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Abstract
This thesis addresses life history evolution of the parasitoid Hymenoptera. It aims to identify

assumptions that should be incorporated into parasitoid life history theory and the predictions
that theory should aim to make. Both two species and multi-species comparative studies as well
as up-to-date phylogenetic information are employed to investigate these issues.

Anecdotal observations suggest that solitary parasitoids have narrower host ranges
than closely related gregarious species. There are several possible reasons for this; for
example gregarious species may be able to exploit larger bodied hosts because they can fully
consume the host, which may be essential for successful pupation to occur. Comparative
laboratory experiments between two closely related species of Aphaerefa, one of which is
solitary and the other gregarious, show no difference in the extent of host range. This study
does, however, suggest that differences in the realized niche that each species occupies in the
field may result from life history differences between the species. These differences may
themselves have arisen due to solitary or gregarious development.

The first multi-species study in the thesis uses a data set, compiled for the parasitic
Hymenoptera by Blackburn (1990), to address factors that may influence body size and clutch
size. This study builds on previous analyses of the data (see Blackburn 1990, 1991a/b, Mayhew
& Blackburn 1999) through the use of up-to-date phylogenetic information. Evidence is found
that the host stage attacked by a parasitoid is associated with both body and clutch size, due to
the amount of resources available for the developing parasitoids. In addition, gregarious
species found at high latitudes have a reduced clutch size relative to those found at low
latitudes. Several cross-species associations, which are not evolutionarily correlated, are
identified: larger wasps lay smaller clutches, when attacking the same host stage, koinobionts
are larger than idiobionts; temperate species are larger than tropical species (Bergmann'’s rule).
This study supports some theoretical models and hypotheses based on other empirical studies.

A second multi-species study is carried out using a novel data set and up-to-date
phylogenetic information for the Ichneumonoidea. Evidence supporting some aspects of the
dichotomous hypothesis is found; for example, ectoparasitoids / idiobionts live longer than
endoparasitoids / koinobionts and endoparasitoids are more fecund than ectoparasitoids. There
is a trade-off between parasitoid body size and brood size, and also between fecundity and egg
volume. Body size is positively correlated with development time, adult lifespan, and egg size.
Host body size is positively correlated with parasitoid body size and brood size. Gregarious
wasps are smaller, but attack larger hosts than solitary species and the former are more
associated with external rather than internal pupation sites. Temperate parasitoids have larger
geographic ranges, longer preadult lifespans and attack more host species than tropical
parasitoids. Positive relationships are identified between parasitoid geographic range and a)
host geographic range and b) the number of host species attacked. All of these resuits illustrate
that several biological transitions are important regulators of life history variation within the
Ichneumonoidea.

The evolutionary lability of Ichneumonoidea traits is then investigated. Influential life
history traits, such as ecto- / endoparasitism, idio- / koinobiosis, body size, and solitary /
gregarious development, are all conserved traits. Less conserved traits include longevity, pre-
adult lifespan, geographic range, host niche and host stage attacked. The majority of variation
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amongst traits was found at the family or subfamily level, suggesting that ancient evolutionary
events are responsible for the majority of modern phenotypic diversity.
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Chapter 1: Introduction to life history evolution

1.1 Introduction

The aim of this thesis introduction is to provide readers with a background to the subject of life
history evolution in parasitoids. A general look at life history evolution is provided in section
1.1.1, addressing the different conceptual approaches used, such as genetic and ecological.
Section 1.1.2 introduces life history theories that consider several traits simultaneously, and
thus represent a holistic and organism-based approach. Then, a related concept, that of the
evolution of the ecological niche, is discussed (section 1.2). Empirical approaches to studying
evolution are introduced in section 1.3, with particular emphasis on comparative studies. In
section 1.4 there is a brief introduction to taxonomies and phylogenies and how they are
constructed, which leads into section 1.5, addressing the statistical methods covered in the
thesis. Various types of analyses that can be used in comparative studies are discussed,
including cross-species analysis, independent contrasts, and phylogenetic lability methods.
Section 1.6 introduces parasitoids, discussing their taxonomy and biology. Section 1.7 covers
the evolution of parasitoid life histories and their ecological niches. Finally section 1.8 introduces
the remaining chapters of the thesis.

1.1.1 Life history evolution

The main life history traits, shared by most organisms and identified by Stearns (1992),
are size at birth, growth pattern, age and size at maturity, the number and sex ratio of offspring,
age and size specific mortality schedules, and longevity. In an ideal world, every organism
would a) reproduce many times and produce many offspring each time, b) have a high and
indeterminate growth rate, ¢) large adult body size and d) mature quickly. Such an organism
has been termed the ‘Darwinian demon’ (Law 1979), that is an evolutionary ideal organism,
which cannot exist due to the presence of trade-offs between traits.

In 1947, Deevey noted that species differ in life history strategies, and from this became
interested in studying species factors moulding their evolution. Since then many researchers
have been interested in explaining aspects of life history evolution, how different traits interact
and or influence one another, and how it can ultimately affect an organism’s fitness. Studying
life history evolution can allow one to explain reproductive rates and life-span differences
between organisms, as well as to predict how populations will respond to changing
environments. This incorporates aspects of natural selection, adaptation and also constraints
(trade-offs). Physical constraints and / or trade-offs mean that not all life history traits are
independent of one another, and this can result in organisms differing in fitness in different
environments.

There are two major conceptual approaches to life history evolutionary theory: genetic
and ecological. Both the genetic and ecological models have been found on occasions to
produce equivalent results (see Charlesworth 1990, Roff 1994). The genetic approach utilises
single-locus or two-locus models, assigns life history bith and death schedules to given
genotypes, and this allows gene frequencies, their dynamic changes and equilibrium outcomes
to be investigated (Anderson & King 1970), as well as using selection to explore evolutionary
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Fitness

Trait (e.g. body size)

Figure 1.1: Factors affecting life-history evolution. The broken line indicates optimum fitness;
arrows indicate constraints, which define the organism’s fitness.

trajectories (Lande 1982). On the other hand, the ecological approach predicts the combination
of life history parameters that has the optimum fitness under given conditions by using set
options or trade-offs (Parker & Maynard Smith 1990, Pianka & Parker 1975). This is also known
as the optimization approach.

The optimization approach identifies constraints and / or trade-offs that influence
variable(s) and their state(s), that are required to produce an organisms highest level of fitness.
Models are constructed that include details on a) fitness currencies, b) strategy sets, and c)
constraints (Figure 1.1), some models also include details of current and future reproduction
trade-offs. From this, assumptions can be made about conditions under which the observed
phenotype would be optimal.

The fitness effects of traits can vary across taxa due to a) environment-specific and b)
taxon-specific constraints and trade-offs. Trade-offs are where one trait can be increased only
at the expense of another, such as when two traits are limited by the same resource that can
only be spent once (the ‘principle of allocation’, Levins 1968). They are seen as a consequence
of either physiological or behavioural life history decisions made by an individual.

The optimization approach is typified by studies of clutch size evolution. In 1947, Lack
proposed a hypothesis for the evolution of clutch size in birds, illustrating how resources should
be divided to obtain an optimal clutch size. An increase in clutch size results in each offspring
receiving fewer resources, therefore decreasing individual offspring fitness. An intermediate
clutch size may be better as it will produce the greatest number of surviving offspring. The
optimal clutch size is thus determined by a trade-off between the number and fitness of
offspring. Lack’s (1947) hypothesis has been tested in birds through the manipulation of clutch
size. Gustafsson and Sutherland (1988) manipulated the clutch size of collared flycatchers
(Ficedula albicollis). When clutch size was increased there was an increase in the number of
offspring fledging (see also Dijkstra et al. 1990, Lessells 1986, Rohwer 1985), thus illustrating
that species lay smaller clutches than the most productive clutch size. Studies showing the
same effect have also been carried out on insects, for example female Callosobruchus
maculatus beetles, which lay their eggs on beans in which their larvae. They lay between 2-6
eggs on each black-eyed bean, whereas their most productive brood size is actually about 16
eggs (Wilson 1989). A commonly invoked explanation for brood sizes smaller than the Lack
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optimum is that organisms trade-off present for future reproduction. In turn, evidence from a
range of organisms shows that such trade-offs are widespread (Stearns 1992). Thus, the testing
of a model and its assumptions has led biologists to understand some of the important
influences on trait evolution.

Although single trait investigations do not take into account the whole life history of an
organism, they can identify how selective pressures can affect each trait in tumn. However, to
fully understand the life history of an organism it would be beneficial if one could simultaneously

consider all of its component life history traits, and understand how those traits affect each
other.

1.1.2 Multi-trait life history models

When trying to explain life history trait evolution it is easy for a theoretical model to get complex
very quickly, as it initially seems that there are so many traits and factors at work influencing
trait evolution. Yet in many instances those trait evolution patterns may actually be explained
very simply; in other words, there may be only a few simple processes which underline much of
life history variation within and across species. An example of this can be observed in
mammals.

Much of the interspecific mammalian life history variation can be explained by natural
selection working on a small set of ecological and physiological constraints to maximise fitness
(growth, survival and reproduction). A ‘fast-slow continuum’ of life history traits is observed
across species. Large mammals are found to have a greater longevity, reproduce later in life,
produce fewer offspring of a larger body mass, and have lower juvenile and adult mortality rates
in comparison to small mammals that exhibit the opposite trends for these traits. This suite of
traits has been identified through many studies (see Lessells 1991, Partridge & Harvey 1988,
Stearns 1992). Huxley (1932) noted that allometry, where traits depend strongly on body size, is
found in many life history traits. For exampie, the logarithm of adult body mass is linearly related
to the logarithm of longevity, gestation period and offspring size across mammal species.
Harvey and Zammuto (1985) identified that mammals with a high mortality rate in relation to
their body size tend to five and reproduce fast, and there may be a trade-off between
reproductive efficiency and the risk of mortality.

Charnov (1991, 1993) produced a model predicting interspecific variation in many traits
in female mammals. The model is based on three assumptions: a) there is a trade-off between
reproduction and growth, b) growth is determinate and annual fecundity is constant, and c) once
an organism has reached adulthood, mortality is constant and independent of reproduction.
Mammals grow after independence from their mother, but then decide when to mature, diverting
energy previously used for growth into reproduction instead. The model is successful in that it
explains the vast majority of patterns already observed in mammals, yet some novel predictions
are contradicted by the comparative data (Purvis & Harvey 1995). Subsequent adaptive models
have also been successful in predicting the fast-slow continuum in mammals (see Charnov
2001, Harvey & Purvis 1999, Kozlowski & Weiner 1996, Purvis & Harvey 1995).

Trait associations like those found in mammals have also been identified in other
groups of organisms. Gemmill et al. (1999) developed an optimality model for maturation time in
parasitic nematodes and, using a comparative data set on mammalian gastrointestinal
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Figure 1.2: Niche diagram, illustrating the fundamental and realized niche, niche breadth and
niche position.

nematode taxa, tested the models predictions. From this they identified a negative relationship
between maturation time and adult mortality rate, which was the basis of Charnov’'s mammalian
model. Franco and Silvertown (1997) also found such a relationship in flowering plants.

Other groups, for example some avian families, seem to follow certain trends displayed
by the ‘fast-slow continuum’. Some families of birds display slow development rates, delays in
breeding, reduction of reproductive effort, but an increase in survival rates. Others show the
reverse trends (Bennett & Owens 2002). However certain aspects of bird life history evolution
cannot be explained by the mammalian theory. For example, altrical birds are reared to full adult
size by their parents, unlike mammals. In addition, bird body size is not strongly associated with
adult mortality rates, unlike mammails. In response, Charnov (2000) has recently adapted his
mammalian theory for altrical birds, though the key predictions remain untested.

1.2 Ecological niche evolution

1.2.1 Defining a niche

The evolution of the ecological niche is a long-standing problem in evolutionary ecology.
Species occupy a given niche or habitat and utilise the resources available there. A useful
distinction is between the ‘fundamental niche’, which is the range of environments in which an
organism can maintain a positive population growth rate, and the ‘realized niche’, which is the
actual niche occupied in nature (see Futuyma 2001). The realized niche is a subset of the
fundamental niche, which is modified through limits on dispersal and individual decision-making
(see Jaenike 1990, Mayhew 1997) (Figure 1.2). Niche position refers to the average niche
adopted by an organism, such as whether it is a herbivore or a carnivore (Figure 1.2). Niche
breadth is a measure of how many environments a species exploits or can survive in (Gaston &
Blackburn 2000) (Figure 1.2). Generalist species have adapted to utilise a wide range of
resources, whereas specialists use a narrower or more isolated range of resources, or have

narrower tolerances to abiotic factors than generalist species (Futuyma 2001). Specialization is
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often a flexible attribute of a population responding to features of its particular community, rather
than an attribute of a species throughout its geographical range (Fox & Morrow 1981).

1.2.2 Niche evolution

The evolution of ecological specialization and generalization is of great interest in evolutionary
biology (see Futuyma 1976, Futuyma & Moreno 1988, Mayr 1942). The principle focus has
been to try to explain the presence of specialist species, which would seem to be vulnerable in
the face of temporal changes in the environment. One of the earliest theoretical solutions to this
problem was the concept of fitness trade-offs in different environments. For example, Levins
(1968) proposed a niche breadth model that assumed a) two habitats that a species can
occupy, b) a range of genotypes, which describe a species’ fitness in those habitats, and c) a
curve describing the (negative) relationship between fitness in habitat 1 and fitness in habitat 2.
Specialists will evolve in this model a) when generalists perform less well than specialists in the
specialist environment (when trade-offs are strong) and b) where one environment is more
common than the other one. However, generalists can evolve if both habitats are common and
if the fitness trade-off is not strong. Brown (1984) used the well-known saying ‘Jack-of-all-
trades, master-of-none’ to apply to generalist species that evolve via this route.

Since Levin's work, a suite of theoretical models have addressed other circumstances
that might favour specialist versus generalist strategies. As expected, generalist strategies are
more likely to evolve in temporally heterogeneous environments, whilst specialists are favoured
in environments that remain constant over time. Intraspecific competition within habitats
favours generalist strategies, an intuitively sensible result as individuals have greater options on
the use of different resources, some of which might be competitor-free. Interspecific competition
is generally thought to favour specialism. A classic example is the character displacement of
sticklebacks. In British Columbia, there are two different types of three-spined stickleback in
each of the five lakes, a large benthic species that feeds on large prey in the littoral zone, and a
smaller species that feeds on plankton in the open water. Each lake is hypothesized to have
been colonised independently by a marine ancestor, from which an intermediate form evolved
that exploited both littoral and open water habitats. A second marine invasion is thought to have
caused the intermediate form to be displaced toward a benthic life strategy, whereas the second
invader remained a zooplanktivore. Field experiments proved this hypothesis (Schiuter 1994).

Models have also been developed that do not rely on the presence of fitness trade-offs
for the evolution of specialists. Kawecki et al. (1997) produced a model based on the random
fixation of neutral or slightly deleterious habitat-specific mutations. A population isolated in a
novel habitat experiences mutations, which degrade its adaptations to the original habitat, are
selectively neutral, and can be fixed by genetic drift. This can result in populations being
confined to the novel habitat. For those populations located in both the original and novel
habitats, a slight deleterious mutation that decreases fitness in the novel habitat can be fixed by
genetic mutation. If many such mutations accumulate this may result in population extinction in
the novel habitat. In this model specialization evolves due to genetic drift, and selection would
favour those alleles for specialized behavioural preference, for the increasingly superior original
habitat.
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The ecological niche a species occupies depends on that species’ adaptations to its
present habitat, as well as the adaptations inherited from its ancestors. Prinzing et al. (2001)
studied niche conservatism in higher plants in central Europe, and found that the niche position
occupied by species was significantly determined by their phylogenetic position. They suggest
that the niche conservatism observed in extant plants reflects the environmental conditions
experienced by their ancestors. Phytophagous insects often display phylogenetic conservatism
of host-plant use, for example related phytophagous species utilise similar hosts that are
taxonomically, chemically, or structurally similar (see Futuyma & Moreno 1988, Janz et al.
2001).

The evolution of a species’ niche may also depend on an interaction with its life history
traits. Ecological and life history correlates of niche use have been inferred from comparative
studies carried out on groups of organisms (see Bernays & Chapman 1994). Braby (2002)
studied satyrine butterflies (Lepidoptera: Nymphalidae) in the wet-dry tropics of Australia, and
found that certain life history traits were correlated with habitat utilisation. Mycalesis perseus is
found in more temporary or unpredictable and adverse habitats than M. sirius and M. terminus,
which are both found in more permanent habitats. The former species is known to have a
smaller body size, faster developmental rate, earlier maturation time, higher fecundity, a smailer
egg volume and a more flexible breeding strategy than the latter species. All these life history
traits have allowed M. perseus to successfully exploit a more variable habitat in comparison to
the other species. A study carried out on the ecological basis of life history variation in
marsupials revealed that those species with a foliage-rich diet tended to have low fecundity
rates in comparison to those without a foliage-rich diet (Fisher et al. 2001).

It is also becoming more apparent that social interactions between individuals can affect
many aspects of both life history and niche evolution (Svensson & Sheldon 1998). One way for
this to happen is if social interactions act as constraints on the life history and development of
the organism, which in turn affects the environments it can exploit, or the most efficient way to
exploit them. In chapter 2, | explore some of the consequences of social evolution on niche
evolution in parasitoids.

1.3 Empirical approaches in evolutionary biology

1.3.1 General

Evolutionary biologists often hypothesize as to those factors influencing the evolution of
different traits by producing theoretical models. These hypotheses or models then need to be
rigorously tested, to see whether or not they are correct. From these observations clues can be
found as to where the hypotheses or models may be incorrect. Empirical approaches in
evolutionary biology may be divided into within-species and across-species studies. Within-
species studies are typified by laboratory selection experiments. Advantages are that the
experimenter can decide the level of replication, conditions can be controlled or manipulated so
as to detect causative relationships, evolution can be studied as it occurs, and traits can be
subjected to detailed analysis. However, within species studies are often limited by the level of
variation that is shown both phenotypically and genetically, and also because conclusions are

limited to the organisms in question.
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Interspecific comparative studies offer an alternative approach. Comparative studies are
carried out on two or more species and use the differences between species, as the results of a
past experiment in evolution, to infer how processes might have occurred. Cross-species
studies can be divided into two different types, two-species comparative studies and multi-
species comparative studies. As all the analyses carried out in this thesis (see chapters 3, 4 &
5) are concemed with cross-species studies these will be dealt with in detail below.

1.3.2 Cross-species studies

Two-species comparative studies, as the name suggests, focus on two species and generally
use experiments to gather information on various life history traits of the species of interest.
Traits, some of which may not be suitable to use in broader comparisons, may be studied in
detail. Using this approach allows the manipulation of at least one variable, to test whether there
is a relationship between the variables of interest. Some life history traits may only be properly
studied or measured in experiments, as there may not be any information available for them in
the existing literature. Experiments that are well designed can eliminate confounding variables,
also using closely related species can, to some degree, eliminate the problem of unaccounted
for, or confounding, variables. This allows the experimenter some degree of control over the
complex relationships between morphology, behaviour, or ecology that could potentially
confound the results, and which are known to obscure or confuse the interpretation of cross-
species studies (Price 1997). As discussed by Harvey and Pagel (1991), a study of this type
only represents a single independent contrast (see section 1.5.2) between the species of
interest. However, if many similar studies are carried out on various taxa then, combined, they
all contribute towards addressing life history hypotheses.

Multi-species comparative studies are carried out on numerous species and are
generally literature-based studies. Multi-species studies are important for inferring generality:
that is, hypotheses that have been tested on several species, or indeed different populations of
the same species, are not always in agreement. For example, of several studies addressing
trade-offs between survival and fecundity in passerine birds, some found a trade-off present but
others did not (see Bennett & Owens 2002). In cases like these it may be better to carry out
multi-species comparative analyses. The variation across species is often large and allows traits
to be examined that cannot, for example, be manipulated in the laboratory. Multi-species
studies can therefore address the origins of trait evolution and ancient historical events. They
additionally offer a higher level of replication, avoiding the major problem with two-species
systems.

There are however limitations to multi-species comparative studies; certain traits are not
suitable for investigation due to a lack of information about detailed differences in the ecology
and behaviour of numerous species. Confounding variables may affect the associations
observed between the traits of interest, although this can be overcome by incorporating these
confounding variables, if they are already known, into the statistical model. However,
differences in certain ecological or life history traits may not be identified by this type of study,
for example in cases where biological signals are difficult to detect due to errors in the data,
such errors include species misidentifications and different methods used by different authors to
measure traits. In cases like these experimental studies may be better, as they can distinguish
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between cause and effect, suggesting relationships between variables. Two-species
comparative studies are concerned with the finer details of species variation, whereas multi-
species comparative analyses are interested in the broader variation observed across species.

Both types of study can complement one another and be used to reconstruct evolutionary
scenarios (see Janzen 1966, Thompson 1999).

1.4 Taxonomy and phylogeny

Taxonomy is the identification and classification of species. Linneaus developed the modern
scientific system in the 18" century. It assigns species to a hierarchy of categories or taxonomic
levels. This allows closely related species to be distinguished from one another, through
morphological characteristics, and to order these species into broader taxonomic categories.

Several schools of taxonomy exist (see Ridley 1983, 1986). Pheneticists construct
taxonomies based on the principle of phenotypic similarity, which includes both homologous
(those characteristics attributed to shared ancestry) and analogous characters (characters that
are similar but have evolved separately). Statistical methods are used to detect clusters to
produce a hierarchical classification, however different cluster statistics will produce different
taxonomic groupings (see Sneath & Sokal 1973). Cladists use rules devised by Willi Hennig
(19686) that utilise a hierarchy of derived characters to define monophyletic groups, which are in
turn taken from a hierarchy of recent common ancestry. Comparative biologists often use
taxonomies derived by the evolutionary taxonomists as replacements for phylogenetic
relationships. Evolutionary taxonomists base their taxonomies only on those characters that are
homologous. However, this method can produce groupings that are not monophyletic. This is
because homologous characters that are also synapomorphies (characters that are shared and
derived) need to be used. A well-known example of this is shown in the classification of birds,
crocodiles and lizards. Birds are placed within the Class Aves, and crocodiles and lizards within
the Class Reptilia, even though birds and crocodiles are more closely related phylogenetically
than either group is to lizards. As birds have evolved to look more different than crocodiles, they
are placed in a different class, and as crocodiles look similar to lizards these two are placed in
the same class. Reptiles share the same set of primitive characters and are paraphyletic (gave
rise to birds and mammals) and are mistakenly united in this scheme using plesiomorphous
(primitive) homologous characters.

Levinton (1988, p. 49) defined a phylogeny as the genealogical history of a group,
which hypothesises ancestor-dependent relationships (Figure 1.3). The branching pattern of a
phylogeny provides information on what species are closely related to one another and when
species last shared a common ancestor. Some phylogenies also provide information on the
timings or dates of branching events. Phylogenies can be constructed based on morphology
and molecular data (for example protein, DNA), or can be based on a combination of this data
to form a character matrix from which a tree can be built.

Many methods can be used to infer phylogenetic relationships between species. The
maximum likelihood approach uses statistical estimates based on a model of evolutionary
change to construct a tree which has the highest probability of having produced the given data
under a certain set of probabilities of character change. No tree is impossible, but some trees

20



Polytomy

No
de d— Primitive taxon

Derived taxon —p
Branch
L)
Root—p
Polyphyletic group
1 2 3 4 / 5 6 \ 7 8
A_A A IR

Monophyletic ——p
group

Sister taxa

Paraphyletic
group

Figure 1.3: Phylogeny diagrams, illustrating various phylogenetic groupings. Numbers indicate
different species, and letters indicate various traits.

are more likely than others (see Felsenstein 1973a/b). Various parsimony methods, based on
Hennig’s (1966) work, are used to construct phylogenies. Parsimony assumes minimum
homoplasy in the data (which in tum assumes that the scientist has identified synapomorphous
characters to use) and that evolution does not commonly reverse itself. Each parsimony method
specifies slightly different criteria, for example ‘Dollo parsimony’ assumes that derived
characters can only originate or evolve once in a phylogeny but can be lost many times,
whereas ‘Camin-Sokal parsimony’ states that a derived character can evolve more than once in
a phylogeny.

Bootstrapping is a method used to assess the reliability or degree of support for each
branch in a tree. Using the raw character data, columns are sampled at random from the
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original data, and a novel dataset (known as a pseudoreplicate) is ued to estimate phylogeny.
Branch support is then calculated as a proportion of the pseudoreplicate trees that include a
given branch. A branch is generally said to have a high degree of support if it has a bootstrap
value above 70%, because simulation studies show that such values are generally believable.

