methods section I provide a more detailed description of
the natural history of wasps from this genus, emphasising similarities and differences
relative to more familiar LMC model systems. The sex ratio behaviour of the species
(M. acasta) 1 am working with has yet to be examined, so I first manipulated
foundress number, to show that females of this species also fail to adjust their
offspring sex ratios as predicted by LMC theory. I also manipulated the time that
females were allowed to spend ovipositing, as this influences the number of eggs that
a female can lay, which has been shown to influence offspring sex ratios in several
parasitoid wasps (Godfray, 1994). I then carried out a series of experiments in which
I examine the importance of both emergence order and age, and how these factors
interact with size to influence male fighting success. I first control size and focus on
emergence order, placing pairs of males who have emerged from their pupal cases
with males who have not, to test the idea that emerged males have an advantage in
combat because they kill other males either before, during or just after emergence. I
then extend this scenario to include variation in size, to examine whether or not size
advantage can overcome the potential gain from early emergence. Finally, I
investigate the effect of emergence order beyond the time of emergence (age), to
assess how the relationship with size (competitive ability) changes through the period

of combat.
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2.2 Methods

2.2.1 Natural history of the Melittobia genus

Melittobia acasta (Hymenoptera: Eulophid) is a gregarious ectoparasitoid wasp, with
an exceptionally wide host range that includes Diptera and Lepidoptera, along with
other Hymenoptera (Balfour Browne, 1922; Freeman, 1977; Van den Assem et al.,
1980; Dahms, 1984; Gonzalez et al., 2004c). Melittobia species exhibit pronounced
sexual dimorphism. Males are blind with reduced wings, and remain within the natal
patch to compete for mating opportunities. Eclosing before females, males will fight
to the death using their mandibles to attack and remove opponents’ heads and limbs
(e.g. Dahms, 1984; Gonzalez et al., 2004c). The male(s) remaining alive will then
mate females within the natal host pupa as they emerge. In contrast, females have
fully functioning eyes and wings, and will disperse after mating to find new patches
of hosts. Females are typically able to lay large clutch sizes (~200 per host) and,
since M. acasta is haplodiploid, females can adjust (offspring) sex ratio, producing
daughters from fertilised and sons from unfertilised eggs. Virgin females have been
observed to lay a small first clutch of males, and mate with one of these sons upon
emergence, in order to lay a larger second clutch containing females (Balfour

Browne, 1922; Dahms, 1984).

Available data suggest that the natural histories of species in the Melittobia genus are
very similar (e.g. Van den Assem et al., 1980; Gonzalez et al., 2004a; 2004c).
Female biased sex ratios have been reported from field studies, suggesting that a lack
of sex ratio shift in the lab is representative of natural conditions (Van den Assem et
al., 1980; Gonzalez et al., 2004a; Gonzalez et al., 2004c). Data suggests that
foundress number is variable in natural populations, and is influenced by host size
and density in a number of Melittobia species (M. hawaiiensis: Freeman and Ittyeipe,
1976; Freeman, 1977; M. japonica, M. acasta: Van den Assem et al., 1980; M.
femorata: Molumby, 1996; Cooperband et al., 2003). Two female morphs are found,

a long-winged dispersing and a short-winged non-dispersing morph, of varying
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proportion between broods (M. chalybii: Schmieder, 1933; M. australica: Freeman
and Ittyeipe, 1976; Freeman and Ittyeipe, 1982; Dahms, 1984; M. digitata: Consoli
and Vinson, 2002a; Cooperband, 2003; M. clavicornis: Gonzalez et al., 2004a). The
amount of dispersal relates to resource availability, which is known to vary across
the host range, thus providing further (indirect) evidence of variation in foundress

number.

Natural variation in male size has not yet been measured, however, all published data
lies within the range I have found in the stock population (Balfour Browne, 1922;
Hartley and Matthews, 2003; Gonzalez et al., 2004c). Furthermore, size is known to
depend upon clutch size and host quality (Consoli and Vinson, 2002a).
Consequently, as Melittobia species have an extremely wide host range (Balfour
Browne, 1922; Freeman, 1977; Van den Assem et al., 1980; Dahms, 1984; Gonzalez
et al., 2004c) male size is likely to vary in natural populations. The male emergence
period can be relatively prolonged — 16 days at 25 C for M. australica (Abe et al.,
2005). Furthermore, staggered emergence and overlapping generations of males are
likely, given the possibility of multi-foundress scenarios, and the potential for non-
dispersing female offspring to superparasitise large hosts (Schmieder, 1933; Freeman
and Ittyeipe, 1976; Cooperband et al., 2003). Males are highly aggressive and will
start fighting almost immediately upon emergence, with the majority of fights
occurring before the first females start to emerge (Buckell, 1928; Van den Assem et
al., 1980; Gonzalez et al., 2004c; Abe et al., 2005). Adult males will attack emerging
pupal males, will almost always fight when encountering each other, and these
violent encounters often lead to the death of at least one male (M. acasta: Balfour
Browne, 1922; Dahms, 1984; M. digitata, M. australica: Abe et al., 2003b; 2005;
Buckell, 1928; Gonzalez et al., 2004c¢).

2.2.2 General methods

For all experiments I used wasps from our UK stock population, established from
wasps collected in the field in 2004 (by Mark Shaw, Royal Museum of Scotland,

Edinburgh), and subsequently (mass) cultured in the lab on Calliphora vomita pupae.
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All wasps were reared at 30°C, with a 16L: 8D photoperiod. Under these conditions
generation time is 11-13 days for males, with females emerging 1-2 days later. For
each generation I placed groups of approximately 100 females in 70 x 25 mm glass
vials stoppered with cotton wool, containing ~ 20 host pupae for oviposition (0-200

offspring laid per host).

In order to produce the large numbers of males required for experimental work, I
cultured virgin females taken from stock populations: thanks to the haplodiploid
genetic system, virgins are limited to laying sons, and thus produce all-male clutches
(Cook, 1993). I opened up hosts 10 days post oviposition and removed virgin female
pupae, grouping and housing them with fresh hosts according to each experimental
treatment (see below). After 6-8 days I was able to dissect male pupae from these
hosts, which I isolated in gelatin capsules (volume =0.21ml, similar dimensions to C.

vomita pupae) before emergence, to prevent fighting prior to the experiment.

2.2.3 Experiment 1: sex ratio adjustment and LMC

I first tested the predictions of LMC theory by manipulating the number of foundress
females that are able to lay eggs (oviposit) on a single host, and thus the degree of
local mate competition (LMC) experienced by offspring. Specifically, I set up 20
replicates within each of 5 levels of foundress number treatment: 1, 3, 10, 25 and 50
females (i.e. total sample size equals 100). I also manipulated the time females were
allowed to oviposit upon hosts. Within each foundress treatment level, I allowed the
females in 10 replicates to oviposit for 24 hours, and 10 replicates for 48 hours.
Mated adult females were (randomly) chosen from stock populations approximately
24-48 hours after emergence, and randomly assigned to treatment levels. All
replicates were placed in stoppered glass vials with a single C. vomita host. After
either 24 or 48 hours I removed females and returned the host pupae to the vials,
which I kept at 30 C until offspring emergence. I then opened each host pupa, and

sexed and counted all (adult) offspring to calculate mean brood size and sex ratio.
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2.2.4 Experiment 2: Size, age & fighting ability in males

I carried out three experiments to test how male fighting ability was influenced by
male size, age, and their interaction. I have previously shown that relatively larger
males have a higher probability of winning contests (Reece et al., 2007). Here I
examine: (i) the importance of emergence order (i.e. emerged males versus
unemerged males); (i1) the interaction between emergence order and size (a measure
of fighting ability); and (iii) the effect of age beyond 24 hours and its relative

importance compared to variation in size.

2241 Experiment 2a: importance of emergence order

In this experiment I investigated the effect of emergence order upon the fighting
success of males, using one-on-one arena experiments. I placed pairs of males from
the same ‘size treatment’ (see experiment 2b) within gelatin capsules
(volume=0.21ml). Each pair consisted of one adult male, emerged within the
preceding 24 hour period; and one pupal male, due to emerge within the subsequent
24 hour period. In order to generate males emerging at 24-hour intervals I set up
groups of virgin females every day for 18 days, so that their offspring emerged at 1
day intervals for 18 days.

I generated two size classes of male, large and small. To create males of different
sizes | manipulated the number of hosts in a patch upon which groups of females
were laying eggs, in order to vary the density of males developing within hosts. I
manipulate host number rather than foundress number because virgin females are
unlikely to oviposit if alone (Cooperband et al., 2003). I randomly assigned groups of
60 virgin females to treatments, and gave them either 1 or 40 hosts - for large and
small treatments respectively. Males from the high male density treatment (high
number of foundresses per host) had significantly larger body length (F;=4.04,
P<0.05 ) and head width (F,=8.74, P=0.004). After 8 hours females were removed,
and hosts incubated for 6-8 days. At this stage I opened hosts, dissected male pupae
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and isolated them in gelatin capsules (see above). I then took a random sample of
pupae from each size class, photographed them using a Leica dissecting microscope,

and used Leica IM50 software to take measurements of head width and body length.

For the purpose of identification I marked adult males on their abdomen with
coloured glass paint, before placing them into capsules with pupae. I checked each
pair every 24 hours and recorded the date of pupal emergence, the identity of the
winner and loser (where loser is defined as the first to die), and the longevity of both
males. I discounted any replicates where there was no clear winner (i.e. neither male
was dead) within 24 hours after the date of pupal emergence, as contestants were no

longer considered to be emerging beyond this point.

2.24.2 Experiment 2b: importance of emergence order and size

In this experiment [ wanted to examine the relative importance of emergence order
and size upon contest outcome. I created different sized males as described in
experiment 2a, but then incorporated the 2 size classes in a fully factored design to
include the asymmetric parings (i.e. large versus small, small versus large). All pairs
were composed of one adult male and one pupal male, giving the following fight
combinations: large adult vs. large pupa; large adult vs. small pupa; small adult vs.
small pupa; small adult vs. large pupa. Once again I checked each pair every 24
hours and recorded the date of pupal emergence, the identity of the winner and loser

(where loser is defined as the first to die), and the longevity of both males.

2243 Experiment 2c: Size vs Age

I experimentally manipulated both the age and the size of male opponents within
contests to examine the relative importance of these factors upon fighting success.
The key difference between this and the previous experiment is that in this case I

examined the effect of age beyond the 24-hour window around emergence.
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I used size treatments as described above in 2b, and also created three age classes of
male (young, middle-aged and old). To generate males of different age classes within
size treatments, I staggered the hosting of groups of virgin females by one-day
intervals. I set up groups of virgin females for each size treatment as described
above, every 24 hours, for 18 days. I limited females to an 8-hour oviposition period
in order to minimise overlap in the age of males from successive days. I was able to
collect male pupae after 6-8 days, and then each day for an 18-day period, recording
the date of emergence (and thus age) of every cohort. Experimental age classes were
determined by preliminary work (unpublished data), based upon the longevities of a
sample of 50 virgin males isolated in gelatin capsules and incubated at 30 C. I
categorised males as ‘Young’ on the day they emerged (0-24 hours); ‘Middle aged’ 4
days after emergence (72-96 hours); and ‘Old’ 7 days after emergence (144-168

hours).

I placed two adult males into a gelatin capsule (volume=0.21ml), marked with gold
or pink glass paint for identification. I randomly allocated males to pairs, using a
fully factored design to set up all possible age-size combinations resulting from our 2
size classes and 3 age classes: large and small males considered ‘young’ ‘middle-
aged’ or ‘old’, against both large and small males from all age categories. I also
cross-factored paint colour marking (gold or pink) with all size and age treatment
combinations. I checked all arenas every 24 hours, and recorded the identity and
longevity of both the winning and losing male (as defined by order of death). I also
set up controls from both size classes, placing individual males in capsules and

recording longevity.

