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Abstract

The life history of an organism describes its pattern of growth, reproduction,
and survival, and thus is closely linked to fitness. Between species, life history
traits vary widely and one of the major goals of life history theory is to explain
how natural selection gives rise to this variation. However, there has been a
lack of comparative life history studies focussing on insects, which comprise
over half of the currently described macroscopic species. I conduct a class-level
analysis of insect life history traits, and explore the associations between life
history strategies, ecology, metamorphosis, and macroevolutionary processes.

In Orthoptera (grasshoppers, crickets and kin), I identify mostly ‘fast-slow’
variation in life history traits, except that larger (and otherwise ‘slower’) species
have smaller, not larger, clutches of eggs. I find that this type of variation is closer
to that of reptiles than that of either mammals or birds and discuss potential
reasons for this similarity.

Across the whole of the insects, I find that the primary axes of life history
variation are related to a) amount of reproductive investment, and b) how this
investment is divided into clutches. Further orthogonal axes contain variables
related to development time, then adult lifespan. I show associations between
life histories and diet (parasitoids and ecto-parasitoids are particularly fast-lived),
metamorphosis (ametabolous species have longer lifespans), but not habitat (no
difference between aquatic and terrestrial species).

Finally, I find links between life history traits and diversification. Species
richness is higher in orders and families with fast development times, and higher
in families with high fecundity. Diversification rates are higher in families with
high fecundity and those with short egg stages.

Together, my work raises questions about the generality of widely invoked
patterns of life history covariation and highlights the need to test these patterns
in a taxonomically broad sense.
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Chapter 1

General introduction

The female burrowing mayfly, Dolania americana, spends only five minutes in its

adult stage (Sweeney and Vanote, 1982); whereas the queen of a colony of Lasius

niger ants can live for 20-30 years (Kutter and Stumper, 1969). The entire life cycle

of the mosquito Psorophora confinnis, from egg to egg, lasts only a week (Azawi

and Chew, 1959); whereas periodical cicadas, such as Magicicada septendecium,

emerge and reproduce once every seventeen years (Simon, 1988). Evolution

by natural selection has shaped these life histories: each is a combination of

rates of development, reproduction and survival optimized to maximize fitness

(Stearns, 1992). The examples mentioned above illustrate the vast array of possible

combinations of fitness-linked traits that have evolved in the insects.

Insects constitute more than half of the described fauna of Earth (Roskov

et al., 2019) and show correspondingly huge variation in their life histories. They

dominate terrestrial ecosystems in terms of biomass and play crucial roles within

them – cycling nutrients, pollinating plants and dispersing their seeds, maintain-

ing soil structure and fertility, controlling populations of other organisms, and

acting as a food source for a diverse range of predators (Scudder, 2009). Despite

this, their range of life history strategies is poorly understood at a comparative
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level. The aim of this thesis is to describe how life history traits are associated

across the insects, evaluate to what extent this is consistent with different life

history theories, and to identify what the macroevolutionary consequences of life

history variation may be. In this introduction, a primer on life history theory

will be presented. This is followed by an introduction to insect life histories, the

major divisions within insects according to development type, and the range

of reproductive strategies that require explaining as variations of general life

history strategies. Finally, the importance of life history data in generating diverse

macroevolutionary hypotheses is explained and exemplified.

1.1 Life history theory

Life history theory attempts to explain how natural selection has shaped the

broad features of an organism’s life cycle to optimise fitness given ecological

conditions. Explaining the enormous variation in life cycles across the tree of

life remains one of the major goals of evolutionary ecology (Roff, 2002). The

life history of a species can be summarised using quantifiable life history traits,

including: size at birth; growth pattern; age and size at maturity; number, size,

and sex ratio of offspring; age- and size-specific reproductive and mortality

schedules; and length of life (Stearns, 1992).

For natural selection to occur there must be heritable variation in the genotype,

which results in variation in fitness of the phenotype (Braendle et al., 2011). Criti-

cally, the same genotype can differ in fitness under different conditions (Stearns,

1992). Life history theory can be used to predict phenotypes at equilibrium and

ask how phenotypes are designed for survival and reproduction.

Life history evolution is difficult to understand because of the innumerable

ways that organisms have combined investments into their life history traits
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to affect fitness. Indeed, Cole (1954) concluded that ‘the number of theoretical

combinations of life history phenomena must greatly exceed the number of

known species of organisms’. However, not all combinations are possible. The

life history traits are bound together by trade-offs, and investment into alternative

traits is restricted by genetic, developmental, physiological and phylogenetic

limits (Braendle et al., 2011). Furthermore, even fewer of the theoretically possible

combinations will ever prove to be successful under selection because of, for

example, competition between species, resource availability throughout the course

of life cycles, or environmental stochasticity.

The enormous amount of variation and complexity in life histories can be

understood using a framework built from three elements, explained over the

course of this section: demography, trade-offs, and lineage-specific effects.

1.1.1 Demography

Demography is the statistical study of the size, structure and development

of populations, and was originally developed to forecast human population

growth (Nam, 1979). Classic questions in demography ask how changing life

history traits, such as age at maturity, affect the population growth rate and

thus total population size, and vice versa. By applying simplifying assumptions

to demography – that age-specific birth and death rates remain constant – the

consequence is that populations reach a stable-age distribution (i.e. the proportion

of individuals in each age class remain the same) and then continue to grow at an

exponential rate, r, which can be calculated by solving the Euler-Lotka equation:

1 =

ω∫
α

e−rxlxmxdx
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Here α and ω represent the age at first and last reproduction, respectively, lx

is the probability of surviving from birth to age x, mx is the expected number

of offspring per female in age class x, and r is the instantaneous rate of natural

increase (Brommer, 2000). By summing the probabilities of reproduction and

survival across each age class for all individuals in the population, r can be

calculated.

In the context of life history theory, the equations of demography can be

reapplied to measure fitness instead of population growth rate (Charlesworth,

1994, Brommer, 2000). Small changes to a life history trait are created by the

average effects of allele substitutions, which will also have effects on the other

life history traits (Stearns, 1992). By modifying the parameters in the Euler-Lotka

equation and observing the effects, one can calculate which substitutions will

have the greatest effect on fitness (Brommer, 2000) – i.e., which allele substitutions

have the highest rate of spreading through a population (highest r), and thus are

most likely to become fixed (Charlesworth, 1994).

Some demographic models also try to maximise R0, lifetime reproductive

success (or the expected number of daughters produced by a female over her

lifetime), which with discrete generations can be calculated as:

R0 =
ω

∑
α

lxmx

As R0 is a per generation rate of increase the assumption is made that the time

it takes to produce offspring does not matter, only how many offspring are

produced. Effectively then, it is equivalent to assuming that r is zero or near-zero,

as it would be in a stationary (non-growing) population (Brommer, 2000).

Using demography, the fitness of proposed combinations of life history traits

can be calculated and one can ask how much fitness is affected when one of these
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traits is changed. The sensitivity of fitness to changes in life history traits can

inform us about the strength of selection on them (Stearns, 1992).

1.1.2 Trade-offs

Physiological trade-offs are one of the key concepts of life history theory, they

are the links between two or more life history traits which provide constraints to

their evolution. Individuals must invest energy and resources competitivity into

the various aspects of their life history – growth, maintenance, and reproduction

– and therefore they cannot all be maximised at once. Thus, the apocryphal

Darwinian demon, living forever and reproducing at an infinite rate, cannot exist

in reality due to the presence of these trade-offs (Law, 1979). One of the goals of

life history theory is to identify and understand these trade-offs, and establish,

given the ecological circumstances, the best way to partition energy to the various

components of life histories to increase fitness.

Some 45 trade-offs between life history traits were identified by Stearns (1989),

including between reproduction and growth, current and future reproduction,

and the number and size of offspring. Evidence for trade-offs comes from a

number of different approaches.

Experimental manipulations of life history traits have been greatly influenced

by the Lack (1947) hypothesis that clutch size should have evolved towards

that which produces the most surviving offspring. The trade-off here involves

investment into individual eggs and investment into the number of eggs. Given a

fixed energetic budget for reproduction, increasing clutch size results in fewer

resources allocated to each individual egg and therefore reduced fitness for each

individual. The optimal clutch size is that where the summed fitness of the clutch

is highest (Figure 1.1). The results of studies using experimental manipulation
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to test Lack’s hypothesis are mixed, even within the bird lineage. As examples,

Gustafsson and Sutherland (1988), in collared flycatchers (Ficedula albicollis), and

Dijkstra et al. (1990), in kestrels (Falco tinnunculus), showed that increasing the

number of eggs in a clutch increased the mortality rate of juveniles. These studies

are consistent with Lack’s theory, clutch size appears to have evolved to an

optimum where increasing it results in lower fitness. However, other studies

including Lessells (1986), using Canada geese (Branta canadensis), and Rohwer

(1985), in blue winged teal (Anas discors), found no effect of increased clutch

size on juvenile survival, or indeed the fledging weights of individual birds.

Studies such of these demonstrate that, in at least some species, the realised

clutch size is in fact lower than the optimum (as more individuals could have

fledged). A commonly invoked explanation for clutch sizes below the optimum is

another trade-off: that between current and future reproduction, which which was

shown to be negatively impacted by increased clutch size in collard flycatchers

(Gustafsson and Sutherland, 1988).

Insects are ideal for experiments involving the manipulation of life history

traits because of their fast life cycles. Some of the best evidence for genetically

based trade-offs comes from selection experiments in Drosophila (reviewed in:

Stearns and Partridge, 2001, Flatt and Schmidt, 2009, Flatt, 2011). These experi-

ments have repeatedly found evidence for: a positive correlation between body

size and development time; a positive correlation between body size/development

time with fecundity; a negative correlation between fecundity and adult lifespan;

and a negative correlation between fecundity early and late in life. That said,

some studies find contrasting results. For example, Mair et al. (2004) suppressed

reproduction in some D. melanogaster females, observed the response of lifespan

and age-specific mortality to a set of conditions (dietary restriction), and found

that lifespans could be extended without a reduction in reproduction.
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Fig. 1.1 The Lack clutch

Studies considering one organism can be useful for identifying trade-offs in

life history traits, but they cannot evaluate the generality of these trade-offs as a

common feature across taxa. For this an interspecific comparative approach, and

an understanding of how lineage specific effects shape life histories, is required.

Investigations into single traits can identify how selective pressures affect each

trait in turn. However, since life history traits are evolutionary correlated, all

traits need to be considered simultaneously to build a full understanding of the

life history of an organism. Approaches to this are discussed below (Section 1.2).

1.1.3 Lineage specific effects

Species are not independent of each other in many important ways. From a

statistical point of view this can cause problems when attempting to identify

trade-offs and constraints between life history traits. Evolution imparts a structure
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to comparative datasets; species are more similar to other species with which

they have shared more of their evolutionary history with than they would be

expected to be by chance. Phylogenies allow us to identify the relationships

between species, and phylogenetic comparative methods allow us to use this

information to control for ancestry in statistical models. At least some variance

and covariance in species’ observed phenotypes can usually be attributed to their

phylogenetic relatedness, and once that portion of variance has been accounted

for the remaining trait variation is the result of selection or other evolutionary

processes that causes closely related species to be different from each other

(Felsenstein, 1985, Harvey and Pagel, 1991). Crucially, one can find evidence

for adaptation where the same trait has repeatedly evolved, independently, in

different lineages under similar conditions (Harvey and Pagel, 1991).

Lineage specific effects are important features of life history evolution. Some

traits are fixed at higher taxonomic levels (e.g. all mammals, except the monotremes

which belong to their own subclass, are viviparous), removing the genetic vari-

ation on which natural selection can operate (Stearns, 1992). Moreover, the

relationships between key life history traits, and how these relationships scale

with body size, differs between higher taxonomic groups (Stearns, 1992). In order

to understand how selection has optimised investment into life history traits to

maximise fitness, one first has to understand the local (taxonomic) relationships

between life history traits.

Insect life histories are yet to be analysed comprehensively at a comparative

Class level. By looking for patterns of covariation in life history traits across

multiple taxonomic levels within the insects, we will be able to identify both the

general trade-offs and constraints and also understand how the different lineages

have evolved their own methods of increasing reproductive success.
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1.2 Empirical generalisations of life history theory

The theory of r-K selection was one of the earliest predictive models for life

history evolution, and has been one of the most influential concepts in life history

theory to date. Macarthur and Wilson (1967), imagining an island with abundant

resources, deduced that individuals causing the greatest increase in population

size should be selected for initially upon arrival. As the environment becomes

occupied and the population approaches its carrying capacity, selection should

focus on individuals who come out ahead in terms of intraspecific competition

or that can outlive periods of scarce resources. These two groups of individuals

they referred to as ‘r-selected’ and ‘K-selected’, respectively. The essence of r-K

selection theory is density dependence. Pianka (1970) proposed that environ-

ments varied in the degree to which they imposed r- or K-selection pressures

on organisms, and that because of this species should fall along a continuum

from absolute r-selection to absolute K-selection. Pianka (1970) then considered

which traits would be affected by density dependence and highlighted the life

history traits. In r-selected species the goal of rapid increase in population size

should lead to fast development, early reproduction, and high fecundity. The

correlation of life history traits further means that they will also have small adult

and offspring sizes, and short lives.

Over time r-K selection theory has come to be viewed as a naïve oversimplifica-

tion of natural selection (Stearns, 1977). The focus on density dependence, lack of

consideration for other factors which must also play a role in life history evolution

– including environmental variability, and predation – led to the concept being

largely abandoned in favour of new, demographics based paradigms focussing

on age-specific mortality and reproductive rates, which provide a better causative

link between the environment and life histories (Wilbur et al., 1974, Reznick et al.,

2002). Despite their criticisms, r-K models continue to be updated and remain
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important in the development of ideas around life history evolution (Engen and

Sæther, 2016, Lande et al., 2017).

The trait patterns predicted by r-K selection have been shown to be pervasive

in comparative studies of life history traits. The term ‘fast-slow continuum’,

thought to be originated by Sæther (1987), is now applied to those patterns. The

life history traits of r-selected species and K-selected species would now instead

be called ‘fast’ or ‘slow’ life history strategies, respectively. The idea of the ‘fast-

slow continuum’ concept is that species can be arranged along an axis between

those extremes; at one end (fast) species with high fecundity, short generation

times, early reproduction, short lifespans, and small offspring and adult body

size; and at the other (slow) end species with the opposite set of traits. Models of

life history evolution explain this pattern through trade-offs and co-adaptations

between the traits themselves and to mortality rates (Charnov, 1991, 1993, Harvey

and Purvis, 1999, Kozłowski and Wiener, 1997, Promislow and Harvey, 1990),

and often incorporate elements of metabolic scaling theory (Brown et al., 2004).

For example, species with low mortality can live longer lives. They can then be

selected to mature later and at a larger size, because larger size increases the

energy available to allocate to reproduction as an adult. In mammals, offspring

size increases with body size at a faster rate than reproductive potential, so the

result is fewer, but larger, higher quality offspring (Charlesworth, 1994, Stearns,

1992).

Support for a ‘fast-slow’ continuum of life histories has been found using

comparative studies in a number of higher taxa, including mammals (Oli, 2004,

Bielby et al., 2007), birds (Sæther, 1987, Bennett and Owens, 2002), reptiles

(Bauwens and Díaz-Uriarte, 1997, Clobert et al., 1998), fish (Beukhof et al., 2019),

and vascular plants (Franco and Silvertown, 1996, Salguero-Gómez et al., 2016,

Salguero-Gómez, 2017). That said, the exact nature of the ‘fast-slow continuum’,

the traits which are significantly correlated and the amount of variance that these



1.3 Insect life histories 11

relationships explain in the data, appears to vary across taxonomic groups. The

continuum is best exemplified by mammals, on which Charnov (1991) based

his model, but even in mammals including additional dimensions (as opposed

to a one dimensional continuum from slow to fast involving all life history

traits) improves predictive power (Galliard et al., 1989). Bielby et al. (2007), in

mammals, found that life histories were structured around two independent

axes, one involving the timing of reproductive events, and another reflecting the

balance between the number and size of offspring. Similarly, in vascular plants,

Salguero-Gómez (2017) identified two axes of life history variation: one a ‘fast-

slow continuum’, between fast-growing short-lived plants and their opposites;

and the second a reproductive strategy axis, ranging from highly reproductive,

iteroparous species at one extreme to poorly reproductive, semelparous species

at the other.

There is a lack of understanding about the relevance of the ‘fast-slow con-

tinuum’ for invertebrates, particularly insects. Recent analyses at a very broad

taxonomic level, the whole of animals, suggest that life history strategies can

in general be explained by two axes – the ‘fast-slow continuum’, and a second

related to age-specific mortality and the spread of reproductive events (Healy

et al., 2019). However, just 8 of the 121 species included in this analysis were

invertebrates, and none of them were insects. Considering the diversity, richness,

and importance of insects, any study which seeks to describe animal life histories

in general terms must surely first confirm these patterns in insects.

1.3 Insect life histories

At least 1,053,578 species of insects are known to science (Zhang, 2013), and

though there is considerable debate about the number, recent estimates indicate
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that the true diversity is closer to 5.5 million (Stork, 2018). In line with this,

insects exhibit tremendous variation in life history strategies. In this first section

I will first introduce the broad development modes of insects and how they fit

into life history theory, and then review some of the major innovations related to

reproduction and their potential effects on life histories.

1.3.1 Development

Insects can, for the most part, be categorised into three groups based on their

broad growth pattern. The ancestral condition is ametabolous development, today

represented by Zygentoma (silverfish) and Archaeognatha (jumping bristletails).

Ametabolous insects eclose from their eggs resembling miniature versions of their

adult forms, but without functional genitalia (Resh and Cardé, 2009). Aside from

growing larger and attaining reproductive maturity, individuals do not undergo

dramatic changes in appearance or habits from moult to moult (Truman and

Riddiford, 1999). Moulting continues throughout adult life in the ametabolous

insects, which means that they can also continue to grow as adults.

Most insects, however, cease moulting once they reach adulthood, and so are

mostly constrained in size to that attained at the final moult. The hemimetabolous

insects hatch out of their eggs as small, wingless forms of the adults (called

nymphs, or sometimes naïads for those with aquatic immature stages), and in

most cases the habits and habitats of the adults and nymphs are shared or broadly

similar. Wing buds typically can be seen from the first or second instar and then

increase in size with subsequent moults until they are transformed into functional,

articulated wings during the final moult into adulthood. Only one extant group

of insects, the mayflies (order Ephemeroptera), moult after the development of

functional wings. Mayfly nymphs develop in water, moult into a subimago and

use their wings to reach shelter in vegetation before undertaking a final moult
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into the adult stage (the imago). Moulting is thought to halt once adult, winged

forms are reached because wings are relatively large, delicate structures which

could easily be damaged during ecdysis.

In contrast, the majority of insect species eclose from their eggs as lar-

vae, which can be morphologically very different from their adult forms and

lack any trace of external wings. Ninety per cent of insect species belong

to the holometabolous orders, which constitute a monophyletic group (the

Holometabola). Following the larval period, they undergo complete metamor-

phosis during a pupal stage where their larval bodies are broken down and

reorganised into the adult form. Over an evolutionary timescale, such reor-

ganisation has led to divergence between larvae, which are primarily adapted

for feeding and growth, and the adults, primarily adapted for dispersal and

reproduction.

There has been considerable debate over which of the immature stages of

the holometabolous and hemimetabolous insects are homologous. Traditionally,

the larva of holometabolous insects was thought to have arisen from the em-

bryonic stage – i.e. that the larva represents a free-living, feeding embryo (or a

“walking egg”). The nymphal stages, freed up from feeding and growth thanks

to the larva, subsequently became reduced into a single instar specialised for

reorganisation into the adult form. The other main hypothesis instead considers

larvae as homologous to nymphs. This view states that during the evolution of

the Holometabola disparity between the adult and immature forms became so

pronounced that the pupal stage arose, either de novo or from the final nymphal

stage, to bridge the gap. The second hypothesis has received much attention, but

recent developments from embryology and developmental endocrinology have

reasserted the traditional view (larva as homologous to embryonic stage). Truman

and Riddiford (1999, 2019) specifically relate the larva to a crypic embryonic stage
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of hemimetabolous insects, the pronymph, which provided the precursor to the

larva of the Holometabola.

It is likely that each of the three broad developmental categorisations (ametabolous,

hemimetabolous, and holometabolous) impose a different set of constraints on the

life history of organisms. Only the ametabolous insects, for example, are able to

continue to grow after reaching maturity (they have indeterminate growth). Since

fecundity often increases with body size, this growth could potentially increase

reproductive output (Honěk, 1993). Since they have indeterminate growth the

allocation of energy between growth and reproduction continues throughout

adult life. In contrast the hemimetabolous and holometabolous insects are limited

in size to that attained at reproductive maturity, and so adults stop investing in

growth. Clearly these could be the basis for major differences in the organisation

of life histories, although this has yet to be tested.

1.3.2 Reproduction

Even greater diversity exists in relation to the reproductive strategies of insects

than to developmental ones, and many strategies appear to have evolved indepen-

dently several times – providing the perfect conditions to test hypotheses about

adaptations. Many insect species leave their eggs exposed, while a myriad of

methods to protect them from desiccation, predators and parasites have evolved

in other taxa (e.g. egg cases and pods, nests and brood-chambers, oviposition

inside plant or animal tissues, live birth) (Gilbert and Manica, 2015). In life history

theory, greater investment in each individual offspring is thought to trade-off

with fecundity (Stearns, 1992, Braendle et al., 2011). Take for instance the tsetse

fly Glossina palpalis (Diptera: Muscidae) in which a single larva develops inside

the mother and is born ready to pupate virtually immediately (Krafsur and Ernst,

1983). This offers protection for the larvae and leads to high survivorship but
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comes at a cost of fecundity, as females can only produce between six and twelve

larvae over the course of their life (Krafsur and Ernst, 1983).

In contrast, species with high juvenile mortality may produce many thousands

of eggs over their lifetime. The ghost moth Trictena atripalpis (Lepidoptera:

Hepialidae) is reported have a lifetime fecundity of over 30,000 eggs (Tindale,

1933). The females of this species oviposit while in flight, the eggs drop to the

ground, and when they hatch larvae must make their own way to the roots of their

host plant (Resh and Cardé, 2009). Their risky oviposition strategy means that

juvenile mortality is high, which in turn puts strong selection on high fecundity

(Stearns, 1992, Charlesworth, 1994).

Reproductive division of labour has also evolved several times in insects,

specifically in all ants and termites, many species of bees, and some species

of wasps, aphids and thrips (Nowak and Tarnita, 2010). Eusocial societies are

headed by single egg-laying female, or a small number of egg-laying females

(Keller, 1995). Other colony members provide food for her, care for the eggs,

and take on the roles of foraging and nest defence (Thorne, 1997, Nowak and

Tarnita, 2010). Eusocial insects have intensive care of offspring, but not by the

mother, and over an evolutionary timescale this has led to queens with extreme

specialisation in fecundity (Thorne, 1997). Queens of the driver ant Dorylus

wilverthi, for example, can lay up to 4 million eggs every 25 days (Brueland, 1995).

In most cases, the parent determines the number of offspring that they produce

– but some insects exhibit polyembryony. The best studied insects with obligate

polyembryony are parasitoid wasps such as Copidosoma floridanum, but it also

exists in Strepsiptera (Grbic et al., 1999). In C. floridanum the mother lays a single,

yolkless egg into the egg of a lepidopteran host (Strand and Grbic, 1997, Grbic

et al., 1999). The wasp uses the nutrients provided by the moth egg to develop
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and proliferate, with up to 2000 larvae forming from a single Copsidosoma egg

(Strand and Grbic, 1997).

The examples introduced above illustrate the enormous variety in terms

of insect reproduction strategies. The aim of this work is to understand how

adaptations such as these evolved to increase fitness, and why different species

and clades have evolved such different modes of life.

1.4 Correlates of life history strategies

Empirical generalisations of life histories are increasingly viewed as useful predic-

tive tools. Once the major axes of variation in life histories have been identified,

and phylogenetic effects are accounted for, species’ positions relative to each

other along these axes can predict other ecological and community traits. This is

not surprising given the impact of life history on fitness and demography. The

following section outlines some examples of where life histories have been used

to predict other traits.

Extinction is, fundamentally, a demographic process, and therefore life history

traits play an important role in determining which species face extinction (Morris

and Doak, 2002). Using life history data to predict extinctions could be very useful

in assigning conservation strategies to taxa – potentially providing conservation

biologists with a tool to predict extinction long before it happens. In plants, the

‘fast-slow continuum’ and ‘reproductive strategy’ axes developed by Salguero-

Gómez (2017) could together be successfully used to predict the IUCN threat

level of species. They showed that increasingly ‘slow’ species along the ‘fast-slow

continuum’ (i.e. lower reproduction and growth rate, and higher longevity) are

associated with higher threat of extinction according to IUCN classifications.
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Their reproductive strategy axis also explains threat level, with species towards

the semelparous end of the spectrum having higher extinction risk.

Life history traits have also been used to predict invasion success in different

taxa. Allen et al. (2017) demonstrated that fast life history traits promote invasion

success in reptiles and amphibians. Capellini et al. (2015) find similar results

for invasive mammals, where fast traits such as large litter size and frequent

litters bias the introduction, establishment and spread of aliens. Salguero-Gómez

(2017) also find complementary results in vascular plants, showing that the in-

vasive plants usually have ‘fast’ life histories and high investment, iteroparous

reproductive strategies. In contrast, successfully invasive alien birds are generally

associated with ‘slow’ life history traits that prioritise future over current repro-

duction, such as small clutches and low brood value (Sol et al., 2012). Low brood

value in successful aliens suggests a form of bet-hedging; reproductive effort is

divided into many attempts each with low fitness consequences of failure.

Predicting the extinction and invasiveness of insect species by life history traits

would be a major achievement. It is likely that insects follow the general pattern

(those with slow life histories are at risk of extinction, those with fast life histories

make better invaders), as most lack the long lifespans to make use of bet-hedging

strategies across seasons or years like in birds. However, to understand which life

history traits are important in predicting extinction and invasiveness, a large-scale

comparative analysis is required.

1.5 The role of life history traits in diversification

If trait covariation follows a ’fast-slow’ structure, then species with ‘fast’ life

histories may have higher population growth rates and the ability to evolve at a

faster rate (Marzluff and Dial, 1991). It follows that these species may speciate
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faster, or be more adaptable to changing environments and thus have lower

extinction rates, which would lead to ‘fast’ clades having higher species richness

than ‘slow’ clades. Isaac et al. (2005) showed that species richness was negatively

correlated with gestation time in mammalian carnivores and positively correlated

with litter size in marsupials. In both lineages the results fit with the life history

model of diversification: relatively ‘fast’ clades are more species rich. One of the

most pervasive questions in entomological research is: why are there so many

species of insects? Life history theory may be able to help answer this question.

The diversification rate (i.e. the balance between speciation and extinction

rates) of a clade over a period of time defines its species richness. Given this

definition we would expect species to accumulate, and a high species richness to

form, in clades with high speciation rates and (at least relative to the speciation

rate) low extinction rates (Mayhew, 2007). But high speciation rates are not

a prerequisite for high species richness, clades may persist with a low rate of

speciation for a long period of time and accumulate high richness.

Hexapods are an ancient group; the true age of the clade is debated but

molecular data indicate their origin to be 479 million years ago in the Early

Ordovician (Misof et al., 2014). They were among the first animals to leave

behind the marine realm and colonise terrestrial ecosystems; their proposed sister

taxon the Remipedia are rare, blind crustaceans inhabiting coastal anchialine or

marine cave systems (Neiber et al., 2011, Schwentner et al., 2017). All of the major

extant insect lineages had appeared long before the angiosperm radiation of the

Cretaceous (Misof et al., 2014). Over such a long timescale, even small differences

in net diversification rates have the potential to create huge disparity in richness

between lineages.

Indeed, McPeek and Brown (2007) showed that clade age, and not differences

in diversification rate, is the principal determinant of species richness in ani-
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mals. Their analysis compared diversification rates between three animal phyla:

Arthropoda, Mollusca, and Chordata. Despite arthropods having 12.5 times

more species than molluscs and 20 times more species than chordates (Roskov

et al., 2019), their average diversification rates did not differ (McPeek and Brown,

2007). Nevertheless, a large amount of variation between clades of similar ages of

course exists. For example, Lepidoptera (butterflies and moths) and Trichoptera

(caddisflies) are sister clades but lepidopterans are an order of magnitude more

diverse than trichopterans. Hemiptera (true bugs) and Thysanoptera (thrips)

similarly share origins, and yet the diversity of thrips is more than twelve times

less than that of hemipterans. Understanding why this should be the case is an

important unanswered question in biology.

Though it is possible that the distribution of richness across the tree of life

has originated mostly through chance alone (e.g. Raup et al., 1973, Ricklefs,

2003), it seems likely that that some lineages possess traits that facilitate their

diversification (Cracraft, 1982). In insects, several hypotheses have been formally

tested within a phylogenetic framework (as reviewed by Mayhew (2007, 2018)).

One major hypothesis suggests that the small size of insects (and other taxa)

is responsible for their richness. Small size may promote richness because niches

can be subdivided on a finer scale and have ultimately higher carrying capacities

(Hutchinson and MacArthur, 1959). Clades with small taxa may be predisposed

to higher levels of speciation, or may better able to withstand environmental

perturbations, because short generation times and large population sizes confer

a faster rate of evolution (see below; Purvis et al. 2003). However, Rainford

et al. (2016) showed in a family level analysis that insect body sizes are not

strongly skewed when on a log scale, and that diversification rate and body

size are independent. This suggests that body size itself is not the main cause

of species richness in insects, and at higher taxonomic levels there appears to

be no consistent relationship between size and diversification rate (Orme et al.,
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2002). Much of the reasoning behind size–biased diversification relies on the

relationships between body size and other life history traits, which are less

well understood for insects and may not be in common with vertebrate groups

(Klingensberg and Spence, 2003). Investigation is still required into if and how

life history traits are related to diversification in insects (Mayhew, 2018).

The insects, through the course of their evolution, have developed several

key innovations which may have driven diversification, including flight and the

evolution of folding wings, parasitism, sociality, and metamorphosis (Mayhew,

2007). Rainford et al. (2016) found evidence for a substantial upshift in diversi-

fication following the evolution of metamorphosis, though the mechanism for

this is still as yet unconfirmed. One idea is that metamorphosis allows evolution

to optimise juvenile and adult life stages for distinct purposes (i.e. larvae pri-

marily adapted to feed and grow, and adults primarily adapted to disperse and

reproduce; Ebenman 1992). This may open up novel ecological niches, and so

promote diversification (Yang 2001; Rainford et al. 2016). It is plausible, though,

that the ultimate reason for high diversification in holometabolous lineages is that

metaphophosis enabled a shift in the basic features of species’ life histories, such

as an increased rate of development or shorter generation times. This possibility

remains largely unexplored in a formal sense.