1.5 Comparative analyses used in the thesis

1.5.1 Cross-species analysis

The term “phenotypic correlation” is often used in life history studies to distinguish
measurements of the phenotype from “genotypic correlations”, measurements of the heritable
tendency underlying them. In this thesis, the term is used instead to distinguish correlations
between raw species measurements and “evolutionary correlations”, which measure the
tendency for evolutionary change in one trait to be correlated with change in another. Using raw
species data identifies phenotypic correlations between extant life history traits and both
categorical and continuous traits can be studied using standard parametric and non-parametric
statistical tests (see chapters 3 & 4). Phenotypic correlations are the product of any evolutionary
correlations between traits (associations between evolution in one trait and evolution in another)
and can reflect evolutionary correlations relatively accurately, if there is no phylogenetic
dependence in the data (Price 1997, Freckleton et al. 2002). However as a method to detect
evolutionary correlétions, it fails to take into account that closely related taxa are a product of,
not only their current environment, but also of the proportion of phenotypes they have inherited
from a common ancestor (see Bjorklund 1997, Westoby et al. 1995a/b). As a result these
analyses can overestimate the number of independent evolutionary observations and inflate the
level of significance, leading to Type I errors (Garland et al. 1992). To eliminate this problem,
analyses can make use of phylogenetic information that can help identify the extent to which the

raw species represent independent observations.

1.5.2 Independent contrast methods

Felstenstein (1985) introduced the independent contrast method to detect correlated evolution
between traits. Estimates of phylogenetic relatedness are used to calculate, from the raw
species data, differences between sister taxa, known as contrasts. Contrasts are more likely to
represent independent data points than raw species values because differences between sister
taxa have arisen only since two taxa last shared a common ancestor, whereas raw species data
are the product of the entire history of evolutionary change back to the origins of life. Species
have, in fact, only been independent of other species in the dataset since the last time they
shared a common ancestor with one of them. In order to use the contrasts in regression style
analyses, contrasts are calculated by assuming a Brownian (random walk) model of
evolutionary change, because the variances associated with the contrasts can be estimated and
then used to standardise them prior to statistical analysis. Although this method was introduced
to test the significance of a correlation or regression coefficient, it is widely used as a means to
evaluate the adaptive significance of traits (see Price 1997). The independent contrast method
(Felsenstein 1985) has been developed further by others (see Grafen 1989, Pagel & Harvey
1989, Purvis & Rambaut 1995).
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Grafen (1989) introduced phylogenetic regression (PR) as an advance over
Felsenstein’s original method and it displays several minor yet useful changes. First, contrasts
can be calculated over soft polytomies, representing areas of uncertainty over phylogenetic
relationships. Second, the regression equations of the contrasts are forced through the origin,
something that was not generally recognised to be necessary in the early contrast analyses. It is
required because the change in a y-variable, in response to zero change in a potential
explanatory variable, must also be zero. Branch lengths in phylogenetic regression are
assigned according to a counting rule (the age of the node is proportional to the log of the
number of species it contains). Prior to the calculation of contrasts however, PR rescales the
branches of the phylogeny using a maximum likelihood procedure to obtain the most suitable
distribution of variances for regression analysis. The scaling parameter is known as p, and
depends on a) the data set and b) the phylogenetic topology. Simulation studies have shown
that this method yields valid Type I error rates and has good statistical power (Grafen 1989).
Recent simulation studies show that p is a relatively good estimator of phylogenetic dependence
when the number of species analysed is quite large, although it is biased such that smalil
sample sizes tend to produce large p vaiues (Freckleton et al. 2002, see chapters 3 & 5).
Phylogenetic regression also allows the use of categorical as well as continuous explanatory or
control variables, and may validly be used on both continuous and binary categorical response
variables.

Purvis and Rambaut (1995) produced an application known as CAIC (Comparative
Analysis using Independent Contrasts) that was a development of a method by Pagel & Harvey
(1989). The latter method assumes that branch lengths are all equal and then contrasts are
assigned an expected variance proportional to two times the fixed branch length. The
effectiveness of this method at producing independent comparisons must be tested post-hoc,
for example by plotting the size of the contrasts against raw species values, or against the
distance of a node from the root of the tree. Purvis & Rambaut's application outputs the
contrasts, which may then be visualised readily, and subjected to further analysis. The
application allows alternative branch lengths to be assigned if the default equal branch lengths
fail to produce independent contrasts. Evolutionary changes deep in a phylogeny can exert a
disproportionately large historical impact on extant phenotypes (see Hardy & Mayhew 1998,
West & Herre 1998). Therefore it is useful to examine individual contrasts to identify those
which might have been influential on extant phenotypes and also why some identified contrasts
come to be in the opposite direction than might otherwise be expected (see chapter 3).

1.5.3 Measures of phylogenetic lability
Phylogenetic analyses are useful as they provide researchers with information vital for
interpreting both the current ecological structure and historical context of the traits of interest,
and can address how much trait variation occurs at different taxonomic levels or how maileable
certain traits are (see Owens & Bennett 1995). Many phylogenetic methods produce metrics
that can be used to address how labile traits are. Evolutionary lability is the ease and speed with
which particular traits evolve.

Nested analysis of variance (ANOVA) was originally developed in 1969 by Sokal and
Rohlf, and was later adapted for use with phylogenies (see Clutton-Brock & Harvey 1977,
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Harvey & Clutton-Brock 1985, Harvey & Mace 1982). This method is used to describe how the
total variation in a given trait is distributed amongst the various taxonomic levels used in the
analysis, it finds and incorporates whatever phylogenetic effect is present in a data set,
regardless of how it came about (Martins & Hansen 1996). This information can then be used to
suggest which taxonomic level is the most suitable unit of analysis, or the taxonomic level at
which phylogenetic independence can more or less be assumed (see chapter 5). However, the
method also describes how long ago evolutionary change occurred and can therefore be used
to infer rates of evolutionary change and the evolutionary lability of traits.

In 1985, Cheverud et al. described a method known as phylogenetic autocorrelation,
which uses a technique originally developed for spatial autocorrelation analysis. This method
partitions phenotypic traits into a) a phylogenetic component (that can be attributed to ancestry)
and b) a specific component, which might be adaptive. It uses a linear autocorrelation model to
partition the total variance in a trait, which is measured across species, into the sum of the
phylogenetic and specific variances, as well as the covariance between these values of the trait.
The specific component is used to test for correlated evolution between traits, whereas the
phylogenetic component can be used to assess the evolutionary lability of traits.

The retention index (RI) is another metric used to ascertain a categorical trait's measure
of fit to a given phylogenetic tree, that is the evolutionary lability of a trait or how easily a trait
can reverse its state (Archie 1989a/b, Farris 1989). Rl is a reflection of the degree of similarities
that are apparent in a data set that can be retained as homologies on a tree (Farris 1989). As
Rl takes into account the number of taxa that have each state of a given trait, it is a good
measure of phylogenetic information content (Wimberger and de Queiroz 1996). This metric is
calculated using the formula:

Character Rl = (M;—s) | (Mi- m)

Here, i is the trait of interest on a tree, M; is the maximum number of conceivable steps for the
trait on the tree, s; is the observed treelength or the reconstructed number of steps for the trait
on the tree and my; is the minimum possible treelength or the minimum conceivable number of
steps for the trait on the tree. A trait is not labile if Rl equals 1, whereas a RI value of 0 means
that the trait is very labile (see chapter 5).

The parameter p, calculated using PR (Grafen 1989), reflects the degree of
phylogenetic independence of a data set (whether descendants are similar to their ancestors, or
whether close relatives are very different from one another) (see section 1.5.2, chapter 5).
When phylogenetic dependence is present then p is high, approaching 1, which means that
branch lengths are longest at the base of the tree. If there is no phylogenetic dependence
present then p is low, approaching zero, and branch lengths are longest at the tips of the tree.
However, there is a problem with bias when sample sizes are low (see section 1.5.2).

Pagel (1997, 1999b) was the first to use maximum likelihood techniques to test
hypotheses about character evolution. This method does not require independent contrasts to
be calculated, as non-independence is controlled for internally by a matrix of expected
covariances among species. A benefit of this method is that it can scale phylogenetic path
lengths in response to patterns in the data. Pagel's (1997, 1999b) method assumes a standard
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constant-variance random walk model, or a directional random-walk model. The scaling
parameters k, A, and § allow the testing of tempo, mode and phylogenetic associations of trait
evolution respectively, the parameter A in particular plays the same role as p in phylogenetic
regression and gives an indication of how long ago evolutionary change occurred. Hypotheses
are tested using the likelihood ratio statistic, which compares the log-likelihood of a null
hypothesis model to that of an alternative hypothesis model (see chapter 2).

1.6 Introduction to parasitoids
1.6.1 Taxonomy
Parasitoids are one of the main constituents of global diversity with over 100,000 species
worldwide, comprising approximately 20% of all insect species (Basibuyuk & Quicke 1995, La
Salle & Gauld 1991). The majority of parasitoids are found within the order Hymenoptera
(86,000 described species) (Basibuyuk & Quicke 1995) and within the order Diptera
(approximately 15,000 described species) (Gaston 1991). One species of parasitoid has also
been identified within the order Trichoptera (Wells 1992). The remaining parasitoids
(approximately 3,000 species) are found within the orders Coleoptera, Lepidoptera and
Neuroptera (Eggleton & Belshaw 1992).

The order Hymenoptera is split into the suborders Symphyta (sawflies) and Apocrita
(ants, bees and wasps). The Apocrita is divided into the divisions Parasitica and Aculeata. The
former division contains the majority of parasitoid species, but it also contains some non-
parasitic groups like the family Agaonidae (fig wasps). The Aculeata contains a number of
parasitoid species as well as the eusocial Hymenoptera.

1.6.2 Biology

‘ Parasitoids are insects that develop as parasites of other arthropods during their
immature stages, killing their hosts before becoming free-living adults (Strand 2000). Typically,
the female parasitoid locates hosts and deposits eggs in, on, or near the hosts. The developing
parasitoid larvae feed on these hosts, then pupate and finally emerge as adults.

Parasitoids are an interesting group of organisms to study as they have many unusual
life history traits unique to the group (Godfray 1994). There is however, a lack of knowledge on
the associations between their life history traits and, unlike some other groups of organisms (for
example mammals and birds), there is no general theoretical model to explain or predict this life
history variation. Identifying the factors which determine the life history traits and ecological
niches of a given parasitoid species or group will lead to a better understanding of parasitoid
diversity and their ecological importance.

The terms ectoparasitism and endoparasitism describe the feeding behaviour of the
parasitoid larvae. Ectoparasitoids oviposit on or near their host and the parasitoid larvae
complete development outside the host’s body. Endoparasitoids oviposit into their host's body,
where the developing larvae consume the host's haemolymph and / or tissues internally.
Endoparasitoids normally complete their development internally to the host, but can sometimes
complete development externally to the host.

Idiobionts are parasitoids that permanently paralyse their hosts, using lethal or

paralysing venom at the time of oviposition, with the parasitoid larva rapidly consuming the host.
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Koinobionts temporarily paralyse their host but allow it to resume development for a time post-
parasitism. The parasitoid larva remains inactive until the host reaches a suitable stage for final
consumption to take place.

Parasitoids are also termed either solitary or gregarious with regard to their larval
development. Solitary wasps are those whereby only a single individual successfully completes
development per host. Solitary parasitoid larvae display contest competition or siblicidal
behaviour (Godfray 1994). Gregarious development is when several offspring can successfully

complete development on each host and the larvae display scramble competition (Quicke
1997).

1.7 Parasitoid life history evolution

1.7.1 Introduction

Godfray (1994) suggested that the modern study of parasitoid life histories began with Askew's
(1975) work on gall-forming and leaf-mining insects, as well as Price’s (1972, 1973a, 1974,
1975) work which focused on explaining differences observed in fecundity rates of related
parasitoid species attacking the same host species. There have since been numerous studies
addressing the evolution of parasitoid life history traits (see Eggleton & Belshaw 1992, Gauld
1988, Shaw 1983, Shaw 1988, Shaw & Huddleston 1991, Whitfield 1992). These have lead to
the identification of ecological and evolutionary processes that influence many aspects of the
life histories exhibited by parasitoids, for example host range and parasitoid diversity. Several
comparative analyses have been carried out to determine which hypotheses, if any held true.
Some of these studies lacked rigorous statistical tests (Askew & Shaw 1986, Force 1972, Price
1972), whereas others lacked a good working phylogeny (Blackburn 1991a/b, Mayhew &
Blackburn 1999).

1.7.2 The ‘dichotomous hypothesis’

Haeselbarth (1979) first divided parasitoids into koinobionts or idiobionts (as defined in section
1.6.2). However Askew (1975) was the first to suggest that many parasitoid life history traits
may be correlated with idiobiosis and koinobiosis or ectoparasitism and endoparasitism. The
term ‘the dichotomous hypothesis’ (Godfray 1994) is used to describe how natural selection
operates on the life history strategies of idiobionts and koinobionts to magnify their initial
differences (Table 1.1). Many studies have focused on this dichotomy to try to explain life
history variation amongst parasitoids (Askew 1975, Askew & Shaw 1986, Blackburn 1991a/b,
Mayhew & Blackburn 1999, Price 1974, 1975, see also chapter 3 & 4). Several suggested
differences however, remain only anecdotal in nature (such as diurnal verses nocturnal activity
and the extent of sexual size dimorphism).

Mayhew and Blackburn (1999) carried out the first formal test of the dichotomous
hypothesis on the parasitic Hymenoptera, controlling for the relatedness of species using
taxonomy. They found strong evidence that ectoparasitism is associated with idiobiosis and
endoparasitism with koinobiosis. Idiobiont ectoparasitism is often cited as the plesiomorphic
state for most parasitoid lineages (see Belshaw et al. 1998, Godfray 1994, Shaw 1983), as this
is the least physiologically specialized life history strategy. Koinobiont endoparasitism is said to
be more specialized due to the various adaptations required, the parasitoids oviposit into a host
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_Tgble 1.1: “The dichotomous hypothesis’ showing the suite of life history traits associated with
idiobiont and koinobiont parasitoids (adapted from Quicke 1997).

Idiobiont Koinobiont
Ectoparasitoid Endoparasitoid
Generalist Specialist
Large eggs Small eggs
Synovigeny Pro-ovigeny
Oosorption No oosorption
Wasp may choose sex of egg to match host No such relationship
size
Host concealed Host exposed
Host stage attacked larger than wasp Host stage attacked often smaller than wasp
Permanent host paralysis Temporary / no host paralysis
Host-feeding common Host-feeding uncommon
Rapid larval development Slow / delayed larval development
Long adult lifespan Short adult lifespan
Sexual dimorphism often pronounced Sexual dimorphism absent / less pronounced
Mostly diurnal Diumal / nocturnal

and allow it to continue developing for a time post-parasitism. Therefore the developing juvenile
parasitoids may have to overcome the host's internal defences to successfully develop to
adulthood, and they also have to grow up in a fluid filled environment, which may cause
problems for parasitoid pupation as they cannot pupate in a ‘wet’ environment. Endoparasitic
koinobionts are therefore thought to have a narrower host range (attack a smaller number of
host species) than ectoparasitic idiobionts. Hypotheses have been suggested as to how this
more specialized strategy of may have arisen (Gauld 1988, Shaw 1983).

Shaw (1983) studied the evolution of endoparasitism within the Rogadinae
(Hymenoptera: Braconidae) and speculate that biological adaptations resulted in a transition
from ectoparasitism to endoparasitism (Figure 1.4). As ectoparasitoids are found external to the
host’s body, they require some form of protection from for example desiccation or predation
when they are developing. Endoparasitoids on the other hand develop inside the host's body,
which in itself protects the developing parasitoids. The genera Colastes and Oncophanes
exhibit the least specialized strategy (ectoparasitic idiobiosis) and some species (for example
Colastes braconius) are known to have very broad host ranges. Female parasitoids locate and
permanently paralyse suitable hosts (for example late instar lepidopterous leaf-mining larvae)
and lay their eggs within the leaf-mine, where the juvenile parasitoids gain some protection from
the semi-concealed nature of the leaf-mine. From this primitive strategy there seems to have
been a transition to koinobiont ectoparasitism, as observed in the genera Phanomeris,
Xenarcha and Rhysipolis, these species attack middle to late instar leaf-mining lepidopteran
hosts. When female wasps find a suitable host, they inject the host with venom that temporarily
paralyses it. The host regains mobility and can continue to feed and grow for a time, which
increases the amount of food resource available to the juvenile parasitoids. Both Phanomeris
and Xenarcha species lay their eggs within the leaf-mine. However, Rhysipolis species attach
their eggs onto the host's integument as the hosts that are attacked are very mobile and can
pupate away from the leaf-mine because the cocoons they produce are very strong and provide
them with adequate protection. Finally there was a transition from koinobiont ectoparasitism to
koinobiont endoparasitism, which is the most specialized strategy, and is found within the

genera Clinocentrus, Aleiodes and Rogas. Endoparasitism provides the developing parasitoids
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Ectoparasitic idiobiont

Attack younger host stages—> <— Decrease in egg mortality
v
Ectoparasitic koinobiont Endoparasitic idiobiont
Decrease in egg mortality__> <— Attack younger host stages
<

Endoparasitic koinobiont

Figure 1.4. Schematic illustration of the possible evolutionary pathways from ectoparasitic
idiobionts to endoparasitic koinobionts, as hypothesized by Shaw (1983) (broken lines) and
Gauld (1988) (solid lines). Horizontal arrows indicate selection pressures influencing parasitoid
evolution.

with improved egg concealment and protection in comparison to ectoparasitism. Clinocentrus
attacks concealed, late instar, leaf-mining hosts, it lays eggs under the host’s integument, where
tarval development takes place once the host has made a cocoon. However, Aleiodes and
Rogas species attack early host instar larvae of Macrolepidoptera found in exposed locations.
Like Clinocentrus, the female wasps temporarily paralyse their hosts, which allows successful
parasitization to occur. Eggs are laid in the host's haemocoel, and hosts are killed when they
have reached the middle instar stage. As the parasitoid larvae as placed within the haemocoel
of an active host larva, they may have to avoid or overcome internal host defences to
successfully complete development.

Gauld (1988) has hypothesized alternative pathways for the life history switch from
idiobiont ectoparasitism to koinobiont endoparasitism in the Ichneumonoidea, that have been
influenced by shared taxonomy and ecology (Figure 1.4). Idiobiont ectoparasitism is
hypothesized to be the primitive state within this superfamily, where hosts concealed in plant
tissue are attacked. Pupal endoparasitoids are thought to have evolved from pupal
ectoparasitoids of hosts that form flimsy cocoons that do not provide the developing parasitoids
with adequate protection from predators, hyperparasitoids or environmental conditions.
Endoparasitoids of pupal hosts therefore have more protection from these factors than
ectoparasitoids. This added protection also allows parasitoids to expand their host range to
attack hosts with naked pupae. in addition, some pupal endoparasitoids may have evolved from
larval-pupal endoparasitoids. Larval koinobiont endoparasitoids may have evolved through
parasitoids selecting to attack younger host stages, although these parasitoids would also have
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had to simultaneously evolve adaptations to cope with the internal defences of a non-paralysed
host.

Koinobionts allow their hosts to continue developing for a time post-parasitism.
Therefore they can exploit hosts of a relatively smaller size (or of earlier development) that
would not necessarily be suitable to support parasitoid development at the time of parasitism
(see Askew 1975). However, idiobionts have to attack those hosts that provide sufficient
resources to sustain parasitoid development from the time of parasitization.

Host mortality schedules are hypothesized to affect parasitoid life history traits (see
Blackburmn 1991b, Price 1974). Parasitoids (endoparasitic koinobionts) that attack early host
stages may suffer a higher degree of juvenile mortality due to corresponding high rates of
juvenile host mortality. Juvenile host stages such as larvae will suffer high mortality rates
because they are active stages and move around to obtain food hence they are exposed and as
a result are more susceptible to, for example, predation risks or an increased risk of desiccation.
Inactive or older host stages, such as pupae, do not suffer from juvenile mortality as much as
larvae, as they are not active and are often concealed. Alternatively, endoparasitoids may suffer
because they are competitively inferior to ectoparasitoids.

The risks of juvenile mortality can affect other parasitoid life histories; endoparasitic
koinobionts may be selected to have higher fecundities and increased oviposition rates to
balance out the high juvenile mortality risks. Blackburn (1991b) found that endoparasitic
koinobionts are more fecund, tend to lay smaller eggs and oviposit at a faster rate than
ectoparasitic idiobionts (see also Mayhew & Blackburn 1999). Ectoparasitic idiobionts may
require larger eggs so that developing parasitoids have adequate resources for rapid
development prior to larval feeding taking place (see Godfray 1994). Endoparasitic koinobionts
however, do not necessarily require such an abundance of resources within the egg prior to
hatching, as some can absorb nutrients from their host (see Shaw & Huddleston 1991) and
larger eggs may be more difficult for the parasitoid wasp to successfully inject into the host.

Koinobionts have been found to have longer preadult lifespans than idiobionts (see
Blackburn 1991a, Mayhew & Blackburn 1999). This can be explained by the delayed
development observed in koinobionts in comparison to the immediate rapid development in
idiobionts. Endoparasitoids / koinobionts have shorter adult lifespans than ectoparasitoids /
idiobionts, which may be due to within-lifetime trade-offs in resource division for growth and
reproduction. Some studies have revealed trade-offs between life span and reproduction, for
example an increase in egg production is correlated with a decrease in mean life span in the
braconid Asobara tabida (see Ellers 1996, Ellers & van Alphen 1997, Ellers et al. 2000).
Alternatively it could be due to predation risks, as mentioned above (see also Gauld 1987).

Jervis et al. (2001) carried out a comparative analysis addressing pro-ovigeny and
synovigeny in parasitoid wasps. Pro-ovigenic species are those that have all or nearly all of their
eggs mature prior to the start of oviposition, whereas synovigenic species are those that
continue to mature eggs throughout their reproductive life (Flanders 1950). They hypothesized
that ovigeny should be linked to idio- / koinobiosis for several reasons. Producing smaller eggs
means that a parasitoid can achieve a higher realized fecundity, which is the number of eggs
deposited by a parasitoid (Godfray 1994). Koinobionts have shorter adult lifespans than
idiobionts (Mayhew & Blackburn 1999) and this should be correlated with a higher number of
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mature eggs upon emergence. The oviposition rate in koinobionts is higher than for idiobionts
(Blackburn 1991b) and koinobionts have longer preadult lifespans than idiobionts (Blackburn
1991a) therefore allowing more time for eggs to develop prior to adult emergence. They found
that koinobionts a) produce smaller eggs, b) tend to emerge with more mature eggs, and c)
have shorter lifespans than idiobionts. However, they had insufficient data available to test
oviposition rates. Koinobionts have the ability to manipulate their hosts’ physiology and feeding
behaviour, therefore they may be better at carrying over more resources to their pupal stage
and emerging with a greater complement of mature eggs than idiobionts.

1.7.3 Other trait associations

Price (1972) studied the Hymenopteran parasitoid complex of the sawfly Neodiprion swainei
and found that there was a difference in the number of ovarioles per ovary between the
parasitoid species. Wasps found to attack early host stages (eggs, young larvae) had more
ovarioles per ovary than those attacking later host stages (mature larvae, pupae) (Price 1972,
1974). Comparative studies on the reproductive morphology of the Ichneumonidae revealed
that mean ovariole number was correlated with host stage attacked (Price 1973b, 1975) and the
number of ovarioles per ovary was correlated with the number of eggs available for oviposition
(Price 1975). Parasitoids attacking younger host stages had a greater fecundity than those
attacking later or older host stages. Price (1972, 1973a, 1974, 1975) suggested that this was
due to immature host mortality rates and was termed the ‘balanced mortality hypothesis’. This
hypothesis predicts that the average realized fecundity of parasitoids, and therefore measures
of potential fecundity (for example ovariole number) should balance parasitoid juvenile mortality.
Potential fecundity refers to measurements of, for example ovariole numbers, used to estimate
fecundity. Fecundity may be correlated with other life history traits that would affect juvenile
mortality rates (Blackburn 1991b, see section 1.7.2). Price (1973b, 1975) suggested that
parasitoids attacking hosts found in protected locations (e.g. leaf-mines or rolls, burrows, webs)
should have a relatively low fecundity as they are relatively protected from extrinsic mortality
due to the type of host niche exploited. Ichneumonid parasitoid ovariole number was inversely
correlated with ovipositor length, those parasitoids attacking concealed hosts, as described
above, had long ovipositors (Price 1973b).