2.2.5 Statistical analysis

For maximum power when analysing proportion data, analyses should assume
binomial errors and use a logit link function - as proportion data often have non-
normally distributed error variance and unequal sample sizes (Crawley, 1993;
Pickering et al., 2000). In this case, analyses using generalised linear models are

simplified using analyses of deviance, in which changes in deviance are compared to
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a Chi Squared distribution. However, proportion data can be overdispersed (residual
deviance > residual degrees of freedom), and this can lead to overestimation of
significance. If the dispersion parameter (heterogeneity factor; HF) is < 4, data can
be scaled and F tests used to assess significance (Crawley, 2002). I carried out the
analyses using R (R: Copyright 2005, The R Foundation for Statistical Computing,
Version 2.1.0). I used binomial errors and Chi Squared distributions as, in all cases,
HFs were < 1. Non-proportion data conformed to assumptions of GLM analyses
using normal error distributions. I used the probability of the focal male winning the
contest (P(winning)) as the GLM response variable, making it possible to fit size and
age data as explanatory variables (Hardy and Field, 1998). I tested whether the
offspring sex ratios produced by females showed less than binomial variation using
the regression method developed by Green et al. (Green et al., 1982) and described in
further detail by West & Herre (West and Herre, 1998b).

2.3 Results

2.3.1 Experiment 1: sex ratio adjustment and LMC

There was a significant increase in sex ratio with increasing foundress number (x4 =
13.60, P=0.0001; Figure 2.1). Treatments of 3, 10, 25 and 50 foundresses do not
have significantly different sex ratios from one another but do have significantly less
female biased sex ratios than the single foundress treatment (treatment contrasts: P >
0.05 for all comparisons of 3, 10, 25, 50 foundresses and P < 0.05 for single
foundress compared to multifoundress treatments). However, this effect represents a
very slight shift in sex ratio of 3% (treatments mean + se for single foundresses =
0.036 +0.008; -0.007 and multifoundresses = 0.069 +0.015; -0.012). The sex ratio
was significantly lower when females were given 48hrs to oviposit compared to
24hrs (x*1 = 14.90, P=0.009; mean difference = 3.8% = 0.3; Figure 2.1). However, at
25 foundresses, the effect of time was not significant, resulting in a significant
interaction (y°4= 10.62; P = 0.031) between foundress number and oviposition

duration.
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The sex ratios produced by females when ovipositing alone showed significantly less
than binomial variation (termed precise sex ratios). I calculated the ratio of observed
variance in the sex ratio versus that compared with that expected given a binomial
(random) distribution. If the ratio of these numbers, termed the Green variance (GV),
is significantly less than one, then this indicates that the sex ratios produced by
females are precise and show less than binomial variation. I found that the variation
in the offspring sex ratio was significantly less than binomial for both the 24 hour
(GV=0.21; %*7=1.49; P=0.02; n=9) and 48 hour (GV=0.07; x*7=0.52; P=0.0006;

n=9) oviposition periods.

29



©
(0]
)

M
[E
€ 0.4 -
ks
S 0.3 -
o
o
£ 0.2 A
o
© 0.1 - o 0
¢ .
X
% O T 1 1
0 10 20 30 40 50

Foundress number

Figure 2.1: Mean brood sex ratios (proportion male) for each foundress
number treatment when females are given either 24hrs (open symbols) or
48hrs (closed symbols) to oviposit. Note that in all cases of multi foundress
treatments, observed sex ratios are lower than that predicted by LMC

theory (solid line). The bars show asymmetric standard errors.

2.3.2 Experiment 2: Size, age & fighting ability in males

2.3.21 Experiment 2a: Importance of emergence order

Out of a total of 80 fights, 37 had a clear winner after 24 hours, therefore only these
fights were considered in the analyis. Amongst these, emergence order had a highly
significant effect on the likelihood of winning a fight, with 92% (34 of 37) of fights
won by the male that was already emerged (%’ = 26.00, P < 0.001; Figure 2.2a).
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2.3.2.2 Experiment 2b: Importance of emergence order and size

Out of a total of 144 fights, 52 had a clear winner after 24 hours, therefore only these
were considered in the analysis. Once again, emergence order had a significant
effect on the likelihood of the emerged adult male winning when fighting a smaller
or size-matched opponent (93-100% of fights won by the adult male in: Large adult
vs. Small pupa; Large adult vs. Large pupa; and Small adult vs. Small pupa; Figure
2.2b). In the fourth group, where the size asymmetry favoured the pupal male, the
effect of emergence order on the probability of winning was significantly less than
expected. The probability of the emerged adult male winning in the Small adult vs.
Large pupa treatment was significantly lower than all other treatments (%3 = 12.96,
P =0.005; Figure 2.2b). This shows an interaction between size and emergence,
where emerged males have a clear competitive advantage over emerging males, but

only when fighting same-sized or smaller opponents.
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Figure 2.2: a) Proportion of fights won by emerged adult and
emerging pupal males, when fighting a size-matched opponent.
b) Proportion of fights won by the already emerged adult male in
each of the four fight combinations, where La = Large adult, Lp =
Large pupa, Sa = Small adult, and Sp = Small pupa.
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2.3.2.3 Experiment 2c: Size vs Age Experiment

Experimental males had significantly shorter longevity than control males
(F1367=379.80, P<0.0001), suggesting a cost of fighting. Identification colour had no
effect upon either longevity (F317=0.09, P>0.05) or the probability of winning (%’
=0.53, P>0.05 ); I therefore chose to use gold males as our focal males for further

analyses.

When fitting the size and age of the focal male, irrespective of their opponent’s
characteristics, large males are significantly more likely to win contests (x* = 23.88,
P<0.0001) but there was no effect of the absolute age of the focal male. Large focal

males won 27% more contests than small focal males.

When the relative difference in size and age between the focal male and his opponent
are considered, relatively larger males have a significantly higher probability of
winning contests () ,=52.97, P<0.0001; Figure 2.3). Fight outcome was only
influenced by relative age when the opponents were the same age: in this case the
advantage of being large is reduced but there is still a disadvantage of being smaller

(x* s=18.87, P=0.02).
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Figure 2.3: Proportion of fights won by focal males plotted against the age of
focal males relative to their opponents. Shading represents the size of focal
males relative to their opponents: smaller (unshaded bars); same size class

(light grey); larger (dark grey).

2.4 Discussion

I have shown that average sex ratios in M. acasta are extremely female biased (9%
male) and shift only marginally in response to foundress number (Figure 2.1). In
addition, when ovipositing alone, females produce precise sex ratios with less than
binomial variation, as is expected and observed in species with LMC (Green et al.,
1982; Hardy, 1992; Hardy and Cook, 1995; Lopez-Vaamonde et al., 2005; Morgan
and Cook, 1994; West and Herre, 1998b). Amongst fighting males, I have shown that
asymmetry in emergence order of opponent’s leads to a significant competitive
advantage for early emerging adult males: these males are better able to attack
emerging males during, or immediately after emergence (Figure 2.2a). Nonetheless,
this advantage is mediated by the relative size of opponents — if the later emerging

male is larger then this can override their opponent’s advantage from early
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emergence (Figure 2.2b). Furthermore, beyond a critical window of emergence (~24
hours), age is less important, and size is the major determinant of fighting success
(Figure 2.3). Abe et al. (Abe et al., 2003a) suggest that fatal fighting can explain
female-biased sex ratios if we assume that the early emerging male has a very large
advantage compared to later emerging males, such that early emerging males have
approximately 100% survival, and later males have approximately 5% survival
relative to early emerging males. My experimental results suggest that the advantage
to earlier laid males in fatal fights may not be sufficiently strong to explain the lack

of sex ratio shift in M. acasta (Figure 2.1).

Our contest data suggest that the probability of winning a fight can be divided in to
two parts: that resulting from emergence order, and that concerning the time beyond
the emergence period. Emerged adult males are able to kill emerging males (Figures
2.2a & 2.2b), and behavioural observations suggest that this advantage may be due to
attacking before emergence is complete. After this critical period any advantage of
emergence order is reduced, and size becomes the key factor: large males have a
considerable competitive advantage (Figure 2.3). If slower development allows
larger body size, this raises a series of questions about how the success associated
with earlier emergence is traded off against body size. More generally, the
importance of size can be context dependant as, for instance, competitor density is
known to influence both the frequency and severity of contests (Griffin and West,
2002; Murray, 1987; Murray and Gerrard, 1984; 1985; Reece et al., 2007; Reinhold,
2003; West et al., 2001), and opponent assessment is predicted to decrease contest
frequency (Enquist and Leimar, 1983; Gammell and Hardy, 2003; Leimar and
Enquist, 1984; Reinhold, 2003). However, in M. acasta there is no evidence of
opponent assessment, suggesting that all males will fight in any contest regardless of
opponent because of the high stakes involved (Reece et al., 2007). This is likely to be
due to the large current value of the reward in comparison to its future value (Enquist
and Leimar, 1983; 1987; 1990; Maynard-Smith and Price, 1973). For Melittobia, this
explanation applies to both competitors in a fight, as all males are expected to
emerge (and fight) before any of them get to mate (Balfour Browne, 1922; Dahms,

1984): this is not simply an explanation for early male advantage, but a potential
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reason why any male should ever fight. Consequently, size is likely to be considered

very important in determining male fitness.

Although I found a statistically significant shift in sex ratio with the number of
females laying eggs on a patch, this shift is much smaller than predicted by LMC
theory. For example, the predicted sex ratio for the 50 foundress treatment = 0.49,
whereas the observed sex ratio is 0.08 (Hamilton, 1967a; 1972). In addition I
observed that the 24-hour treatment had a significantly higher sex ratio than the 48-
hour treatment, for all foundress numbers. A possible explanation for this may be the
laying order of sons and daughters: this sex ratio pattern would occur if females
chose to lay sons at the beginning of the oviposition period, and then daughters as
time went on (Van den Assem et al., 1980). Since I have shown that earlier emerging
M. acasta males have a greater chance of winning fights, laying sons first would
maximise their chance of success. Moreover, the fact that I have observed
significantly less than binomial variation in offspring sex ratios shows that females

can choose with precision when to produce sons.

Does lethal male combat provide a reasonable explanation for the relative lack of sex
ratio adjustment observed in M. acasta and other Melittobia species (Abe et al.,
2003a; 2003b; 2005)? I have shown that earlier emerging males are able to kill later
emerging males (Figure 2.2), as was also shown previously for M. australica (Abe et
al., 2005). However, in order to completely explain the lack of conditional sex ratio,
the advantage to early emerging males has to be very large (see above). Our results
suggest two reasons why this may not be the case: (a) this age advantage only exists
for a brief critical window around the time that the later emerging male is emerging
(Figure 2.3), and (b) variation in male size can reduce this advantage (Figure 2.2b).
Our data therefore suggests that whilst there is a possible role for lethal male combat
in sex allocation (Abe et al., 2003a; 2005), it cannot fully explain the sex ratio
pattern in M. acasta. Furthermore, the life history of this species suggests that brood
emergence can take place over a relatively lengthy time, which is longer than male
longevity (Abe et al., 2005; Buckell, 1928; Dahms, 1984; Gonzalez et al., 2004c).

This means that even when females arrive sequentially on a patch, there can still be
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considerable overlap in the timing of when their broods emerge, blurring the
distinction between early and late emerging males (Abe et al., 2005; Gonzalez et al.,
2004c; Van den Assem et al., 1980). In this case, the pattern of emergence and
fighting may show some similarity to fig wasps, where conditional sex ratio
adjustment has been documented numerous times (Frank, 1985; Herre, 1985; 1987;
Herre et al., 1997; 2001; Kinoshita et al., 2002; Molbo et al., 2003; Moore et al.,
2002; West and Herre, 1998a). In order to further assess the importance of male
combat for sex ratio adjustment, it would be extremely useful to obtain data on
natural populations to complement the available data from lab cultures (see methods
for summary of natural history), examining variation in male size, synchrony of male
emergence period and the temporal distribution of fighting, in conjunction with data
on the simultaneous variation in host size/species/quality. For example, if it were
found that competition for resources led later emerging males to be smaller, then this
would select against producing later males, and hence could potentially increase the
likelihood of lethal combat providing an explanation for the relative lack of sex ratio

adjustment.