Few insect life history traits, besides body size, have received attention in the

context of their effects on diversification. Voltinism (or the number of generations

per year) was found to be unrelated to species richness in dragonflies (Odonata;

Misof 2002), despite short generation times increasing the rate of molecular

evolution in invertebrates (Thomas et al., 2010). Similarly, while we might expect

that high fecundity would facilitate diversification, Katzourakis et al. (2001)

found no relationship between species richness and ovariole number in hoverflies

(Diptera: Syphridae). The association between these traits and diversification has
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not been tested for the majority of insect taxa, and it is still unclear which life

history traits are related to diversification in the insect lineage as a whole.

1.6 Thesis outline

This thesis addresses life history evolution of the insects. In Chapter 2 the ‘fast-

slow continuum’ hypothesis is evaluated for orthopterans (grasshoppers, crickets,

katydids, and kin) and the principal axes of life history variation are compared

with those of well-studied vertebrate groups. In Chapter 3 the relationships

between life history traits on the class level and below for insects are investigated,

along with the associations between life history strategies, aspects of ecology, and

type of metamorphosis. In Chapter 4 the life history hypothesis of diversification

is evaluated in the insects. Finally, Chapter 5 presents a summary of the work and

discusses future avenues for research in life history evolution given the results.



Chapter 2

Comparing life histories across

taxonomic groups in multiple

dimensions: how mammal-like are

insects?
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2.1 Abstract

Explaining variation in life histories remains a major challenge because they

are multi-dimensional and there are many competing explanatory theories and

paradigms. An influential concept in life history theory is the ‘fast-slow con-

tinuum’, exemplified by mammals. Determining the utility of such concepts

across taxonomic groups requires comparison of the groups’ life histories in

multidimensional space. Insects display enormous species richness and pheno-

typic diversity, but testing hypotheses like the ’fast-slow continuum’ has been

inhibited by incomplete trait data. We use phylogenetic imputation to generate

complete datasets of seven life history traits in orthopterans (grasshoppers and

crickets) and examine the robustness of these imputations for our findings. Three

phylogenetic principal components explain 83-96% of variation in these data. We

find consistent evidence of an axis mostly following expectations of a ‘fast-slow

continuum’, except that ‘slow’ species produce larger, not smaller, clutches of

eggs. We show that the principal axes of variation in orthopterans and reptiles

are mutually explanatory, as are those of mammals and birds. Essentially, trait

covariation in Orthoptera, with ‘slow’ species producing larger clutches, is more

reptile-like than mammal-or-bird-like. We conclude that the ’fast-slow contin-

uum’ is less pronounced in Orthoptera than in birds and mammals, reducing the

universal relevance of this pattern, and the theories that predict it.
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2.2 Introduction

The life history of an organism describes the way it develops, reproduces, and

its expected lifespan. Life histories represent much phenotypic diversity and are

strongly related to ecology and organismal fitness, and so the explanation of life

history variation has been one of the major challenges in ecology and evolutionary

biology (Stearns, 1992, Charnov, 1993, Roff, 2002). A central tenet of life history

theory is the operation of trade-offs between the various life history components;

individuals must invest resources competitively into growth, maintenance and

reproduction (Stearns, 1992, Braendle et al., 2011). One of the major aims of life

history research is to understand how, given different ecological challenges, trade-

offs in investment have formed patterns of covariation between life history traits

(Stearns, 1992). Some 45 possible trade-offs among life history traits were listed in

Stearns’ (1992) influential book, and many more potentially exist. These include

balances between investment in traits (e.g. current reproduction vs. survival, or

parental growth), and investment within the same traits over time (e.g. current

reproduction vs. future reproduction).

Over evolutionary time, selection should optimise investment into different

life history traits to increase fitness. Many classical questions about life his-

tory variation focus on a single trait, such as clutch size (Lack, 1947), lifespan

(Medawar, 1952), or frequency of reproductive events (Cole, 1954). However, it

has also long been recognised that organismal life histories can be quantified

in multiple dimensions, and that broad explanations of co-varying “suites" of

traits may also be possible. Attempted explanations include r/K selection theory,

which posits that variation in life history strategies is a consequence of density

dependent vs. independent selection (Macarthur and Wilson, 1967, Pianka, 1970);

‘CSR’ theory in plants, which explains variation as adaptations to environments

with combinations of either high or low levels of stress and disturbance leading
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to three extreme strategies (competitors, stress-tolerators and ruderals; Grime,

1977, Grime and Pierce, 2012); and Charnov’s theory for mammals (details below)

(Charnov, 1991, Harvey and Purvis, 1999). There is also a suite of “demographic

models" which predict how the rate and timing of investment in reproduction

responds to forces such as extrinsic mortality, resource availability, the form of

population regulation, and stochasticity in vital rates (Stearns, 1992, Reznick et al.,

2002).

Parallel with these explanatory paradigms and theories has been the develop-

ment of empirical generalisations of life history co-variation, which describe how

life history traits are expected to intercorrelate. Prominent amongst interspecific

paradigms has been the ‘fast-slow continuum’, which suggests that species fall

somewhere between: the ‘fast’ with high fecundity, short generation times, early

reproduction, short lifespans, and small offspring and adult body sizes; and ‘slow’

species with the opposite suite of traits (Braendle et al., 2011, Stearns, 1983). The

term ‘fast-slow continuum’ is thought to have first been coined by Sæther (1987).

It largely replaced the term ‘r/K selected’ after r/K selection theory fell out of

favour as an explanation of trait covariation, but where researchers still needed to

refer to trait patterns predicted by that theory (Jeschke and Kokko, 2009). Some

prominent models explain these patterns through trade-offs and co-adaptations

between the traits themselves and to mortality rates (Charnov, 1991, 1993, Promis-

low and Harvey, 1990, Kozłowski and Wiener, 1997, Harvey and Purvis, 1999),

often incorporating elements of metabolic scaling theory (Brown et al., 2004).

Support for the ‘fast-slow continuum’ has been reported in a variety of taxa,

including mammals (Oli, 2004, Bielby et al., 2007), birds (Sæther, 1987, Bennett and

Owens, 2002), reptiles (Bauwens and Díaz-Uriarte, 1997, Clobert et al., 1998) and

vascular plants (Franco and Silvertown, 1996, Salguero-Gómez, 2017). Recently,

studies have moved away from using single traits to represent speed of life

history as they may not accurately represent a species’ position on the ’fast-slow
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continuum’ (Bielby et al., 2007). Instead studies attempt to reduce dimensionality

in large multivariate datasets, and find evidence for the ’fast-slow continuum’ if

life history traits load strongly and in the expected direction onto a first principal

component axis (Jeschke and Kokko, 2009).

Across taxonomic groups the ‘fast-slow continuum’ of life histories has been

shown to vary considerably, with some traits not following the pattern expected

from Stearns’ (1992) full continuum (e.g. Bauwens and Díaz-Uriarte, 1997, Jeschke

and Kokko, 2009, Mayhew, 2016). The continuum is best exemplified by mammals

on which Charnov (1991) based his model, though even for mammals variations

of the continuum including additional dimensions show greater predictive power

(Galliard et al., 1989, Bielby et al., 2007). Few studies have attempted to quantify

to what extent different clades deviate from the idealised ‘fast-slow continuum’,

or from each other. This lack of quantitative comparisons makes it difficult to

understand the relevance to different taxa of theories based on mammalian trait

covariation.

Compared with vertebrates and plants, there is a lack of understanding about

the relevance of the ‘fast-slow continuum’ for invertebrates, particularly insects,

which make up over half of all described species (Grimaldi and Engel, 2005).

That said, the ‘fast-slow continuum’ has been shown to be general and versatile

enough to explain variation in groups only distantly related to the mammals in

which it was originally proposed. Much interspecific comparative work on insect

life histories so far concentrated on finding relationships between pairs of traits:

for example positive correlations between body size and fecundity (Honěk, 1993),

and body size and longevity (Holm et al., 2016), or the trade-off between egg

size and number (Berrigan, 1991). Some studies have addressed multiple traits

in specific subtaxa of insects: Blackburn (1991a) described evidence of a ’fast-

slow continuum’ in parasitoid Hymenoptera, although the set of patterns found

was limited by comparison with vertebrate taxa (Mayhew, 2016). Specifically,
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some relationships predicted by the ‘fast-slow continuum’ - such as smaller

eggs laid in high fecundity species - were upheld, but not others - such as the

relationship between body size and lifespan (Blackburn, 1991a). The application

of multivariate methods, such as PCA, was prevented by gaps in the data across

species (Mayhew, 2016). Advances in phylogenetically-based imputation mean

that it is now feasible to conduct multivariate analyses even with missing data

(Goolsby et al., 2017).

Orthoptera (grasshoppers, katydids, crickets and their kin) are an ideal insect

group on which to assess patterns of covariation between life history traits.

They are the most diverse order of polyneopteran insects, containing over 22,500

species (Grimaldi and Engel, 2005). They have a worldwide distribution and

are largely phytophagous, and are relatively well studied, both in life history

and phylogeny, with some species considered important crop pests (Jago, 1998).

They are hemimetabolous insects; they lack complete metamorphosis and instead

have successive moults through nymphal stages which resemble the adult stage

(Grimaldi and Engel, 2005). Orthopterans are diverse with respect to their life

histories, for example spanning 4.5 orders of magnitude in body mass (Whitman,

2008). As in other insect groups, to date there has been no multivariate analysis

of life history variation in Orthoptera.

Here we assess the extent to which orthopteran life histories follow a ’fast-

slow continuum’ using a multivariate approach. We compile a dataset of life

history traits for this ecologically important insect group and apply phylogenetic

imputation techniques to compare the life histories of a broad taxonomic sample

of species. We predict that if orthopterans exhibit a ‘fast-slow continuum’ then all

traits will load onto a principal component with the following loadings: positive

for body size, offspring size, development time, adult lifespan; negative for clutch

size, clutch frequency, generations per year. We make direct comparisons between

life history trait associations for Orthoptera and those from other taxonomic
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groups to quantify their similarity in multidimensional space. This allows us to

visualise the extent to which life history theories devised around one taxonomic

group might also be successful in explaining variation in other groups. Should

the ’fast-slow continuum’ be general to all organisms, then we should expect that

across taxonomic groups the structure of variation (as indicated by dimensionality

reduction techniques like PCA) should remain consistent.

2.3 Methods

2.3.1 Orthoptera data collection and imputation

We compiled data from the literature on body length (mean, where available, of

male and female, excluding ovipositor and antennae as they can substantially in-

crease length and distort estimates of body size; mm), egg size (at widest/longest

part of egg; mm), juvenile development time (duration from hatching to adult

eclosion; days), adult lifespan (duration from adult eclosion to death; days),

clutch size (number of eggs laid in a single pod/bout of laying), clutch frequency

(number of pods/bouts of laying per year), and voltinism (or number of genera-

tions per year; semivoltine, univoltine, bivoltine, multivoltine or variable across

geographic range). Where sources reported different values for the same species,

the mean was calculated. For some species that live less than one year, if lifetime

fecundity and either clutch size or frequency was reported the missing variable

was calculated by dividing lifetime fecundity by the relevant variable for which

data existed. Egg size was chosen as the measure of offspring size because it was

most frequently reported, but to compare between taxonomic groups we also

collected body length at first instar (i.e. after parental investment in the egg stage;

Appendix A). Voltinism was coded quantitatively as 0.5 (generations per year)

for semivoltine, univoltine as 1, bivoltine as 2, and multivoltine conservatively
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as 3. For species where voltinism was variable the mean of the relevant above

scores was taken. Continuous variables were natural-log transformed to fit the

assumptions of normality in the PCA. The full dataset contained 610 species

but was very sparsely populated. All data are deposited in the Dryad Digital

Repository: http://dx.doi.org/10.5061/dryad.sb307mm (Bakewell et al., 2019).

Exploring orthopteran life histories in multivariate space requires a dataset

containing complete cases for each species. Unfortunately, this would leave

us with a very small and taxonomically-unrepresentative dataset. To fill in

gaps in our dataset we used a phylogenetic imputation method in the package

‘Rphylopars’ (Goolsby et al., 2017) in R (Team, 2017). The ‘phylopars’ function

estimates the evolutionary covariance between species using the existing data,

a phylogeny and a model of evolution. Ancestral states and missing data with

variances are imputed as the best linear predictions, maximising the log-likelihood

of the covariance patterns in the original data (Goolsby et al., 2017). We tested

several alternative models of evolution and selected a model fitting lambda

(Appendix A). In order to determine the sensitivity of any qualitative results

to the amount of imputation in the dataset, we first performed the analyses

described below on a subset of data with zero unknown traits and then repeated

the analyses in series, each time expanding the subset of data allowing it to

contain extra species with an additional unknown trait. This resulted in seven

datasets with increasing coverage of taxa. For each dataset we imputed missing

values using the Davis et al. (2018) phylogeny and a model fitting lambda. We

then extracted the imputed trait values and their estimated variances. Using

these imputed values and variances we generated normal distributions for each

trait in each species, and randomly sampled from these distributions to create

10,000 versions of each dataset.
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2.3.2 Phylogenetic PCA of Orthoptera

To assess the extent to which orthopteran life histories conform to the ‘fast-slow

continuum’ we conducted phylogenetic principal components analysis (pPCA;

Revell, 2009) across our distribution of datasets using custom code (available

via Dryad) in R (Team, 2017), developed from the functions in the package

‘phytools’ (Revell, 2012). PCA represents multivariate data by creating composite

variables, measured along new axes, from the original data. The first principal

component axis (PC1) encompasses the greatest amount of variance in the data,

and subsequent orthogonal axes explain the second, third, and so on, greatest

amount of variance in the data (Jolliffe and Cadima, 2016). In this way PCA

can be used to reduce the dimensionality of the dataset, as fewer axes, each

influenced by different variables, can explain a large amount of variance in the

underlying data. Standard PCA methods assume that the dataset is composed of

independent data points, which is not the case with species level data as closely

related species are likely to be more similar in phenotype to each other than to

distant relatives. To account for this, pPCA instead uses phylogenetic covariance

to calculate the principal component axes (Revell, 2009).

At each level of imputation, we calculated phylogenetic covariance matrices

using the Davis et al. (2018) Orthoptera phylogeny for each of the 10,000 datasets

containing samples generated from the imputed trait values and their variances.

We conduced PCA on these covariance matrices and recorded the eigenvectors

and eigenvalues for each run. PCA produces singular vectors with arbitrary signs

(i.e. in each eigenvector all signs could be switched from positive to negative

or vice-versa and the interpretation would be identical), but since we used

bootstrapping over many models, each calculated on slightly different data, the

sign of the eigenvectors becomes important to compare models (Bro et al., 2008).

We used the procedure of Bro et al. (2008) to resolve ambiguity in the signs of the



2.3 Methods 31

singular vectors, by comparing their signs to the individual data vectors that they

represent and reversing them if necessary. This is achieved by examining the sign

of the inner product of the singular vector and the individual data vectors (Bro

et al., 2008). After correcting signs, we used a resampling procedure to produce

bootstrapped median eigenvectors, randomly selecting with replacement 10,000

sets of eigenvectors and calculating the median over 1000 bootstraps.

As proposed in other taxonomic groups (Jeschke and Kokko, 2009), if life

history trait covariation in Orthoptera strictly follows the ‘fast-slow continuum’

concept then all life history traits should load strongly and in the hypothesised

direction onto the first principal component of a multivariate dataset, and sub-

sequent axes should explain little additional variance. We retained PC axes

according to the Guttman-Kaiser criterion, where the axes with an eigenvalue

greater than the mean of all eigenvalues are interpreted (Jolliffe and Cadima,

2016). To assess the consistency of principal components calculated from each

subset of data with increasing levels of imputation, we used hierarchical cluster-

ing on the variable loadings of each PC axis, based on euclidean distances. If

PC axes are consistent across analyses with varying levels of imputation, then

hierarchical clustering should resolve them as a clear separate group.

We also use bivariate correlations on the raw, non-imputed, data to evaluate

the robustness of our conclusions from the pPCA, testing for relationships be-

tween body length (our most common variable) and the other life history traits.

We used phylogenetic generalized least squares (PGLS) models (Freckleton et al.,

2002, Pagel, 1999) in the R package ‘caper’ (Orme et al., 2013) to test for these

relationships while accounting for the non-independence of data due to shared

ancestry. PGLS uses a maximum likelihood approach to estimate λ - a measure

of phylogenetic signal, or how strongly phylogeny predicts the pattern of model

residuals (Pagel, 1999). Sample sizes are listed with the results.
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2.3.3 Analyses across taxonomic groups

For analyses across taxonomic groups, we built a dataset from existing large-scale

life history databases that contained traits comparable to the orthopteran life

history traits: for mammals (Capellini et al., 2015, Jeschke and Kokko, 2009,

Myhrovld et al., 2015), reptiles (Allen et al., 2017, Myhrovld et al., 2015) and birds

(de Magalhães and Costa, 2009, Jeschke and Kokko, 2009, Lislevand et al., 2007,

Myhrovld et al., 2015). We collected six life history traits for species across the

four clades, the full details of which are in Appendix A, briefly: body size (mass),

offspring size (mass at independence from parent), development time (time from

independence from adult until sexual maturity), adult (reproductive) lifespan,

clutch size (number of eggs/offspring per clutch/litter) and clutch frequency

(number of clutches/litters per year). Voltinism was not present in any of the

source datasets, and so it was excluded from this analysis. This dataset contained

932 mammals, 430 reptiles, 136 birds, and between 8 (at 0 traits imputed) and

339 orthopteran species (at a maximum of six traits imputed per species). For

phylogenetic analyses we merged six existing phylogenies (Fritz et al., 2009, Jaffe

et al., 2011, Oaks, 2011, Jetz et al., 2012, Pyron et al., 2013, Davis et al., 2018), full

details and internal node dates are in Appendix A.

We first performed pPCA on the combined datasets of orthopteran, mammals,

reptiles, and birds using our composite phylogeny, in an attempt to explore

patterns of covariation at a broad taxonomic scale. We then assessed how much

variance in each of the groups’ data could be explained by the principal compo-

nent axes of the other groups. Unfortunately, this is non-trivial in pPCA, since the

scores for species are based on differences in trait values from an ancestral state

(which will change with the addition of extra taxa). Therefore, we performed the

analysis without phylogenetic correction, effectively assuming that the impact

of phylogenetic non-independence is similar in all four groups. We took each
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taxonomic group (orthopterans, mammals, birds, and reptiles) in turn to be the

baseline group, and then calculated the amount of variance explained in the other

groups’ data by the retained axes of the baseline group (see Appendix A). Each

trait in the data for this baseline group was standardised to have a mean of 0 and

standard deviation of 1. We then scaled the data for the other groups using these

same scaling attributes, i.e. species from different taxonomic groups with the

same trait values would have the same scaled values. Scaling within groups does

not affect the variance overlap calculations, but it gives more realistic relative

scores along the resulting axes.

2.4 Results

2.4.1 The ‘fast-slow continuum’ hypothesis in Orthoptera

The presence of a ‘fast-slow’ axis encompassing body size in the data is strongly

suggested by the results of the bivariate PGLS analyses (Table 2.1), which do not

use any imputation. Body size is strongly positively associated with offspring size,

development time, and adult lifespan, although it is not significantly associated

with generations per year or clutch frequency. However, in contrast to the

standard ‘fast-slow’ expectations, larger body size is strongly associated with

larger clutch size in Orthoptera.

Three principal component axes, explaining 83.27-95.61% of the variance, were

extracted per analysis on subsets of the data containing a maximum of 0, 1, 2,

3, or 4 missing values per species (Table A.2). Hierarchical clustering revealed

consistency among some of these axes, with one axis (PC2 for 0 or 1 imputed

value subsets, PC1 for the others; Table A.2) from each subset forming a distinct

group with characteristics of a ’fast-slow continuum’ (Figure A.1), matching the
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Table 2.1 Phylogenetic Generalized Least Squares models of natural-log body
length against a series of (natural-logged) life history traits from Orthoptera data.

Response variable β ± SE t p λ n R2

Offspring Size 0.359 ± 0.036 10.083 <0.001 0.964 159 0.389
Development Time 0.425 ± 0.155 2.741 0.008 0.768 82 0.074
Adult Lifespan 1.102 ± 0.293 3.765 <0.001 0.000 29 0.320
Clutch Size 1.452 ± 0.169 8.618 <0.001 0.919 110 0.402
Clutch Frequency -0.197 ± 0.329 -0.598 0.565 0.000 28 0.014
Generations per Year 0.270 ± 0.143 1.893 0.062 0.602 92 0.028

PGLS results above. Table 2.2 shows the results of pPCA on the subset of data

with maximum 4 imputed values, which is fairly typical of the others (Table

A.2). In this case PC1 is the ’fast-slow’ axis, with positive loadings of body size,

offspring size, adult lifespan and clutch size (Figure 2.1). The axis explains 41.40%

of variance in the data, and increasing values indicate species with larger adult

body size, larger eggs, longer adult lives, and more eggs per clutch (Table 2.2).

Table 2.2 Bootstrapped median loadings from a phylogenetic PCA of orthopteran
life history data, imputed with a maximum 4 missing values per species (results
of analyses at other levels of imputation can be found in Table A.2).

Trait PC1 PC2 PC3

Body Size 0.763
(0.762, 0.764)

0.135
(0.129, 0.141)

0.011
(0.006, 0.016)

Offspring Size 0.514
(0.513, 0.516)

0.048
(0.044, 0.053)

0.002
(0.000, 0.005)

Development Time 0.223
(0.220, 0.226)

-0.036
(-0.041, -0.031)

-0.110
(-0.127, -0.089)

Adult Lifespan 0.922
(0.921, 0.922)

-0.002
(-0.006, 0.002)

-0.255
(-0.262, -0.245)

Clutch Size 0.646
(0.644, 0.649)

0.310
(0.298, 0.322)

0.428
(0.407, 0.446)

Clutch Frequency 0.268
(0.262, 0.275)

-0.833
(-0.839, -0.828)

0.084
(0.065, 0.103)

Generations per Year -0.197
(-0.200, -0.194)

0.075
(0.068, 0.083)

0.350
(0.327, 0.368)

% variance 41.40% 24.79% 17.08%

Note: 95% confidence intervals for bootstrapped medians are presented in parenthesis below the
medians. Boldface indicates that the trait was significantly loaded onto the axis.
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Fig. 2.1 Biplot from the PCA orthopteran life histories (Table 2.2), produced using
the imputed orthopteran data with a maximum of four missing traits. BS = body
size, OS = offspring size, DT = development time, AL = adult lifespan, CS =
clutch size, CF = clutch frequency, GT = generation time.
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Other axes retained in at each level of imputation appear to be more sensitive

to imputation, as they change more according to the amount of missing data

and do not sit together under hierarchical clustering (Figure A.1). However, with

caution, other patterns may be interpreted. PC2 (Table 2.2) is strongly loaded

by clutch frequency alone. Clutch frequency is also a primary contributor to

retained axes in analyses at lower levels of imputation (Table A.2). We note that

the bivariate relationship between body length and clutch frequency was not

significant, and had zero phylogenetic signal (Table 2.1).

2.4.2 The ’fast-slow continuum’ across taxonomic groups

Only the first axis of the phylogenetic PCA across Orthoptera, Mammalia, Reptilia

and Aves was retained according to the Guttman-Kaiser criterion, regardless of

the amount of imputed data included for orthopterans. These first principal

component axes explained 67.0-70.1% of variance in the combined dataset (Table

2.3: column ’All (pPCA)’; Table A.3). The axis was heavily loaded by adult body

mass, offspring mass, development time, and adult lifespan, but not clutch size or

frequency. These associations were found to be robust to the amount of imputed

orthopteran data included in the analyses (Table A.3). Increasing values of PC1

here represent species with larger body masses and offspring at independence,

longer developmental and adult/reproductive periods (Table 2.3: column ’All

(pPCA)’). The vertebrate clades cluster much closer to each other than Orthoptera,

which have the fastest life history traits of the groups being compared, and of

the three vertebrate groups, reptiles showed the most overlap in scores with

orthopterans (Figure 2.2).

When computing life history principal components for each group separately,

in the vertebrate clades only PC1 was retained according to the Guttman-Kaiser

criterion, while in Orthoptera the first two axes were retained (which combined
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Fig. 2.2 The distribution of species’ scores on PC1 of the phylogenetic PCA of
life histories across taxonomic groups (with Orthoptera data imputed with a
maximum of four missing species: Table 2.3). Boxplots show the median scores,
quartiles and 95% confidence limits.
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Table 2.3 PCA of life history traits between and within taxonomic groups, and
the amount of variance that each set of axes explains for each group. Orthoptera
data is included imputed at the level of maximum four traits per species missing,
results for other levels of imputation can be found in Table A.3 (phylogenetic
cross-clade PCA’s) and Table A.4 (within Orthoptera PCA’s).

All (pPCA)* Mammal Bird Reptile Orthoptera
Trait PC1 PC1 PC1 PC1 PC1 PC2
Body Size 0.976 0.431 0.457 0.484 0.531 0.160
Offspring Size 0.942 0.444 0.460 0.471 0.463 -0.020
Development Time 0.418 0.412 0.451 0.420 0.297 0.057
Adult Lifespan 0.490 0.409 0.362 0.393 0.510 -0.257
Clutch Size 0.161 -0.364 -0.369 0.370 0.390 0.346
Clutch Frequency -0.213 -0.384 -0.330 -0.276 0.105 -0.886
% variance mammals

67.8%

69.9% 69.4% 40.7% 29.4% 10.4%
% variance birds 69.5% 70.0% 40.8% 31.5% 11.6%
% variance reptiles 37.1% 37.1% 62.3% 53.9% 19.8%
% variance orthopterans 25.1% 26.0% 46.1% 51.8% 19.0%

* λ = 0.976
Note: All (pPCA) column shows the loadings from a phylogenetically controlled PCA
incorporating data from across mammals, birds, reptiles and orthopterans (variance explained =
60.2%). Subsequent columns show the loadings of standard PCAs on data from each of the listed
groups, along with the variance explained in these axes by these axes in each of the taxonomic
groups. Bold indicates a significant loading, or the amount of variance explained in the clade
used to generate the loadings. Definitions of traits are provided in Appendix 1.

explained 70.8-89.2% of variation in the orthopteran data; Table A.4). The loading

of traits was broadly similar across groups; the main differences occurred with

fecundity related traits. Specifically, in mammals and birds clutch size loaded in

the opposite direction to body size, offspring size, development time and adult

lifespan; while in reptiles and orthopterans it loaded in the same direction (Table

2.3). When other groups’ life history data were projected onto the axis of each

individual group, the mammal and bird axes best explained variance in each

other, performing poorer for reptiles and orthopterans (Table 2.3; Table A.4). The

reptile axes better explained variance in Orthoptera than any of the other groups,

and vice versa (Table 2.3, Figure 2.3; Table A.4).

Clutch frequency did not significantly load onto PC1 in any of the groups,

but in Orthoptera, regardless of the amount of imputation used in the analysis, it
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Fig. 2.3 Biplot of PCA of orthopteran life histories (green; left side), with mammals
(red; right side), birds (blue), and reptiles (yellow) projected into the same life
history space (Table 2.3: column ’Orthoptera’). Outer plots show the density of
PC scores for each group. Arrows show the direction of trait loadings on these
axes: BS = body size, OS = offspring size, DT = development time, AL = adult
lifespan, CS = clutch size, CF = clutch frequency.

is very heavily loaded onto the second axis. All three vertebrate clades scored

similarly to Orthoptera in the amount of variance explained by this axis, though

this is not surprising considering that it was largely influenced by a single trait.

Figure 2.3 shows the distribution of species’ scores along the axes proposed here

for Orthoptera (Table 2.3: columns ’Orthoptera’).
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2.5 Discussion

Understanding the causes of differences between species is a fundamental ques-

tion in biology, and life history traits represent some of the most prominent and

important sources of phenotypic diversity (Stearns, 1992, Charnov, 1993, Roff,

2002). Theories and paradigms that can be applied to multiple life history traits

(e.g. Charnov, 1991, Kozłowski and Wiener, 1997) have the potential to explain

this diversity, but the extent to which each one can depends on the extent to

which associations between traits across organisms in general are similar (Jeschke

and Kokko, 2009). Problematically, attempts to quantify invertebrate life histories

in multivariate space have been hindered by incomplete trait data (Mayhew,

2016). Here we have used phylogenetic imputation methods to generate complete

datasets of seven key life history traits for a large number of Orthoptera species,

and used these to test associations between traits and find similarities across

taxa. Without imputation, or with low-to-moderate levels of imputation, we find

consistent evidence in our results of a ’fast-slow continuum’ axis. This axis is

supported by bivariate PGLS analyses which only consider real (non-imputed)

data. On these axes, we find evidence for some, but not all, of the relationships

predicted by the fast-slow continuum. Moreover, we find that orthopteran trait

variation resembles that of reptiles better than birds or mammals. Below we put

these findings in the context of other work and assess their significance for life

history theory and ecology.

In orthopterans, larger values along the ’fast-slow’ axis (Table 2.2: PC1) indi-

cate species with larger body lengths, larger egg lengths, longer adult lifespans,

and more eggs per clutch. These results largely conform to the ’fast-slow con-

tinuum’ hypothesis, except that ’fast’ species have smaller clutches than ’slow’

species. Previous intraspecific studies in insects, including orthopterans, showed

that larger size is associated with higher, not lower, fecundity (Honěk, 1993,
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Strum, 2016). Since most orthopterans are ’income breeders’ (they acquire and

invest resources for reproduction during their adult stage; Branson, 2008) there

is no reason a priori to believe that their reproductive budgets are fixed. Being

income breeders might help larger insects to acquire more resources for repro-

duction. Taxa, like insects, which sit more towards the ’fast’ end of a fast-slow

continuum, might favour allocation more towards number than size of offspring

for many reasons: for example, a lack of density-dependent population regulation

(as in the original r/K selection theory); or if offspring lifetime fitness does not

strongly depend on initial offspring size (Smith and Fretwell, 1974); or if habitats

for offspring development are not limiting (Godfray, 1994).

Our results show that a single ’fast-slow’ axis does not adequately reflect the

variation in orthopteran life histories, something that has been acknowledged

in previous analyses in other taxonomic groups. The ’fast-slow continuum’ also

makes predictions about development time (longer in ’slow’ species) and the

number of generations per year (fewer in ’slow’ species). We do not consistently

find these patterns in our analyses, though development time is loaded in the

predicted direction (Table 2.2; Table A.2). Though not as consistently as the

’fast-slow’ axis, we find evidence of a secondary axis describing the frequency

of clutches (Table 2.2; Table A.2) - which is similar to results from other groups.