A comparative study carried out on the parasitic Hymenoptera revealed a trade-off
between fecundity and egg size (Blackburn 1991b, see chapter 4) and this has also been
demonstrated in the ichneumonids (Price 1974). As predicted by some life history models (for
example Smith & Fretwell 1974) those species with high fecundities had smaller eggs and
higher fecundity rates, suggesting that they have allocated more resources to reproduction
rather than to survival in comparison to those with lower fecundities. Blackburn (1991b) also
found a positive relationship between body size and fecundity.

By far, the majority of work on parasitoid life history evolution concerns clutch size,
though most of these only address intra-specific studies. Clutch size theory for parasitoids has
been adapted from the Lack clutch size models (Lack 1947, see section 1.1.1), where clutch
size determines the amount of resources allocated to each offspring. Theory assumes that an
increase in the number of eggs laid per unit of host resource will result in a decrease in the

fitness of each offspring due to density-dependent competition for resources, in other words a
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trade-off between clutch size and fitness (see Godfray 1987, Waage 1986). Hardy et al. (1992)
carried out a clutch manipulation experiment on the bethylid wasp Goniozus nephantidis, which
is an ectoparasitoid of microlepidopteran larvae. This wasp is unusual in that it guards its
offspring until they pupate. Using hosts of equal weight they found that clutch manipulation had
no effect on offspring survival, however it did affect offspring size. Large clutches produced
smaller offspring, which resulted in a decrease in individual offspring fitness as predicted.

It has been suggested that parasitoid clutch size should decrease, due to a decrease in
egg reserves, with an increase in the frequency of host encounters. A study carried out on an
aquatic mymarid wasp (Caraphractus cinctus) demonstrated that wasps produce smaller clutch
sizes when presented with a series of hosts in comparison to when the hosts are presented
individually (Jackson 1966). Similar results have also been found for trichogrammatid egg
parasitoids (Schmidt & Smith 1985).

Mayhew & Glaizot (2001) suggested expanding parasitoid clutch size theory to include
predictions about body size and host size. These three variables are ultimately linked because
the host defines the resources available for parasitoid development and an increase in clutch
size, on a given host size, must result in a decrease in body size. Theory suggests that both
clutch size and body size have the potential to increase with host size across species.

For solitary wasps, small clutches minimise resource wastage in offspring that will
certainly fail to complete development (Mayhew & Glaziot 2001, Waage & Godfray 1985),
therefore clutch size for these wasps is not expected to vary even when attacking larger hosts.
However, gregarious species may be selected to increase both clutch size and offspring size
when attacking larger hosts (Mayhew and Glaziot 2001). Le Masurier's (1987) Apanteles study
found a positive relationship between host size and clutch size in gregarious parasitoids, but not
solitary ones. Mayhew and Hardy (1998) also found these gregarious trends in the family
Bethylidae.

Recently, it has been suggested that solitary and gregarious parasitoids may differ in
life history traits other than simply clutch size (Pexton & Mayhew 2002). By definition, for solitary
parasitoids only one offspring per host will emerge, whereas for gregarious species numerous
offspring can emerge per host. On a host of given size, juvenile parasitoids developing solitarily
will have a greater amount of resources available than parasitoids developing gregariously.
Indeed, families containing gregarious species have been shown to be smaller bodied than their
sister taxa that are exclusively solitary (Mayhew 1998). Studies carried out on a sister species
pair of alysiine braconids have shown that the solitary species, Aphaereta genevensis, has a
larger body size than the gregarious species, Aphaereta pallipes (see Mayhew & van Alphen
1999, Pexton & Mayhew 2002, see also chapter 2).

As solitary species cannot vary their final brood size their body size should be highly
sensitive to host size (an increase in host size should lead to an increase in parasitoid size).
This is the case for the solitary braconid wasp Monoctonus paulensis, which shows an increase
in body size when attacking larger hosts (Mackauer & Chau 2001). However, Le Masurier
(1987) found that solitary Apanteles species (Hymenoptera: Braconidae) that parasitized larger
bodied hosts did not show an increase in body size, whereas their gregarious counterparts did.
Gregarious Apanteles species have the ability to manipulate and increase host growth to
support the developing offspring. However, solitary species are not known to do this, and hosts
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parasitized by solitary species are often smaller than unparasitised hosts of the same age.
Solitary species that are not able to fully consume a larger host may just kill the host before it
has matured any further. This is the case for the Cotesia species C. rubecula and C. glomerata.
When they parasitize the same host species (Pieris rapae), C. rubecula, which is solitary,
emerges from a half-grown caterpillar, whereas C. glomerata, which is gregarious, emerges
from a fully-grown host (Parker & Pinnell 1973).

Theoretical and empirical work suggests that gregarious species will invest less in
reproduction than solitary species (see Smith 1991). Pexton and Mayhew (2002) showed that
the gregarious Aphaereta pallipes allocates more resources towards reproduction, which in tum
reduces its longevity. On the other hand, the solitary species Aphaereta genevensis invests
more resources towards greater fat reserves, resulting in enhanced longevity, but subsequently
decreases the amount of available resources for reproduction.

The evolution of gregarious development may also allow parasitoids to exploit novel
hosts. Previously unsuitable hosts may become suitable if the large parasitoid clutches laid per
host overwhelm the host's immune response. Alternatively these large clutches and hence large
numbers of offspring may be able to fully consume larger bodied hosts that are therefore
unavailable to solitary species (see Ode & Rosenheim 1998, Streams 1971 ).

1.7.4 Evolution of the parasitoid niche

The main components of a parasitoids niche are a) what type of host species are attacked and
at which developmental stage, b) how many host species are attacked, c) what and how many
habitat types a parasitoid searches in, and d) the extent of parasitoid geographic range. The
type of hosts that a parasitoid will attack is influenced by two important factors, hosts taxonomy
and shared ecology (Askew & Shaw 1986, Shaw 1988). Parasitoids may attack closely related
(taxonomically similar) host species because they share similar defence mechanisms and
physiological properties (reviewed by Godfray 1994). Idiobiont parasitoids are unlikely to be
affected by host taxonomy as much as koinobiont parasitoids, due to the lack of specialist
adaptations required for the former’s association with its host. Koinobionts have to develop a
capacity to overcome the defence mechanisms of their hosts.

Some parasitoids attack closely related host species located in different habitats, for
example the ichneumonid Hoplismenus morulus is known to attack a number of closely related
Nymphalidae butterflies in deciduous woodland and chapparal habitats (Price 1981). It seems
that the shared ecology of the Nymphalidae influences parasitoid host range. However, other
studies have failed to find a link between parasitoid host range and host taxonomy, instead
suggesting that aspects of host ecology are more influential than host taxonomy.

Closely related host species will more likely have similar biologies or ecologies, for
example they may utilise similar feeding niches or the same host plants, and this can influence
parasitoid host range. Stireman and Singer (2003) found that the host associations of tachinid
parasitoids are influenced by some host morphological and ecological traits. Whether the host
(caterpillar stage) attacked is hairy or smooth affects what parasitoids can successfully
parasitize it, for example some parasitoids have adapted to use hairy hosts by ‘projectile
ovipositing’ their eggs. For polyphagous parasitoids, host abundance is expected to determine
which hosts are attacked. Polyphagous tachinids were shown to attack hosts that utilised
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broader food-plant ranges than those attacked by oligophagous tachinids. The narrowing of
host ranges exhibited by oligophagous tachinids is believed to be due to parasitoids being
selected for more specialised host location cues to find specialised hosts, rather than the
parasitoids being limited by a hosts chemical defenses, which has previously been disproved
(see Arnaud 1978).

Askew (1994) found that many ecological factors influencing host range of parasitoids
of leaf-mining Lepidoptera relate to host food plant. For example, those parasitoids found to
attack Nepticulidae on trees were different to those attacking the same host family on
herbaceous plants. Koinobiont parasitoids were more associated with low apparency plants (for
example herbs and shrubs) and idiobionts with plants of greater apparency (for example trees).
Plants with higher apparency are expected to have higher levels of colonisation by herbivorous
insects. Idiobionts tend to be generalists and they lack the specialized behaviour of koinobionts
to locate hosts, so idiobionts tend to search opportunistically for hosts on more apparent plants.
Achrysocharoides parasitoids only attacked hosts that mined in taxonomically similar food
plants. This is because the Achrysocharoides species are endoparasitic koinobionts and they
have adapted to exploit a specific range of hosts due to the specialist adaptations that this life
history strategy requires.

The ecological host habitat is a major factor influencing host range in parasitoids of
tephritid fruit flies (Hoffmeister 1992). The hosts offer two different resources for the parasitoids;
they can either be attacked when they are concealed larvae inside fruits, or when they are
puparia within the soil. The former stage is only available for a short length of time, whereas the
latter is available for approximately 8 months. The longer a host stage exists therefore the more
available it is for discovery by a parasitoid. However, it appears that the life history strategy a
parasitoid adopts actually affects the ecological niche it exploits. Only ectoparasitic idiobionts
were found to attack the puparium host stage, and these parasitoids were found to be
polyphagous. The authors believed that these parasitoids are specialized for searching in the
soil for hosts, but are not host specialists, rather they accept a range of physiologically suitable
hosts. Parasitoids attacking the larval host stages inside fruits were specialized endoparasitic
koinobionts that were not affected by the moist environment that the larvae inhabited, which
make this habitat unsuitable for ectoparasitoids.

The niche breadth of a parasitoid refers to how many different host species a parasitoid
will attack, which is determined by the habitats in which it searches for hosts. Therefore, to
address the factors affecting the evolution of parasitoid niches one must explore both ecological
and life history (behavioural, physiological and phylogenetic) correlates of host use.

Idiobionts or ectoparasitoids are expected to have wider host ranges than koinobionts
or endoparasitoids (see section 1.7.2). There is much evidence that this is indeed the case (see
Godfray 1994, Sato 1990). Askew and Shaw (1974 & 1986) studied chaicid parasitoids
attacking an arboreal leaf-miner community on deciduous tress in Britain and found that
idiobionts attacked approximately 2.8 times more host families that koinobionts. Sheehan and
Hawkins (1991) studied both metopiine and pimpline (excluding the tribe Polysphinctini)
ichneumonid wasps. Pimplinae wasps, which are idiobionts, were found to have broader host
ranges when compared, at host species, genus and family taxonomic levels, to the Metopiinae
wasps, which are koinobionts. Idiobiont parasitoids have been found to have approximately
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twice as many host species as the koinobionts attacking Tortricoidea hosts (Mills 1992). Muller
-%’/ et al. (1999) studied aphid parasitoids and found that ‘mummy aphids’, defined as idiobiont
parasitoids whose larvae develop on dead or permanently paralysed host tissue, attacked the
greatest number of host species. Primary parasitoids and hyperparasitoids, which are both
--defined -as koinobiont parasitoids attacking living hosts, attacked the smallest number of host
species. All of this implies that there are fitness trade-offs present when adopting a more
specialized life history strategy (koinobiosis and / or endoparasitism) (see Gauld 1988, Shaw

1983) as assumed by Levin's (1968) mode! of niche evolution (see section 1.2.2).

The microhabitat that potential host species occupy may determine what parasitoids
can successfully attack those hosts. Differences in the distribution and trophic relationships
between parasitoid species can be a result of previous evolutionary pressures at work to
minimize interspecific competition. Some parasitoid species that attack the same host species
can coexist by specializing on different microhabitats. Vet and van Opzeeland (1985) studied
Leptopilina heterotoma and Asobara tabida, both of which attack frugivorous Drosophila larvae.
They exhibit differences in microhabitat or host location cues, L. heterofoma is attracted to a
later stage of substrate decay than A. tabida. This temporal separation between the species
means that they can coexist whilst specializing on different microhabitats. Vet et al. (1 984a)
found that two closely related braconid parasitoids, Asobara tabida and Asobara rufescens, that
attack Drosophila species live sympatrically but are found in different microhabitats. The former
species is associated with fermenting fruit, and the latter species is associated with decaying
vegetation. This niche segregation eliminates competition between the two parasitoids,
therefore allowing them to occupy the same host niche.

1.8 Conclusion

This thesis addresses life history evolution of the parasitoid Hymenoptera. Host range in
siblicidal and non-siblicidal parasitoids is investigated experimentally in chapter 2. The
parasitization success in two sister species of braconid wasp (the solitary Aphaereta
genevensis and the gregarious Aphaereta pallipes) is compared using several Drosophila
species or strains. The social interactions of the wasp species displaying these different life
history strategies is expected to affect their host ranges in that gregarious species are expected
to have broader host ranges than solitary species. Literature based comparative analyses are
presented in chapters 3 and 4. Chapter 3 revisits a data set compiled by Blackburn (1990) on
the parasitic Hymenoptera. Previous studies have already shown that body size and clutch size
do not seem to form clear associations with the major life history axis of idiobiosis and
koinobiosis. A comparative analysis investigates parasitoid life history traits that may affect the
evolution of body size and clutch size, within the parasitic Hymenoptera, when taking into
account phylogenetic relationships. A novel life history data set was compiled, along with recent
phylogenetic information, on the Ichneumonoidea for chapters 4 and 5. Chapter 4 addresses
associations between traits, those biological transitions that regulate life history variation and
whether aspects of the host's ecological niche or life history affect parasitoid evolution. The
question of trait lability is covered in chapter 5, using several different metrics to assess what
types of trait are labile and whether most variation occurs at higher or lower taxonomic levels. In
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chapter 6 this work is discussed in relation to how it can improve parasitoid life history theory,
and what future directions the field should take.
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Chapter 2: Host range in solitary and gregarious parasitoids: a laboratory experiment.
Ruth E. Traynor & Peter J. Mayhew

2.1 Abstract

Social interactions within a species may affect the size of the ecological niche. We test the
hypothesis that parasitoids displaying siblicidal behaviour in their larvae (solitary species) have
narrower host ranges than gregarious parasitoids (with tolerant larvae). In laboratory
experiments, we compare parasitization success in two sister species of braconid wasp
(Aphaereta genevensis (Fischer), solitary, and A. pallipes (Say), gregarious) on eight
Drosophila species or strains. Host species or strain is the most important factor affecting
parasitization success, and some of this variation is accounted for by differences in host
physiological defenses. Although two hosts are more suitable for the solitary species, and one
more suitable for the gregarious species, these differences are small, and there is no consistent
difference across all hosts. Wasp body size is positively correlated with parasitization success in
both wasp species. This may be because body size increases oviposition success, or the
motivation to oviposit. In A. pallipes parasitization success peaks after 3-4 days, but later in A.
genevensis. This trend is likely to be a consequence of low life expectancy or high egg loads
increasing oviposition tendency in A. pallipes early in life. These data suggest that social
interactions between wasp larvae do not greatly affect host suitability. However, the extent of
the realized niche may be affected by life history traits that differ between species but that may
work in opposing directions.

2.2 Introduction

The evolution of the ecological niche is a long-standing problem in evolutionary ecology. One
useful distinction is between the ‘fundamental niche’, which is the range of environments in
which an organism can maintain a positive population growth rate, and the ‘realized niche’,
which is the actual niche occupied in nature (see Futuyma 2001). Selection pressures and
constraints on the fundamental niche include the presence of trade-offs in fitness in different
environments, interspecific interactions such as competition, as well as intraspecific competition
(see Futuyma 2001, Futuyma & Moreno 1988, Jaenike 1990, Schiuter 2001). The realized niche
is a subset of the fundamental niche modified through limits on dispersal and individual
decision-making (see Jaenike 1990, Mayhew 1997). In this paper we investigate the evolution
of the ecological niche in relation to intraspecific social interactions, a relatively neglected
selection pressure in this context.

It is increasingly apparent that social interactions between individuals can affect many
aspects of a species evolution (see Frank 1997, Hamilton 1996, Svensson & Sheldon 1998,
West & Griffen 2002). In parasitoid wasps, which develop to maturity on the bodies of other
arthropod species, recent work has suggested that the interactions between offspring on a host
can radically affect life histories and adult behaviour. In solitary wasps, only a single individual
completes development on each host, and the parasitoid larvae display contest competition. In
gregarious species, several offspring can successfully develop on each host, and the larvae

display scramble competition. Previous work has suggested that gregarious species tend to be
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smaller (Mayhew 1998, Mayhew & van Alphen 1999), lay larger clutches of eggs (Mayhew &
van Alphen 1999, Mayhew & Glaizot 2001), and may also be shorter lived and more fecund
(Pexton & Mayhew 2002) than solitary species, differences that are likely to be a consequence
of the different types of larval interaction.

In parasitoid wasps, a major component of the ecological niche is the range of host
species parasitized (see Askew & Shaw 1986, Godfray 1994, Shaw 1998, Muller et al. 1999).
There are both empirical and theoretical reasons for believing that solitary and gregarious
parasitoids might differ in the extent of their host ranges. Anecdotal observations suggest that
gregarious species might have broader host ranges than closely related solitary species. For
example, Wharton (1984) and Shaw & Huddieston (1991) both note that some of the
endoparasitic gregarious alysiine braconids (Braconidae: Alysiinae) have been reared from a
relatively large number of host species. In the braconid subfamily Microgasterinae, the solitary
Cotesia rubecula (Marshall) is a specialist on Pieris rapae (L.), whilst the gregarious C.
glomerata (L.) is a generalist on several Pieris species (Brodeur ef a/.1996, 1998). In addition
observations on bruchid beetles, with a parasitoid-like biology, show that species with tolerant
larvae have decreased oviposition specificity, implying a larger host range (Smith 1991).

Theoretically, a broader host range might be the consequence of increasing the range
of suitable hosts available to gregarious parasitoids, in other words increasing the fundamental
host niche. Some of the hosts parasitized by endoparasitic gregarious alysiines are very large
relative to the size of the wasp (see Vet et al. 1993). Because they pupate internally, the host
must be completely consumed prior to parasitoid pupation and this can only be achieved in a
big host by increasing the number of offspring sharing the host. Therefore larger bodied hosts
may be more easily exploited by gregarious species. In addition, laying several eggs may
increase host suitability by helping to overwhelm the host's immune response (see Ode &
Rosenheim 1988).

Gregarious parasitoids may also have larger realized niches due to individual decision
making. Being generally smaller bodied, gregarious species should have shorter lifespans than
related solitary species. State-dependent decision-making models suggest that expected future
lifespan should negatively correlate with oviposition tendency (see Mangel 1987, Roitberg et al.
1993). In addition, if they allocate resources preferentially to eggs rather than survival, the
resulting higher egg loads should also increase oviposition tendency (Pexton & Mayhew 2002).

In this study, we compare host suitability in two closely related species of parasitoids:
Aphaereta genevensis (Fischer) (solitary) and A. pallipes (Say) (gregarious) (Hymenoptera:
Braconidae: Alysiinae). Using a pair of close relatives allows us to eliminate, as far as possible,
other potentially confounding biological differences. We expose both wasps to a range of
potential hosts under controlled conditions, monitoring the consequences for parasitization
success and wasp fitness. We hope therefore to further establish whether social interactions

can modify the ecological niche in this group of organisms.

2.3 Materials and Methods

2.3.1 Cultures
A. genevensis, which has only be recorded for New York State, and A. pallipes, which occurs

throughout the New World, are almost indistinguishable morphologically (Wharton 1977). They
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attack the larvae of cyclorrhaphous Diptera, developing in rotting and fermenting substrates,
and emerge from the pupal host stage. The A. genevensis culture was initially established from
a single female found on milk-cap fungi on the 4th September 1996 on the North Shore of Long
Island, New York. The A. pallipes culture was established from a single female caught on a
compost pile on the 1st October 1995 in Queens County, New York. Both species were
originally reared on Drosophila repleta, but from 1997 have been reared on Drosophila virilis
(Sturtevant) (Mayhew & van Alphen 1999).

A number of Drosophila species were used in the experiments. Although it would have
been possible to widen our experiments to other fly genera, these would have required different
culturing conditions, making the experiments increasingly less standardised. An advantage of
using only Drosophila is that they display a variety of relevant traits and yet many species can
be cultured under identical conditions. We chose hosts to maximise taxonomic spread, because
host taxonomy is a likely constraint on the fundamental niche. Therefore each host species
came from a different species group. A consequence of this was that hosts also varied in body
size, another factor hypothesized to affect host range in the wasps (see section 2.2). We also
selected some hosts to test the affect of host defenses on wasp success.

As D. virilis (Subgenus Drosophila, virilis group, virilis subgroup) is the normal culturing
host for the wasps in the laboratory, this species was used as the control species in this study. It
was obtained from Dr. Peter Chabora, Queens College, New York, in 1997. D. melanogaster
(Meigen) (Silwood strain) (Subgenus Sophophora, melanogaster group, melanogaster
subgroup) came from a culture in Silwood Park, UK, which was originally collected in italy 2001.
This strain has been selected for high encapsulation ability against a closely related alysiine
wasp, Asobara tabida (Nees) (Kraaijeveld & Godfray 1997). D. melanogaster (York strain) came
from a culture established over 20 years ago at York University (originally obtained from the
Bloomington Fly Stock Centre, Indiana University) which has not been exposed to parasitoids in
that time. Lack of selection pressure is known to reduce encapsulation ability over time because
that ability is costly (Kraaijeveld & Godfray 1997). D. subobscura (Collin) (Subgenus
Sophophora, obscura group, obscura subgroup) was obtained from a culture at Silwood Park,
(originally collected from two sites in the Netherlands; the flies from the two sites were pooled
together in 1984 to form a lab strain) which has been cultured for almost 20 years. This species
is known to be unable to encapsulate parasitoids. D. funebris (Fabricius) (Subgenus Drosophila,
funebris group, funebris subgroup) came from a culture established in 2000 at Leeds University,
UK, originally collected at the Faversham pub in Leeds. The following three fly species were
obtained from the Fly Stock Centre in Arizona. D. busckii (Coquillet) (Subgenus Dorsilopha) was
originally collected from Costa Rica (stock number 13000-0081.0, genotype Dbus\wild-type). D.
willistoni (Sturtevant) (Subgenus Sophophora, willistoni group, willistoni subgroup) was
originally collected from Florida, USA (stock number 14030-0811.2, genotype Dwil\wild-type). D.
immigrans (Sturtevant) (Subgenus Drosophila, immigrans group, immigrans subgroup) was
originally collected from Colombia (stock number 155111-1731.0, genotype Dimm\wild-type).

Glass jars (5 cm diameter), with foam stoppers, were used to culture the parasitoids.
The base of these jars contained a 2cm layer of set nutrient agar, on top of which was a dab of
viscous yeast medium. Several 5-8 day old D. virilis larvae were added to each jar, as were 2-5

mated parasitoid females (with no prior host experience). The jars were placed in secure plastic
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boxes to ensure that both parasitoid species were kept separate within a single culturing room.
All Drosophila species were kept in this culture room and were separately reared in glass
bottles with foam stoppers, containing standard medium. The medium comprised of sucrose,
nutrient agar, maize meal, water and dried yeast in the following weight ratios; 65: 11: 75: 612:
10. The culture room was kept at 20°C, constant light and ambient humidity (experiments were
carried out under these conditions).

2.3.2 Host range experiments

To standardise the host stage, only 3 instar host larvae were used for the experiments; this
stage is known from previous work to be relatively suitable for parasitoid oviposition and also
has the advantage of decreasing host mortality prior to pupation. Each replicate (of which there
were a total of 20 per fly and wasp species) was run for a total of 6 days because preliminary
work showed that experience is required before peak oviposition activity occurs. This also
enabled us to observe age-dependent affects on parasitoid reproductive success. Glass rearing
tubes (2cm in diameter), containing 2 cm of agar with a dab of viscous yeast medium and a
plastic stopper with air holes, were used. Each tube contained one female parasitoid wasp
(which had emerged and mated within the 24 hours prior to the experiment taking place) and 20
x 3rd instar larvae of a given Drosophila species. For each replicate, on days 3 and 5, the
female wasp was placed into a new rearing tube containing medium and novel Drosophila
larvae (as described above). Each individual female wasp was treated as an independent
replicate.

