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ABSTRACT 
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                          Advisory committee members: 
               Dr. Teresa Crease 
               Dr. Jinzhong Fu 
                          Dr. Ryan Gregory 
 
 
 This thesis investigates the molecular evolutionary and macroevolutionary 

consequences of flight loss in insects. Chapter 2 tests the hypothesis that flightless groups 

have smaller effective population sizes than related flighted groups, expected to result in 

a consistent pattern of increased non-synonymous to synonymous ratios in flightless 

lineages due to the greater effect of genetic drift in smaller populations. Chapter 3 tests 

the hypothesis that reduced dispersal and species-level traits such as range size associated 

with flightlessness increase extinction rates, which over the long term will counteract 

increased speciation rates in flightless lineages, leading to lower net diversification. The 

wide-spread loss of flight in insects has led to increased molecular evolutionary rates and 

is associated with decreased long-term net diversification. I demonstrate that the 

fundamental trait of dispersal ability has shaped two forms of diversity—molecular and 

species—in the largest group of animals, and that microevolutionary and 

macroevolutionary patterns do not necessarily mirror each other. 
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CHAPTER 1: 

REVIEW OF VARIATION IN MOLECULAR EVOLUTIONARY RATES AND 

SPECIES RICHNESS RELATED TO TRANSITIONS IN EVOLUTION 

 

Introduction to molecular and species diversity 

 Biodiversity comes in many forms, including genetic and species-level diversity.  

While these two forms of diversity are related, it is unclear how coordinated a 

relationship they have (Davies et al. 2004). The diversity of life on the planet is not 

distributed uniformly throughout all groups of organisms. This is true for both species 

and genetic diversity; and although it is more apparent in the enormous variation in 

species richness between groups (Orme et al. 2002, Mayhew 2002), molecular evolution 

rates are also not constant among taxa or genes (Adachi et al. 1993, Thomas et al. 2006). 

 Understanding the causes of this variation in species richness and molecular 

evolutionary rates is a central investigation in macroevolutionary and molecular 

evolutionary study. What features of a lineage allows it to diversify more than other 

lineages? How have transitions in evolution shaped the patterns of species richness and 

molecular evolutionary rates? Are there some traits that have impacted both these forms 

of diversity? Gaining insight into such questions allows us to better understand why we 

observe the variation in diversity that we do.  

 Recently, macroevolutionary and microevolutionary studies have provided 

evidence that organismal traits and habitats can account for variation in diversification 

rates and molecular evolutionary rates in various groups of life (Mitter et al. 1988, 

Barralough et al. 1995, Cardillo 1999, Hebert et al. 2002, Gillman et al. 2009, Korall et 

al. 2010). In some cases there is evidence of a positively correlated relationship between 

these two forms of diversity (Barraclough and Savolainen 2001, Lanfear et al. 2010a, Eo 

and DeWoody 2010). The reasons for differential diversity of taxa are intricate, but any 

insights into particular influences may ultimately aid in our understanding of the patterns 

in the diversity of life. 

 Insects are the most diverse group of animals on earth in terms of species 

numbers, and there is also enormous variation in species richness among major lineages 

of insects (Footit and Adler 2009). There have been some comparative studies of species 
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richness correlates in insects, but there are relatively few comparative studies of 

molecular rate correlates (reviewed below). Insects are a very diverse group in terms of 

traits, habitats, and lifestyles. Many characteristics that have potentially impacted the 

diversification and molecular rates of insects have not been explored for their 

associations, such as the loss of flight, transitions between terrestrial and aquatic habitats, 

and latitude (for molecular rates) . Understanding what traits have impacted insect 

evolution not only allows us insight into the evolution of the largest group of animals, but 

also into what features have potentially influenced the evolution of other animal groups. 

 One common transition in insect evolution is the loss of flight ability, although the 

vast majority of insect species (>90%, Chapter 3) are flight-capable (hereafter referred to 

as ‘flighted’). This evolutionary transition (here also referred to as ‘transition’) may have 

had impacts on both molecular and macroevolutionary patterns, which may or may not be 

coordinated and may differ depending on the time scales examined. Such a trait whose 

main effect is expected to be reduced dispersal ability may also give insight into the 

impact of similar dispersal-limiting traits across different animal groups. 

 This introductory section begins by reviewing the evidence for biological traits 

influencing patterns of diversification from the smallest of scales of biodiversity, 

nucleotide sequence variation, to the largest of scales, macroevolutionary patterns of 

species diversification over hundreds of millions of years. This thesis then goes on to test 

whether these levels are linked, through the examination of a key transition, loss of flight 

ability, in a highly diverse group of animals, the insects.  

 

Molecular rate variation across taxa and theories 

 Molecular evolutionary rates are not constant among taxa. Rates are observed to 

vary among genomes of animal taxa. In vertebrates, molecular rates vary greatly, with 

mammals having higher rates than birds, birds with higher rates than amphibians, and 

amphibians with higher rates than fish (Adachi et al. 1993). Within mammals, rodents are 

observed to have the fastest rates, with rates being lower in artiodactyls and even lower in 

primates (Li et al. 1987, 1990). Within primates, monkeys have faster rates than apes, and 

humans are the slowest-evolving lineage in apes (Li et al. 1987; Hasegawa et al. 1989; 

Bailey et al. 1991; Seino et al. 1992, Yi et al. 2002). Other groups with slow rates include 



 3 
 

 

sharks (Martin et al. 1992), turtles (Avise et al. 1992), and whales (Martin and Palumbi 

1993). For invertebrates, Thomas et al. (2006) demonstrated that there is significant rate 

variation in invertebrates.  

 There is growing evidence that species characteristics and life-history traits may 

influence molecular rates. There are various hypotheses proposed to explain observed 

variation in molecular evolution rates, with the most common including differences in 

DNA repair efficiency (Britten 1986), the generation-time effect (Kohne 1970), the 

metabolic-rate effect (Martin and Palumbi 1993), the body-size effect (Martin and 

Palumbi 1993), and population size effects (Ohta 1972a, 1992). 

  The body-size hypothesis proposes that larger-bodied organisms are expected to 

have higher levels of DNA copying fidelity and repair in order to maintain their bodies’ 

higher numbers of cells and replications and therefore are expected to have slower rates 

of molecular evolution (Bromham et al. 1996). This effect may also result from 

generation time and metabolic rate effects, as body size relates to these two variables, 

although the relationship among these variables is complex in invertebrates (Thomas et 

al. 2006). It is observed that smaller-bodied species tend to have faster rates of molecular 

evolution than larger species (Martin and Palumbi 1993 in vertebrates, Bromham 1996 in 

mammals); however, there is no evidence for the body-size effect in invertebrates 

(Thomas et al. 2006) (Table 1.1). 

 The metabolic rate hypothesis proposes that higher rates of metabolism produce 

higher concentrations of DNA-damaging oxygen radicals, resulting in a higher mutation 

rate (Martin 1995). Bromham et al. (1996) did not find any evidence for the effect of 

mass-corrected metabolic rate on molecular evolution in mammals, while Lanfear et al. 

(2007) also did not observe any effect across various metazoan groups including some 

comparisons of invertebrates. 

 The generation-time hypothesis is based on the assumption that organisms with 

shorter generation times undergo more germ-line DNA replications per year, and each 

bout of replication can introduce error into the sequences. Therefore, there is the potential 

for more replication error per unit time (Li et al.1996). Generation time is correlated with 

rates of molecular evolution in vertebrates, as species with shorter generation times have 

higher rates of molecular evolution (Thomas et al. 2010). This has been observed for 
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mammals (Bromham 1996), birds (Mooers and Harvey 1994), reptiles (Bromham 2002), 

invertebrates (Thomas et al. 2010), and plants (Smith and Donoghue 2008, Korall et al. 

2010). 

 Molecular rates are also hypothesized to vary based on environmental variables. 

For example, extreme environmental conditions may affect DNA replication and repair; 

additionally, UV exposure may increase molecular evolutionary rates (e.g. Hebert et al. 

2002). Hebert et al. (2002) and Colbourne et al. (2006) concluded faster rates of 

molecular evolution for those lineages of crustaceans that occurred in saline lake habitats 

as compared to those in freshwater habitats.  

 The generation time hypothesis appears to be better supported than some of the 

others, including body size or metabolic rate (Table 1.1).  
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Table 1.1: Summary of previous comparative studies on molecular rates of different taxa 
Study Group 

 
 

# of 
comparisons 

Genes Trait/factor 
examined and expected/ 
hypothesized influence 

Expected effect 
on substitution 
rate 

Observed pattern 
with molecular rates 

Generation time  - Negative for 2 out of 
3 protein coding 
genes 

Metabolic rate + No evidence 

Bromham 
et al. 1996 

Mam-
mals 

16 Various nuc and 
mit, pro and rib 
(e.g. cytB, 12S) 

Body size - Negative pattern for 
two nuclear genes 

Thomas et 
al. 2006 

Inverte-
brates 

22 data sets 
with multiple 
pairs each 

Various including 
COI, 18S, 28S 

Body size - No evidence for 
body-size effect 

Hebert et 
al. 2002 

Crusta-
ceans 

5, each separate 
whole-tree 
analysis 

Various including 
12S, 16S, 28S 
rDNA, 18S, COI 

Halophilic (vs. 
freshwater); UV, effects 
on DNA replication and 
repair 

+   
(or unknown) 

Higher rates 

Korall et 
al. 2010 

Plants 
(ferns) 

6 transitions 
within whole-
tree analysis 

plastid atpA, 
atpB, rbcL,and 
rps4 

Arborescence; Generation 
time effects 

  - Lower rates 

Smith and 
Donoghue 
2008 

Plants 
(angio-
sperms) 

5 (15 contrasts 
used) 

chloroplast, nuc 
and mit genome 
markers 

Herbaceous plants (vs. 
trees and shrubs); 
Generation time effects 

 + Higher rates 

Note: nuc=nuclear, mit=mitochondrial, pro=protein coding, rib=ribosomal
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Latitude effects on molecular rates 

 Another environmental factor that is commonly suggested as influencing 

molecular evolutionary rates is latitude, often with UV, temperature, or some other form 

of environmental energy as the hypothesized factor of influence. Lower latitudes 

represent higher temperatures, and at higher temperatures metabolic rate is expected to be 

increased for ectotherms but not endotherms (Gillooly et al. 2001, Gillman et al. 2009), 

physiological processes are accelerated, generation time is sometimes shorter, and 

mutation rate is higher (Rohde 1992). Despite the fact that the latitude-molecular rate link 

is often attributed to a temperature-mutation link (Allen et al. 2006), which is thought not 

to be applicable to endotherms, Gillman et al. (2009) did observe a positive relationship 

between the rate of microevolution in mammals and lower latitudes (Table 1.2). 

 Bromham and Cardillo (2003) did not observe any association between molecular 

rates and latitude in bird species. Davies et al. (2004) found evidence for a relationship 

between molecular evolutionary rates in plants and environmental energy, with latitude 

being the most predictive factor examined (as opposed to temperature, UV, or land area). 

Overall, it appears that there may be some positive effect of latitude on molecular 

evolutionary rates; however, these patterns seem more consistent for plants than animals 

(Table 1.2).  
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Table 1.2: Summary of key previous comparative studies on latitudinal differences 
in molecular rates 
Paper Group # ind. 

cont.a 
Gene(s)b Specifics Findings - Molecular 

rate differences? 
Bromham 
and 
Cardillo 
2003 

birds 45 Mit prot: 
cytochrome 
b, NADH 
subunit II 

10° lat diff, < 25% 
overlap in ranges. 
Repeated with 20° for 
16 contrasts, NADH 
only 

No support for either 
set of comparisons 

Gillman et 
al. 2009 

mammals 130 Mit prot: 
cytb 

Lower latitude or 
elevation compared 
to higher, <25% 
overlap in ranges 

Substantially faster for 
species living in 
warmer latitudes and 
elevations relative to 
sister species living in 
cooler habitats 

Davies et 
al. 2004 

plants 86 Nuc rib: 
18S 
rDNA, 
plastid 
prot: rbcL, 
atpB 

Pairs with any 
difference in UV 
radiation, actual 
evapotranspiration, or 
temperature 

Faster in high-energy 
regions, with latitude 
as best predictor 

Wright et 
al. 2006 

plants 45 Nuc rib: 
ITS 

Temperate vs. 
tropical 

Tropical > 2 times the 
rate of temperate 

Gillman et 
al. 2010 

plants 45c Nuc rib: 
18S 

Temperate vs. 
tropical 

51% faster in the 
tropical species relative 
to temperate sisters 

a # of phylogenetically independent contrasts, sister pairs 
b nuc = nuclear, prot=protein coding, mit=mitochondrial, rib= ribosomal 
c Same contrasts as used in Wright et al. 2006 
 
Population size effects on molecular rates 

 Another factor hypothesized to affect molecular evolutionary rates is population 

size. The relationship between population size and molecular evolutionary rates was 

hypothesized by Ohta (1972a) with her Nearly Neutral Theory of Molecular Evolution 

(Ohta 1972a, 1992). For protein-coding genes, there are two main classes of substitutions, 

due to the structure of the genetic code: synonymous (silent) mutations and non-

synonymous (replacement) mutations. Non-synonymous mutations change the amino 

acid specified and are more likely to have an effect on fitness, while synonymous 

mutations do not change the amino acid specified and are more likely to evolve neutrally. 

While positive mutations are expected to be fixed faster in a larger population due to 

positive selection (Strasburg et al. 2011, Slotte et al. 2010), the majority of mutations that 

occur are thought to be slightly deleterious or neutral in effect (Ohta 1972a, Eyre-Walker 

and Keightley 2007). 
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 Population size effects on molecular evolutionary rates relate to the relative 

strength of purifying selection and genetic drift. Purifying selection works to eliminate 

those mutations that are deleterious in effect and is stronger against those mutations with 

stronger deleterious effects than weaker deleterious effects. Strongly deleterious 

mutations are generally eliminated from the population, while weakly deleterious (nearly 

neutral) mutations may be allowed to persist depending on population size. In smaller 

populations genetic drift is stronger than in larger populations, and can more easily 

overcome purifying selection. Therefore, in smaller populations those slightly deleterious 

mutations are more likely to be fixed than in large populations. Since non-synonymous 

mutations are more likely to have an effect on fitness and most likely have deleterious 

effects (rather than positive effects), purifying selection is generally stronger against these 

non-synonymous mutations than against synonymous mutations. Thus, in smaller 

populations when genetic drift can more easily overcome purifying selection, non-

synonmous mutations are more likely to be allowed to go to fixation than in larger 

populations. This results in increased ratios of non-synonymous to synonymous 

substitutions (dN/dS) in populations that have a sustained reduction in effective 

population sizes (Ne). 

 More precisely, nearly neutral mutations are those whose selection coefficients are 

small enough that their effect does not differ greatly from neutral mutations (Ohta 1972a). 

Nearly neutral mutations are defined as those whereby Ne multiplied by the selection 

coefficient (‘s’) is less than 1 (i.e. |Nes|<1) (Ohta 1972a). When Ne is smaller, even if s is 

the same, mutations are more likely to satisfy the criteria for |Nes|<1 and thus to act as 

neutral. This results in a higher rate of fixation of non-synonymous mutations (dN) 

which, given that the rate of synonymous substitutions is the same, results in higher 

dN/dS ratios in the smaller population. There are many thresholds proposed for what is 

considered a neutral mutation (e.g. one given above), but a general rule of whether 

natural selection or genetic drift will influence a particular mutation within a population 

is given by 4Nes>10 for natural selection, and 4Nes<0.1 for genetic drift.  A value of 4Nes 

between these values leaves the outcome of a mutation difficult to predict but a mutation 

would have more of a tendancy to be fixed due to drift in a smaller population vs. in a 

larger population. Thus the probability of either force acting depends on both the 
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selection coefficient and Ne. Mitochondrial genes, which have an Ne ¼ that of nuclear, 

can more easily meet the criteria for genetic drift to dictate the fate of a mutation. 

 Differences in dN/dS ratios can also be manifested for other reasons than 

population size. dN/dS ratios are often used as an indicator of an influence relating to 

selection, such as positive selection. Positive selection is expected to increase dN/dS 

ratios in relevant genes, apparent between species. These effects are more likely to occur 

in specific genes or at specific sites within genes, rather than genome-wide. Purifying 

selection (or stabilizing selection) in general is expected to reduce dN/dS ratios, while a 

relaxation of purifying selection is expected to increase dN/dS ratios for those genes that 

are under the relaxation of selective constraints. 

 Although no mutation is truly neutral (with a selection coefficient of zero), 

mutations can behave as if they were neutral. Mutations with low selective coefficients 

are more likely to behave neutrally in various population sizes, and thus their evolution 

would be independent of population size. However, whether a mutation acts as neutral 

depends on the relative strength of selection or drift, which changes with population size. 

Focusing only on the deleterious and neutral mutations, not all synonymous mutations are 

strictly neutral and not all non-synonymous mutations are strictly deleterious. 

Synonymous codons might not be neutral if codon usage is biased toward particular 

codons (Akashi 1997), for example by differential within-cell tRNA availability. 

Increased overall substitution rates in a smaller population could be produced if many 

synonymous substitutions were not effectively neutral in a larger population but were in 

the smaller population, provided mutation rates were the same (Ohta 1972b). In these 

cases, they may behave as nearly neutral substitutions and thus be affected by population 

size. In addition, regardless of synonymous substitutions, if only non-synonymous 

subsitutions were in fact different between two lineages, this could also become apparent 

in the overall substitution rate. Therefore, overall substitution rate is expected to be either 

unaffected by population size or possibly be higher in smaller populations.  

 Population size is hypothetically supported as an important influence on rates of 

molecular evolution between taxa, and there is also empirical evidence supporting the 

effect of population size on molecular rates between lineages or species (Table 1.3). 

Studies testing population size effects between lineages generally use some biological 
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trait and not direct measurements of population size itself as an indicator or predictor of 

consistent population size differences; however, the results are consistent in 

directionality, suggesting that population size effects are supported as a real phenomenon.  

 Few studies have tested the generality of the relationship between a trait (expected 

to influence population size) and molecular evolutionary rates using multiple independent 

contrasts (Woolfit and Bromham 2005, Bromham and Leys 2005). Of the studies that 

have compared dN/dS ratios between groups with hypothesized large and small 

population sizes, the largest number of independent comparisons used was 44 (Woolfit 

and Bromham 2005). Other studies include far fewer independent transitions (Table 1.3). 

In other studies of hypothesized population size differences, such as in asexuals (Moran 

1996) or endosymbionts (Woolfit and Bromham 2003), the lineages may differ in many 

other ways than population size, leaving more possibilities that detected patterns are due 

to other factors. Investigations relating to population size return generally consistent 

results in that the expected smaller groups have higher molecular evolutionary rates, with 

patterns in dN/dS ratios being generally more significant than for overall nucleotide 

substitution rates (Table 1.3). 
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Table 1.3: Summary of the main previous comparative studies on population size 
effects (hypothesized) on molecular rates 

Study Taxa # ind. 
cont.a 

Gene(s) Trait 
examined 
(group 
expected 
smaller Ne) 

Pattern  in 
dN/dS 
ratios 
(higher in 
smaller Ne 
group) 

Pattern in 
overall 
substitution 
rates (higher in 
smaller Ne 
group)  

Sociality (vs. 
non-social) 
 

 N/A, not 
enough 
compare-
sons to 
testb 

No significant 
pattern overall. 
Pattern for subset 
(most extreme in 
traits) 

Brom-
ham and 
Leys 
2005 

Bees, 
wasps, 
ants, 
termites, 
shrimps, 
mole rats 

25 Varied by 
pair, 
including mit 
and nuc, prot 
and rib genes 
(e.g. COI, 
COII, Ef1a) 

Parasitism 
(vs. non-
parasitic) 

N/A, not 
enough 
compare-
sons to 
testb 

Significant 

Woolfit 
and 
Brom-
ham 
2005 

Verte-
brates, 
inverte-
brates, 
plants 

70 Varied by 
pair, 
including mit 
and nuc, prot 
and rib genes 
(e.g. COI, 
cytb, 12S, 
ITS) 

Island living 
(vs. 
mainland) 

44 
compari-
sons with 
27 pos, 17 
neg. Signif-
icantly 
higher 

No significant 
pattern 

Foltz 
2003 

Gastro-
pod 
mollusks 

2c d COI, cytb Non-pelagic 
larvae (vs. 
pelagic) 

Significant-
ly higher 

Not tested 

Shen et 
al. 2009 

Birds 9d 
transi-
tions 
(but 35 
pairs 
tested) 

Nuc e: EGR1, 
BDNF, NGF, 
NTF3 

Low-
locomotive 
(and often 
island 
dwelling) vs. 
more 
locomotive 

Marginally 
signif. 
higher 
(dN), non-
signif. 
(dN/dS) for 
subset 

Not tested 

Johnson 
and 
Seger 
2001 

Birds 5d 
transi-
tions 
(but 9 
pairs 
tested) 

Mit: cyt b, 
ND2 

Island (vs. 
mainland) 

Significant: 
9 out of 9 
cases 
higher 

Not specifically 
tested, but no 
significant bias 
in dS 

a # of phylogenetically independent contrasts (by sister pairs) or number of independent 
transitions analysed with whole-tree methods 
b not enough comparisons had amino acid variation between pairs. dN/dS ratios are 0 without any 
non-synonymous (dN) differences. 
c Foltz 2003: two independent transitions analysed by whole-tree methods, with one transition per 
whole-tree analysed 
d Pattern testing was not performed using each transition as an individual data point. 
e mitochondrial genes in this study suspected of having additional influencing factors, so patterns 
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were not included here 
nuc=nuclear, prot=protein coding, mit=mitochondrial, rib=ribosomal, neg=negative, pos=positive 
 
Gene type effects: gene specific vs. genome wide 

 Some of the above described factors influence the rates of mutation, by internal 

factors (e.g. metabolic impacts) or external factors (e.g. UV), or influence the rate of 

fixation of mutations (e.g. population size effects) due to selective influences. The fixed 

mutations appear as substitutions in molecular sequences.   