Salguero-Gómez et al. (2016) found support for the ’fast-slow continuum’ in

plants, but with a second ’reproductive strategy’ axis further resolving variation

in fecundity traits. Even in mammals, Bielby et al. (2007) concluded that the

life history data did not support the concept of a single ’fast-slow’ axis, instead

two axes were required - one describing the trade-off between offspring size and

number and the other reflecting the timing of reproductive events (longer inter-

birth intervals associated with slower development). Mayhew (2016) described

the life history associations of parasitoid Hymenoptera as a ’reduced fast-slow

continuum’, and similar conclusions can be drawn for fish, birds, reptiles, and
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plants where some, but not all, of the expected patterns are found (Bauwens and

Díaz-Uriarte, 1997, Franco and Silvertown, 1996, Jeschke and Kokko, 2009).

Despite this, in our analysis conducted at the highest taxonomic level, the

phylogenetic PCA across mammals, birds, reptiles and orthopterans, we retained

only one axis that explains 67.03-70.05% of the variance (Table 2.3: pPCA; Table

A.3). The traits that are significantly loaded on this axis all fit the expectations of

the ’fast-slow continuum’: larger values indicate larger adult and offspring size,

slower development, and a longer adult lifespan. Neither clutch size or frequency

were loaded onto this axis, which may reflect disparity in how these traits load at

lower taxonomic levels. It is interesting that at this very broad taxonomic scale

a single ’fast-slow’ axis can be resolved, and this result is robust to the amount

of imputed orthopteran data included in the analysis (Table A.3). PCAs in the

vertebrate groups also recover a single axis (Table 2.3), although these do not

necessarily contradict previous findings such as Bielby et al.’s (2007) because of

differences in the traits used between analyses.

Quantifying the fit of one taxonomic group to multidimensional axes of

variation described by others could clarify the similarity in trait covariation

across taxa. We showed that Orthoptera most closely follow the axes of trait

covariation described by the reptiles (Table 2.3), specifically resembling ’fast’

reptile species (Figure 2.2; Figure 2.3). In the amount of variance reciprocally

explained by their principal components, reptiles and orthopterans are more

similar to each other than to mammals and birds (Table 2.3; Table A.4), though

the vertebrate clades cluster closer together in life history trait space than reptiles

do to orthopterans due to the disparity in body size (Figure 2.2; Figure 2.3). The

primary difference between orthopterans/reptiles and the other vertebrate clades

is the loading of clutch size. Bauwens and Díaz-Uriarte (1997), in lacertid lizards,

found that species with larger body sizes and offspring sizes also have larger

clutches. These authors identify a trade-off between clutch size and frequency,
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which was negatively loaded (though not significantly) compared to the other

traits in our reptile PCA (Table 2.3).

What might cause the similarity of trait covariation in reptiles and orthopter-

ans? One possible driver is their body sizes, because as explained above, this

might lead species towards the fast end of a fast-slow continuum to prioritize

investment in number rather than size of offspring. Another obvious similarity is

the range of possible clutch sizes. The range of clutch sizes in our dataset is much

smaller in mammals (with 20.1 fold variation across species) and birds (10.5 fold)

than in reptiles and orthopterans (131 and 172 fold, respectively). Reptiles and

orthopterans are ectothermic, while mammals and birds are endothermic. Ec-

totherms have lower metabolic rates than endotherms (White and Seymour, 2003)

and expend a much larger proportion of their metabolic energy on reproduction

and early growth stages (Wieser, 1985). Due to their lower metabolic power

endotherms may be more constrained in the timing of embryonic development

and early growth, which have to be synchronised with external schedules of

environmental temperature (Wieser, 1985). Accordingly, they will be more af-

fected by factors such as seasonality and latitude, compared to endotherms. This

may select for similar covariation in life histories. As outlined above, if lifetime

offspring fitness is not strongly affected by initial offspring size, dividing the total

resource pool allocated to reproduction between a greater number of offspring

would result in higher fitness (Smith and Fretwell, 1974). Post-hatching/birth

parental care is extensive in birds and obligate via lactation in mammals, while in

reptiles and orthopterans it is far less common (Clutton-Brock, 1991). If in species

with parental care individual offspring fitness is more dependent on their size,

this may explain why orthopteran trait covariation is typically more similar to

reptiles, particularly in the tendency for larger bodied species to lay larger, rather

than smaller, clutches. Indeed, Gilbert and Manica (2015) show that in insects

with no parental care (or care limited to low-cost egg guarding) larger species
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produce more and larger eggs, while in those that provision offspring (similarly

to birds and mammals) larger species produce fewer, larger eggs.

Multivariate studies of invertebrate life histories of the type conducted here

are rare because in PCA species with data omissions are excluded, and trait

data are typically incomplete across broad taxonomic groupings of invertebrates.

However, without multivariate studies, it is difficult to assess how similar life

history trait covariation is across taxa, and hence how powerful explanatory

paradigms might be. Similarly, without such studies on invertebrates, which

comprise the vast majority of described species richness, it is hard to assess

how broadly relevant any theory or paradigm might be to biodiversity. Here

we used recent methods of phylogenetic imputation to create a rich dataset in

a higher taxon of insects that is suitable for multivariate analysis. Though such

methods have been tested in a limited way before, and found to be generally

robust, our study has applied them in a dataset that is more incomplete than

usual. Scepticism about the imputed values is both healthy and legitimate, and it

was incumbent upon us to demonstrate the robustness of findings based on them.

We have done this in three ways. First, the associations between pairs of traits

were first tested by analyses of datasets without imputed values - and these agree

with those based on PCA of imputed data (Table 2.1). Secondly, the uncertainty

in imputed values has been incorporated into our analyses by bootstrapping

the imputed data and re-running the multivariate analyses. We find very little

variation in the results. Thirdly, we re-ran our models with restricted datasets

requiring less imputation, and are able to identify consistency in the results by

employing hierarchical clustering (Figure A.1; Table A.2; Table A.3; Table A.4).

This potentially opens up the possibility of many more such analyses on other

taxonomic groups with incomplete datasets. However, the robustness of the

findings to uncertainty in the imputed data should be addressed in each specific

case.
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The aim of life history theory is to encompass a set of realistic evolutionary

assumptions that allow the observed patterns of trait associations and values

to be predicted. Based on previous work in other taxa, these assumptions

might include growth rates and their scaling with temperature and body size,

apportionment of energy to reproduction in the adult stage, and extrinsic and

intrinsically imposed mortality rates (Charnov, 1991, 2001, 2004, Kozłowski and

Wiener, 1997). Though there are doubtless some data on these variables already

in the published literature for Orthoptera and other insects and invertebrates,

particularly on pest or other model species, there has yet to be a concerted effort

to compile these data as has been done in some vertebrate or plant groups (e.g.

Jones et al., 2009, Salguero-Gómez et al., 2015, 2016).

Previous studies on other taxonomic groups have found that multivariate axes

of life history variation can help predict other ecological and community traits,

which is not surprising given their impact on fitness and demography (Allen et al.,

2017, Grime and Pierce, 2012). Based on findings in other taxa, we expect that the

axes identified for Orthoptera might predict the invasiveness of species or their

pest status, their conservation status, and their spatial distribution in different

habitats. Given the extensive ecological and economic impact of insects and other

invertebrates in natural ecosystems, realising this potential would have enormous

practical application. However, the idea that life histories can be classified along

a single axis applicable to all organisms is ambitious, and our results indicate the

limitations of such a framework. Life history evolution is addressed by many

diverse hypotheses with different predictions; bet-hedging, for example, predicts

that with increased environmental stochasticity organisms should favour variable

development (e.g. through egg diapause in insects) and iteroparity (Evans and

Dennehy, 2005, Wilbur and Rudolf, 2006). Without proxies of environmental

uncertainty, however, it is hard to interpret the results of our analyses in this

context. Ordination of life histories with ecological traits may be able to uncover
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more interesting and ecologically relevant patterns of association. In flying insects,

using geometrid moths as an example, Davis et al. (2016) classified species along

an axis following the degree of capital breeding (the proportion of adult acquired

resources devoted to reproduction), and found correlates of this axis with larval

diet breadth, reproductive season, and sexual size dimorphism.

To conclude, we have used phylogenetic imputation to conduct multivariate

analyses of life histories in an insect group and found evidence of a ’fast-slow

continuum’, though not as marked as in mammals and birds since clutch size

loads in the same direction as body size. We demonstrate that, in terms of

both absolute trait values and in their trait covariation, orthopterans resemble

reptiles more than birds and mammals. These findings suggest that we need new

theories to help us understand the reasons for these differences and similarities

across taxa, and investigations to understand their ecological consequences. They

further suggest that similar studies in invertebrate groups will be enlightening.



Chapter 3

The covariation of life history traits

in insects and the effects of ecology

and metamorphosis
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3.1 Abstract

Understanding life history variation is a core challenge for ecology and evolu-

tionary biology, and has produced many competing theories and hypotheses.

The ‘fast-slow continuum’ in particular has become a prominent concept in the

field, largely due to work on mammals and other vertebrates. To understand the

general relevance of these ideas to life as a whole, a concerted effort is needed

to understand variation in the life histories of invertebrates, which comprise

the majority of described species. We created a taxonomically broad dataset

of life history traits for over 3000 species of insects, and test how traits covary

evolutionarily, and what drives that variation. We find little strong evidence in

support of a ‘fast-slow continuum’ across the insects: the main axes of variation in

life histories in the group (explaining just under 50% of the variance) are related

to reproductive investment, and how this is spread over a lifetime. Ametabolous

(primitively wingless) species have distinct life history strategies (longer adult

lifespans) than other insects, but hemi- and holometabolous species show similar

trait covariation. We find that diet predicts life history, with parasitoids showing

lower clutch size, fecundity, development time and adult lifespan than other diets,

but we do not find significant effects of broad habitat (terrestrial versus aquatic).

We conclude that any ‘fast-slow continuum’ in insects is quite far removed from

the vertebrate pattern of covariation, and that therefore these patterns are not as

universal as has been suggested previously.
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3.2 Introduction

Life history theory attempts to explain the variation in life cycles between species:

how fast they grow, when they become mature, how often they reproduce,

and how long they survive (Stearns, 1992, Roff, 1992). These features directly

influence population dynamics and individual fitness, and so explaining the

high level of phenotypic diversity in life histories has been a major challenge at

the intersection of ecology and evolutionary biology. An important postulate of

the theory is that trade-offs operate between components of an organism’s life

history; that compromises must be reached due to competitive investment of

energy and resources between growth, maintenance and reproduction (Stearns,

1992, Braendle et al., 2011). These trade-offs place constraints upon the range

of possible life history strategies. Our understanding of how these trade-offs,

combined with selection, create patterns of life history variation is, despite

widening taxonomic coverage of studies, mostly limited to vertebrates and a

small number of other taxonomic groups, such as angiosperms. Until we know

how life history traits covary in invertebrates, which comprise the majority of

extant described species, a broad understanding of life history evolution will be

lacking.

Empirical studies of covariation between life history traits have revealed,

in many cases, a few prominent ‘axes’ (combinations of co-varying traits) that

can explain much of the variation among taxa. One of the most prominent

generalisations of life history is the idea that species can be placed along a ‘fast-

slow continuum’. This concept grew out of r/K selection theory, which explained

variation in life history strategies as the consequences of density-independent

versus density-dependent selection (Macarthur and Wilson, 1967, Pianka, 1970),

but the ‘fast-slow continuum’ is a description of the patterns predicted by this

theory and observed in nature and does not invoke any particular explanation of
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their causes (Jeschke and Kokko, 2009). Towards the fast end of this continuum,

species are characterised by small body size, early maturity and reproduction,

small offspring produced at a fast rate, high fecundity, and short lifespans; while

species towards the slow end of the continuum have the opposite set of traits

(Stearns, 1992, Braendle et al., 2011). Fast-slow continua have been documented

in many animal groups, including mammals (Oli, 2004, Bielby et al., 2007), fish

(Winemiller and Rose, 1992, Beukhof et al., 2019), birds (Sæther, 1987, Bennett and

Owens, 2002), and reptiles (Bauwens and Díaz-Uriarte, 1997, Clobert et al., 1998),

and remarkably similar patterns of covariation have also been demonstrated in

plants (Franco and Silvertown, 1996, Salguero-Gómez et al., 2016). Indeed, recent

analyses spanning diverse phyla from basal animal lineages to higher animals

indicate that patterns could generally be applicable to all metazoan taxa (Healy

et al., 2019). Broad comparative life history studies have been made possible

because of large aggregations of life history data within these taxa (e.g. mammals:

Jones et al. (2009), amniotes: Myhrovld et al. (2015), plants: Salguero-Gómez et al.

(2015)). In this paper we aim to fill the gap in the literature for a trait database of

similar scope to address questions about life history evolution for insects.

The covariation of life history traits in insects has been the subject of less

attention than for vertebrates and plants. This probably in part caused by a lack

of trait data compared to these groups (Mayhew, 2016) reflecting a study bias.

Where these studies have been carried out they rarely manage to recover the full

set of patterns described by the ‘fast-slow continuum’ (Blackburn, 1991a)(Chapter

2). Insects constitute more than half of the currently described fauna of Earth

(Mora et al., 2011) and show correspondingly vast variation in their life histories.

They dominate terrestrial ecosystems in terms of biomass and play crucial roles

within them – cycling nutrients, pollinating plants and dispersing their seeds,

maintaining soil structure and diversity, controlling populations of other organ-

isms, acting as a food source for a diverse range of predators, and as a habitat
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for microbial symbionts (Grimaldi and Engel, 2005, Scudder, 2009). Despite this,

their range of life histories is poorly understood at a comparative level, certainly

compared to other groups. Considering the far-reaching consequences of life

histories, and their ability to aid decision making in areas as diverse as conser-

vation biology, fisheries management, and invasive species biology, extending

our understanding of life history evolution in insects is likely to be beneficial.

One of the principal objectives of this chapter is to identify the major axes of life

history variation across the Class Insecta, and to evaluate the extent to which

they conform to a ‘fast-slow continuum’.

Aside from the likely utility of understanding the broad causes of life his-

tory variation (i.e. why ‘fast’ or ‘slow’ strategies evolve), it also provides an

understanding of species’ evolved adaptations and the ecological challenges that

underpin them. The insects are a famously diverse group and provide an excel-

lent opportunity to test hypotheses about life history evolution in the context of

ecology, but previously this has largely been inhibited by incomplete trait data.

Over 80% of insect species undergo complete metamorphosis, or holometaboly.

These insects have an ecologically inactive life stage, the pupa, in which trans-

formation between the larval and adult forms takes place. There are several

hypotheses about the adaptive benefits of metamorphosis (reviewed in Rolff et al.

(2019)), but they are predominantly related to the idea of decoupling the larval

and adult stages so that they can occupy different niches. Over evolutionary

time, the remarkable divergence of larval and adult forms (compared to juvenile

hemimetabolous insects, which look like small, wingless versions of the adult)

is thought to reflect specialization of the various life stages to different tasks;

the larvae are primarily adapted for feeding and growth, while the adults are

primarily adapted for dispersal and reproduction (Istock, 1967). Understanding

the consequences of the evolution of metamorphosis, particularly complete meta-
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morphosis, for life history covariation is paramount to assessing the universal

applicability of any generalisations of life history theory.

Though insects dominate terrestrial ecosystems, there are almost 100,000

species (a conservative estimate) that are present in aquatic habitats for a portion

of their lives, and here they also play key ecological roles (Dijkstra et al., 2014).

Southwood (1977) suggested that the observed diversity of life history strategies

is related to the habitat that an organisms occupies, particularly the stability

of the habitat and the level of predictability of its resources. Terrestrial and

aquatic habitats have strong environmental differences: food sources are often

suspended abundantly throughout water; it is denser than air, weakening the

effects of gravity; and desiccation is rarely a risk (Strathmann, 1990, Steele et al.,

2019). It is also notable that the daily and seasonal temperatures are more

stable in aquatic environments than terrestrial ones (Dijkstra et al., 2014). High

environmental stochasticity has classically been associated with the evolution

of ‘fast’ life histories, to ensure completion of life stages while the environment

is conducive to the organism (Engen and Sæther (2016), but see Morris et al.

(2008)). Aquatic insects represent a return to water from terrestrial ancestors,

so identifying whether this has reshaped life histories will provide important

evidence about how ecology can affect life history. In an analysis of animal and

plant life histories, Capdevila et al. (2020) found that the terrestrial species in their

dataset spanned from ‘fast’ to ‘slow’ in a ‘fast-slow continuum’, but that aquatic

species were constrained towards the ‘faster’ end of this axis. These authors

interpret the greater diversity of life history strategies in terrestrial environments

as reflecting the greater species richness and biomass of the terrestrial realm, and

the many innovations needed to adapt to life on land, for example, for water

retention or dispersal (Capdevila et al., 2020).

Finally, diet has proven to be a robust correlate of life history in some groups

of mammals (e.g. Sæther (1994), Geffen et al. (1996), Fisher et al. (2001)).
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Fisher et al. (2001) suggested that, in marsupials, the mechanism for life history

differences according to diet is related to energy constraints: relative to their

size, species feeding on more energy rich substrates can invest more energy

into reproduction, and the other life history traits are then traded-off against

this increase in investment. Insects and their relatives have considerable variety

in terms of dietary ecology (Grimaldi and Engel, 2005), including species that

change substrate (or even cease feeding altogether) across the different stages of

their lives. Again, identifying correlations between life history and diet in insects

will inform our perspectives on how ecology can shape life histories.

In this paper we aim to identify and interpret the life history patterns of

the insects: a largely neglected taxonomic group from this perspective but an

essential one for determining to what extent theories are general. To address

questions about life history evolution we present a dataset, broad in terms of

both taxonomy and trait data, containing 3,604 species from across all continents

on Earth. We identify the main axes of variation among insect life history traits

and use this information to evaluate the relevance of the ‘fast-slow continuum’

to groups with more complex life cycles than those traditionally considered in

comparative analyses. Following this, we test for associations between life history

strategies, metamorphosis, and major transitions in ecology.

3.3 Methods

3.3.1 Data collection and imputation

We created a dataset of insect traits using data from the published literature.

The key life history parameters collected were: adult body length (excluding

ovipositor and antennae; mm), egg size (at longest/widest part of the egg; mm),



3.3 Methods 54

egg development time (time from laying to hatching; days), nymph development

time (for hemimetabolous species, time from egg eclosion to eclosion of the

adult stage; days), larval development time (for holometabolous species, from

egg eclosion to formation of the pre-pupa; days), pupal development time (for

holometabolous species, time from pupation to adult eclosion; days), adult

lifespan (time from adult ecolsion to death; days), clutch size (number of eggs

laid in a single mass/bout of laying), and lifetime fecundity (total eggs laid

over a female’s life). Where we had the information, we summed larval and

pupal development time to represent the time from hatching to the adult stage

(functionally equivalent to nymph development time for hemimetabolous species),

and we summed egg, nymph/larval and (if holometabolous) pupal development

time to give total (hereafter egg to adult) development time. We searched for

scientific literature with relevant trait data on Web of Science, using the name

of the order and the name of the trait, as well as more general searches such as

"insecta", "insects", "life history", etc. The results of these searches led thorough

references to many other sources including grey literature, books, and websites.

Where a species had only one or two missing traits we searched, again on Web of

Science, using the species name and the names of the missing traits. We were

to some extent limited by time in the data collection process (and by whether

books, journal articles etc. could be accessed), and so there is doubtlessly more

data available in the literature. On the other hand, some traits and taxonomic

groups had previously been studied in some depth, and life history traits were

available for a large number of taxa in these cases - we assured that this does not

bias our results as outlined in section 3.3.2. All variables were log-transformed

prior to analysis. The data used for these analyses are presented in Appendix D,

along with a full reference list.

Our complete dataset contains some trait information for 3,604 insect species

from across the globe. All extant orders of insects are represented by at least
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one species in our dataset, though some did not have enough data for us to

perform the specific analyses we present below (e.g. a small number of Protura,

Mantophasmatodea). Most of the species lack some trait data, but we hope that

this resource can be used for other purposes and expanded by others in future.

The analytical sample sizes (reported herein) are, in some cases, considerably

smaller than the total dataset, due in part to missing trait data and in part to

inadequate information on phylogeny for some species/groups. We compiled

information on taxonomy for each species as we were collecting the data, this

was afterwards checked using the R package ’taxise’ (Chamberlain and Szocs,

2013) and the taxonomy provided by the Tree of Life Web Project (Maddison and

Shulz, 2007). The majority of the differences between our taxonomies were due to

repeated typos or differences in definitions (e.g. we take Blattodea, Isoptera and

Mantodea as one order, Dictyoptera, but the Tree of Life taxonomy treats them as

three orders), but other differences were verified on a case by case basis using the

Integrated Taxonomic Information System (ITIS) (http://www.itis.gov).

In addition to the continuous life history traits, we categorised species ac-

cording to their type of metamorphosis (ametabolous, hemimetabolous, or

holometabolous), and according to taxonomic order (the only major taxonomic

sublevel at which our analyses were reasonably complete). We categorised any

insect which has an aquatic stage as aquatic, and the remaining species as terres-

trial, according to major reference works (Thorp and Rogers, 2015, Hamada et al.,

2018) and other published literature sources (Appendix D). This classification

also considers parasitoids that attack aquatic stages as aquatic, although our

results are consistent whether we consider them alternatively as non-aquatic. We

collected information on diet according to published literature sources (Appendix

D), and then categorised the species for which we had information according to

the larval and adult diet classifications of Rainford and Mayhew (2015), which
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Table 3.1 Definitions of the diet categories used in this study, based on Rainford
and Mayhew (2015).

Diet Defintion
Detritivory Taxa which feed on decaying substrates and/or the mi-

crobial communities associated with decaying substrates.
Includes scavenging/corpse feeding, dung feeding, and
filter feeders.

Ecto-parasitism Taxa which feed on blood, flesh or other animal products.
Fungivory Taxa which either a) feed on living fungal tissue, or b) use

symbiotic fungi to externally digest their food. We exclude
spore feeders from this group and instead class them as
detritvores.

Liquid-feeding Taxa which feed on liquid substrates e.g. nectar, honeydew,
haemolymph.

Non-feeding Taxa which are incapable of feeding as adults.
Parasitoidism Taxa which use a single arthropod host (which dies as a

result) to complete their larval development.
Phytophagy Taxa which feed on living plant material, including vege-

tative parts, roots, wood and seeds. Taxa feeding on dead
plant material (e.g. dead wood), and seeds not taken in situ
(e.g. stored grain) are treated as detritivores.

Predation Taxa which kill and feed upon multiple other individual
animals.

has a similar taxonomic scope to our study. Definitions of the diet classifications

are outlined in Table 3.1

We created a species-level phylogeny of insects with good overlap with our

dataset using an informal supertree approach, more fully outlined in Appendix

B. We searched the literature for recent, comprehensive, and time-calibrated trees,

usually covering entire orders but some focussing on families. We then assembled

the trees into an overall phylogeny using the tree of Rainford et al. (2014) as a

backbone. This phylogeny was chosen because the divergence dates of orders

were mostly compatible with the individual source trees, and so we were more

inclined to trust them (see Appendix B for a full discussion and methodology).

After assembling the tree, there were still a significant number of species with

life history data but without representation on the tree, so we used taxonomy
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to insert those species via the ‘tip pinning’ approach described by Bennett et al.

(2017).

To increase the number of species and taxonomic breadth of our multivari-

ate analyses (see below) we followed the phylogenetic imputation procedure

described in Chapter 2, which uses the phylopars function implemented in the

R (Team, 2017) package ‘Rphylopars’ (Goolsby et al., 2017) to fill in gaps in the

dataset. This function uses the existing data for species, a phylogeny, and a model

of evolution (in our case models that perform Pagel’s lambda transformation

(Pagel, 1999) on the tree) to estimate the best linear predictions for missing data

and ancestral states, maximising the log-likelihood of the covariance patterns in

the original data (Goolsby et al., 2017). As in Chapter 2, we first performed our

analyses without imputed values and then repeated the analyses several times,

each time increasing the maximum number of imputed traits per species by one.

To account for uncertainty in the imputed values we extracted the variances

of estimates and generated normal distributions of each imputed trait for each

species, and then we randomly sampled from these distributions to create 10,000

versions of the dataset for each level of imputation.

3.3.2 Data analysis

We first tested the association between body length and other traits by construct-

ing pairwise phylogenetic generalised least squares (PGLS) models of each life

history trait against body length, using the R package ‘caper’ (Orme et al., 2013).

PGLS accounts for the non-independence of species’ data due to shared evolu-

tionary history and estimates λ, which functions as a measure of phylogenetic

signal in the data (Pagel, 1999). Since the other life history traits show strong

correlations with body size, and because under the strictest form of the fast-slow

continuum the patterns of covariation between them should be robust to elimina-
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tion of these effects, we then conducted analyses with body length factored out.

For these we calculated the residuals of each life history trait with adult body

length and then used PGLS to assess the relationships between the residual trait

values.

Next, we used phylogenetic PCA (Revell, 2009) to take a multivariate approach

to assessing insect life history traits associations. PCA represents multivariate

data on a new set of axes, each representing composite variables, which explain

the greatest amount of variance in the data (Jolliffe and Cadima, 2016). Standard

PCA approaches assume that the data rows are independent of each other, which

is not the case for comparative species data due to shared ancestry, so in a

phylogenetic PCA the phylogenetic covariance of traits is used to calculate the

principal component axes (Revell, 2009). We followed the approach outlined in

Chapter 2 to conduct phylogenetic PCA while incorporating uncertainty from

imputed values. Briefly, we calculated the phylogenetic covariance matrices

using our phylogeny and each of the 10,000 versions of our dataset created

from the imputed trait values and their variances; assured that the signs for

the eigenvectors and loadings are oriented in the direction most representative

of the original data vectors (as in Bro et al. (2008)); and resampled to produce

bootstrapped estimates of eigenvectors, loadings and scores. We retained axes

according to the Guttman-Kaiser criterion, where axes whose eigenvalue is greater

than the mean of all eigenvalues are interpreted (Jolliffe and Cadima, 2016).

To assess the consistency of the principal components with differing levels

of imputation, we used hierarchical clustering of the variable loadings based on

euclidean distances. We followed this up using k-means clustering with a range

of potential group sizes. If varying the amount of imputed data in the analysis

does not greatly change the variable loadings, then these clustering methods

should identify similar axes at each level of imputation and group them together.

The results from these analyses are presented in Figure B.1 and Table B.3.
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Some taxonomic groups are represented more than others in our life history

dataset, particularly Orthoptera and Hymenoptera. To assure that our results

were not driven primarily by the data in these groups, we resampled reducing the

number of orthopterans and hymenopterans to match the numbers of hemipter-

ans and coleopterans respectively. For this, the probability of a species being

sampled was equal to the proportion of richness that the species’ family makes

up of the order, divided by the number of species in the dataset for that family.

This approach means that large but poorly covered families are still represented

in the resampled dataset. Results from these analyses are presented in Table B.4.

We took the scores along each of the retained principal component axes for

each species and subjected them to further analysis to test for associations across

orders, levels of metamorphosis, habitat media (terrestrial vs. aquatic realms),

and diet types. For these analyses we used PGLS with scores along the principal

components axes as the response variable, and each of our categorical traits

of insects as the predictor. We present these results here as figures for easier

interpretation, with the estimated score for each factor level and the standard

error of the estimate taken from PGLS models, but the full models are available

in Appendix B.

3.4 Results

We find little consistent evidence to support the idea of a ‘fast-slow continuum’ in

insects using our data. All of the life history traits in our dataset showed a strong

correlation with adult body length, and many had strong positive relationships

with each other (Table 3.2). As a summary, larger species have larger eggs, take

longer to develop, have longer adult lifespans, and, contrary to the predictions of

the ‘fast-slow continuum’, larger clutches and higher lifetime fecundities. After
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accounting for the effects of adult body length we recovered some interesting

correlations between the life history traits (Table 3.3). All of the traits relating to

development time were strongly correlated with each other (note that some of

these, i.e. hatching/egg to adult development time are autocorrelated with their

component variables, but we present them here for the sake of completeness),

species with longer egg stages have longer larval and pupal stages and so forth

(Table 3.3). The development traits were not strongly correlated with either

adult lifespan or traits related to fecundity, the exception to this being that small

eggs were associated with short egg and larval development times (Table 3.3).

Clutch size and lifetime fecundity were significantly positively correlated, species

which lay more eggs in a clutch achieve higher lifetime fecundity. Egg length

was unrelated to clutch size, yet species with smaller eggs had greater lifetime

fecundity (Table 3.3). Adult lifespan showed few associations with the other

life history traits, though long lived species had smaller clutches of eggs, and

those eggs tend to be larger than in short lived species (Table 3.3) - both of which

conform to the predictions of a ‘fast-slow continuum’.

The results of the PGLS analyses above (which are not based on imputed trait

data) generally concur with the results of our phylogenetic PCAs even at the

highest levels of imputation, so we present those PCA results here (Table 3.4;

results from lower levels of imputation can be found in the Table B.2). Perhaps

surprisingly, given its strong associations with all traits in the PGLS analyses

(Table 3.2), adult body length was not strongly loaded on any of the retained

principal components (Table 3.4). The most prominent axis of variation in the data,

regardless of the level of imputation, was consistently a reproductive investment

axis ranging from species with small clutches and low lifetime fecundity to large

clutches and high lifetime fecundity (Table 3.4). This axis explained 29–41% of

variance in our data, generally decreasing as the amount of imputation increases.

PC2 was also strongly loaded only by clutch size and lifetime fecundity, but
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this time in opposition – high values of PC2 indicated species that had small

clutches but high lifetime fecundities (Table 3.4). Taken together these first two

axes suggest that the predominant differences in insect life histories are a) how

many offspring are produced per lifetime and per reproductive bout, and b)

whether lifetime fecundity is spread over many or few reproductive bouts. PC3

was most strongly loaded by egg development time (Table 3.4), but the time from

hatching to adult eclosion is also associated with these axes (particularly with

less imputation; Table B.2), mirroring the results from the PGLS analyses. Finally,

PC4 was strongly loaded by adult lifespan, and is therefore mostly independent

of the other life history component axes (Table 3.4).

The order that an insect belongs to was a significant predictor of its score

along the reproductive investment axes (PC1: F = 2.671, p < 0.001; PC2: F =

2.419, p < 0.001; Table B.5) and the axis representing mainly adult lifespan (PC4:

F = 3.425, p < 0.001; Table B.5), but not its score along the development time

Table 3.4 Bootstrapped median loadings from a phylogenetic principal compo-
nents analysis of insect life history data, imputed with a maximum of six missing
values per species (results from lower levels of imputation can be found in Ap-
pendix B). Trait abbreviations follow Table 3.2. Significant loadings are in bold.
%NA refers to the percentage of missing values for that particular trait. For this
analysis n=2271 and λ=0.806.