After the six-day period, the female wasp was placed into a labelled tube and killed by

freezing at —20°C. Rearing tubes were checked every day over the course of 50 days for
emerged flies / wasps. Emerged individuals were placed in labelled tubes and killed by freezing
(as mentioned above). Hind tibia length (mm) was recorded for all wasps, and thorax length
(mm) was recorded for all flies. For all fly and wasp species, twenty male and twenty female
individuals were dried at 70°C for 4 days, and weighed. These data were used to convert fly
thorax length into fly dry mass, and wasp hind tibia length into wasp dry mass. For conversion
equations, we used regressions of hind tibia length (wasps) or thorax length (flies), against dry
weight. If tibia length or thorax length were not significant predictors of individual dry weight, all
individuals were assumed to have the mean mass of those weighed. The equations are as
follows:
D. busckii; female and male dry weight = 0.063 + (0.266 x thorax length (mm)). D. funebris,
female mean value used, and male dry weight = 0.007 + (0.310 x thorax length (mm)). D.
immigrans; female dry weight = 0.267 + (0.059 x thorax length (mm)), and male dry weight =
0.285 + (0.194 x thorax length (mm)). D. melanogaster (Silwood), female and male dry weight =
0.092 + (0.243 x thorax length (mm)). D. melanogaster (York), female and male mean value
used. D. subobscura; mean values used. D. virilis, female: mean value used; male dry weight =
0.115 + (0.223 x thorax length (mm)). D. willistoni; female and male dry weight = 0.136 + (0.100
x thorax length (mm)). A. genevensis; female dry weight = -0.09762 + (0.412 x hind tibia length
(mm)), and male dry weight = -0.124 = (0.410 x hind tibia length (mm)). A. pallipes; female and
male dry weight = -0.094 + (0.402 x hind tibia length (mm)).
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The number of flies / wasps emerging per tube was recorded, as was the total number
of pupae per rearing tube. After the 50 day period, all puparia were removed and examined for
emergence holes, those with no emergence holes were dissected to see if there was a failed fly
/ wasp inside. This allowed us to record the actual number of fly pupae that gave rise to wasps.

2.3.3 Statistical Analysis

Data analysis was carried out using general linear modelling in GLIM (Numerical Algorithm
Group, Oxford). Binomial error variance was assumed for proportion data and Poisson error
variance was assumed for count data. Statistical models were constructed by stepwise
subtraction from a full model, which included all potential explanatory variables for which we
had data, starting with the least significant terms. Significance was assessed by the change in
deviance under both binomial errors and Poisson errors by a chi-square test. Only significant
terms remained in the model, which was then termed ‘the minimal adequate model'. The
appropriateness of binomial and Poisson errors was assessed by a heterogeneity factor. This
factor is equal to the residual deviance divided by the residual degrees of freedom. If the
heterogeneity factor was greater than 1.3, this indicates overdispersion, and the model was
rescaled using the value of Pearson’s x2/df (Crawley 1993).

One potential pitfall of our data is that the same individual wasp was used to gather
three successive data points, as each wasp aged over the first six days of its life. These are
potential pseudoreplicates and should not be treated as independent in any analysis. To avoid
pseudoreplication we only analysed data from one of the time periods in any one analysis, or
pooled all the data from each wasp individual into a single replicate. To investigate the effect of
wasp age we used the non-parametric within-subject Friedmann test, which controls for
relatedness amongst observations. Regression analysis was performed to test whether fly body
mass (mg) was significantly affecting the proportion of pupae successfully parasitized by each
wasp species. These two analyses were implemented in SPSS. Where necessary, we applied
sequential Bonferroni correction (Rice 1989) to the significance values to control for multiple
comparisons (Table 2.1). To test whether host phylogenetic relatedness was a significant factor
affecting wasp species success, we constructed a cladogram by clustering species groups
according to Grimaldi (1990) and subgenera according to Tatarenkov et al. (1999). The mean
proportion of pupae successfully parasitized for each wasp species (Table 2.1) was ‘hung’ on
the cladogram. Significance was assessed by a xz test. The analysis was performed in the
‘Continuous’ software package (Pagel 1997, 1999a). We used a likelihood ratio test to compare
the log-likelihood of a null model (where A was set to zero) to that of the alternative model
(where A was set to its maximum likelihood value). The parameter A, when set to zero, indicates

that species are independent (1 indicates species values are maximally dependent on

phylogeny).

2.4 Results

2.4.1 Proportion of pupae from which wasps emerged

Across all fly species, the proportion (mean+SEM) of pupae successfully parasitized was similar
for both wasp species (0.07610.037 and 0.038+0.017 for A. genevensis and A. pallipes
respectively). Fly species on its own was highly significant (x% = 367.40, P < 0.001) but wasp
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Table 2.1: Mean+SEM per wasp species of the proportion of fly pupae parasitized successfully,
and.the general linear model of this data, sample size of 20 fly pupae per replicate tube, and 20
_rep.llcate wasps per host and wasp species combination. (*P<0.05 **P< 0.001). Brackets
indicate P values that are still significant after sequential Bonferroni correction over the entire
table, rejecting the null hypothesis that there are no significant results in the table. By chance
4.2 significant results are expected, but 19 are found.

Fly A A. pallipes Explanatory variables

species  genevensis Wasp species Female mass (mg) Interaction
D. busckii

Day 1-2  0.032+0.012 0.157+0.025 (X?=22.750*) X21=2.713 (X 1=19.590**)
Day 3-4 0.062:0.019 0.169+0.033 X?,=7.556* X%1=0.006 X% 1=7.980*
Day 5-6  0.109£0.032 0.028+0.011 X?,=4.432* X% 1=4.954* X?4=2.191
Overall  0.056£0.138 0.12310.131 (X2,=11.820**) X?1=0.001 (X?1=13.220**)
D. funebris

Day 1-2  0.17810.039 0.193+0.059 X2,=0.290 x2,=8.571* X?4=0.144
Day 3-4  0.290:0.048 0.330:+0.059 X?,=0.676 x?4=0.037 x?1=0.788
Day 5-6  0.332+0.055 0.22210.041 X?,=1.032 x2,=1.738 x2,=1.852
Overall  0.25610.039 0.243+0.042 Xx2?,=0.005 x24<0.001 %x24=0.005
D. melanogaster (York)

Day 1-2 0.112+0.042 0.072+0.018 X?,=2.136 X?1=3.201 x%1=2.159
Day 3-4 0.224+0.049 0.19940.052 X2=2.032 x%41=0.043 x%=2.372
Day 56 0.21810.048 0.132+0.038 X?,=4.654* X?1=2.409 X2 1=4.095*
Overall  0.184+0.037 0.104+0.018 X2=6.399* X% 1=2.741 x?1=6.305*
D. melanogaster (Silwood)

Day 1-2  0.00330.012 0.004+0.013  X?=0.481 x21=1.044 X%3=7.423
Day 3-4 0.019+0.014 0.005+0.005 X?:=1.466 x%1=8.611* X?1=0.242
Day5-6 0.006+0.004 0.063+0.063 X2,=2.994 X?1=2.505 x%1=1.042
Overall  0.020+0.006 0.028+0.008 X?,=0.983 X2 1=0.056 X%41=1.178
D. subobscura

Day 1-2  0.05840.021 0.045+0.026 X?=1.256 x?1=0.698 X?1=2.459
Day 3-4 0.11740.044 0.092+0.022 x?:=0.805 x21=2.373 x?1=0.802
Day 56 0.253£0.056 0.101£0.029 X?4=10.990** X?4=3.353 x?=8.762*
Overall  0.178+0.033 0.07410.013 X?;=11.280** X%1=2.718 x?=9.227*
D. virilis

Day 1-2  0.160+0.050 0.280£0.059 x?4=2.122 x21=0.270 x21=3.181
Day 3-4 0.338+0.058 0.307+0.057 X?;=0.190 X?24=0.207 x%1=0.093
Day 5-6 0.301£0.048 0.24110.046 X°;=0.591 x%1=1.691 X21=0.156
Overall  0.270+0.038 0.277+0.045 X?,=0.040 X?4=0.878 x%1=0.719
D. willistoni

Day 1-2  0.023:0.012 0.012+0.007 X?=1.337 X?1=4.755* X?1=0.306
Day 3-4 0.040:0.014 0.059:0.015 X?;=0.262 X%1=1.800 X?1=2.164
Day 56 0.007£0.005 0.031:0.011 X%;=2.932 x?1=0.931 x?1=2.180
Overall  0.024+0.007 0.0321#0.007 X?1=0.551 X21=1.417 X?1=1.724
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Figure 2.1: Female wasp body mass (mg) against overall mean proportion of pupae
successfully parasitized for D. melanogaster (York).

Table 2.2: Age-dependent effects on the success of wasp parasitization (Friedmann test). Rank
values (italics); mean+SEM.

Wasp species Day 1-2 Day 3-4 Day 5-6 df =
A. genevensis 1.77 0.09+0.01 2.08 0.16£0.02 215 0.1840.02 2 <0.001
A. pallipes 1.86 0.12+0.015 224 0.17+0.017 1.90 0.12+0.015 2 <0.001

species was not (X21 < 0.001, P > 0.1). The best hosts overall were D. virilis (control) and D.
funebris (Table 2.1). D. immigrans was the least suitable host, failing to produce a single wasp.
Female dry mass was included in the minimum adequate model (x% = 5.03, P < 0.05): the
proportion of pupae successfully parasitized was positively correlated with female dry mass (for
example Figure 2.1). There was also a significant interaction between fly and wasp species (X27
= 23.810, P < 0.05). A. genevensis parasitized more D. melanogaster (York) and more D.
subobscura than A. pallipes. However, A. pallipes parasitized more D. busckii than A.
genevensis (Table 2.1). Fly species was a significant factor (X22 = 45.70, P < 0.001) explaining
the differences in parasitization success for those fly species specifically selected for their
varying encapsulating abilities (D. melanogaster (Silwood and York strains) and D. subobscura).

Host body size was not a significant predictor of the parasitization success in either A.
genevensis (F = 0.03, df = 2, P = 0.959) or A. pallipes (F = 0.698, df = 2, P = 0.436) (Figure
2.2). There was no significant affect of host phylogeny on the parasitization success of either
wasp species. For A. genevensis the maximum likelihood estimate of A =0.117, x*= 0.06, df =
1 and P = 0.82. For A. pallipes the maximum likelihood estimate of A = 0, X2 =0,df=1and P=
1

Age-dependent effects were significant for both wasp species (Table 2.2). A
genevensis successfully parasitized the greatest number of pupae on day 5-6 and was the least
successful on day 1-2. A. pallipes successfully parasitized the greatest number of pupae on day

3.4 and was the least successful on day 1-2. Wasp species was a significant factor (% =481,
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Figure 2.2: Mean proportion of fly pupae that successfully gave rise to a) A. genevensis
offspring and b) A. pallipes offspring, across different fly species or strains.

P < 0.05) on day 5-6, explaining the differences in parasitization success between the two wasp
species. However, there was no significant effect of wasp species on day 1-2 (X21 =288 P>
0.01) or on day 34 (x% = 0.27, P> 0.01).

2.4.2 Number of parasitoid offspring produced

For total offspring produced per individual wasp, over all hosts, the minimum adequate model
contained female dry mass (x% = 5.44, P < 0.05), fly species (x°; =273.70, P < 0.001) and wasp
species (X21 =12.01, P < 0.001), but no interaction terms. A. pallipes produced a greater number
of offspring than A. genevensis (Table 2.3), there was a positive relationship between number of
offspring produced and female dry mass, and again D. virilis and D. funebris were the best
hosts, in terms of number of wasp offspring produced (Table 2.3). For brood size, over all hosts,
wasp species was the only significant factor (xz, =14.730, P < 0.001), with A. pallipes producing

larger broods than A. genevensis.
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Table 2.3: Mean+SEM of the number of offspring (brood size) per wasp species.

Fly species A. genevensis A. pallipes

Fly species combined 5.713+2.05 7.556+2.95
D. busckii 2.950+0.63 6.450+0.71

D. funebris 12.050+1.67 18.650+4.59
D. melanogaster (York) 7.700+£1.60 6.200+1.04
D. melanogaster (Silwood) 0.900+0.26 0.600+0.18
D. subobscura 5.050+0.38 3.550+0.52
D. virilis 16.000+2.32 21.850+3.10
D. willistoni 1.050+0.30 2.650+0.67

2.5 Discussion

2.5.1 Main findings

The main finding of this study is that host species affects parasitization success similarly in two
sister species of parasitoids that differ in larval behaviour. Although some hosts are more
suitable for the solitary species, and one more suitable for the gregarious species, these
differences are small. In addition, wasp size and age are important explanatory variables
explaining wasp success, suggesting they may be important predictors of the realized niche.
Below we put these results in the context of previous work, before discussing how they can be
furthered.

2.5.2 Current findings
The most suitable host species for both wasps were D. virilis and D. funebris. The least suitable
host was D. immigrans and the other host species were of intermediate suitability. Host body
size cannot explain this as the largest hosts could be either highly suitable or completely
.unsuitable, and the two traits were not significantly correlated overall. Host taxonomic affiliation
is also unable to explain host suitability for the wasps. Encapsulation ability does seem to
explain some of the variation in success. A strain of D. melanogaster that has been selected for
high encapsulation ability was of low suitability for both wasps. However, both wasps were more
successful on a control strain of D. melanogaster, as well as on the closely related D.
subobscura, which is known to be unable to encapsulate parasitoids. Therefore physiological
features of the host, such as host defense capability, can account for some of the variation in
fundamental host niche. What exactly affects host suitability in the other species examined is
presently unknown, but possible factors include host defense responses and other physiological
traits, as well as a species’ apparency to searching female parasitoids.

Two hosts are more suitable for the solitary species, whereas one host is more suitable
for the gregarious species. We hypothesized that a) larger hosts would be more suitable for the
gregarious species than the solitary species; b) hosts with vigorous immune responses would
be more suitable for the gregarious than the solitary species; c) gregarious species would have
increased oviposition motivation than the solitary species due to high egg load and low life
expectancy. We found that D. busckii was more suitable for the gregarious than the solitary
species, but that D. melanogaster (York) and D. subobscura were more suitable for the solitary
species. There was no overall suggestion that oviposition motivation was generally higher in the
gregarious species. Interpreting the differences we observe is currently problematic. D. busckil
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is a relatively small species, but its encapsulation ability is unknown. D. melanogaster (York)
and D. subobscura are known or inferred to have low encapsulation abilities. We do not know
why A. genevensis should perform relatively better on these hosts, although the differences are
small. In contrast, wasp species performance was not different on the host chosen for its high
encapsulation ability. it is possible that the differences represent evolved species-specific
adaptations (or exaptations) to particular hosts or wasps. All hosts used are cosmopolitan
species, so are certain to be encountered in the native geographic ranges of the wasps.
However, use of different microhabitats in nature may limit the actual encounter rates with these
species (see Vet & Janse 1984, Vet et al. 1984).

The effect of wasp size on wasp performance was positive. A likely reason is that larger
bodied wasps contain more eggs in both species (Pexton & Mayhew 2002). State-dependent
models of behaviour show that higher egg loads should increase oviposition tendency and
several studies have provided confirmation of this (Godfray 1994). An additional reason for the
trend may be that larger wasps are better able to reach, subdue or oviposit into hosts. Larger
wasps have longer ovipositors so might be able to reach or search for hosts more effectively.
Larger wasps may also be better able to overcome behavioural or other host defenses. Such
defenses have been show in a number of species. For example, Rotheray and Barbosa (1984)
noted that host handling time increased with an increase in host size when they studied
Brachymeria intermedia attacking pupae of the gypsy moth. The percentage of male gypsy
moth parasitism was greater than that of female moth parasitism, the male moths were smaller
than the female moths and were not as aggressive towards the parasitoids as the female wasps
were. Kouamé and Mackauer (1991) found that aphids attacked by Ephedrus californicus
kicked to prevent parasitism and that larger aphids were more successful at preventing
parasitism. It is possible that such defense reactions are also size related in our hosts and that
larger wasps are better able to overcome them.

The effects of wasp body size on performance may have implications for the host
ranges of solitary and gregarious species. Gregarious species are generally smaller bodied than
solitary relatives. This should then mean that body size has the effect of decreasing realized
host range by virtue of generally lower performance. However, it is possible that other factors
counterbalance this. Gregarious species may have larger egg loads and lower life expectancies
than solitary species of the same size, which could increase oviposition motivation and overall
performance in gregarious species. The effects of age on performance may reflect this: A.
pallipes reached peak performance earlier in life than A. genevensis and this may indicate a
generally higher motivation to oviposit. Overall in our experiments there is no indication that the
wasp species differed in overall performance.

We have taken as our primary measure of performance the number of host pupae that
gave rise to wasps. This was used because the primary variable of concern was host range
(which hosts give rise to wasps). In addition, we needed a variable in which to fairly compare a
solitary and a gregarious species. Since the two have distinct clutch size strategies that also
have consequences for offspring body size, these are not suitable comparative indicators of
performance across species. However, within species they might indicate differential
performance across hosts. To examine this, we took one of these measures, namely the

number of offspring produced (per host and per individua!l wasp). Results generally confirmed
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prior findings. The gregarious species produced larger broods per host individual, but brood size

was host species specific. Consequently, host species that were heavily parasitized also gave
rise to more wasp offspring.

2.5.3 Analytical issues

Several analytical and experimental issues arise from our work. First, although we exposed both
wasp species to a variety of Drosophila hosts, chosen for their different biologies, because we
used only a single host genus, the total range of biologies to which the wasps were exposed
may still be relatively slim. It may be that we did not select host species that were
phylogenetically distinct enough from one another. However, using hosts from the same genus
allowed us to control for a number of design features that may have affected wasp performance,
such as the medium on which they had to search for hosts. it may be that using a still wider
variety of hosts would reveal important features of the fundamental niche, such as whether a
solitary species can successfully parasitize them. This would merit future investigation.

Second, although the wasps were exposed to numerous Drosophila hosts, they were
only exposed to one host species at any time, meaning that the wasps were not able to choose
which host species to parasitize. Conducting host choice experiments might identify differences
in host preference between the solitary and gregarious wasp species, therefore distinguishing
differences between the fundamental niche of both wasp species. Patch exploitation
experiments may also detect fundamental niche differences in host searching behaviour and
microhabitat use between these wasp species.

Thirdly, we realise that field studies are useful in that they can provide information on a
species realized niche, but recognise that laboratory studies are also important and
complementary in that they can identify aspects of a species fundamental niche. Although
laboratory conditions are artificial they can be both highly controlled and easily manipulated,
therefore decreasing the risk of the observations being due to confounding variables, something
that field studies can less rigorously control for.

Fourth, the experimental results may be affected by wasp confinement through self-
superparasitization. This is when a parasitoid attacks a host that she has already parasitized
(Waage 1986) and can result in a parasitoid wasting both time and eggs (Hubbard et al. 1987,
Waage 1986). This could easily have occurred as each individual parasitoid was only provided
with a total of 20 host larvae per two-day period. if self-superparasitization did occur this could
have been either an advantage or a disadvantage to parasitization success. A disadvantage, in
the case of the solitary wasp species, is that if there were two parasitoid larvae developing per
individual host, then both developing parasitoids might destroy each other. Therefore the female
wasp would have wasted both time and eggs. However, there may also be an advantage to
self-superparasitization in solitary parasitoids, placing two eggs in @ host may mean that the
host's defense system is saturated and one parasitoid offspring can successfully develop to
adulthood, which may allow the parasitoid to exploit novel hosts. Another artefact of
confinement is that of a finite food resource for the developing host larva. if this resource is

exhausted the host larvae may not reach an optimal size for parasitoid development to

successfully take place.

46



Another issue that should be raised is that the fly cultures’ suitability for successful
parasitization may have evolved. Those host species, which may have been regularly exposed
to parasitoid attack in the field and hence survived, may have lost their ability to defend
themselves against parasitoid attack due to the absence of parasitoid exposure whilst in culture.

2.5.4 Conclusions

As discussed by Harvey and Pagel (1991) our study represents a single independent contrast
between the two wasp species being studied and therefore cannot be used alone to confirm or
reject the hypothesis that gregarious parasitoid species have broader host ranges than solitary
species. This hypothesis may eventually be rejected or accepted if many similar studies are
carried out using similar systems.

In conclusion, our study suggests that the host ranges of a pair of parasitoid species
that differ in larval behaviour are broadly similar, but that their use of hosts may be affected by

life history traits that differ between wasp species. Future work should investigate how these
traits translate into actual host use in the field.
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Chapter 3: A comparative study of body size and clutch size across the parasitoid
Hymenoptera

Ruth E. Traynor and Peter J. Mayhew

3.1 Abstract

Across animal species, body size and clutch size often form part of a suite of associated life
history traits, exemplified by the “fast-slow continuum” in mammals. Across the parasitoid
Hymenoptera however, a major axis of life history variation is the development mode of the
larva (koinobiosis versus idiobiosis), and body size and clutch size do not seem to form clear
associations with this major axis. We use a large comparative data set and the latest
phylogenetic information to explore hypotheses that might explain the variation in body size and
clutch size across species in parasitoids. We find evidence for three novel evolutionary
correlations: changes in the stage of host attacked (for example egg, larva, pupa) by the
parasitoid significantly predicts changes in both body size and clutch size, whilst in gregarious
species changes to higher latitudes are associated with reduced clutch size. We also find a
number of hypothesized cross-species (phenotypic) associations that we cannot demonstrate
are the result of evolutionary correlations: large bodied species in our data tend to lay small
clutches; koinobionts are larger than idiobionts attacking the same host stage; tropical species
are smaller than temperate species (Bergmann's rule). Our results provide support for
theoretical models of trait evolution in parasitoids, whilst the associations between latitude and
life history may help explain why species richness in the family Ichneumonidae peaks at
intermediate latitudes. Our results also show the continuing value of phylogenetically-based
comparative analyses and demonstrate that recent work on parasitoid phylogenetics has
produced significant benefits for our understanding of life history evolution.

3.2 Introduction
The explanation of life history variation across species remains one of the major challenges in
evolutionary ecology. In recent years considerable progress has come from the interplay of
interspecific comparative studies, which describe the associations between traits across taxa,
and theoretical models that attempt to predict those associations. Perhaps the most notable
studies have concerned mammals, where a fast-slow continuum of traits exists, large bodied
species have long lifespans, suffer low adult mortality, mature late, have low fecundity, small
litters, and large offspring that suffer low juvenile mortality. Small-bodied species have the
opposite characteristics (see Harvey & Purvis 1999). Some adaptive models (Charnov 1991,
1993, Kozlowski & Weiner 1996) have had notable success in predicting this suite of
associations (see Harvey & Purvis 1999, Purvis & Harvey 1995). Some of the mammalian
associations have also been found in other organisms, such as parasitic nematodes (Gemmil! et
al. 1999) and angiosperms (Franco & Silvertown 1997), though other groups such as birds differ
in substantial ways that demand altemative models (see Bennett & Owens 2002, Charnov
2000).

Parasitoids are insects that develop to maturity by feeding on the body of another host

arthropod, eventually killing it. The parasitoid Hymenoptera (wasps) are one of the most
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species-rich components of terrestrial ecosystems; about 77,000 species have been described
(Mayhew 1998 using data from Brown 1982), and they may comprise 20% of all insect species
(La Salle & Gauld 1991). They also display enormous variation in life history traits that begs
explanation (Godfray 1994). Despite much study on intraspecific variation, the associations
between traits across species are still relatively poorly known, and as yet no general theoretical
model has attempted to predict or describe such variation. In this study we describe novel
interspecific associations between traits that should promote understanding of the causes of life
history variation in this group and help the development of theory.

Previous comparative work on the parasitoid Hymenoptera has revealed that
development mode is a major predictor of a suite of life history traits (see Askew & Shaw 1986,
Godfray 1994, Jervis et al. 2001, Mayhew & Blackburn 1999, Maller et al. 1999, Quicke 1997,
Sheehan & Hawkins 1991). Specifically, koinobionts, which allow their host to continue to
develop after parasitization, have long development times, tend to be endoparasitic, have short
adult lifespans, a high fecundity, lay small eggs, emerge with many eggs matured, and have
narrow host ranges. Idiobionts, which permanently paralyze their hosts, have the opposite traits.
One could consider koinobionts to have “slow” larvae but “fast” adults, and idiobionts to have
“fast” larvae but “slow” adults. Unsurprisingly then, the suite of inter-related traits seen in
mammals is not found in parasitoids (Blackburn 1991a). Interestingly, not only is parasitoid body
size not associated with most other traits, unlike in mammals (Blackburn 1991a), but it is also
not strongly associated with development mode (Mayhew & Blackburn 1999). Correlates of
clutch size have not yet been investigated in large-scale interspecific studies. This begs the
question of what does control the variation in these two life-history traits that are such central
components of variation in other groups.

We test hypotheses, derived both from knowledge of parasitoid biology and from
studies on other organisms, that have not yet received tests in a large cross-species
comparative study in this group:

1. Body size and clutch size might be associated with the stage of host attacked (for
example egg, larva, pupa). Theoretical models of interspecific variation (Mayhew &
Glaizot 2001) have suggested that both clutch size and body size have the potential to
increase with host size across species. In addition, interspecific comparative studies on
two parasitoid taxa, the braconid genus Apanteles (Le Masurier 1987) and the family
Bethylidae (Mayhew & Hardy 1998), have shown that both these trends occur.
However, these studies could only examine relationships between close relatives: in
addition all these parasitoids attack a single host stage (the host larva).