 Patterns of molecular rates can be different within a genome due to differences in 

selective constraints or positive selection among genes. If there is a correlation between a 

trait and a significantly elevated rate in just one gene, it could result from selection at that 

gene—for example, if that variation is functionally relevant to the traits in question. 

Generally, dN/dS ratios (also referred to as Ka/Ks ratios or w) greater than one are taken 

as indicators of positive selection, less than one as purifying selection, and close to one as 

neutral mutation (e.g. Zhang and Yu 2006). However care must be taken in examining 

patterns related to selection since other explanations are possible. For example, some 

markers used might evolve so slowly that rate differences cannot be detected. As well, for 

more recent phylogenetic divergences, faster-evolving genes are expected to show the 

most pronounced effects.  

 The population size effect acts essentially as a relaxation of purifying selection 

across the entire genome and thus is expected to act genome-wide. Additionally, 

population size effects work within a genome or between genomes within a cell to 

produce differences in rates of evolution across genes. The mitochondrial genome has an 

effective population size ¼ that of nuclear genes, since it is haploid and only passed 

through one parental lineage. Therefore the dN/dS ratio of mitochondrial genes is 

expected to be higher than that of nuclear genes within the same lineage. 

 When investigating the influences of traits that differ between lineages, there are 

three main factors that can produce differences in rates of molecular evolution: mutation 

rate differences, selective differences, and population size differences. Consistently 

significant results across genes suggest a more general correlation with the trait (i.e. 

genome-wide effect). The effects of these factors on overall substitution rate and dN/dS 

ratios are summarised below. 
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Table 1.4: Simple summary of effect of three factors on two types of molecular 
evolution, as they relate to differences between groups 
Factor differing 
between groups 

Expect a pattern between groups for? 
 

 Overall substitution rates dN/dS ratios 
Mutation Yes Neutral 
Selection Neutral Yes (gene specific)a 
Population size  Neutral, or Yesb Yes (genome-wide) 

a As mentioned, positive selection expected to increase dN/dS ratios. Additionally a relaxation of 
selective constraints can occur, increasing dN/dS ratios as in population size effects, such as on a 
group of genes with common function when that function is no longer as relevant to the organism.  
b can increase rates in group within smaller Ne group, e.g. if a significant proportion of 
synonymous substitutions is not effectively neutral 
 
Molecular rates summary 

 From previous studies there is evidence that molecular rates vary among taxa. The 

factors of generation time, population size, and latitude (especially in plants) appear most 

consistently associated with variation in molecular rates. Knowing which factors are 

associated with molecular rates is interesting but also allows us to predict patterns in rates 

based on traits of organisms. Since the molecular clock does not run at the same pace 

even among closely related species, elucidating the influence of organismal or lineage 

characteristics on molecular rates may aid in the applications of molecular data, such as 

in avoiding systematic errors in estimates of divergence times (Bromham et al. 2000, 

Bromham and Leys 2005). In addition, understanding what traits or factors are associated 

with variation in molecular evolutionary rates can give insight into how these rates affect, 

are affected by, or correlate with species richness patterns. 

 

Distribution of species diversity 

 Various traits have been investigated for their association with species 

diversification (many examples are presented in Coyne and Orr [2004]). Body size is a 

continuous trait that has been examined in both vertebrates and invertebrates. The results 

are generally varied between studies. For vertebrates, both Isaac et al. (2005) (Table 1.5) 

and Gardezi and da Silva (1999) did not find evidence that body size is a consistent 

correlate of species richness in mammals, although the most diverse groups tend to be 

small bodied. For metazoans in general, Orme et al. (2002) found no evidence for a body 

size effect on species richness, while McClain and Boyer (2009) did find an association 
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of body size with species diversity, using a new dataset for minimum and maximum body 

sizes, with similar patterns seen for birds and mammals. For insects, Misof (2002) found 

evidence for a significant positive effect in dragonflies; and Katzourakis et al. (2001) 

found no significant effect of body size on species richness in hoverflies. Many other 

biological traits and environmental variables investigated for an associated with species 

richness in animals and plants have returned significant relationships (Table 1.5, those 

regarding insects are given further below in Table 1.6). 

 
Table 1.5: Summary of previous studies on species richness correlates in animals 
and plants (insects excluded) with various potential correlates examined 
Study Group Trait/transition 

examined 
# of ind. 
con-
trastsa 

Expected 
effect on 
species 
richness 

Finding 

Barraclough 
et al. 1995 

Birds Sexual 
dichromatism 

9-31 + Significant 
association in 
expected 
direction 

Cardillo 
1999 

Passerine birds Lower latitude 
(vs. higher 
latitude) 

11 + Significant 
association in 
expected 
direction 

Carnivores Shorter gestation + Significant 
association in 
expected 
direction 

Marsupials Large litter size + Significant 
association in 
expected 
direction 

Body size - No evidence 

Isaac et al. 
2005 

Mammals 
Degree of sexual 
dimorphism 

Nested 
compare-
isonsb 

- No evidence 

Heilbuth 
2000 

Angiosperms Dioecy 28-66 + or - Significant 
negative 
association 

a Sister-comparisons unless otherwise indicated 
b phylogenetically independent contrasts within clades 
 
Distribution of insect diversity 

 One group that is particularly diverse is the insects, comprising over 58% of the 

known global eukaryotic biodiversity (Foottit and Adler 2009). Within the insects, there 

is also a large variability in richness. For example, out of almost 1,005,000 described 
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living insect species representing 29 orders, the order Coleoptera (beetles) accounts for 

36% of those species. Lepidoptera (moths and butterflies), Diptera (true flies), and 

Hymenoptera (ants, bees, wasps) each account for between 14-16%. By contrast, most 

other orders account for less than 1% of species (Foottit and Adler 2009).   

 Many attempts to explain the species-rich nature of insects and variability in 

richness among insect lineages have suggested particular unique innovations in their 

evolutionary history as increasing the diversification of that lineage. For example, 

Mayhew (2002, 2003) estimated points in hexapod evolution representing shifts in 

diversification, and suggested plausible candidates for important upward shifts such as 

the origin of Pterygota (evolution of flight), Neoptera (folding wings over the abdomen), 

Eumetabola (metamorphosis), and Holometabola (complete metamorphosis). Other 

researchers have examined traits that have arisen more than once in insect evolution.  

Mitter et al. (1988) concluded that the trait of phytophagy is associated with higher 

diversification rate, and Wiegmann et al. (1993) did not observe any effect of carnivorous 

parasitism on species richness (Table 1.6).  

 A general trend seen across insect groups is lower species diversity with 

increasing latitude (Strathdee and Bale 1998); the greatest concentration of insect species 

occurs in the tropical areas across the globe (Footitt and Adler 2009). The negative 

latitudinal gradient in species richness is well documented in a number of insect groups, 

including ants, beetles, grasshoppers, and butterflies (Cushman et al. 1993, Lobo 2000, 

Davidowitz and Rosenzweig 1998, Kocher and Williams 2000). Cardillo (1999) 

examined the association of latitude with species richness in swallowtail butterflies 

(Table 1.6) and observed a significant negative latitudinal effect on the relative 

diversification rate independent of clade age or range area available. Some traits, 

transitions, or habitats, found to be associated with increased species richness in insects 

include phytophagy, origin of flowering plants, and lower latitude (Table 1.6). Key 

studies investigating species richness correlates in insects are given in Table 1.6 

(excluding body size, given in text above).  
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Table 1.6: Key previous studies on species richness correlates in insects 
Study Group Trait/ 

transition 
examined 

# of ind. 
Con-
trastsa 

Expected 
effect on 
species 
richness 

Finding 

Mitter et al. 
1988 

Beetles 
(Coleoptera) 

Phytophagy 13  + Association in 
expected direction 

Farrell 
1998 

Beetles 
(Coleoptera) 

Rise of 
flowering 
plants 

5  + Association in 
expected direction 

Davis et al. 
2009 

Termites 
(Isoptera) 

Eusociality 1b   - Eusociality not 
necessarily 
a hindrance to sp. 
richness 

Wiegmann 
et al. 1993 

Including 
many insect 
orders 

Carnivorous 
parasitism 

15 + or - No association 
found between trait 
and sp. richness 

Hardy and 
Cook 2010 

Including 
many insect 
orders 

Gall-inducing 
insects 
(compared to 
non-galling) 

13 + or - No pattern 
observed 

Cardillo 
1999 

Swallowtail 
butterflies 
(Lepidoptera) 

Lower latitude 
(vs. higher 
latitude) 

13 + Significant 
association in 
expected direction 

a sister group analysis used unless otherwise indicated 
b analysed by examining shifts in diversification rate 
sp.=species 
 
Species richness correlates summary 

 There are a variety of traits that correlate with species richness, including feeding 

sources, lower latitude, and breeding system. From an overview of traits that have 

significant associations with diversification, Coyne and Orr (2004) conclude two set of 

factors that appear to increase the species richness compared to sister groups: traits 

increasing sexual selection in animals and those promoting animal pollination in plants. 

The species richness we observe is influenced by the balance of both speciation and 

extinction. Thus, traits associated with high species richness compared to sister clades 

can produce their effect through increased speciation rate, decreased extinction rate, or 

both.  

 

Species richness measures and influences 

 Species richness of sister groups can be directly compared to investigate 

correlates of species richness because sister clades are necessarily the same age 
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(Barraclough et al. 1998). Otherwise, time components can be incorporated in 

investigating correlates of species richness via measures of net-diversification rates (e.g. 

Mayhew 2002). The species richness or net diversification observed is produced from the 

net result of both speciation in the sense of cladogenesis, the creation of new lineages by 

splitting, and extinction of lineages. Thus, factors that affect either of these can influence 

the net-diversification rate. Cladogenesis can occur in many ways, with the underlying 

causes being isolation of gene flow by reproductive, geographic, or other barriers (Coyne 

and Orr 2004). 

 At least four factors can cause an association between a trait and the species 

richness of the group possessing the trait. These include properties of organisms that 1) 

facilitate speciation, for example by promoting sexual selection, biological interactions, 

or low vagility (dispersal ability or tendency); 2) prevent extinction, for example traits 

that increase population size or geographic range, such as higher migration and small 

body size; 3) open up new adaptive zones, for example wings (Coyne and Orr 2004); and 

4) properties of species, i.e. species-level traits, can affect speciation or extinction rates, 

for example the emergent property of range size (Coyne and Orr 2004). 

 Many of the previously tested correlates of species richness are expected to 

influence species richness via entrance into new adaptive zones, such as by a transition to 

a new life style or habitat that provides increased ecological niches. Such transitions are 

often called key innovations (e.g. DeQueiroz 1998). However, the most prominent pattern 

in the distribution of species richness is the latitudinal species richness gradient, 

suggesting broad environmental influences are more important for structuring diversity 

patterns. Theories relating to the causes of this gradient often involve a link with 

molecular rates (see Link between species richness and molecular rates below), but one 

prominent theory not involving molecular rates is the species-energy hypothesis (Wright 

et al. 1983). This theory proposes that higher species diversity is seen at lower latitudes 

because at lower latitudes the higher amount of energy available sustains higher 

population sizes and thus reduces extinction rates (Wright et al. 1993). 

 The best traits to examine using comparative methods to identify features that 

promote speciation are those whose effects on both speciation and extinction are likely to 

be in the same direction (Coyne and Orr 2004), for example that increase both the rate of 
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speciation and extinction. This is useful for drawing a conclusion of which factor, 

speciation or extinction, is the more important determinant of the observed pattern as 

compared to a sister group. For example if a trait is expected to increase the rate of both 

extinction and speciation, then the observation of higher species richness of that group 

compared to sister groups would lead to the conclusion that speciation rate is the driver of 

the pattern compared to the sister group (Coyne and Orr 2004). 

 

The link between species diversity and molecular rates  

 It might be intuitively expected that species richness and molecular rates are inter-

related, as the evolution of phenotypes is dependent on genetic change. Many authors 

would argue that they are closely linked; however, the relationship between speciation 

rates and overall molecular rates is uncertain (Barraclough and Savolainen 2001). In 

some circumstances, speciation can proceed very rapidly, involving differentiation at a 

small number of loci, for example cichlid fish radiations in the African Great Rift Lakes 

(e.g. Fan et al. 2011).  

 Some studies do suggest a positive relationship between species richness and 

molecular evolution, while others do not. Many studies include positive relationships 

observed (Table 1.7). 
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Table 1.7: Key studies examining species richness-molecular rate link 
Study Taxa Genes Finding 
Jobson and Albert 
(2002) 

Carnivorous plant 
family 

Plastid rps16 gene Positive relationship 

Goldie et al. (2011) Mammals Numerous mit and 
nuc protein coding 
genes 

No evidence for link 

Barraclough and 
Savolainen (2001) 

Flowering plants 
(angiosperms) 

Plastid and nuclear 
genes: rbcL, atpB, 
18S rDNA 

Positive relationship 

Lancaster (2010) Flowering plants 
(angiosperms) 

ITS Positive relationship 

Lanfear et al. (2010a) Birds 19 genes Positive relationship 
Eo and DeWoody 
(2010) 

Sauropsids (birds 
and reptiles) 

Mitochondrial 
genomes 

Positive relationship 

Davies et al. (2004) Flowering plants 18S rDNA, plastid 
protein-coding 
genes rbcL and 
atpB. 

Positive effect of energy on 
both independently; species 
richness best predicted by 
temperature, molecular rates 
by latitude 

 
 One area in which a link between molecular rates and species richness is often 

drawn is the latitudinal species gradient. Increased temperature at lower latitudes is 

thought to be associated with accelerated physiological processes, shorter generation 

time, and higher mutation rates (Rohde 1992). One theory is that these effects combine to 

increase the speed of selection at lower latitudes (Rohde 1992). Experimental studies 

determining the effect of temperature on the speed of selection are either non-existent or 

scarce (Rohde 1992). Allen et al. (2002) found evidence for a quantitative relationship 

between temperature and species richness across a number of ectothermic organisms. 

Conclusion of a link between species richness and molecular rates in such a case may be 

due to molecular rates actually influencing species richness. Alternatively, temperature or 

a related third factor may also cause patterns in both molecular rates and species richness. 

Davies et al. (2004) examined speciation and molecular rate in flowering plants across 

latitude and observed that environmental energy independently explained variation in 

both molecular evolutionary rates and species richness; species richness was best 

predicted by temperature and molecular rates by latitude. 

 General hypotheses regarding the link between molecular rates and species 

richness involve both directions of causality. Speciation can involve adaptations to new 

niches and transient reductions in population size, causing increases in rates of molecular 
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evolution (Venditti and Pagel 2010). Another hypothesis is that molecular rates increase 

rates of speciation, such as if mutations cause isolation of populations (Orr and Turelli 

2001) or if elevated rates of molecular evolution reduce extinction rates through 

maintenance of genetic variation in populations (Franklin and Frankham 1998). 

  

Background on insect flight and flight loss 

 While some traits or transitions have been investigated for their association with 

macroevolutionary and microevolutionary patterns in insect evolution, many potentially 

important traits have not. The success of insects is often at least partially attributed to the 

key innovation of flight, a major biological innovation which has occurred only four 

times in all of animal evolution. Flight was gained at the origin of pterygotes (insects), 

pterosaurs (extinct group of reptiles), birds, and bats. The insects evolved flight around 

400 million years ago (Grimaldi and Engel 2005) at the origin of the Pterygota (winged-

insects). Insects were the first animals to evolve self-sustained flight, and it is generally 

thought that flight has arisen only once throughout insect evolution (Hovmoller et al. 

2002).  

 Some researchers have suggested that flight has been regained in stick insects 

(order Phasmatodea) due to developmental pathways for wings having been conserved 

(Whiting et al. 2003). However, this conclusion has been criticised as it was based on 

maximum parsimony methods, which does not account for flight loss being far more 

likely than flight gain (Stone and French 2003). Although the hypothesized 3 losses of 

flight and 4 gains of flight (Whiting et al. 2003) are fewer evolutionary transitions (7) 

than 13 instances of flight loss, the second scenario seems more probable without any 

additional information that would discount it (Stone and French 2003). Flight is generally 

assumed not to have been regained. 

 The evolution of flight is often invoked in the success of insects (Mayhew 2007; 

Roff 1990), with many citing it as a key innovation in insect diversification (Kingsolver 

and Koehl 1994; Simon et al. 2009; Wahlberg et al. 2010). One transition that has not 

been examined for consistent patterns in either macro- or microevolution in insects is the 

loss of flight. This trait of flightlessness is important as it is a common transition in insect 

evolution, although only about 8% (Chapter 3) of pterygote species are flightless. Flight 
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loss has occurred thousands of times independently (Whiting et al. 2003), with nearly 

every pterygote order containing flightless members (Kavanaugh 1985, Wagner and 

Liebherr 1992). Flight loss is observed at various taxonomic levels in insects ranging 

from complete flightlessness at the order level to instances of single flightless species 

within otherwise flighted genera. Therefore, flight loss is an excellent transition to 

investigate as it provides the opportunity to conduct powerful tests of consistency of 

relationships due to numerous evolutionarily independent comparisons. 

 The prevalence of flightlessness is associated with different environments and 

lifestyles. Across insect groups, there is a general trend of higher incidences of 

flightlessness with increasing latitude (Roff 1994, Strathdee and Bale 1998) and altitude 

(Roff 1994). It is also more common in females than males and among parthenogenetic 

compared with sexual species (Roff 1990). Terrestrial hemimetabolous insects (e.g. 

Hemiptera, Orthoptera), those whose young resemble adults, more often display loss of 

flight than hemimetabolous insects with aquatic young (Odonata, Ephemeroptera, 

Plecoptera) and holometabolous insects (complete metamorphosis) (Roff 1990). Flight 

loss is more commonly observed in species inhabiting certain habitats, such as 

woodlands, deserts, ocean surface, specific seashore habitats, and aquatic habitats, in 

Hymenoptera and termite [Isoptera] nests, among ectoparasites of endotherms, and 

parasites of arthropods (Roff 1990). It is less common in habitats bordering rivers, 

streams, ponds, and arboreal habitats (Roff 1990). It is also higher in species that eclose 

(emerge) in winter months, but is not exceptionally high on oceanic islands compared to 

the mainland (Roff 1990). 

 These associations between flightlessness and habitat types or lifestyles may point 

to causes of the evolution or maintenance of flightlessness. The association of 

flightlessness with the above-described habitat types has frequently been explained by 

flightlessness being favoured by habitat persistence (reviewed in Roff [1990], Wahlberg 

et al. 2010). The geographic pattern of flightlessness, increasing with altitude and latitude 

as well as on snow fields, has lead to the suggestion that flightlessness may be favoured 

by cold temperatures (reviewed in Roff [1990], Medeiros and Gillespie 2010). The 

pattern that females are more frequently flightless than males suggests there may be an 

energy trade-off between reproduction and flight (Guerra 2011, Roff 1990). There does 
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appear to be a trade-off between dispersal ability and reproduction, whereby females in 

limited-dispersal species see earlier onset of reproduction and increased fecundity 

(Guerra 2011, Roff and Fairbairn 1991). The reasons for flight loss and maintenance are 

likely varied and differ among individual losses of flight. 