I conclude by discussing two alternative possibilities for the lack of sex ratio
adjustment in Melittobia species (Abe et al., 2003a; Abe et al., 2003b; Abe et al.,
2005; Cooperband et al., 2003). One possibility is that selection for sex ratio
adjustment has been too weak. If females in a natural environment only ever
encounter single foundress situations, then there will be weak selection for altering
sex ratio behaviour in multifoundress situations (Herre, 1987; West and Herre,
1998b). However, multiple Melittobia females often appear to lay eggs on a single
host in nature (Cooperband et al., 2003; Freeman, 1977; Freeman and Ittyeipe, 1976;
Molumby, 1996). A second possibility is that co-founding females are usually highly
related, in which case much smaller sex ratio shifts are predicted by LMC theory
(Frank, 1985; 1986b; Shuker et al., 2004a). When females are related they are also
related to each other’s sons, therefore a more female biased sex ratio is favoured to
reduce competition between males and provide more mates for them (Frank, 1986b).
The natural history of Melittobia species, and the presence of a non-dispersing

female morph suggest that co-foundresses will often be highly related (Consoli and
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Vinson, 2002a; Cooperband et al., 2003; Dahms, 1984; Freeman and Ittyeipe, 1976;
1982; Gonzalez et al., 2004a; Schmieder, 1933; Van den Assem et al., 1980). Study
of natural populations will be necessary to fully understand the frequency of multi-
foundress scenarios, the relatedness between these foundress females, and the natural
variation in the occurrence of the two female morphs. Furthermore, competition
between related females could select for less female biased sex ratios, highlighting
the need for specific theory that takes life history details into account (Bulmer, 1986;
Courteau and Lessard, 2000; Frank, 1985; 1986b; Taylor and Crespi, 1994; West et
al., 2002). This also raises the possibility that we would expect different patterns of
sex ratio adjustment between dispersing and non-dispersing females (Taylor and

Crespi, 1994).
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Chapter 3 Competition between relatives and the evolution

of dispersal

This chapter has been accepted for publication: Innocent, T.M., Abe, J., West, S.A.,
Reece, S.E. Competition between relatives and the evolution of dispersal. Journal of

Evolutionary Biology.

3.1 Introduction

Dispersal is a ubiquitous feature of natural populations, with important consequences
for individual fitness and population dynamics (Bowler and Benton, 2005; Roff and
Fairbairn, 1991; Ronce, 2007). By enabling the movement of individuals within their
environment, dispersal allows organisms to exploit new resources and habitats, but
doing so can be costly and involve high risk. For instance, the capacity for flight is
energetically costly, dispersal increases the mortality risk due to predation, and there
is a risk of not finding a suitable habitat. Across species, there is considerable
variation in patterns of dispersal, which can encompass movement across a range of
distances, the use of different dispersal mechanisms, and which can take place at
various life history stages (Bowler and Benton, 2005; Ronce, 2007). Moreover,
individuals vary in their ability to disperse, and likelihood of doing so — even within
the same species - which may be reflected in (adaptive) morphological differences
between them. For example in the cricket Gryllus firmus, long-winged, larger bodied
females disperse whereas smaller, short-winged females do not (Roff and Fairbairn,

1991).

A wealth of evolutionary theory has highlighted three factors that can favour the
evolution of dispersal: habitat quality, inbreeding, and competition between relatives.
Spatiotemporal variation in habitat quality can select for dispersal because it creates
uncertainty in resource availability — and in this instance, the direct benefits of
dispersal can outweigh the costs (Greenwood-Lee and Taylor, 2001; Leturque and

Rousset, 2002; Roff, 1986). If inbreeding depression is high, or inbreeding is
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avoided, or both, then this can select for sex-specific dispersal to find unrelated
mates (Gandon, 1999; Motro, 1991; Roze and Rousset, 2005). When non-dispersing
individuals must compete for resources with relatives, Hamilton and May (1977)
showed that dispersal can be favoured in order to reduce competition between
relatives. In this case, dispersal is favoured because of its indirect fitness benefits to
social partners, despite any direct costs incurred by the dispersing individual, and can

be thought of as a cooperative, potentially altruistic trait (West et al., 2007b).

Here, I am concerned with how competition between relatives influences selection
for dispersal. There have been numerous extensions of Hamilton and May’s (1977)
original model examining more detailed realistic scenarios to predict the
consequences of factors such as dispersal rate, dispersal distance, population size,
population dynamics, and age-structure (Bulmer and Taylor, 1980a; Comins, 1982;
Comins et al., 1980; Crespi and Taylor, 1990; Frank, 1986a; 1998; Gandon, 1999;
Gandon and Michalakis, 1999; Gandon and Rousset, 1999; Irwin and Taylor, 2000;
Leturque and Rousset, 2002; 2003; 2004; Motro, 1982a; 1982b; 1991; Ronce et al.,
2000; Rousset and Billiard, 2000; Rousset and Gandon, 2002; Roze and Rousset,
2005; Taylor, 1988; 1994; Taylor and Frank, 1996; Wild et al., 2006; Wild and
Taylor, 2004). In contrast, there is a severe lack of experimental work directed at
testing these predictions; instead, most empirical work has been focused on the direct
costs and benefits of dispersal, rather than the social context of dispersal evolution

(Crespi and Taylor, 1990; Roff and Fairbairn, 1991; 2007; Zera and Denno, 1997).

My main aim is to test empirically a number of assumptions and predictions arising
from theoretical models of dispersal evolution, with a particular focus on how
dispersal can be favoured due to competition between relatives. The parasitoid wasp
Melittobia australica exhibits both sex-specific dispersal and a within-sex dispersal
dimorphism: only female offspring disperse, and amongst females there is a
pronounced dispersal dimorphism between dispersing (long-wing) and non-
dispersing (short-wing) females (Consoli and Vinson, 2002a; Matthews et al., 2009).
Dimorphic species generally provide excellent systems for studying the evolution of

dispersal because the easily identified visible morphological differences correspond
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to different patterns of resource investment into key life history traits (Roff and
Fairbairn, 1991; Zera and Denno, 1997). Moreover, comparing dispersing and non-
dispersing individuals within the same species controls for any difference due to
phylogeny. I first examine the nature of the dispersal dimorphism in M. australica by
comparing the morphology, dispersal behaviour, and life history traits of the two
female morphs. This allows me to test whether morphological differences between
females are indeed associated with differences in dispersal propensity and trade-offs

between the life history traits of dispersing and non-dispersing individuals.

Second, I test theoretical predictions on how competition between relatives selects
for dispersal by examining whether the production of non- and dispersing morphs is
adjusted in response to local conditions. Theory predicts that selection for dispersal is
increased when larger numbers of offspring are competing for a given resource, and
when these offspring are related (i.e. produced by a lower number of mothers;
Hamilton and May, 1977). I manipulated local resource competition and relatedness
by varying the time female foundresses are given for oviposition (egg-laying), and
the number simultaneously ovipositing on a host. Finally, I examine the correlation
between the proportion of dispersing females, and the offspring sex ratio (proportion
male offspring), to test several hypotheses suggested to explain the unusual lack of
facultative sex ratio adjustment in response to local mate competition observed in

Melittobia species (see discussion).

3.2 Methods

3.2.1 Natural history

Melittobia australica (Hymenoptera: Eulophidae) is a gregarious ectoparasitoid wasp
and shares common natural history with other species in the Melittobia genus
(Gonzalez et al., 2004a; Matthews et al., 2009; Van den Assem et al., 1980).
Melittobia species are known to have an unusually wide host range, though most
commonly parasitise other Hymenoptera (Balfour Browne, 1922; Cooperband and

Vinson, 2000; Dahms, 1984; Freeman, 1977; Freeman and Parnell, 1973; Gonzalez
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et al., 2004c; Matthews et al., 2009; Van den Assem et al., 1980). Pronounced sexual
dimorphism is found across the genus. Males are blind and flightless, remaining on
the natal patch to compete for local mating opportunities (Buckell, 1928; Dahms,
1984; Gonzalez et al., 2004c; Matthews et al., 2009). Mating competition is fierce:
males eclose earlier than females and will fight to the death, employing their highly
modified mandibles in attack to remove limbs and decapitate opponents (Abe et al.,
2003b; 2005; Balfour Browne, 1922; Buckell, 1928; Dahms, 1984; see also
Hamilton, 1979; Hartley and Matthews, 2003; Innocent et al., 2007; Reece et al.,
2007). The males remaining alive at female eclosion will mate within the natal host.
By contrast females have fully functioning eyes and wings, and can disperse.
Females are able to lay large clutch sizes (200—1000+ depending on host) (e.g. Abe
et al., 2005; Balfour Browne, 1922; Innocent et al., 2007; Matthews et al., 2009), and
can adjust their offspring sex ratio through haplodiploid sex-determination —
daughters are produced from fertilised eggs, sons from unfertilised eggs (Cook,
1993). Highly female-biased sex ratios have been reported for a number of species in
the Melittobia genus, in the order of 85-95% female offspring for both natural
populations and in the lab (Abe et al., 2003b; 2005; Cooperband et al., 2003;
Gonzalez et al., 2004c; Innocent et al., 2007; Schmieder, 1938; Van den Assem et al.,
1980). Moreover, a lack of sex ratio shift has been shown for laboratory populations
of several species (Abe et al., 2003b; 2005; Cooperband et al., 2003; Innocent et al.,
2007), despite evidence that foundress number varies and thus that there is variation
in local mate competition (LMC) in natural populations (Cooperband et al., 2003;
Dahms, 1984; Freeman and Ittyeipe, 1976; 1993; Matthews et al., 2009; Schmieder,
1933; Van den Assem et al., 1982). Previous studies have identified two distinct
female morphs (Dahms, 1984; Freeman and Ittyeipe, 1976; 1982; Gonzalez and
Matthews, 2008; Schmieder, 1933), and have suggested that morphological
differences correlate with different patterns of dispersal and the associated life
history strategies (Consoli and Vinson, 2002a; 2002b; 2004; Cooperband et al., 2003;
Dahms, 1984; Freeman and Ittyeipe, 1976; 1982; Gonzalez et al., 2004a; Schmieder,
1933). However, data accurately describing the morphological differences between
females are scarce, and the associated differences in life history strategies have not

been formally tested (Consoli and Vinson, 2002a; Matthews et al., 2009).
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3.2.2 General methods

The stock population of M. australica - from which I took all experimental wasps -
was established from field collections made in Shiga, Japan (2000). I cultured all
wasps on Bombus terrestris pupae (Koppert, The Netherlands) and reared them at
25°C with a 16:8 light:dark photoperiod. Development time is in the region of 14
days for males and non-dispersing females, and 14-21 days for dispersing females,
under these conditions. To establish a new generation, I placed groups of
approximately 50 adult females with an unparasitised, early-stage B. terrestris pupa

in 25 x 70 mm glass vials, stoppered with cotton wool.

3.2.3 Experimental methods

3.23.1 General experimental methods

I carried out all experiments in two stages: the initial stage of experimental set up
involved the manipulation of foundress females, and used a fully factorial design
common to all experiments (Table 1); I then randomly allocated replicates to
experiments to answer specific questions for the later stage (involving manipulation
of offspring). A replicate consisted of the offspring generation produced by a single
foundress female or group of females with a single host for oviposition. In this
initial experimental design I manipulated the number of foundress females able to
oviposit on a host, and simultaneously manipulated the length of time females were
given for oviposition. This created variation in offspring relatedness across a range
of clutch sizes, and thus generated variation in local mate competition (LMC) and
local resource competition (LRC) between offspring. Specifically, I set up 40
replicates of each of 3 foundress treatment levels: groups of 1, 5, or 15 females (a
total sample size of 120) and allowed females to oviposit on their host for 3- or 6-
days. Overall this resulted in six treatment combinations: single females with 3- or 6-
day oviposition, groups of 5 females with 3- or 6-day oviposition, and groups of 15
females with 3- or 6-day oviposition (Table 1). I used mated adult females for all six
treatment combinations, which I chose at random from stock populations

approximately 48 hours after emergence (to ensure mating occurred), and assigned

43



randomly to one of the six treatment levels. I placed all replicates in stoppered glass
vials with early-stage B. terrestris pupae of known mass and age, and incubated them
at 30°C until offspring emergence. I then randomly assigned each replicate to one of
the following experiments in order to investigate 1) morphology; 2) life history and
dispersal behaviour; 3) patterns of morph ratio and sex ratio. Specific methods for
each of these investigations are detailed in the following sections. I ensured that all
foundress by oviposition time treatment combinations were represented within each
of the subsequent experiments. I did not include any replicates that failed to produce

offspring, giving a total experimental sample size of 111 replicates.