2. When controlling for host stage attacked, clutch size and body size might be negatively
correlated. Intraspecific studies have shown that, when the size of the host is controlled,
larger clutches result in smaller bodied individuals because offspring must compete for
limited resources (Hardy et al. 1992). In addition, families that contain gregarious
species (where more than one individual can develop from each host) tend to be
smaller bodied than their sister taxa that are exclusively solitary (Mayhew 1998).
However, gregarious development is only a crude indicator of actual clutch size, and

the latter study could not examine relationships at finer taxonomic levels.
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3. After controlling for the stage of host attacked, koinobionts might have larger bodies or
lay larger clutches than idiobionts. Since koinobionts allow their hosts to continue to
develop for some time after parasitization, the host should in general be larger when the
parasitoid completes development than for idiobionts. Koinobionts may exploit this
advantage in two ways: by having more offspring per host (increased clutch size) or by
increased individual offspring fitness per host (increased body size). Previous
comparative studies have failed to support a direct relationship between development
mode and body size (Mayhew & Blackburn 1999), but the host stage attacked is a
possible confounding variable.

4. Body size and clutch size might be positively correlated with latitude. The positive
correlation of body size with latitude (Bergmann’s rule) has been described in a number
of taxa (see Gaston & Blackburn 2000), although there are significant exceptions
amongst the insects. Clutch size increases strongly with latitude in birds (Cardillo 2002)
but has not been extensively investigated in other taxa. Neither hypothesis has been
tested in parasitoids, yet latitudinal effects on life history hold the potential to explain
much of the variation across species.

3.3 Methods

3.3.1 Data

We used a data set that has been the material for three previous comparative studies
(Blackburn 1991a/b, Mayhew & Blackburn 1999, Appendix 1). The data comprise information on
474 parasitoid wasp species derived from the published literature prior to 1990. Since initial
investigations of this data set produced few positive results, it was criticized, quite rightly, due to
it being a ‘very sparse representation of a very diverse group of wasps, with a rather poorly
resolved taxonomy’ (Godfray 1994, p. 320). The implication was that, if only the data had been
more complete and standardized, more significant associations would have emerged. However,
a further investigation of the data by Mayhew and Biackburn (1999) provided evidence for a
number of hypothesized associations, suggesting that the data are at least good enough for
major axes of life history variation to be identified. The implication now is that the associations
hypothesized in the earlier studies were genuinely absent. Given that these data are now known
to contain useful information, we feel it is important to ask more questions from them, especially
about variables that are so far unexplained.

In addition, there has been much recent work on the phylogenetic relations of parasitoid
wasps. In our comparative analyses we use both the traditional taxonomy used in the earlier
analyses as well as information from recent phylogenetic studies. Differences in outcome allow
us to judge the sensitivity of results to phylogenetic assumptions, as well as the added value of
this recent phylogenetic work.

The variables investigated here are:

Body length (mm): excluding antennae and ovipositor.

Clutch size: the mean number of parasitoid offspring completing development per individual

host.
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Solitary or gregarious development. solitary development is where the mean clutch size as
defined above is one, gregarious development where it is greater than one.

Development mode: idiobiont or koinobiont
Geographic distribution: Temperate or tropical.

Host stage attacked. Species were classified as those ovipositing into eggs, nymphs, larvae,
pre-pupae, pupae, adults or any combination of these. In the independent contrast analyses
(see below) several of these categories were not sufficiently well represented to enable
contrasts to be calculated, and we only considered the following stages: eggs, nymphs, larvae,
prepupae, pupae, and aduits.

3.3.2 Analysis

Both continuous variables were log,o transformed prior 'to analysis to meet statistical
assumptions. Hypotheses were first tested by analysis of the raw data across species. Such
“phenotypic associations” allow one to predict something about the value of one species trait in
our data given knowledge of another trait. Phenotypic correlations are the product of any
evolutionary correlations between traits (associations between evolution in one trait and
evolution in another). Phenotypic correlations can reflect evolutionary correlations relatively
accurately if there is no phylogenetic dependence in the data, such that trait values in each
species are relatively independent of those in others (Freckleton et al. 2002, Price 1997).
However, if there is a degree of phylogenetic dependence in the data, phylogenetic information
needs to be incorporated into the analysis to detect evolutionary correlations, therefore to allow
this we used the Phylogenetic Regression (PR) (Grafen 1989).

Phylogenetic Regression is an independent contrast method that calculates, from the
raw species data, sets of contrasts that represent differences between sister-taxa in the
phylogeny, and are evolutionarily independent. To adopt an appropriate evolutionary model,
which is important if evolutionary correlations are to be detected (see Freckleton et al. 2002,
Harvey & Rambaut 2000, Price 1997), PR scales the branch lengths of the phylogeny using a
parameter, p, estimated from the data and the phylogenetic topology. The value of p should
reflect the degree of phylogenetic independence of the data. Recent simulation studies show
that p is a relatively good estimator of phylogenetic dependence when the number of species
analyzed is quite large, as it is in our study (Freckleton et al. 2002).

When there is a significant phenotypic correlation but a non-significant evolutionary
correlation, possible reasons include: a) reduction in power in the phylogenetic analysis, b) an
inappropriate evolutionary model in the phylogenetic analysis, c) phylogenetic dependence in
the data, meaning that cross species analysis does not accurately reflect evolutionary
correlations (see Mayhew & Pen 2002). In the latter case (c) evolutionary changes deep in the
phylogeny can exert a disproportionately large historical impact on extant phenotypes (for
example Hardy & Mayhew 1998, West & Herre 1998). To examine whether such explanations
apply, it is useful to examine individual contrasts, first to see which particular events have been
historically influential in this way, and second to examine how some contrasts come to be in the
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opposite direction to that expected from the cross species analysis. Phylogenetic Regression
does not allow us to examine the contrasts, so instead we re-ran the analysis through an
alternative software package that does (CAIC, Purvis & Rambaut 1995). CAIC cannot run all the
types of general linear model we wished to perform, and does not automatically scale the
branch lengths of the phylogeny to search for appropriate evolutionary models, hence our
overali preference for PR. We applied the equal branch length option to generate contrasts and
then identified contrasts of interest, the source of which we then investigated in the raw data. In

all cases, analyses that were non-significant using PR were also non-significant using CAIC.

3.3.3 Phylogenetic assumptions

We performed phylogenetic analyses using the traditional taxonomy used in earlier analyses of
the data (see Blackburn 1991a/b, Appendix 2) and also by constructing composite cladograms
from recent analyses of phylogeny. If several phylogenetic analyses had been attempted on a
group and there was a lack of consensus between them, we took two alternative approaches;
we first constructed a “conservative” cladogram (Appendix 3), representing only relationships
that are considered robust, and collapsing uncertainties into soft polytomies. Second, we used
only the most highly resolved tree available in an attempt to maximize power (Appendix 4). In
both cladograms, where no phylogenetic estimates were available for a group, we used
information from the taxonomy.

The basal branches of the conservative tree are taken from Figure 4 of Ronquist
(1999a). Chrysidoidea relationships are from Figure 5 of Ronquist (1999a). Ceraphronoidea
relationships are taxonomy based, as are the Evanoidea, the Platygasteroidea, and the
Proctotrupoidea. Chalcidoidea relationships are also taxonomy based, apart from the
Eulophidae, which are based on Figure 5 of Gauthier et al. (2000). The Cynipoidea are based
on Figure 2c of Ronquist (1999b). Braconidae relationships are taken from Figure 1a of Dowton
et al. (2002). The Ichneumonidae are taken from Figure 8 of Belshaw and Quicke (2002).

The more resolved tree differs from the conservative tree only in the following areas:
the basal relationships are taken from Figure 9 of Dowton and Austin (2001), the Chalcidoidea
are based upon Noyes (1990), and the microgastroids (Braconidae) are based on Figure 5 of
Dowton and Austin (1998).

The number of nodes in these different estimates of phylogeny are 166, 190, and 209
for the taxonomy, the conservative phylogeny, and the resolved phylogeny respectively. This
represents the maximum number of contrasts that could be made in the data, if all variables
were represented for all species.

3.4 Results
3.4.1 Body size, clutch size and host stage attacked

There was a significant association between body size and host stage attacked across
species (Kruskal-Wallis test, x2 = 88.61, df = 12, P < 0.001), and in all the PR analyses (Table
3.1). Across species, parasitoids attacking eggs or nymphs had the smallest bodies whilst
parasitoids attacking prepupal host stages had the largest bodies (Figure 3.1). The phylogenetic
regressions produced values of p ranging from 0.370 to 0.389, indicating moderate phylogenetic
effects. PR estimates also showed that parasitoids attacking eggs and nymphs had the smallest
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Table 3.1: Phylogenetic regression results for body size, clutch size, and host stage attacked

(* P <0.05 *P < 0.001). Numbers denote regression estimates or p values (italics). Estimates
represent the slopes for continuous variables or the means of each factor level relative to the
first factor level, arbitrarily set at zero. r - response variable, e — explanatory variable, ¢ — control
variable. E — egg, N — nymph, L - larva, Pr - prepupa, P — pupa, A —adult, Cs - clutch size, S -
solitary, G — gregarious, | — idiobiont, K - koinobiont, Te — temperate, Tr - tropical. Unless
otherwise stated all analyses were carried out using the full data set.

Analyses Taxonomy Conservative Resolved
cladogram cladogram
Body size (r) and host stage 0.379* 0.370* 0.389**
attacked (e) 0.000 E 0.000 E 0.000 E
-0.101 N -0.070 N -0.182 N
0.120 L 0.268 L 0.156 L
0.205 Pr 0.364 Pr 0.289 Pr
0.109 P 0.261 P 0.179 P
0.027 A 0.065 A 0.046 A
Clutch size (r) and host stage 0.082 * 0.045* 0.082*
attacked (e) 0.000 E 0.000 E 0.000 E
-0.435N -0.384 N -0.334 N
-0.125L -0.106 L -0.099 L
0.504 Pr 0.550 Pr 0.541 Pr
0.047 P 0.039 P 0.048 P
-0.133 A -0.169 A -0.070 A
Body size (r) and clutch size (e) 0.379 0.352 0.476
0.002 Cs -0.006 Cs 0.002 Cs
Body size (r), clutch size (e), host 0.419 0.192 0.500
stage attacked (c) -0.023 Cs -0.023 Cs -0.018 Cs
Body size (r), solitary / gregarious 0.379 0.352* 0.476
development (e) 0.000 S 0.000 S 0.000 S
-0.028 G -0.035G -0.028 G
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Figure 3.1: Mean (+SEM) log body size against host stage attacked across species. Numbers

indicate sample sizes.

53



1.4 -

1.2

1.0

0.8

|

04 28 7
56 T
T 136 [
0.2 L

12

Wi -

| | ; T | 1 T
Egg Nymph Larva Prepupa Pupa Adult Larva/pupa

Log clutch size

Host stage attacked

Figure 3.2: Mean (+SEM) log clutch size against host stage attacked across species. Numbers
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bodies, whilst those attacking pre-pupae had the largest bodies (Table 3.1).

Across species, there was a significant association between clutch size and host stage
attacked (Kruskal-Wallis test, X2 = 26.20, df = 11, P = 0.008). This relationship was also
significant in all PR analyses (Table 3.1). Across species, parasitoids attacking nymphal host
stages laid the smallest clutches and parasitoids attacking prepupal host stages laid the largest
(Figure 3.2); egg, larval, pupal and adult parasitoids tended to lay similarly sized clutches. The
PR analyses produced values of p ranging from 0.045 to 0.082 indicating very weak
phylogenetic effects. PR estimates also showed that parasitoids attacking nymphs laid the
smallest clutches, whilst parasitoids attacking prepupae laid the largest clutches (Table 3.1).

Across species, there was a significant negative association between clutch size and
body size (Spearman R =-0.211, n = 221, P = 0.002). However, none of the PR analyses were
significant (Table 3.1). Values of p (ranging from 0.352 to 0.476) indicate moderate phylogenetic
effects. Investigation of CAIC contrasts revealed a strongly negative contrast at the root of the
tree, which is likely to have been historically influential on the cross-species result. Unexpected
contrasts were found in the conservative phylogeny between Mesochorus agilis (Mesochorinae)
and Lophyroplectus oblongopunctatus (Scolobatinae) (Ichneumonidae), and between species of
Cremastinae and Metopiinae (Ichneumonidae) within the resolved phylogeny. In both cases
there have been large changes in body size without any change in clutch size (all species are
solitary). Variation in host size seems a likely reason. The above analysis was repeated
controlling for host stage attacked, a possible confounding variable. Across species, there was
a significant interaction between clutch size and host stage attacked on body size (F = 2.31, df
= 8, 190, P = 0.022); relationships were more negative for larval and pupal parasitoids than for
others (Figure 3.3). However, all phylogenetic regressions remained non-significant (Table 3.1).

Again phylogenetic effects were apparent, with values of p ranging 0.192 to 0.500.
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Figure 3.3: Log body size against log clutch size across species. Solid lines are regressions for
(a) egg parasitoids, and (b) larval parasitoids. Dotted lines are regressions for (a) pupal
parasitoids, and (b) parasitoids attacking other host stages.

Across species, solitary species had larger bodies than gregarious species (t-test, t =
2.95, df = 219, P = 0.001), but all PR analyses were non-significant, with p values ranging from
0.352 to 0.476. One contrast influential in the cross species result was found at the root of the
tree; higher taxa with larger bodies tended to be solitary. One unexpected negative contrast
involved species within the subfamily Encyrtinae (Chalcidoidea: Encyrtidae). Some of the
gregarious species within this subfamily have very large body sizes in comparison to the solitary
species. This is likely to be due to variation in host size: the large bodied gregarious species
attack larval/pupal host stages, which are amongst the largest host stages attacked.

Across species, a significant interaction emerged between solitary and gregarious
development and host stage attacked on body size (Figure 3.4). Solitary parasitoids have much
larger bodies than gregarious ones attacking larval and pupal host stages. However, solitary
parasitoids attacking both larval and pupal host stages have smaller body sizes than gregarious
ones. When controlling for host stage attacked, solitary / gregarious development now

significantly affected body size in one (Conservative cladogram, F = 2.43, df = 5, 83, P = 0.041),
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Figure 3.5: Mean (+SEM) log body size against host stage attacked, for idiobiont and koinobiont
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but not the other two PR analyses, although these two were much more significant than
previously.

3.4.2 Body size, clutch size and development mode

Across species, when controlling for host-stage attacked, there was a significant effect of
development mode on body size (F = 6.32, df = 1, 194, P = 0.013) and also a significant
interaction (F = 3.42, df = 6, 194, P = 0.003). Here koinobionts are larger bodied than idiobionts
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Table 3.2: Phylogenetic regression results for body size, clutch size, development mode, and
latitude (* P < 0.05 **P < 0.001). Numbers denote regression estimates or p values (italics).
Estimates represent the slopes for continuous variables or the means of each factor level
relative to the first factor level, arbitrarily set at zero. r - response variable, e — explanatory
variable, ¢ — control variable. E — egg, N — nymph, L - larva, Pr — prepupa, P — pupa, A — adult,
Cs - clutch size, S — solitary, G — gregarious, | — idiobiont, K - koinobiont, Te — temperate, Tr -
tropical. Unless otherwise stated all analyses were carried out using the full data set.

Analyses Taxonomy Conservative Resolved
cladogram cladogram
Body size (r), development mode 0.526 0.260 0.526
(e), host stage attacked (c) 0.000 | 0.000 | 0.000 |
-0.040K 0.022 K -0.046 K
Clutch size (r), development mode  0.700 0.0565 0.111
(e), host stage attacked (c) 0.0001 0.000 I 0.000 |
0.081 K 0.035 K 0.052 K
Body size (r), geographic 0.334 0.288 0.334
distribution (e) 0.000Te 0.000Te 0.000Te
-0.022 Tr -0.032 Tr -0.018Tr
Body size (r), geographic 0.399 0.003 0.045
distribution (e) 0.000 Te 0.000 Te 0.000 Te
(Ichneumonidae species only) 0.050 Tr 0.087 Tr 0.084 Tr
Clutch size (r) and geographic 0.045 0.037 0.082
distribution (e) 0.000 Te 0.000 Te 0.000 Te
0.120 Tr 0.292 Tr 0.291 Tr
Clutch size (r) and geographic 0.009 0.002* 0.002*
distribution (e) 0.000 Te 0.000 Te 0.000 Te
(gregarious species only) 0.2908 Tr 0.292 Tr 0.291 Tr

on a given host stage (Figure 3.5), but mainly in egg and larval-pupal parasitoids. However,
there was no significant effect in any of the PR analyses, with p values ranging from 0.260 to
0.526 (Table 3.2).

Within the egg parasitoids, influential positive CAIC contrasts were found at the root,
with koinobionts having larger body sizes than idiobionts. An unexpected contrast, in which
idiobionts increased in size relative to koinobionts, was found in the family Encyrtidae. The only
koinobiont within this group has a very large clutch size, which may account for it having such a
small body size in comparison to the idiobionts. For larval parasitoids, influential contrasts in the
expected direction were found between the Rogadinae species and also between species of
Braconinae (Ichneumonoidea: Braconidae). A contrast in the opposite direction was found
within a subsection of the Ichneumonidae (subfamilies Mesochorinae, Porizontinae, and
Scolobatinae). The koinobionts have smaller bodies than the only idiobiont species (Olesicampe
ratzeburgi), which is very large (11.50 mm). This wasp is known to attack very large bodied
hosts. A similar contrast is found between the Pimplinae and Cryptinae (Ichneumonidae). Two
idiobiont species (Rhyssa persuasoria and Pseudorhyssa maculicoxis) are influential here, both
using very large insect larvae as hosts. For pupal parasitoids, an influential contrast was found
between species of Chalcidoidea. Two species within the tribe Entedontini (Chalcidoidea:
Eulophidae: Entedoninae) provided the first unexpected contrast. The Chrysocharis species
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(1.49 — 1.89 mm) and Pediobius acanthi (1.62 mm) are idiobionts and a koinobiont respectively,
all with similar body sizes. Another unexpected contrast was found in the subfamily Cryptinae
(Ichneumonidae). Here Agrothereutes adustus has a slightly larger body size (8.25 mm) than
the koinobiont species (4.25 — 7.50 mm). There was no effect of biosis on clutch size after
controlling for host stage attacked, either across species (F = 0.21, df = 1, 183, P = 0.641) or in
the PR analyses, where p values range from 0.055 to 0.111 (Table 3.2).

3.4.3 Body size, clutch size and latitude

Across species there was a significant association between body size and latitude, with larger
bodies associated with temperate as opposed to tropical species (Kruskal-Wallis test, xz = 9.08,
df = 1, P = 0.003) (Figure 3.6). The relationship was however not significant in any PR analyses,
with a range of p values from 0.288 to 0.334 (Table 3.2). A contrast in the expected direction
was found at the root of the tree. A contrast in the opposite direction was found between
Bethylidae species, the temperate species range from 1.33 — 3.50 mm in body length, whereas
a tropical species (Pristocera rufa) is 6.05 mm long. Pristocera rufa attacks a weevil species
that is 10 - 14 mm long (Baker 1976), whereas the other bethylid species in this contrast have
very small hosts, up to 4mm in length (Mayhew and Hardy 1998). Another unexpected contrast
is between the Braconinae species, which vary in clutch size, and this could confound the effect
of latitude on body size. Another unexpected result is between two species of Comperiella
(Chaicidoidea: Encyrtidae: Habrolepidini), the temperate species (Comperiella bifasciata) is
0.61 mm and the tropical species (Comperiella unifasciata) is 1.30 mm long. Both species are
solitary therefore differences in host size are the likely reason for this contrast.

Because previous work has suggested that the large-bodied Ichneumonidae are more
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species rich in some temperate than tropical latitudes, the cross-species result could simply be
the result of sampling more ichneumonids at low latitudes. To test this possibility, we repeated
the analysis without any ichneumonids. Across species there was still a significant association
between body size and latitude, with larger bodies associated with temperate as opposed to
tropical species (Kruskal-Wallis test, x° = 5.08, df = 1, P = 0.024). A cross-species analysis, with
only the Ichneumonidae, was marginally non-significant but in the same direction (Kruskal-
Wallis test, xz =297, df = 1, P = 0.085). In PR, this relationship is also not significant (Table
3.2).

Across all species, clutch size was not significantly associated with latitude (Kruskal-
Wallis test, x° = 0.62, df = 1, P = 0.300), although the relationship approached significance
when only gregarious species were considered (Kruskal-Wallis test, x2 =3.17,df =1, P=0.075)
(Figure 3.7). PR analyses for all species considered together are non-significant (Table 3.2).
However, when analysing the subset of gregarious species, significance was obtained in the
conservative and resolved phylogenies, whereas when using the taxonomic levels the resulit
was marginally non-significant (Table 3.2). In all cases larger clutches are found in tropical

species than in temperate species.

3.5 Discussion

3.5.1 General findings
The major finding of this study is that clutch size and body size are strongly associated with host

stage attacked both in extant species phenotypes and in terms of evolutionary correlations. The
evolutionary association between clutch size and latitude is also significant, for gregarious
species. A number of other hypothesized trait associations are found across species, explaining
more of the existing phenotypic variation, but without evidence that these are due to consistent
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evolutionary correlations. Instead, a few evolutionary events may have had disproportionate
historical effects on present phenotypes. Below we discuss the implications of our findings for
studies of life history evolution, and for comparative studies in general.

3.5.2 Body size, clutch size and host stage attacked

We have found that both body size and clutch size are associated with host stage attacked both
across species and in phylogenetic analyses. This is to our knowledge an entirely novel finding.
Parasitoid species attack a wide variety of different host types, both different taxonomic groups
and / or species of different size, different host stages, and in different ecological niches (Gauld
& Bolton 1988, Quicke 1997). Theoretical models (see Mayhew & Glaizot 2001), predict that the
size of the host is a critical influence on both clutch size and body size across species: host size
influences body size because it ultimately limits the amount of resource available for developing
offspring, and hence also regulates the clutch sizes allocated to hosts by females. Solitary
species by definition cannot vary their final brood size and hencé their body size should be
highly sensitive to host size, increasing with host size across species. Even gregarious
populations, experiencing different average host sizes, may be selected to increase both the
clutch size and the body size of offspring on larger hosts (Mayhew & Glaizot 2001).

Two previous comparative analyses provide evidence for these trends in the braconid
genus Apanteles and the family Bethylidae respectively (Le Masurier 1987, Mayhew & Hardy
1998). In both, taxa body size and clutch size are positively correlated with host size as
predicted by theoretical models. In the present study we have a much larger data set covering
the taxonomic breadth of the parasitoid Hymenoptera, but we do not have information on the
body sizes of the host species involved. However, unlike the above studies, host stage attacked
varies widely in our data and is recorded. Some associations are concordant with expectations
based on the relative sizes of the host stages; the largest body and clutch sizes are associated
with relatively late host stages (prepupae) and the smallest bodies and clutches are associated
with attacking eggs or the nymphs of hemimetabolous insects such as aphids, mealybugs and
scale insects, which in general are very small.

Unexpected resullts are that some egg parasitoids are very large-bodied or lay large
broods. These are koinobionts, which allow their hosts to grow considerably after maturation; for
example, Copidosoma species (Encyrtidae) iay in host eggs but the offspring emerge from fully
developed host larvae, and several hundred can develop polyembronically from a single host:
these are amongst the largest brood sizes in any parasitoid. In addition, parasitoids attacking
adult insects are not generally the largest bodied and do not lay the largest clutches. In fact,
adult parasitism is rather rare amongst the parasitoid Hymenoptera and the host species
concerned are not large: in our data they include braconids of the subfamily Euphorinae such as
Microctonus hyperodae, which parasitizes the adult of the argentine stem weevil, and
Microterys flavus (Encyrtidae), a parasitoid of scale insects.

Variation in body size is generally much more reflective of the size of the host stage
attacked than clutch size (Figure 3.1, 3.2). For example, egg parasitoids are very much smaller
than larval, prepupal and pupal parasitoids. In contrast, average clutch sizes are very similar for
egg, larval, pupal and adult parasitoids. Theoretical models predict that body size will be much

more responsive to variation in host size in species that display contest competition amongst
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their larvae (solitary species) than species that display scramble competition amongst their
larvae (gregarious species). In our data the majority of species are solitary, and this is probably
representative of the parasitoid Hymenoptera as a whole (see Mayhew 1998), so contest
competition between larvae seems a likely reason for this result.