 There do not appear to be any comparative molecular studies relating to flight loss 

in insects. Due to the increasing wealth of studies providing molecular phylogenetic 

information and some very recent molecular studies that have phylogenetically located 

cases of flight loss in various insect groups, it is possible to test the generality of the 

relationship between flight loss and molecular rates. 

 Although there are many macroevolutionary studies attempting to determine if the 

evolution of flight in insects has positively influenced the diversification rate of the 

pterygotes (e.g. DeQueiroz 1998, Mayhew 2002, Mayhew 2003), little work has been 

conducted on the effect of flight loss on diversification. It has been suggested that 

significant speciation can also occur following the loss of flight and possibly as a 

consequence of it (Roff 1994). Roff (1990) observed that families of Hymenoptera, 

Lepidoptera, Diptera, and Coleoptera from North America that had no flightless species 

contained significantly fewer species, on average, than those with at least one flightless 

species. He points out that chance may play a role in the evolution of flightlessness, with 

larger groups necessarily having a higher probability of containing at least one flightless 

species. In this case, a phylogenetic perspective is also needed as taxa of any rank can be 

of different evolutionary age, and taxonomy-based analyses may confound time with 

diversification rate.  

 A very recent study (Ikeda et al. 2012) investigated one occurrence of flight loss 

at the genus level in the carrion beetles (family Silphidae) and concluded that flight loss 

had promoted diversification in this one case. They calculated both higher speciation rate 

and lower extinction rate in the flightless group compared to the flighted group. The 

proposed mechanism for this increase in net diversification was increased allopatric 

speciation due to the greater population differentiation observed in the flightless species 

(Ikeda et al. 2009). Patterns for one occurrence of flight loss and over one time span 

cannot tell us what general effects flight loss has had on shaping insect diversity patterns, 

across various insect groups and over differing time scales. In order to assess whether 
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flight loss has influenced net-diversification patterns, a broader phylogenetic perspective 

is needed. 

 

Dispersal effects on microevolution and macroevolution 

 The major implication of flight loss is lowered dispersal ability, which may have 

consequences for both molecular rates and diversification patterns. Reduced dispersal 

may impact effective population sizes, with sustained reduction expected to increase 

dN/dS ratios and potentially overall substitution rates as described in the nearly neutral 

theory of molecular evolution (Ohta 1972a). In two studies of differences in genetic 

differentiation between flightless and flighted species, flightless species have increased 

differentiation compared to related flighted species (McCulloch et al. 2009, Ikeda et al. 

2012). In addition, Ikeda et al. (2012) conducted a meta-analysis of 51 beetle species and 

observed that flightless species had significantly higher proportions of molecular variance 

among populations than flighted species. Population subdivision reduces the effective 

population size of species from their total census population size (Templeton 2006). In 

addition, lower dispersal ability may also reduce range size, which is thought to be 

associated with smaller population size (e.g. Woolfit and Bromham 2005). Low dispersal 

ability associated with decreased range size has been observed in various groups of 

organisms (Table 1.8) and also in flightless insect species as compared to related flighted 

insect species (Juliano 1983, Gutierrez and Menendez 1997, Ikeda et al. 2012). Either of 

these (population subdivision and smaller range size), in combination with increased 

susceptibility to extinction of populations or subpopulations by catastrophe due to 

reduced individual escape potential, can also lead to greater fluctuations in population 

size over time. In addition, it is hypothesized that if speciation occurs by the subdivision 

of populations, then lineages that speciate more frequently may have lower average 

population sizes than other lineages (Lanfear et al. 2010a, Venditti and Pagel 2010). 

However, this link between speciation and molecular rates as related to population sizes 

has not been seriously tested (as indicated by Venditti and Pagel 2010). Including or 

excluding this potential relationship between speciation rate and population size, for the 

other reasons given above, I expect that effective population size will be generally 

smaller in low-dispersing species.   
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 There are, however, biological factors that could also counteract potentially 

smaller effective population sizes due to flightlessness. These include lower-dispersing 

species building up higher local population sizes, as was hypothesized by Mayhew (2007) 

to account for positive correlations between population size and extinction risk (Table 

1.8), and trade-offs between dispersal and fecundity (Guerra 2011). I test the generality of 

whether flightless species do indeed have lower effective population sizes using many 

independent comparisons across a range of insect groups (Chapter 2). 

 Lower dispersal ability may impact macroevolutionary patterns by increasing 

speciation and also increasing extinction rates. Lower dispersal ability may increase the 

propensity for speciation due to increased population subdivision and genetic 

differentiation within species. Poor dispersal capability is thought to enhance conditions 

for speciation by confining population to smaller ranges and reducing gene flow among 

populations (Johnston and Cohen 1987, Martens 1997, Albrecht, 2006).  

 Lowered dispersal ability can increase the tendency for allopatric speciation since 

individuals would be less able to maintain gene flow around imposed physical barriers. 

However, the propensity for speciation due to reaching new habitats and niche 

opportunities would be decreased due to lessened ability to reach new sites. Due to these 

opposing influences, it is unclear which category—poorer or better dispersers—has a 

relatively higher tendency for speciation via geographic speciation processes. 

 Although low dispersal ability may have positive effects for speciation, low 

vagility itself is expected to increase extinction rates (Table 1.8). In addition, dispersal 

ability may have implications on higher-level traits that can also be impacted by 

extinction risk. Reduced dispersal ability is expected to decrease geographic range sizes 

(empirical evidence presented in Table 1.8, specifically flightlessness: Juliano 1983, 

Gutierrez and Menendez 1997, Ikeda et al. 2012). Range size being restricted by low 

dispersal ability is predicted theoretically by various hypotheses (reviewed in Lester et al. 

2007). Firstly, the colonization hypothesis indicates that lower dispersing species have 

difficult time colonizing distant sites. Secondly, the speciation rate hypothesis states that 

lower dispersal leads to lower gene flow, local adaptation, increasing rate of speciation; 

this leads to smaller initial ranges since new species have not had time to expand their 

ranges. Finally, the selection hypothesis argues that poor dispersal could be the effect of 
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smaller range size since species with smaller ranges might experience selection against 

dispersal if there is a cost. Both smaller range sizes and smaller population sizes are 

expected to increase the risk of extinction (see Table 1.8 below).  

 A trait that is expected to have same-directional effects on both speciation and 

extinction—in this case expected to increase both speciation and extinction—is 

appropriate to examine in comparative studies as a feature influencing diversification 

patterns. Such a trait will not provide a simple predictor of net-diversification patterns 

due to opposing factors. However, it will allow from the observation of patterns for either 

speciation or extinction to be pinpointed as the much stronger factor in producing those 

patterns. 
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Table 1.8: Studies providing evidence of relationships between dispersal, range size, 
population size, and extinction risk 
Trait Effect on Expect-

ation 
Positive Pattern Negative Pattern 

Disper-
sal 

Extinct-
ion risk 

Negative: 
Lower 
dispersal 
ability, 
higher 
extinct-
ion risk  

 Molluscs: Hansen 1978,  
Jablonski 1989,  
Jablonski and Hunt 2006; 
 

Disper-
sal 

Range 
size 

Positive: 
Greater 
dispersal, 
greater 
range 
size 
 
 

4 studies of insects,  
6 studies of plants, 
4 studies of fish,  
6 studies of mollusks  
(reviewed in Lester et al. 
[2007]) 
 
9 (additional to the above) 
studies of living and fossil 
gastropods and echinoids 
(reviewed in Jablonski and 
Hunt [2006]) 
 
Sylvia warblers: Brohning-
Gaese et al. (2006) (key 
predictor of geographic range 
size) 
 
Beetles 
Ikeda et al. 2012; 
Juliano 1983; 
Gutierrez and Menendez 
1997; 

Birds: Paradis et al. 1998; 

Disper-
sal 

Clade 
richness 

Both 
positive 
and 
negative 

Birds: Owens et al. (1999) 
(Increased annual dispersal in 
birds as related to high clade 
richness); 
Phillimore et al. (2006) (annual 
dispersal strongest predictor of 
high rates of diversification); 

British birds: Belliure et 
al. (2000); 
Hawaiian ferns: Ranker et 
al. (2000); 

Range 
size 

Extinct-
ion risk 

Negative: 
small 
range, 
increase 
extinctio
n risk 

 Insects: Korkeamaki and 
Suhonen (2002); Koh et 
al. (2004); Kotiaho et al. 
(2005); Mattila et al. 
(2006); Gaston (1994); 
Molluscs 
Hansen (1978); 
Jablonski (1989); 
Jablonski and Hunt 
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(2006);  
Birds: Pimm et al. (1988); 
Manne et al. (1999); 
Manne and Pimm (2001); 
Bats: Jones et al. (2003);  

Non-
signif. 
pattern� 

Butterflies: Benedick et al. (2006); 

Negative:
Smaller 
popula-
tion size, 
increase 
extinct-
ion risk 

Insects: Didham et al., (1998)a; 
Kotiaho et al. (2005)a; 
 
 

Insects: Kreuss and 
Tscharntke (1994); 
Davies et al. (2000); 
Gaston and Blackburn 
(1996); 

Popula-
tion size 

Extinct-
ion risk 

Non-
signif. 
pattern� 

Insects: Kruess and Tscharntke (2000); Davies et al. 
(2004b); Shahabuddin and Ponte (2005); 

Range 
size 

Species 
richness 

Positive 
or 
negative 

Birds: Owens et al. (1999); 
Gaston and Blackburn (1997); 

Various animal groups: 
Barraclough and Vogler 
(2000); 

a Mayhew (2007) hypothesized positive relationships could be due to lower dispersing species 
building up higher local population sizes, but also having small range sizes that would increase 
risk of extinction 
non-signif. = non-significant 
 

Comparative method in evolutionary biology – detecting species richness and 

molecular rate correlates 

 When testing for correlates of species richness or molecular rates, one must 

consider the relatedness of lineages by descent. Species or lineages cannot be treated 

independently from one another as they are organised in a hierarchy. The comparative 

method of evolutionary biology involves the study of phylogenetically independent 

contrasts (Felsenstein 1985, Garland et al. 1992). Often, sister-group comparisons are 

used in both molecular and species richness studies and involve comparing two closely 

related groups that differ in the trait of interest.  

 Sister-group analysis is regarded as the most statistically powerful approach for 

identifying correlates of net diversification rates. As outlined by Barraclough et al. 

(1998), sister comparisons are advantageous for three reasons. Firstly, they eliminate the 

concern for the non-independence of taxa, since differences between the sister groups 

have evolved subsequent to their divergence. Secondly, they do not confound time with 

diversification rate since sister taxa are the same age. Thirdly, since the lineages have the 
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same history up until the point of divergence, this controls for many confounding 

variables, except for those arising after the divergence.  

 Sister pairs in species richness testing should be as closely related as possible and 

be reciprocally monophyletic. For tests of molecular correlates, phylogenies can be less 

completely sampled since it is possible to use paraphyletic relationships in the analysis; 

however, the sisters should still be as closely related as possible and the closest outgroup 

used (Robinson et al. 1998). Molecular rates between sister lineages can be compared 

with relative rates tests (Sarich and Wilson 1973), which references each lineage to the 

outgroup. To maintain independence of data points, the pairs must be formed without 

overlap of the branches that connect the comparisons on a phylogeny. Each sister pair 

comparison can then be treated as an independent data point in statistical pattern testing. 

 Alternatively, both species richness and molecular correlates can be investigated 

using whole-tree approaches, which allow the incorporation of more data. For species 

richness data where the trait is continuous, independent contrast analysis can be used (e.g. 

Agapow and Isaac 2002). Independent contrast analysis uses contrasts of trait and 

richness values at nodes for the two lower clades contained by the node. This results in 

N-1 sets of contrasts, where N is the number of tips of the phylogeny. The relationship 

between the trait and richness is assessed by plotting the contrasts with regression 

through the origin (Garland et al. 1992). Species richness correlates can also be 

investigated with generalized least squares (GLS) approach (e.g. Phillimore et al. 2006), 

which allows the incorporation of discrete traits. Comparative analysis of molecular data 

can also be performed using whole-trees methods when branches of phylogenetic trees 

vary in the trait discretely (see Lanfear et al. 2010b for review, also Mayrose and Otto 

2011 for new method). Ancestral states or transitions in the trait can be reconstructed by 

parsimony or likelihood methods in order for all branches in the tree to be associated with 

a trait. 

 

Objectives of thesis 

 This thesis examines the influence of flight loss on insect molecular evolutionary 

rates and species diversity patterns. 

 In Chapter 1 above, I have reviewed previous literature on influences of molecular 
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rates and species richness. I have discussed theoretical hypotheses for variation in these 

forms of diversity and presented empirical evidence toward correlates of patterns in 

diversity. 

 In Chapter 2, I collect and analyse multiple independent instances of flight loss in 

insects to test for a relationship between flightlessness and molecular rates. I use the 

expectations of the nearly neutral theory of molecular evolution to test the hypothesis that 

flightless groups have sustained lower effective population sizes than flighted groups 

over long evolutionary timescales. I predict that flightless lineages will have higher ratios 

of non-synonymous to synonymous substitutions than related flighted lineages. I employ 

two main molecular comparative methods, sister comparison and whole-tree analysis, on 

a total of 48 phylogenetically independent comparisons from various insect groups. 

 In Chapter 3, I examine whether the loss of flight has influenced species diversity 

patterns across insects. I hypothesize that flight loss increases extinction rate due to lower 

dispersal ability and associated species traits, and that this will out-balance any potential 

increase in speciation rates. I predict that this will be manifested as decreased net-

diversification over a long time frame. I employ complementary phylogenetic approaches 

to detect whether flightlessness is associated with decreased net diversification across the 

pterygote orders.  

 Finally, in Chapter 4, the results of each chapter in the thesis are discussed in light 

of each other. I discuss the relationship between microevolution and macroevolution, 

different selective levels and timescales, and flight loss having parallels with other traits. 

I consider the results of my study in terms of understanding the factors that influence both 

molecular rates and species richness patterns across the tree of life.  

 The loss of flight in insects is a novel trait to examine comparatively in both 

macroevolutionary and molecular evolutionary rates literature. Flight loss may influence 

both microevolutionary and macroevolutionary patterns due to the same underlying trait 

having different consequences on different hierarchical levels. Since the loss of flight has 

occurred many times, this trait will allow testing of hypotheses with substantial statistical 

rigour. If identified as an influencing trait, flightlessness would have broad implications 

in patterns of molecular and species diversity of animal species, as insects make up the 

majority of animal species. In addition, a major consequence of flight loss is reduction in 
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dispersal ability, which is a fundamental trait, and thus my results are likely to have 

relevance for interpreting macroevolutionary and microevolutionary patterns more 

broadly. 
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FLIGHT LOSS AND MOLECULAR EVOLUTIONARY RATES IN INSECTS 
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ABSTRACT 
 
 The loss of flight ability has occurred thousands of times independently and at 

various times during insect evolution. Flight loss may confer lower effective population 

sizes to those groups because reduced dispersal ability may increase population 

subdivision and potentially decrease range size and increase extinction risk. Lower 

effective population sizes are expected to increase the rate of substitution of nearly 

neutral mutations because of stronger genetic drift in smaller populations. Because flight 

loss has occurred independently across a wide range of insect groups, it is possible to test 

the generality of a relationship between flight loss and molecular rates. I have conducted 

a comparative analysis of 48 phylogenetically independent pairs of flightless and related 

flighted lineages, including moths, flies, beetles, mayflies, stick-insects, stoneflies, 

scorpionflies, and caddisflies, for available nuclear and mitochondrial protein-coding 

DNA sequences. To test for potential effective population size differences between the 

two groups, I examined overall substitution rates as well as ratios of non-synonymous to 

synonymous substitutions (dN/dS). I show a significant pattern of higher dN/dS ratios in 

flightless lineages, which is stronger for mitochondrial than nuclear genes. The pattern in 

overall substitution rates was weaker but similar in that flightless lineages tend to have 

higher rates, a pattern that was consistent for mitochondrial genes. These results are 

consistent with expectations of differences in effective population size, and also provide 

evidence for a potential relaxation of selective constraints in flightless ectotherms relating 

to energy metabolism. 
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INTRODUCTION 
 
 The evolution of flight in insects is thought to have in part enabled their 

diversification and evolutionary success (Roff 1990, Kingsolver and Koehl 1994, 

Mayhew 2007). Despite the advantages associated with flight, such as the ability to 

disperse widely and forage, flight has been independently lost thousands of times in 

lineages of nearly every pterygote order (Wagner and Liebherr 1992, Whiting et al. 

2003). Flightlessness confers lower dispersal ability, which may translate to lower 

effective population sizes (Ne) for flightless groups compared to closely related groups 

that fly. Lower dispersal ability tends to increase population subdivision (e.g. McCulloch 

et al. 2009, Ikeda et al. 2012), with population subdivision reducing the Ne of species 

(Templeton 2006). Lower dispersal ability may also reduce range size, which could limit 

the population size of species. Either of these, especially in combination with increased 

susceptibility to extinction of populations or subpopulations by catastrophe due to 

reduced individual escape potential, can also lead to greater fluctuations in population 

size over time.  

 Groups that differ in Ne are expected to have differences in non-synonymous to 

synonymous substitution (dN/dS) ratios according to the nearly neutral theory of 

molecular evolution (Ohta 1972a, Ohta 1992). Non-synonymous mutations are more 

likely to have a fitness effect while synonymous mutations to have a neutral effect and 

the majority of mutations that occur are thought to have a neutral or deleterious effect 

(Ohta 1972a, Eyre-Walker and Keightley 2007). In smaller populations, the strength of 

genetic drift is greater than in larger populations and can more easily overcome selection. 

Thus, in smaller populations, slightly deleterious mutations are more easily fixed because 

purifying selection is not as effective at eliminating them. Long-term differences in Ne 

between groups can lead to differences in dN/dS ratios, with smaller populations 

expected to have higher dN/dS ratios than larger populations. However, the rate of 

evolution of neutral mutations is independent of population size and depends only on the 

neutral mutation rate. Conversely, the effect of population size on overall rates of 

nucleotide substitution could become apparent if non-synonymous substitution rates were 

high enough or if a significant proportion of synonymous substitutions were not 

effectively neutral (provided mutation rates were the same) (Ohta 1972b).  For example, 
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synonymous substitutions may be selectively disadvantageous because of differential 

within-cell tRNA availability (Akashi 1997). Therefore, a pattern of higher overall 

substitution rates in smaller populations could be observed based on population size 

differences, but this pattern would not necessarily be expected. Thus, if flighted and 

flightless insect groups do consistently differ in Ne over time, flightlessness could be a 

predictor of molecular patterns of substitution in insects, especially for dN/dS ratios. 

 In this study I tested for differences in patterns of molecular evolution between 

flightless (FL) and flighted (F) insect groups by comparing both dN/dS ratios and overall 

substitution rate. Population size effects are expected to manifest genome-wide; therefore, 

I tested different genes separately to assess whether the patterns were consistent across 

genes.  

 There have been few previous studies that have empirically tested the link 

between a trait thought to decreased effective population sizes and patterns in molecular 

evolution using phylogenetically independent contrasts (Woolfit and Bromham 2005, 

Bromham and Leys 2005), and none focused specifically on insects. There is at least one 

study in other taxa regarding hypothesized population size effects with the underlying 

predictive variable being dispersal ability. Foltz (2003) (Table 1.3) examined dN/dS ratios 

between lower dispering non-pelagic larvae and higher dispering pelagic larvae in sea 

star and mollusc genera. Increased dN/dS ratios were observed in the lower dispersing 

species; however, this study was only based on two independent transitions.  

 In insects, flightlessness occurs more commonly in certain types of habitats; for 

example it is associated with increasing latitude and altitude, stable habitats, and is more 

common in females than males (reviewed in Roff 1990). Although there are many 

ecological or biological factors associated with flight loss, the hypothesized reasons for 

the maintenance of flight loss are varied. Thus, drawing comparisons from a broad range 

of taxa may help to reduce systematic biases toward certain life-history or ecological 

traits that could affect the pattern of molecular substitution rates.  