Trait PC1 PC2 PC3 PC4 %NA

ABL 0.209
(0.209, 0.210)

-0.038
(-0.039, -0.036)

0.165
(0.163, 0.167)

0.180
(0.180, 0.182)

42.08

EL -0.005
(-0.006, -0.005)

-0.077
(-0.078, -0.076)

0.068
(0.066, 0.070)

0.268
(0.267, 0.269)

45.11

EDT 0.133
(0.132, 0.134)

0.030
(0.022, 0.037)

0.907
(0.905, 0.911)

0.012
(0.010, 0.014)

57.17

HADT 0.082
(0.081, 0.083)

-0.046
(-0.049, -0.043)

-0.037
(-0.040, -0.033)

0.031
(0.029, 0.033)

60.83

AL 0.055
(0.054, 0.056)

0.226
(0.223, 0.228)

-0.037
(-0.040, -0.033)

0.943
(0.943, 0.944)

61.62

CS 0.770
(0.769, 0.771)

-0.595
(-0.596, -0.593)

0.023
(0.017, 0.028)

0.069
(0.067, 0.070)

65.54

LF 0.754
0.753, 0.755)

0.606
(0.605, 0.608)

-0.093
(-0.096, -0.089)

-0.133
(-0.135, -0.132)

67.39

% var. 28.56% 19.96% 18.41% 15.18%
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axis (PC3: F = 1.178, p = 0.254; Table B.5). Hymenoptera (wasps, bees, ants

and sawflies) and Psocodea (lice, bark lice and book lice) on average scored

low on PC1 (Figure 3.1), indicating low lifetime fecundity and small clutches,

while Odonata (dragonflies and damselflies) and Ephemeroptera (mayflies) are

at the other extreme (Figure 3.1). Megaloptera (alderflies and dobsonflies) and

Trichoptera (caddisflies) had the lowest scores on PC2 (Figure 3.1), which rep-

resents large clutches relative to lifetime fecundity, while Zygentoma (silverfish

and firebrats) and Siphonaptera (fleas) were at the other end of this axis (Figure

3.1). Siphonaptera and Diptera (true flies) had low scores on PC3, indicating

fast development, and Archaeognatha (jumping bristletails) and Phasmida (stick

and leaf insects) were located at the other extreme (Figure 3.1). Unsurprisingly,

Ephemeroptera (mayflies), well known for their brief adult lives, had much lower

scores on PC4, the adult lifespan axis, than any other group, with Trichoptera the

next lowest. Zygentoma had high scores on PC4, as did groups such as Phasmida

and Dermaptera (earwigs) (Figure 3.1).

The scores along our principal component axes were largely unrelated to

their form of metamorphosis (PC1: F = 0.457, p = 0.633; PC2: F = 1.748, p

= 0.174; PC3: F = 0.823, p = 0.439; Figure 3.2). Type of metamorphosis was

however a significant predictor of scores along the adult lifespan axis (PC4: F

= 4.063, p = 0.017): the basal insects (and their close hexapod relatives) lacking

metamorphosis had significantly longer lifespans than the remainder of the class

(Figure 3.2). Separate PCAs of the Holometabola and the Hemimetabola showed

some differences between these groups (Table 3.5). The Holometabola show

a similar pattern of axes to the overall analysis, with clutch size and lifetime

fecundity being strongly loaded on the first axis, a second axis with these same

traits but opposing each other, and a third axis denoting survival or development

time (Table 3.5). In the Hemimetabola the first axis of variation is instead strongly

influenced by the rate of development, and the second is strongly influenced by
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clutch size and lifetime fecundity. Interestingly, body size figures on this fecundity

axis in the Hemimetabola but not the Holometabola (Table 3.5), indicating the

possibility that reproductive success is more strongly tied to adult size in the

former than in the latter.

After accounting for shared ancestry, we found no significant difference

between aquatic and terrestrial species on any of the principal component axes

(PC1: F = 3.448, p = 0.063; PC2: F = 1.120, p = 0.290; PC3: F = 0.537, p = 0.464;

PC4: F = 0.260, p = 0.610; Figure 3.3; Table B.6). The aquatic species appeared to

occupy a more narrowly restricted range of values on the axes than non-aquatic

species (e.g. generally being towards the higher end of the clutch size and lifetime

fecundity axis, PC1; Figure 3.3), but whether this is an artefact of the differences

in species richness is unclear. PGLS analyses suggested that species with an

aquatic life stage have significantly smaller eggs (t = -2.167, p = 0.030) and shorter

Table 3.5 Bootstrapped median loadings from a phylogenetic principal compo-
nents analyses of holometabolous and hemimetabolous insect life history data.
Imputed with a maximum of six missing values per species (results with less
imputation can be found in Appendix B). Trait abbreviations follow Table 3.2,
significant loadings are indicated in bold. For the holometabola n=1424 and
λ=0.730, for the hemimetabola n=986 and λ=0.881.

Holometabola Hemimetabola
Trait PC1 PC2 PC3 PC1 PC2

ABL 0.103
(0.103, 0.104)

-0.013
(-0.014, -0.012)

0.027
(0.012, 0.042)

0.243
(0.243, 0.244)

0.396
(0.395, 0.397)

EL -0.048
(-0.049, -0.047)

-0.112
(-0.113, -0.111)

0.220
(0.199, 0.256)

0.128
(0.127, 0.128)

0.125
(0.124, 0.126)

EDT 0.087
(0.085, 0.088)

0.071
(0.068, 0.072)

-0.166
(-0.174, -0.159)

0.977
(0.977, 0.977)

-0.172
(-0.174, -0.171)

HADT 0.056
(0.055, 0.057)

-0.051
(-0.053, -0.050)

-0.166
(-0.174, -0.159)

0.358
(0.358, 0.359)

-0.014
(-0.016, -0.013)

AL -0.003
(-0.005, -0.002)

0.216
(0.213, 0.218)

0.633
(0.576, 0.710)

-0.009
(-0.011, -0.009)

0.181
(0.179, 0.183)

CS 0.866
(0.865, 0.867)

-0.471
(-0.469, -0.472)

0.018
(0.014, 0.021)

0.257
(0.256, 0.259)

0.675
(0.674, 0.677)

LF 0.615
(0.613, 0.616)

0.754
(0.752, 0.755)

-0.009
(-0.014, -0.003)

0.178
(0.176, 0.180)

0.855
(0.854, 0.856)

% var. 30.06% 21.80% 15.15% 38.06% 22.74%
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Fig. 3.2 Estimates and standard errors from PGLS models of the principal compo-
nent scores of insects according to their form of metamorphosis (Table B.6).

pupal periods (t = -3.429, p < 0.001), but there was no significant difference in

any of the other traits.

There was overall a strong effect of diet on some of the principal component

axes. Larval diet appeared to influence the overall level of reproductive invest-

ment (PC1: F = 3.181, p = 0.008), but not how that investment is balanced between

clutch size and lifetime fecundity (PC2: F = 1.013, p = 0.409). We note that the

only dietary type with significantly different scores along PC1 is parasitoidism,
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Fig. 3.3 Estimates and standard errors from PGLS models of the principal compo-
nent scores of insects from different habitat media (Table B.7).

which was related to lower clutch size and lifetime fecundity (Figure 3.4). Adult

diet does not have a significant effect on either of these axes (PC1: F = 1.818, p

= 0.093; PC2: F = 1.084, p = 0.369). Both larval and adult diet were significant

predictors of scores along PC3, the development time axis, (larval: F = 8.214,

p < 0.001; adult: F = 3.464, p = 0.002). The only significant difference in the

larval dataset was again between parasitoids and species with other types of diet,

where parasitoids have shorter development times (Figure 3.4), and while there

was more variation between adult diet types liquid feeders had the lowest scores
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overall (Figure 3.5). Larval and adult diet were also both significant predictors

of species’ positions along the adult lifespan axis, PC4 (larval: F = 2.440, p =

0.033; adult: F = 4.548, p < 0.001). Species that are parasitoids as larvae have

significantly shorter adult lifespans, and those that are ecto-parasites as larvae

have significantly longer adult lifespans, than species with other dietary types

(Figure 3.4). Non-feeding adults have the shortest adult lifespans, and species

that feed only on liquid diets as adults also have significantly shorter lifespans

than those feeding on most other substrates (Figure 3.5).
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Fig. 3.4 Estimates and standard errors from PGLS models of the principal compo-
nent scores of insects according to their larval diet (Table B.8).
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Fig. 3.5 Estimates and standard errors from PGLS models of the principal compo-
nent scores of insects according to adult diet (Table B.9).
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3.5 Discussion

Many studies have found evidence supporting the idea of covariation in life

history traits leading to a ‘fast-slow continuum’, and though the breadth of

these studies is ever increasing (Healy et al., 2019) insects have remained largely

understudied compared to other groups, due in a large part to incomplete trait

data (Mayhew, 2016). Without knowledge on how traits associate in hyperdiverse

groups, like the insects, our understanding of life history evolution cannot be

complete or representative. Here we developed a taxonomically broad dataset

of multiple key life history traits for insects and tested for their covariation, and

also used phylogenetic imputation to enrich our dataset and test associations

at a large scale using multivariate methods. Our results show that some of the

expected patterns of ‘fast-slow’ variation, particularly those evidencing trade-offs

between growth, survival, and reproduction, may not be applicable to insects at

broad taxonomic scales, and we show that trait covariation differs between orders.

Finally, we find evidence suggesting that diet, and to some extent metamorphosis,

but not broad habitat medium influence life histories in insects.

Across insects, the major axes of variation appear to be related to how many

offspring are produced at one time and over the full course of life. A large

amount of variation (almost 50%; Table 3.3) is explained by axes only significantly

loaded by clutch size and lifetime fecundity. This suggests that the main way that

insect life histories differ from each other is in whether species lay many or few

eggs, and whether they lay them in large or small batches.

Neither of the other axes that we retain contain the characteristic patterns

of the ‘fast-slow continuum’ either. PC3 differentiates slow and fast developing

species, but it is unrelated to other traits which life history theory would predict

these traits to be correlated with. Similarly, PC4 differentiates the short from

the long lived, but again this appears unrelated to most other traits. Our PGLS
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analyses (Table 3.3), which do not use imputed data, largely confirm these weak

associations. Life history theory predicts that age at maturity is a major trait

correlated with other aspects of life history: species that can afford to mature

later can mature at a larger size, and thus invest more resources in survival and

reproduction (Stearns, 1992, Charlesworth, 1994). Hatching (or egg) to adult

development time represents this trait in our dataset, and species that take longer

to mature indeed have larger adult stages (Table 3.2), but after accounting for

body size and phylogeny we find none of the other predicted patterns.

Body size was positively correlated with all of our other life history traits

in the PGLS analyses (Table 3.2), yet it did not load significantly on any of the

principal component axes. Body size undoubtedly constrains the potential values

of other traits: an insect cannot, for example, mature a clutch of eggs the volume

of which is greater than their own body volume. Our measure of body size,

length, is imperfect given that insect taxa that can vary in other size dimensions

so much (e.g. stick insects vs. weta), though across the full dataset it varied over

several orders of magnitude and is a highly significant predictor in our PGLS

models. Body mass may have been a more appropriate measure to use, and it

figures centrally in life history models, but unfortunately this information is rarely

reported for insects. Some of the patterns that could be interpreted as ‘fast-slow’

covariation in the results not accounting for body length – for example, larger

offspring (eggs) being associated with longer periods of development (Table 3.2)

– are reversed when allometric effects are removed (Table 3.3). Meanwhile some

of the patterns that are contrary to the ‘fast-slow continuum’ in the raw data

(e.g. the positive relationship between clutch size and lifetime fecundity) remain

in evidence after accounting for the effects of body length (Table 3.3). All this

suggests that body length does perform adequately as a size measure for our

purposes.
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We failed to recover significant differences along any of the principal compo-

nent axes between hemi- and holometabolous species. However, ametabolous

species have significantly higher scores on PC4, signifying greater longevity

(Figure 3.2). The ametabolous species (including primitive wingless insects, and

closely related non-insect hexapods) do not undergo metamorphosis. Instead,

they continue to moult and grow during life (Belles, 2011), and so continue to

have to allocate resources competitively to growth, maintenance and reproduc-

tion throughout their lifetimes. Although the differences are not significant,

they also appear to grow more slowly, and be less fecund than the hemi- and

holometabolous groups (Figure 3.2), which may be a reflection of the constraints

required to evolve determinate growth (Charnov, 2001).

After accounting for phylogeny, we found no clear evidence of differences in

the life history traits of aquatic and non-aquatic species. The binary system that

we used to classify species is coarse, and it is possible that more subtle differences

have been masked by this. Not all terrestrial and aquatic habitats are equal, even

if aquatic ones tend to be more stable because of differences between primary

producers (Shurin et al., 2006). A mosquito larva developing in a water-filled

tree hole is aquatic, but its environment is inherently ephemeral, as are the

habitats of many insects developing in small bodies of water. Freshwater habitats

are clearly heterogenous in terms of connectivity and permanence; seasonality

drives changes in their extent, with some becoming completely dry for periods,

separating and reconnecting wetlands (Dijkstra et al., 2014). Thus, to expect broad

patterns to result from such a simple definition is perhaps naïve, though other

studies have found or suggested differences before. Similarly, insects inhabit

most of the terrestrial biomes on Earth (including deserts and the polar regions),

which differ greatly in their environmental stability and the amount of resources

that they contain.
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Nevertheless, the return to water for insects appears in many cases to have

converged on a particular type of life history – high fecundity, with large clutches,

and shorter adult lifespans (Figure 3.3) – even if this strategy is not universal

amongst aquatic taxa nor unavailable to non-aquatic taxa. Although this re-

sult is not significant it is similar to previous results showing that aquatic taxa

form a ‘faster’ subset of terrestrial combinations of life history traits (Capdevila

et al., 2020), despite this study containing only a small number of arthropods.

Interestingly, among just the animals, Capdevila et al. (2020) also find no signifi-

cant difference in species’ pace-of-life, but do find aquatic animals are closer to

iteroparity than their terrestrial counterparts. Figure 3.3 perhaps hints of a similar

trend here. It would be interesting to further investigate these patterns in the

future using a finer grade of habitat types, with particular reference to features

such as stability, to test the diverse predictions of life history theory (Morris et al.,

2008, Engen and Sæther, 2016, Lande et al., 2017).

While we find no significant effects of habitat, the other aspect of ecology that

we consider, diet, shows more promising links to life history. Ecological traits can

be subdivided into alpha niche traits, those related to how resources are utilised

at a local level, and beta niche traits, those related to large-scale distribution

(Wiens, 2017). Using these definitions diet is an alpha niche trait, whereas habitat

medium is a beta niche trait. We may speculate, given the caveats related to

our habitat analyses listed above, that alpha niche traits have more effect on life

histories than beta niche traits, but such a conclusion requires broader testing

using other ecological traits and other taxa.

Though we have shown that diet is a significant predictor of life histories in

insects, the only group which consistently shows differences is the parasitoids.

These have low fecundity (PC1), fast development (PC3) and short adult lifespans

(PC4) compared to other types of larval diets. As adults most Hymenoptera, and

parasitoids are largely represented by wasps in our dataset, are liquid feeding
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(Krenn et al., 2005), which explains some of the matching patterns between

Figure 3.4 and Figure 3.5 (though there is considerably more taxonomic diversity

represented in the liquid feeding category than in the parasioid category). The

parasitoids have in common that they develop by feeding on a single host (Quicke,

1997), and so the environment of juvenile parasitoids is broadly uniform across

taxa (Blackburn, 1991b). Considering the peculiarities of the parasitoid life cycle,

that it has to develop inside of a host, and share the limited resources which that

host has to offer with any other developing larvae, it is unsurprising that they

have low fecundity and fast development when compared to other insect taxa.

More curious is why parasitoids should have shorter adult lifespans than species

with other types of diet (Figure 3.4). It could be simply that the act of finding

and attacking hosts to lay eggs in is inherently risky, and that lifespans have been

shortened as a result of these risks. Some adult parasitoids (especially specialist

species) are unable to synthesise and accumulate lipids; they acquire lipids from

their host as larvae but do not form fat themselves leaving them with limited

reserves (Visser et al., 2010). These fat reserves have to be competitively invested

in survival or reproduction, and excessive investment toward a longer lifespan

(e.g. making fat bodies) would leave species without eggs for the later part of

their lives (Pexton and Mayhew, 2002). At the opposite end of the adult lifespan

axis to parasitoids, species that are ecto-parasitic as larvae (i.e. feeding on blood,

flesh, etc.) have longer adult lifespans than species with other types of diets

(Figure 3.4). Perhaps this reflects the time required to disperse between hosts,

particularly in groups with less mobile adults (e.g. flightless species). However

species that are ecto-parasites as adults do not seem to have particularly longer

lifespans (Figure 3.5).

We are aware that the diversity of species in this dataset does not approach the

full diversity of insects. There is perhaps an overrepresentation of Hymenoptera

and Orthoptera, both groups with a good deal of life history data already collated
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into datasets, but we have shown the results of our analyses to be mostly robust

to these by resampling with fewer representatives of these groups (Table B.4).

Besides that, there is good reason to believe that the Hymenoptera are in fact

more species rich than even beetles, but that many of these species are as yet

undescribed (Forbes et al., 2018). We have endeavoured to increase the taxonomic

scope of the analyses presented here by using a phylogenetic imputation method

to predict the missing elements of species’ life histories where there is some data

available. Though these results must be treated with a degree of caution, for the

most part they agree well with our PGLS analyses that do not rely on imputed

data. Furthermore, the scores which the various orders of insects received along

our principal component axes, even with maximal imputation, largely conform

to the accepted notions of each groups’ life history (Grimaldi and Engel, 2005).

In conclusion, we have investigated patterns of covariation between the life

history traits of insects and found little positive evidence for a strong ‘fast-

slow continuum’. The main ways that the life history of insects differ are in a)

the amount of reproductive investment, and b) how to delimit that investment

over reproductive bouts. We find no strong evidence of covariation between

development times, lifespan, and reproductive traits. Hemi- and holometabolous

species largely overlap in terms of their life histories, but the more primitive

ametabolous species have more distinct strategies with longer lifespans. We find

no significant differences in life histories between species that are aquatic and

compared to those that are terrestrial, but diet, and particularly the parasitoid

habit, appears to influence species along most of the main axes of variation

in life history. Future challenges include understanding how traits that are

so intricately coupled in some other organisms can apparently evolve more

independently in insects, what selective pressures underpin the variation seen,

and what consequences this variation has for applied ecological problems.



Chapter 4

High fecundity and rapid

development increase richness and

diversification rate in insects
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4.1 Abstract

Many authors have speculated that variation in the fundamental life history traits,

such as age at maturity, fecundity and lifespan, may explain variation in species

richness across taxa. However, empirical evidence for this has been mixed. Here

we use a large novel dataset on life history traits across the insects to assess to

what extent life history variation explains species richness and diversification

rate at the order and family level. We find that, after accounting for important

key innovations such as wings, metamorphosis and herbivory, species richness

is significantly higher in families and orders with rapid development, and is

higher in families with higher fecundity. Similarly, diversification rate is higher in

families with higher lifetime fecundity and rapid development. The proportion

variance explained by these traits is always low. Nonetheless these trends mirror

those predicted by several population-level processes affecting speciation and

extinction rates across a range of taxa, and suggest that life history traits will

contribute to an overall understanding of past and current macroevolutionary

change.
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4.2 Introduction

Taxa vary greatly in the number of species that they contain, and this leads to an

uneven distribution of species richness across the tree of life (Mooers and Heard,

1997, Purvis and Agapow, 2002). Understanding the causes of this imbalanced

diversity remains a major challenge in biology, especially given the pace of species

losses due to anthropogenic climate change. Many authors have suggested that

particular lineages have a higher probability of diversifying by virtue of the

traits that they have evolved (Cracraft, 1982). One approach has been to evaluate

idiosyncratic ‘key innovations’ in speciose taxa (e.g. the evolution of flight in

bats, toe pad evolution in anole lizards). However, evidence that such traits

have consistent effects on diversification rates at higher taxonomic levels is scant,

whilst the ubiquity of imbalance in species richness across the tree of life has led

authors to seek more generalisable explanations of diversity (Marzluff and Dial,

1991).

Another approach has been using life history models of diversification, and

these have had mixed success overall. In their analysis of the effect of life history

on diversification, Marzluff and Dial (1991) showed that highly diverse taxa were

characterised by species with short generation times (early reproduction and

short lifespans) in addition to those with high mobility and resource availability.

Similarly, short gestation times in carnivores (Mammalia: Carnivora) are corre-

lated with high species richness (Isaac et al., 2005), as are short turnover times

among trees in the Amazon rainforest (Baker et al., 2014). In Australian mammals

litter size correlates with species richness, but other life history traits including

age at first reproduction and body size were not correlated (Cardillo et al., 2003,

Isaac et al., 2005). Studies in other taxonomic groups show no association between

life history and diversity, including studies on birds (Owens et al., 1999), agamid

lizards (Stuart-Fox and Owens, 2003), polychaetae annelids (McHugh and Fong,
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2002), and hoverflies (Katzourakis et al., 2001) – although the life history traits

tested vary across studies, and multiple life history traits are only rarely tested

together. Cardillo et al. (2003), who found mixed support for the life history

hypothesis, suggest that diversification rate is not elevated by overall life history

strategy, rather that particular aspects of life history are important in different

lineages while others have little effect – which highlights the need to rigorously

test life history variables for relationships with diversity across a range of taxa.

The insects contain some of Earth’s most hyperdiverse lineages; more than

half of the species currently described to science are insects (Mora et al., 2011).

From their origins as primitive wingless creatures, similar to today’s Zygentoma

(silverfish and firebrats), they have undergone a vast adaptive radiation to become

arguably the most successful group of extant organisms (Resh and Cardé, 2009).

Several hypotheses have been proposed to explain why insects have been able

to reach such tremendous species richness, including: the adaptability of the

arthropod body plan; that they were among the first animal groups to transition

from aquatic environments to land, where there were many unfilled niches; small

size allowing for high carrying capacities and the subdivision of niches; their

intricate coevolution with plants; the evolution of the insect wing and flight;

and the evolution of complete metamorphosis (Wiens et al., 2015, Ferns and

Jervis, 2016, Mayhew, 2018). Some of these factors are common to all arthropods,

which are themselves the most species-rich animal phylum, and some of them

are adaptations within the insect lineage ratcheting diversification even higher.

The final three of these factors (wings, herbivory and metamorphosis) have

been shown to explain a large amount of variance ( 50-60% depending on the

phylogeny used in the analysis; Wiens et al. (2015)) in diversification rates across

orders of insects, although the relative importance of these factors and the causal

mechanisms for their effects on diversification remain debated (Nicholson et al.,

2014, Rainford et al., 2014, 2016).
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The mechanisms and evidence for how adaptations such as these may in-

fluence diversification rates and raise species richness have been discussed in

several reviews (e.g. Mayhew, 2007, Mayhew, 2018), but we will briefly explain

the rationale here. Wings enhance dispersal ability, and so may allow the colo-

nization of new geographic regions and increase the number of niches available

for exploitation, which would increase speciation rate. The transition from the

ancestral Palaeopteran-like wings to folding wings then allowed them to exploit

concealed niches as adults without incurring wing damage. The dispersal ability

conferred by wings may also decrease extinction rates by increasing metapopula-

tion persistence (Mayhew, 2007). Plants offer an enormous amount of biomass as

food, which offers potential high population and species carrying capacity to any

organisms that can consume them, whilst conversely feeding on plants has al-

lowed insects to exploit very specialised niches (Nyman, 2010, Wiens et al., 2015).

The evolution of a pupal stage between the larval and adult forms (holometaboly)

has led to more specialised life histories in each of the stages (Rolff et al., 2019),

and some authors have argued a more ‘efficient’ life history. Over evolutionary

time, the main function of the larval stages has become feeding and growth, while

the adults have become specialised in dispersal and reproduction (Istock, 1967).

For some species holometaboly has led to the consumption of different food

sources between the larvae and adults, and in some species the adults have totally

lost the ability to feed. This differential specialisation between juvenile and adult

forms has been suggested to increase speciation rates by some authors (Truman

and Riddiford, 1999). In addition to allowing the transformation from larval to

adult forms pupae are often robust stages to overwinter or outlast unfavourable

conditions, and so the evolution of the metamorphosis may reduce extinction

rates through this mechanism.

In addition to the traits discussed above, several other traits have been hy-

pothesized to explain species richness variation in insects. Life history traits such
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as age at maturity, fecundity and lifespan describe the way an organism grows,

develops, reproduces and when it can expect to die, and are intimately connected

to fitness. There are intuitive links between life history and diversification, which

may be able to explain some of the observed patterns of species richness (Marzluff

and Dial, 1991). A common observation is that species most prone to extinction

share low reproductive rates and long generation times, while on the other hand

species with high reproductive rates and short generation times have been shown

to be more effective at colonising and establishing in new geographic ranges (as

invasive species). These links suggest an influence on life history and ecology on

diversity and diversification dynamics.

In comparing insects to many other macroscopic taxa, most would fall at the

‘fast’ end of a fast-slow continuum (species mature and begin reproducing quickly,

produce small offspring at a fast rate, and have low longevity) of life histories

(Chapter 2), but within the class there is a considerable amount of variation

(Chapter 3). A faster life history, with production of large numbers of eggs, could

imply a greater potential to generate novel genetic variation compared to taxa

with slower life histories. This might allow rapid adaptation to environmental

conditions, and rapid reproductive isolation between incipient species. The fast

rates of evolution and population growth in taxa with fast life histories likely

makes them better able to cope with harsh or changing environmental conditions,

allowing them to have higher speciation rates and/or lower extinction rates than

their ‘slow’ counterparts (Marzluff and Dial, 1991).

Here we use a taxonomically broad dataset of insect life history traits, con-

taining data for over 3500 insect species to test the associations between life

histories, species richness and diversification rate. Using previously generated

phylogenetic principal components scores which represent insect life histories

across several dimensions we test for relationships between life history strategy

and species richness, while controlling for herbivory, wings, and metamorphosis,
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which previous authors have identified as strong potential predictors of diversity.

We use PGLS models for this purpose, which allow us to test for relationships

between traits while accounting for the non-independence of lineages due to

shared ancestry (Harvey and Pagel, 1991) - and generate λ values for each model

indicating phylogenetic signal, or how closely the phylogeny predicts the model

residuals. After identifying life history traits that may have correlate with species

richness/diversification rate using the phylogenetic principal component scores

we follow up with tests of the individual traits to produce an overall picture of

how life history traits are related to diversification in insects.

4.3 Methods

4.3.1 Data collection

Our analyses utilised a taxonomically broad life history dataset for insects, which

contains some trait information for 3604 species from across the globe, from 372

different families. This is the same dataset outlined in Chapter 3, and is available

in Appendix D. In these analyses we use the following variables: adult body

length (excluding ovipositor and antennae; mm), egg size (at longest/widest part

of the egg; mm), egg development time (time from laying to hatching; days),

nymph development time (for hemimetabolous species, time from egg eclosion to

eclosion of the adult stage; days), larval development time (for holometabolous

species, from egg eclosion to formation of the pre-pupa; days), pupal development

time (for holometabolous species, time from pupation to adult eclosion; days),

adult lifespan (time from adult ecolsion to death; days), clutch size (number of

eggs laid in a single mass/bout of laying), and lifetime fecundity (total eggs laid

over a female’s life).
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Chapter 3 presented phylogenetic principal components analyses using this

dataset to find the most important axes of variation in the insect life history

data. The four axes extracted were, in order of decreasing variance explained:

a reproductive investment axis (PC1: + clutch size, + lifetime fecundity), an

axis describing how lifetime fecundity is spread across reproductive bouts (PC2:

− clutch size, + lifetime fecundity), a development time axis (PC3: + egg

development time, + hatching to adult development time), and an adult lifespan

axis (PC4: + adult lifespan). Here we extract the scores for each species across

each of these axes and calculate the mean score for each axis in each order/family.

We classified orders and families for which we had data into binary groups

representing the presence of wings, herbivory, and metamorphosis, according

to a range of published literature sources (Resh and Cardé, 2009, Rainford et al.,

2014, Rainford and Mayhew, 2015)(Appendix D). As in Chapter 3, herbivory

(phytophagy) was defined following Rainford and Mayhew (2015) as taxa which

feed on living plant material, including vegetative parts, roots, wood and seeds,

but not decaying plant matter. Since we had already previously classified species

according to diets in Chapter 3, and these are the species representing the families

in this analysis, we used these classifications. Where there is considerable variety

within orders/families for these traits (particularly herbivory), we scored these

taxa differently in two separate datasets first as herbivorous and then as non-

herbivorous, but our results remain largely robust to these reclassifications.

We took the species richness of each of the insect orders and families in

our dataset as the number of described species in Catalogue of Life (Roskov

et al., 2019), and log transformed those numbers prior to analysis. To estimate

diversification rates for each family, we used the stem group ages from Rainford

et al. (2014), the species richness’ from Catalogue of Life, and the well-established

methods-of-moments estimator (Magallón and Sanderson, 2001). This method

uses the richness of a group and its age along with the ratio of speciation to
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extinction to produce an estimate of net diversification rate. Following previous

authors (e.g. Wiens et al. 2015, Varga et al. 2019), we used three ratios of

speciation to extinction, effectively creating no-extinction (ϵ = 0), moderate

(ϵ = 0.5), and high extinction (ϵ = 0.9) scenarios.

4.3.2 Data analysis

We constructed phylogenetic generalised least squares (PGLS) models in R (Team,

2017) using the package ‘caper’ (Orme et al., 2013) to test for relationships be-

tween life histories and species richness/diversification rates. This is important

because at least some similarity in trait values can be attributed to shared ancestry

over adaptation (Harvey and Pagel, 1991). PGLS estimates the parameter λ, which

varies between 0 and 1 and describes how strongly the phylogeny predicts the

pattern in the model residuals and thus functions as a measure of phylogenetic

signal. We conducted PGLS analyses of our data using the family-level insect

phylogeny of Rainford et al. (2014), and trimmed this tree to produce an appro-

priate phylogeny for order-level analyses. In each of our models the response

variable was either the species richness of the order/family, or the diversification

rate of the order/family which we calculated as described above.

Firstly, we used the scores from the phylogenetic principal components anal-

yses described above as a predictor, along with our binary variables (wings,

herbivory, and metamorphosis), with full interactions. However, none of the

interactions significantly improved the fit of our models, and so we do not present

them here but present the ’full’ model as that without any interactions. We then

created reduced models by stepwise deletion of non-significant predictors starting

with that with the highest p-value (Crawley, 2005). We then examined these

results and used them to select candidate life history traits which may have an
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effect on diversification, and then replaced the principal components scores with

these traits.

Since there are a large number of hypothesis tests in this study, we alter the

alpha significance level for our tests using the False Detection Rate (FDR) control

test described by Benjamini and Hochberg (1995). The FDR method evaluates the

proportion of type I errors across all significant results, and has lower type II error

rates than the commonly used Bonferroni correction, even with a high number

of tests (Verhoeven et al., 2005). We evaluate the effect of the life history trait

by conducting a likelihood ratio test between the simplest model containing the

life history trait, and the next simplest model (with the life history trait dropped

from the model).