An alternative type of explanation might be that there are selection pressures on body
size or clutch size that depend on the stage of host attacked but are independent of its size. For
example, clutch size might be modified in response to the host's immune system, which might
be more efficient in larvae than in eggs. Our data should now stimulate studies comparing the
fitness consequences of body size and clutch size in parasitoids attacking different host stages.

Interestingly, in a previous comparative study of body size and clutch size (Mayhew &
Hardy 1998), evolutionary correlations were non-significant over the entire phylogeny, but were
significant over different parts of it, indicating perhaps that clutch size and body size differ in
their evolutionary lability (see Strand 2000). In the present study, both variables are significantly
correlated with host stage attacked over the entire phylogeny. One possible reason for this
difference is that important changes in both variables occurred at the origin of major groups,
which were not represented in the previous study. Intuitively, this seems likely, since the major
groups of parasitoid Hymenoptera represent contrasting body and clutch sizes (for example
Ichneumonoidea versus Chalcidoidea). These results therefore cast doubt on the generality of
previous results on the lability of these traits, though they remain valid for bethylids.

Previous comparative work across families (Mayhew 1998) suggested that body size
and clutch size were negatively evolutionarily associated, as expected if they trade-off for a
given host size. In this study we find a negative correlation between the traits across species,
but fail to find a significant evolutionary correlation, even after controlling for host stage
attacked. One possible reason for the difference in our results is that the data of Mayhew (1998)
represented all families, but did not investigate relationships between close relatives. In
contrast, the present study does contain many contrasts between members of the same genus
or closely related genera, but does not represent all major higher taxa. It is likely that
differences in clutch size or body size, between close relatives, are also the result of
confounding variables, which we are unable to control for here. This indicates that any
association between body size and clutch size is probably dependent on a number of other
variables (host stage attacked, host species size, development mode) remaining constant.

3.5.3 Body size, clutch size and development mode

We expected, as others have speculated (Godfray 1994), that body size would be related to
development mode, because of the ability of koinobionts to allow their hosts to grow after
parasitization. Mayhew and Blackburn (1999) failed to detect an evolutionary correlation
between the two traits, but one possible confounding variable is the host stage attacked, which
is highly variable across both koinobionts and idiobionts. After controlling for this, there is a
significant association across species between development mode and body size, with
koinobionts being larger than idiobionts attacking a given host stage. There is also a significant
interaction, with the largest difference being amongst egg parasitoids. This makes intuitive
sense, as the potential for hosts to increase in size is greatest if early host stages are attacked.
However, once again there is no evidence that this is the result of a consistent evolutionary
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correlation. Examination of the contrasts revealed that variation in the size of the host species is
likely to be the cause of the unexpected contrasts, like that found within the Ichneumonidae
attacking larval host stages. There is no evidence that clutch size is related to development
mode. This suggests that any fithness advantage of koinobiosis is not reaped through an
increase in clutch size, but may be reaped though an increase in body size.

3.5.4 Body size, clutch size and latitude

We speculated that latitude might explain some of the variation in body size and clutch size in
parasitoids, as it does in several other organisms. Our data on latitude are very crude, since
species are simply coded in a binary fashion as either temperate or tropical. However, in many
ways, this crude classification is powerful as it ensures that any contrasts are between species
that differ markedly in the latitudinal extent of their ranges (see Cardillo 1999, 2002). Although
we found a positive relationship between body size and latitude (Bergmann’s rule) across
species, this was not replicated in the phylogenetic analyses. At least some of the contrast
variation is due to differences in clutch size and host size: for example in the Bethylidae.

Although there was not a significant across-species relationship between clutch size
and latitude when all species were considered, the relationship did approach significance in the
phylogenetic analyses. In a number of groups, such as the Ichneumonidae, clutch size is
evolutionarily conserved and is nearly always one (solitary groups) (Mayhew 1998). If solitary
species are removed from the analysis, such that we only consider gregarious species, which
are generally regarded as having labile clutch sizes (Godfray 1994), then the significance of all
analyses increases, and two of the phylogenetic regressions are now significant. Interestingly,
the direction of this relationship (temperate species lay smaller clutches than tropical ones) is
the opposite to that found in birds, but is that expected from the body size trends if clutch size
and body size trade-off together.

Recently, there has been some interest in explaining latitudinal gradients in species
richness by considering latitudinal gradients in life history traits. Specifically, if life history traits
vary with latitude, they might in turn affect speciation or extinction rates at different latitudes,
and hence species richness (Cardillo 2002). In this respect it is interesting that one group of
parasitoids, the lchneumonidae, which are generally large bodied and solitary, have often been
observed to be less species rich in tropical than in some temperate latitudes (see Gaston &
Blackburn 2000, Godfray 1994). Our studies raise the possibility that selection on life history
traits, such as body size and clutch size, might contribute towards this trend. Previous work on
explaining the lack of tropical ichneumonid diversity has concentrated on factors, such as host
density declining in the tropics, that are rather general to parasitoids. However, there is good
evidence that the decline in tropical diversity seen in ichneumonids is not general to all
parasitoids (see Hanson & Gauld 1997). Explanations focussing on traits particular to

ichneumonids should hold much more prospect of success. Large body size and small clutch

size are two such traits.

3.5.5 Analytical issues
Our analyses have implications for comparative methodology and for research on the

phylogenetic relationships of parasitoid wasps. One argument for not carrying out phylogenetic
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comparative analyses is that they generally give the same answer as cross-species analyses
(see Ricklefs & Starck 1996). However, several of our analyses give significant results across
species, but not when phylogeny is taken into account. In many cases values of p are
moderately high (although never very high), indicating some phylogenetic dependence. In
contrast, where there is agreement between cross-species and PR analyses, the values of p
are often very small, indicating a lack of phylogenetic dependence. In addition, we even find one
case of a significant phylogenetic analysis when the cross species analysis is non-significant!
Therefore use of phylogeny is justified. Another reason to abandon phylogenetic analysis is if
there is no phylogenetic dependence in the data (see Abouheif 1999). However, phylogenetic
dependence is not absent from our data.

The earlier studies on the current data have been criticized due to the fact that only a
poorly resolved taxonomy was used. This has the effect of lowering power, and also of possibly
introducing bias if the taxonomy is not an accurate reflection of phylogeny. We have conducted
analyses including the most up-to-date phylogenetic information. The result has been to
improve the power of the analyses, since the number of nodes over which we can calculate
contrasts has increased. The relationship between body size and host stage attacked is only
marginally significant using taxonomy, but is highly significant in both analyses using
phylogenetic evidence. In addition, the relationship between clutch size and latitude in
gregarious species is significant in both analyses incorporating phylogenetic studies, but is
marginally non-significant using taxonomy alone. Thus, only about a decade of phylogenetic
work has produced significant benefits for comparative studies (as long as these studies are
better representative of phylogeny than the taxonomy alone).

3.5.6 Conclusion

Finally, we put the present results in a wider context. In many organisms adult body size is
probably determined by organisms deciding on the optimal time to divert resources away from
growth and into reproduction (see Charnov 1993, Gemmill et al. 1999, Kozlowski & Gawelczyk
2002, Kozlowski & Weiner 1996, Stearns 1992). In these cases variation in mortality rates are
likely to be the most important factor causing variation in maturation time, and hence body size.
In contrast, with some possible exceptions (see Harvey et al. 2000), studies to date suggest that
the most important biological factors affecting parasitoid body size are the size of the host when
it is finally consumed, which ultimately limits how large a parasitoid larva can grow, and the
clutch size per host, which affects how many offspring the host must be divided between. Both
these are parental optimization decisions. These selection pressures, although different from
those in many other organisms, may not be unique to parasitoid Hymenoptera; many other
insects develop by consuming small highly depletable resource patches, and the possibility
remains that body size and clutch size in many other insects, and hence a large proportion of

the planet’s species, are determined in much the same way.
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Chapter 4: A comparative analysis of life history evolution across the Ichneumonoidea
(Hymenoptera)

Ruth E. Traynor & Peter J. Mayhew

4.1 Abstract

1. A large comparative data set and recent phylogenetic information are used to investigate
associations between life history traits across the Ichneumonoidea (Hymenoptera), a species
rich superfamily of parasitoids.

2. A degree of support for the dichotomous hypothesis is found; idiobionts / ectoparasitoids have
one suite of life history traits and koinobionts / endoparasitoids have an opposing suite of traits.
Adult ectoparasitoids / idiobionts live longer than adult endoparasitoids / koinobionts, and
endoparasitoids are more fecund than ectoparasitoids. Across species, koinobionts are more
associated with hosts found in exposed locations, whereas idiobionts are more associated with
hosts in semi-concealed locations. No evidence is found to suggest that idiobionts /
ectoparasitoids have broader host ranges, shorter preaduit lifespans, or larger eggs than
koinobionts / endoparasitoids.

3. Trade-offs are identified between parasitoid body size and brood size, and between fecundity
and egg volume. Positive relationships are found between parasitoid body length and a)
preadult lifespan, b) adult longevity and c) egg size.

4. Parasitoid and host body sizes are positively correlated. Brood size is found to be positively
associated with host body length across species, when parasitoid body length is controlled for.
Solitary species are larger, but are associated with smaller hosts than gregarious species.
Gregarious species are more associated with external rather than internal pupation sites.

5. Several variables are correlated with geographic range; parasitoids that are studied more
frequently have larger known geographic ranges. After controlling for the degree of study,
geographic range is positively associated with a) temperate versus tropical distribution, b) host
geographic range and c¢) the number of host species attacked. Across species, temperate
parasitoids have longer preadult lifespans than tropical parasitoids and larger parasitoids have
larger geographic ranges.

6. Parasitoids that have been studied more attack more host species. After controlling for the
degree of study, temperate parasitoids are found to attack more host species than tropical
parasitoids, as do parasitoids with larger geographic ranges. Species attacking larval host
stages attack the smallest number of host species, whereas those attacking nymphal host
stages attack the greatest number of host species.

7. Our results suggest that several biological transitions regulate life history variation in the group;
between i) endoparasitism and ectoparasitism, ii) koinobiosis and idiobiosis, iii) hosts with

different ecological niches and life histories.
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4.2 Introduction

Evolutionary ecologists are interested in explaining interspecific life history variation across species
and this has been addressed in a number of ways. Theoretical models are used to formulate
hypotheses which can identify constraints and selective pressures, and to predict associations
identified in comparative studies, which investigate inter-correlations between traits. In return,
comparative studies can suggest assumptions or predictions that theory shouid aim to meet.
Comparative studies on mammalian life history traits (for example Gittleman 1986, Harvey &
Clutton-Brock 1985, Harvey & Zammuto 1985, Read & Harvey 1989, Wootton 1987) have been
used to construct theoretical models successfully predicting variation across many life history traits
(see Charnov 1991, 1993, 2001, Kozlowski & Weiner 1996). In many instances, body size has been
identified as an important correlate of life history variation for both vertebrates and invertebrates
(see Calder 1984, King 1989, Stearns 1989). However, most groups of organisms lack a single life
history model that can successfully predict or explain life history variation across a number of traits.

Parasitoids are insects that, whilst free living as adults, develop to maturity by feeding on
and killing an arthropod host. Parasitoids have long been known as very good study subjects for
addressing life history evolution (see Godfray 1994, Harvey et al. 2000, Harvey & Strand 2002), as
they normally obtain their resources for development from a single source, the host. They are
extremely diverse and exhibit much greater developmental variation than any other arthropod group
(Strand & Grbic 1997).

Previous studies on interspecific parasitoid life history variation have mainly addressed the
evolution of two traits, namely idiobiosis / koinobiosis and ectoparasitism / endoparasitism (the
dichotomous hypothesis) (for example Gauld 1988, Mayhew & Blackburn 1999, Shaw 1983, Shaw
& Huddleston 1991, Whitfield 1992). ldiobionts are parasitoids that permanently paralyse their
hosts, using lethal or paralysing venom at the time of oviposition, with the parasitoid larva rapidly
consuming the host. Koinobionts temporarily paralyse their host but allow it to resume development
for a time post-parasitism. The parasitoid larva remains inactive until the host reaches a suitable
stage for final consumption to take place. Ectoparasitoids oviposit on or near their host and the
parasitoid larvae complete development outside the host’s body. Endoparasitoids oviposit into their
host's body, where the developing larva consumes the host's haemolymph and / or tissues
internally. Endoparasitoids normally complete their development internally to the host, but can
sometimes complete development externally.

Comparative evidence suggests that idiobiosis is associated with ectoparasitism, and
koinobiosis with endoparasitism (see Mayhew & Blackburn 1999). Various studies also suggest that
idiobionts / ectoparasitoids have lower fecundity (Blackburn 1991b, Price 1974), shorter preaduit
lifespan (Blackburn 1991a), larger eggs (Godfray 1994, Mayhew & Blackburn 1999, Shaw &
Huddleston 1991), more concealed hosts (Gauld 1988, Godfray 1994, Quicke 1997), longer aduilt
lifespan (Mayhew & Blackburn 1999) and a broader host range than koinobionts / endoparasitoids
(Askew & Shaw 1986, Muller ef a/. 1999, Sato 1990, Sheehan & Hawkins 1991).

Blackburn (1991a,b) found that parasitoid preadult lifespan and egg size were correlated

with body size, that more fecund taxa laid smaller eggs than less fecund taxa and that there was a
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positive correlation between adult body size and fecundity, when controlling for egg size. He also
found temperate parasitoid species had longer preadult lifespans than tropical species. However,
many traits were not correlated to body size in the way seen in other taxa.

Askew (1994) stated that host range is the most variable biological life history trait of
parasitoids, where the majority of species are not host-specific. Instead many are polyphagous,
exploiting hosts from different orders in similar habitats, whereas others may be restricted to a
single host genus or family. The three most important determinants of host range in parasitoids
have been identified as mode of development, phylogeny, and shared ecology (see Shaw 1994,
Strand & Obrycki 1996). Koinobionts are hypothesized to have narrower host ranges than idiobionts
(see Askew & Shaw 1986) and this was found to be the case by Sheehan and Hawkins (1991) as
well as by Shaw (1994). Phylogenetic history has been used to predict which taxa are suitable as
hosts for a given parasitoid species (Gauld 1986).

Other work has focused on parasitoid body size and clutch size in relation to host size.
Families containing gregarious species have been shown to be smaller bodied than their sister taxa
that are exclusively solitary (Mayhew 1998). Comparative studies have revealed that within, the
braconid genus Apanteles (Le Masurier 1987), host size is positively correlated with both clutch size
and body size in gregarious species, this result was also found in the Bethylidae by Mayhew and
Hardy (1998). Some theoretical models (Mayhew & Glaziot 2001) predict this observed outcome.

The largest superfamily within the Hymenoptera is that of the Ichneumonoidea. It is
estimated that more than 150,000 species are found within its two extant families: the Braconidae
and the Ichneumonidae (Belshaw et a/. 1998). The Ichneumonoidea are model organisms in
evolutionary biology (Godfray 1994, Quicke 1997) and already have a great wealth of information
available, as many are biological control agents (Greathead 1975). Several higher level
phylogenetic hypotheses have been put forward for the Braconidae and Ichneumonidae (see
Belshaw et al. 1998, Belshaw ef al. 2003, Dowton 1999, Dowton & Austin 1998, Dowton ef al. 1998,
Quicke et al. 2000). The Ichneumonoidea are suitable for a comparative study, as phylogenetic
estimates are available for each family, as well as a wealth of life history information available in the
literature.

Comparative work by Blackburn (1991af/b) across the whole parasitoid Hymenoptera has
been criticised by Godfray (1994, p. 320) as a 'very sparse representation of a very diverse group of
wasps, with a rather poorly resolved taxonomy’. It was suggested that a more complete and
standardised data set would have led to more significant associations being found. The current data
set fulfils these criteria better than Blackburn’s data set, includes novel variables (host size, host
range, and geographic range data) and can provide us with more useful information on life history
evolution. We use both traditional taxonomy and recent phylogenetic information. Differences in
outcome allow us to judge the sensitivity of the results to the phylogenetic assumptions, as well as
the added value of the recent phylogenetic work.

We test the following life history hypotheses on a large data set for the Ichneumonoidea:

derived from a) knowledge of parasitoid biology and b) studies of other organisms.
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Idiobiosis / koinobiosis and ectoparasitism / endoparasitism have been identified as
important life history traits that predict a suite of other parasitoid life history traits, known as
the dichotomous hypothesis (see Askew 1975, Askew & Shaw 1986, Godfray 1994, Jervis
et al. 2001, Mayhew & Blackburn 1999). Idiobionts / ectoparasitoids should be more
associated with more concealed hosts, a greater number of host species, shorter preadult
lifespan, longer adult lifespan, lower fecundity and larger eggs than koinobionts /
endoparasitoids.

We expect to find allometric relationships between egg volume and body size (see Charnov
1991, 1993, Kozlowski & Weiner 1997). We expect to find a trade-off between egg volume
and fecundity (see Blackburn 1991b, Strand 2000), where a reduction in egg size will lead
to an increase in fecundity.

Body size and brood size trade-off against each other and are positively correlated with
host size (see Hardy et al. 1992, Mayhew & Glaziot 2001, see also chapter 3).

Parasitoid geographic range / distribution might be correlated with several parasitoid life
history traits. There may be a positive correlation between parasitoid body size and latitude
(Bergmann’s rule, see Gaston & Blackburn 2000). Preadult lifespan is expected to be
longer at lower temperatures, for example in temperate rather than tropical areas
(Blackburn 1991a). Parasitoid geographic range may increase with latitude (Rapoport's
rule) (see Stevens 1989), as found in birds in the Holarctic region (Cardillo 2002).

Parasitoid host range is expected to be greater for ectoparasitoids / idiobionts rather than
for endoparasitoids / koinobionts (see Askew & Shaw 1986, Hawkins 1994), as the latter
parasitoids are in more intimate contact with their hosts for longer periods of time, which is
likely to necessitate a greater degree of specialization. The resource fragmentation
hypothesis (see Janzen 1981, Janzen & Pond 1975) suggests that specialized species
should be less abundant in the tropics, therefore we may expect host range to increase
towards the tropics. Parasitoid geographic range may also affect host range, with
parasitoids with larger geographic ranges attacking a wider range of hosts.

4.3 Methods

4.3.1 Data

The data set comprises information for 382 Ichneumonoidea parasitoid species, representing 26
braconid subfamilies and 25 ichneumonid subfamilies (Table 4.1, Appendix 5). The data was
derived mainly from the published literature, although some parasitoid and host adult body length
data were obtained through the measurement of specimens at the Natural History Museum,
London. Parasitoid species were chosen for investigation by meeting certain criteria. Several
research papers had to be available for them, and to achieve a good taxonomic spread we tried to

represent as many subfamilies as possible. Literature searching was eventually called to a halt due

to time limitations and diminishing returns.
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Table 4.1: Number of species representing different subfamilies in the data.

Family Braconidae

Family Ichneumonidae

Agathidinae 21 Acaenitinae 2

Alysiinae 13 Adelognathinae 5

Aphidiinae 18 Agriotypinae 16
Blacinae 3 Anomaloninae 2
Braconinae 15 Banchinae 4
Cardiochilinae 2 Campopleginae 32
Charmontinae Collyriinae 1

Cheloninae 12 Cremastinae 5
Doryctinae 8 Cryptinae 20
Euphorinae 11 Ctenopelmatinae 6
Exothecinae 6 Diplazontinae

Gnamptodontinae 1 Eucerotinae 2
Helconinae 7 Ichneumoninae 13
Homolobinae 1 Labeninae 1

Hormiinae 2 Mesochorinae 2

Ichneutinae 2 Metopiinae 6
Macrocentrinae 4 Neorhacodinae 1

Microgasterinae 47 Ophioninae 2

Microtypinae 2 Orthopelmatinae 2

Miracinae 2 Pimplinae 26
Opiinae 17 Poemiinae 1

Orgilinae 2 Rhyssinae 2
Pambolinae 1 Stilbopinae 3
Rhysipolinae 3 Tryphoninae 6
Rhyssalinae 2 Xoridinae 2
Rogadinae 9

The variables investigated are as follows:

Egg volume (mm°): Calculated from the equation

Egg volume = 4/3n x a x b°

Where a = half the egg length and b = half the maximum egg width, which assumes an ovoid egg

shape (see Blackburn 1991b).

Preadult lifespan (days): Total number of days for egg, larval and pupal development.

Parasitoid adult body length (mm): Excluding antennae (and ovipositor where necessary).
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Adult longevity (days): The mean longevity per parasitoid species.
Brood size: The mean number of parasitoid offspring completing development per individual host.
Fecundity. The maximum number of eggs reported to be laid by an individual of the species.

Parasitism. Ectoparasitoids oviposit on or near their host and the parasitoid larvae complete
development outside the host's body. Endoparasitoids oviposit into their host's body, where the
developing larvae consume the host's haemolymph and or tissues internally. Endoparasitoids

normally complete their development internally to the host, but can sometimes complete
development externally to the host.

Solitary or gregarious development: Solitary wasps are those whereby only a single individual
successfully completes development per host. Gregarious development is when several offspring
can successfully complete development on each host.

Development mode: Idiobionts permanently paralyse their hosts, using lethal or paralysing venom
at the time of oviposition, with the parasitoid larva rapidly consuming the host. Koinobionts
temporarily paralyse their host but allow it to resume development for a time post-parasitism. The
parasitoid larva remains inactive until the host reaches a suitable stage for final consumption to take
place.

Pupation site (4 states): Inside the host's body, under the host's body (for example mummified
aphid), inside the host’s puparium but outside it's body, external to the host's body and puparium: it
was also recorded as 2 states either inside the host’s body or external to the host’s body.

Parasitoid geographic range (kmz): A list of countries that each species was recorded from in the
literature. The area (km?) for each country was obtained from the national geographic society at
http://plasma.nationalgeographic.com/mapmachine/countryprofiles.html and the total area of the list

of countries that each parasitoid was recorded from was calculated.

Parasitoid geographic distribution: Temperate species are located in countries that are found north
of 23.5°N or south of 23.5°S. Tropical species are located in countries that are found between
23.5°S and 23.5°N. Species found in both temperate and tropical countries were recorded as such.

Parasitoid mean latitude: Calculated by dividing the maximum plus the minimum absolute latitude,

of the countries where the parasitoid is found, by two.

Host stage attacked (6 states): Egg, nymph, larva, prepupa, pupa, adult; it was also recorded as 15
states which included combinations of the above host stages (see Appendix 5).
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Host exposure: Exposed hosts are fully exposed and occupy no structural refuges, semi-concealed
hosts are those that have a slight refuge within their sheiter but remain susceptible to parasitoid
attack (for example leaf-miners), and concealed hosts are those that are physically protected and
generally well concealed (for example borers).

Host niche: External, leaf-miner, leaf-roller, web-spinner, casebearer, galler, borer, root feeder,

predator, nest, in vegetation or leaf litter, pollen feeder, in stored grain, decaying plant material,
frugivore, saprotroph.

Host adult body length (mm): Excluding antennae (and ovipositor where necessary).

Host geographic range (km?): Compiled per host species from the parasitoid literature, as defined in
parasitoid geographic range.

Parasitoid host range: The total number of host species recorded per parasitoid species. Taken
from the literature used in this study.

Degree of study: The total number of pages recorded per parasitoid species. Taken from the
literature used in this study, a page is counted if it mentions the parasitoid species of interest. Some
parasitoid species have been studied more frequently than other species, for example those used
for biological control, or those with a wider geographic range. This variable is used as a control

variable.

4.3.2 Analysis
All the continuous variables (except mean latitude) were log,, transformed prior to analysis to meet
statistical assumptions (see Garland ef a/. 1992).

Hypotheses were first tested by analysis of the raw data across species. To test the
associations between a) two continuous variables the Pearson or Spearman’s rank correlation was
used, b) two categorical variables a Pearson Chi-squared test was carried out, c) a continuous and
a categorical variable, a t-test or Kruskal-Wallis test was carried out, d) two continuous variables
(controlling for a continuous variable for both), Partial correlation was carried out and d) a
continuous and categorical variable (controlling for either a continuous or categorical variable) a
two-way ANOVA was carried out. Cross-species analyses allow one to predict something about the
value of one species trait in the data set given knowledge of another trait. Any evolutionary
correlations between traits (associations between the evolution in one trait and the evolution in
another trait) produce these phenotypic correlations. Phenotypic correlations can reflect
evolutionary correlations relatively accurately if the data has no phylogenetic dependence, such that
trait values in each species are relatively independent of those in others (Freckleton et al. 2002,
Price 1997). However, if there is a degree of phylogenetic dependence in the data then
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phylogenetic information needs to be incorporated into the analysis, in order to detect evolutionary
correlations. For this Phylogenetic Regression (PR) (Grafen 1989) was used.