Foundress number
Oviposition time

(days) 1 5 15
3 106 + 29 258 + 28 536 + 64
6 206 + 43 640 + 53 791 £ 70

Table 3.1: Summary of mean total clutch size for all females on a host (£
standard errors) for experimental treatment combinations (foundress x

oviposition duration).

3.2.3.2 Morph characterisation

I first wanted to establish whether short-wing (SW), long-wing (LW) and
intermediate (IM) female morphs existed in M. australica, and to characterise them.
I sampled between 2 and 4 individuals of each morph class at random from each of
24 replicates, which spanned the full range of clutch size/foundress number
combinations (see general methods, above). For each female sampled I a) scored the
morph by eye (within 24 hours of emergence); b) photographed using an Olympus

SZX10 microscope (with DP20 camera) — with measurements of abdomen and wing
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length taken from these pictures; c¢) removed the hind-left tibia - later photographed
and measured to control for body size (microscope as above; (Godfray, 1994); and d)
dissected the abdomen on a glass slide and counted the number of fully developed
eggs present (egg-load). I found distinct SW and LW groups, and so we tested for
differences between them in key life-history traits - longevity and fecundity - along

with differences in dispersal behaviour.

3.2.3.3 Longevity

In order to assess longevity, I randomly chose a single female of each morph (SW,
LW) from each of 45 replicates, which were spread across initial treatment
combinations. | isolated females in glass vials (10 x 75 mm) 24 hours after
emergence (to allow for mating to occur, representative of natural conditions), and
incubated them at 30°C. I gave females sugar solution every 3 days via small discs of
filter paper, to allow more accurate discrimination of individual variation in
longevity (Rivero and West, 2002). In addition, I repeated this treatment at 25 and 30
°C without sugar solution, to confirm the overall pattern of longevity. I checked all
vials daily and recorded the date of death of each female, then I removed,
photographed and measured the rear-left tibia in order to control for body size (as

above). I recorded natal host mass for all replicates.

3.2.3.4 Fecundity

To determine fecundity, I chose 10 SW females and 10 LW females at random, each
from a different replicate vial and I provided them each with an excess of host
resources for oviposition. I placed each female in a stoppered glass vial with a single
B. terrestris pupa of known age and mass, for eight days; eggs laid on this host were
considered to be the 1st clutch. After eight days, I removed all female foundresses
that remained alive, and provided each with a fresh host to lay their 2nd clutch; after
the second eight-day period, I again moved females to new hosts (3rd clutch). This
successfully provided a surplus of host resources, as only 39% of experimental

foundresses laid any eggs on their 3rd host, laying an average of only 10 eggs. I
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collected females after their 3rd period of oviposition, and removed and measured
their rear-left tibias. I incubated all hosts at 30°C, and at offspring emergence |
counted, sexed, removed, and (for females) scored morph of all individuals in each

clutch. I found no significant correlation between host mass and total clutch size.

3.2.3.5 Dispersal behaviour

In order to estimate dispersal propensity I fitted 20 replicates - sampling the full
range of treatment combinations - with a one-way dispersal hat, which enables
individuals to leave the host vial, but prevents their return. This measure is used to
indicate the likelihood of individuals to leave their natal patch. I collected
individuals who ‘dispersed’ daily, counted and sexed them, and scored their morph.
I removed individuals who remained on the natal host, counted and sexed them, and
scored their morph every 4 days - in order to minimise disruption to natural dispersal

behaviour.

3.2.3.6 Dispersal, sex ratio, and competition between relatives

In this experiment I investigated the production of offspring morph-ratio (proportion
of long-wing females) and offspring sex ratio (proportion of males) simultaneously,
varying both the number of foundresses and the extent of local competition. Females
are predicted to alter the proportion of LW daughters in response to foundress
number, which determines relatedness between competing offspring (Comins, 1982;
Comins et al., 1980). This is analogous to the sex ratio literature where it has been
shown that females adjust their sex ratio in response to foundress number (West et
al., 2005) and do not use kin recognition or other direct cues of relatedness (Reece et
al., 2004; Shuker et al., 2004a). I used 12-15 replicates from each initial foundress x
time combination (81 replicates in total; treatments described above). These
treatment combinations created variation in relatedness across a gradient of clutch
sizes and therefore levels of local mate competition (LMC); this allowed me to
distinguish between the effects of increasing clutch size alone, and any unrelated
additional effects of high foundress number. All foundress females I used were of

LW morph, mimicking the likely pattern of LW females to disperse to new hosts in
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natural populations. I randomly assigned hosts across treatment levels and measured
their mass. I collected foundresses after the given period of oviposition and removed,
photographed and measured their rear-left tibia. I then incubated hosts were
incubated at 30°C until offspring emergence. Once offspring began to emerge |
inspected host’s daily and removed, counted, sexed, and scored the morph of any
emerging offspring. I calculated total clutch size, female offspring morph-ratio and
offspring sex ratio for each replicate. I found no significant correlation between host
mass and total clutch size (see table 1: summary of clutch sizes per treatment

combination).

3.2.4 Statistical analysis

I carried out Principal Component Analysis (PCA) on morphological measurements,
including tibia length, wing length, abdomen length and egg-load as y-variables.
PCA combines these morphological variables to generate a series of linear variables
(principal components) which best summarise the overall variation in the data set
(Quinn and Keough, 2002). In order to test the validity of our morph groupings
made by eye, I then performed Discriminant Function (DF) analysis upon the
resulting principle component scores, with morph classification (as assigned by eye)
as the x-variable. DF analysis defines significantly different groups within the
dataset, and determines how accurately individuals are assigned to the original

groups by comparison between DF and original scores (Quinn and Keough, 2002).

I used linear models to test for differences between morph groups in principal
components 1 and 2 (PC1 & PC2), egg-load and body size. I also tested for
differences in the life-history traits fecundity and longevity, and for order effects in
the timing of egg laying in this way. I calculated mean ovigeny index (OI) for SW
and LW females: Ol is defined as the proportion of a females’ lifetime egg
complement present as mature eggs at emergence, and so I calculated the ratio of
average initial egg-load (IEL) to average lifetime fecundity using data from both the
morph description experiment (for egg-load), and from the life history experiment

(for fecundity) (Godfray, 1994; 2004; Jervis et al., 2001; Rivero and West, 2002).

47



I used Generalised Linear Models (GLMs) to analyse proportion data, assuming a
binomial error distribution and using a logit link function for maximum power.
Model simplification was based upon analysis of deviance, where changes in
deviance are compared to a chi-squared distribution. I calculated the heterogeneity
factor (HF) to test for overdispersion of data (leading to possible overestimation of
significance); in cases where HF <4, we scaled data and tested for significance using
F-tests to correct for overdispersion (Crawley, 1993; 2002; 2007). I used GLMs to
test for variation in sex ratio in response to variation in foundress number and
oviposition duration; I included host mass and age in the maximal model as
covariates. | transformed morph-ratio data using the arcsin-squareroot
transformation, and used linear models to test for variation in response to foundress
number, oviposition duration, and clutch size. Interactions are presented only where

significant at the level of P<0.01 or above (Crawley, 1993; 2002; 2007).

I compared the dispersal behaviour of LW and SW females using linear mixed-effect
models, where the probability of dispersal was used as the response variable; morph,
clutch size, foundress number and oviposition time were then included as possible
explanatory variables, and host was included as a random effect in the model. All
multivariate analyses were carried out using the JMP statistics package (JMP version
5.0.1.2, Copyright © 1989-2003 SAS Institute Inc), linear mixed-effect models were
run in Genstat (version 8.1, VSN International, UK), and I carried out all further
analyses in R (R version 2.3.1, Copyright © 2006, The R Foundation for Statistical
Computing).

3.3 Results

3.3.1 Morph description

I found two distinct female morphs, short-wing (SW) and long-wing (LW), and
found that I could accurately identify them, both using morphological measurements
and by eye. SW females had relatively shorter wings and an enlarged abdomen,

whilst LW females had longer wings than body length and a relatively reduced
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abdomen size, for a given body size (Figure 3.1). The majority of the variation in the
morphological measurements I took (90%) was explained by principal components
(PCs) 1 and 2 (which contributed equally; Table 3.2). Specifically, an increase in
wing length for a given body size was associated with a decrease in both abdomen
length and egg-load, described by the negative correlation between the contribution
of wing length, and abdomen length and egg-load, to PC 1 (see Table 3.2). Overall,
this suggests that there is a shape difference between the two morphs, and in addition
I found a significant difference in this shape parameter (PC1) between the SW and
LW groups (PC1: Fy 137=153, P< 0.001; Figure 3.2). For both morphs, increasing
body size was associated with a proportional increase in the size of other
morphological traits measured (positive/near-zero loading for PC2 for all traits; see
Table 1), with no significant difference in body size (PC2 scores) between SW and
LW females (PC2: F, 137=3.42, P=0.067; Figure 3.2). I found the SW and LW morph
groupings were significantly different (with individuals scored as IM falling in the
SW group), illustrated by the clear difference in SW and LW group means from
discriminant function (DF) analysis, based on individuals’ scores for PC1 and 2. A
number of intermediate (IM) individuals were identified when scored by eye, and
approximately 12% of individuals (17 out of 139) were placed in the alternative
group based upon their morphological measurements, from that which they were
assigned to when scored by eye, by DF analysis; in nearly all cases these were IM
individuals, which were the most likely to lie on the classification boundary between
groups. I used these groups, SW (females scored SW or IM by eye) and LW (females
scored LW by eye), to classify individuals for all further analyses.
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Figure 3.1: The two female morphs of M. australica: a) a long-wing (LW)

female and b) a short-wing (SW) female (actual size approximately 1-2mm).

PC 1 PC 2 PC3 PC 4
Eigenvalue 1.8439 1.7130 0.2793 0.1638
Percent 46.0977 42.8261 6.9813 4.0949
Cumulative 46.0977 88.9238 95.9051 100.0000
Percent
Eigenvectors
tibia length 0.07682 0.70671 -0.67456 0.19908
abdomen length 0.65078 0.28006 0.16501 -0.68617
wing length -0.28451 0.64529 0.69077 0.15966
egg number 0.69974 -0.07568 0.20146 0.68121

Table 3.2: Results of principal component analysis (PCA), showing the

amount of variation explained by principal components 1- 4 (eigenvalues),

and the contribution (‘loading’) of each y variable to each principal

component (PC1 — 4; eigenvectors).
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PC 2

PC1

Figure 3.2: Score for principal component 1 (PC1) plotted against
score for principal component 2 (PC2), taken from the principal
component analysis based upon morphological measurements, for
sampled individuals of SW (closed circles) and LW (open circles)

morph.

3.3.2 Differences in life history and behaviour

I examined several key life history traits and dispersal behaviour to test whether
morphologically different females adopt alternative strategies. SW and LW morphs
differed in dispersal behaviour, but not overall body size or longevity. LW
individuals showed a significantly higher propensity for dispersal from their natal
patch than SW individuals (F1=550.18, P<0.001; Figure 3.3a). Although SW females
dispersed less than LW females, the dispersal of SW females - when compared
across replicates of varying clutch size - increased with clutch size (F=85.81,
P<0.001). In contrast, there was no significant difference in body size (F; ;37=3.1,
P=0.08) or longevity (with sugar: F; 104=0.092, P=0.7625; no sugar: F=2.32, P=0.13;
Figure 3.3b) between the two morphological groups. The length of the hind-left tibia,
our measurement of body size, was an average of 0.30mm (SE +0.0009) for SW

females, and 0.30mm (SE +£0.005) for LW females. The mean longevity was 6.7
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days (SE £0.2) for SW females, and 6.6 days (SE +0.2) for LW females, at 30°C
(with sugar; Figure 3.3b).