4.4 Results

Our results show that some of the variance in species richness and diversification

rates across the insects can be explained by the life history model of diversification,

although a large amount of variance remains unexplained even in our best models.

4.4.1 Species richness

At an order level, we find no evidence of a relationship between life history and

species richness for the majority of variables tested (Table 4.1). However, the

development time axis from the principal components analysis (PC3) remains

highly significant in a model also including the presence of wings and herbivory.

Similarly, the average egg to adult development time of orders is a significant

predictor of order level diversity (this time with only wings in the model; Table

4.1). However, after applying the False Detection Rate control test this result
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does not pass the alpha-level of significance. Both of these results suggest that,

accounting for the higher richness observed in winged and/or herbivorous taxa,

orders in which the pre-adult stages are shortened achieve higher diversity.

However, at this level, there appears to be no effect of fecundity on species

richness (Table 4.1).

Two of our composite life history variables (principal component scores) were

significant predictors of species richness at a family level. PC2, which represents

the balance between clutch size and lifetime fecundity (i.e. a high PC2 score

means small clutches to relative to lifetime fecundity), was positively correlated

with species richness after accounting for the presence of wings and herbivory

(Table 4.2, Figure 4.1). PC3, which represents development time (i.e. a high

score on PC3 means longer development in the egg and pre-adult stages), was

negatively correlated with species richness after accounting for the presence of

wings and herbivory (Table 4.2, Figure 4.1). Metamorphosis was not a significant

predictor in any of the models that we constructed for species richness, and

neither were PC1 or PC4 (Table 4.2).

The results above implicated fecundity and development time traits as po-

tential correlates of species richness, and so we tested for relationships using

the raw (logged) life history traits. Clutch size was not a significant predictor of

species richness and was dropped as a variable during model reduction (Table

4.2). Lifetime fecundity was however significant, even after accounting for the

presence of wings which also remained significant in the reduced model (Table

4.2). Taking into account the result that winged families have higher species

richness than non-winged families, those with higher lifetime fecundity have

significantly higher species richness (Table 4.2).

The development times of each the nymph/larval and pupal stages were not

significantly correlated with species richness, but both of our overall measures of
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juvenile development (egg to adult/hatching to adult) were significant predictors,

as was egg development time (Table 4.2). This result mirrors that found at the

order level, accounting for the greater richness of herbivorous families, those

with shorter development times from either laying or hatching to adult eclosion

had significantly greater species richness (Table 4.2). We did not find a significant

relationship between nymph/larva development time and species richness, but

the result was in the expected direction (species with faster development have

more species) and close to significance (Table 4.2). Egg development time did

significantly predict species richness, accounting for higher richness in herbivo-

rous families, families with shorter egg development times had greater species

richness (Table 4.2). Pupal development time did not predict species richness,

although again this relationship is trending in the hypothesised direction.

Table 4.1 PGLS models at an order level, the dependent variable in each model is
log-species richness of the order. We present the full and reduced (red.) models,
before the life history trait is dropped during model reduction. Models where
the life history trait is significant after applying the False Detection Rate control
test are indicated by bold model numbers. β is the regression beta coefficients, i.e.
the degree of change in dependent variable for one unit change in the dependent
variable.

Model
No.

Independent Variable(s) β ± SE t p λ n R2

1.1 (full)

PC1 -0.270±0.270 -1.000 0.330

0.001 24 0.435
Wings 2.586±1.016 2.545 0.020
Metamorphosis 1.686±1.008 1.673 0.112
Herbivory 2.049±0.928 2.208 0.040
Log Stem Age 5.803±3.153 1.840 0.082

1.2 (full

PC2 0.558±0.632 0.883 0.389

0.000 24 0.428
Wings 2.578±1.035 2.490 0.023
Metamorphosis 1.862±0.972 1.915 0.072
Herbivory 2.538±0.890 2.852 0.011
Log Stem Age 7.062±2.859 2.470 0.024

1.3 (full)

PC3 -0.848±0.431 -1.965 0.065

0.000 24 0.509
Wings 2.130±0.888 2.397 0.028
Metamorphosis 0.875±1.061 0.825 0.420
Herbivory 2.169±0.815 0.661 0.016
Log Stem Age 4.354±3.011 1.446 0.165

1.3 (red.)
PC3 -1.104±0.358 -3.083 0.006

0.000 24 0.504Wings 1.830±0.858 2.133 0.045
Herbivory 1.953±0.805 2.425 0.025
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Model
No.

Independent Variable(s) β ± SE t p λ n R2

1.4 (full)

PC4 -0.045±0.358 -0.126 0.901

0.000 24 0.404
Wings 2.194±1.017 2.158 0.045
Metamorphosis 1.985±1.027 1.932 0.069
Herbivory 2.400±0.904 2.655 0.016
Log Stem Age 7.113±2.956 2.406 0.027

1.5 (full)

Log Clutch Size -0.079±0.305 -0.259 0.799

0.000 21 0.302
Wings 1.999±1.215 1.65 0.121
Metamorphosis 1.878±1.332 1.409 0.179
Herbivory 2.176±0.965 2.255 0.040
Log Stem Age 5.613±4.267 1.325 0.205

1.6 (full)

Log Lifetime Fecundity 0.152±0.360 0.421 0.608

0.000 20 0.462
Wings 0.619±1.291 0.408 0.639
Metamorphosis 1.891±1.291 0.480 0.639
Herbivory 2.233±0.852 2.619 0.020
Log Stem Age 7.374±3.094 2.383 0.032

1.7 (full)

Log Egg Development Time -0.353±0.415 -0.850 0.407

0.000 24 0.426
Wings 2.254±0.959 2.351 0.030
Metamorphosis 1.447±1.174 1.233 0.233
Herbivory 2.356±0.873 2.697 0.014
Log Stem Age 6.367±3.014 2.113 0.049

1.8 (full)

Log Nymph/Larva Develop-
ment Time

-0.356±0.312 -1.720 0.104

0.000 23 0.478Wings 2.074±0.971 2.136 0.047
Metamorphosis 1.707±0.940 1.815 0.087
Herbivory 2.092±0.851 2.457 0.025
Log Stem Age 6.181±2.964 2.085 0.052

1.9 (full)

Log Pupa Development
Time

1.208±2.029 0.595 0.573

0.00 11 0.125Wings -1.158±3.445 -0.336 0.748
Herbivory 3.538±1.741 2.032 0.088
Log Stem Age 6.113±9.465 0.646 0.542

1.9 (red.)

Log Pupa Development
Time

0.854±1.620 0.527 0.615

0.000 11 0.236
Herbivory 3.410±1.588 2.148 0.069
Log Stem Age 4.169±7.002 0.595 0.570

1.10 (full)

Log Hatching to Adult De-
velopment Time

-0.561±0.330 -1.697 0.108

0.000 23 0.476Wings 2.036±0.971 2.096 0.051
Metamorphosis 1.776±0.934 1.902 0.074
Herbivory 2.106±0.852 2.473 0.024
Log Stem Age 6.221±2.966 2.098 0.051

1.11 (full)

Log Egg to Adult Develop-
ment Time

-0.682±0.413 -1.651 0.121

0.000 20 0.471Wings 2.123±1.070 1.984 0.067
Metamorphosis 1.415±1.070 1.322 0.207
Herbivory 2.278±1.025 2.223 0.043
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Model
No.

Independent Variable(s) β ± SE t p λ n R2

Log Stem Age 6.035±3.279 1.840 0.087

1.11 (red.)
Log Egg to Adult Develop-
ment Time

-1.121±0.411 -2.728 0.014
0.000 20 0.354

Wings 2.724±1.107 2.461 0.025

Table 4.2 PGLS models at family level, the dependent variable in each model is
log-species richness of the family. We present the full and reduced (red.) models,
before the life history trait is dropped during model reduction. Models where
the life history trait is significant after applying the False Detection Rate control
test are indicated by bold model numbers. β is the regression beta coefficients, i.e.
the degree of change in dependent variable for one unit change in the dependent
variable.

Model
No.

Independent Variable(s) β ± SE t p λ n R2

2.1 (full)

PC1 -0.050±0.121 -0.410 0.682

0.927 281 0.022
Wings 0.963±0.504 1.912 0.057
Metamorphosis -0.489±0.707 -0.692 0.489
Herbivory 0.807±0.367 2.197 0.029
Log Stem Age -0.202±0.289 -0.702 0.483

2.2 (full)

PC2 0.642±0.239 2.688 0.008

0.935 281 0.046
Wings 1.203±0.505 2.381 0.018
Metamorphosis -0.636±0.703 -0.903 0.367
Herbivory 0.853±0.363 2.348 0.020
Log Stem Age -0.179±0.285 -0.630 0.529

2.2 (red.)
PC2 0.567±0.237 2.396 0.017

0.895 281 0.045Wings 1.197±0.507 2.359 0.019
Herbivory 0.868±0.360 2.413 0.016

2.3 (full)

PC3 -0.525±0.160 -3.279 0.001

0.926 281 0.058
Wings 1.000±0.494 2.024 0.044
Metamorphosis -0.639±0.695 -0.920 0.358
Herbivory 0.878±0.361 2.435 0.016
Log Stem Age -0.177±0.283 -0.627 0.531

2.3 (red.)
PC3 -0.527±0.153 -3.449 0.001

0.899 281 0.065Wings 1.035±0.494 2.097 0.037
Herbivory 0.855±0.356 2.401 0.017

2.4 (full)

PC4 -0.019±0.154 -0.123 0.903

0.933 281 0.021
Wings 0.949±0.509 1.864 0.063
Metamorphosis -0.494±0.710 -0.695 0.487
Herbivory 0.811±0.367 2.206 0.028
Log Stem Age -0.195±0.288 -0.675 0.500

2.5 (full)

Log Clutch Size -0.062±0.131 -0.470 0.639

0.776 145 0.000
Wings 1.153±0.706 1.633 0.105
Metamorphosis 0.088±0.884 0.099 0.921
Herbivory 0.545±0.528 1.031 0.304
Log Stem Age -0.048±0.420 -0.114 0.910
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Model
No.

Independent Variable(s) β ± SE t p λ n R2

2.5 (red.)
Log Clutch Size -0.076±0.129 -0.558 0.558

0.668 145 0.010Wings 1.136±0.701 1.620 0.108
Herbivory -0.520±0.518 -1.005 0.316

2.6 (full)

Log Lifetime Fecundity 0.301±0.116 2.602 0.010

0.934 176 0.045
Wings 1.261±0.668 1.889 0.061
Metamorphosis -0.524±0.745 -0.703 0.483
Herbivory 0.687±0.384 1.788 0.076
Log Stem Age 0.006±0.326 0.019 0.0985

2.6 (red.)
Log Lifetime Fecundity 0.270±0.113 2.388 0.018

0.935 176 0.041Wings 1.465±0.659 2.223 0.027

2.7 (full)

Log Egg Development Time -0.331±0.144 -2.295 0.023

0.894 223 0.028
Wings 0.725±0.581 1.250 0.213
Metamorphosis -0.414±0.706 -0.586 0.559
Herbivory 0.797±0.387 2.062 0.040
Log Stem Age 0.169±0.306 0.554 0.580

2.7 (red.)
Log Egg Development Time -0.320±0.140 -2.286 0.023

0.845 223 0.035
Herbivory 0.858±0.376 2.273 0.024

2.8 (full)

Log Nymph/Larva Develop-
ment Time

-0.313±0.153 -2.051 0.042

0.878 211 0.021Wings 0.872±0.610 1.430 0.154
Metamorphosis -0.382±0.813 -0.470 0.639
Herbivory 0.623±0.383 1.625 0.106
Log Stem Age 0.016±0.313 0.051 0.959

2.8 (red.)
Log Nymph/Larva Develop-
ment Time

-0.297±0.153 -1.940 0.054
0.899 211 0.013

2.9 (full)

Log Pupa Development
Time

-0.573±0.292 -1.962 0.052

1.000 141 0.014Wings 0.039±0.847 0.046 0.963
Herbivory 0.758±0.481 1.577 0.117
Log Stem Age 0.251±0.411 0.610 0.543

2.9 (red.) Log Pupa Development
Time

-0.481±0.281 -1.712 0.089 1.000 141 0.014

2.10 (full)

Log Hatching to Adult De-
velopment Time

-0.399±0.170 -2.341 0.020

0.909 201 0.041Wings 0.653±0.611 1.069 0.286
Metamorphosis -0.287±0.829 -0.345 0.730
Herbivory 0.876±0.389 2.255 0.025
Log Stem Age 0.268±0.319 0.840 0.403

2.10 (red.)
Log Hatching to Adult De-
velopment Time

-0.400±0.170 -2.356 0.019
0.909 201 0.045

Herbivory 0.938±0.382 2.455 0.015

2.11 (full)

Log Egg to Adult Develop-
ment Time

-0.418±0.184 -2.273 0.024

0.959 176 0.035Wings 0.804±0.608 1.321 0.188
Metamorphosis -0.443±0.866 -0.511 0.610
Herbivory 0.776±0.404 1.921 0.056
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Model
No.

Independent Variable(s) β ± SE t p λ n R2

Log Stem Age 0.120±0.348 0.344 0.731

2.11 (red.)
Log Egg to Adult Develop-
ment Time

-0.415±0.183 -2.273 0.024
0.966 176 0.040

Herbivory 0.843±0.398 2.119 0.036

4.4.2 Diversification rate

At an order level, regardless of the ratio of speciation to extinction that we use to

calculate net diversification rate, none of the life history traits were significant

predictors of diversification rates (Tables C.1, C.2, C.3). However, at a family level

the results were more similar to those shown in the previous section.

At a family level, out of our composite life history variables only PC3 was

a significant predictor of diversification rate (Tables C.4, C.5, C.6). Accounting

for the faster diversification rates of herbivorous families, families which achieve

higher scores (slower development) on the development time principal component

have smaller diversification rates than those with low scores along this axis (fast

development). This result becomes more significant as the estimated extinction

rate is increased (Tables C.4, C.5, C.6). PC1, PC3, and PC4, do not significantly

improve the fit of models compared to those containing just herbivory (Tables

C.4, C.5, C.6).

Again, we tested separately the relationships between diversification rate and

clutch size and lifetime fecundity, because those were the variables loaded onto

the principal components axes which had significant relationships above. As in

the analyses of species richness, clutch size was not a significant predictor and

was dropped early in the model reduction process (Tables C.4, C.5, C.6). From a

full model including lifetime fecundity, wings, metamorphosis and herbivory the
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Fig. 4.1 The relationship between life history traits and log family richness,
accounting for the effects of wings and herbivory. Dashed lines represent wingless
species, and solid lines winged species. In A) low values indicate families with
low lifetime fecundity, but relatively large clutches, while high values indicate
the opposite. In B) low values indicate families with fast development times, and
high values those with slow development times.
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maximally reduced model contains just lifetime fecundity: families with greater

lifetime fecundity have faster net diversification rates (Tables C.4, C.5, C.6). The

amount of variance in diversification rates explained by lifetime fecundity (and

indeed the amount explained by all of our models) is low (<4%), but our results

seem to suggest that it is a more important predictor than even herbivory.

Of the development time traits that we tested for an association with diver-

sification rate only the time spent in the egg period was a significant predictor

(Tables C.4, C.5, C.6). The reduced models include only egg development time,

and show that families where eggs hatch in a shorter time tend to have higher

diversification rates than those that spend longer in the egg stage.

4.5 Discussion

Insects are undoubtably among the world’s most species-rich animal lineages.

As we approach a sixth mass extinction as a result of human activities (Ceballos

et al., 2017, Cardoso et al., 2020), it is arguably more important than ever that we

understand the dynamics of speciation and extinction. Hypotheses relating life

histories and diversification have shown some success in the past, and here we add

to that body of evidence. After controlling for several adaptations demonstrated

to increase diversity in insects, the taxa that produce large quantities of eggs have

a greater species richness and a faster diversification rates than taxa that make

fewer eggs. Lineages in which species undergo fast development, across all of

the juvenile stages or in the egg stage, also reach greater species richness and

have higher diversification rates. Similarly, high lifetime fecundity also predicts

higher species richness at a family, but not an order, level, while the effect of

fast juvenile growth on diversification rates appears to be limited to the egg

stage. These patterns remain robust after accounting for the greater richness
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of herbivorous taxa, and of taxa better able to disperse thanks to wings. The

evolution of metamorphosis has also been suggested to increase diversification

rates, but when we construct models with life history traits, wings, herbivory,

and metamorphosis we find that the latter trait has little effect. Below we discuss

what might drive these new patterns, their implications, and their relationship to

previous work.

Our study provides evidence that higher species richness and diversification

rates are associated with lifetime fecundity in insects. The two explanations for

this are a reduction in extinction rate, or an increase in speciation rate. Species

that produce more eggs may have a reduced risk of extinction because they

have high rates of intrinsic population growth which could allow populations to

recover from perturbations (Pimm, 1991). Similarly, species with large number

of eggs may be able to colonise and become established in new areas. Because

of this, highly fecund species may expand their ranges faster, and subsequently

diverge and diversify as the separated members of a population interact with

new habitats and resources. Producing more eggs may also be a way to increase

the genetic variation available for adaptation to work on. There is already some

evidence that clutch size is associated with the rate of molecular evolution in at

least reptiles (Bromham, 2002), which could potentially allow species to become

genetically isolated from each other in a shorter time. However we do not see a

direct effect of clutch size in our analyses (Tables 4.1, 4.2, C.4, C.5, C.6).

We find a negative correlation between diversification rate of a clade and its

development time, as well as a negative correlation between the duration of the

juvenile stages and species richness. Short generation times (early reproduction

and short lifespans) have been found to correlate with high species richness in

several studies (Marzluff and Dial, 1991, Isaac et al., 2005, Baker et al., 2014), but

other studies fail to find such a pattern (McHugh and Fong, 2002, Cardillo et al.,

2003). This mixture of positive and negative evidence in different lineages has



4.5 Discussion 96

led some to conclude that particular aspects of life history are important in some

lineages but not others (Cardillo et al., 2003). In the case of insects, our results

suggest that a shorter juvenile period has a positive effect on species richness.

The likely mechanism for this is that the probability of survival to adulthood

and reproduction is higher in species which spend less time as juveniles. Short

generation times also give rise to more genetic variability per unit time, as species

with short generation times replicate their genomes more per unit time than those

with long generation times (Thomas et al., 2010). However, we do not see any

association between species richness and adult lifespan in our dataset (included

as the main component of PC4; Tables 4.1, 4.2, C.4, C.5, C.6).

High fecundity and short development time are both components of a ‘fast’ life

history strategy. Across many different taxa, fast life histories have been shown to

reduce the risk of extinction and increase the probability of successful biological

invasions (Capellini et al., 2015, Allen et al., 2017). If successful invaders become

geographically isolated from their former ranges this could increase richness

through allopatric speciation. However, this is not a foregone conclusion, several

demographic models predict that slow life histories may be advantageous for

establishing in new regions, as they allow individuals to delay reproduction to

match environmental conditions, and buffers populations from stochastic events

that can lead to extinction (Morris et al., 2008, Jeppsson and Forslund, 2012).

In most cases, the amount of variation explained by our models is modest,

and the life history traits are often shown to be less important than the ‘key

innovations’ that we also tested. Wiens et al. (2015) speculated that the diversity

of insects can be explained by the build-up of successive factors that increase

diversification, starting with factors common to all arthropods, then wings and

herbivory, and finally metamorphosis. Once we include life history traits into our

models of species richness and diversification rates, metamorphosis shows little

association with higher levels of either. It has been suggested that holometaboly
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promotes species richness because of the differential adaptability of the larval and

adult stages, potentially leading to more ‘efficient’ life cycles (Truman and Riddi-

ford, 1999, Yang, 2001). Though the four most diverse insect orders (Coleoptera,

Diptera, Hymenoptera, and Lepidoptera) all have complete metamorphosis, the

remaining holometabolous orders are not particularly species rich (Ferns and

Jervis, 2016). In addition, we showed in Chapter 3 that differences in broad life

history traits (fecundity, development time and adult lifespan) between holo-

and hemimetabolous species are relatively modest, but that ametabolous species

occupy different regions of trait space.

Our dataset has limitations that should be considered when assessing our

findings. We attempted to construct our dataset to achieve the highest possible

phylogenetic breadth, but the sampling within families and orders is highly

variable. As more data become available, particularly for poorly sampled fami-

lies/orders, the exact results may change. It is also important to note that our

principle components scores were generated using a process of phylogenetic

imputation, and although averaging the scores across orders and families should

smooth out anomalies, scepticism about these scores is very reasonable. However,

the results from the analyses of principal components scores mirror those using

raw data well, and so we are confident that the issues are not too great.

In summary, we show that certain life history traits can help explain differences

in species richness and diversification rates between insect orders and families.

Specifically, ‘fast’ life history traits, including short development times and high

lifetime fecundities, appear to be characteristics predisposing certain lineages to

become more diverse. These effects remain significant when taking into account

other traits purported to increase diversification in insects. Our findings now

imply a need for further work to pin down the mechanisms driving these patterns.
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General Discussion
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Understanding life histories provides a framework for understanding the

diversity of life, because life histories have strong links with aspects of evolution,

ecology, and behaviour. Life histories form an important part of an organism’s

phenotype, and so understanding the broad diversity of life histories and what

promoted them to evolve should help us to understand the diversity of life itself.

Evolutionary theory predicts that natural selection should shape the attributes

of organisms to maximise fitness, attaining an optimal life history strategy to

contribute genes to the next generation. However, since it is impossible to

maximise investment in all life history components simultaneously, because of

limited resources, trade-offs form. A vast literature has emerged examining these

trade-offs and understanding the structure of life history covariation at higher

taxonomic levels.

Despite making up the majority of species described to science thus far, insects

are conspicuously absent from comparative studies of life history evolution. In

this thesis I attempted to remedy this by conducting a class level analysis of

insect life histories and exploring how life histories are linked with ecology and

macroevolutionary processes. I find that life history covariation in insects deviates

somewhat from patterns established in other taxonomic groups, which mainly

consist of a primary ‘fast-slow continuum’ of life histories and a secondary repro-

ductive strategy axis. In orthopterans, which were the focal taxonomic group in

Chapter 2, while variation could be generally described as ‘fast-slow’, I showed

that life history covariation was more ‘reptile-like’ than ‘mammal-or-bird-like’ –

in that they key expected trade-offs between an otherwise ‘slow’ life history and

fecundity were not apparent. Across insects as a whole (Chapter 3) I find that the

primary axes of life history variation are related to the reproductive investment,

how that investment is spread over a lifetime, and then further orthogonal axes

related to development time and adult lifespan. Overall, the results suggest that

the intricate relationships between traits in some taxonomic groups may not be
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applicable in others, and highlight the need to test evolutionary hypotheses in

a wide variety of taxonomic groups. I test for differences in life history traits

according to species’ diets, broad habitats, and whether they have metamor-

phosis, and identify some interesting further work. The results of these tests

identify parasitoids and ecto-parasitic species as fast lived, but with low fecundity,

ametabolous species as longer lived than species with metamorphosis, but show

no association between life history traits and whether the species is aquatic in

any part of its life. Finally, in Chapter 4, I investigate the macroevolutionary

consequences of life history variation, and demonstrate that taxa with some ‘fast’

life history traits are more species rich and have higher diversification rates.

Below I present brief summaries of Chapters 2, 3, and 4, and discuss the wider

implications of this work. In section 5.4 I evaluate the strengths and weaknesses of

my thesis and the approaches that I have taken to answering macroevolutionary

questions. In section 5.5 I suggest potential avenues for future research and ways

to use the large dataset generated for this thesis, before finally recapitulating my

main conclusions in section 5.6.

5.1 Chapter 2: Orthopteran life history trait covaria-

tion, and differences with vertebrate taxa

I started, in Chapter 2, by collecting life history trait data for orthopterans

(grasshoppers, crickets, katydids, and their kin). The aim of Chapter 2 was to

evaluate how strongly orthopterans conformed to the life history trait correlations

predicted by a ‘fast-slow continuum’, and to evaluate differences in how traits are

intercorrelated between the orthopterans and three well-studied vertebrate groups

(mammals, birds, and reptiles). These aims are valuable because life history traits

represent important sources of phenotypic diversity, and generalisations like the
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‘fast-slow continuum’ can help us to explain this diversity. Importantly, even

among vertebrates, associations between life history traits are not always the same

in different taxonomic groups (Jeschke and Kokko, 2009), and these associations

have been less thoroughly investigated in invertebrates. This deficit is due in part

to incomplete trait data, which prevents multivariate analyses. I constructed a

dataset of over 600 orthopteran species, but few species had complete cases of

life history data. To overcome this, I used phylogenetic imputation to amplify

the signal in the data and developed a type of sensitivity analyses to ensure the

robustness of imputations for the results. The results of this chapter revealed

that orthopterans, for the most part, follow the patterns expected by a ‘fast-

slow continuum’, but with an important difference: species on the ‘slow’ end

of this continuum produce larger clutches of eggs, not smaller clutches. These

results remained consistent even with moderate levels of imputation and were

supported by phylogenetic generalised least squares (PGLS) models that used

only non-imputed data.

I then took advantage of large-scale life history datasets constructed for

mammals, birds, and reptiles (Lislevand et al., 2007, Jeschke and Kokko, 2009,

de Magalhães and Costa, 2009, Capellini et al., 2015, Myhrovld et al., 2015,

Allen et al., 2017) to evaluate the generality of the ‘fast-slow continuum’, that

is, if and how the trait correlations differed between groups. I reduced the

dimensionality of the aggregated life history dataset using phylogenetic PCA,

which revealed a single axis explaining 67-70% of variance. This axis showed

the strong positive correlations between adult and offspring size, development

time, and adult lifespan, but the traits related to fecundity (hypothesised to be

negatively correlated with the previous set of traits) were unrelated to the axis.

I then assessed the fit of each taxonomic group to the multidimensional axes

of variation generated using data in the other groups. I showed that mammals

and birds are similar in their trait covariation, as are reptiles and orthopterans
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– and that while the former group, as might be expected, was well consistent

with the expectations of the ‘fast-slow continuum’, the latter group was different.

Specifically, the reptiles share with orthopterans a pattern where otherwise ‘slow’

species produce more eggs per clutch than otherwise ‘fast’ species.

Together, these results challenge the notion of a universal and general ‘fast-

slow continuum’. This is perhaps unsurprising, however, as Jeschke and Kokko

(2009) note, this is a point that has been rarely made. Charnov’s (2001) evo-

lutionary model predicted ‘fast-slow’ variation using a series of assumptions

specific to mammals, including three-quarter power scaling exponents between

body size and growth rate, and body size and offspring size per year, and that

size at weaning is proportional to size at maturity. Even in mammals the data

challenges these assumptions, particularly the latter (Purvis and Harvey, 1995).

Nevertheless, previous studies have found that the many of the trait patterns

predicted by Charnov’s model are general enough to be detected in taxa quite

different, and more distantly related than insects, to mammals (Salguero-Gómez

et al., 2016, Healy et al., 2019). I show that reptiles and orthopterans differ from

mammals, birds, and the predictions of the ‘fast-slow continuum’ in terms of

fecundity: larger, generally ‘slower’ species produce more eggs than small, ‘fast’,

species. In the discussion to Chapter 2 I suggest reasons why this may be the

case, including the apparent differences in maximum clutch size, metabolism,

and parental care between reptiles and orthopterans on the one hand and mam-

mals and birds on the other. A similar result has been shown in fish, where the

direction of relationship between fecundity and the other life history variables is

positive rather than negative (Jeschke and Kokko, 2009), which like orthopterans

and reptiles are (contrasting to mammals and birds) ectothermic, more limited in

parental care, and have high maximum clutch sizes.

The imputation procedure and sensitivity analyses developed for this chapter

mean that further groups with incomplete trait data can be analysed in a mul-
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tivariate sense (as I do for insects as a whole in Chapter 3). This is important

because while well-studied taxa can furnish us with ideas about how evolution

operates, the vast majority of taxa are not well-studied and cannot be assumed to

behave in the same way. Previous studies acknowledge that taxonomic groups

differ in their trait covariations, however, most comparisons between taxonomic

groups have been qualitative rather than quantitative. Jeschke and Kokko (2009)

tabulated their results showing the differences between principal components of

life history traits in mammals, birds, and fish, but did not quantitatively assess

the similarity between them. In mammals, at order level the correlations of

life history traits differs between groups – Bielby et al. (2007) used hierarchi-

cal clustering to conclude that two axes (one denoting timing or reproduction

and one the trade-off between offspring size and number) are consistent across

groups, but nevertheless some of the traits differ. For example, in Artiodactyla

the ‘timing’ axis is informed by interbirth interval and age at sexual maturity

(species with longer gaps between litters reach adulthood in a longer time), but

in Carnivora the same axis is informed by interbirth interval, weaning age, and

neonatal body mass (species with longer gaps between adulthood wean their

offspring for longer, and have smaller offspring at birth). The methods used in

this chapter provide a way to assess the differences between taxonomic groups

in a simple metric, which can be used to evaluate the similarity between groups.

Finally, this chapter is useful in providing a reasonably large dataset of insect life

history traits in a group where previously none existed. This dataset can be used

to assess questions from many disparate fields, and some suggestions are made

below.
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5.2 Chapter 3: Insect life history trait covariation, and

associations with ecology and metamorphosis

In Chapter 3, I collected life history trait data across the entire insect class and

used the methods developed in Chapter 2 to study it. My aims were to identify the

structure of the correlation of life history traits across insects, and how ecological

factors and metamorphosis can affect the range of life history strategies that

evolve. The results strengthen those from Chapter 2, showing little support for

the ‘fast-slow continuum’ as it has been exemplified across vertebrate classes and

plants. Instead, the primary axes of life history variation in insects are related to

the amount of reproductive investment, and how that reproductive investment is

spread through life. Additional principal components then explain development

time and adult lifespan, but all of these axes are orthogonal and independent of

each other. As shown in Chapter 2 for orthopterans, the PGLS analyses across the

insect class indicate that larger bodied species (with otherwise ‘slow’ life history

trait values) have larger clutches and higher lifetime fecundities.

Using the principal component scores calculated for each insect, I show how

the average life history differs between orders. The results from this analysis are

consistent with what is known about the biology of orders, and I highlight orders

at the extremes of the principal components axes. I then show that the range of

life history strategies represented in ametabolous (primitively wingless) species is

different from that of hemi- or holometabolous species, which show similar trait

covariation. The only significant result in these tests was that ametabolous species

have longer adult lifespans than hemi- or holometabolous species, something

that I propose is related to the nature of ametabolous species, which can continue

to grow and moult throughout their adult lives unlike the other insects. I found

that diet was a significant predictor of life history, but that the differences are
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mainly between parasitoids, ecto-parasites, and other diet types. I show that the

parasitoid lifestyle appears to predispose species to a similar life history strategy

(low clutch size, low fecundity, short development time and short adult lifespan).