 Because flight loss has occurred independently in a variety of lineages in insects, 

it is possible to make phylogenetically independent comparisons across a wide range of 

taxa. I have conducted a test of the effect of flightlessness on the rates and patterns of 

molecular evolution using 48 phylogenetically independent transitions (Table 2.1) that 
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span a wide range of taxa (moths, flies, beetles, mayflies, stick-insects, stoneflies, 

scorpionflies, caddisflies) and different nuclear and mitochondrial protein-coding genes. I 

approached the analysis in two complementary ways: whole-tree analysis (as in Foltz 

2003) and sister-pair analysis (as in Wright et al. 2006). Whole-tree analysis can better 

estimate molecular evolutionary rates by using more data (by including all transitions in 

flight state within a phylogenetic tree) and increases the power for detecting a pattern in 

that tree. Sister-pair analysis cannot use all the data from a phylogenetic tree but allows 

the investigation of individual transitions as independent data points to assess the 

consistency of any overall trend detected.
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Table 2.1: Summary of phylogenetic studies used in analysis, including the 48 independent transitions in flight state. Phylogenies 
containing multiple losses of flight were included in both whole-tree analysis and sister-clade analysis.  Two single transitions (*) provide gene data for the sister-
clade analysis only, but they are grouped with the whole-tree studies because they possess an overlapping transition. 
 
Table 2.1: Source study details 
Phylogenies containing multiple losses of flight, included in both whole-tree analysis and sister-clade analysis.  Note: two single transitions (*) add gene 
data to the sister-clade analysis only (but are grouped with the whole-tree studies because they possess an overlapping transition). 
Study FFL 

or 
FLa 

Ord-
erb 

Taxon-
omic 
level 
within c 

Group name Potential biological 
association with FL 

# sp in 
treed, # 
FL sp 

# trans-
itionse 

# ind. 
sister 
f 

Nucg Mit h 

Walhberg et al. 
2010 

FFL LEP Subfami
ly  

Ennominae 
(‘winter moths’) 

Forest dwelling, winter 
flight, polyphagy 

55, 14 7 7 EF-1a, wgl, 
IDH, 
GAPDH, 
RpS5 

COI 

Snall et al. 2007 FFL LEP Tribe Operophterini (‘winter 
moths’) 

Forest dwelling, winter 
flight, polyphagy 

26, 5 2(3)i 2  EF-1a, Wgl ----- 

Medeiros and 
Gillespie 2010 

FL LEP Genus Thyrocopa Windswept areas, but 
not exclusive to FL 

6, 2 2 2  EF-1aj, 
Wglj 

 

COI 

South et al. 
2011 

FFL COL Family Lampyridae (‘fireflies’) Female neoteny, loss of 
male spermatophore 

32, 16 4k 4 ---- COI 

Cunga et al. 
2011e 

FL COL Family Geotrupidae (‘earth-
boring dung beetles’) 

Arid or semi-arid 
conditions  

33, 19 6 5 NF COI, 
COII 

Petersen et al. 
2007; *Dittmar 
et al. 2006 

FL DIP Superfa
mily 

Hippoboscoidea (‘ tsetse 
flies’, ‘louse flies’, ‘bat 
flies’) 

 29, 7; 
*4,4,7 
or 8l 

4 4 CAD COI;  
*COII, 
cytB 

Whiting et al. 
2003e 

FL, 
FFL 

PHA Order Phasmatodea (‘stick 
insects’) 

 37, 24 13 5 H3 ----- 

Whiting 2002m;  
*Pollman et al. 
2008m 

FL, 
FFL 

MEC Order Mecoptera 
(‘scorpionflies’, 
‘hangingflies’ etc.) 

 33, 9; 
*3,3,3l 

4 4 EF-1a COII; 
*COI 

           
Phylogenies containing single transitions, included in sister-clade analysis 
Study   Group within FL group  #FL,#F,

#OGl 
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Table 2.1 continued… 
Hayashi et al. 
2008 

FFL TRI Nothopsyche 
(genus) 

(species) Change in material used 
to build cases, from 
plants to sand 

3,1,3 1 1 ---- COI 

Petersen et al. 
2010m 

FL DIP Limoniidae 
(family) 

Chionea 
(genus, 
‘snowflies’) 

Winter adultsn 1,1,4 1 1 CAD ---- 

Mitchell et al. 
2006, Zahiri et 
al. 2011m 

FFL LEP Lymantriidae 
(family) 

Orgyia (genus) Spring feedingo 1,1,1 or 
1,1,2 

1 1 DDC, EF-
1a, CAD, 
IDH, MDH, 
RpS5j 

COIj 

Mutanen et al. 
2010m 

FFL LEP Psychidae 
(‘family’) 

(species)  1,1,1 1 1 CAD, IDH COI 

Odgen et al. 
2009m 

FL EPH Palingeniidae 
(family) 

Cheirogenesia 
(genus) 

Lack of fish  
predationp 

1,1,1 1 1 H3j ---- 

McCulloch et 
al. 2009 

FL PLE Zelandoperla 
(genus) 

Z. fenestrata 
(species) 

 1,1,1 1 1 H3j COIj 

 
a FL=both sexes are flightless, FFL=females only are flightless 
b LEP=Lepidoptera, COL=Coleoptera, DIP=Diptera, PHA=Phasmatodea, MEC=Mecoptera, TRI=Trichoptera, EPH=Ephemeroptera, PLE=Plecoptera 
c this refers to the taxonomic level that encompasses all the multiple transitions to flight loss as given in the source study, which for the most part corresponds to the taxon level of 
the source phylogeny. The “Group name” (column to the right) is the name of the taxonomic group. The instances of flight loss in the source studies occur below this taxonomic 
level. 
d number of species in the source phylogeny used for analysis here, not necessarily the same as the total number of species in the published phylogeny.  Not all individuals are 
represented by the same genes; therefore, tests based on individual genes will have different numbers of species included in that test. The number given is the maximum number of 
species used in all of the gene tests. See Fig.2.1A or 2.1B bar labels for exact number of species used in each gene test, or APPENDIX S1 for exact species used in each gene test. 
e transitions reconstructed by parsimony, assuming flight not regained (further detail in APPENDIX S1 Part B). 
f number of individual sister comparisons, will be less than or the same as the number of independent transitions due to no overlap in lineages allowed when flighted/flightless 
sister comparisons are chosen 
g nuclear protein-coding genes: Ef-1a=Elongation factor 1 alpha, Wgl=Wingless, IDH=Isocitrate dehydrogenase, GAPDH=Glyceraldehyde-3-phosphate dehydrogenase, 
RpS5=Ribosomal protein S5, CAD=Carbamyl-P synthetase/aspartate transcarbamylase/dihydroorotase, H3=Histone 3, NF=Neurofibromin 
h mitochondrial protein-coding genes: COI=cytochrome c oxidase subunit I, COII=cytochrome c oxidase subunit II, ctyB=cytochrome b 
i analysis of this source study included 3 separate transitions, but this study only contributed two evolutionarily independent transitions to the total because one transition overlaps 
with Wahlberg et al. 2010. Nevertheless, the overlapping transition was included because it was analysed for a gene that was unavailable in the other study. 
j refer to genes for which by examination did not have enough amino acid variation, see APPENDIX S3 
 k there are 5 transitions reported in the study, but one transition has only ribosomal genes available  
l this notation refers to #FL species, #F species, #outgroup (OG) species, and is used in cases of transitions occurring singly in studies 
m APPENDIX S1 presents all flight status sources 
n Roff 1990 
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o Hunter 1995  
p Ruffieux et al. 1998 
* two single transitions add gene data to the sister-clade analysis only but are grouped with the whole-tree studies because they possess an overlapping transition.
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METHODS 
 
Source of sequence data and phylogenetic relationships 

 Published molecular phylogenetic studies were collected that included both 

flightless (FL) and flighted (F) insect species (Table 2.1). APPENDIX S1 provides 

information on study inclusion criteria, definitions of flight states, sources of flight state 

data, and source study details. I avoided including comparisons where another obvious 

transition potentially affecting population size or molecular rates occurred simultaneously 

or subsequent to flight loss (e.g. island living, parasitism) to test ‘flightlessness’ itself 

while minimizing confounding factors. In addition, cases of intraspecific variation in 

flight state were not included. Only protein-coding sequences were included, and were 

downloaded from GenBank or obtained from the authors directly. Sequences were 

aligned in MEGA 5.0 (Tamura et al. 2011) using the Clustal function (default settings). 

Alignments were verified using amino acid translations with appropriate genetic codes so 

that no stop codons were present. Gaps were verified to be in groups of threes and 

coinciding with entire amino acid insertions or deletions. dN/dS sister-clade data sets 

were included in FL:F pattern testing if there was at least some amino acid variability 

between FL and F sisters (otherwise dN/dS ratios would be zero). Whole-tree alignments 

were included if they possessed at least two amino acid substitutions in the ingroup with 

the further requirement that the variability occurred between FL:F pairs. Phylogenetic 

relationships were taken from the source studies, with preference for those constructed by 

model-based methods, Maximum Likelihood (ML) and Bayesian analyses. Transitions to 

flightlessness were reconstructed by parsimony methods, and were usually presented in 

the source study, but in some cases mapping was redone assuming flight was never 

regained (references and further explanation in APPENDIX S1). 

 Overall, 48 independent cases of flight loss were included in the analyses, each 

represented by at least one protein-coding gene. I tested for a consistent difference 

between FL and F lineages in their overall (nucleotide) substitution rate (OSR) as well as 

the magnitude of their non-synonymous:synonymous (dN/dS) substitution ratio using two 

methods: whole-tree analysis and sister-clade comparisons. The whole-tree approach 

allows more data (all transitions identified in a tree) to be included in analyses, thus 

increasing the power to detect a pattern, while the sister-clade analysis allows the 
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investigation of multiple transitions as numerous independent tests (data points for 

statistical analysis) and allowed the assessment of consistency of any overall trend 

detected. 

 

Molecular rates analysis: whole-tree approach 

 Eight of the source studies each contained two or more independent losses of 

flight, for a total of 42 transitions. These studies are classified as “whole-tree” for 

analysis purposes, and each gene was analysed separately (results reported as ‘gene/tree 

results’). The source phylogenies were trimmed in some cases to eliminate clades that 

were not suitable (e.g. due to severe confounding factors such as parasitism; APPENDIX 

S1 provides criteria). This resulted in 18 study/gene data sets. 

 Tests for FL:F molecular evolutionary rate differences were performed on the 

whole trees in the program PAML (Yang 2007). Component baseml was used to examine 

OSR and component codeml was used to examine dN/dS ratios, and the same input data 

was used for each test type. APPENDIX S2 provides the settings used for these analyses. 

For OSR analysis, the sequence models were estimated in MEGA 5.0 (Tamura et al. 

2011) (ML methods, Bayesian Information Criterion). All branches (including internal 

branches using parsimony-reconstructed ancestral states) in each tree were assigned to 

two classes: FL or F. APPENDIX S2 Part A provides branch codings and trees used. For 

each tree, the relative rate of substitution (RRS) and the dN/dS ratios were first estimated 

for FL and F lineages separately, and then the analysis was repeated with a single rate 

applied to all branches. A likelihood ratio test was performed to compare the fit of the 

two-rates and single-rate models. APPENDIX S2 provides parameters and further details 

on this test.  

 The FL and F dN/dS and RRS rate results were transformed into standardised 

dN/dS and OSR FL:F ratios, respectively, by taking [1-(SmallerRate/LargerRate)] 

(Wright et al. 2006) and given a direction (FL>F positive, F>FL negative). These results 

are reported as ‘signed ratios’ (in Figure 2.1). To test for a pattern in the direction (FL>F 

or F>FL) of the resulting 18 OSR and 18 dN/dS ‘signed ratios’, they were subjected to 

binomial (with the null expectation being that FL>F in 50% of cases) and signed-rank 

Wilcoxon tests (with the null expectation being a median ratio of zero). All statistical 
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tests performed are 2-tailed. These tests were also performed separately for mitochondrial 

and nuclear genes. As multiple gene results from the same set of transitions are not 

independent, the gene results were also combined for each study so that each data point 

represents independent evolutionary transitions. The signed ratios were summarised by 

averaging them for all genes within a study, resulting in eight ‘mean signed ratios’, and 

these, along with separately summarised mitochondrial and nuclear results, were analysed 

for FL:F patterns with binomial and signed-ranked Wilcoxon tests. APPENDIX S3 

provides additional details on these tests. 

 

Molecular rates analysis: sister-clade comparisons – overall substitution rate analysis 

 I further investigated overall substitution rate patterns using sister-clade analysis. I 

chose non-overlapping sister FL:F pairs of lineages on the source phylogenetic tree, and 

the closest outgroup. I chose the same number of individuals per FL and F side, as a 

compromise to avoid the node density effect (as in Bromham 1996) and to better 

characterize the overall rate for the group of sequences, which is improved by a higher 

number of in-group sequences (Robinson et al. 1998). Both accuracy and power of the 

relative rates test increases with the number of sequences used (Robinson et al. 1998). In 

addition, when multiple individuals were chosen per FL or F side I selected the 

individuals to be spaced out on the phylogeny as recommended by Robinson et al. (1998) 

to improve the positive effects of including more sequences. Individuals used and 

sequence accession numbers are given in APPENDIX S6 (individuals) and APPENDIX 

S1 (accession numbers). Variation in nucleotide substitution was examined, and pairs 

were excluded if there were no base-pair differences between FL and F sisters (none of 

the comparisons); data sets without amino acid variation between the ingroup sequences 

were still kept for this analysis as it was a test of general substitution rate differences.  

 The program Phyltest v.2.0 (Kumar 1996) was used to conduct the relative rates 

test on FL, F, and outgroup sequences. The distances were estimated by K2P model as in 

Hebert et al. (2002). The K2P model is a simple model (all the nucleotides occur in the 

same frequency), but it assumes that transitional substitutions and transversions occur at 

different rates. Moreover, the K2P model is the most commonly used model for DNA 

barcoding studies (COI), permitting comparison of the results with published work on 
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genetic distances and relative rates. Relative rates results gave relative overall 

substitution rates for FL and F lineages with reference to the outgroup, and significance 

values (z scores). 

 The significance values as given by z scores were used as the magnitude of the 

result (since higher z scores indicate more significant differences between FL and F 

rates), with the direction of the comparisons (FL>F as positive) used to sign the z values. 

These are ‘signed rates’ results. When there were multiple genes per transition, the signed 

rates results (signed z values) were averaged across genes so that each transition 

represented an independent data point in statistical testing (‘summarised signed rates 

results’). This was also performed separately for nuclear and mitochondrial genes. FL:F 

patterns were analysed with a binomial test, and secondly with a sign-ranked Wilcoxon 

test using the summarised signed rates results. In addition, for genes that were 

represented by more than six transitions, I conducted binomial test and signed-ranked 

Wilcoxon tests on the signed rates results (APPENDIX S6). 

 

Molecular rates analysis: sister-clade comparisons – dN/dS ratio analysis 

 Each transition in flight state was analysed independently and for each gene 

separately. Transitions in the whole-tree analysis, as well as transitions occurring singly 

in different taxa from different source trees, were included to examine patterns across as 

many independent cases of flight loss as possible. Within the whole trees, 33 FL and F 

sister clades were identified. Not all transitions to flight loss could be included in the 

sister-clade analysis since sister FL and F pairs had to be matched without overlap of the 

branches that connect the comparisons on the phylogeny. Thus, the number of 

comparisons is fewer than the total number of independent transitions present in the 

whole trees. Each clade was assigned a class from the point of divergence between FL 

and F lineages onward in the program PAML codeml (coding the entire pathways, not 

just lineage tips), and the trees were analysed for multiple rates (branch codings are 

provided in APPENDIX S2 Part B). The total number of rates was two times the number 

of sister pairs, plus one for a background rate. The dN/dS ratios of each FL and F sister 

pair were then compared.  

 Six of the 48 original transitions were single independent transitions in their 
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source phylogenies and were analysed in a reduced phylogeny including only the 

ingroups and closest outgroups. Data sets were analysed with the same programs as the 

whole-tree analysis using a 3-rate analysis (Woolfit and Bromham 2005, APPENDIX S2), 

by assigning three classes: one each for FL and F branches from their point of divergence 

and one for outgroup lineages and the common ancestor of the FL and F branches. This 

method is essentially the same as the above sister-clades method and was used since there 

was only a single transition in the tree. This gave a dN/dS ratio for each FL and F clade 

from their point of divergence onward, without influence from other sequences in the 

tree. Additional gene results from studies that possessed a single transition overlapping 

with another study were also added to the sister-clade results by this method. Together 

with the 3-rate results, there were 34 sister comparisons with multiple gene results each 

(33 sister comparisons from whole-trees and six from 3-rates analysis, but five transitions 

were only represented by non-variable genes). 

 I tested for a pattern between FL and F groups by representing each transition as a 

data point in the statistical analysis. To summarise the results across genes for each 

transition, gene results were each transformed by calculating the ratio of [1-

(smaller_dNdS/larger_dNdS)], given a sign (FL>F is positive) (‘signed ratios’), and then 

averaged across each transition (‘Summarised signed ratios’). The transformation of the 

ratios was performed to: (1) equalize the magnitude of each gene result before summary 

since some FL:F ratios were more extreme, (2) equalize mitochondrial and nuclear raw 

gene results before summarising across genes (see next section for explanation), (3) sign 

the results so they could be summed, (4) allow stronger (though standardised) FL:F gene 

results to more heavily influence the summaries so that the summarised signed ratios 

could be used in signed-rank Wilcoxon tests. Nuclear and mitochondrial signed ratios 

were also summarised separately and examined for FL:F patterns. All non-neutral 

summarised results (considered as any FL:F difference) were analysed with binomial and 

signed-rank Wilcoxon tests. Two other methods of summarising gene results per 

transition were also performed for comparison (APPENDIX S4 provides all summary 

descriptions and results). The spread and FL:F patterns in the dN/dS ratios without 

summarising were also examined for all genes and for nuclear and mitochondrial genes 

separately, to compare to the patterns using gene results summarised per transition. 
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Additionally, I tested each gene separately that represented six or more transitions for 

directional patterns with a binomial and signed-rank Wilcoxon test (APPENDIX S4 

provides further details of these analyses).  

  

Mitochondrial vs. nuclear FL/F dN/dS results 

 As a test of additional factors influencing dN/dS ratios in flightless groups 

(potentially relaxation of selective constraints in mitochondrial genes related to flight loss 

itself), I investigated the FL:F ratios of nuclear and mitochondrial genes according to the 

method of Shen et al. (2009). Mitochondrial FL and F dN/dS results are expected to be 

higher than nuclear due to mitochondrial genes having ¼ the effective population size of 

nuclear genes.  However, the ratio of FL to F dN/dS ratios is expected to be the same 

between mitochondrial and nuclear genes (Shen et al. 2009) based on population size 

differences alone. The nuclear (‘nuc’) and mitochondrial (‘mit’) dN/dS ratios for sister-

clade transitions where both data types were available (19) were compared by calculating 

separate mit and nuc ‘summarised signed ratios’ for each transition (these ratios are 

equivalent to FL:F ratios). I then performed a binomial test on the numbers of cases in 

which one gene type was higher (closer to +1, higher FL/F ratio) than the other, and a 

signed-rank Wilcoxon test on the differences between mit and nuc FL/F ratios. An 

alternate summary method was also used and is described in APPENDIX S4. This testing 

was also performed for the whole-tree gene/tree results where both gene types were 

available (4) (full testing in APPENDIX S3). 

 

Sensitivity analysis: Examination of variability inclusion criterion and comparison of 

whole-tree and sister-clade results 

 I investigated whether a relationship exists between the amount of sequence 

variation and the magnitude of the FL:F branch length ratios for the whole-tree results 

(details in APPENDIX S5). For overall substitution rate, a correlation with percentage 

nucleotide variation (of total sequence length including outgroups) was investigated. For 

dN/dS ratios, a correlation with the percentage amino acid variation was investigated. For 

the data sets in the whole-tree analysis, the 18 paired dN/dS and OSR results, as well as 

the eight dN/dS and OSR ‘Summarised (tree) signed ratios’, were subjected to Pearson 
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correlation analysis and Spearman-Rank correlation to test for a relationship. Using the 

program R (R Development Core Team 2009), for these tests any values of either variable 

falling outside of 1.5*IQR (interquartile range) of the upper or lower quartiles were 

considered outliers. Correlations were repeated without these outliers. 