Whilst SW and LW females did not differ in their overall fecundity, they did differ in
when they produced eggs. SW females laid a mean total of 316 eggs (SE +65), whilst
LW females laid a mean total of 478 eggs (SE £104) (F;20=1.12, P=0.30). In
contrast, there was a difference between SW and LW females in both when they
produced and when they laid eggs. Specifically: (a) SW females had a larger number
of eggs developed at emergence than LW females - SW females carrying an average
of 8.3 eggs (SE +0.6), and LW females carrying an average of 0.7 (SE +0.2) eggs at
emergence (F; 136=278, P< 0.001; Figure 3.3c); (b) SW females laid a higher
proportion of eggs in the 1¥ clutch than LW females, and this pattern was reversed
for the 2™ clutch (1* clutch, SW 10% more eggs: %*1=232.7, P<0.001; 2™ clutch,
LW 9 % more eggs: x*1=183.3, P<0.001; Figure 3.3d). This pattern was also
reflected in the ovigeny index (OI) of the two morphs. The OI measure shows where
individuals lie on the continuum between synovigeny and proovigeny, and is equal to
the proportion of a females lifetime eggs produced present at emergence, which
varies from 0 to 1, where 0 represents no eggs mature at emergence (synovigeny) and
1 represents all eggs fully-developed at emergence (proovigeny) (Jervis and Ferns,
2004; 2003; Jervis et al., 2001). Whilst all females were relatively synovigenic (the
majority of eggs are matured after emergence), the Ol indicates that SW females

were relatively more proovigenic than LW females (Olsw=0.026, OI.w=0.001).
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Figure 3.3: a) Mean proportion of female offspring within a brood that
dispersed, from the total number of short-wing (SW) and the total number
of long-wing (LW) females within a brood; b) mean longevity for short-wing
(SW) and long-wing (LW) females; c) mean initial egg-load (IEL; number of
eggs fully matured at emergence) for short-wing (SW) and long-wing (LW)
morphs; d) proportion of total eggs laid in first and second clutches by SW
females (white bars) and LW females (shaded bars). In all cases error

bars indicate standard errors

3.3.3 Patterns of sex ratio and morph-ratio

The proportion of LW females varied with total clutch size and oviposition period,
but not with the number of females laying eggs (foundress number). I found no
significant variation in morph ratio with increasing foundress number (F; 76=0.14,
P=0.9; Figure 3.4). A higher proportion of long-wing females (larger morph ratio)
were produced with both increasing clutch size (F; 75= 58.9 , P<0.001; Figure 3.4)
and also with longer oviposition period (F; 7s=41.2, P<0.001; Figure 3.4).
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Considering the sex ratio, there was a significant increase in sex ratio with increasing
foundress number (F»73=3.9, P=0.02; Figure 3.5). However, this represents a very
slight shift in sex ratio of 1.7% (from 2.4% to 4.1%), as the number of foundress
females was increased from 1 to 15 - in comparison with the expected 46% shift
under LMC theory (Hamilton, 1967a). There was no significant effect of the
duration of oviposition upon offspring sex ratio (F,73=0.46, P=0.5; Figure 3.5) nor

were there any significant interactions.
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Figure 3.4: Variation in mean brood morph ratio (proportion long-wing
females) across a range of foundress number treatments (1, 5 or 15
females); females were given an oviposition period of either 3 days
(closed symbols) or 6 days (open symbols). Increasing foundress
number corresponds to higher intensity of local mate competition (LMC).

Error bars indicate standard errors.
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females were given either 3 days (closed symbols) or 6 days (open

symbols) for oviposition. Increasing foundress number corresponds to
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indicate standard errors.

3.4 Discussion

I have shown that M. australica females have two morphologically distinct dispersal
morphs — long-wing (LW) and short-wing (SW) (Figures 3.1 & 3.2). SW females
had relatively shorter wings and larger abdomens, while LW females had reduced
abdomen size and wings longer than body-length (Figure 3.1). Considering their life
history strategies, SW females exhibit a lower propensity to disperse than LW
females, emerge with a higher proportion of eggs fully developed, and lay a higher
proportion of eggs in their first clutch (Figure 3.3). In contrast, the morphs did not
differ in their body size, longevity, or overall fecundity (Figure 3.3). I then
considered whether the ratio of the different female morphs was adjusted in response

to local competition and relatedness, as predicted by theory. I found that a higher
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proportion of dispersers was produced with both increasing clutch size and longer
oviposition period, but that the proportion of dispersing offspring did not vary with
the number of foundresses laying eggs on a patch - which determines the relatedness
of competing females that do not disperse (Figure 3.4). My results suggest that
resource competition, rather than relatedness, is the major determinant of variation in

the dispersal rate in Melittobia.

3.4.1 Dispersal

How does the dispersal polymorphism in Melittobia compare with our understanding
of dispersal polymorphism more generally? Across a range of polymorphic insect
species, a trade-off between dispersal and other fitness-related life history traits has
often been found, which most commonly manifests as increased fecundity coupled
with decreased age of first reproduction for the non-dispersing morph (Roff, 1984;
Roff and Fairbairn, 1991; Zera and Denno, 1997). In contrast, I found no difference
in absolute fecundity between LW and SW females. However, SW females did have
greater initial investment in egg production (higher ovigeny index), and laid a higher
proportion of eggs earlier, suggesting that SW females have an earlier age of first
reproduction — previous work suggests that SW Melittobia females start to lay eggs
soon after locating hosts, whereas LW females must develop eggs before laying
(Matthews et al., 2009). The majority of studies have found no difference in
longevity between morphs, as [ have shown for M. australica (Roff, 1984; Roff and
Fairbairn, 1991). One possible explanation for the discrepancy between predicted life
history trade-offs and experimental data is that - particularly in the case of parasitoids
- differences in life history traits such as fecundity and longevity are unlikely to
manifest fully under laboratory conditions (Godfray, 1994; Jervis and Ferns, 2004;
2003; Jervis et al., 2001). Nonetheless, physiological differences between morphs
have been shown in other species, where nutrients were allocated differentially to
different life history traits (Zera and Denno, 1997). Furthermore, a number of studies
have shown that dispersal itself - and in particular the capacity for flight - is
energetically costly, largely because the wing muscles of dispersing individuals are

costly to develop and maintain, resulting in a compensatory decrease in metabolic
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rate (Nespolo et al., 2008; Roff et al., 2003; Roff and Fairbairn, 2007; Roff and
Gelinas, 2003).

Morphological differences between dispersal morphs have previously been shown to
correspond to dispersal ability, usually higher in the winged morph (Roff and
Fairbairn, 1991; Socha and Zemek, 2003). At the population level, a higher
proportion of winged individuals has been found to correlate with both the increasing
presence of wing muscles, and an increasing behavioural propensity of long-wing
individuals to disperse (Roff and Fairbairn, 1991). I have shown that LW females
have a higher propensity to disperse, and that dispersal propensity increases along
with the proportion of dispersers — associated with increasing clutch size (Figures
3.3, 3.4). The process of morph determination is less well understood, with evidence
that genetic, hormonal and environmental influences may be important (Roff, 1984;
Roff and Gelinas, 2003; Zera and Denno, 1997). Previous work on Melittobia species
suggests that morph determination is neither genetically controlled nor hormonally
regulated (Consoli et al., 2004; Consoli and Vinson, 2002a; 2002b; 2004), and my
experimental results provide indirect evidence that environmental conditions are
important, as the proportion of dispersers was most strongly influenced by clutch size
— a direct correlate of resource availability. Further work is needed to consider the

potential for maternal or offspring control of morph determination.

Dispersal theory suggests competition between relatives can be important in the
evolution of dispersal (Comins, 1982; Comins et al., 1980; Hamilton and May,
1977). Theory predicts that higher levels of dispersal will be favoured if fewer
foundresses lay eggs on each patch, because this leads to a greater relatedness
between competing non-dispersers (Comins, 1982; Comins et al., 1980). I find no
support for this prediction (Figure 3.4), suggesting that variation in relatedness has
little influence on selection for dispersal by females. A possible explanation could be
that there is no selection on females to respond to variation in foundress number, if
most females are solitary; in this case, we would expect a fixed rate of offspring
dispersal (Herre, 1987). This is unlikely as data from natural populations of

Melittobia suggest that foundress number does vary (Freeman, 1977; Freeman and
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Ittyeipe, 1976; Gonzalez et al., 2004c). Alternatively, if females on natural patches
are all highly related then variation in foundress number would not equate to
substantial variation in offspring relatedness; in this case, we would also expect no

variation in dispersal strategy (Frank, 1998).

Theory also predicts that the number of competitors can influence dispersal
decisions, where an increase in the number of competitors for resources on a patch
will favour an increased rate of dispersal (Consoli and Vinson, 2002a; Hamilton and
May, 1977; Ronce et al., 2000). Here, I found support for this, with an increasing
proportion of dispersing females produced with increasing clutch size (Figure 3.4).
Increasing foundress number has two potential effects, lowering average relatedness,
but also influencing the number of competitors; in this case, the effect of increased
competition appears to be much more important. Previous studies on Melittobia
species have also shown that SW females develop from the first eggs laid, and all
later eggs develop into LW females (Abe et al., 2005; Consoli and Vinson, 2002b;
2004; Matthews et al., 2009); here I found indirect support for this pattern, as the
proportion of LW females increased with greater length of oviposition period.
Increasing competition for resources is expected to result in the production of more
LW female offspring because the amount of resources available for oviposition
decreases, and females must therefore disperse to find new hosts. Similarly, the
pattern of producing SW females earlier in oviposition may be due to the low value
of producing late-developing SW females: once the early-developing SW have laid

eggs on the natal host, few resources remain for further oviposition by later SW.

3.4.2 Dispersal and sex allocation

The sex ratio behaviour of Melittobia poses a significant problem for sex allocation
theory, as an exceptional case in a field that otherwise has extremely strong empirical
support, and therefore needs to be explained (West, 2009; West et al., 2005). When
offspring of one sex disperse less, related members of the non-dispersing sex
experience a greater degree of competition, and so selection favours a sex ratio
biased towards the dispersing sex (Bulmer and Taylor, 1980b; Hamilton, 1967a;
Taylor, 1981). Hamilton (1967a) showed that, when mating occurs before only the
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females disperse, a female biased sex ratio is favoured, that becomes less biased as
more females lay eggs per patch. However, Melittobia females do not adjust their
offspring sex ratios in response to the number of foundresses laying eggs per patch
(Figure 5; Abe et al., 2003b; 2003a; 2005; Cooperband et al., 2003; Innocent et al.,
2007). Several hypotheses have been proposed for the lack of sex ratio shift in these
species: that foundress number does not vary in natural populations, high relatedness
between foundress females, and fatal fighting between males (Abe et al., 2003a;
2007; Frank, 1998; Herre, 1987). Lack of variation in foundress number in natural
populations would result in no selection for adjustment of sex ratio (Herre, 1987).
Alternatively, if co-founding females are highly related a female biased sex ratio is
predicted irrespective of foundress number, since there is little variation in
relatedness between competing males in this case (Frank, 1998). Finally, fatal
fighting between male Melittobia could select against the production of sons and
favour a lack of sex ratio shift in response to LMC (Abe et al., 2003a; 2007; see also
Shuker et al., 2005). While evidence supports the occurrence of multiple foundress
scenarios (Cooperband et al., 2003; Freeman and Ittyeipe, 1976; 1993; Matthews et
al., 2009; Schmieder, 1933; Van den Assem et al., 1982), empirical data give mixed
support to the idea that selection due to male fighting can fully explain the sex ratio
(Abe et al., 2003a; 2003b; 2005; 2007; Freeman and Ittyeipe, 1976; Innocent et al.,
2007), and there is no conclusive explanation for this unusual pattern of sex

allocation at present.