I go on to discuss why this may be the case. Finally in Chapter 3, I predicted that

insects leaving land and returning to aquatic habitats would have a bearing on

life history trait covariation. Contrary to my predictions however, there was no

signal to differentiate life histories of species based on their broad habitat type.

The results from Chapter 3 open up several new questions. Many previous

analyses of this kind have shown consistent patterns across the tree of life,

particularly two axes of life history variation: one a ‘fast-slow continuum’ and the

second a ‘reproductive strategy’ axis (Bielby et al., 2007, Salguero-Gómez et al.,

2016, Healy et al., 2019). My results show that instead insect life histories largely

differ in terms of reproductive investment, and that other life history variables

(development time, lifespan etc.) load on orthogonal axes. However, these results

are not unique: fish, for example, also miss some of the characteristics of a ‘fast-

slow continuum’, and they show a similar pattern to that shown in orthopterans

(Chapter 2) whereby otherwise ‘slow’ species achieve higher fecundity than

otherwise ‘fast’ species (Jeschke and Kokko, 2009). I have discussed some reasons

why this may be the case above. Orthopterans do appear to be different from

the overall pattern across the insects according to the phylogenetic PCAs, but

interpreting this is difficult because different life history traits were used for the

two sets of analyses. Egg development time was for the most part unavailable for

orthopterans, and conversely voltinism was available for many orthopterans but

less so for other taxa. However, the bivariate PGLS analyses run in Chapter 2 and

Chapter 3 do lead to similar conclusions. It is important that we understand the

causes of variation between taxonomic groups, and the reasons why life history

traits can evolve in a more independent fashion in insects than in other groups.

I propose that this could be achieved using experiments artificially altering key
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life history traits and measuring the changes in resulting offspring fitness. More

needs to be learned about the interaction between genes and environment during

insect development in determining adult fitness, though such studies exist for

some species already (see Beukeboom, 2018).

One of the most commonly invoked benefits of complete metamorphosis is

that larval and adult stages of the same species can inhabit different areas and

consume different resources, thus taking them out of direct competition with each

other (Istock, 1967, Truman and Riddiford, 1999, Rolff et al., 2019). Some authors

have argued that this has led to a more ‘efficient’ life history in species with

holometaboly. Interestingly, although in my analyses (Chapter 3) ametabolous,

hemimetabolous and holometabolous species are not significantly different from

each other, it appears that hemimetabolous species are intermediate in devel-

opment time between the ametabolous (longest) and holometabolous (shortest)

species. I think that this warrants further investigation and may provide some

support for the notion that complete metamorphosis facilitates more efficient

juvenile stages.

Although I show that life history trait covariation is affected by metamorphosis,

and by diet, there remain many key innovations and other ecological variables

to be studied. The evolution of wings, for example, almost certainly had a great

impact on life histories by enhancing their ability for displacement and imposing

some constraints upon, for example, maximum adult body size (much as has

been proposed in birds; Galliard et al., 1989). Since adult body size is a strong

predictor of the other life history traits, a reduction of maximum body size could

reduce egg sizes, development times and fecundity. However, this is complicated

by the fact that non-flying morphs or sexes exist in many insects. The later

evolution of folding wings may also have had an effect: wing membranes are thin

and delicate, being able to fold them opens up new niches and allows individuals

to navigate through foliage or burrow underground, but these niches impose new
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constraints upon the organism. And then adaptations idiosyncratic to orders, or

even lower taxonomic groups, may have their own effects.

The evolution of sociality must fundamentally change the structure of life

history covariation. Queens of social colonies are often incredibly fecund, and

yet live for a long time (Thorne, 1997). In ‘fast-slow’ considerations of life history

covariation this would seem to go against the pattern, although as we have shown

in Chapters 2 and 3 it seems that this pattern is not uncommon across the insects.

Polyembryony is an adaptation where a single egg can divide and form

separate individuals, as in monozygotic twins. Some insects have the ability to

do this to extraordinary lengths, producing as many as one hundred thousand

offspring from a single egg, which usually replicates at the expense of a host

organism rather than the mother. This poses a problem in terms of finding values

of clutch size and lifetime fecundity in these taxa which are comparable to the

vast majority of insects. One could consider the clutch size of a polyembryonic

species laying one egg in a host as one, of defined size, which would represent the

investment from the mother. On the other hand one could count the total number

of offspring resulting from the single egg, but for other insects we collect the

number of eggs laid, rather than the number hatched (which is often information

that is unavailable).

Finally, some insects do not lay eggs but are viviparous (e.g. tsetse flies, aphids,

some cockroaches etc.) or ovoviviparous, which again causes complications in

collecting data comparable at broad scales. In Zootoca vivipara, a lizard which has

some viviparous and some oviparous populations, the viviparous females have

larger bodies, smaller offspring and clutch sizes, but higher hatching success

than oviparous females (Recknagel & Elmer, 2019). There are several species

of facultatively viviparous insects which would be ideal candidates for a study

similar to this which could test whether the evolution of viviparity has similar
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consequences across the tree of life, for example some thrips (Crespi, 1989) and

dipterans (Meier et al., 2007).

In summary of Chapter 3, I use a large amount of life history data with

phylogenetic imputation to be able to find the broad structure of life history

covariation in a group where previously missing trait data would have prevented

such an analysis. I test for associations between life histories, key innovations,

and ecological variables, but there are many ideas that still await investigation,

and future studies will be improved as more trait data and better phylogenies

become available.

5.3 Chapter 4: The impact of life history traits on

diversification

In Chapter 4, my aim was to identify what role life history traits have in diver-

sification dynamics. The imbalance of taxonomic groups across the tree of life

is a widely known phenomenon requiring a generalisable explanation (Purvis

and Agapow, 2002), and yet most explanations for diversity in richness rest on

idiosyncratic ‘key innovations’ within a particular lineage. Life history traits

provide an intuitive link between population level processes and diversification

dynamics, as has been shown in a number of previous studies (e.g. Marzluff

and Dial, 1991, Isaac et al., 2005). After accounting for key innovations, such as

wings, metamorphosis, and herbivory, which have been previously shown to be

important drivers of insect diversity, I show that species richness is significantly

higher in families and orders with fast development and higher in families with

high fecundity. I also show that diversification rates are higher in families with

high fecundity and rapid egg development periods.
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There are several limitations to Chapter 4 related to the dependent variables.

I use order or family level data on species richness, however only a fraction

of all species have yet been described. The results should remain similar as

long as newly described species increase clade richness in similar proportions to

their current richness – although this is not a given, as there is still debate, for

instance, on which insect order is the most speciose (Mora et al., 2011, Forbes

et al., 2018). Furthermore, there may be biases in the likelihood that a species

has of being described, for example: small species may be less likely to be

described than large species, and those in tropical areas less likely than those in

temperate regions (Gaston, 1994, Blackburn and Gaston, 1995, Blackburn et al.,

2019). Secondly, we cannot be sure that families are truly comparable taxonomic

units across groups. Higher taxa are designated by systematists and are non-

random subsets of clades across the tree of life, but the particular properties that

cause us to distinguish between them are neither clear nor consistent. It has been

suggested that higher taxa may represent clades that have either accumulated vast

phenotypic distinctness relative to other clades, or clades in which a substantial

shift in the tempo and mode of phenotype evolution has occurred (Rabosky,

2010, Venditti et al., 2011, Rabosky et al., 2012). In either case, this could lead to

statistical artefacts in the relationship between clade age and diversity.

I estimated diversification rates using Magallón and Sanderson (2001) methods-

of-moments estimator, which calculates the rate using species richness, clade

age, and a relative extinction rate. Thus, diversification rates inherit some of the

problems of species richness explained above, plus some more issues. The model

is based on constant diversification rates, which leads to exponential growth,

however this is unlikely to be the truth. Condamine et al. (2016) inferred that

insects underwent a rapid initial burst of diversification followed by a decline to

a low, steady, rate before upshifting in Coleoptera, Diptera, Hymenoptera, and

Lepidoptera. Rainford et al. (2014) find that there is stability in diversification rate
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across the hexapods, but identify major shifts corresponding to the evolutionary

origins of flight (Pterygota) and complete metamorphosis (Holometabola). If

diversification rate changes through time, this may lead to unreliable estimates

of average rate based on a constant rate model; for example, if the true rate

decreases the model will underestimate the rate of diversification early in the

clades history, but overestimate it later (Magallón and Sanderson, 2001). There

are many other methods for estimating evolutionary rate parameters, some of

which directly infer speciation and extinction rates (Rabosky, 2014, Revell, 2018).

In the future, methods such as these could be used to correlate insect life his-

tory traits with speciation and extinction rates from phylogenies, although this

would require a much better resolved phylogeny and more extensive data than

are currently available. An advantage of the method used here is that it does

not require full species-level phylogenies, but an obvious disadvantage is that

averaging life history traits across families (and especially orders) loses some of

the variation. There are also issues around dating the ages of clades, which will

change the diversification rate using this method – these issues will be discussed

in the overall strengths and weaknesses section below.

To reiterate, in this chapter I find that higher diversification rates were as-

sociated with high lifetime fecundity and rapid egg development. I think that

possibly the most likely explanation for this is that these traits reduce the risk

of extinction. Large numbers of fast-hatching eggs contribute to a high intrinsic

rate of population increase, which could allow for rapid recovery in disturbed

populations or fast establishments of new populations by colonists. On the other

hand, the life history traits identified here could increase speciation rate if, for

example, post-establishment populations adapted to new resources (Marzluff

and Dial, 1991), or if larger numbers of eggs increases the total genetic variation

available (Lehtonen and Lanfear, 2014, Thomas et al., 2010). These ideas show

how population-level processes can be mirrored by diversification dynamics, but
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there is much fascinating work to be done on the role of life history traits in

speciation itself. Selection experiments have demonstrated that changing life

history traits can induce speciation through reproductive isolation. There are

various mechanisms proposed in the literature, including due to a genetic corre-

lation between development time and behaviour (time of mating) in Bactrocera

cucurbitae (Miyatake and Shimizu, 1999). In Drosophila melanogaster, males selected

for fast development and small size attain few matings when paired with females

from (large, slow developing) ancestral populations, while conversely females

selected for the same traits suffer high mortality when paired with males from

the ancestral population – offering two unidirectional barriers to mating as a

result of selection for a life history trait (Ghosh and Joshi, 2012).

In my analyses, the amount of variation explained by life history traits remains

relatively modest compared to wings and herbivory (Wiens et al., 2015), and

many of the life history traits that I tested did not show any association with

either species richness or diversification rate. I am inclined to agree with Cardillo

et al. (2003) who suggest that instead of suites of fast life history traits together

enhancing diversification particular aspects of life history in different taxonomic

groups affect diversification, while others do not. Further work in this area

should seek to address the specific causal roles of wings and herbivory in the

diversification of insects and could investigate how changes in life history lead to

genetic isolation.

5.4 Overall strengths and weaknesses

Among the novel contributions of this thesis are the datasets generated, which

ties into probably its greatest weakness, that these datasets are sparsely populated

with trait data. However, in its favour, this is the first dataset of this size and
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scope in terms of traits and higher taxa coverage in the insects. Where studies

of this kind have been conducted before, they have benefitted from a great deal

of data compiled across species of charismatic taxa such as mammals and birds.

No such resource existed for insects, certainly not on a scale adequate for the

analyses presented here, and one of my principal aims was to collate this data.

This dataset will be released open access and be downloadable by anyone who

wishes to view or use it. In the longer term, this resource would be of even

further utility if submissions were accepted for new data, or if these data were

integrated into an existing collection of trait data, for example TraitBank (Parr

et al., 2016).

To solve the problem of missing data, I used phylogenetic imputation. My

aim here was not to predict the individual traits values of individual species

using phylogeny, but to amplify the signal in the available data to be able to test

hypotheses across a much larger sample of insects than would have otherwise

been possible. If there are systematic reasons for missing trait data (as a trivial

example, if small bodied species are generally underrepresented in terms of adult

lifespans because they are harder to track over a lifetime) then this could cause

errors in the correlation structure of life history traits, and imputed values to

be less reliable for certain species. I have attempted to satisfy these concerns

by taking a systematic approach to testing the sensitivity of my results. In both

Chapter 2 and Chapter 3, I start by running my analyses on a subset of the data

with no missing values. In both cases this means beginning with modest sample

sizes, and some families (even orders!) are completely cut out of the analysis. I

then allow each species to be missing a maximum of one, then two, then three (et

cetera) traits and rerun the analysis, expanding the sample size but increasing the

level of imputation. The results remain broadly similar, and in all cases do not

contradict the pairwise PGLS analyses that I conduct which contain no missing

data. Together these convince me that my conclusions are generally valid, and
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that this approach could be used by researchers in the future working in groups

with missing data.

Even without imputation, there are a number of potential sources of error in

the data itself. My dataset is made up of observations from different types of

studies, some from laboratory experiments, some from field assessments, and a

good deal of observations from natural history literature. Laboratory experiments

have certain benefits (e.g. they often have larger sample sizes, and environmental

factors such as temperature and humidity are known), but we cannot be sure that

they represent the true state of a particular variable in nature. Field studies and

general entomological observations vary much more widely in terms of precision

in recording, and some traits are easier to measure in the field than others –

an obvious example being clutch size vs lifetime fecundity, which in the latter

requires observing a female throughout adulthood. Though my dataset contains

species from across the globe, there is a geographic bias towards temperate

species. This is due in part to a study bias in temerate regions, tropical regions

have a much higher insect richness but there are far more species with scant life

history information, and in part due to biases resulting from my literature sources,

which were almost all published in English. There are also taxonomic gaps in

my dataset: most notably, there are no species belonging to Grylloblattodea (ice

crawlers), Mantophasmatodea (gladiators), or Protura (coneheads) in the analyses

in Chapter 3. Hymenoptera and Orthoptera are perhaps overrepresented in my

dataset, in the latter because I concentrated on them for Chapter 2 and in the

former because several large datasets previously existed, however the results

remained robust when subsampling these groups. Finally, there are trait-level

biases: during the data collection period of this study a dataset of insect egg

morphology traits was published covering over 6,000 species (Church et al., 2019),

no such dataset existed for the other traits. To prevent an overwhelming bias

of egg lengths I only integrated data from Church et al. (2019) when a species



5.4 Overall strengths and weaknesses 114

already had at least one other trait in my dataset, but the coverage of egg length

is still much better than the other traits.

The phylogeny is another source of error in the analyses. I attempted to use

the most recent and best available phylogenetic information to create an overall

informal supertree structure for the insects, following studies such as Wiens (2017).

However, I maintain that this is a reasonable estimate of the insect phylogeny

given the information available. Even the most fastidiously constructed trees

are hypotheses, and I imagine that few phylogeneticists would ardently claim

that their trees are ‘correct’ in both topology and dating. The informal approach

taken here also has some benefits in terms of future use, and the code used

to construct the phylogeny will be made available upon publication. As new

species level phylogenies of insects become available, which is frequently, it will

be relatively simple to replace the phylogeny currently representing the group

with a more up-to-date version. Some may also critique my choice to use the

Rainford et al. (2014) phylogeny as the backbone for dates of each order, rather

than the more widely used Misof et al. (2014) tree. As I explained in Chapter 3,

the origination dates of the major orders in Misof et al. (2014) are for the most

part incompatible with the dates according to our selection of order-level trees.

Misof et al. (2014) consistently date order-level nodes younger than the order

level trees indicate, and indeed some of these individual trees are produced using

very similar methods by those of Misof et al. (2014). The sum total of fossils used

to date the individual order level trees well exceeds those used to calibrate the

Misof et al. (2014) tree, and since the pattern exists in most of the orders I am

inclined to suspect Misof et al.’s dates are rather younger than the ‘true’ dates.

The Rainford et al. (2014) phylogeny on the other hand accommodates the order

level trees remarkably well, so I chose to use this.

I have attempted to use the available data to test hypotheses about how life

history traits associate with each other, using the comparative approach. The
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comparative itself has strengths and weaknesses (Harvey and Pagel, 1991, Stearns,

1992). On the one hand, comparative methods are the only way to establish

whether experimentally derived results are generally true. To find solid evidence

of adaptation and its effects we must demonstrate that a certain state has evolved

and had certain effects in several different lineages. This makes the comparative

method powerful for ruling out some hypotheses, however it cannot establish

cause. This is because comparative analyses are by their nature correlational.

Experimental manipulations, with controls, could be used to support claims of

causality, but on the scale of (for example) the whole of the insects, obviously

an experiment of this kind would be highly impractical. There is an essential

trade-off between the rigour of experiments and the phylogenetic generality that

comparative methods allow us to sense.

5.5 Further work

Some suggestions have been made throughout the thesis and this discussion as

to directions in which work could progress given the results presented here. I

stress to any readers the importance of continuing to collect data on fundamental

traits of understudied groups. Finding values within the literature that represent

‘natural’ values of insect life history traits has been a difficult task, though I

have synthesised as much information as I was able to in the time-frame there

are doubtless many observations that I have missed or been unable to access or

translate. One would like to imagine that with the rise of open source libraries and

the development of artificial intelligence software for parsing scientific literature

the researchers who follow me in trying to establish datasets of this kind may

have an easier time of things! The creation of an insect trait database with the

breadth and depth approaching that in vertebrate groups, such as PANtheria for

mammals (Jones et al., 2009) or FishBase for fish (Froese and Pauly, 2019), is an
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optimistic goal. After all, the insects accrue newly described species, of which

very little is known, at a much faster rate than those other groups. The creation

of a dataset of this kind would benefit from a formalised ontogeny for insect

trait data, however my experience with the literature leads me to believe that any

strict rules would cause a significant number of observations to be omitted. A

slightly alternative approach may be to follow the work of Salguero-Gómez et al.

(2015), who have used age-structured population matrices to derive life history

traits and then analyse them. Insect life tables make up only a small proportion

of the COMADRE database at present. Many life tables for insects exist in the

literature, although many of them would not fit the criteria for inclusion.

In this thesis I studied how life histories are linked to several ecological vari-

ables (Chapter 3), key innovations (Chapter 3), and macroevolutionary processes

(Chapter 4), however there are many other promising avenues for future research

and many proposed associations between life history traits and other variables

from other taxonomic groups still to be tested for insects. This dataset will hope-

fully provide researchers with a starting point for comparative investigations,

although this will rely on the availability of new data in most cases.

Metabolic rate is likely to be important in determining where a species sits in

life history space, as the rate of energy use by an organism helps determine the

rate at which it can grow, or the rate at which it can invest into offspring (Brown

et al., 2004). Recent analyses indeed suggest that at broad scales species with

high metabolic rates (relative to body size) have fast life histories (Healy et al.,

2019). Collating data on metabolic rates of species in my dataset would allow

researchers to evaluate this in insects, which may be fundamentally different to

other groups considered thus far. In insects this will be dependent body size and

the temperature of the micro-environment, and perhaps other variables.
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In Chapter 3 I proposed that broad habitat type, in terms of aquatic compared

to terrestrial habitats, may have restructured insect life history covariation, but

I found no evidence to support this, despite results from other taxa (Capdevila

et al., 2020). Broad habitat, in terms of latitude, or temperate compared to tropical

regions, may be a more promising avenue of research. Early treatments of varia-

tion in life history strategies proposed that, since they are more stable, tropical

environments should favour the evolution of slow life histories (Dobzhansky,

1950, Macarthur and Wilson, 1967), however for ectothermic species like insects

one would expect warm temperatures to boost vital rates and speed up life histo-

ries. Some support has been found for this idea using differences in metabolic

rate (Wiersma et al., 2007), but it has also been challenged in birds (Martin, 2015),

frogs (Sinsch and Dehling, 2017). I did not concentrate on collecting data on

latitude, or biogeographic region, in this project, although I have recorded some

of it in the dataset where it was presented in the literature with life history data.

This area of the resource could be expanded in future and be used to test the

hypothesis that tropical climates promote slow life histories in insects, although I

would speculate that any relationship with latitude will have a large amount of

variation in it.

Life histories are also good predictors of invasion success, and in the opposite

sense, the extinction risk level of species (Capellini et al., 2015, Salguero-Gómez,

2017, Allen et al., 2017). Here, I have shown how the same processes affect the

diversification of insects (Chapter 5), but I do not explicitly consider hypotheses

about conservation/invasion biology. Based on previous studies, life history

could be used to predict pest status, and importantly, how pests and other or-

ganisms will respond to changing global conditions (Walter et al., 2018). Our

understanding of current biodiversity change is built upon our understanding

of past biodiversity change, and with evidence for global insect declines (Hall-

mann et al., 2017, Sánchez-Bayo and Wyckhuys, 2019) attracting huge attention



5.6 Conclusions 118

and claims of “insectaggedon”, understanding these dynamics is likely to be

important. Life history data may go some way to predicting which insects are

likely to be winners and losers due to anthropogenic climate change. Indeed,

studies about extinction risk or conservation concern already provides some

evidence to support this (Mayhew, 2007, 2018). There is a great deal of variety,

between taxonomic groups and across the world, in how many insects have

been classified according to schemes such as the IUCN Red List, and there are

significant challenges to practitioners in classifying invertebrates in this manner

(Fox et al., 2018). However, the important ecological roles of insects and their risk

of extinction is being better appreciated today than previously, and hopefully

this will lead to data becoming available to formally test whether species with

‘slow’ life histories are more likely to be endangered, as has been shown in plants

(Salguero-Gómez, 2017).

5.6 Conclusions

In this thesis, I start to fill a gap in our understanding in life history evolution

caused by an underrepresentation of insects in life history studies. Using a

taxonomically and geographically broad dataset of insect traits, I examine the

covariation of life history traits at a class level and find that they do not firmly

fit the idea of a ‘fast-slow continuum’ of interlinked traits. This raises questions

about the generality of these widely invoked patterns. I then explore how aspects

of life history are correlated with ecology and evolutionary innovations in insects

and concur with the body of literature suggesting that individual adaptations

may affect individual life history traits, but rarely shift ‘suites’ of traits together.

Finally, I find evidence in favour for the hypothesis that changes in life history

have impacts on diversification, something which may inform our understanding

of current and future biodiversity change. Though it has been shown previously,
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future researchers should be wary of universal paradigms in life history evolution,

and appreciate the nuances produced by lineage specific effects. The dataset

presented here will hopefully form the basis of a number of new comparative

investigations of life history evolution, and I suggest that many of the hypotheses

considered in other groups should be specifically tested across insects, since

effects across taxonomic groups seem to vary.
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Appendix A

Supporting information for Chapter

2

A.1 Supplementary methods

A.1.1 Selecting an evolutionary model

The path of evolution imparts a structure to interspecific data: species, on average,

share more characteristics with close relatives as a result of shared ancestry. The

most common evolutionary model for accounting for the autocorrelation resulting

from this is Brownian motion - which assumes that trait values change randomly

over any time interval. Under this model, evolution has a constant tempo; species

that are closely related to each other have less time to diverge, and thus are on

average more similar to their close relatives than to distant ones. While this model

is extremely helpful, there are situations (such as strong directional selection)

where it is unrealistic, and can in fact mislead interpretation (Uyeda et al., 2015).
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’Rphylopars’ can implement several types of evolutionary model including

Brownian motion, Ornstein-Uhlenbeck (OU), early burst (EB), and a model fitting

lambda. OU models basically represent evolution under stabilising selection with

a constant optimum, if traits deviate from this optimum then selection functions

to shift it back. EB models assume that traits evolve through rapid exploitation of

newly available niche and trait space (perhaps when a species colonises a new

area, or competitors become extinct), and as those novel opportunities are used

up diversification returns to a background rate. Models fitting lambda transform

the tree, extending the terminal branches: the lambda parameter is estimated

using maximum likelihood and varies between 0 and 1, where a value of 1 is

identical to the Brownian motion model across the phylogeny and a value of 0 is

equivalent to a Brownian motion model instead using a star phylogeny (Pagel,

1999). The lambda parameter therefore functions as a measure of how strongly

the phylogeny predicts the pattern of the residual data, or the phylogenetic signal

of the trait (Freckleton et al., 2002, Pagel, 1999).

We used the package ’geiger’ (Pennell et al., 2014) in R (Team, 2017) to test

alternative evolutionary models on our full set of natural-log body length data

(n = 271), which is the most completely known variable and with which most of

the other life history traits are highly correlated (Table 2.1). The model fitting

lambda, with the parameter estimated as 0.965, was the best fit to the data (Table

A.1).

A.1.2 Data collection

We sought variables from large scale datasets of mammalian, reptilian and

avian life histories that were analogous to the traits that we had collected in

orthopterans:
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Table A.1 Fit of alternative evolutionary models to the orthopteran natural-logged
body length (mm; n = 272) data and the Davis et al. (2018) supertree. σ2 is
the evolutionary rate parameter, larger values indicate traits which accumulate
change through time faster (i.e. have faster random walks), and z0 is the mean
ancestral trait value. Conducted using the ’fitContinuous’ function of the package
’geiger’ (Pennell et al., 2014).

Model σ2 z0 AICc ∆AICc
Pagel’s lambdaa 0.003 2.840 207.539 0
Ornstein-Uhlenbeckb 1.288 3.220 434.661 227.122
Brownian motion 0.032 2.839 637.613 430.074
Early burstc 0.032 2.839 639.662 432.123

a λ = 0.965
b α = 2.174 (in OU models α represents the strength of evolutionary force returning traits back to
the optimum)
c a = -0.000 (in EB models this parameter describes the change in the evolutionary rate parameter
(σ2) over time, a=0 is essentailly Brownian)

Body size: Across the vertebrate clades the most common measure of adult

body size was adult body mass. We converted all measures to grams. For

orthopterans, we did not have body mass data so we used the length to mass

scaling equation by Rogers et al. (1977).

Offspring size: Again, mass was a much more common measure of offspring

size than length in the vertebrate data. As mentioned in the methods of Chapter

2 we collected length at first instar in orthopterans, which could then be trans-

formed into mass using the equation by Rogers et al. (1977). The length (or mass)

of orthopterans in their first instar is indicative of their size soon after they have

left the egg, and therefore the resources provided by the parent. Therefore, in

mammals we took the body mass at weaning, in birds we used the body mass at

fledging, and in reptiles we used the body mass at hatching/birth. All data were

converted to grams.

Development time: : In orthopterans our data on development time measured

the duration between hatching (i.e. independence from parent) and the final

adult moult. We compare this to measures from independence to maturity in
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the other groups, converting all to days. In mammals, we calculate this interval

as age at sexual maturity minus age at weaning. In birds, we calculate it as age

at sexual maturity minus age at fledging. In reptiles, we use the age at sexual

maturity.

Adult lifespan: Adult lifespan in orthopterans refers to the length of the adult,

or reproductive stage. We calculate an analogous trait for the vertebrate clades

by subtracting age at sexual maturity from maximum lifespan. All measures are

converted to days.

Clutch size: In orthopterans number of eggs laid in a pod or bout of laying. In

reptiles and birds we use the average number of eggs laid per clutch. In mammals

we use the number of offspring per litter.

Clutch frequency: In all cases, clutch frequency is measured as the number of

clutches (or litters, as outlined above) per year.

In our analyses focussing solely on Orthoptera we also used the variable

voltinism, which indicates the number of generations per year that a species

has. Voltinism is commonly referred to in the insect literature, but comparable

measures are not so easy to come across in the vertebrate literature. Number

of generations per year was not included as a trait in any of the life history

databases that we used for the vertebrate clades (Lislevand et al., 2007, Jeschke

and Kokko, 2009, de Magalhães and Costa, 2009, Capellini et al., 2015, Myhrovld

et al., 2015, Allen et al., 2017) and so it was excluded from the analysis.

After choosing the variables to collect, we combined the datasets. Some of

these datasets contain a mixture of real data and estimates, however we excluded

any estimated values. Data from the most contemporary datasets - Myhrovld

et al. (2015) for birds; Capellini et al. (2015) for mammals; and Allen et al. (2017)

for reptiles - took precedence over data from older datasets, which were used to
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fill in gaps and add additional species. We then restricted the dataset to include

only species with complete cases, as this is required for multivariate analysis.

Prior to analysis all data were natural log-transformed.

A.1.3 Phylogeny

In analyses focussing solely on Orthoptera we built upon the extensive Davis

et al. (2018) supertree. The Davis et al. (2018) supertree contains 1,519 species

which were supplemented with an additional 992 taxa, resulting in a 2,511 taxon

phylogeny. For analyses comparing taxonomic groups we merged six separate

phylogenies: Mammalia (Fritz et al., 2009), Crocodilia (Oaks, 2011), Testudines

(Jaffe et al., 2011), Squamata (Pyron et al., 2013), Orthoptera (Davis et al., 2018)

and a consensus tree of Aves. To produce the avian consensus tree we used a

distribution of trees from Jetz et al. (2012) and followed the method described

by Rubolini et al. (2015) using the Python libraries ’DendroPy’ (Sukumaran and

Holder, 2015) and ’SumTrees’ (Sukumaran and Holder, 2010). We constructed

a backbone to link the trees and grafted them together using the package ’APE’

(Paradis et al., 2004) in R (Team, 2017), using topology and node takes taken

from the ’TimeTree’ resource (Kumar et al., 2017). The most recent common

ancestor between clades was dated as follows: Aves and Crocodilia at 237Ma;

Testudines and previous 138 clades at 254Ma; Squamata and previous clades at

280Ma; Mammalia and previous clades at 313Ma; and Orthoptera and previous

clades at 797Ma. The phylogenies are available via Dryad.

A.1.4 Calculating variance explained across taxonomic groups

Standard PCA procedure decomposes the correlation matrix (A) of a multivariate

dataset into three simple matrices, two orthogonal (U and V) and one diagonal
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(S). This is also referred to as a ’singular value decomposition’ (SVD) of matrix A,

which can mathematically be expressed as

A = U · S · VT (A.1)

Matrix U contains the eigenvectors of A·AT, and matrix V contains the eigen-

vectors of AT· A. Since A is square and symmetrical its transpose is identical

to itself (i.e. A = AT), thus the resulting eigenvectors in columns of U and V

are also the same. The diagonal matrix S contains the eigenvalues of A·AT and

AT·A (which, again, are the same). Columns of U and V essentially contain the

direction of orthogonal axes through multivariate space which explain the most

variance, and the diagonal of S contains corresponding scalar values for each

column of eigenvectors. Dividing the value in S corresponding to a certain set of

eigenvectors by the sum of S gives the proportion of variance explained by that

set of eigenvectors (or the axis through multivariate space which they represent).

By rearranging the formula above, we can express S in terms of our correlation

matrix and eigenvectors, i.e.:

S = U−1 · A · V (A.2)

We take U and V for some baseline group (x) and A as the correlation matrix for

different group (y). S therefore represents the amount of variation in y explained

in the direction of the orthogonal eigenvectors of x. R code implementing these

calculations is provided via Dryad.
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A.2 Supplementary results

Table A.2 Bootstrapped median loadings from a phylogenetic PCA of orthopteran
life history data at increasing levels of imputation.