Phylogenetic Regression (PR) is an independent contrast method that calculates, from the
raw species data, sets of contrasts that represent differences between sister-taxa in the phylogeny,
and are evolutionarily independent. To adopt an appropriate evolutionary model, which is important
if evolutionary correlations are to be detected (see Harvey & Rambaut 2000, Freckleton et al. 2002,
Price 1997), PR scales the branch lengths of the phylogeny using a parameter, p, estimated from
the data and the phylogenetic topology. In order to adopt the appropriate model of evolution, the
parameter should reflect the degree of phylogenetic independence of the data.

Control variables, as in any ANOVA or regression, can only have an affect on the response
variable in PR analysis. However, confounding variables sometimes affect both the response and
explanatory variables. For example, this was the case when we studied how host geographic range
affects parasitoid geographic range, controlling for the degree of study. In such cases the ‘residual’
values were calculated and used instead of the ‘normal’ log values for the explanatory variable. The
‘residual’ values were calculated by fitting the PR slopes through the cross-species data for the
variable concerned. The calculations are given below.

Taxonomic PR analysis: log parasitoid geographic range — (log parasitoid geographic range
(0.495) x log degree of study); log host geographic range — (log host geographic range (0.217) x log
degree of study); log host range - (log host range (0.313) x log degree of study). Composite
cladogram PR analysis: log parasitoid geographic range — (log parasitoid geographic range (0.514)
x log degree of study); log host geographic range — (log host geographic range (0.239) x log degree
of study); log hosts range — (log host range (0.306) x log degree of study).

Unless otherwise stated all analyses, both across species and in the PR, were carried out
on the full species data set, where information for the required variables was available.

Sequential Bonferroni correction (Rice 1989) was carried out separately for the a) cross-
species, b) taxonomic PR, and ¢) composite cladogram PR analyses. This method assumes that,
for each test carried out in each type of analysis, the same null hypothesis (that there are no
significant results as a whole) is being tested. The correction reduces the critical level of
significance when multiple comparisons are carried out because of the increased chance of a Type
[ error (a false positive). In the results section, tests that are significant prior to sequential Bonferroni
correction are not significant afterwards, unless otherwise stated in the test or tables. As 66 tests
were carried out in the cross-species analysis, one would expect 3.3 tests to be significant at P <
0.05 by chance alone, but 15 are found. As 83 tests were carried out in the taxonomic and
composite cladogram PR analyses, one would expect 4.15 tests per analysis to be significant at P <

0.05 by chance alone, for the taxonomic analysis 11 are found, and for the composite cladogram

analysis 12 are found.

4.3.3 Phylogenetic assumptions
We performed phylogenetic analyses using traditional taxonomy (Appendix 6) and by constructing a

composite cladogram from recent phylogenetic analyses (Appendix 7). However, taxonomic
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information was used for those groups that had no phylogenetic estimates available. To construct
the composite cladogram we searched for those studies which had cladograms that were a) well
supported (with high bootstrap values), b) well resolved (with few polytomies) and ¢) had the
greatest required taxonomic coverage.

For the composite cladogram, the Braconidae subfamily phylogeny is taken from Figure 1a
of Dowton et al. (2002). This figure was chosen, as it is a relatively complete subfamily phylogeny
(although it is missing the Microtypinae and the Rhysipolinae) based on molecular and
morphological data and published with few polytomies. There are however two exceptions within
this figure. Firstly, the Homolobinae and Microtypinae are placed as sister taxa according to Figure
1 of Belshaw et al. (2003). Secondly, in order to include the Rhysipolinae we used Figure 5 of
Zaldivar-Riveron et al. (2004). Therefore the group containing Rogadinae, Hormiinae, Pambolinae,
Rhysipolinae, Doryctinae, Braconinae, Exothecinae and Gnamptodontinae is instead taken to be an
unresolved polytomy.

The Ichneumonidae subfamily phylogeny (for the Xoridinae, Labeninae, Collyriinae,
Acaenitinae, Eucerotinae, Cryptinae, Ichneumoninae and Adelognathinae) is taken from Belshaw
and Quicke (2002). There are however two exceptions. Firstly, the Diplazontinae, Pimplinae,
Poemiinae and Rhyssinae are placed within a clade according to Figure 33 of Wahl and Gauld
(1998) as each of these subfamilies are split up in many locations according to Figure 8 of Belshaw
and Quicke (2002). However, the Acaenitinae remained as the sister group to the Collyriinae
according to Figure 8 of Belshaw and Quicke (2002) rather than being included within this polytomy.
This is to reduce the number of polytomies within the phylogeny. Secondly, the Agriotypinae are
placed as sister group to the clade containing the Pimpliformes and Ichneumoniformes according to
Figure 1 of Belshaw et al. (2003), as the Agriotypinae are not included in Figure 8 of Belshaw and
Quicke (2002). The section of Figure 8 of Belshaw and Quicke (2002) (mentioned above) is chosen
as it is fairly well resolved, unfortunately the remainder of the phylogeny is less well resolved, and
also has low bootstrap values. The phylogeny for the remaining subfamilies (the Campopleginae,
Cremastinae, Ophioninae, Anomaloninae, Banchinae, Mesochorinae, Ctenopeimatinae,
Metopiinae, Neorhacodinae, Tryphoninae, Stilbopinae and Orthopelmatinae) is taken from Figure 3
of Quicke et al. (2000). This is used to try to resolve as much of the subfamily level of the
phylogeny, this phylogeny is a strict consensus tree based on two previous cladograms and it has
high bootstrap values.

The number of nodes for these two different estimates of phylogeny are 515 and 551 for the
taxonomy and the composite cladogram respectively, which represents the maximum number of
contrasts that could be made in the data, if all variables were represented for all species. Although
the cladogram potentially gives more power (more nodes) the increase in power is modest, as most
phylogenetic studies have been conducted at subfamily level. However, one would expect them to

give a more accurate depiction of phylogeny than taxonomy itself.

4.4 Results
4.4.1 General findings
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Table 4.2: The number of parasitoid species associated with each host order.

Host order Braconidae Ichneumonidae
Lepidoptera 125 75
Hymenoptera 8 45
Diptera 29 9
Coleoptera 25 8
Hemiptera 18 0
Trichoptera 0 16
Araneae 0 6

Table 4.3: Parasitoid adult body lengths (mm) in the data set.

Body length (mm) Braconidae Ichneumonidae
Mean+SEM 3.21540.143 7.735+0.353
Median 2.9 71
Range 0.7 to 11.87 2.41028.15

Table 4.4: Numbers of braconid and ichneumonid species exhibiting different life history trait states.

Life history traits Braconidae Ichneumonidae
Ectoparasitism 24 57
Endoparasitism 102 65
Idiobiosis 13 36
Koinobiosis 86 39
Solitary larval development 90 68
Gregarious larval development 24 9
Temperate distribution 108 117
Tropical distribution 6 6
Temperate & tropical distribution 44 22
Egg host stage attacked 12 4
Nymph host stage attacked 1 2
Larva host stage attacked 122 78
Prepupa host stage attacked 0 4
Pupa host stage attacked 0 21
Adult host stage attacked 6 0

Both the braconids and ichneumonids included in the data most frequently attack hosts within the
order Lepidoptera (Table 4.2). Braconids frequently attack hosts within the Diptera, Coleoptera and
Hemiptera. Ichneumonids frequently attack Hymenopteran hosts, as well as Trichoptera hosts. The
ichneumonids range from 2.4 to 28.15mm in length, with a mean of 7.735 mm, whereas the
braconids range from 0.7 to 11.87mm in length, with a mean of 3.215mm (Table 4.3). The majority
of braconids studied are endoparasitoids and koinobionts, whereas there are approximately even
numbers of ichneumonids displaying both ecto- and endoparasitism and idio- and koinobiosis, and
the majority of braconids and ichneumonids are solitary in development (Table 4.4). Both families
are poorly represented by tropical species, and both families mostly attack larval host stages, the
ichneumonids are the only species found attacking pupal host stages, whereas the braconid

species are the only ones found attacking adult host stages (Table 4.4).
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Table 4.5: The number of species exhibiting different states of parasitism and biosis.

Idiobiosis Koinobiosis Total
Ectoparasitism 34 10 44
Endoparasitism 7 105 112
Total 41 115 156

4.4.2 The dichotomous hypothesis

The dichotomous hypothesis states that koinobiosis is associated with endoparasitism and
idiobiosis with ectoparasitism. There are more ectoparasitic idiobionts than either ectoparasitic
koinobionts or endéparasitic idiobionts and the majority of endoparasitoids are koinobionts (Table
4.5). There is a significant association between ecto- / endoparasitism and idio- / koinobiosis across
species (Pearson, x2 = 82.245, df = 1, P < 0.001), which remains significant after sequential
Bonferroni correction. There is a significant relationship between these variables in the PR analyses
when the explanatory variable is a) koinobiosis / idiobiosis and b) ectoparasitism / endoparasitism
(Table 4.6). As expected koinobiosis is more associated with endoparasitism than ectoparasitism,
and idiobiosis with ecto- rather than endoparasitism.

There is no association between ecto- / endoparasitism and the number of host species
attacked either across species (t-test, t = -0.416, df = 215, P = 0.678) or for either PR analysis
(Table 4.6). When controlling for the degree of study, there is no significant relationship between
ecto- / endoparasitism and the number of host species attacked for the PR analyses (Table 4.6).
There is no relationship between idio- / koinobiosis and the number of host species attacked either
across species (t-test, t = 0.524, df = 147, P = 0.601) or for either PR analysis (Table 4.6). When
controlling for the degree of study, there is no association between idio- / koinobiosis the number of
host species attacked across for either PR analysis (Table 4.6). Ecto- / endoparasitism is not
significantly associated with host exposure either across species (Pearson, xz =9706,df =2 P=
0.08) (Table 4.7) or for either PR analyses (Table 4.6). Across species, idio- / koinobiosis is
significantly associated with host exposure (Pearson, x2 = 11.093, df = 2, P = 0.004) (Table 4.7),
although the resuits for both PR analyses are not significant (Table 4.6). Across species koinobionts
are found to attack exposed hosts more frequently than idiobionts, which attack approximately
equal numbers of semi-concealed and concealed hosts.

There is a significant association between ecto- / endoparasitism and host niche across
species (Pearson, x? = 52.380, df = 15, P < 0.001) (Table 4.8, Figure 4.1), which remains significant
after sequential Bonferroni correction. However no relationship is found for either PR analysis
(Table 4.9). Ectoparasitic species frequently attack hosts in exposed locations as well as attacking
casebearers and borers. Endoparasitoids most frequently attack exposed hosts, borers and leaf
miners. A significant association is found between development mode and host niche across
species (Pearson, x2 = 47.414 df = 15 P < 0.001) (Table 4.10, Figure 4.2), which remains
significant after sequential Bonferroni correction. No association is found for either PR analysis
(Table 4.9). Koinobionts most frequently attack exposed hosts, but also attack borers, whereas

idiobionts most frequently attack casebearers.
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Table 4.6: Results of the PR for the dichotomous hypothesis, host exposure, and host range.

(* P<0.05 ** P < 0.001). The number of species per analysis is given. Numbers denote regression
estimates or p values (italics) or denominator degrees of freedom (bold). Estimates represent the
slopes for continuous variables or the means of each factor level relative to the first factor level,
arbitrarily set at zero. r — response variable, e ~ explanatory variable, ¢ — control variable.
Development mode: | — idiobiont, K — koinobiont, Host exposure: Ex — exposed, Sc — semi-

concealed, C — concealed; Parasitism: Ec — ectoparasitism, En — endoparasitism; D — the degree of
study.

Analyses Species Taxonomy Composite cladogram
Parasitism (r) and development 156 0.500* 6 0.539** 19
mode (e) 0.000 | 0.000 |

0.228 K 0.253 K
Parasitism (r) and host 239 0.334 14 0.370 29
exposure (e) 0.000 Ex 0.000 Ex

0.027 Sc 0.013 Sc

0.034C 0.041 C
Development mode (r) and 156 0.213* 18 0.213* 34
parasitism (e) 0.000 Ec 0.000 Ec

0.544 En 0.506 En
Development mode (r) and host 166 0.165 24 0.165 38
exposure (e) 0.000 Ex 0.000 Ex

-0.063 Sc -0.064 Sc

-0.082C -0.070C
No. host spp. attacked (r) and 217 0.030 73  0.045 101
parasitism (e) 0.000 0.000

0.007 En 0.030 En
No. host spp. attacked (r) and 149 0.030 56 0.037 79
development mode (e) 0.000 0.000

-0.112K -0.123 K
No. host spp. attacked (r) 217 0.030 80 0.030 108
parasitism (e), degree of study 0.000 0.000
(c) 0.367 D 0.363D

-0.068 En -0.057 En
No. host spp. attacked (r), 149 0.055 61 0.067 84
development mode (e), degree 0.000 0.000
of study (c) 0.422D 0.418 D

-0.104 K -0.126 K

Table 4.7: Distribution of ecto- / endoparasitoids and idio- / koinobionts attacking hosts found at
different levels of exposure.

Life history trait Host exposure

Exposed Semi-concealed Concealed Total
Ectoparasitism 18 31 27 76
Endoparasitism 71 42 50 163
Total 89 73 77 239
Idiobiosis 9 22 16 47
Koinobiosis 52 29 38 119
Total 61 51 54 166
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(+SEM) of endoparasitoids associated with each host niche. Numbers

of ectoparasitoids and endoparasitoids attacking hosts located in various

niches. Zeros indicate niches where the state of parasitism was not recorded for any wasp species.

Niche Ectoparasitoids Endoparasitoids Total
Exposed 16 54 70
Leaf miner 10 13 23
Leaf roller 2 7 9
Web-spinner 1 7 8
Casebearer 16 1 17
Galler 0 1 1
Borer 18 29 47
Root feeder 0 2 2
Predator 1 2 3
Nest 4 0 4
Leaf litter 1 2 3
Pollen feeder 0 0 0
Stored grain 0 4 4
Decaying vegetation 0 1 1
Frugivore 6 9 15
Saprotroph 0 5 5
Total 75 137 212
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Table 4.9: Results of the PR for the dichotomous hypothesis and host niche. (* P < 0.05 ** P <
0.001). The number of species per analysis is given. Numbers denote regression estimates or p
valugs (italics) or denominator degrees of freedom (bold). Estimates represent the slopes for
continuous variables or the means of each factor level relative to the first factor level, arbitrarily set
at zero. r — response variable, e — explanatory variable. Host niche: ex — exposed, Im - leaf miner, Ir
— leaf roller, w — web spinner, cb — casebearer, ga — galler, bo — borer, rf — root feeder, pd —
predator, ns — nest, Il — leaf litter, pf — pollen feeder, sg — stored grain, dv — decaying vegetation, fr —

frugivore, sp — saprotroph.

Analyses Species Taxonomy Composite cladogram
Parasitism (r) and host niche (e) 225 0.318 7 0.325 18
0.000 ex 0.000 ex
-0.002 im -0.026 Im
0.101Ir 0.063 Ir
0.045w 0.054 w
-0.253 ¢cb -0.207 cb
0.178 ga 0.171 ga
0.058 bo 0.046 bo
0.048 rf 0.029 rf
0.000 pd 0.000 pd
-0.018 ns -0.054 ns
-0.087 |i -0.134 1l
-0.056 pf -0.081 pf
0.000 sg 0.000 sg
0.049 dv 0.030 dv
0.004 fr 0.028 fr
-0.104 sp -0.073 sp
Development mode (e) and host 157 0.150 15 0.150 29
niche (r) 0.000 ex 0.000 ex
-0.022 Im -0.039 Im
-0.068 Ir -0.086 ir
0.088 w 0.102 w
-0.556 cb -0.507 cb
0.144 ga 0.110 ga
-0.054 bo -0.075 bo
0.000 rf 0.000 rf
0.000 pd 0.000 pd
0.116 ns 0.045 ns
-0.376 li -0.361 1l
0.000 pf 0.000 pf
0.000 sg 0.000 sg
-0.008 dv -0.041 dv
-0.012 fr 0.006 fr
-0.329 sp -0.228 sp
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Figure 4.2: Proportion (+SEM) of koinobionts associated with each host niche. Numbers indicate

sample sizes.

Table 4.10: Distribution of idiobionts and koinobionts attacking hosts located in various niches.
Zeros indicate niches where the state of biosis was not recorded for any wasp species.

Niche Idiobionts Koinobionts Total
Exposed 4 41 45
Leaf miner 3 15 18
Leaf roller 1 7 8
Web-spinner 0 3 3
Casebearer 15 1 16
Galler 0 0 0
Borer 6 16 22
Root feeder 0 0 0
Predator 0 1 1
Nest 0 3 3
Leaf litter 0 0 0
Pollen feeder 0 0 0
Stored grain 1 5 6
Decaying vegetation 0 1 1
Frugivore 1 16 17
Saprotroph 0 5 5
Total 31 114 145
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1;able 4.11: Results of the PR for the dichotomous hypothesis, preadult lifespan and adult longevity.
(*P< O.(_)5 ** P_< 0.001). Brackets indicate P values that are still significant after sequential
Bopferronn correction. The number of species per analysis is given. Numbers denote regression
estimates or p values (italics) or denominator degrees of freedom (bold). Estimates represent the
slopes _for continuous variables or the means of each factor level relative to the first factor level
arbitrarily set at zero. r — response variable, e — explanatory variable, ¢ — control variablej
Deve|opmeyyt mode: | — idiobiont, K — koinobiont; Parasitism: Ec — ectoparasitism, En -
endoparasitism; Parasitoid distribution: Te — temperate, Tr — tropical, B ~temperate and tropical.

Analyses Species Taxonomy Composite cladogram
Preadult lifespan (r) and 31 0.165 13 0.150 24
development mode (e) 0.000 | 0.000{

-0.043 K -0.021 K
Preadult lifespan (r) and 40 0.135 16 0.122 29
parasitism (e) 0.000 Ec 0.000 Ec

-0.057 En -0.057 En
Preadult lifespan (r), parasitism 34 0.037 10 0.045 22
(e), parasitoid distribution (c) 0.000 Te 0.000 Te

-0.051 Tr -0.063 Tr

-0.134B -0.146 B

-0.027 En -0.023 En
Preadult lifespan (r), development 26 0.135 7 0003 17
mode (e), parasitoid distribution 0.000 Te 0.000 Te
(c) -0.052 Tr -0.081 Tr

-0.125B -0.159B

0.028 K 0.015K
Parasitoid longevity (r) and 76 0.067* 37 0.055 51
parasitism (e) 0.000 Ec 0.000 Ec

-0.197 En -0.196 En
Parasitoid longevity (r) and 59 0.135**) 29 (0.135* 41
development mode (e) 0.000 | 0.000 |

-0.307 K -0.330 K

Preadult lifespan is not significantly associated with ecto- | endoparasitism across species
(t-test, t = 0.177, df = 38, P = 0.446) or for either PR analysis (Table 4.11). In the PR analysis, there
is no significant association between these variables when controlling for parasitoid distribution
(Table 4.11). Preadult lifespan is not significantly associated with idio- / koinobiosis either across
species (t-test, t = 1.177, df = 29, P = 0.249) or in either PR analyses (Table 4.11). When
controlling for parasitoid distribution in the PR analyses, there is no significant effect of idio- /
koinobiosis on preadult (Table 4.11).

Parasitoid adult longevity is significantly associated with ecto- / endoparasitism across
species (t-test, t = 2.831, df = 74, P = 0.006) and in the taxonomic PR analysis (Table 4.11).
Parasitoid adult longevity is significantly associated with idio- / koinobiosis across species (t-test, f =
3.664, df = 57, P = 0.001) and in both PR analyses (Table 4.11). Ectoparasitoids and idiobionts live
longer than endoparasitoids and koinobionts.

Egg volume is not significantly associated with ecto- / endoparasitism across species
(Kruskal-Wallis test, x2 = 3.202, df = 1, P = 0.074) or for either PR analyses (Table 4.12). However,
when controlling for fecundity, there is a significant effect of parasitism on egg volume both across
species (F = 14.622, df =1, P = 0.001) and in both PR analyses (Table 4.12), with endoparasitoids

having smaller eggs than ectoparasitoids. Egg volume is not significantly associated with idio- /
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Table 4.12: Results of the PR for the dichotomous hypothesis, egg size, fecundity. (* P < 0.05 * P
< 0.001). The number of species per analysis is given. Numbers denote regression estimates or p
values (italics) or denominator degrees of freedom (bold). Estimates represent the slopes for
continuous variables or the means of each factor level relative to the first factor level, arbitrarily set
at zero. r — response variable, e — explanatory variable, ¢ — control variable. Parasitism: Ec —
ectoparasitism, En — endoparasitism; Development mode: | — idiobiont, K — koinobiont; Plt —
parasitoid adult body length; F — fecundity.

Analyses Species Taxonomy Composite cladogram
Egg volume (r) and parasitism (e) 53 0.581 22 0729 35
0.000 Ec 0.000 Ec
-0.619 En -0.424 En
Egg volume (r) and development 36 0.729 14 0998 25
mode (e) 0.000 1 0.000 |
-0.428 K -0.068 K
Egg volume (r), parasitism (e), 50 0.581 20 0676 33
parasitoid body length (c) 0.000 0.000
1.371 Plt 0.279 PIt
-0.613 En -0.322 En
Egg volume (r), development 34 0.611* 13 0.769 24
mode (e), parasitoid body length 0.000 0.000
(c) 1.419 Pit 1.458 Pit
-1.040 K -0.418 K
Egg volume (r), parasitism (e), 27 0.776 * 11 0.859* 20
fecundity (c) 0.000 0.000
-0.501 F -0.586 F
-1.185 En -0.924 En
Egg volume (r), development 16 0.729* 6 0.165 12
mode (e), fecundity (c) 0.000 0.000
-0.567 F -0.581 F
-1.401 K -1.821 K
Fecundity (r) and parasitism (e) 51 0.235* 28 0.224 29
0.000 Ec 0.000 Ec
0.380 En 0.373 En
Fecundity (r) and development 55 0.235 28 0270 34
mode (e) 0.000 | 0.000 |
0.204 K 0.227 K
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koinobiosis across species (t-test, t = -1 430, df = 31, P = 0.163) or for either PR analyses (Table
4.12).

When controlling for parasitoid adult body length, there is a significant association between
these variables for the taxonomic PR analysis (Table 4.12). When controlling for fecundity, there is
a significant effect of idio- / koinobiosis on egg volume across species (F = 6.466, df = 1, P =
0.025), where koinobionts have larger eggs than idiobionts (although there are only two idiobiont
species compared with 14 koinobiont species included in the analysis). A significant association is
also present in the taxonomic PR analysis, again koinobionts have smaller eggs than idiobionts
(Table 4.12).

Fecundity is significantly associated with ecto- / endoparasitism across species (t-test, t =
-3.326, df = 49, P = 0.002) (Figure 4.3) and also for the taxonomic PR analysis (Table 4.12), where
endoparasitoids are more fecund than ectoparasitoids. However, fecundity is not significantly
associated with idio- / koinobiosis either across species (t-test, t = -1.087, df = 37, P = 0.284) or for
the PR analyses (Table 4.12).

4.4.3 Trade-offs and allometries

Trade-offs

The relationship between parasitoid body length and brood size across species is marginally non-
significant (Spearman R = -0.179, N = 109, P = 0.063). There is a significant negative association in
the taxonomic PR analysis (Table 4.13), between parasitoid body length (response variable) and
brood size (explanatory variable). However, when brood size is the response variable and
parasitoid body length is the explanatory variable, there is no significant result for either PR analysis
(Table 4.13). When controlling for host body length, there is a significant negative association
between parasitoid body length and brood size across species (Partial correlation coefficient =
-0.364, df = 93, P < 0.001), which remains significant after sequential Bonferroni correction.
However, there is no significant association between parasitoid body length (response variable) and
brood size (explanatory variable) for either PR analysis (Table 4.13). When controlling for host body
length, there is a significant association between brood size (response variable) and parasitoid
body length (explanatory variable) for the taxonomic PR analysis (Table 4.13).

Egg volume is not associated with fecundity across species (Pearson, R = 0.151, N = 26, P =
0.462) or for either PR analysis (Table 4.13). When controlling for parasitoid body length, there is a
significant negative association between egg volume and fecundity across species (Partial
correlation coefficient = -0.550, df = 24, P = 0.004), but not for either PR analysis (Table 4.13).

Allometries
There is no significant association between parasitoid body length and the degree of study across

species (Spearman R = -0.056, N = 316, P = 0.324) or for either PR analysis (Table 4.14).