 I investigated whether whole-tree directional patterns were caused by extreme 

values associated with single transitions or whether they reflected broader patterns across 

the constituent independent transitions (APPENDIX S5). Since I included as much 

sequence data as was possible for the sister-clade analysis, for some comparisons the 

number of individuals per FL or F side was not equal. Therefore, I examined whether the 

dN/dS sister-clade results could be a consequence of the node density effect by 

comparing the number of sequences in each flightless and flighted clade analysed. The 

node density effect causes the over-estimation of branch lengths in a clade when more 

terminal taxa are present (Hugall and Lee 2007). As well, as a test of whether female 

flightless comparisons were justified to be included into the flightless category of 

consideration for FL:F pattern testing, I examined whether patterns in the dN/dS sister-

clade results differed between FFL and FL groups for both nuclear and mitochondrial 

gene types. 
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RESULTS 

 
Whole-tree results 

 The 18 whole-tree gene results (referred to as gene/tree results or signed-ratios) 

for overall substitution rate (Fig. 2.1A) did not show a significant pattern though the 

majority of the ratios were positive (13 of 18 cases showed a higher rate in the FL lineage 

[FL>F rate or ratio = ‘positive’], p=0.0963 by binomial test; p=0.1187 by signed-rank 

Wilcoxon [‘signed-rank’] test), and the average was slightly positive (mean=+0.08655). 

Nuclear and mitochondrial results gave different patterns, with nuclear genes showing no 

directional pattern (6 of 11 positive, p=1.000 by binomial; p=0.5195 by signed-rank) and 

mitochondrial genes a positive directional pattern (7 positive out of 7, p=0.0156 for both 

binomial and signed-rank). When the rates were summarised across genes, with each of 

the 8 phylogenies treated as a separate data point via ‘Summarised (tree) signed ratios’, 

the direction was also not significant but the majority were positive (6 positive out of 8, 

p=0.2890 by binomial; p=0.2500 by signed-rank). Separately summarised mitochondrial 

and nuclear signed ratio results showed a similar positive pattern, with nuclear results 

non-significant (4 of 6 positive, p= 0.6875 by binomial test, p= 0.3125 by signed-rank 

test) and mitochondrial results significantly positive; (6 of 6 positive, p=0.0312 by both 

binomial and signed-rank tests). 

 The 18 gene/tree results for whole-tree dN/dS rates (Fig. 2.1B) showed a 

significant pattern of higher rates in FL lineages (16 of 18 positive, p=0.00131 by 

binomial test; p=0.0047 by signed-rank test) and the average result was positive 

(mean=+0.29704). All nine significant FL:F differences (starred bars in Figure 2.1B) 

were in the positive (FL>F) direction and included both nuclear (4 significant, genes Ef-

1a, IDH, H3) and mitochondrial results (5 significant, genes COI, COII). In addition, 

both mitochondrial and nuclear gene results showed the same positive pattern, marginally 

non-significant for nuclear (9 of 11 tree results positive, p=0.0654 by binomial test, 

p=0.1230 by signed-rank test) and significant for mitochondrial (7 of 7 positive, 

p=0.0156 by both binomial and signed-rank tests). When the ratios were summarised 

across genes, with each of the eight source phylogenies treated as a separate data point 

via ‘Summarised (tree) signed ratios’, the direction (FL>F) was still significant (8 of 8 
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positive, p=0.0078 for both binomial and signed-rank tests). Separate nuclear and 

mitochondrial results showed the same pattern; nuclear genes were non-significant 

though the majority were positive (5 of 6, p=0.2188 for both binomial test and signed-

rank tests) and mitochondrial genes were significantly positive (6 of 6, p=0.0313 for both 

binomial and signed-rank tests). 
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Figure 2.1: Summary of (A) ML branch length differences and (B) dN/dS ratio 
results between flightless (FL) and flighted (F) insects in eight studies. Each study 
(represented by grouped bars) includes phylogenies each containing multiple transitions 
to flightlessness (42 separate instances of flight loss total). Each result bar represents a 
single gene. FL and F rates of substitution or ratios (dN/dS) were transformed by 
calculating [1-(smaller rate or ratio /larger rate or ratio)] to give a sign (‘signed ratios’) 
with positive indicating a rate or ratio in which FL>F and negative indicating F>FL. Red 
lines signify the average bar height. Significance values are based on likelihood ratio test 
results, which compare the fit of two-rate (FL, F) and single-rate models.  
Bar labels are in the form‘study’–‘gene’ ‘# independent cases of flight loss for that gene’ ‘(# of species in 
tree used)’.  For example, W-Ef1a 7(55) is study W-gene Ef1a, 7 cases of loss (55 species). Studies: 
W=Wahlberg et al. 2010, Sn=Snall et al. 2007, M=Medeiros and Gillespie 2010, S=South et al. 2011, 
C=Cunha et al. 2011, P=Petersen et al. 2007, Wi=Whiting et al. 2003, Wh=Whiting 2002. 
Phasm.=Phasmatodea. Bars with ‘^’ under the label correspond to datasets with lower genetic variability 
(10% amino acid variation or less). Although they met the inclusion criteria, they may be less robust than 
results based on higher genetic variability. 
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 In the test of additional factors influencing dN/dS ratios (potential relaxation of 

selective constraints in mitochondrial genes) based on the four whole-tree studies that had 

both nuclear and mitochondrial data available, the mitochondrial-only dN/dS 

‘Summarised (tree) signed ratios’ were higher (closer to +1) than the nuclear-only ratios 

in each case, though not statistically significant due to the low sample size (p=0.125 for 

signed-ranked test on mit-nuc differences) (APPENDIX S3).  

 

Sister-clade results – overall substitution rates 

 The 38 sister-clade overall substitution rate comparisons, with all gene results 

separately summarised per evolutionary transition (Figure 2.2A), did not show a 

significant pattern in the direction of the results (i.e. FL>F or F>FL) (21 of 38 positive, 

p=0.6271 by binomial test, p= 0.2832 by signed-rank Wilcoxon test). The 32 separately 

summarised nuclear-only results (Figure 2.2B) also did not show a consistent direction of 

results (19 of 32 positive, p=0.3771 by binomial test, p= 0.9181 by signed-rank Wilcoxon 

test). However the 29 mitochondrial-only results (Figure 2.2C) did show a marginally 

non-significant positive (FL>F) pattern (20 of 29 positive, p=0.0614 by binomial, 

p=0.1301 by signed-rank Wilcoxon test) (relative rate result details in APPENDIX S6). 
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Figure 2.2: Comparison of overall substitution rates in flightless (FL) and flighted 
(F) lineages. (A) 38 independent sister-clade comparisons including all genes, (B) 32 
sister-clade comparisons involving nuclear genes, (C) 29 sister-clade comparisons 
involving mitochondrial genes. Each bar represents an individual transition to flight loss. 
All results per transition are summarised across genes in (A). Ratios are separately 
summarised per transition in nuclear (B) and mitochondrial (C) genes. Positive indicates 
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a FL:F comparison in which rates are higher in the FL lineage. Gene results were 
summarised per transition by signing z scores based on direction of the result (FL>F is 
positive) and averaging across genes. 
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Sister-clade results – dN/dS ratios 

 The 34 sister-clade comparisons (Figure 2.3A) showed a significant and positive 

trend toward FL groups having higher dN/dS ratios (24 of 34 positive, p=0.0243 by 

binomial test, p=0.0011 by signed-rank Wilcoxon test). Two alternative methods of 

summarising rate results across genes also gave significant positive results (APPENDIX 

S4).  

 When the trend of higher dN/dS ratios for FL groups was investigated for nuclear 

and mitochondrial genes separately, mitochondrial genes gave a significant pattern of 

higher ratios in FL groups (Fig. 2.3C, 22 of 28 positive, p=0.0037 by binomial test, 

p=0.0012 by signed-rank test) while nuclear genes did not (Fig. 2.3B, 12 of 25 positive, 

p=1.0 by binomial, p=0.2060 [in positive direction] by signed-rank). Mitochondrial 

median and average results were more positive than nuclear (median values 

mitochondrial between +0.4481 and +0.4507, nuclear -0.0245, average results [bar 

heights] mitochondrial +0.4098, nuclear +1.598). The results without summarising per 

transition, i.e. each gene result considered separately, were similar in that mitochondrial 

results were significantly positive (28 of 35 positive, p=0.0005 by binomial test, 

p=0.0002 by signed-rank test) while nuclear results showed no significant pattern (23 of 

42 positive, p=0.6440 by binomial test, p=0.1652 by signed-rank). The majority of the 

mitochondrial results include the cytochrome c oxidase subunit I (COI) gene. The pattern 

for COI was significant with 20 of 24 transitions positive, (p=0.0015 by binomial test, 

p=0.0009 by signed-rank test). Although the sample size is low, the other individual 

genes did not show a significant pattern in either direction (FL>F or F>FL) using the 

binomial test (COII [7 of 10 positive], EF1a [8 of 14 positive], IDH [4 of 7 positive], 

CAD [2 of 6 positive]). Ef-1a gave a significant positive pattern (p=0.0494) in the signed-

rank test only, but the result is not significant after Bonferroni correction. Average bar 

heights were all positive, with mitochondrial genes (Figure 2.3C) having the highest, 

followed by the combined set (Figure 2.3A), and then the nuclear set (Figure 2.3B). 
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Figure 2.3: Comparison of dN/dS ratios in flightless (FL) and flighted (F) lineages. 
(A) 34 independent sister-clade comparisons including all genes, (B) 25 sister-clade 
comparisons involving nuclear genes, (C) 28 sister-clade comparisons involving 
mitochondrial genes. Each bar represents an individual transition to flight loss. All results 
per transition are summarised across genes in (A). Ratios are separately summarised per 
transition in nuclear (B) and mitochondrial (C) genes. Positive indicates a FL:F 
comparison in which dN/dS ratios are higher in the FL lineage. Red lines signify average 
bar heights. Gene results were summarised per transition by taking 1-
(smaller_dNdS/larger_dNdS) for each gene, giving each value a sign (FL>F is positive, 
FL<F negative), and then averaged across genes. 
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Bar labels are in the form ‘study’, ‘# distinguishing which transitions within the study the result is referring 
to’, ‘(# of nuclear gene results included in summary for that transition’, ‘# of mitochondrial gene results 
included in summary for that transition’ [in A] OR ‘# of gene results summarised for that transition’ [for B 
and C]). Studies: W=Wahlberg et al. 2010, Sn=Snall et al. 2007, M=Medeiros and Gillespie 2010, S=South 
et al. 2011, C=Cunha et al. 2011, P=Petersen et al. 2007, Wi=Whiting et al. 2003, Wh=Whiting 2002, 
D=Dittmar et al. 2006, Po=Pollman et al. 2008, H=Hayashi et al. 2008, Pe=Petersen et al. 2010, 
Mi=Mitchell et al. 2006, Z=Zahiri et al. 2010, Mu=Mutanen et al. 2010.  
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 For those 19 comparisons having both nuclear and mitochondrial gene results 

(purple bars in Fig 2.3A), neither mitochondrial or nuclear genes had the higher (closer to 

+1) FL:F dN/dS ratios; out of 19 transitions having both mitochondrial and nuclear 

results, in 10 cases nuclear FL:F ratios were closer to +1 (p=1.0). APPENDIX S4 

provides raw results, summaries, and statistical tests for all sister-clade analyses. 

 

Sensitivity testing of inclusion criteria and whole-tree methods 

 The inclusion criteria for data sets included a genetic variability requirement 

(APPENDIX S3). For whole-tree analysis, the level of genetic variability did not affect 

the results overall, but the greater magnitude dN/dS FL:F ratios were associated with low 

amino acid variability (APPENDIX S5). Therefore, individual dN/dS rate results should 

be treated with caution for those datasets with low variability (data sets with symbol ^ in 

Figure 2.1). For the whole-tree analysis, the substitution rate ratios (FL:F) results did not 

correlate with the amount of base-pair substitution variability (Pearson correlation 

[‘correlation’] r = 0.0171, p = 0.9464; Spearman-rank rho = -0.3932, p = 0.1075). Those 

data sets with the lowest amount of amino acid variation tended to have higher absolute 

FL:F dN/dS ratios (larger ratio/smaller ratio), at least for those data sets with the lowest 

variability (Correlation [r=0.5110], p=0.0302; Spearman-rank [rho=-0.5294], p= 0.0257). 

This is one of the reasons I transformed the absolute FL:F ratios into signed ratios, which 

standardises the magnitude of the FL:F ratios. However, the magnitude of the ratios does 

not dictate the significance (or direction) of each result, as indicated by the highest ratio 

being non-significant and also negative. 

 The 18 whole-tree dN/dS results and substitution rate results did not correlate 

with each other (Correlation [r= 0.1131], p = 0.6550; Spearman-rank [rho = -0.3003], p = 

0.2253). However, most results that were positive for dN/dS ratios were also positive for 

OSR results (12 of 16 positive dN/dS results were also positive for OSR, p = 0.0768). 

The eight ‘Summarised’ dN/dS and rate results (summarised by study, APPENDIX S3) 

were significantly correlated (r= 0.7135, p = 0.0461), although not after removal of one 

outlier. Spearman-rank correlations were not significant with or without the outlier (rho = 

-0.2381, p = 0.5821 with the outlier; rho = 0.1429, p = 0.7825 without). However, most 

summarised results that were positive (FL>F) for dN/dS were also positive for OSR (6 of 
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8 positive summarised dN/dS results were also positive for summarised OSR, p=0.2891) 

(APPENDIX S5). 

 The whole-tree results (18 gene/tree results) accurately represented the patterns 

apparent in the constituent independent transitions. It was not expected that the two tests 

would give perfectly concordant results since different information went into each test. 

For example, not all transitions included in whole-tree analysis could be included in sister 

clade analysis and the coding of branches was different between tests (APPENDIX S2). 

Therefore this was only a general test for the consistency of the direction of the results. 

There was some variability in concordance with those whole-tree results that were close 

to neutral (signed ratios less than |0.05|). Otherwise, the whole-tree results that were 

positive (FL>F rate) contained sister transitions that were 50% or more (by numbers of 

transitions) positive, while those whole-tree results which were negative also had 50% or 

more negative sister transitions (APPENDIX S5). 

 The node-density effect did not bias the dN/dS sister-clade results. Out of the raw 

data used in FL:F pattern detection (79 gene sister-comparisons), over half (42) had 

balanced comparisons whereby the number of individuals in each FL and F sister clade 

was equal. In the remaining cases, the number of comparisons that had a greater number 

of FL individuals than F per clade (18) was not more than the number of comparisons 

that had a greater number of F than FL individuals per clade (19). Based on this pattern in 

the input data, there is no reason to expect that the FL>F dN/dS ratio pattern was due to 

the node density effect. In addition, of those 37 cases of unbalanced comparisons, here I 

give the number of cases (# in brackets) where the number of individuals per clade 

(“sample”) was higher/lower for FL (compared to F) clade with the corresponding results 

of whether FL clade had higher/lower dN/dS ratios:  higher sample/higher ratio (15), 

higher sample/lower ratios (2), lower sample/higher ratio (13), lower sample/lower ratio 

(6), higher sample/neutral ratio (1). For those instances that the FL clade gave the higher 

dN/dS ratio than F clade (28), there was almost the same number of cases where the 

number of individuals in the FL clade was higher (15) as cases where the number of 

individuals in the FL clade was lower (13). The node density effect may indeed have 

influenced the result, but it is apparent that it is not the cause of the higher FL than F ratio 

patterns. If the FL:F patterns were only created by the node-density effect, we would not 
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expect to see those clades with fewer individuals having higher ratios (13). 

The use of female flightless comparisons did not bias the results to be less 

consistent or to produce differences in nuclear and mitochondrial gene patterns. Both 

types of transitions, FFL and FL, had the same number of positive (FL or FFL >F) 

mitochondrial dN/dS comparisons (11 of 14 positive). Although neither were significant 

FL:F directional results, nuclear genes were more consistently positive for FFL vs F than 

FL vs F results (8 of 13, and 4 of 12 positive, respectively) (APPENDIX S4). 
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DISCUSSION 
 

 Flightless insect groups had significantly higher dN/dS ratios than related flighted 

groups. Both mitochondrial and nuclear tests displayed a consistent direction of higher 

FL than F ratios, which was generally statistically significant, but the pattern was stronger 

for mitochondrial genes. With the two analytical approaches used, the whole-tree analysis 

was expected to be capable of detecting weaker signals than the sister-clade analysis 

since multiple transition results were analysed together. The pattern in nuclear genes 

appears weaker than mitochondrial genes since nuclear patterns were more consistently 

positive for the more sensitive whole-tree analysis rather than sister-clade analysis. 

However, mitochondrial patterns were significantly positive for both of these analyses 

types. The most likely explanation for consistently higher dN/dS ratios in FL groups 

across gene types is that FL groups have smaller effective population sizes (Ne) compared 

to F groups. Population size differences are expected to act genome-wide; patterns in 

both nuclear and mitochondrial genes (and multiple significant positive results for 

individual genes within phylogenies) suggest a general effect.  

The pattern for overall nucleotide substitution rates was also positive though 

weaker than the dN/dS ratio result, and only significantly consistent for mitochondrial 

genes in both whole-tree analysis and sister-clade analysis. No pattern was necessarily 

expected for overall substitution rates based on population size differences, but the 

positive pattern for mitochondrial genes mirrors the stronger pattern for mitochondrial 

genes in the dN/dS ratio results. A positive pattern in overall substitution rates suggests 

that either mutation rates are generally higher in FL lineages, or that population size 

effects or other effects involving selection and flight loss are showing in the overall 

substitution rates. It is possible that the rate of mutation (most often apparent in 

synonymous sites, dS) is similar between FL and F groups and the non-synonymous (dN) 

results in FL lineages are raising the overall substitution rate. However, even if dS rates 

were also higher in FL lineages, this would cause lower estimated dN/dS ratios, which 

would suggest that the actual dN rates in FL groups were even higher than indicated 

using the dN/dS ratios (APPENDIX S5 Part B for more detailed explanation). The same 

directional pattern in both dN/dS ratios and overall substitution rates lends support to the 

idea that it is dN rates that are higher in FL lineages and not dS rates that are lower. The 
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pattern in overall substitution rate supports that of dN/dS ratios, together supporting the 

main conclusion of smaller Ne in FL groups or other causes related to selection. 

In addition to population size, another factor that could be contributing to the 

different patterns of molecular evolution observed between FL and F lineages is the 

relaxation of selective constraints associated with flight loss. This phenomenon has been 

previously observed in birds that have degenerated flight ability as well as in mammals 

that are less locomotive compared to their more highly locomotive relatives (Shen et al. 

2009). Flight is a highly energetically costly activity; insect flying metabolic rate is 50 

times higher than that at rest (Roff 1991, Roff and Fairbairn 1991). Therefore, the loss of 

flight may result in a decreased need to maintain efficient energy production. For 

example, it was observed that the winged morph of a species of grasshopper consumed 

significantly more energy than the wingless morph (Loch et al. 2006). The relaxation of 

purifying selection in those relevant genes could allow more non-synonymous mutations 

to accumulate. This would be expected in those mitochondrial and nuclear genes involved 

with energy production, particularly the oxidative phosphorylation (OXPHOS) pathway, 

which produces 95% of the ATP needed for locomotion (Erecinska and Wilson 1982, 

Shen et al. 2010). OXPHOS genes included in this study are the mitochondrial genes COI 

and COII. 

 To investigate potential relaxation of selective constraints, I compared the nuclear 

and mitochondrial FL:F ratios (Shen et al. 2009). Mitochondrial genes have effective 

population sizes ¼ that of nuclear genes and so are expected to produce higher dN/dS 

ratios for both FL and F lineages. However, the ratio of FL to F dN/dS ratios is not 

expected to differ between mitochondrial and nuclear genes based on population size 

effects. Therefore, if a difference is detected, this would signify that additional factors on 

top of population size are acting. FL:F ratios were higher in all cases for mitochondrial 

than for nuclear genes for the whole-tree results, but the sample size of phylogenies for 

which both data types were available was only four. However, the sister-clade analysis 

did not show that either nuclear or mitochondrial genes have higher FL:F ratios for those 

comparisons that had both gene types. For example, mitochondrial gene ratios were 

higher in only 9 of 19 comparisons, although these mitochondrial ratio differences were 

higher overall than nuclear differences. Other than relaxed selective contraints, it might 
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be possible that the stronger pattern is at least partially due to reduced mitochondrial 

effective population sizes, regardless of the fact that the FL:F ratios should be the same 

between mitochondrial and nuclear genes based on population sizes alone. Flightless 

species are expected to have even further reduced population sizes, which for the already-

reduced effective population size of mitochondrial genes, may in some cases be low 

enough for a mutation to cross the threshold from negative (and normally removed) to 

neutral category of effect. Although mitochondrial FL:F ratios were not always higher 

than nuclear for sister clades, overall, mitochondrial genes showed a more consistent 

pattern of higher FL rates than nuclear genes using both methodological approaches.  