PC1 PC2 PC3 % missinga

0 imputed values (n = 9)b *c

Body Size 0.309 0.852 0.183 0%
Offspring Size -0.001 0.672 0.243 0%
Development Time -0.699 0.383 -0.542 0%
Adult Lifespan -0.491 0.759 -0.405 0%
Clutch Size 0.375 0.871 0.305 0%
Clutch Frequency -0.916 -0.091 0.360 0%
Generations per Year -0.456 0.236 0.777 0%

% variance 39.70% 36.62% 19.29% —
1 imputed values (n = 20
species)

*

Body Size 0.572
(0.571, 0.574)

0.516
(0.515, 0.519)

0.176
(0.169, 0.184)

0%

Offspring Size -0.040
(-0.041, -0.039)

0.525
(0.524, 0.527)

0.102
(0.093, 0.110)

5%

Development Time -0.427
(-0.428, -0.426)

0.540
0.538, 0.542

-0.074
(-0.077, -0.070)

5%

Adult Lifespan -0.111
(-0.112, -0.109)

0.959
(0.958, 0.960)

-0.054
(-0.062, -0.047)

25%

Clutch Size 0.959
(0.959, 0.960)

0.243
(0.242, 0.244)

-0.012
(-0.013, -0.011)

0%

Clutch Frequency -0.370
(-0.370, -0.369)

0.309
(0.304, 0.313)

-0.770
(-0.774, -0.767)

0%

Generations per Year 0.594
(0.592, 0.595)

-0.294
(-0.298, -0.290)

-0.470
(-0.470, -0.453)

20%

% variance 46.84% 23.14% 19.53% —
2 imputed values (n = 51
species)

*

Body Size 0.797
(0.796, 0.797)

-0.054
(-0.058, -0.050)

0.002
(-0.004, 0.015)

1.96%

Offspring Size 0.398
(0.398, 0.399)

-0.017
(-0.019, -0.014)

0.001
(-0.003, 0.004)

7.84%

Development Time -0.034
(-0.036, -0.032)

0.315
(0.298, 0.328)

0.000
(-0.009, 0.010)

9.80%

Adult Lifespan 0.562
(0.559, 0.565)

0.452
(0.430, 0.473)

-0.109
(-0.222, 0.214)

52.94%

Clutch Size 0.942
(0.941, 0.943)

-0.122
(-0.138, 0.101)

-0.003
(-0.005, -0.001)

3.92%

Clutch Frequency 0.219
(0.212, 0.226)

0.589
(0.566, 0.608)

0.189
(-0.288, 0.296)

47.06%

Generations per Year 0.259
(0.256, 0.262)

-0.147
(-0.170, -0.119)

0.046
(-0.225, 0.237)

19.61%

% variance 42.82% 28.70% 15.36 % —
3 imputed values (n = 99
species)

*

Body Size 0.691
(0.689, 0.693)

-0.145
(-0.154, -0.137)

-0.006
(-0.010, -0.003)

3.03%
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PC1 PC2 PC3 % missing

Offspring Size 0.384
(0.383, 0.386)

-0.036
(-0.041, -0.031)

-0.006
(-0.007, -0.004)

6.06%

Development Time 0.292
(0.289, 0.294)

0.054
(0.048, 0.061)

-0.085
(-0.133, -0.001)

23.23%

Adult Lifespan 0.830
(0.828, 0.831)

0.067
(0.062, 0.073)

-0.239
(-0.276, -0.113)

73.74%

Clutch Size 0.713
(0.711, 0.716)

-0.304
(-0.323, -0.287)

0.076
(0.003, 0.125)

4.04%

Clutch Frequency 0.408
(0.403, 0.415)

0.576
(0.565, 0.588)

0.027
(0.004, 0.051)

69.70%

Generations per Year 0.056
(0.053, 0.059)

-0.099
(-0.108, -0.090)

0.151
(0.036, 0.199)

39.39%

% variance 38.73% 26.80% 18.09% —
4 imputed values (n = 131
species)

*

Body Size 0.763
(0.762, 0.764)

0.135
(0.129, 0.141)

0.011
(0.006, 0.016)

6.11%

Offspring Size 0.514
(0.513, 0.516)

0.048
(0.044, 0.053)

0.002
(0.000, 0.005)

7.63%

Development Time 0.233
(0.220, 0.226)

-0.036
(-0.041, -0.031)

-0.110
(-0.127, -0.089)

37.40%

Adult Lifespan 0.922
(0.921, 0.922)

-0.002
(-0.006, 0.002)

-0.255
(-0.262, -0.245)

78.63%

Clutch Size 0.646
(0.644, 0.649)

0.310
(0.298, 0.322)

0.428
(0.407, 0.446)

10.69%

Clutch Frequency 0.268
(0.262, 0.275)

-0.833
(-0.839, -0.828)

0.084
(0.065, 0.103)

76.34%

Generations per Year -0.197
(-0.200, -0.194)

0.075
(0.068, 0.083)

0.350
(0.327, 0.368)

46.56%

% variance 41.40% 24.79% 17.08% —
5 imputed values (n = 242
species)

Body Size -0.155
(-0.166, -0.145)

— — 16.53%

Offspring Size 0.770
(0.765, 0.773)

— — 18.60%

Development Time -0.422
(-0.450, -0.386)

— — 65.29%

Adult Lifespan -0.396
(-0.428, -0.359)

— — 86.78%

Clutch Size -0.414
(-0.455, -0.380)

— — 38.43%

Clutch Frequency -0.274
(-0.316, -0.232)

— — 87.19%

Generations per Year -0.019
(-0.077, 0.040)

— — 59.09%

% variance 76.07% — — —
6 imputed values (n = 339
species)

Body Size -0.421
(-0.439, -0.401)

-0.023
(-0.031, -0.013)

— 19.76%

Offspring Size 0.288
(0.272, 0.303)

0.023
(0.012, 0.034)

— 37.76%
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PC1 PC2 PC3 % missing

Development Time -0.344
(-0.372, -0.321)

0.018
(0.004, 0.033)

— 75.22%

Adult Lifespan -0.367
(-0.392, -0.341)

-0.008
(-0.022, 0.006)

— 90.23%

Clutch Size -0.313
(-0.341, -0.288)

-0.005
(-0.019, 0.009)

— 56.05%

Clutch Frequency -0.330
(-0.356, -0.292)

-0.010
(-0.021, 0.004)

— 90.86%

Generations per Year -0.013
(-0.035, 0.011)

-0.002
(-0.016, 0.010)

— 67.26%

% variance 56.14% 22.67% — —

a % missing refers to the percentage of species missing the trait on that row.
bx imputed values refers to the maximum number of traits missing and imputed for each species.
c PC axes marked with an asterisk are those which were grouped together in the cluster analysis
(see Figure A.1).
Note: Boldface indicates that a trait was significantly loaded onto an axis. 95% confidence
intervals for bootstapped medians are presented in parenthesis below the medians.
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Fig. A.1 Distance-clustering dendrogram of phylogenetic PCA loadings for Or-
thoptera data imputed at different levels of missingness. x imputed refers to the
maximum number of missing traits per species of orthopteran included in the
analysis, see Table A.2.
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Table A.3 Loadings of phylogenetic PCA of a combined dataset of mammals,
birds, reptiles and orthopterans - with varying levels of imputation for the
orthopterans. Each column contains the single retained axis from the pPCA
including orthopterans with a maximum number of missing (and imputed traits)
equal to or less than the value referenced in the column header. Boldface indicates
that a trait is significantly loaded on an axis.

0 1 2 3 4 5 6
Body Size 0.976 0.974 0.976 0.976 0.976 0.975 0.976
Offspring Size 0.949 0.948 0.949 0.945 0.942 0.937 0.929
Development Time 0.432 0.436 0.435 0.425 0.418 0.440 0.449
Adult Lifespan 0.453 0.461 0.464 0.477 0.490 0.516 0.551
Clutch Size 0.096 0.106 0.119 0.149 0.161 0.188 0.237
Clutch Frequency -0.244 -0.256 -0.249 -0.223 -0.213 -0.226 -0.238
% variance 70.05% 70.05% 69.38% 68.27% 67.81% 67.13% 67.03%
Pagel’s λ 0.978 0.975 0.975 0.976 0.976 0.978 0.982
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Appendix B

Supporting information for Chapter

3

B.1 Supplementary methods

B.1.1 Constructing species-level insect phylogeny

To create a phylogenetic tree that had good overlap with our life history data, we

searched the literature for the most comprehensive and recent time-calibrated

trees. We assembled these trees into an overall phylogeny for the insects for

use in comparative analyses. We evaluated the suitability of two trees to use as

backbones, those of Misof et al. (2014) and Rainford et al. (2014). Table B.1 shows

how the origination dates of orders according to our species-level source trees,

and those of Misof et al. and Rainford et al.. Misof et al. (2014) tend to produce

origination dates that are younger than our source trees, meaning that these trees

cannot be accomodated on the order-level brances of the Misof et al. tree. For this

reason we instead used Rainford et al.’s phylogeny as our backbone. The branch

lengths of all trees shared the same unit, time in MYA, so it was possible to bind
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trees together. We pruned the Rainford et al. phylogeny to contain only one

species per order and then bound the source trees to these branches so that the

result was an ultrametric tree. All tree editing was done using the ‘ape’ package

(Paradis et al., 2004) in R (Team, 2017).

Where they could be accessed for taxa (usually families) particularly well

represented in our dataset that were below the order level, we further pruned

this tree and inserted species-level phylogenies that were constructed for families.

The phylogenies added in this way were as follows:

• Diptera: Culicidae (Reidenbach et al., 2009); Tephritidae (Han and Ro, 2016);

Cecidomyiidae (Dorchin et al., 2019); Oestroidea (Cerretti et al., 2017).

• Lepidoptera: Papilionoidea (Espeland et al., 2018); Nymphalidae (Wahlberg

et al., 2009).

• Coleoptera: Curculionidae (Shin et al., 2018).

We used the ‘tip pinning’ approach outlined in Bennett et al. (2017) to add

species to our phylogeny, prioritising species with the most complete sets of

trait data. The ‘treeman’ package searches for named tip labels using the Global

Names Resolver in NCBI and uses this information to name higher nodes in the

phylogeny. Using the same procedure it produces a taxonomy for a list of species

that are not found in the tree. The ‘pinTips’ function then uses the taxonomy of

the tree and of the species missing from the tree to find the correct node to add

the new species to, using taxonomically constrained random placement (Bennett

et al., 2017).
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Table B.1 Stem and crown group ages of insect orders according to Misof et al.
(2014), Rainford et al. (2014) and phylogenies specific to each order. All ages are
in MYA.

Clade Tree Stem Age Crown Age Misof et al. (2014) Rainford et al. (2014)
Stem Age Crown Age Stem Age Crown Age

Diptera Wiegmann
et al. (2011)

N/A 247.163 242.743 157.834 320.851 301.479

Mecoptera N/A N/A N/A 167.549 108.558 260.774 225.859
Siphonaptera Zhu et al.

(2015)
129.430 94.440 167.549 86.089 260.774 168.148

Lepidoptera Kawahara
et al. (2019)

356.178 343.779 207.201 141.465 302.412 269.103

Trichoptera Malm et al.
(2013)

233.960 225.780 207.201 154.320 302.412 276.294

Coleoptera Zhang et al.
(2018)

324.650 279.340 286.473 269.976 309.317 307.186

Strepsiptera McMahon
et al. (2011)

118.100 97.940 286.473 107.559 309.317 N/A

Neuroptera Winterton
et al. (2010)

317.00 294.000 259.034 224.709 284.832 254.651

Megaloptera N/A N/A N/A 259.034 212.386 284.382 192.843
Raphidioptera N/A N/A N/A 276.257 95.129 300.354 124.869
Hymenoptera Peters et al.

(2017)
386.777 281.205 344.680 239.527 389.691 257.290

Psocodea Johnson et al.
(2018)

404.000 328.000 361.532 187.326 426.793 401.422

Hemiptera Johnson et al.
(2018)

407.000 386.000 339.128 290.838 404.611 391.728

Thysanoptera Johnson et al.
(2018)

407.000 267.000 339.128 119.931 404.611 286.638

Dictyoptera Evangelista
et al. (2019)

346.422 263.670 231.271 197.320 340.562 307.235

Phasmida Robertson
et al. (2018)

124.559 95.000 164.221 124.707 259.648 221.505

Embioptera N/A N/A N/A 164.221 43.473 259.648 175.617
Grylloblattodea N/A N/A N/A 152.669 37.576 220.491 N/A
Mantophasmatodea N/A N/A N/A 152.669 N/A 220.491 N/A
Orthoptera Davis et al.

(2018)
N/A 299.100 247.845 202.696 387.347 308.877

Plecoptera Ding et al.
(2019)

255.010 181.450 269.115 167.411 356.655 251.175

Dermaptera N/A N/A N/A 168.523 79.386 356.655 245.103
Zoraptera Matsumura

et al. (2020)
N/A 270.000 168.523 N/A 340.562 N/A

Ephemeroptera Thomas et al.
(2013)

351.400 250.300 362.454 110.647 373.261 268.740

Odonata Waller and
Svensson
(2017)

N/A 237.000 362.454 234.730 373.261 243.109

Zygentoma Regier et al.
(2004)

370.000 302.500 420.549 214.104 449.197 296.306

Archaeognatha Regier et al.
(2004)

370.000 132.000 440.339 145.645 462.318 N/A

Diplura Regier et al.
(2004)

456.500 373.500 461.580 303.400 440.935 278.875

Collembola Regier et al.
(2004)

486.500 335.000 430.065 242.695 463.988 336.582

Protura N/A N/A N/A 430.065 N/A 440.935 372.540
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B.2 Supplementary results

Table B.2 Bootstrapped median loadings from a phylogenetic PCA of insect life
history data at increasing levels of imputation. Abbreviations are as follows:
adult body length (ABL), egg length (EL), egg development time (EDT), hatching
to adult development time, (HADT), adult lifespan (AL), clutch size (CS), lifetime
fecundity (LF).

PC1 PC2 PC3 PC4 % missing
0 imputed values (n=67, λ=0.751)
ABL 0.278 0.824 0.017 — 0%
EL 0.055 0.861 -0.175 — 0%
EDT 0.253 0.265 0.137 — 0%
HADT 0.297 0.449 0.010 — 0%
AL -0.248 0.510 0.524 — 0%
CS 0.932 0.010 -0.297 — 0%
LF 0.658 -0.172 0.698 — 0%
% variance 38.97% 19.21% 17.38% — —
1 imputed values (n = 217, λ=0.762)

ABL 0.280
(0.279, 0.282)

0.191
(0.188, 0.194)

0.567
(0.565, 0.568)

— 6.45%

EL 0.106
(0.104, 0.107)

0.083
(0.079, 0.087)

0.567
(0.565, 0.568)

— 4.61%

EDT 0.211
(0.211, 0.213)

0.017
0.016, 0.019

0.082
(0.080, 0.085)

— 3.69%

HADT 0.184
(0.182, 0.185)

0.010
(0.008, 0.012)

0.387
(0.385, 0.389)

— 7.37%

AL -0.015
(-0.017, -0.013)

0.692
(0.689, 0.695)

0.465
(0.461, 0.469)

— 4.15%

CS 0.916
(0.915, 0.916)

-0.293
(-0.295, -0.291)

0.105
(0.103, 0.107)

— 28.57%

LF 0.558
(0.556, 0.561)

0.644
(0.641, 0.647)

-0.442
(-0.444, -0.439)

— 14.29%

% variance 32.51% 21.18% 18.14% — —
2 imputed values (n = 485, λ=0.764)

ABL 0.305
(0.304, 0.306)

0.237
(0.234, 0.239)

0.510
(0.508, 0.511)

0.103
(0.099, 0.106)

21.03%

EL 0.141
(0.140, 0.142)

0.210
(0.208, 0.213)

0.459
(0.457, 0.462)

0.467
(0.464, 0.470)

14.43%

EDT 0.083
(0.081, 0.085)

0.468
(0.466, 0.471)

0.498
(0.494, 0.502)

-0.509
(-0.513, -0.506)

6.80%

HADT 0.034
(0.032, 0.035)

0.518
(0.516, 0.520)

0.502
(0.499, 0.505)

-0.148
(-0.151, -0.145)

13.20%

AL 0.166
(0.165, 0.168)

-0.469
(-0.471, -0.466)

0.555
(0.551, 0.560)

0.517
(0.513, 0.522)

15.88%

CS 0.858
(0.858, 0.859)

0.368
(0.366, 0.370)

-0.212
(-0.214, -0.211)

0.216
(0.214, 0.218)

40.41%
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PC1 PC2 PC3 PC4 % missing

LF 0.708
(0.707, 0.709)

-0.541
(-0.543, -0.539)

0.064
(0.062, 0.067)

-0.389
(-0.391, -0.388)

26.69%

% variance 31.60% 20.15% 16.57% 14.82% —
3 imputed values (n = 847, λ=0.775)

ABL 0.318
(0.318, 0.319)

0.143
(0.139, 0.146)

-0.035
(-0.037, -0.033)

— 27.65%

EL 0.029
(0.028, 0.029)

0.016
(0.014, 0.018)

0.092
(0.089, 0.095)

— 21.18%

EDT 0.216
(0.214, 0.218)

0.894
0.891, 0.897

0.092
(0.089, 0.095)

— 18.94%

HADT 0.125
(0.124, 0.126)

0.541
(0.538, 0.544)

-0.040
(-0.043, -0.038)

— 23.06%

AL 0.151
(0.150, 0.152)

-0.081
(-0.087, -0.075)

0.385
(0.381, 0.388)

— 31.29%

CS 0.815
(0.814, 0.815)

-0.010
(-0.014, -0.007)

-0.528
(-0.529, -0.527)

— 44.82%

LF 0.786
(0.786, 0.787)

-0.061
(-0.067, -0.055)

0.511
(0.509, 0.513)

— 42.59%

% variance 32.05% 20.73% 46.70% — —
4 imputed values (n = 1204, λ=0.780)

ABL 0.282
(0.281, 0.283)

0.207
(0.205, 0.208)

-0.024
(-0.026, -0.021)

— 33.64%

EL -0.011
(-0.011, -0.010)

0.098
(0.097, 0.100)

-0.087
(-0.089, -0.086)

— 26.99%

EDT 0.189
(0.187, 0.190)

0.877
0.874, 0.880

0.141
(0.133, 0.149)

— 28.57%

HADT 0.121
(0.119, 0.122)

0.543
(0.543, 0.545)

-0.027
(-0.033, -0.022)

— 33.80%

AL 0.060
(0.059, 0.061)

-0.124
(-0.128, -0.120)

0.377
(0.374, 0.380)

— 43.44%

CS 0.828
(0.828, 0.829)

-0.006
(-0.011, -0.001)

-0.499
(-0.500, -0.498)

— 50.25%

LF 0.753
(0.752, 0.754)

-0.161
(-0.168, -0.155)

0.549
(0.547, 0.551)

— 49.83%

% variance 31.67% 19.48% 17.98% — —
5 imputed values (n = 1718, λ=0.792)

ABL 0.230
(0.230, 0.231)

0.162
(0.159, 0.165)

-0.059
(-0.063, -0.055)

0.228
(0.227, 0.230)

40.05%

EL -0.026
(-0.027, -0.026)

0.077
(0.074, 0.079)

-0.066
(-0.068, -0.064)

0.355
(0.354, 0.356)

33.12%

EDT 0.152
(0.151, 0.154)

0.713
(0.702, 0.724)

-0.105
(-0.120, -0.089)

0.002
(0.001, 0.004)

44.41%

HADT 0.099
(0.098, 0.100)

0.386
(0.379, 0.394)

-0.136
(-0.145, -0.127)

0.043
(0.041, 0.045)

49.42%

AL 0.055
(0.053, 0.056)

-0.109
(-0.117, -0.102)

0.302
(0.298, 0.308)

0.869
(0.867, 0.871)

53.72%
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PC1 PC2 PC3 PC4 % missing

CS 0.807
(0.807, 0.808)

0.045
(0.035, 0.056)

-0.449
(-0.455, -0.443)

0.122
(0.120, 0.124)

56.29%

LF 0.751
(0.750, 0.752)

-0.169
(-0.180, -0.158)

0.489
(0.484, 0.493)

-0.203
(-0.205, -0.200)

58.50%

% variance 29.67% 19.26% 18.26% 15.11% —
6 imputed values (n = 2271, λ=0.806)

ABL 0.209
(0.209, 0.210)

-0.038
(-0.039, -0.036)

0.165
(0.163, 0.167)

0.180
(0.180, 0.182)

42.08%

EL -0.005
(-0.006, -0.005)

-0.077
(-0.078, -0.076)

0.068
(0.066, 0.070)

0.268
(0.267, 0.269)

45.11%

EDT 0.133
(0.132, 0.134)

0.030
(0.022, 0.037)

0.907
(0.905, 0.911)

0.012
(0.010, 0.014)

57.17%

HADT 0.082
(0.081, 0.083)

0.226
(0.223, 0.228)

0.363
(0.362, 0.365)

0.031
(0.029, 0.033)

60.83%

AL 0.055
(0.054, 0.056)

0.226
(0.223, 0.228)

-0.037
(-0.040, -0.033)

0.943
(0.943, 0.944)

61.62%

CS 0.770
(0.769, 0.771)

-0.595
(-0.596, -0.593)

0.023
(0.017, 0.028)

0.069
(0.067, 0.070)

64.54%

LF 0.754
(0.753, 0.755)

0.606
(0.605, 0.608)

-0.093
(-0.096, -0.089)

-0.133
(-0.135, -0.132)

67.39%

% variance 28.56% 19.96% 18.41% 15.18% —
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Fig. B.1 Distance-clustering dendrogram of phylogenetic PCA loadings for insect
data imputed at different levels of missingness. x imp refers to the maximum
number of missing traits per species of insect included in the analysis, see Table
B.2. Bars beneath the dendrogram shows grouping of axes according to k-means
clustering, with the number of groups set as either 4, 5, or 6 - average loadings of
these groups are given in Table B.3.
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Table B.3 Cluster means identified using k-means clustering, significant loads
are highlighted in bold. Letters match these means with the groups in the
distance-clustering dendrogram, Figure B.1. Abbreviations follow Table B.2.

k=4 ABL EL EDT HADT AL CS LF
A 0.272 0.049 0.177 0.135 0.032 0.847 0.710
B 0.183 0.094 0.772 0.470 -0.164 0.084 -0.205
C 0.009 -0.051 0.052 -0.038 0.418 -0.444 0.583
D 0.402 0.530 0.058 0.211 0.643 0.052 -0.213

k=5
A 0.272 0.049 0.177 0.135 0.032 0.847 0.710
B 0.183 0.094 0.772 0.470 -0.164 0.084 -0.205
C 0.009 -0.051 0.052 -0.038 0.418 -0.444 0.583
D 0.634 0.697 0.282 0.446 0.510 -0.032 -0.183
E 0.170 0.363 -0.165 -0.025 0.776 0.136 -0.242

k=6
A 0.272 0.049 0.177 0.135 0.032 0.847 0.710
B 0.183 0.094 0.772 0.470 -0.164 0.084 -0.205
C -0.012 0.050 -0.070 -0.079 0.361 -0.371 0.353
D 0.634 0.697 0.282 0.446 0.510 -0.032 -0.183
E 0.204 0.312 0.007 0.037 0.906 0.096 -0.168
F 0.010 -0.046 0.077 0.010 0.608 -0.295 0.671
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Table B.4 Bootstrapped median loadings from a phylogenetic PCA of insect life
history data at increasing levels of imputation, with resampling of Orthoptera and
Hymenoptera so that their numbers were the same as Hemiptera and Coleoptera,
respectively. There were (at 0, 3, and 6 imputed traits) 12, 34, and 58 orthopterans,
and 27, 63, and 74 hymenopterans. Abbreviations follow Table B.2.

PC1 PC2 PC3 % missing
0 imputed values (n=52, λ=0.845)
ABL 0.235 0.808 0.183 0%
EL -0.012 0.818 0.236 0%
EDT 0.374 0.432 0.301 0%
HADT 0.088 0.646 0.175 0%
AL -0.196 0.696 -0.555 0%
CS 0.956 0.001 0.230 0%
LF 0.727 -0.065 -0.647 0%
% var 44.95% 21.62% 16.80% —
3 imputed values (n=491, λ=0.803)

ABL 0.342
(0.342, 0.343)

0.199
(0.198, 0.200)

0.150
(0.149, 0.152)

25.87

EL -0.055
(-0.056, -0.054)

0.148
(0.147, 0.149)

0.068
0.065, 0.070

23.63

EDT 0.240
(0.237, 0.242)

0.902
(0.901, 0.903)

0.025
(0.023, 0.027)

14.26

HADT 0.217
(0.216, 0.219)

0.627
(0.625, 0.628)

0.143
(0.141, 0.146)

19.14

AL -0.137
(-0.139, -0.136)

-0.038
(-0.040, -0.036)

0.756
(0.754, 0.758)

27.90

CS 0.933
(0.933, 0.933)

-0.098
(-0.100, -0.097)

-0.207
(-0.208, -0.205)

51.93

LF 0.664
(0.662, 0.665)

-0.238
(-0.240, -0.236)

0.499
(0.497, 0.502)

44.60

% var 36.05% 22.82% 15.09% —
6 imputed values (n=1095, λ = 0.821)

ABL 0.268
(0.268, 0.269)

0.101
(0.098, 0.105)

0.077
(0.074, 0.080)

44.93

EL -0.032
(-0.033, -0.031)

0.099
(0.097, 0.101)

0.008
(0.007, 0.009)

47.31

EDT 0.205
(0.204, 0.207)

0.827
(0.869, 0.877)

0.033
(0.028, 0.038)

51.05

HADT 0.132
(0.131, 0.133)

0.430
(0.426, 0.436)

0.053
(0.048, 0.059)

54.61

AL -0.151
(-0.153, -0.150)

-0.033
(-0.037, -0.030)

0.508
(0.502, 0.515)

56.99

CS 0.956
(0.955, 0.956)

-0.043
(-0.046, -0.039)

-0.149
(-0.151, -0.146)

74.34

LF 0.479
(0.478, 0.480)

-0.086
(-0.093, -0.080)

0.636
(0.630, 0.643)

67.85

% var 33.45% 19.68% 16.70% —
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Table B.5 PGLS models of PC scores as the response and insect order as the
predictor variable, Archaeognatha are treated as the intercept. n = 2271.

Order β± S.E. t p λ R2

PC1

Intercept -0.182±1.051 -0.173 0.862

0.825 0.017

Coleoptera -0.689±1.348 -0.511 0.609
Collembola -0.866±1.514 -0.571 0.568
Dermaptera -0.849±1.745 -0.487 0.626
Dictyoptera 0.872±1.411 0.618 0.567
Diptera 0.559±1.385 0.404 0.686
Ephemeroptera 3.093±1.407 2.198 0.028
Hemiptera -0.455±1.234 -0.369 0.712
Hymenoptera -2.033±1.352 -1.504 0.133
Lepidoptera 2.247±1.436 1.565 0.118
Megaloptera 2.151±1.437 1.467 0.135
Neuroptera 0.739±1.359 0.544 0.586
Odonata 3.506±1.452 2.416 0.016
Orthoptera 0.128±1.331 0.096 0.923
Phasmida 1.114±1.590 0.701 0.484
Plecoptera 2.563±1.450 1.709 0.088
Psocodea -1.826±1.352 -1.351 0.177
Raphidioptera 1.285±1.688 0.762 0.446
Siphonaptera -0.648±1.577 -0.411 0.681
Strepsiptera 1.825±1.620 1.127 0.260
Thysanoptera -1.322±1.423 -0.929 0.353
Trichoptera 0.632±1.449 0.436 0.663
Zoraptera -0.223±1.548 -0.144 0.886
Zygentoma 0.105±1.612 0.065 0.948

PC2

Intercept 0.127±0.512 0.248 0.804

0.756 0.014

Coleoptera -0.062±0.647 -0.095 0.924
Collembola 0.291±0.725 0.401 0.688
Dermaptera -0.145±0.853 -0.170 0.865
Dictyoptera 0.233±0.676 0.344 0.731
Diptera -1.054±0.664 -1.586 0.113
Ephemeroptera -1.176±0.675 -1.743 0.081
Hemiptera -0.135±0.596 -0.226 0.821
Hymenoptera 0.403±0.649 0.621 0.535
Lepidoptera -0.790±0.688 -1.147 0.251
Megaloptera -1.438±0.693 -2.076 0.038
Neuroptera -0.552±0.653 -0.845 0.398
Odonata -0.615±0.695 0.885 0.376
Orthoptera -0.099±0.640 -0.155 0.877
Phasmida -0.336±0.760 -0.442 0.658
Plecoptera -0.563±0.718 -0.785 0.433
Psocodea 0.040±0.651 0.061 0.951
Raphidioptera -0.562±0.816 -0.690 0.491
Siphonaptera 1.134±0.755 1.502 0.133
Strepsiptera 0.769±0.780 0.985 0.325
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Order β± S.E. t p λ R2

PC2 (cont.)

Thysanoptera -0.471±0.683 -0.689 0.491
Trichoptera -1.330±0.695 -1.912 0.056
Zoraptera 0.055±0.752 0.073 0.942
Zygentoma 0.976±0.781 1.249 0.211

PC3

Intercept 1.531±0.737 2.076 0.038

0.785 0.002

Coleoptera -1.938±0.938 -2.067 0.039
Collembola -2.367±1.051 -2.280 0.023
Dermaptera -1.708±1.227 -1.392 0.164
Dictyoptera -0.753±0.981 -0.767 0.443
Diptera -2.546±0.963 -2.643 0.008
Ephemeroptera -1.082±0.978 -1.106 0.269
Hemiptera -2.277±0.862 -2.643 0.008
Hymenoptera -2.358±0.941 -2.507 0.012
Lepidoptera -1.494±0.998 -1.496 0.135
Megaloptera -1.344±1.002 -1.341 0.180
Neuroptera -1.826±0.946 -1.930 0.054
Odonata -1.370±1.008 -1.359 0.174
Orthoptera -1.010±0.927 -1.090 0.276
Phasmida 0.493±1.103 0.447 0.655
Plecoptera -1.189±1.041 -1.141 0.254
Psocodea -2.266±0.942 -2.404 0.016
Raphidioptera -1.587±1.179 -1.347 0.178
Siphonaptera -2.796±1.095 -2.553 0.011
Strepsiptera -0.966±1.129 -0.856 0.392
Thysanoptera -2.418±0.990 -2.442 0.015
Trichoptera -2.418±1.008 -1.519 0.129
Zoraptera -1.137±1.084 -1.048 0.295
Zygentoma -1.164±1.128 -1.032 0.302

PC4

Intercept 0.219±0.671 0.326 0.744

0.836 0.024

Coleoptera 0.231±0.863 0.268 0.789
Collembola 0.266±0.969 0.274 0.784
Dermaptera 1.593±1.114 1.431 0.153
Dictyoptera 1.132±0.903 1.253 0.210
Diptera -1.033±0.887 -1.165 0.244
Ephemeroptera -3.851±0.901 -4.273 <0.001
Hemiptera -0.047±0.789 -0.059 0.953
Hymenoptera -0.954±0.865 -1.102 0.271
Lepidoptera -0.949±0.919 -1.032 0.302
Megaloptera -1.090±0.920 -1.186 0.236
Neuroptera -0.612±0.870 -0.703 0.482
Odonata -0.950±0.930 -1.022 0.307
Orthoptera 0.639±0.852 0.750 0.482
Phasmida 1.351±1.019 1.326 0.185
Plecoptera -0.513±0.961 -0.534 0.593
Psocodea -0.448±0.865 -0.518 0.605
Raphidioptera 0.112±1.079 0.104 0.918
Siphonaptera -0.590±1.010 -0.584 0.559
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Order β± S.E. t p λ R2

PC4 (cont.)