Given that the same selective forces influence both sex ratios and dispersal (Bulmer
and Taylor, 1980a; Frank, 1998; Leturque and Rousset, 2003; 2004; Motro, 1991;
Perrin and Mazalov, 2000; Rousset and Billiard, 2000; Taylor, 1994; Wild and
Taylor, 2004), can the pattern of dispersal in Melittobia help us explain its unusual
sex ratio behaviour? The various possible explanations of a lack of sex ratio
adjustment in Melittobia wasps have different consequences for the evolution of
dispersal. Theory predicts that just as an increasing number of (foundress) females
laying eggs per patch selects for less female biased sex ratios (Hamilton, 1967a), it
also selects for lower rates pf dispersal (Comins, 1982; Comins et al., 1980), which

would translate into a higher proportion of the non-dispersing morph. The male
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fighting hypothesis does predict variation in dispersal under LMC: in this case male
fighting selects against sex ratio adjustment with variable foundress number, but
does not select against variation in female dispersal rate (Abe et al., 2003a; 2007). In
contrast, if the lack of sex ratio adjustment is due to foundress number (N) not
normally varying (Herre, 1987), or high relatedness between foundresses (Abe et al.,
2005; Frank, 1985; 1986b; 1998), then, as supported by our data, we would not
expect the proportion of dispersing females to be varied with the number of
foundress females. However, the lack of influence of foundress number on both sex
ratio adjustment and variation in the proportion of dispersers should not be seen as
definitive evidence against the male fighting hypothesis, because there are other
possible reasons why the proportion of dispersers is not varied (see previous section).
A key next step, which is already underway, is to obtain a greater amount of

information about the population structure of natural populations of Melittobia.
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Chapter 4 Influence of relatedness and the environment on

lethal combat in Melittobia

4.1 Introduction

When individuals compete for resources, these interactions span the entire spectrum
of behaviour from cooperative resolution to escalated conflict (Maynard-Smith and
Price, 1973). Violent interactions are rare and only predicted under conditions where
the benefit of winning far outweighs the potential cost of conflict (Enquist and
Leimar, 1990; Maynard-Smith and Price, 1973). Fatal fighting, where competing
individuals risk death in violent contests, is expected only when competition occurs
over a finite resource of extremely high value (Enquist and Leimar, 1987; 1990).
Whilst competition over mates does not always lead to conflict almost all known
examples of extreme conflict result from competition over mates or access to mating
opportunities (Enquist and Leimar, 1987; 1990), such as in fig wasps, Cardiocondyla
ants, and thrips (Anderson et al., 2003; Hamilton, 1979; Murray, 1987). As mating is
so directly tied to an individual’s fitness, this resource will be extremely valuable to
all individuals, almost all of the time. Consequently, when a finite resource as
valuable as mating opportunities is limited in time, space, or both, then extreme
competition and lethal combat can evolve (Enquist and Leimar, 1990; Hamilton,

1979; Maynard-Smith and Price, 1973; Murray, 1987; Reinhold, 2003).

When extreme conflict does evolve, theory predicts that the occurrence and intensity
of fights will vary with resource value (Enquist and Leimar, 1987; 1990), the number
of competitors (Murray, 1987; 1989; Murray and Gerrard, 1984; 1985), and the level
of relatedness between them (Reinhold, 2003). First, although mates are always a
valuable resource, theory suggests that what matters for the evolution of extreme
conflict is the ratio of the current resource value to its potential future value (Enquist
and Leimar, 1990). When competitors have many future chances to mate, a single
mating constitutes a small fraction of potential lifetime reproductive success, and so
there is little value fighting over it (Enquist and Leimar, 1990; Hamilton, 1979). In

contrast, if future mating opportunities are unlikely, or available mates diminish over
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time, then a single mating represents a considerably larger proportion of lifetime
reproduction, and so fatal fighting is more likely to be favoured (Cook et al., 1999;
Enquist and Leimar, 1990; Hamilton, 1979; Murray, 1987). Second, variation in
competitor density is predicted to have several, opposing effects upon the intensity or
frequency of fatal fighting, or both. As the number of competitors increases, the
encounter rate increases, resulting in a higher frequency of fights, but also lessening
the value of winning each fight (Murray, 1987). Overall, these effects predict a
peaked relationship between the number of competitors and the intensity of fighting,
where fight intensity is highest at intermediate competitor density (Murray, 1987).
Third, it has been argued more recently that if competitor number and relatedness are
considered simultaneously, fight intensity is predicted to decrease with competitor
number, rather than show a domed relationship (Reinhold, 2003). In addition, fight
intensity is predicted to decrease when competitors are more closely related, if
individuals are able to recognise kin, due to the indirect (fitness) benefits of harming
non-relatives and not harming relatives (Hamilton, 1979; Reinhold, 2003). However,
there have been few tests of these predictions, especially with experimental studies

(Cook et al., 1997; Moore et al., 2008; Reinhold, 2003).

Here, I use the parasitoid wasp Melittobia to test all of these theoretical predictions,
by manipulating resource value, competitor density, and level of relatedness
independently. Male Melittobia have a limited opportunity within which to gain
matings, as they are confined to their natal host, and are restricted to the female’s
eclosing from it (Hamilton, 1979; Matthews et al., 2009). As the entirety of their
lifetime reproductive success is at stake when males compete, they engage in
extremely violent lethal combat (see methods). First, I manipulate resource value -
mating opportunities - by allowing some males to mate prior to fighting, but
preventing others from doing so. This alters the ratio between the current value of the
resource and its lifetime value, such that future reproductive opportunities are a
greater component of lifetime reproduction for a virgin male than a mated male. I
expect the resource (mates) to be of higher value to a virgin male than a mated male,
meaning that virgin males will fight more often, more intensely, or both. Second, I

manipulate the density of male competitors (spanning a natural range of density) by
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placing males in groups of varied size, and measure fight intensity. I expect the
frequency of fights to increase with group size, and fight intensity to be greatest at
intermediate density (Murray, 1987), or decrease with increasing density (Reinhold,
2003; Figure 5.1). Third, I vary competitor density and relatedness simultaneously,
by creating groups of different sizes within which males compete with either
unrelated males, or a mixture of related and unrelated males. If individuals are able
to recognise kin, then I predict lower overall fight intensity in more related groups
(Reinhold, 2003). If, however, Melittobia do not recognise kin, I expect relatedness
to have no effect on the frequency or intensity of fights, which would then simply be
determined by competitor density (Reinhold, 2003). In all experiments I collect data
to quantify fight intensity at a number of levels, considering the pattern of mortality;

the incidence and severity of injuries; and measures of aggressive behaviour.
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Figure 4.1: Theoretical predictions for the relationship between number of
competitors and fight intensity; a) increasing encounter rate is counteracted
by increased cost of fighting (Murray, 1987); b) fight intensity decreases with
competitor number, for 1 foundress female (solid line), 2 foundresses (dotted
line), and 3 foundresses (dashed line) (Reinhold, 2003). In both cases, the y-

axis corresponds to increasing fight intensity.

4.2 Methods

4.21 Natural history and general methods

Melittobia acasta and M. australica (Hymenoptera: Eulophid) are gregarious

ectoparasitoid wasps with natural history common to other Melittobia species
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(Gonzalez et al., 2004a; 2004b; Matthews et al., 2009; Van den Assem et al., 1980);
see Abe et al., 2003b; 2005; Innocent et al., 2007; Reece et al., 2007 for further
details of natural history). Melittobia species parasitise a wide range of hosts,
particularly other species of hymenoptera (Balfour Browne, 1922; Cooperband and
Vinson, 2000; Dahms, 1984; Freeman, 1977; Freeman and Parnell, 1973; Gonzalez
et al., 2004b; Matthews et al., 2009; Van den Assem et al., 1980). Sexual
dimorphism between males and females is pronounced: males are blind, flightless
and remain on the natal host to compete locally for mates, while females have fully-
functioning eyes and wings, and may disperse after mating (Buckell, 1928; Dahms,
1984; Gonzalez et al., 2004b; Matthews et al., 2009). Male mandibles are highly
modified weapons used in violent lethal combat prior to female eclosion: males sever
competitor’s limbs and decapitate opponents in fights to the death. Any male(s)
remaining alive gain the opportunity to mate with females emerging from their host.
Melittobia produce extremely female-biased offspring sex ratios (85-95% female;
Abe et al., 2003b; 2005; Cooperband et al., 2003; Gonzalez et al., 2004b; Innocent et
al., 2007) so the proportion of male offspring eclosing from a host is low; however,
the precise number of males varies with both the number of females laying eggs on
the host, and the host species. For example, the number of males per host in culture
ranges from 0-1 (1 foundress, 24 hours oviposition) to 15-17 (50 foundresses, 48
hours oviposition) on Calliphora vomitae pupae, and from 0-7 (1 foundress, 72
hours) to as many as 80 (15 foundresses, 144 hours) males on Bombus terrestris
pupae (Innocent et al., 2007; Innocent et al., in press). The degree of relatedness
between male competitors is also influenced by the number of female foundresses,
and by foundress relatedness (Innocent et al, in review). Given the potential for
multiple foundresses and overlapping generations on a single host (Cooperband et
al., 2003; Dahms, 1984; Freeman and Ittyeipe, 1976; 1982; 1993; Matthews et al.,
2009; Schmieder, 1933; Van den Assem et al., 1982), male emergence may vary
through time; as a result males differ in age and fighting ability e.g. (Abe et al., 2007,
Innocent et al., 2007), and experience variation in the local or temporal availability

of females.
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Across Melittobia species, natural history, host range, sex ratio patterns and fighting
behaviour are similar (e.g. Matthews et al., 2009), but patterns of development vary;
I utilise the differences between M. acasta and M. australica in these experiments.
M. acasta has more synchronous development in culture, enabling the production of
large numbers of age-matched males (experiment 1), whereas a larger bank of iso-
female lines is available for M. australica (experiments 2 & 3). I cultured M. acasta
stock on C. vomitae pupae at 30°C (see Innocent et al., 2007; Reece et al., 2007). M.
australica lines were collected from a range of locations throughout Japan (by Jun
Abe, 1999/2000; see (Abe et al., 2003b; Abe et al., 2005)). I reared all experimental
M. australica lines on B. terestris pupae (Koppert, The Netherlands), incubating
them at 30°C with a 16:8 light:dark photoperiod.

To produce males, I collected virgin female pupae from appropriate stock culture: as
sex determination in Melittobia is haplodiploid, virgins produce exclusively male
offspring from unfertilised eggs (Cook, 1993). I placed groups of 60 virgin females
with hosts for oviposition (as above) and incubated them at 30°C. To minimise
variation in age of male offspring, I gave virgin females hosts synchronously and
limited oviposition to an 8-hour period. I collected male pupae from hosts
approximately 8 days after oviposition, isolating each in a gelatin capsule of similar
dimension to host pupae (volume = 0.21ml), preventing aggressive male-male
interaction prior to the experiment. I checked males daily, grouped them by
emergence date, and used males from the same 24-hour emergence period within
experimental replicates. I collected data for measures of fight intensity based on
behaviour, injury and mortality, using two types of fighting arena. I used holes
punched in sheet metal (Smm diameter; 3mm thick) encased by glass cover slips as
arenas for individual data collection (experiment 1), cleaned between replicates to
avoid the influence of chemical signals from previous contests. To collect group-

level data (experiments 2 & 3) [ used gelatin capsules as arenas (as above).

4.2.2 Experiment 1: resource value

I tested Enquist and Leimar’s (1990) prediction, that the extent of fatal fighting is

related to the value of a contested resource. Specifically, I tested whether virgin
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males compete more intensively over mating opportunities than previously mated
males. I placed males from the mated treatment with 5 virgin females (from stock
synchronised with male emergence) for 2 hours, at 30°C. I placed the remaining
virgin males at 30°C for 2 hours, isolated in gelatin capsules. Subsequently I paired
males in 3 combinations: mated male + mated male (MM), virgin male + virgin male
(VV), and mated male + virgin male (MV). I painted each male’s abdomen for
identification; colour was assigned randomly across pairs and combinations. I
observed each male separately for 5 minutes, recording the number of movements
between sectors of the arena to estimate individual activity level. Next, I paired
males in a new arena and observed for 30 minutes, recording: interaction start and
end time; identity of the male initiating/retreating; and the occurrence of key
aggressive behaviours, 1) boxing, ii) locking of opponent, and iii) biting or lunging. I
defined interactions as >5 seconds of physical contact between males, and considered
them antagonistic if I observed aggressive behaviour. I scored the relative size of the
two males by eye. After observation I incubated each pair into a gelatin capsule (as
above) at 30°C; I recorded the outcome of each contest at 24 hours (win/lose, or

draw), the identity of male(s) remaining alive, and any visible injuries to either male.