 The use of female-flightless comparisons did not influence the difference in 

patterns between nuclear and mitochondrial genes. Mitochondrial results were equivalent 

between female flightless or both-sexes-flightless comparisons, and nuclear genes were 

more consistently positive for female flightless comparisons. This suggests that female 

flightless transitions impact dN/dS ratios in the same fashion that complete losses of 

flight do and did not influence the mitochondrial vs nuclear difference in pattern. 

 A more detailed examination of the results for individual genes is consistent with 

a role for relaxed selection. COI had significantly higher FL ratios in both whole-tree 

analysis (5 of 5 positive with 4 significantly so) and sister-pair analysis (20 of 24 

positive), and COII also had a similar pattern for whole-tree analysis (2 of 2 positive with 

1 significantly so) with the majority positive in sister-pair analysis (7 of 10 positive). 

These genes are involved in the OXPHOS pathway. The nuclear genes in whole-tree 

analysis that had significantly higher FL dN/dS ratios for specific tree tests (in Fig. 2.1) 

were not OXPHOS genes. These included Ef-1a (Elongation factor 1 alpha), IDH 

(Isocitrate dehydrogenase), and H3 (Histone 3) genes. However, IDH is involved in the 

citric acid cycle and is therefore involved in energy metabolism. In a species of cricket, 

the long winged (mostly flighted) morph had greater transcript abundance and protein 

concentration of the lipogenic enzyme NADP+-IDH than the short winged (flightless) 

morph (Shilder et al. 2011). If the same pattern of higher expression of the IDH gene 

occurs in flighted insect species in general, the observed pattern might be expected based 

on lowered selective constraints on that gene in flightless species. However, the whole-

tree dN/dS result for IDH does not have a higher FL:F magnitude than the other 
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significant nuclear results (Ef-1a and H3), as might be expected if energy-related effects 

were produced on top of population size effects. This might be due to the fact that the 

other nuclear results had lower genetic variability, which could cause higher magnitudes 

of FL:F ratios due to stochasticity alone. Overall, the FL:F patterns observed in the study 

appear to be stronger for OXPHOS genes than other genes, as the mitochondrial dN/dS 

patterns (mostly represented by COI and COII data) are more consistently positive than 

nuclear patterns.   

 A likely explanation for the general positive patterns that are stronger for 

mitochondrial genes is that population size effects produced a weak pattern for all genes 

overall and that a relaxation of selective constraints, specifically in mitochondrial 

OXPHOS genes, added to this effect to produce an overall stronger pattern in 

mitochondrial genes. This pattern mirrors that of birds (Shen et al. 2009), although Shen 

et al. (2009) used more genetic data (entire mitochondrial genomes) but were not able to 

include as many phylogenetically independent comparisons. However, Shen et al. (2009) 

did not observe a significant difference between weakly and strongly locomotive birds for 

COI specifically, as was found in this study of insects. Insects are ectotherms and do not 

have metabolic rates that are as high as endotherms such as birds (Gillooly et al. 2001). 

Thus, I suggest that insects may expend a higher proportion of their energy toward flight 

than birds do, and a stronger pattern in OXPHOS genes might therefore be expected in 

insects relating to locomotion. Brisson et al. (2007) observed that winged morphs of pea 

aphids show increased transcription levels of genes related to energy production relative 

to unwinged morphs. Although that study examined gene expression with regard to 

intraspecific differences in flight ability, expression differences might be expected to 

occur between flightless and flighted species. Thus, this would support the hypothesis 

that flightless species have lower constraints to maintain the efficiency of those proteins 

related to energy production. 

Even though a stronger FL:F difference in OXPHOS genes might be predicted a 

priori , it was not necessarily guaranteed that this pattern would be observed in real insect 

sequence data since there are many confounding factors that could counteract this pattern 

related to energy in insects. One of the hypotheses on why flight was lost in certain insect 

groups is as an energy trade-off. Guerra (2011) observed a trade-off between dispersal 
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ability and reproduction, whereby females in limited-dispersal species see earlier onset of 

reproduction and increased fecundity (Roff and Fairbairn 1991, Guerra 2011). Energy 

trade-off is the major hypothesis of why females are more often flightless than males. 

Therefore, if the energy saved by being flightless is being used elsewhere by the 

organism, it would not be expected that the genetic energy pathways would be under less 

intense purifying selection, unless perhaps the energy savings from being flightless were 

higher than the energetic needs for the alternative function. In addition, many of the cases 

of flight loss used in this study are transitions to female flightlessness. In these cases, 

relaxed purifying selection would allow deleterious mutations to be passed onto flighted 

male offspring. Thus, it was not necessarily expected that a pattern related to 

mitochondrial genes would occur or be strong enough to detect. Further work could 

examine whether the flighted male counterparts experience any reduction in flight ability, 

either due to genetic correlation of wing-related genes with females that have wing 

reduction, as suggested by Roff and Fairbairn (1991), or due to sharing of those energy-

relevant genes with the females. 

Complete agreement across all datasets was not an original expectation of this 

study, and, indeed, variability in direction and magnitude of results was observed. 

Variability in individual gene results could be caused by positive or purifying selection 

occurring in either group (FL or F), for any single gene, for reasons other than differences 

in flight ability. As well, in terms of population size differences, it was not necessarily 

expected that FL groups would have smaller population sizes in every single FL:F 

comparison since other factors (e.g. fecundity) could counteract the main expectation of 

lower Ne in flightless groups. The results of this study suggest that the balance of these 

different factors produces an overall lower Ne in FL groups more often than F. In this 

study I attempted to test for the effect of flight ability by itself, especially in regard to 

population size, by including multiple phylogenetically independent comparisons. By 

contrast, there are other ecological and biological factors associated with flightlessness 

(Roff 1990) that have the potential to further reduce Ne, such as habitat 2-dimensionality, 

altitude, island living (Woolfit and Bromham 2005, although Roff 1990 did not find a 

significant association with flight), or parasitism (Bromham and Leys 2005).  The more 

obvious transitions (island living and parasitism) were avoided in this study to test more 
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directly the impact of flightlessness itself. In using flight loss as a predictor of molecular 

rates, if such associations were instead included this would be expected to enhance the 

pattern of higher dN/dS ratios in FL groups. Testing this prediction by including a 

broader variety of ecological and habitat transitions would be a fruitful avenue for further 

study. While I intended to include as many transitions and protein-coding genes as 

possible across a range of insect groups, future work should also involve more genetic 

data to further test the patterns observed. In particular, more datasets are needed in which 

multiple genes and gene types are available for the same sister pairs of FL and F lineages.  

In conclusion, I have shown that flightless insect lineages have higher ratios of 

non-synonymous to synonymous substitutions than related flighted lineages, likely due to 

reduced effective population sizes in flightless groups influencing all genes, in 

combination with relaxed selective constraints in certain genes related to energy 

production. Thus, the loss of flight ability, a common occurrence throughout insect 

evolution, is a predictor of molecular evolution patterns in insects. Since the molecular 

clock does not run at the same pace even among closely related species or among genes 

within species, elucidating the influence of organismal or lineage characteristics on 

molecular rates may aid in the applications of molecular data, such as in avoiding 

systematic errors in estimates of divergence times (Bromham et al. 2000, Bromham and 

Leys 2005). In addition, I present evidence of a widespread pattern of higher rates of 

molecular evolution linked to flight loss in insects for mitochondrial genes, potentially 

due to relaxed constraints on energy pathways in this ectothermic group. 
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ABSTRACT 
  
 Understanding the causes of the variation in species richness among animal 

groups is a central investigation in macroevolutionary study. The evolution of flight in 

insects is a key innovation thought to have enabled the diversification of the pterygotes. 

Despite the advantages associated with flight, flight has been lost numerous times 

independently within insects. I hypothesize that even though the loss of flight may have 

positive effects on diversification rate in the short term, that poor dispersal ability and 

associated species-level traits will lead to greater extinction rates than in related flighted 

lineages over the long term. Thus, I predict flightlessness will be associated with 

decreased species richness or net-diversification rates when examining large-scale 

patterns in diversity across the pterygotes. I employ several complementary phylogenetic 

methods to assess this, including sister-group analysis, evaluation of whether shifts in 

diversification rate and flight state co-occur at the same nodes, and comparative analysis 

of independent contrasts, using order-level data on the proportions of flightlessness 

species. At the order level, flightless or primarily flightless groups were less diverse than 

their flighted counterparts in sister clade analysis of 5 sister pairs. As well, postulated 

downshifts in diversification rates in pterygotes, as analyzed independently of the trait 

data, were significantly associated with flightless or primarily flightless taxa. Across the 

pterygote orders, flightlessness is significantly negatively associated with species 

richness or net-diversification rates, with proportion of flightlessness within orders 

explaining about 19% of the variation in species diversity. Thus, I suggest that the loss of 

flight has contributed to wide-scale patterns of insect species diversity. 
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INTRODUCTION 
 
 Across the tree of life, lineages vary dramatically in their species richness. 

Understanding the causes of this variation has been a central investigation in 

macroevolutionary study. Insects are the largest group of animals on the planet, 

comprising over half of the world’s animal species (Foottit and Adler 2009). Within 

insects there is also enormous variation in species richness among groups, with ordinal 

species richness values varying by four orders of magnitude (from less than 30 to over 

350,000). Researchers interested in describing the influences on this variation have 

pointed to transitions and innovations occurring at various points during insect evolution 

as influencing the patterns of insect diversity we observe. The one-time evolution of 

flight in insects at the origin of the pterygotes around 400 million years ago (Grimaldi 

and Engel 2005) is a key innovation in insect evolution (Kingsolver and Koehl 1994, 

Simon et al. 2009, Wahlberg et al. 2010). The gain of flight ability is thought to have 

increased diversification rates (Mayhew 2003) by reducing extinction rates and 

increasing speciation rates, as well as opening new niche opportunities (reviewed in 

Mayhew 2007). Despite the advantages associated with flight, such as the ability to 

disperse widely, forage, and find mates, flight has been lost in nearly every pterygote 

order (Wagner and Liebherr 1992) and a few times at the order-level, with an estimated 

thousands of instances of losses of flight (Whiting et al. 2003). It is unclear what effect 

the widespread transition to flightlessness has had on wide-scale diversity patterns in the 

pterygotes.  

 The question of flight loss or incidence of flightlessness and species richness has 

been little studied. A recent study (Ikeda et al. 2012) investigating an occurrence of flight 

loss at the genus level in the carrion beetles (family Silphidae) concluded that flight loss 

was associated with increased net diversification in this one case. The proposed 

mechanism was increased allopatric speciation due to the greater population 

differentiation observed in the flightless species (Ikeda et al. 2009). 

 The ecological context of the transition to flight loss, or any transition, can affect 

the subsequent diversification of the group. Transitions can increase speciation due to the 

opening of new niche opportunities and subsequent adaptive evolution. For example, the 

advent of wing-folding is thought to have enabled flying insects to reach and exploit 
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concealed environments (Mayhew 2007) (e.g. small spaces), thus allowing them into a 

new set of niches. Likewise, flight loss may increase diversification due to similar 

consequences. Although transitions themselves may initially increase diversification rate 

due to new opportunities, as niches become filled diversification rate may level off over 

time (Rabosky 2009).   

 Regardless of ecological or adaptive context, I suggest that fundamental 

individual and species-level properties associated with flightlessness will, on average, 

impact the short- and long-term consequences of flight loss. Flight loss confers lower 

dispersal ability. Although I do not expect flightless species to be lower dispersing than 

flighted species in all cases, for examining larger-scale patterns flightless species likely 

generally have lower dispersal ability than flighted species. The consequences of 

flightlessness upon net-diversification rate may change depending on the time since the 

transition since some traits, which may increase diversification in the short term, may 

also decrease diversification in the long term. Dispersal ability is one such trait. Due to 

mechanisms occurring within a species, poor dispersal ability can increase speciation 

rate. Flightless species have increased genetic differentiation as well as geographical 

genetic structure within species compared to related flighted species (McCulloch et al. 

2009, Ikeda et al. 2012). Additionaly, this trait tends to decrease geographic range sizes 

(Juliano 1983, Gutierrez and Menendez 1997, Ikeda et al. 2012). Poor dispersal capability 

is thought to enhance conditions for speciation by confining populations to smaller 

ranges. Enhanced speciation rates within an environment can be attributed to small and 

spatially confined populations, leading to genetic isolation and divergence between the 

populations (Johnston and Cohen 1987, Martens 1997, Albrecht 2006). Therefore, it is 

expected that, due to these within-species effects, flightless species have a higher 

tendency to diverge and ultimately speciate in this way. 

 Within-species divergence effects can become manifested as higher richness over 

time if the lineages exist in stable habitats, as these same traits that cause increased 

speciation do not substantially increase the probability for extinction on the longer term 

in stable environments. For example, in the stable habitat of ancient lakes, those 

organisms involved in species radiations have a common feature of limited dispersal 

ability (Johnston and Cohen 1987, Fryer 1996, Martens 1997). Groups that have 
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enormous dispersal ability, such as species that broadcast larvae, tend to be species-poor 

even in ancient lakes containing large radiations (Johnston and Cohen 1987, Schultheiß et 

al. 2008). However, in other less stable environments these same dispersal-limiting traits 

are expected to lead to greater risk of extinction. 

 Over the long term due to environments changing over time, poor-dispersing 

groups are expected to have higher rates of extinction due to poor dispersal ability 

potentially decreasing range size and effective population size, and decreasing escape 

potential. For example, vagility potential of insects may buffer them from consequences 

of environmental change (Coope 1995). Lower dispersal ability and smaller geographic 

range size each have both been implicated in increasing extinction risk in various animal 

groups (both dispersal and range size: Hansen 1978, Jablonski 1989, Jablonski and Hunt 

2006; range size: Korkeamaki and Suhonen 2002, Koh et al. 2004, Kotiaho et al. 2005, 

Mattila et al. 2006, Harris and Pimm 2007). Small geographic range size in terrestrial 

species is thought to be the single most important factor in threat of extinction (Manne et 

al. 1999, Manne and Pimm 2001). Lower population size is expected to increase the 

extinction risk and this relationship has been observed (Kreuss and Tscharntke 1994, 

Davies et al. 2000). However the relationship in nature is not always as expected, with 

some positive relationships also observed (i.e. higher population size, higher extinction 

risk; Didham et al. 1998, Kotiaho et al. 2005). Positive relationships may be due to 

lower-dispersing species potentially having higher local population sizes but still having 

higher extinction risk due to smaller range sizes (Mayhew 2007). 

 Differing dispersal ability may also have consequences for other general 

speciation processes, such as by geographic methods. Flight ability allows individuals to 

reach new places, increasing the likelihood of speciation due to niche opportunities. 

However, flightless individuals would be less likely to maintain gene flow around 

barriers, thus increasing the potential for allopatric speciation. It is unclear which group, 

flightless or flighted, has a greater tendancy toward speciation by geographic means and 

due to niche opporunities. However, population genetic effects and extinction risk are 

expected to produce opposing results for net-diversification. It may therefore be expected 

that the balance of these differing speciation and extinction tendencies will result in 

differing net-diversification patterns depending on the time scale examined, with 
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flightless species tending to have higher net-diversification when examined on the short 

term but lower net diversification when examined over the long term. 

 There is evidence for short-term effects of flight loss such as population genetics 

studies and a single genus-level clade comparison for carrion beetles, but the patterns 

related to flight loss at higher levels have not been quantified. The success of insects has 

been attributed to high speciation rates, low overall extinction rates that increase clade 

longevity, and a long time frame for diversification (Labandeira and Sepkoski 1993, 

Grimaldi and Engel 2005). The tremendous current insect diversity compared to other 

groups has been shaped by speciation and extinction tendencies in insects as a whole, but 

these are also expected to vary within insects and to shape patterns among insects groups. 

In this study, I use order-level and deep phylogenetic patterns in insects to test the 

hypothesis that flight loss will be associated with lower species richness due to higher 

extinction rates over the long term, out-balancing any potential increased speciation rate 

in the short term. 
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METHODS 

 
Overview 

 Because of the disagreement between morphologically identified groups (which 

have species richness estimates) and supported monophyletic groups, there was difficulty 

in finding many instances of reciprocally monophyletic flightless (FL) and flighted (F) 

sister groups. Therefore, analyses were based on insect order-level clades (or pooled 

orders in cases of paraphyletic ordinal relationships), with the degree of flightlessness 

quantified for each grouping. Only some pterygote orders are entirely flightless, and 

almost all the others have varying proportions of flightless species within them. For 

analysis I use two kinds of flightless data due to the nature of the different tests 

performed: 1) I use the proportion of flightless species in each order (use of proportion 

data modeled after Barraclough et al. 1995) in two of the tests (‘% data’), and 2) I label 

flight state of orders or lineages as a binary characteristic (e.g. flighted or flightless) for 

another two of the tests (‘categorical data’). For the second case, I assign an order or 

lineage as FL if it is completely or vast majority flightless percentage-wise, with an order 

considered FL if it has greater than 85% flightlessness since there are no orders with 60-

85% flightlessness.  The majority of the orders falling into the flightless category are in 

fact completely flightless (Table 3.1). For completely flightless orders, the loss of flight 

may have occurred at the origin of the order (or before); thus, those specific cases may 

represent cumulative diversification within a flightless group over a long time scale. 

There are caveats to these approaches where flight loss occurred within the group; 

however, the analysis using this data could point to a relationship between flight loss and 

species richness, or perhaps of a relationship between the tendency toward flight loss (or 

maintenance of that trait) and species richness. 

 I investigated whether flightless (FL) groups have lower species richness than 

flighted (F) groups (across pterygotes) in four complementary ways: 1) regression 

analysis of flightlessness and net-diversification rate of orders, as well as between 

flightlessness and species richness, in the absence of phylogenetic information (% data 

used); 2) sister-pair analysis comparing species richness between ‘FL’ and ‘F’ sister 

clades (categorical data used); 3) examining whether shifts in net-diversification rate 
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coincide with the loss of flight or majority flightless groups (categorical data used); and 

4) phylogenetically independent contrasts between proportion flightlessness and species 

richness in orders (% data used). Insect ordinal-level relationships are still uncertain; 

therefore, I repeated analyses using three different order-level phylogenetic hypotheses: 

1) Mayhew (2003) (Fig. 1A, taken from the tree in Wheeler et al. [2001], which was 

constructed from rDNA sequences and morphological characters), 2) Davis et al. (2010) 

(Fig. 1A, supertree constructed from input trees up until 2009), and 3) Ishiwata et al. 

(2011) (Fig. 1, tree constructed from amino acid sequences of three nuclear protein-

coding genes). For analyses in this study using only the topology of Davis et al. (2010), 

and not including other data such as ages that were obtained in the source study using the 

original topology, I modified the phylogeny by changing the position of Strepsiptera to be 

sister to Coleoptera (instead of Diptera). This was performed to reflect more recent 

molecular studies that use likelihood methods that better avoid long-branch attraction 

(Wiegmann et al. 2009, Longhorn et al. 2010, Ishiwata et al. 2011).   

 Morphologically defined orders that may be paraphyletic based on molecular 

studies were combined into monophyletic groups for analysis, but most analyses were 

also performed with the originally presented orders. Where possible (some studies 

already had the orders combined), I combined the data including species richnesses, 

percent flightlessness, and ages (details in APPENDIX S7) for each pair of: Isoptera and 

Blattaria [Blattodea] (Ware et al. 2008, Terry and Whiting 2005); Pscoptera and 

Pthiraptera [Psocodea] (Murell and Barker 2005, Yoshiwaza and Johnson 2010); and 

Siphonaptera and Mecoptera (Whiting 2002) [Mecopteroidea, but here termed 

‘MecoSiph’ to avoid confusion with Mecoptera]. The data sets including these combined 

‘orders’ or data are subsequently referred to as ‘combined’ data or orders, and those 

orders or data sets that were not modified from the representation from source studies are 

referred to as ‘non-combined’.   

 Flight loss is associated with various biological and ecological factors (Roff 1990 

for overview) but some instances of flight loss at the order level are associated with the 

transition to parasitism. Although parasitic groups likely also have increased potential for 

allopatric speciation and reduced population sizes, their ecology is much more different 

from regular flighted species than other flightless species are from flighted species. 
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Parasitism in itself may have some pattern related to extinction, different from 

flightlessness in itself. Therefore where possible, I consider patterns also excluding these 

parasitic groups. Groups cannot be removed from some of the phylogenetic analysis I 

performed as the total known richness descending from all nodes must be included. The 

orders Strepsiptera (female flightless [FFL]), Pthiraptera, and Siphonaptera, are all 

parasitic and flightless. Two of these groups are also not reciprocally monophyletic with 

their sister group so are included in combined orders. Orders that are not parasitic and are 

flightless include Embiodea (or Embiidina, FFL), Mantophasmatodea, Grylloblattaria; 

those orders that are non-parasitic and majority flightless (they are >90% FL) include 

Zoraptera and Phasmatodea (Roff 1990, Roff 1994). 