There is a significant positive association between parasitoid body length and preadult
lifespan across species (Pearson, R =0.385, N =38, P = 0.017) (Figure 4.4). However, there is no
association between a) parasitoid body length (response variable) and preadult lifespan

(explanatory variable) for either PR analysis (Table 4.14), or for b) preadult lifespan (response
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Table 4.13: Results of the PR to detect trade-offs. (* P <0.05 ** P < 0.001). The number of species
per analysis is given. Numbers denote regression estimates or p values (italics) or denominator
degrees of freedom (bold). Estimates represent the slopes for continuous variables or the means of
each factor level relative to the first factor level, arbitrarily set at zero. r — response variable, e —
explanatory variable, ¢ — control variable. Csz — clutch size; Hit — host adult body length; Pit -
parasitoid adult body length; F — fecundity; V — egg volume.

Analyses Species Taxonomy Composite cladogram
Parasitoid body length (r) and 119 0.464* 47 0488 67
Clutch size (e) 0.000 0.000

-0.103 Csz -0.084 Csz
Parasitoid body length (r), 96 0.513 40 0.539 58
clutch size (e), host body 0.000 0.000
length (c) 0.335 Hit 0.354 Hit

-0.093 Csz -0.087 Csz
Clutch size (r) and parasitoid 119 0.334 9 0476 23
body length (e) 0.000 0.000

-0.269 Pit -0.233 Pit
Clutch size (r), parasitoid body 96 0.235* 39 0352 57
length (e), host body length (c) 0.000 0.000

0.282 Hit 0.269 Hit

-0.446 PIt -0.417 PIt
Egg volume (r) and fecundity 28 0.926 12 1.011 22
(e) 0.000 0.000

-0.438 F -0.419F
Egg volume (r), fecundity (e), 27 0.961 10 0.848 20
parasitoid body length (c) 0.000 0.000

1.744 Plt 2.271 Pit

-0.446 F -0.501 F
Fecundity (r) and egg volume 28 0.288* 12 0.288* 22
(e) 0.000 0.000

-0.282 V -0.243 V

variable) and parasitoid adult body length (explanatory variable) for either PR analysis (Table
4.14). Parasitoid body length has no significant effect on preadult lifespan, when controlling for
parasitoid distribution, for either PR analysis (Table 4.14).

There is a significant positive association between parasitoid adult longevity and parasitoid adult
body length across species (Pearson, R = 0.305, N = 78, P = 0.007), but not for either PR analysis
(Table 4.14). There is no significant association between parasitoid adult longevity and fecundity
across species (Pearson, R = -0.085, N = 50, P = 0.559) or for either PR analysis (Table 4.14).
Parasitoid adult longevity is not significantly associated with solitary / gregarious development
across species (t-test, t = 0.791, df =67, P = 0.432) or in either PR analysis (Table 4.14).

Egg volume is not significantly associated with parasitoid body length across species
(Pearson, R = 0.112, N = 37, P = 0.510), however a significant positive association is found for both
PR analyses (Table 4.14). Fecundity is not significantly associated with parasitoid body length in
either PR analysis (Table 4.14).

No significant association found between preadult lifespan and host body length (Pearson,
R = 0.166, N = 29, P = 0.390) across species or for either PR analysis, or when parasitoid
distribution is controlied for (Table 4.15).

Preadult lifespan is not significantly associated with host stage attacked (15 states) across
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Table 4.14: Results of the PR to detect allometric relationships. (* P < 0.05 ** P < 0.001). The
number of species per analysis is given. Numbers denote regression estimates or p values (italics)
or denominator degrees of freedom (bold). Estimates represent the slopes for continuous variables
or the means of each factor level relative to the first factor level, arbitrarily set at zero. r — response
variable, e — explanatory variable, ¢ — control variable. Pit — parasitoid adult body length; Hit — host
adult body length; Parasitoid distribution: Te — temperate, Tr — tropical, B —temperate and tropical; F
— fecundity; Development: S — solitary, G — gregarious; PIf — preadult lifespan; D — the degree of

study.
Analyses Species Taxonomy Composite cladogram
Parasitoid body length (r) and the 316 0.352 106 0.389 140
degree of study (e) | 0.000 0.000
0.016 D 0.023D
Preadult lifespan (r) and parasitoid 38 0.135 16 0.122 30
body length (e) 0.000 0.000
0.225 PIt 0.201Pit
Parasitoid body length (r) and 28 0.581 16 0.676 30
preadult lifespan (e) 0.000 0.000
0.371 PIf 0.311 PIif
Preadult lifespan (r), parasitoid 32 0.082 10 0.055 23
body length (e), parasitoid 0.000 Te 0.000 Te
distribution (c) -0.074 Tr -0.091 Tr
-0.136 B -0.150 B
0.175 Pit 0.155 PIt
Parasitoid longevity (r) and 78 0.122 36 0.111 53
parasitoid adult body length (e) 0.000 0.000
0.152 Plt 0.128 PIt
Parasitoid longevity (r) and 46 0.082 23 0045 37
fecundity (e) 0.000 0.000
0.010F 0.005 F
Parasitoid longevity (r) and solitary 69 0.150 33 0165 47
/ gregarious development (e) 0.000 S 0.000 S
-0.057 G -0.090 G
Egg volume (r) and parasitoid body 51 0.581* 22 0.729* 35
length (e) 0.000 0.000
1.334 Pit 1.329 Pt
Fecundity (r) and parasitoid body 50 0.288 25 0.260 40
length (e) 0.000 0.000
-0.030 Plt -0.026 Pit
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Figure 4.4: Log preadult lifespan against log parasitoid body length across species.

Log parasitoid adult body length (mm)
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Table 4.15: Results of the PR for host life history variables affecting parasitoid body size. (* P <
0.05 ™ P < 0.001). The number of species per analysis is given. Numbers denote regression
estimates or p values (italics) or denominator degrees of freedom (bold). Estimates represent the
slopes for continuous variables or the means of each factor level relative to the first factor level,
arbitrarily set at zero. r — response variable, e — explanatory variable. HIt ~ host adult body length; :
Te — temperate, Tr - tropical, B ~temperate and tropical; Host stage attacked: E - egg, N - nymph, L
— larva, Pr — prepupa, P — pupa, A — adult, or a combination of the above.

Analyses Species Taxonomy Composite cladogram
Preadult lifespan (r) and host 29 0.1700 10 0.037 20
body length (e) 0.000 0.000

0.071 Hit 0.062 Hit
Preadult lifespan (r), host body 26 0.100 7 0067 16
length (e), parasitoid distribution 0.000 Te 0.000 Te
(c) -0.226 Tr -0.224 Tr

-0.1358B -0.142 B
Preadult lifespan (r), and host 234 0.334* 77 0.370 107
stage attacked (15 states) (e) 0.000 E 0.000 E

-0.274 N -0.257 N

-0.450 L -0.016 L

-0.013 Pr 0.001 Pr

-0.001 P 0.019P

-0.081 A -0.055 A

-0.206 N/A -0.188 N/A

-0.019 Pr/P -0.003 Pr/P

0.000 E/L/P 0.000 E/L/P

-0.151 Any -0.150 Any

-0.261 L/P -0.235L/P

-0.049 L/Pr 0.235 L/Pr

0.203 E/L 0.213 E/L

-0.016 L/P/A -0.027 L/IP/IA

0.303 L/Pr/P 0.377 L/Pr/P
Parasitoid body length (r) and 234 0.334* 77 0370 108
host stage attacked (15 states) 0.000 E 0.000 E
(e) -0.274 N -0.257 N

-0.045L -0.016 L

-0.023 Pr 0.001 Pr

-0.001 P 0.019P

-0.081 A -0.055 A

-0.206 N/A -0.188 N/A

-0.019 Pr/P -0.033 Pr/P

0.000 E/L/P 0.000 E/L/P

-0.151 Any -0.115 Any

-0.261 L/P -0.235L/P

-0.049 L/Pr -0.026 L/Pr

0.203 E/L 0.213 E/L

-0.016 L/P/A -0.027 L/IPIA

0.303 L/Pr/P 0.377 L/Pr/P
Fecundity (r) and host body 44 0.224 23 0235 36
length (e) 0.000 0.000

0.052 Hit 0.031 Hit

species (ANOVA, F = 1.477, df =6, P = 0.216). However, there is a significant association in the

taxonomic PR analysis (Table 4.15), where parasitoids attacking larval host stages have the

shortest preadult lifespans and those attacking egg or pupal host stages have the longest preadult

lifespans. There is a significant association between parasitoid body length and host stage attacked
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Table 4.16: Results of the PR for host stage attacked and parasitoid fecundity. (* P < 0.05 ** P <
0.001). The number of species per analysis is given. Numbers denote regression estimates or p
values (italics) or denominator degrees of freedom (bold). Estimates represent the slopes for
continuous variables or the means of each factor level relative to the first factor level, arbitrarily set
at zero. r - response variable, e — explanatory variable. Host stage attacked: E - egg, N - nymph, L

- larva, Pr — prepupa, P - pupa, A — adult, or a combination of the above.

Analyses Species Taxonomy Composite cladogram
Fecundity (r) and host 52 0.202 21 0.183 36
stage attacked (15 states) 0.000 E 0.000 E
(e) 0.160N 0.270N

0.002 L 0.002 L

0.000 Pr 0.000 Pr

0.060 P -0.067 P

-0.700 A -0.763 A

-0.020 N/A 0.093 N/A

0.000 Pr/P 0.000 Pr/P

0.000 E/L/P 0.000 E/L/P

0.000 Any 0.000 Any

0.000 L/P 0.000 L/P

-0.236 L/Pr -0.310 L/Pr

0.000 E/L 0.000 E/L

0.000 L/P/A 0.000 L/P/A

0.000 L/Pr/P 0.000 L/Pr/P
Fecundity (r) and host 44 0.260 18 0202 32
stage attacked (6 states) 0.000 E 0.000 E
(e) 0.173 N 0.312N

0.031L 0.013L

0.000 Pr 0.000 Pr

0.134P -0.062 P

-0.668 A -0.744 A

(15 states) across species (Kruskal-Wallis test, Xz = 47.966, df = 14, P < 0.001), which remains
significant after sequential Bonferroni correction. This relationship is significant in the taxonomic PR
analysis (Table 4.15), where the estimates show that parasitoids attacking nymphal host stages
have the smallest body sizes and those attacking egg or pupal host stages have the largest body
sizes.

There is no significant association between fecundity and host body length across species
(Pearson, R = 0.066, N = 44, P = 0.672) or in either PR analysis (Table 4.15). Across species,
fecundity is not significantly associated with host stage attacked (15 states) (Kruskal-Wallis test, 2
= 8.871, df =6, P = 0.181), or with host stage attacked (6 states) (Kruskal-Wallis test, x2 =2.971, df
= 4, P = 0.563). In the PR analyses fecundity is not associated with host stage attacked (15 or 6
states) (Table 4.16).

4.4.4 Parasitoid body size and brood size and host body size

There is a significant positive association between parasitoid body length and host body length
across species (Pearson, R = 0.507, N = 209, P < 0.001) (Figure 4.5), which remains significant
after sequential Bonferroni correction. For both PR analysis, a significant positive relationship is
also found (Table 4.17). There is a marginally non-significant association between brood size and
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Figure 4.5: Log parasitoid body length against log host body length across species. The line y = x is

shown.

Table 4.17: Results of the PR for parasitoid body size, clutch size and host size. (* P < 0.05 ** P <
0.001). Brackets indicate P values that are still significant after sequential Bonferroni correction. The
number of species per analysis is given. Numbers denote regression estimates or p values (italics)
or denominator degrees of freedom (bold). Estimates represent the slopes for continuous variables
or the means of each factor level relative to the first factor level, arbitrarily set at zero. r — response
variable, e — explanatory variable, ¢ — control variable. Development: S — solitary, G — gregarious;
Plt — parasitoid adult body length; HIt — host adult body length.

Analyses Species Taxonomy Composite cladogram
Parasitoid body length (r) and 209  0.352*%=) 80 0513+ 108
host body length (e) 0.000 0.000

0.414 Hit 0.382 Hit
Clutch size (r) and host body 109 0.192 12 0.288 28
length (e) 0.000 0.000

0.200 Hit 0.218 Hit
Clutch size (r) and host body 14 1.18 5 1512 8
length (e) (gregarious species 0.000 0.000
only) -0.081 Hit -0.137 Hit
Clutch size (r), host body length 96 0.260 40 0.389 58
(e), parasitoid body length (c) 0.000 0.000

-0.450 Pit -0.418 PIt

0.274 Hit 0.260 Hit
Parasitoid body length (r) and 169 0.334 55 0488 77
solitary / gregarious development 0.000 S 0.000 S
(e) -0.079 G -0.064 G
Solitary / gregarious development - 159 0.213 16 0247 36
(r) and parasitoid body length (e) 0.000 0.000

-0.209 Pit -0.185 Pit
Solitary / gregarious development 149 0.260 16 0.318* 36
(r) and host body length (e) 0.000 0.000

0.217 Hit 0.247 Hit
Solitary / gregarious development 122 0.165 43 0.202 64
(r), parasitoid body length (e), 0.000 0.000
host body length (c) 0.293 Hit 0.302 Hit

-0.329 Plt -0.330 Pit
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Table 4.18: Results of the PR for solitary / gregarious development versus pupation site. (* P < 0.05
** P < 0.001). The number of species per analysis is given. Numbers denote regression estimates
or p_values (italics) or denominator degrees of freedom (bold). Estimates represent the slopes for
continuous variables or the means of each factor level relative to the first factor level, arbitrarily set
at zero. r —response variable, e — explanatory variable, ¢ — control variable. Pupation site (4 states):
In — inside host's body, Uh — under host's body (mummified aphid), Ext — external to host’s body
and puparium, Ip — inside host's puparium but outside host’s body; Pupation site (2 states): In -
inside host's body, Ext — external to host’s body.

Analyses Species Taxonomy Composite cladogram
Solitary / gregarious development 63 0.352 4 0318 15
(r) and pupation site (4 states) (e) 0.000 In 0.000 In

0.141 Uh 0.242 Uh

0.132 Ext 0.203 Ext

-0.123 Ip -0.082 Ip
Solitary / gregarious development 44 0.224 2 0224 7
(r) and pupation site (4 states) (e) 0.000 In 0.000 In
(endoparasitoids only) 0.123 Uh 0.117 Uh

0.191 Ext 0.203 Ext

-0.151 Ip -0.075 Ip
Solitary / gregarious development 63 0.352 6 0.318 17
(r) and pupation site (2 states) (e) 0.000 In 0.000 In

0.075 Ext 0.153 Ext
Solitary / gregarious development 44 0.224 4 0.224 9
(r) and pupation site (2 states) (e) 0.000 In 0.000 In
(endoparasitoids only) 0.072 Ext 0.046 Ext

host body length across species (Spearman R = 0.179, N = 109, P = 0.063), neither PR analysis is
significant (Table 4.17). These relationships are not significant considering gregarious species
alone across species (Pearson, R = 0.298, N = 14, P = 0.300) or for either PR analysis (Table
4.17). When studying all parasitoid species and controlling for parasitoid body length, there is a
significant positive association between brood size and host body length across species (Partial
correlation coefficient = 0.360, df = 93, P < 0.001), which remains significant after sequential
Bonferroni correction. No relationship is found between brood size and host body length, when
controlling for parasitoid body length in either PR analysis (Table 4.17).

There is a significant association between parasitoid body length and solitary |/ gregarious
development across species (Kruskal-Wallis test, xz = 6.853, df = 1, P = 0.009), where solitary
species are larger than gregarious species. No significant association is found between parasitoid
body length (response variable) and solitary / gregarious development (explanatory variable) for
either PR analysis (Table 4.17). Solitary / gregarious development (response variable) is not
significantly associated with parasitoid body length (explanatory variable) in either PR analysis
(Table 4.17).

Across species, solitary / gregarious development is significantly associated with host body
length (Kruskal-Wallis test, x2 = 8.125, df = 1, P = 0.004), where gregarious species are associated
with larger hosts than solitary species. In the PR analyses, this relationship is only significant for the
composite cladogram (Table 4.17). When controlling for host body length, there is no effect of
parasitoid body length on solitary | gregarious development for either PR analysis (Table 4.17).

There is a significant association between solitary / gregarious development and pupation
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bele 4.19: The number of solitary and gregarious endoparasitoids pupating in different pupation
sites.

Pupation site Solitary Gregarious Total
development development

Inside host’s body 11 1 12

Under host’s body (mummified aphid) 6 3 9

Inside host puparium, but outside host’s body 6 4 10

External to host's body and puparium 13 0 13

Total 36 8 44

site (4 states) across species (Pearson, xz =11.167, df = 3, P = 0.001), although this is not the case
for the PR analyses (Table 4.18). When taking into account only endoparasitoid species, there is a
significant association between solitary / gregarious development and pupation site (4 states)
across species (Pearson, x° = 8.260, df = 3, P = 0.041) (Table 4.19), although this is not significant
for either PR analysis (Table 4.18). Across species, there is a significant association between
solitary / gregarious development and pupation site (2 states) (Pearson, xz =3925 df=1, P=
0.048), however there is no significant association found in the PR analyses (Table 4.18). For
endoparasitoids only, no association is found between solitary / gregarious development and
pupation site (2 states) across species (Pearson, xz = 1.076, df = 1, P = 0.300) or for either PR
analysis (Table 4.18).

4.4.5 Parasitoid geographic range and geographic distribution

Preadult lifespan is associated with parasitoid distribution across species (ANOVA, F = 4.095, df =
2. P =0.026) and for the PR coemposite cladogram analysis (Table 4.20). Temperate parasitoids
have longer preadult lifespans than tropical parasitoids. There is no significant relationship between
parasitoid body length and parasitoid distribution across species (Kruskal-Wallis test, X2 = 2.238, df
= 2. P = 0.327) or for either PR analysis (Tabie 4.20). There is no significant association between
brood size and parasitoid distribution across species (Kruskal-Wallis test, x2 =0.069, df=2 P=
0.966) or for either PR analysis (Table 4.20). There is no significant relationship between brood size
and parasitoid mean latitude across species (Spearman R = -0.048, N =111, P = 0.619) or for the
PR analyses (Table 4.20).

Across species, there is a significant positive association between parasitoid geographic

range and the degree of study (Spearman R = 0.393, N = 328, P < 0.001), which remains significant
after sequential Bonferroni correction. This relationship is also significant in both PR analyses
(Table 4.20).
There is a significant relationship between parasitoid geographic range and parasitoid distribution
across species (Kruskal-Wallis test, % = 35.475, df = 2, P < 0.001), which remains significant after
sequential Bonferroni correction, and this association is also significant in both PR analyses (Table
4.20). When controlling for the degree of study, there is a significant effect of parasitoid distribution
on parasitoid geographic range across species (F = 7.021, df = 2, P = 0.001), which is also
significant for both PR analyses (Table 4.20). Tropical parasitoids have the smallest geographic
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Table 4.20: Results of the PR for parasitoid distribution and latitude. (* P < 0.05 ** P < 0.001).
Brackets indicate P values that are still significant after sequential Bonferroni correction. The
number of species per analysis is given. Numbers denote regression estimates or p values (italics)
or denominator degrees of freedom (bold). Estimates represent the slopes for continuous variables
or the means of each factor level relative to the first factor level, arbitrarily set at zero. r — response
variable, e — explanatory variable, ¢ — control variable. Parasitoid distribution: Te — temperate, Tr —
tropical, B —temperate and tropical, Pml — parasitoid mean latitude; D - the degree of study.

Analyses Species Taxonomy Composite cladogram
Preadult lifespan (r), and 35 0.192 1 o0.122* 24
parasitoid distribution (e) 0.000 Te 0.000 Te

-0.040 Tr -0.058 Tr

-0.123 B -0.145B
Parasitoid body length (r) and 286 0.318 95 0.370 127
parasitoid distribution (e) 0.000 Te 0.000 Te

0.050 Tr 0.053 Tr

0.022 B 0.029B
Clutch size (r) and parasitoid 125 0.260 11 0352 26
distribution (e) 0.000 Te 0.000 Te

-0.150 Tr -0.134 Tr

-0.056 B -0.064 B
Clutch size (r) and parasitoid 111 0.260 12 0.370 27
mean latitude (e) 0.000 0.000

-0.001 Pml 0.001 Pm|
Parasitoid geographic range 328  0.037** 107 0.037*** 141
(r) and the degree of study (e) 0.000 0.000

0.495D 0.514D
Parasitoid geographic range 328  0.037+ 106 0.037** 140
(r) and parasitoid distribution 0.000 Te 0.000 Te
(e) -0.444 Tr -0.423 Tr

0.641 B 0.657 B
Parasitoid geographic range 328 0.030*** 110 0.030** 144
(r), parasitoid distribution (e), 0.000 0.000
the degree of study (c) 0.405D 0.421 D

-0.488 Tr -0.430 Tr

0.5158B 0.524 B

range, whereas those parasitoids found in both temperate and tropical locations have the largest
geographic range.

There is a significant positive relationship between parasitoid geographic range and
parasitoid body length across species (Spearman R = 0.284, N = 304, P < 0.001), which remains
significant after sequential Bonferroni correction. However, no significant relationship is found for
either PR analysis (Table 4.21). When controlling for the degree of study, there is no significant
relationship between parasitoid geographic range and parasitoid body length either across species
(Partial correlation coefficient = 0.021, df = 265, P = 0.728) or for the PR analyses (Table 4.21).

A significant positive association is found between parasitoid geographic range and host
geographic range across species (Spearman R = 0.639, N = 307, P < 0.001), which remains
significant after sequential Bonferroni correction. A positive association is found in both PR
analyses (Table 4.21). When controlling for the degree of study, there is a significant positive
association between parasitoid geographic range and host geographic range across species
(Partial correlfation coefficient = 0.739, df = 304, P < 0.001), which remains significant after

89



Table 4.21: Results of the PR for parasitoid geographic range. (* P < 0.05 ** P < 0.001). Brackets
indicate P values that are still significant after sequential Bonferroni correction. The number of
species per analysis is given. Numbers denote regression estimates or p values (italics) or
denominator degrees of freedom (bold). Estimates represent the slopes for continuous variables or
the means of each factor level relative to the first factor level, arbitrarily set at zero. r — response
variable, e — explanatory variable, ¢ — control variable. D — the degree of study; Hgeo — host
geographic range; RHge — residual host geographic range; Hsp — the number of host species
attacked; Rhsp — the number of host species; Plt — parasitoid adult body length.

Analyses Species Taxonomy Composite cladogram
Parasitoid geographic range 268 0.045 85 0.037 116
(r) and parasitoid body 0.000 0.000
length (e) 0.522 PIt 0.579 Plt
Parasitoid geographic range 268 0.030 88 0.030 119
(r), parasitoid body length 0.000 0.000
(e), the degree of study (c) 0.533D 0.538 D

0.369 Pit 0.418 PIt
Parasitoid geographic range 307  0.037+ 102 0.037+* 136
(r) and host geographic 0.000 0.000
range (e) 0.747 Hgeo 0.753 Hgeo
Parasitoid geographic range 307  0.030% 106  0.030*+* 140
(r), host geographic range 0.000 0.000
(e), the degree of study (c) -0.037 D -0.036 D

0.714 Rhge 0.717 Rhge
Parasitoid geographic range 304  0.048** 104  0.045 138
(r) and no. host spp. 0.000 0.000
attacked (e) 0.471 Hsp 0.497 Hsp
Parasitoid geographic range 304 0.030 108 0.030 142
(r), no. host spp. attacked 0.000 0.000
(e), the degree of study (c) -0.001 D -0.007 D

0.262 Rhsp 0.293 Rhsp

sequential Bonferroni correction and there is a significant positive association found in both PR
analyses (Table 4.21, Figure 4.6).

There is a significant positive association between parasitoid geographic range and the
number of host species attacked across species (Spearman R = 0.283, N = 304, P < 0.001), which
remains significant after sequential Bonferroni correction. A significant positive relationship is also
found for both PR analyses (Table 4.21). When controlling for the degree of study, there is a
significant relationship between parasitoid geographic range and the number of host species
attacked in the cross species analysis (Partial correlation coefficient = 0.120, df = 301, P = 0.038),
which remains significant after sequential Bonferroni correction. There is no relationship found for
either PR analysis, when controlling for the degree of study for both the response (parasitoid
geographic range) and the explanatory (the number of host species attacked) variables (Table

4.21).

4.4.6 Number of host species attacked
There is a significant positive association between the number of host species attacked and the

degree of study across species (Spearman R = 0.366, N = 340, P < 0.001), which remains

significant after sequential Bonferroni correction. This relationship is also found for both PR
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