Strepsiptera -0.605±1.036 -0.584 0.559
Thysanoptera -0.616±0.911 -0.676 0.499
Trichoptera -1.766±0.928 -1.904 0.057
Zoraptera -0.088±0.989 -0.089 0.929
Zygentoma 2.299±1.030 2.231 0.024
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Table B.6 PGLS models with PC scores as the response and metamorphosis as
the predictor variable, ametabolous species are treated as the intercept. n = 2271.

Metamorphosis β± S.E. t p λ R2

PC1
Intercept -0.466±0.696 -0.670 0.509

0.848 0.000Hemimetabola 0.755±0.815 0.927 0.354
Holometabola 0.482±0.942 0.512 0.609

PC2
Intercept 0.485±0.332 1.459 0.145

0.784 0.001Hemimetabola -0.694±0.388 -1.790 0.074
Holometabola -0.751±0.447 -1.682 0.093

PC3
Intercept 0.348±0.471 0.738 0.461

0.801 0.000Hemimetabola -0.462±0.550 -0.839 0.401
Holometabola -0.809±0.635 -1.275 0.202

PC4
Intercept 0.905±0.449 2.013 0.044

0.861 0.003Hemimetabola -1.227±0.527 -2.329 0.020
Holometabola -1.721±0.610 -2.822 0.005

Table B.7 PGLS models with PC scores as the response and habitat media (terres-
trial vs. aquatic) as the predictor variable, terrestrial habitats are treated as the
intercept. n = 1992.

Habitat β± S.E. t p λ R2

PC1 Intercept -0.080±0.450 -0.178 0.858 0.855 0.001Aquatic 0.279±0.146 1.909 0.056

PC2 Intercept 0.038±0.231 0.164 0.870 0.805 0.000Aquatic -0.090±0.082 -1.090 0.276

PC3 Intercept -0.007±0.306 -0.022 0.982 0.811 0.000Aquatic -0.087±0.108 -0.806 0.421

PC4 Intercept 0.022±0.274 0.081 0.935 0.847 0.000Aquatic -0.046±0.090 -0.507 0.612
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Table B.8 PGLS models with PC scores as the response and larval diet as the
predictor variable, detritivores are treated as the intercept. n = 812.

Larval Diet β± S.E. t p λ R2

PC1

Intercept 0.077±0.440 0.176 0.861

0.748 0.015

Ecto-parasites 0.001±0.450 0.002 0.999
Fungivores -0.358±0.318 -1.126 0.260
Parasitoids -1.323±0.411 -3.216 0.001
Phytophages -0.142±0.212 -0.669 0.504
Predators 0.309±0.245 1.258 0.209

PC2

Intercept 0.066±0.247 0.266 0.790

0.701 0.000

Ecto-parasites 0.335±0.295 1.135 0.257
Fungivores -0.177±0.189 -0.935 0.350
Parasitoids 0.050±0.240 0.209 0.835
Phytophages -0.133±0.125 -1.063 0.288
Predators -0.190±0.144 -1.318 0.188

PC3

Intercept 0.023±0.324 0.073 0.942

0.646 0.043

Ecto-parasites -0.146±0.408 -0.358 0.721
Fungivores -0.306±0.263 -1.165 0.245
Parasitoids -1.875±0.328 -5.716 <0.001
Phytophages -0.068±0.172 -0.394 0.694
Predators 0.151±0.197 0.767 0.443

PC4

Intercept 0.092±0.319 0.287 0.774

0.795 0.009

Ecto-parasites 0.739±0.344 2.147 0.032
Fungivores 0.001±0.217 0.006 0.996
Parasitoids -0.663±0.286 -2.316 0.021
Phytophages -0.180±0.146 -1.232 0.218
Predators -0.130±0.170 -0.766 0.444
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Table B.9 PGLS models with PC scores as the response and adult diet as the
predictor variable, detritivores are treated as the intercept. n = 890.

Adult Diet β± S.E. t p λ R2

PC1

Intercept 0.092±0.464 0.198 0.843

0.773 0.005

Ecto-parasites -0.487±0.356 -1.368 0.172
Fungivores -0.330±0.341 -0.968 0.333
Liquid-feeders -0.436±0.359 -1.215 0.225
Non-feeders 0.532±0.375 1.418 0.156
Phytophages -0.171±0.292 -0.585 0.559
Predators 0.166±0.310 0.534 0.593

PC2

Intercept 0.187±0.255 0.734 0.463

0.728 0.001

Ecto-parasites -0.392±0.205 -1.910 0.056
Fungivores -0.267±0.196 -1.361 0.174
Liquid-feeders -0.390±0.204 -1.905 0.057
Non-feeders -0.458±0.214 -2.141 0.033
Phytophages -0.211±0.167 -1.265 0.206
Predators -0.171±0.177 -0.968 0.333

PC3

Intercept -0.063±0.342 -0.184 0.854

0.684 0.016

Ecto-parasites -0.311±0.287 -1.084 0.279
Fungivores 0.049±0.275 0.180 0.857
Liquid-feeders -0.733±0.285 -2.578 0.010
Non-feeders 0.446±0.297 1.502 0.134
Phytophages 0.090±0.232 0.388 0.698
Predatros 0.245±0.245 0.999 0.318

PC4

Intercept 0.155±0.314 0.494 0.622

0.815 0.023

Ecto-parasites -0.150±0.229 -0.655 0.513
Fungivores 0.116±0.220 0.526 0.599
Liquid-feeders -0.568±0.234 -2.434 0.015
Non-feeders -1.060±0.244 -4.337 <0.001
Phytophages 0.053±0.190 0.281 0.779
Predators 0.154±0.202 0.762 0.446
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C.1.1 Order level analyses

Table C.1 PGLS models at an order level, the dependent variable in each model is
the diversification rate of the order with the ratio of speciation to extinction ϵ = 0.
We present the full and reduced models, before the life history trait is dropped
during model reduction.

Model
No.

Independent Variable(s) β ± SE t p λ n R2

1.1 (full)

PC1 -0.000±0.001 -0.574 0.573

0.000 24 0.561
Wings 0.063±0.003 1.983 0.062
Metamorphosis 0.007±0.002 2.955 0.008
Herbivory 0.008±0.003 2.835 0.011

1.2 (full)

PC2 0.001±0.002 0.736 0.471

0.000 24 0.566
Wings 0.006±0.003 2.055 0.054
Metamorphosis 0.006±0.002 2.794 0.012
Herbivory 0.008±0.003 3.217 0.005

1.3 (full)

PC3 -0.001±0.001 -0.031 0.975

0.000 24 0.585
Wings 0.005±0.003 2.008 0.059
Metamorphosis 0.006±0.002 2.488 0.022
Herbivory 0.008±0.003 3.135 0.005

1.4 (full)

PC4 -0.000±0.001 -0.031 0.975

0.000 24 0.553
Wings 0.005±0.003 1.826 0.084
Metamorphosis 0.007±0.002 2.846 0.010
Herbvivory 0.008±0.003 3.034 0.007

1.5 (full)

Log Clutch Size 0.000±0.001 0.167 0.869

0.000 21 0.541
Wings 0.004±0.003 1.201 0.247
Metamorphosis 0.007±0.002 3.086 0.007
Herbivory 0.007±0.003 2.521 0.023

1.6 (full)

Log Lifetime Fecundity 0.001±0.001 0.533 0.602

0.000 20 0.454
Wings 0.001±0.004 0.350 0.731
Metamorphosis 0.006±0.002 2.737 0.153
Herbivory 0.008±0.003 3.014 0.009

1.6 (red.)
Log Lifetime Fecundity 0.000±0.001 0.496 0.627

0.000 20 0.483Metamorphosis 0.006±0.002 2.811 0.013
Herbivory 0.008±0.002 3.240 0.005

1.7 (full)

Log Egg Development Time -0.001±0.001 -0.472 0.642

0.000 24 0.559
Wings 0.005±0.003 1.939 0.067
Metamorphosis 0.006±0.003 2.300 0.033
Herbivory 0.008±0.003 3.112 0.006

1.8 (full)

Log Nymph/Larva Develop-
ment Time

-0.001±0.001 -1.358 0.191

0.000 23 0.554
Wings 0.005±0.003 1.726 0.101
Metamorphosis 0.006±0.002 2.926 0.009
Herbivory 0.007±0.003 2.916 0.009
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Model
No.

Independent Variable(s) β ± SE t p λ n R2

1.9 (full)
Log Pupa Development
Time

0.005±0.004 1.183 0.275
0.000 11 0.216

Wings -0.006±0.008 -0.733 0.487
Herbivory 0.012±0.005 2.384 0.049

1.9 (red.)
Log Pupa Development
Time

0.005±0.004 1.094 0.306
0.000 11 0.261

Herbivory 0.011±0.005 2.338 0.048

1.10 (full)

Log Hatching to Adult De-
velopment Time

-0.001±0.001 -1.371 0.187

0.000 23 0.554
Wings 0.005±0.003 1.702 0.106
Metamorphosis 0.007±0.002 2.996 0.008
Herbivory 0.007±0.003 2.929 0.009

1.11 (full)

Log Egg to Adult Develop-
ment Time

-0.002±0.001 -1.309 0.210

0.000 20 0.559
Wings 0.005±0.003 1.583 0.134
Metamorphosis 0.005±0.003 2.174 0.046
Herbviory 0.009±0.003 2.880 0.011
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Table C.2 PGLS models at an order level, the dependent variable in each model
is the diversification rate of the order with the ratio of speciation to extinction
ϵ = 0.5. We present the full and reduced models, before the life history trait is
dropped during model reduction.

Model
No.

Independent Variable(s) β ± SE t p λ n R2

2.1 (full)

PC1 -0.000±0.001 -0.680 0.505

0.000 24 0.549
Wings 0.006±0.003 2.007 0.059
Metamorphosis 0.006±0.002 2.780 0.012
Herbivory 0.007±0.003 2.793 0.012

2.2 (full)

PC2 0.001±0.002 0.749 0.463

0.000 24 0.551
Wings 0.006±0.003 2.038 0.056
Metamorphosis 0.006±0.002 2.616 0.017
Herbivory 0.008±0.003 3.199 0.005

2.3 (full)

PC3 -0.002±0.001 -1.330 0.199

0.000 24 0.577
Wings 0.005±0.003 2.003 0.060
Metamorphosis 0.005±0.002 2.292 0.033
Herbivory 0.008±0.002 3.130 0.006

2.4 (full)

PC4 -0.000±0.001 -0.074 0.942

0.000 24 0.538
Wings 0.005±0.003 1.792 0.089
Metamorphosis 0.006±0.002 2.664 0.015
Herbivory 0.008±0.003 3.021 0.007

2.5 (full)

Log Clutch Size 0.000±0.001 0.117 0.908

0.000 21 0.523
Wings 0.004±0.003 1.195 0.250
Metamorphosis 0.007±0.002 2.888 0.011
Herbivory 0.007±0.003 2.560 0.021

2.6 (full)

Log Lifetime Fecundity 0.001±0.001 0.488 0.632

0.000 20 0.435
Wings 0.001±0.004 0.356 0.727
Metamorphosis 0.006±0.002 2.596 0.020
Herbivory 0.007±0.002 2.981 0.009

2.6 (red.)
Log Lifetime Fecundity 0.000±0.001 0.448 0.660

0.000 20 0.466Metamorphosis 0.006±0.002 2.665 0.017
Herbivory 0.008±0.002 3.207 0.005

2.7 (full)

Log Egg Development Time -0.001±0.001 -0.550 0.589

0.000 24 0.545
Wings 0.005±0.003 1.925 0.069
Metamorphosis 0.005±0.003 2.113 0.048
Herbivory 0.008±0.003 3.096 0.006

2.8 (full)

Log Nymph/Larva Develop-
ment Time

-0.001±0.001 -1.441 0.167

0.000 23 0.544
Wings 0.005±0.003 1.736 0.100
Metamorphosis 0.006±0.002 2.757 0.013
Herbivory 0.007±0.003 2.892 0.010

2.9 (full)
Log Pupa Development
Time

0.005±0.004 1.123 0.298
0.000 11 0.217

Wings -0.005±0.008 -0.671 0.524
Herbivory 0.012±0.005 2.395 0.048
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Model
No.

Independent Variable(s) β ± SE t p λ n R2

2.9 (red.)
Log Development Time 0.004±0.004 1.049 0.325

0.000 11 0.271
Herbivory 0.011±0.005 2.383 0.044

2.10 (full)

Log Hatching to Adult De-
velopment Time

-0.001±0.001 -1.453 0.163

0.000 23 0.545
Wings 0.005±0.003 1.711 0.104
Metamorphosis 0.006±0.002 2.831 0.011
Herbivory 0.007±0.003 2.906 0.009

2.11 (full)

Log Egg to Adult Develop-
ment Time

-0.002±0.001 -1.400 0.182

0.000 20 0.551
Wings 0.005±0.003 1.600 0.131
Metamorphosis 0.005±0.002 2.026 0.061
Herbivory 0.008±0.003 2.845 0.012
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Table C.3 PGLS models at an order level, the dependent variable in each model
is the diversification rate of the order with the ratio of speciation to extinction
ϵ = 0.9. We present the full and reduced models, before the life history trait is
dropped during model reduction.

Model
No.

Independent Variable(s) β ± SE t p λ n R2

3.1 (full)

PC1 -0.001±0.001 -0.924 0.367

0.000 24 0.516
Wings 0.006±0.003 2.033 0.056
Metamorphosis 0.005±0.002 2.355 0.029
Herbivory 0.007±0.003 2.685 0.014

3.2 (full)

PC2 0.001±0.002 0.766 0.453

0.000 24 0.509
Wings 0.006±0.003 1.960 0.065
Metamorphosis 0.005±0.002 2.189 0.041
Herbivory 0.008±0.003 3.133 0.005

3.3 (full)

PC3 -0.002±0.001 -1.638 0.118

0.000 24 0.557
Wings 0.005±0.003 1.959 0.065
Metamorphosis 0.004±0.002 1.817 0.085
Herbivory 0.008±0.002 3.107 0.006

3.4 (full)

PC4 -0.000±0.001 -0.178 0.861

0.000 24 0.495
Wings 0.005±0.003 1.678 0.110
Metamorphosis 0.005±0.002 2.226 0.038
Herbivory 0.008±0.003 2.972 0.008

3.5 (full)

Log Clutch Size 0.000±0.001 0.002 0.999

0.000 21 0.478
Wings 0.004±0.003 1.175 0.257
Metamorphosis 0.006±0.002 2.418 0.028
Herbivory 0.007±0.003 2.638 0.018

3.6 (full)

Log Lifetime Fecundity 0.000±0.001 0.379 0.710

0.000 20 0.382
Wings 0.001±0.004 0.366 0.720
Metamorphosis 0.005±0.002 2.241 0.041
Herbivory 0.007±0.002 2.870 0.012

3.6 (red.)
Log Lifetime Fecundity 0.000±0.001 0.332 0.744

0.000 20 0.416Metamorphosis 0.005±0.002 2.299 0.035
Herbivory 0.007±0.002 3.092 0.007

3.7 (full)

Log Egg Development Time -0.001±0.001 -0.724 0.478

0.000 24 0.508
Wings 0.005±0.003 1.858 0.079
Metamorphosis 0.004±0.003 1.665 0.112
Herbivory 0.008±0.003 3.043 0.007

3.8 (full)

Log Nymph/Larva Develop-
ment Time

-0.001±0.001 -1.623 0.122

0.000 23 0.518
Wings 0.005±0.003 1.723 0.102
Metamorphosis 0.005±0.002 2.346 0.031
Herbivory 0.007±0.002 2.823 0.011

3.9 (full)
Log Pupa Development
Time

0.004±0.004 0.981 0.359
0.000 11 0.223

Wings -0.004±0.008 -0.521 0.618
Herbivory 0.012±0.005 2.413 0.047
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Model
No.

Independent Variable(s) β ± SE t p λ n R2

3.9 (red.)
Log Pupa Development
Time

0.004±0.004 0.941 0.374
0.000 11 0.293

Herbivory 0.011±0.005 2.479 0.038

3.10 (full)

Log Hatching to Adult De-
velopment Time

-0.002±0.001 -1.634 0.120

0.000 23 0.519
Wings 0.005±0.003 1.694 0.108
Metamorphosis 0.005±0.002 2.427 0.026
Hebivory 0.007±0.002 2.838 0.011

3.11 (full)

Log Egg to Adult Develop-
ment Time

-0.002±0.001 -1.602 0.130

0.000 20 0.527
Wings 0.005±0.003 1.604 0.129
Metamorphosis 0.004±0.002 1.665 0.117
Herbivory 0.008±0.003 2.750 0.015
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C.1.2 Family level analyses

Table C.4 PGLS models at an family level, the dependent variable in each model
is the diversification rate of the order with the ratio of speciation to extinction
ϵ = 0. We present the full and reduced models, before the life history trait is
dropped during model reduction.

Model
No.

Independent Variable(s) β ± SE t p λ n R2

4.1 (full)

PC1 0.003±0.003 1.096 0.274

0.574 281 0.007
Wings 0.008±0.012 0.641 0.522
Metamorphosis 0.014±0.014 1.031 0.304
Herbivory 0.014±0.008 1.667 0.097

4.1 (red.)
PC1 0.003±0.003 1.136 0.257

0.592 281 0.009
Herbivory 0.015±0.008 1.814 0.071

4.2 (full)

PC2 0.006±0.005 1.136 0.256

0.565 281 0.007
Wings 0.012±0.012 0.985 0.325
Metamorphosis 0.012±0.014 0.851 0.395
Herbivory 0.014±0.008 1.702 0.090

4.2 (red.)
PC2 0.006±0.005 1.064 0.288

0.581 281 0.008
Herbivory 0.015±0.008 1.887 0.060

4.3 (full)

PC3 -0.011±0.004 -2.689 0.008

0.550 281 0.029
Wings 0.010±0.011 0.892 0.373
Metamorphosis 0.009±0.014 0.683 0.495
Herbivory 0.015±0.008 1.897 0.059

4.3 (red.)
PC3 -0.011±0.004 -2.753 0.006

0.562 281 0.031
Herbivory 0.017±0.008 2.085 0.038

4.4 (full)

PC4 0.002±0.004 0.564 0.573

0.563 281 0.004
Wings 0.010±0.012 0.856 0.393
Metamorphosis 0.014±0.014 1.008 0.314
Herbivory 0.013±0.008 1.608 0.109

4.5 (full)

Log Clutch Size 0.001±0.003 0.280 0.780

0.623 145 0.000
Wings 0.009±0.015 0.562 0.575
Metamorphosis 0.016±0.018 0.892 0.374
Herbivory 0.007±0.011 0.581 0.562

4.6 (full)

Log Lifetime Fecundity 0.008±0.003 2.337 0.021

0.570 176 0.015
Wings 0.013±0.018 0.709 0.479
Metamorphosis 0.002±0.018 0.111 0.912
Herbivory 0.011±0.011 1.078 0.282

4.6 (red.) Log Lifetime Fecundity 0.007±0.003 2.177 0.031 0.591 176 0.021

4.7 (full)

Log Egg Development Time -0.011±0.003 -3.184 0.002

0.585 223 0.040
Wings 0.004±0.012 0.317 0.752
Metamorphosis 0.006±0.013 0.420 0.675
Herbivory 0.014±0.008 1.663 0.098

4.7 (red.) Log Egg Development Time -0.011±0.003 -3.167 0.002 0.623 223 0.039

4.8 (full)

Log Nymph/Larva Develop-
ment Time

-0.005±0.004 -1.371 0.172

0.579 211 0.000
Wings 0.006±0.015 0.379 0.705
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Model
No.

Independent Variable(s) β ± SE t p λ n R2

Metamorphosis 0.003±0.018 0.175 0.861
Herbivory 0.007±0.010 0.709 0.479

4.8 (red.) Log Nymph/Larva Develop-
ment Time

-0.005±0.004 -1.332 184 0.600 211 0.004

4.9 (full)
Log Pupa Development
Time

-0.002±0.008 -0.293 0.770
0.758 141 0.000

Wings -0.013±0.023 -0.564 0.574
Herbivory 0.004±0.013 0.283 0.283

4.9 (full)
Log Pupa Development
Time

-0.002±0.008 -0.233 0.816
0.786 141 0.000

Wings -0.013±0.023 -0.549 0.584

4.10 (full)

Log Hatching to Adult De-
velopment Time

-0.006±0.004 -1.321 0.188

0.596 201 0.000
Wings 0.003±0.016 0.192 0.848
Metamorphosis 0.005±0.018 0.254 0.799
Herbivory 0.010±0.010 1.068 0.287

4.10 (red.)
Log Hatching to Adult De-
velopment Time

-0.006±0.004 -1.283 0.186
0.624 201 0.003

4.11 (full)

Log Egg to Adult Develop-
ment Time

-0.006±0.004 -1.373 0.172

0.560 176 0.002
Wings 0.003±0.014 0.207 0.836
Metamorphosis 0.009±0.016 0.574 0.566
Herbivory 0.012±0.009 1.353 0.178

4.11 (red.)
Log Egg to Adult Develop-
ment Time

-0.006±0.004 -1.352 0.178
0.583 176 0.004



C.1 Supplementary results 173

Table C.5 PGLS models at an family level, the dependent variable in each model
is the diversification rate of the order with the ratio of speciation to extinction
ϵ = 0.5. We present the full and reduced models, before the life history trait is
dropped during model reduction.

Model
No.

Independent Variable(s) β ± SE t p λ n R2

5.1 (full)

PC1 0.003±0.003 1.052 0.294

0.569 281 0.008
Wings 0.008±0.011 0.724 0.469
Metamorphosis 0.013±0.013 1.057 0.291
Herbivory 0.013±0.008 1.721 0.086

5.1 (red.)
PC1 0.003±0.003 1.102 0.272

0.588 281 0.009
Herbivory 0.014±0.007 1.882 0.061

5.2 (full)

PC2 0.006±0.005 1.190 0.235

0.560 281 0.235
Wings 0.012±0.011 1.075 0.283
Metamorphosis 0.011±0.013 0.873 0.384
Herbivory 0.013±0.008 1.763 0.079

5.2 (red.)
PC2 0.005±0.005 1.104 0.271

0.577 281 0.009
Herbivory 0.015±0.007 1.961 0.051

5.3 (full)

PC3 -0.010±0.004 -2.820 0.005

0.544 281 0.033
Wings 0.010±0.011 0.981 0.328
Metamorphosis 0.009±0.012 0.696 0.487
Herbivory 0.015±0.007 1.971 0.050

5.3 (red.)
PC3 -0.010±0.004 -2.882 0.004

0.556 281 0.034
Herbivory 0.016±0.007 2.173 0.031

5.4 (full)

PC4 0.002±0.003 0.554 0.580

0.558 281 0.006
Wings 0.010±0.011 0.933 0.352
Metamorphosis 0.013±0.013 1.037 0.301
Herbivory 0.013±0.008 1.664 0.097

5.5 (full)

Log Clutch Size 0.001±0.003 0.223 0.824

0.611 145 0.000
Wings 0.009±0.014 0.660 0.510
Metamorphosis 0.015±0.016 0.913 0.363
Herbivory 0.006±0.010 0.609 0.543

5.6 (full)

Log Lifetime Fecundity 0.007±0.003 2.344 0.020

0.571 176 0.016
Wings 0.012±0.016 0.760 0.448
Metamorphosis 0.002±0.016 0.121 0.904
Herbivory 0.011±0.010 1.123 0.263

5.6 (red.) Log Lifetime Fecundity 0.007±0.003 2.175 0.031 0.592 176 0.021

5.7 (full)

Log Egg Development Time -0.010±0.003 -3.267 0.001

0.575 223 0.043
Wings 0.005±0.011 0.406 0.685
Metamorphosis 0.005±0.012 0.422 0.674
Herbivory 0.013±0.008 1.724 0.086

5.7 (red.) Log Egg Development Time -0.010±0.003 -3.242 0.001 0.615 223 0.041

5.8 (full)

Log Nymph/Larva Develop-
ment Time

-0.005±0.004 -1.437 0.152

0.577 211 0.000
Wings 0.006±0.014 0.465 0.642
Metamorphosis 0.003±0.016 0.189 0.850
Herbivory 0.007±0.009 0.754 0.452
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Model
No.

Independent Variable(s) β ± SE t p λ n R2

5.8 (red.) Log Nymph/Larva Develop-
ment Time

-0.005±0.004 -1.390 0.166 0.601 211 0.004

5.9 (full)
Log Pupa Development
Time

-0.002±0.008 -0.309 0.757
0.786 141 0.000

Wings -0.010±0.021 -0.492 0.624
Herbivory 0.037±0.012 0.317 0.752

5.10 (full)

Log Hatching to Adult De-
velopment Time

-0.006±0.004 -1.401 0.163

0.599 201 0.000
Wings 0.004±0.014 0.273 0.785
Metamorphosis 0.004±0.017 0.262 0.794
Herbivory 0.010±0.009 1.106 0.270

5.10 (red.)
Log Hatching to Adult De-
velopment Time

-0.005±0.004 -1.359 0.176
0.629 201 0.004

5.11 (full)

Log Egg to Adult Develop-
ment Time

-0.006±0.004 -1.470 0.144

0.554 176 0.004
Wings 0.004±0.013 0.307 0.759
Metamorphosis 0.009±0.015 0.572 0.568
Herbivory 0.012±0.008 1.393 0.165

5.11 (red.)
Log Egg to Adult Develop-
ment Time

-0.006±0.004 -1.441 0.152
0.579 176 0.006
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Table C.6 PGLS models at an family level, the dependent variable in each model
is the diversification rate of the order with the ratio of speciation to extinction
ϵ = 0.9. We present the full and reduced models, before the life history trait is
dropped during model reduction.

Model
No.

Independent Variable(s) β ± SE t p λ n R2

6.1 (full)

PC1 0.002±0.002 0.904 0.367

0.548 281 0.019
Wings 0.008±0.009 0.947 0.344
Metamorphosis 0.0112±0.010 1.154 0.249
Herbivory 0.011±0.006 1.880 0.061

6.2 (full)

PC2 0.005±0.004 1.291 0.198

0.541 281 0.015
Wings 0.011±0.009 1.305 0.193
Metamorphosis 0.010±0.010 0.958 0.339
Herbivory 0.012±0.006 1.938 0.054

6.2 (red.)
PC2 0.005±0.004 1.171 0.243

0.560 281 0.013
Herbivory 0.013±0.006 2.172 0.031

6.3 (full)

PC3 -0.009±0.003 -3.184 0.002

0.522 281 0.045
Wings 0.010±0.008 1.215 0.225
Metamorphosis 0.007±0.010 0.749 0.455
Herbivory 0.013±0.006 2.189 0.029

6.3 (red.)
PC3 -0.009±0.003 -3.245 0.001

0.535 281 0.045
Herbivory 0.014±0.006 2.430 0.016

6.4 (full)

PC4 0.001±0.003 0.542 0.588

0.537 281 0.011
Wings 0.010±0.009 1.139 0.256
Metamorphosis 0.011±0.010 1.141 0.255
Herbivory 0.011±0.006 1.832 0.068

6.5 (full)

Log Clutch Size 0.000±0.002 0.061 0.952

0.567 145 0.000
Wings 0.010±0.011 0.916 0.361
Metamorphosis 0.013±0.008 1.000 0.319
Herbivory 0.006±0.007 0.712 0.477

6.6 (full)

Log Lifetime Fecundity 0.006±0.003 2.321 0.021

0.565 176 0.019
Wings 0.012±0.013 0.909 0.364
Metamorphosis 0.002±0.013 1.727 0.863
Herbivory 0.010±0.008 1.265 0.208

6.6 (red.) Log Lifetime Fecundity 0.005±0.002 2.125 0.035 0.589 176 0.020

6.7 (full)

Log Egg Development Time -0.009±0.003 -3.513 0.005

0.540 223 0.055
Wings 0.005±0.009 0.640 0.523
Metamorphosis 0.004±0.010 0.438 0.662
Herbivory 0.012±0.006 1.922 0.056

6.7 (red.)
Log Egg Development Time -0.009±0.002 -3.633 <0.001

0.550 223 0.060
Herbivory 0.012±0.006 2.058 0.041

6.8 (full)

Log Nymph/Larva Develop-
ment Time

-0.005±0.003 -1.629 0.105

0.563 211 0.001
Wings 0.008±0.011 0.695 0.488
Metamorphosis 0.003±0.013 0.246 0.806
Herbivory 0.006±0.007 0.910 0.364
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Model
No.

Independent Variable(s) β ± SE t p λ n R2

6.8 (red.) Log Nymph/Larva Develop-
ment Time

-0.004±0.003 -1.561 0.120 0.593 211 0.007

6.9 (full)
Log Pupa Development
Time

-0.002±0.006 -0.370 0.712
0.795 141 0.000

Wings -0.005±0.017 -0.286 0.775
Herbivory 0.004±0.009 0.439 0.661

6.9 (full)
Log Pupa Development
Time

-0.002±0.006 -0.332 0.740
0.794 141 0.000

Herbivory 0.004±0.009 0.422 0.673

6.10 (full)

Log Hatching to Adult De-
velopment Time

-0.005±0.003 -1.628 0.105

0.599 201 0.004
Wings 0.006±0.0114 0.491 0.623
Metamorphosis 0.004±0.014 0.301 0.764
Herbivory 0.009±0.007 1.24 0.216

6.10 (red.) Log Hatching to Adult De-
velopment Time

-0.005±0.003 -1.574 0.117 0.634 201 0.007

6.11 (full)

Log Egg to Adult Develop-
ment Time

-0.005±0.003 -1.740 0.084

0.529 176 0.013
Wings 0.006±0.010 0.571 0.569
Metamorphosis 0.007±0.012 0.582 0.561
Herbivory 0.010±0.007 1.522 0.130

6.11 (red.)
Log Egg to Adult Develop-
ment Time

-0.005±0.003 -1.689 0.093
0.559 176 0.010



Appendix D

Dataset of insect life history traits

D.1 Data
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