 

Data used in analyses 

 The species richnesses of orders were taken from Grimaldi and Engel (2005) 

(Table 3.1).  The percentage of flightless species in each order was taken from Roff 

(1990) and Roff (1994) (Table 3.1). Description of data used in analyses is presented in 

APPENDIX S7. These percent data were used for all tests, either directly as data or used 

to assign orders into FL and F categories. I considered female flightless (FFL) orders to 

be 100% flightless, and did not consider flight dimorphism within species in an order 

(variation between individuals, non-sex related) to mean those species were flightless. 

For combined orders, I simply summed the species richnesses and calculated the percent 

flightlessness data as proportional to the species richness of each contributing group 

using the species richness and percent flightlessness of each order (further details in 

APPENDIX S7). 
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Statistical analysis 

(1) Regression Analysis 

 I used linear regression to assess whether the percentage of flightless species in an 

order is a predictor of net-diversification rate in the absence of phylogenetic information. 

This was only performed to observe if there are any general trends in flightlessness and 

net-diversification rate or species richness on a wide scale, which are further investigated 

with phylogenetic perspective in other analyses. The pairs of % flightlessness and net-

diversification rate for all ‘orders’ were analysed by regression analysis (from Table 3.1, 

the % flightlessness vs. two sets of diversification rates). The analysis was also 

performed with non-combined data such that groupings analyzed are consistent with the 

source papers (APPENDIX S8 Part 1). 

 Diversification rate can level off over time (Rabosky 2009) and topology can 

impact the age estimates. Thus, I also examined the pattern in flightlessness vs. the 

species richnesses of orders (without a time component). Due to the great variability in 

species richness (ranging four orders of magnitude), I used the Ln of the species 

richnesses. I performed this analysis for the combined orders and non-combined orders 

(in APPENDIX S8). The monophyly of each of the three orders within Neuropteroidea is 

somewhat uncertain, and they are combined or left separate in the different phylogenies I 

use. I keep the original topology from the source papers for these groups as to avoid 

making more estimates. All three orders are flighted (0-1% FL), and two of the groups 

are very species poor; therefore, not grouping these orders for the regression analysis will 

cause the trend for that data to be more conservative.  

 Calculations of net-diversification rates involve both species richness and age 

estimates. Since age estimates are usually based on a combination of fossil and 

phylogenetic data, and since insect ordinal-level relationships are not agreed upon, I used 

age data from published studies that differ in tree topologies. The studies used for age 

estimates were Mayhew (2002) and Davis et al. (2010), which have estimated ages of 

insect orders. These studies use a combination of topology and fossil dates to establish 

“ghost ranges”. Ghost ranges signify that sister clades are both assigned the same age as 

the oldest fossil of the pair, hence partially compensating for missing portions of the 

fossil record. Thus, due to the differing tree topologies, orders can have varying age 
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estimates among sources and in my repeated analyses based upon the different source 

studies. For combined orders I estimated the combined age from the age of the sister to 

the two groups (where possible, full details on the age estimation given in APPENDIX 

S7). 

 Net diversification rates were calculated with the species richness and estimated 

age for each ‘order’ by (LnN)/T, where N is the current species richness of the order and 

T is time in millions of years (Isaac et al. 2003).  This method treats the clade growth as a 

pure-birth process (Yule 1924, Nee 2001), where Ln(N)/T is a maximum likelihood 

estimation of mean radiation rate (speciation-extinction) (Mayhew 2002). Analysis was 

repeated with each set of net-diversification rates calculated from the two sets of age 

estimates (Table 3.1). 

 

Table 3.1: Combined data used in analyses, including percent flightlessness, species 
richness, age estimates from two sources, and calculated net-diversification rates 
from those age estimates. Species richness and flightlessness data is used in all analyses 
(either the % data or used to categorise the orders in FL and F) while the age and 
diversification data is only used in the regression analysis. ‘Order’ names with * indicate 
a modified (combined) grouping, where the date shown is not necessarily given by the 
source study indicated (APPENDIX S7). Psocodea was already represented as such in 
Mayhew (2002). The group Neuropteroidea or the three orders that make up this group 
(Neuroptera, Megaloptera, and Raphidioptera) were analysed as they were represented in 
each study (with them combined in Mayhew [2002] and separate in Davis et al. [2010]).  
‘N/A’ indicates that the group was already represented by another group (such as 
combined orders or single orders). Age estimates are given in millions of years (MY), 
net-diversification rates given in MY-1 [Ln(N)/T]. 
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Table 3.1: Combined data used in analyses 
 Used in all analyses Used only in regression analysis 
    Age Estimates (MY)    Net-diversification rates. 
Orders Species 

Richness 
% 
Flight- 
lessness 

Davis et 
al. (2010) 

Mayhew 
(2002) 

From 
Davis et al. 
(2010) ages 

From 
Mayhew 
(2002) ages 

Blattodea* 6900 32.3 140.7 317.0 0.0628 0.0279 
Meco-Siph* 3100 85.7 245 285.8 0.0328 0.0281 
Psocodea* 9300 56.3 300 148.9 0.0305 0.0614 
Embiodea  500 100 281.5 257.9 0.0221 0.0241 
Grylloblattodea  26 100 290 317.0 0.0112 0.0103 
Coleoptera  350000 2.6 281.5 247.5 0.0453 0.0516 
Dermaptera  2000 37.7 281.5 317.0 0.0270 0.0240 
Diptera  120000 1 241.1 247.5 0.0485 0.0473 
Ephemeroptera  3100 0 322.8 327.8 0.0249 0.0245 
Hemiptera  90000 24.6 290 257.9 0.0393 0.0442 
Hymenoptera  125000 9 311.3 285.8 0.0377 0.0411 
Lepidoptera  150000 0.4 223.4 264.2 0.0534 0.0451 
Mantodea  1800 30 140.7 317.0 0.0533 0.0236 
Odonata 5500 0 320.6 327.8 0.0269 0.0263 
Orthoptera 20000 53.6 290 292.5 0.0342 0.0339 
Phasmatodea 3000 96.6 290 292.5 0.0276 0.0274 
Plecoptera 2000 7.4 281.5 257.9 0.0270 0.0295 
Trichoptera 11000 1 223.4 264.2 0.0417 0.0352 
Thysanoptera 5000 46.2 281.5 148.9 0.0303 0.0572 
Zoraptera 32 90 311.3 317.0 0.0111 0.0109 
Mantophasmato-
dea 

15 100 290 No data 
available 

0.0093  

Strepsiptera 550 100 241.1 247.5 0.0262 0.0255 
       
Neuropteroidea 6500 1 N/A 247.5  0.0355 
Neuroptera 6010 1 256.1 N/A 0.0340  
Megaloptera 270 0 255 N/A 0.0220  
Raphidioptera 220 0 255 N/A 0.0212  
       
Number of 'orders'    n=25 n=22 
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(2) Sister-group analysis 

 I used sister-group comparison as a simple test of correlates of species richness 

that incorporates phylogenetic information (Barraclough et al. 1998). Because sister 

groups are necessarily the same age, the species richness of sister-groups can be directly 

compared. Since there are fewer orders that are entirely flightless, I consider groups with 

85% or more flightless species to be flightless, and compare them to their sister groups 

with less than 60% of flightless species. Some of the completely flightless orders are also 

parasitic but are included nonetheless, and results are also given after excluding those 

groups. I repeated sister clade analysis using the three topologies described in the 

methods overview.  I conducted binomial tests on the number of comparisons in either 

direction—negative (FL<F) or positive (FL>F), with the null expectation that 50% of the 

time the FL groups have higher species richness and 50% of the time F groups have 

higher species richness. 

 To improve the power of the tests, I repeated analyses by comparing the species 

richness of each pair. I used the proportional dominance index (PDI), which is calculated 

as Ni/(Ni + Nj) - 0.5, where Ni is the species richness of the sister clade with trait ‘i’ and 

Nj the richness of the clade with  trait ‘j’ (Isaac et al. 2003). This gives each comparison a 

magnitude and direction based on which clade is higher in species richness. I analysed 

the results for each tree with a signed-rank Wilcoxon test. I only performed the PDI 

contrasts and tests for data sets that had both both positive and negative results since the 

p-values are identical for both binomial and signed-rank Wilcoxon tests when all data 

points have the same sign. 
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(3) Shifts in diversification rate and flightless groups 

 I examined whether shifts in diversification rate in the pterygotes, identified 

independently of flight data, coincided with groups that have a high proportion of 

flightless species within them (85% or more). Based on my predictions I examined 

specifically the located downshifts (or negative shifts) in diversification rates. I took the 

information of shifts in diversification from three studies, though representing two sets of 

investigations: Mayhew (2003), Mayhew (2007) (re-analysing Mayhew [2003] study), 

and Davis et al. (2010). I included both Mayhew (2003, 2007) locations of shifts since 

there were more shifts given in Mayhew (2007), which potentially represented additional 

weaker shifts. The two results are considered together since they come from the same 

original data set. 

 I determined whether there was a correlation between the location of 

diversification rate shifts and which orders are flightless. For Davis et al. (2010) some 

shifts occurred deeper in the tree, i.e. not at the order level. For these I combined the 

orders within so that the shift would not be counted multiple times. In addition, I 

combined two flightless orders that may have inherited flightlessness from a common 

ancestor. With these modifications (for one tree), all the shifts occur or are identified at 

the order level, and the flight traits are also identified at the order level, with no shifts or 

transitions occurring at deeper nodes. Therefore, in the trees analysed no closely related 

groups shared shifts in diversification rate or flight loss due to common ancestry. 

Furthermore, the downshifts are likely to be independent from each other as shifts are 

located by comparing diversity of an order to closely related groups. Therefore, shifts 

should be phylogenetically dispersed. 

 To test whether there is a significant association between the flightless 

orders/groups and the downshifts in diversification rate, I conducted a test of correlation 

of discrete traits across the phylogenetic tree. Although shifts are not discrete characters 

like a trait, for examining one type of shift at a time (e.g. downshift vs. no shift) they are 

similar to binary characters occurring at the order level. Treating them as such enabled a 

phylogenetic analysis of co-occurrence of rate shifts and flight loss, testing whether they 

occur together more often than randomly. In the program Mesquite version 2.6 

(Maddison and Maddison 2009) I inputted the orders and tree topology. I labelled each 
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order with two binary character states: flightlessness (1 or 0, 1 being flightless [>85%], 0 

being flighted) and downshifts (1 and 0, 1 being a downshift occurring at that order or 

group, and 0 no downshift).  I conducted the Pagel’s 1994 test of correlated (discrete) 

character evolution (with 100 simulations). 

 I also examined the probabilities statistically, without the use of phylogeny.  This 

assumes that shifts are evolved independently from each other and flightlessness evolved 

independently in all orders. I combined groups that shared shifts (at deeper nodes) and 

where flightlessness could have been inherited together (as stated above). The tendancy 

toward flight loss could be heritable; however, multiple shifts are unlikely to be identified 

within closely related groups. It does appear that the shifts and flight loss are each fairly 

spread out across the phylogenetic tree. The holometabolous insect orders have low 

instances of flightlessness; however, they still have some completely flightless orders 

(they are all parasitic but still included here). 

 From a probability point of view we can calculate what the probability is by 

chance that a given number of shifts in a phylogeny would co-occur with a certain 

number of flightless groups and a certain number of flighted groups. The probability out 

of ‘S’ number of diversification rate shifts resulting by chance at a certain number of 

flightless orders ‘a’ and flighted orders ‘f’ (so S = a + f) is: (ACa*FCf)/NCS, where C is 

the ‘choose’ function, N is the number of orders (or groups where orders were combined), 

F is the number of flighted orders included in those N orders, and A is the number of 

flightless orders included in those N orders. The choose function is the simple 

mathematical probability of the number of ways a certain number of objects can be 

chosen where order does not matter. 

 

Information used in the analysis 

Mayhew(2003) shifts: From Mayhew (2003), from all four trees examined (topology 

from different published source trees) the greatest average negative shifts within the 

pterygotes (24 orders included) occurred in 6 orders: the Grylloblattaria, Zoraptera, 

Strepsiptera, Mecoptera, Embiidina, and Trichoptera.   

 

Mayhew (2003)/(2007) shifts (extended): Mayhew (2007) used information from his 
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earlier study (Mayhew 2003) and presents results not presented in that study, namely the 

locations of more downshifts. Together the (2003) and (2007) shift locations appear to 

have been identified from the same data and so they should be taken as one set of 

evidence together. The locations of downshifts from Mayhew (2007) were eight orders of 

24 pterygote orders: the Grylloblattaria, Zoraptera, Strepsiptera, Mecoptera, 

Siphonaptera, Embiidina, Trichoptera, and Neuropteroidea.   

 

Davis et al. (2010) shifts: Davis et al. (2010) examined shifts using two of their 

constructed supertrees (including 28 extant ptergygote orders). Both trees support 

downshifts at Strepsiptera, Neuropterida (which includes Neuroptera, Megaloptera, 

Raphidioptera), Zoraptera, and one or more downshifts in the clade containing 

Mantophasmatodea and Grylloblattodea. The two trees have different positions of shifts 

due to differing topologies; however, the groups Zoraptera, Mantophasmatodea, and 

Grylloblattodea register as significant downshifts in both trees. 

 For the downshift at node Neuropteroidea I combined the three orders within 

(contained in the grouping Neuropteroidea) into one. For the downshift containing 

Mantophasmatodea, Grylloblattaria, and Dermaptera, I combined Mantophasmatodea and 

Grylloblattaria (althought not a monophyletic group in Fig 1A, but is monophyletic in 

1B), both of which are flightless, and left Dermaptera as a sister since there was a 

subsequent upshift at Dermaptera. The original phylogeny and shifts are shown in the 

results. The other orders were left as they were presented. With these modifications there 

were 25 pterygote ‘orders’ (tip groups). 
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(4) Phylogenetically independent contrasts 

Comparative analysis using independent contrasts – without use of branch lengths 

 I used MacroCAIC version 1.1 (Agapow and Isaac 2002) to calculate 

phylogenetically independent contrasts of percent flightlessness and species richness, 

using orders as tips. This analysis allows the incorporation of a phylogenetic perspective 

as well as the range of flightlessness that occurs within the different orders as opposed to 

having to categorize the groups into binary characters. As well it incorporates more 

comparisons between groups differing in flight state and thus the number of data points is 

larger than any of the previous phylogenetic analyses. I repeated the analysis with the 

three tree topologies described in the overview (Mayhew [2003], Davis et al. [2010] 

modified, and Ishiwata et al. [2010]). I did not use a tree with branch lengths in this 

section of the analysis, and in their absence MacroCAIC assigns equal lengths to the 

branches (Agapow and Isaac 2002).  

 The percent flightlessness data was treated as a continuous variable and nodal 

values of flightlessness were calculated by averaging back to the nodes. MacroCAIC 

calculates the species richnesses for nodes by the sum of their constituent clade 

richnesses. Then, percent flightlessness and species richness contrasts between lower 

clades were calculated for each node.  For species richness contrasts, MacroCAIC has 

three contrasts options equivalent to ARD (absolute rate difference), RRD (relative rate 

difference), and PDI (proportional dominance index); the latter two are recommended by 

Isaac et al. (2003). I used the contrast method PDI as it performs better (with type 1 error 

and constancy of variance) than RRD when branch lengths are not known and the number 

of comparisons is less than 30 (Isaac et al. 2003). 

 MacroCAIC performs linear regression through the origin (Garland et al. 1992) to 

assess whether the species richness contrasts are predicted by the percent flightlessness 

contrasts, and reports a p-value. I examined the standardized residuals for this regression 

(reported by MacroCAIC) to check for data points with standard deviations greater than 

±1.96, which would be considered outliers. In those cases of outliers, I perform a linear 

regression through the origin on the contrast values (as recommended by Garland et al. 

1992) with the outliers excluded. I report the results including and excluding outliers. 
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Comparative analysis using independent contrasts – with the use of branch lengths 

 I performed the same comparative analysis as in Part A for one data set but with 

the use of branch lengths. The flightlessness contrasts are scaled by branch length to 

standardise variance, by the methods of Felsenstein (1985) and Pagel (1992). I still use 

the PDI method for species richness contrasts as the number of comparisons was low.  

 I estimated branch lengths by using molecular data from the study Ishiwata et al. 

(2010). I obtained the molecular sequence alignments directly from the authors 

(accession numbers are provided in APPENDIX S9), concatenated the three nuclear 

genes, aligned the sequences with reference to the protein translation, and trimmed out 

gaps by hand. Ishiwata et al. (2010) used the amino acid sequences, not nucleotide 

sequences, to construct their insect phylogeny. Due to expected differences in rates of 

substitution among the 20 amino acids, a very large sample size of sequences is needed to 

estimate accurately the rates of substitution among amino acids (Whelan and Goldman 

2001). Therefore, I preferred to analyze nucleotide sequences in order to estimate branch 

lengths for my study. I examined the variability at the different codon positions by 

building phylogenetic trees with the different codon positions and comparing them 

visually to the topology of the published phylogenetic tree built by amino acid sequences. 

The third codon position appeared to be very variable, even between the most closely 

related species. I used an alignment including the first and second codon positions to 

obtain branch lengths, since they were less variable positions but still gave information 

on the changes occurring in the molecular sequence.  

 Only one individual per order was needed for use in further analysis. From the 

molecular data I chose one species per order to represent the order; for the combined 

orders I also chose one individual for the pair to represent the order. All species used are 

given in APPENDIX S9 along with accession numbers. I chose one species per grouping 

because one branch length was needed for each clade that had a species richness estimate. 

If more individuals were used, their branch lengths would have to be summarised for the 

clade. The tree topology used was still that of Ishiwata et al. (2010) since they 

constructed their topology using multiple individuals per order, and therefore might be 

more reliable. I used the program Modeltest (Posada and Crandall 1998) to obtain the 

molecular settings and models for the alignment. Using the molecular data, model, and 
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tree topology, I obtained branch lengths using the program PAUP version 4.0b10 

(Swofford 2002). 

 In the program TreeEdit v.1.0 (Andrew Rambaut and Mike Charleston 

http://evolve.zoo.ox.ac.uk/) I transformed the resultant tree with branch lengths using 

non-parametric rate smoothing (Sanderson 1997) in order to represent it as an ultrametric 

tree. An ultrametric tree has equal length branches from the root; therefore by smoothing 

the branch lengths to be the same length overall, I obtained branch length values more 

closely resembling relative evolutionary time (e.g. since sister taxa are the same age) 

rather than amounts of total molecular evolution, which can vary between sisters. I then 

performed the same analysis as in Part A in MacroCAIC for this data set, but with the use 

of these smoothed branch lengths. 
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RESULTS 
 
(1) Regression Analysis 

Regression analysis using the two sources of age data to calculate net-

diversification rate both showed a significant negative relationship between net-

diversification rate of orders and the percent flightlessness of those orders (Figure 3.1A 

and 3.1B). Additional results with orders not modified are given in APPENDIX S8. Using 

age estimates from Davis et al. 2010 (Figure 3.1A), the net-diversification rate of orders 

and the percent flightlessness were significantly negatively related. The two orders with 

the lowest estimated net-diversification rates were Zoraptera (90% FL) and 

Mantophasmatodea (100% FL), with Grylloblattaria (100% FL) a close third. The two 

highest net-diversification rates are attributed to Blattodea (with 32.3% FL) and 

Lepidoptera (0.4% FL), followed closely by Mantodea (30%). Although Blattodea is a 

combined order (with Blattaria and Isoptera), Blattaria and Isoptera were also the two 

orders with the highest net-diversification rate when all non-combined orders were 

examined (non-combined regression in APPENDIX S8 Figure S8.1), suggesting that this 

high diversification rate was not due to combining of the groups (and estimating the data) 

that caused the extreme result for that specific group.   

Using age estimates from Mayhew 2002 (Figure 3.1B), the net-diversification rate 

of orders and the percent flightlessness are also significantly negatively related. The two 

orders with the lowest net-diversification rate are Zoraptera (90% FL) and Grylloblattaria 

(100%FL). Mayhew (2002) did not include the order Mantophasmatodea. The two orders 

with the highest estimated net-diversification rate are Psocodea (56.3% FL) and 

Thrysanoptera (46.2% FL), which both have intermediate values of % flightlessness.  