4.2.3 Experiment 2: group size

I tested Murray’s (Murray, 1987) prediction that fight intensity is influenced by the
number of competitors, and greatest at intermediate male densities. I set up 6-12
replicates for each of five biologically realistic competitor densities: 2, 5, 10, 15 and
25 males. I placed groups of randomly assigned, age-matched males into capsule
arenas (see above), and incubated them at 30°C. I recorded the number of males dead
at 2, 4, 6, 8 and 24 hours (Olympus SZX10 microscope), to estimate the time of the
first death and proportion of males dead at 24 hours within arenas. I froze all arenas
at 24 hours, scored visible injuries for each male within every replicate - according to
a scale adapted from Murray (Murray, 1985; 1987; 1989; 1990; Murray and Gerrard,
1984; 1985) - and calculated mean injury per wasp (lifetime extent of injury, LEI),
proportion of males injured and proportion with severe injury (score >7) for each

arena.
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4.2.4 Experiment 3: relatedness & group size

I tested Reinhold’s (2003) prediction that the relatedness of competitors, in addition
to their density, influences fight intensity within a group. I varied relatedness
between males using two treatments: ‘related’ — all males came from the same line -
or ‘mixed relatedness’ — males came from 3 different lines (from 6 available lines);
and competitor density using two group sizes, 3 or 6 males (see Table 4.1). For each
of 3 lines contributing males to an unrelated replicate, I set up a separate, related
replicate of the same group size (see Table 4.1). I simultaneously placed eight groups
(1 of each combination; see Table 4.1) in gelatin capsules, which I mounted and
observed under a microscope (as before) for 30 minutes. I recorded the number of
fights and the number of males engaged in fighting at 1-minute intervals through this
period, and any deaths throughout; non-aggressive interactions were not included.
Following observation I incubated arenas at 30°C, recording the number of males
dead at 90, 180 minutes, and 24 hours in order to estimate the time of first death and
calculate the proportion of males dead at 24 hours. I froze all arenas at 24 hours,
scored injuries for each individual and calculated the LEI, proportion of males

injured and the proportion with high injury per arena (as above).

Related Mixed relatedness
3 males aaa or bbb or ccc etc abc efc
6 males aaaaaa or bbbbbb or aabbcc efc
cccccc ete

Table 4.1: Treatment combinations for experiment 3, involving 2 group sizes
(3 or 6 males) cross-factored with both a related (single line) and mixed
relatedness (3 lines: shown here as a, b, and c) treatment. Each letter

represents an individual male.
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4.2.5 Statistical methods

Where necessary, data were transformed to improve normality (square-root
transformation on time of first death data, log transformations for behavioural
measures, arcsine-square root transformation for proportion data). I used linear
models to test for the effect of group size upon the time of 1st male death, the
proportion of males dead at 24 hours, and the proportion of males injured in
experiment 2; and all behavioural measures of fight intensity from experiment 1. I
used Generalised Linear Models (GLMs) to analyse fight resolution and occurrence
of injury data (experiment 1), assuming a binomial error distribution and using a
logit link function for maximum power. Model simplification was based upon
analysis of deviance, comparing changes in deviance between models to the chi-
squared distribution. I tested for overdispersion of data by calculating the
heterogeneity factor (HF); where HF<4 data was scaled and significance tested using
the F-distribution to correct for overdispersion (Crawley, 1993; Crawley, 2002;
Crawley, 2007). I included in the model resource value treatment, size difference
between competitors, difference in activity level, and 2-way interactions with
treatment as possible explanatory variables. Interactions are presented only where
significant at the level of P<0.01 (Crawley, 1993; Crawley, 2002; Crawley, 2007).
To examine the effect of both group size and relatedness between competitors on
mortality, injury and behaviour in experiment 3, [ used linear mixed effect models. I
used the measures of fight intensity as response variables for each model, including
group size and relatedness in the model as fixed effects, and fitting line as a random
effect. All analyses were carried out in R (R version 2.3.1, Copyright © 2006, The R

Foundation for Statistical Computing).

4.3 Results

431 Experiment 1: resource value

In contrast to Enquist and Leimar’s (1990) predictions I found that variation in
resource value — mating opportunities — as manipulated by whether males had

previously mated with females, had no effect on fight intensity, as estimated by
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mortality, injury, or behaviour. The likelihood of at least one male dieing within the
first 24 hours was not influenced by resource value (male mating status: F,_ s5=0.6,
P=0.55); size difference (F, 57=0.47, P =0.49); or individual activity level (F;,
54=0.26, P =0.61). I scored all visible injuries but found no significant correlation
with male mating status (F,, ss=1.95, P =0.15), size difference (F, ss=1.6, P =0.2), or
activity level (F;, 55=0.098, P =0.76). I found no significant correlation between the
mean number of fights per minute and male mating status (F», s5s=1.75, P =0.18;
Figure 4.2), size difference (F,, 5¢=3.38, P =0.07), or difference in individual activity
between males (F; 53=0.01, P =0.91). I also found the same qualitative pattern with
two other measures of aggressive behaviour, the total number of fights and the
proportion of the observation period individuals spent fighting (P >0.25 in all cases).

There were no significant interactions.
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Figure 4.2: Mean number of fights per minute between male pairs
within three treatment combinations: both virgins (VV), both mated
(MM), and a mated versus a virgin male (MV). Error bars indicate

standard errors.

4.3.2 Experiment 2: group size

In contrast to Murray’s (Murray, 1987) prediction that fight intensity will be greatest

at intermediate competitor density, I found that fight intensity increased

70



monotonically with group size. The proportion of males dieing within 24 hours was
positively correlated with group size (F;, 43=14.74, P =0.0004; Figure 4.3a), and the
first male death was significantly earlier in larger groups (F;, 43=48.32, P <0.0001).
There was no significant quadratic relationship with group size in either case (P
>0.1). We found no significant effect of increasing group size on the proportion of
males injured within a group (linear: F;_43=1.17, P =0.29; quadratic: F; 4,=0.26, P
=0.61; Figure 4.3b). Similarly, there was no significant effect of group size on the
proportion of males with high injury score, or mean injury per wasp (P >0.35); there

were no quadratic relationships (P >0.35).

71



=
]

0.9 -

0.8 - %
0.7 -

0.6 - %

0.5 -

0.4 -

0.3 -
0.2 -

0.1 -

Proportion males dead at 24 hrs

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Number of males

0.9 -
0.8 -
0.7 -
0.6 -

0.5 -
0.4 - %
0.3 - {
[)

0.2 - §

0.1 -

Proportion males injured

0 2 4 6 8 1I0 1'2 1I4 1I6 1I8 2I0 2I2 2I4 2I6
Number of males

Figure 4.3: The influence of competitor density on mortality and injury

measures within groups, for a range of group sizes; (a) the pattern of

mortality, shown as the proportion of males within a group dead at 24 hours;

and (b) the pattern of injury, shown as the proportion of males injured within

24 hours. Error bars show mean vales + standard errors.

4.3.3 Experiment 3: relatedness & group size

I found no support for Reinhold’s (2003) predictions. In contrast to Reinhold’s
(2003) prediction that lower fight intensity occurs when there is a higher level of
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relatedness between competitors, I found that there was no effect of relatedness upon
mortality, injury or aggressive behaviour. In addition, I found no support for
Reinhold’s (2003) prediction that increasing group size will lead to decreased fight
intensity. The proportion of males dead at 24 hours increased significantly with
increasing group size (Fi, 55=6.56, P =0.01; Figure 4.4a), but not with variation in
male relatedness (F; ;1=1.12, P =0.27; Figure 4.3a). Similarly, the time of first death
was significantly earlier in larger groups (F;, 5s=12.23, P <0.0001), but was
unaffected by relatedness (F; 1;=2.39, P =0.13). The proportion of males injured did
not vary significantly with increasing group size (F,, 5s=0.53, P =0.47) or relatedness
within groups (F;, 1,=2.71, P =0.13; Figure 4.4b). I found a similar pattern for the
proportion of males with severe injury and the LEI (P >0.1). The mean proportion of
males fighting increased with group size (F,, ss=11.34, P =0.001; Figure 5.4c), but
did not vary with relatedness (F; 1,=1.21, P =0.27). Similarly, the mean number of
fights per minute increased with increasing group size (F;, 55=38.9, P =0.0001), but
did not vary with relatedness (F; 1,=1.87, P =0.18). There were no significant

interactions.
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Figure 4.4: The influence of group size and relatedness on fight intensity (y-
axis: 0 = low intensity, 1 = high intensity) in M. australica as measured by (a)
mortality, shown as proportion of males dead at 24 hours; (b) proportion of
males injured; and (c) proportion of males fighting per minute, for related
(open circles) and mixed relatedness (closed circles) groups of 3 or 6 male

competitors. Error bars indicate mean value * standard error.
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4.4 Discussion

I used male Melittobia wasps to test theoretic predictions for how resource value,
competitor density, and relatedness between rivals will influence the intensity of
violent fighting (Figure 4.1). I found that: (1) males do not adjust their level of
aggression in response to whether or not they had previously mated, and therefore
the contested resource value (Figure 4.2); (2) the intensity of fighting increased
monotonically with increasing competitor density (Figure 4.3); (3) there was no
difference in the level of aggression between contests of either unrelated, or closely
related, males (Figure 4.4). Overall my results suggest that male Melittobia exhibit a
relatively fixed behavioural strategy, lack kin discrimination, and will always engage

in potentially lethal combat.

Theory suggests that the more valuable a contested resource, the more likely
competitors are to risk costly, escalated conflict to obtain it (Cook et al., 1999;
Enquist and Leimar, 1987; 1990; Hamilton, 1979). Here, I find no evidence that the
intensity of fighting between male Melittobia varies with resource value, or that it
differs whether the contested resource has the same, or different value for the
competitors (Figure 4.2). One possible explanation for this is that, given the short
lifespan of males and limited opportunity to gain mates, any pre-existing fight
advantage is lost if males stop to assess the merits of entering a fight, and it is
therefore a better strategy to fight every time. Another possibility is that my
manipulation does not alter resource value, because the value of past resources has
no impact upon the ratio of current to future resource value (Dawkins and Carlisle,
1976). Here, the current resource always has far greater value than future resources,
and so fighting is always favoured. How does fighting in Melittobia compare to other
species where extreme contests are found? A common feature of species where
males engage in lethal combat is that females are aggregated both spatially and
temporally (for a short time), and that these females are the only mates available to

males (Enquist and Leimar, 1990; Hamilton, 1979). For instance, wingless male fig
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wasps engage in lethal combat within fig fruit for access to locally emerging females,
and wingless male Cardiocondyla ants will kill rivals within the nest during
competition for mates (Anderson et al., 2003; Bean and Cook, 2001; Cook and Bean,
2006; Cook et al., 1997; 1999; Hamilton, 1979; Murray, 1987; 1989; 1990; Murray
and Gerrard, 1984; 1985).

The intensity of fighting is predicted to show either a domed, or decreasing
relationship with competitor density (Murray, 1987; Reinhold, 2003). As competitor
density increases this leads to a higher number of interactions between males, and
hence the possibility for more violent conflicts; but this can be negated at high
density if this leads to scramble competition and hence the benefit of fighting
decreasing (Murray, 1987). I found that a greater number of competing males led to a
monotonic increase in fight intensity (Figure 4.3). If encounter rate does increase
with the number of competitors, as is likely to be the case, (Murray, 1987; Reece et
al., 2007), then these results suggest that males do not modify their fighting
behaviour in response to increasing costs of fighting with, and defending resources
against, an increasing number of opponents (Murray, 1987; 1989; Murray and
Gerrard, 1984). Furthermore, this confirms previous observations that conflict-
limitation through opponent assessment does not occur in Melittobia (Reece et al.,

2007).

Theory predicts that, if individuals are able to discriminate relatives from non-
relatives (kin discrimination), then competition should be less aggressive between
relatives (Hamilton, 1979; Reinhold, 2003). Another way of looking at this is that
individuals should be more violent to non-relatives, if it reduces the level of
competition experienced by relatives who are also competing with these non-
relatives — because fighting may be costly, this can represent a spiteful or indirectly
altruistic behaviour (Gardner et al., 2007; Gardner and West, 2004). I allowed male
Melittobia to interact with both relatives and non-relatives, and found no evidence
that they adjust their fighting behaviour in response to relatedness (Figure 4.4; see
also Abe et al., 2003b). This suggests that Melittobia are unable to discriminate kin,

which is consistent with data from other non-social insects, where kin discrimination
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is rarely found (Fellowes, 1998; Reece et al., 2004; Shuker et al., 2004a). A lack of
kin discrimination can be expected from a theoretical perspective, because kin
discrimination based on genetics will often not be evolutionarily stable. The reason
for this is that it would favour common alleles, which would be recognised more
often, and hence kin discrimination would eliminate the genetic diversity that it
requires in order to operate (Crozier, 1986; Rousset and Roze, 2007). More

generally, the observed lack of kin discrimination supports the lack of an effect of

mean relatedness on the level of fighting in fig wasps, because the local competition

within fig fruits means that any kin selected benefit of reduced conflict with closer

relatives is negated by increased competition with other relatives (West et al., 2002).

Put simply, there is no benefit in being less aggressive with a brother, if any benefit

they obtain comes at the cost to another brother.
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Chapter 5 Discussion

Each chapter of this thesis has its own specific discussion of experimental results.
Here, I summarise these findings in a broader context, suggest future directions, and

highlight the implications of my work for social evolution more generally.

5.1 Summary of results

5.1.1 Sex ratio in Melittobia

In chapter 2, I present a series of experiments that examine the pattern of sex
allocation in Melittobia. Specifically, I describe the extremely female biased
offspring sex ratio in M. acasta, and attempt to understand the unusual lack of sex
ratio adjustment in response to variation in local mate competition (LMC; Hamilton,
1967a) observed across Melittobia species. 1 show that females produce a sex ratio of
85-95% female offspring, and that this sex ratio is precisely controlled. And, while
LMC theory predicts that the sex ratio will become increasingly less biased with
increasing foundress number, I found that the sex ratio in Melittobia shifts only
marginally relative to predictions. I examine a possible explanation for this pattern
by testing a model of asymmetrical LMC, where earlier emerging males have a
competitive advantage in competition for mates, which selects against the production
of a less female-biased sex ratio (Abe et al., 2003b). In Melittobia mating
competition takes the form of fatal fighting. I show that early emerging males do
have a competitive advantage that could enhance the asymmetry in mate
competition, as early emerging males are able to attack later emerging males at the
vulnerable point of emergence. The pattern of sex ratio also suggests that male eggs

are laid first, which would maximise emergence advantage.

The magnitude of the advantage required by early males to explain the lack of sex
ratio adjustment is large, and I show two reasons why this might not be realistic.
First, male size is closely tied to fighting ability, and the probability of winning

fights; any emergence advantage is reduced by an advantage due to body size of
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opponents (chapter 4). Second, the advantage of early emergence lasts only as long
as the period of emergence; after this point, all males are equally prepared for
combat, which is less than half the duration of their lifespan. However, there are two
alternative explanations for the unusual sex ratio pattern in Melittobia. If foundress
number varied little in natural populations, then selection for sex ratio adjustment
would be weak; here, little sex ratio adjustment would be predicted (Herre, 1987).
Data suggests, however, that foundress number does vary in natural populations; and
in addition, variation in female morph can lead to overlapping generations on a
single host (Freeman, 1977; Freeman and Ittyeipe, 1976; Gonzalez et al., 2004c;
Matthews et al., 2009). Similarly, if foundress females were related, and therefore
were also related to each other’s male offspring, then a female biased sex ratio would
be predicted (Frank, 1998). To fully assess these alternative explanations, more data
is needed from natural populations of Melittobia. If, for instance, resource
competition leads to earlier emerging males also being larger, then the advantages of
early emergence and fighting ability would be combined, and fatal fighting between
males may provide a more substantial explanation for the lack of sex ratio shift. And,
even if foundress females are often related, this could lead to increased competition
between relatives cancelling the advantage of laying a female biased sex ratio.
Finally, the pattern of sex ratio could be affected by the pattern of dispersal (chapter
3); an interesting extension to these experiments would be to understand more about
the variation in female morph production and pattern of dispersal in natural

populations.

Within the field of sex allocation, patterns of sex ratio that cannot be explained by
the predictions of theory are rare. Sex allocation is one of the most theoretically well-
understood areas of evolutionary biology, and has a large amount of empirical
support from a wide range of taxa (West et al 2005; West, 2009). In some cases, the
predictions of sex allocation theory, and in particular Hamilton’s local mate
competition theory (LMC), are met quantitatively as well as qualitatively (e.g.
Werren, 1980, 1983). Considered in this context, the extremely female biased sex
ratio, and lack of sex ratio adjustment in Melittobia species is particularly striking.

Attempting to explain this pattern has prompted more recent extensions of LMC
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theory tailored to the biology of this system (Abe et al., 2003a). So far, empirical
tests of theoretical predictions have not provided a conclusive explanation for this
unusual example of sex allocation. This may be because we need more information
on the details of biology in natural populations, and may be because theoretical
models are missing some of the important details of the biology of more unusual
systems. In either case it is important, and interesting, to explain exceptional cases
such as Melittobia, promoting further empirical testing of existing sex allocation

theory, and in turn driving further development of theory.

5.1.2 Dispersal in Melittobia

The experiments I present in chapter 3 describe the dispersing and non-dispersing
female morphs of Melittobia australica, and test theoretical predictions that the level
of dispersal will vary with the extent of competition for resources, and the level of
relatedness between potential competitors. The two female morphs differ in
morphology, pattern of egg production, and dispersal behaviour. I show that the
production of dispersing females, and thus the level of dispersal, increases with
increasing competition for resources. If related individuals compete for resources,
dispersal can be favoured to decrease the level of competition faced by relatives, and
can therefore be considered a cooperative trait (Hamilton and May, 1977). Dispersal
theory predicts that higher levels of dispersal will be favoured when fewer
foundresses lay eggs on a patch, because the relatedness between non-dispersing
competitors will be higher (Comins, 1982; Comins et al., 1980). In contrast to these
predictions, I found that the level of relatedness has no affect upon the pattern of
dispersal in Melittobia. While this is unlikely to be because there is little variation in
foundress number in natural populations (Herre, 1987); it is possible that high
relatedness may occur between co-founding females, which would favour lower
levels of dispersal (Frank, 1998). Variation in relatedness created by changes to
foundress number has implications both for the evolution of dispersal and sex
allocation, and this may help discriminate between possible explanations for why the
sex ratio in Melittobia shifts little in response to LMC (chapter 2; Hamilton, 1967).
When dispersal and sex ratio are considered simultaneously, theory predicts that if

one sex disperses less, a sex ratio biased towards the more-dispersing sex will be
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favoured, as this sex faces less competition locally (Bulmer and Taylor, 1980a;
Hamilton, 1967a; Taylor, 1981). In Melittobia, fighting between males would favour
variation in female dispersal with changes in foundress number. In contrast, both
weak selection for sex ratio adjustment and high relatedness between co-founding
females, would predict no variation in dispersal, along with no sex ratio adjustment;
this is consistent with my findings. There are a number of reasons for variation in the
production of dispersal morphs in Melittobia; testing these explanations and their

influence on sex ratios fully requires more data from natural populations.

5.1.3 Extreme conflict in Melittobia

In chapter 4, I examine the nature of mating competition — in the form of fatal
fighting - between male Melittobia. We know that greater male density results in a
greater intensity of fighting, and shorter male lifespan, while greater female density
may reduce the frequency of fights (appendix 1, chapter 4). Fighting ability is closely
connected to body size in Melittobia, with large males having a high probability of
winning fights. There is no variation in the frequency of fights whether opponents
are evenly matched, or there is asymmetry in their fighting ability (appendix 1,
chapter 4); although conflict limitation is common in most species (Maynard-Smith
and Price, 1973), this result suggests that no opponent assessment occurs between
male Melittobia. When extreme conflict does evolve, theory predicts that the
occurrence and intensity of fights will vary with resource value, the number of
competitors, and the level of relatedness between them (Enquist and Leimar, 1987;
1990; Murray, 1987; Reinhold, 2003). I found no influence of resource value on
levels of fight intensity; this is consistent with the theoretical prediction that when
the current value of a resource far outweighs any potential future value, and is
closely associated with lifetime reproductive success, fighting will always be
favoured (Enquist and Leimar, 1990). In such cases, all that matters is the current
resource value — here, the availability of female mates — and the future resource
value, which for male Melittobia is low, given their short lifespan and limited

number of female mates available. I show that male Melittobia adopt a relatively
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fixed behavioural strategy, and do not modify fighting behaviour in response to

variation in the likely costs of fighting.

Theory predicts that, if males are able to discriminate kin, then competition between
relatives should be less aggressive, as males are predicted to be more violent towards
non-relatives, in order to reduce the competition faced by relatives competing with
the same pool of opponents (Gardner and West, 2004; Reinhold, 2003). Here, I found
no variation in fight intensity with the level of relatedness between opponents, which
suggests that Melittobia are unable to discriminate kin — consistent with studies of
other non-social insects (Fellowes, 1998; Reece et al., 2004; Shuker et al., 2004b).
Moreover, this is an example of where the local scale of competition means that any
kin selected benefit of reduced conflict with closer relatives, is negated by increased

competition with other relatives (West et al., 2001; 2002).

5.2 Conclusions

5.21 From cooperation to conflict

Peaceful cooperation between individuals, and violent contests when conflict
escalates, could not appear to be more different. In fact, all interactions stem from a
conflict of interest between the individuals involved, where each will act to maximise
their own fitness. But, a conflict of interest can be resolved in many ways, which
manifests as this spectrum of interactions ranging from cooperation to extreme
conflict. Behaviour at both extremes of the spectrum is less common: it is unlikely to
be good for an individual to help others with no benefit to themselves, and is rarely
worthwhile incurring the extreme costs of escalated conflict. Understanding the costs
and benefits of a behaviour to different individuals, and considering the relatedness
between individuals that interact, can help explain why we see certain behaviours in
particular scenarios. And, the most informative examples are often those that are
unusual, and lie at the extremes of the spectrum of potential behaviour. With a
natural history that is unusual in a number of respects, Melittobia is a good system

for trying to explain the full range of interactions between individuals, from
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cooperation through to extreme competition. While LMC theory predicts that
individuals should produce less female-biased sex ratios when many females lay
eggs on a patch, a social evolution approach predicts that when these females are
related, all will benefit by cooperating and laying a higher proportion of daughters.
Cooperation of this kind may partly explain the unusual pattern of sex allocation in
Melittobia. Conversely, when competition is local, individuals will not benefit from
favouring related competitors, if this advantage is counteracted by an increase in
competition between these relatives. This may explain why male Melittobia will

engage in violent, escalated conflict with brothers.

5.2.2 “Social behaviour must be analysed in its full ecological and

demographic context” (Frank, 1998)

Social evolution considers behaviours where individuals interact, and which have
consequences for the fitness of all individuals involved. A number of social traits
have been theoretically modelled extensively, including those where the relevant
biological variables are easy to identify, such as sex ratio and dispersal. In such
cases, these biological variables can also be measured empirically with relative ease.
Social behaviours rarely occur in isolation, and are predicted to interact in all manner
of ways. While it is possible to try and understand traits by considering them in
isolation, this does not always lead to a close match between theory and observation;
moreover, although theory is able to explain many of the patterns observed, this may
not capture the full picture of social behaviours in a system. Therefore, social
evolutionary theory also considers combinations of social traits, and the interactions
between them — for instance, sex ratio and dispersal. While the predictions of these
models may be harder to test empirically, systems such as Melittobia allow some
questions to be asked about how different social traits inter-relate, and provide some

interesting links between the different areas of social evolution.
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