These orders were not combined orders, and these were the same two orders with the 

highest net-diversification rate in the non-combined data (non-combined regression in 

APPENDIX S8).  When the regression analysis was performed for each of the data in 

Figures 3.1A and 3.1B using arcsine square root transformation of the proportion data, 

the significant negative patterns remained. 
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Figure 3.1: Regression analysis of percent flightlessness and net-
diversification rate of orders (combined) with age data from A) Davis et al. (2010) 
and B) Mayhew (2002). A) Linear trend line (dashed line): y = -0.0002x + 0.0385, R2 = 
0.2468, r=0.4968, n=25, 2-tailed p = 0.0115. Solid lines represent smooth lines (50%). 
Boxplots beneath axes show quartiles of the data specified by the axes. The regression 
analysis using arcsine square root transformation of the proportion data: y=-0.0002x + 
0.0389, R2 =0.2124, 2-tailed p = 0.0204. B) Linear trend line: y = -0.0001x + 0.0393, R2 
= 0.1899, r=0.4358, n=22, 2-tailed p = 0.0426. Regression analysis with arcsine square 
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root transformation of the proportion data: y=-0.0002x + 0.0402, R2 =0.1823, 2-tailed p = 
0.0475. The results are presented with untransformed data for ease of interpretation. 
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In both cases the diversification rates and percent flightlessness are significantly 

negatively related. The groups with the higher percentage flightlessness have middle to 

low net-diversification rates, with the very lowest diversification rates belonging to 

groups with high proportion flightlessness. Groups with the lowest percentage 

flightlessness have a greater range of net-diversification rates, but still tend to be in the 

middle to high range of net-diversification rate. The very highest diversification rate(s) 

belong to groups that have an intermediate proportion of flightlessness (e.g. ~30% or 

55% flightlessness, 3.1A or 3.1B respectively). When I examined the groups as they were 

presented in the source studies (without any combining of orders and estimation of data, 

APPENDIX S8), these same trends remained. In each of the Figures 3.1 A and 3.1B, the 

one or two orders with the highest net-diversification rates also had the youngest ages. 

Those orders were different between the studies, demonstrating that topologies of the 

trees impact the age estimates and thus impact the net-diversification rate estimates.  

 Due to this discepancy of ages based on tree topology, I also examined trends 

using species richness (without ages) and percent flightlessness data (Figure 3.2.). The 

pattern using these data is stronger than when using net-diversification rates, but still 

presents a negative relationship between species richness and proportion of flightlessness. 

The groups with the lowest % flightlessness range from middle to high in the species 

richness measure (with Ln species richness ranging approximately 5 to 13), while those 

groups with the highest percent flightlessness (85% or more) have species richness 

measures in the middle to low end (with Ln species richness ranging approximately 3 to 

8). The relationship using square-root arc-sine transformed proportion flightlessness is 

still significant and negative. 
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Figure 3.2: Regression analysis of percent flightlessness and Ln species richnesses of 
orders. Linear trend line (dashed line): y = -0.039x + 9.6135, R2 = 0.3381, r=0.5815, 
n=25, 2-tailed p = 0.0023, significant. Solid lines represent smooth lines (50%). 
Boxplots beneath axes show quartiles of the data specified by the axes. Using arcsine 
square root transformed proportion data: y = -2.5914x + 9.7481, R2 = 0.3100, p = 0.0038.  
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(2) Sister-group analysis 
 

In all cases for combined orders (Figure 3.3), the flightless groups (majority 

flightless, >85%) were less species rich than their ‘flighted’ sister group (more flighted, 

<60% flightless). Sample size was too small in some cases for a conclusion of a 

significant pattern. Additional results with orders not modified given in APPENDIX S8. 

 Using the tree topology of Davis et al. (2010) (modified) (Figure 3.3A) there are 5 

sister pairs between majority flightless and flighted orders. In all 5 cases the flightless 

order has lower species richness than the flighted order, which is significant by 1-tailed 

binomial test (1-tailed p = 0.0313, 2-tailed p= 0.0625). Two of the flightless groups are 

parasitic or include flightless parasitic groups (branches with ‘P’, Strepsiptera and 

MecoSiph combination, respectively). If these were excluded, there would be 4 sister 

pairs out of 4 where the flightless group has lower species richness, by including 

Zoraptera compared to its sister clade (1-tailed p=0.0625, 2-tailed p=0.1250). 

 Using the tree topology of Mayhew (2003) (Figure 3.3B), 5 of 5 FL vs. F sister 

comparisons are negative (FL<F) (1-tailed p = 0.0313, 2-tailed p= 0.0625). Excluding the 

one comparison that includes a parasitic (‘P’) group, 4 of 4 sister-comparisons are 

negative (1-tailed p=0.0625, 2-tailed p=0.1250). 

 Using the tree topology of Ishiwata et al. 2010 (Figure 3.3C), 4 of 4 FL vs. F 

sister comparisons are negative (1-tailed p=0.0625, 2-tailed p=0.1250). Excluding the 

two comparisons that include parasitic (‘P’) flightless groups, there would be 2 of 2 sister 

comparisons that are negative (1-tailed p=0.2500, 2-tailed p=0.5000). 
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Figure 3.3: Sister-pair comparisons using A) Davis et al. (2010) (modified), B) 
Mayhew (2003), and C) Ishiwata et al. (2011) phylogenetic relationships. Red (or 
lighter) colouration of lineages indicates that the tip group has a percent flightlessness of 
85% or more (‘FL’ groups).  Boxes surround two sister-groups that are being compared. 
Above the lineage tips are the name of the order and in brackets is the species richness of 
that order. Letter labels above these labels for the red (lighter) coloured branches indicate: 
L= 100% flightless, X=100% female flightless, M=majority flightless (>85%), 
P=parasitic and flightless, or flight loss of order within (for combined orders) coincides 
with parasitism, C=combined ‘order’. 
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From examination of non-combined orders (APPENDIX S8 Part B), the 

combining of orders into monophyletic groupings does mask some otherwise positive 

directional (FL>F) sister-pair patterns between parasitic ‘orders’ and their paraphyletic 

‘sister’ group. However, all comparisons between non-parasitic majority or completely 

flightless groups, such as Embiodea, Zoraptera, Grylloblattaria, Phasmatodea, and their 

pairs have consistently negative directional comparisons even with the differing tree 

topologies. 
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(3) Shifts in diversification rate and flightless groups  
 
Shifts located by Mayhew (2003) 
 
 Six of the 24 pterygote orders were identified by Mayhew 2003 as locations of 

downward shifts in diversification rate (Figure 3.4). Of those six downshifts, four are 

flightless (Grylloblattaria, Zoraptera, Strepsiptera, and Embiidina), out of a total of six 

flightless orders present in the study. The other two orders are Siphonaptera and 

Phasmatodea; Mantophasmatodea was not included in the tree, and Pthiraptera was 

included with Psocoptera in grouping Psocodea.  By phylogenetic test of correlated 

character evolution, the correlation of the two traits is significant (p = 0.0250).  

Statistically, the probability of getting four flightless orders (out of 6) and two flighted 

orders (out of 18) from six order-level shifts (out of 24) is 0.0171, which is significant. 

Significant associations mean that the association of downward shifts and the origin of 

flightless or majority flightless lineages is not likely due to chance. 

 
 
Figure 3.4: Phylogeny and shifts in net-diversification rate as identified by Mayhew 
(2003), with flightless groups/lineages indicated.  Purple stars are locations of 
downshifts as identified by Mayhew (2003) and red branches signify lineages/groups that 
are primarily (>85%) flightless. 
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Shifts located by Mayhew (2007) re-interpretation of Mayhew (2003) 
 
 From the 24 pterygote orders included in the study of Mayhew (2003), 8 orders 

are located as downshifts by Mayhew (2007) (Figure 3.5). Of those eight orders 

identified as downshifts, five are flightless orders, out of six flightless orders present in 

the study. By phylogenetic test of correlated character evolution, the correlation of the 

two traits is significant (p = 0.0055).  The probability of getting five flightless orders (out 

of 6) and three flighted orders (out of 18) from eight order-level shifts (out of 24 orders) 

is 0.0067. This result (Figure 3.5) and Figure 3.4 should be taken as one result as they 

rely on the same data. The results are the same: there is a relationship between majority 

flightless lineages and locations of downshifts using the Mayhew (2003 or 2007) 

locations of downshifts in diversification rate in the pterygotes. 

 
 
  
Figure 3.5: Phylogeny and shifts in net-diversification rate as identified by Mayhew 
(2007) interpretation of Mayhew (2003), with flightless groups/lineages shown. 
Purple stars are locations of downshifts as identified by Mayhew (2007) and red branches 
signify lineages/groups that are majority (>85%) flightless. 
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Shifts located by Davis et al. (2010) 
 
 From the 25 pterygote (combined) ‘orders’ included in the study Davis et al. 

(2010), four are locations of downshifts (orders combined for two deeper shifts) (Figure 

3.6) Of the four downshifts, three represent flightless groups, out of seven flightless 

groups present in the study. By phylogenetic test of correlated character evolution, the 

correlation of the two traits is significant (p = 0.0200). The probability of getting three 

flightless orders (out of 7) and one flighted order (out of 18) from four order-level shifts 

(out of 25 orders) is 0.0498, which is significant. 

 
  
Figure 3.6: Phylogeny and shifts in net-diversification rate as identified by Davis et 
al. (2010), with flightless groups/lineages shown. Purple stars are locations of 
downshifts as identified by Davis et al. (2010) and red branches signify lineages/groups 
that are majority (>85%) flightless. Here I also included the locations of the upshifts 
(green stars) and the orders as they were presented in the source study. The three orders 
Neuroptera, Megaloptera, and Raphidoptera were combined into one order 
(Neuropteroidea), with the shift located at that order. Mantophasmatodea and 
Grylloblattaria were combined into one group and made sister to Dermaptera. This was 
the presented topology at that group for the alternate phylogeny presented in Davis et al. 
(2010) (with the two groups Mantophasmatodea and Grylloblattaria sister to 
Dermaptera).  
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(4) Comparative analysis using independent contrasts 

 All tests of comparative analysis using independent contrasts using different tree topologies with and without branch lengths 

gave significant negative relationships between percent flightlessness and species richness (Table 3.2). When outliers were removed 

(relevant for two of the tests) the relationships between the contrasts remained negative and significant. Result details given in 

APPENDIX S9. 

 
Table 3.2: Results of comparative analysis using independent contrasts. P-values bolded are significant (all of them). 
   MacroCAIC program results Without outliers 
Study/ 
Tree topology useda 

Branch 
lengths used 

N Slopeb R2 P-value Outliersc Slope  R2 P-value 

Mayhew (2003) Equal 21 -0.009 0.217 0.0287 1 -0.011 0.331  0.0064 
Davis et al. (2010)d Equal 24 -0.009 0.180 0.0344 0 ---- ---- ---- 
Ishiwata et al. (2010) Equal 24 -0.009 0.167 0.0428 0 ---- ---- ---- 
Ishiwata et al. (2010) Estimated and 

smoothede  
24 -0.002 0.189 0.0306 2 -0.003 0.458 0.0004 

Average    0.188      
a All topologies and data are using the combined orders data 
b Regression through origin graphs are given in APPENDIX S9  

c Data points considered outliers if standardised residual >1.96 standard deviations 
d modified version, with Strepsiptera next to Coleoptera to reflect more recent evidence 
e using Ishiwata et al. (2010) nuclear sequences as described in methods
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 The flightlessness and species richness contrasts fall in a ‘triangular’ shape, 

whereby low differences in proportion of flightlessness are associated with a wide 

variability in species richness contrasts while high flightlessness contrasts (large 

differences in the trait) are associated with large (and negative) diversity differences 

(Figure 3.7). 

 
Figure 3.7: Independent contrast data set using Ishiwata et al. (2010) topology and 
branch lengths obtained from Ishiwata et al. (2010) molecular data, with 2 outliers 
removed. The solid line represents a smooth line (50%). Boxplots beneath axes show 
quartiles of the data specified by the axes. This graph is shown as an example of the 
shape of the data, other analyses show a similar pattern. N=22, 21DF, slope = -0.0029, 
Multiple R-squared: 0.4582, Adjusted R-squared: 0.4324, p = 0.0004.  
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DISCUSSION 
 
Flightlessness is associated with lower net diversification across pterygote orders 

 I show that flightlessness is associated with lower species richness and net-

diversification rates across the pterygotes. Flightless or majority flightless orders have 

overall lower net-diversification rates, have lower species richness than sister-clades, and 

are significantly associated with downshifts in insect diversification rates. As well, there 

is a significant negative relationship between the degree of flightlessness and the species 

richness of groups using independent contrasts across the pterygote tree. Examining 

order-level data cannot pinpoint the particular influence flight loss has had within the 

orders, but for those instances of flightless orders (here also non-parasitic: Grylloblattaria 

[FL], Mantophasmatodea [FL], Embioptera [FFL]), the transition to flight loss may have 

occurred at the formation of the orders or even before the split of two orders, as in the 

case that Grylloblattaria and Mantophasmatodea are sisters. The pattern for these cases of 

complete flight loss at high taxonomic levels is the same as the general pattern observed 

when including majority-flightless groups or proportion of flightless species data.  

 Both independent contrast analysis and regression analysis suggest that a high 

proportion of flightlessness predicts low net-diversification or species richness, while 

there is greater variation in net-diversification rate among orders having a lower 

proportion of flightlessness. It seems that being flighted does not predict high richness, 

but being flightless predicts low richness at this scale. This makes sense if flightlessness 

generally decreases net-diversification over time, while there is also variation in species 

richness due to general stochasticity and other key innovations or traits that could affect 

both speciation and extinction rates. 

 Those groups with 0% flightlessness also tend to have lower diversification rates 

(Odonata, Ephemeroptera, Megaloptera, Raphidioptera) than those groups with 1% 

flightlessness. This fits with the prediction of Roff (1990) that larger groups are expected 

to have at least some flightless species due to chance. The chance component of the 

evolution of flight is that with more species are more opportunities for the requisite 

mutations that cause flightlessness to occur in at least one of those species within a clade. 

Secondly, with more lineages there are generally more possibilities that flightlessness will 

be advantageous and be allowed to evolve in that species due to the correct type of 
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ecological opportunity or physiological combinations.  

 Instances of flight loss coinciding with parasitism show a different pattern than 

the general pattern observed when flight loss occurs alone. In cases where reciprocally 

non-monophyletic orders were combined, it appears that flight loss and parasitism can 

increase the species richness of ‘orders’. For example, Siphonaptera is nested within 

Mecoptera, and Pthiraptera is nested within Psocodea. These younger, and also parasitic 

and flightless orders, are more species rich than their source clades. This opposite pattern 

related to species richness was observed in two of three cases of flightless parasitic 

orders. Often, those groups that are older instances of flight loss also coincide with 

parasitism, for example in the superfamily Coccoidea (Hemiptera) or the loss of flight at 

the family level in Diptera in Nycteribiidae (bat flies). Parasitism coinciding with flight 

loss may show a different pattern of net-diversification than flight loss on a long time 

frame. 

 

Possible explanation of the observed pattern and support from other studies 

 The pattern of lower species richness associated with flightless or majority-

flightless groups is likely due to flightlessness decreasing the net-diversification rate of a 

lineage over the long term. It was not necessarily expected that flightless groups would 

show decreased species richness since speciation rates may also be higher in those groups 

due to flightlessness. Since it may be expected that both speciation and extinction are 

higher in flightless lineages in general, this observed pattern suggests greater extinction is 

the cause of the pattern. The balance of speciation and extinction may change over 

different time scales. For extinction to overcome the result of speciation, this is likely the 

best scale (long time frames) to expect to observe such a pattern.  

 Speciation may be higher in flightless lineages due to the greater population 

subdivision and genetic differentiation within the flightless species as compared to the 

related flighted species, as shown in McCulloch et al. (2009) and Ikeda et al. (2012). The 

one prior investigation of flightless vs. flighted species richness, Ikeda et al. (2012), 

investigated one instance of flight loss at the genus level in carrion beetles and concluded 

higher richness in the flightless genus. Further cases of sister lineage pairs differing in 

flight state need to be compared to confirm this pattern at that time frame. I agree with 
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the assertion of Ikeda et al. (2012) that flight loss may in fact increase the propensity for 

speciation, but that this would be apparent when extinction rates would not overtake the 

speciation patterns. That would be more likely to occur on shorter time frames or stable 

habitats. Low dispersal ability is a trait commonly observed in organisms involved in 

species radiations in ancient lakes, which are considered stable environments over 

relatively long geological times (e.g. hundred thousands to 20 million years) (Johnston 

and Cohen 1987). If indeed flight loss was found to increase the speciation rate on the 

short term, some component of higher speciation rates in flightless lineages could be due 

to the acquisition of new niche opportunities following the loss of flight. Speciation due 

to niche opportunities may level off over time (Rabosky 2009). However, it is likely that 

flightless groups would still generally have higher speciation rates over long time frames 

due to the observed reduction in gene flow between populations within species.  

 Extinction is also expected be higher in flightless lineages due to reduced 

dispersal and its potential implications such as smaller range sizes and smaller population 

sizes, in increasing extinction risk (Davies et al. 2000, Korkeamaki and Suhonen 2002, 

Koh et al. 2004, Kotiaho et al. 2005, Mattila et al. 2006, Jablonski and Hunt 2006; Harris 

and Pimm 2007). Some losses of flight might be associated with extinction after a short 

time. We would not be able to observe such cases, so for those that survive we might see 

a greater propensity for diversification. Using a longer time frame allows a better view of 

how, on average, net-diversification rates are affected by flight loss.  

 Flightless groups likely have both increased speciation and extinction rates. This 

is supported by another study investigating speciation and extinction between groups 

differing in dispersal ability. A lowering of dispersal ability may increase both speciation 

and extinction rates, leading to an increase in species turnover (Ribera et al. 2001). Ribera 

et al. (2001) examined the tree splitting patterns of species in a lotic genus of beetles, 

which are expected to disperse better and have larger range sizes than lentic species, and 

a related lentic genus, which are expected to disperse more poorly and have smaller range 

sizes. They did observe a difference in the expected direction of higher turnover in lentic 

(lower dispersing) species though the difference was not significant. More highly 

resolved phylogenies at multiple phylogenetic depths, as well as study of fossil evidence, 

would assist us to better understand the macroevolutionary consequences of flight loss.  
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 Flightlessness has obviously been able to evolve in lineages, so there were either 

initial selective advantages within populations or the evolution was caused by genetic 

drift. Following the evolution of flightlessness we observe, the balance of speciation was 

greater than extinction for some time. Flightlessness may only evolve by natural selection 

in stable habitats, and these environments would present lower extinction risk, allowing 

the diversification of those lineages to be apparent. However environments change more 

over long geological time frames, in which the rates of extinction are likely to be higher 

than they were initially when flightlessness evolved. The balance of speciation and 

extinction tendencies seem to have lead to overall lower net-diversification rates in 

flightless or majority-flightless groups when examining patterns over a long time frame. 

 

Comparison of methods and additional considerations 

 There are many caveats to the methods used when it comes to directly inferring 

causes of the patterns observed. For groups that are majority flightless, flight loss 

occurred within the group and may have lead to either increased or decreased 

diversification in those lineages. Differing patterns in transition frequency and subsequent 

diversification can produce the same overall proportion of flightless species. Groups with 

a certain proportion of flightless species may have achieved that present-day distribution 

through flightless lineages diversifying and surviving, or through numerous transitions to 

flightlessness that occur toward the tips of lineages (Duda and Palumbi 1999). However, 

considering groups that are completely flightless (e.g. Mantophasmatodea, 

Grylloblattaria), they show the same general pattern of lower species richness related to 

flightlessness as is observed when using proportion data. I do present an interesting 

pattern that flightlessness is associated with lower species richness across the pterygote 

tree and through numerous different tests. 

 The test using shifts in diversification rate is the most convincing toward showing 

a relationship between flightlessness or majority-flightless groups and lower species 

richness. The shifts were located independently of any traits unlike other tests usually 

used, such as sister-clade comparisons, and so the pattern in decreased diversification is 

not just associated with flightlessness but is also apparent in order-level species richness 

patterns. While the shifts were located at the order level, the actual ‘causes’ of the 
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downshifts may have been within orders. However, there is a significant association, even 

if there are other causal explanations such as a propensity toward flightlessness and also 

toward low species richness (lower speciation and/or higher extinction) for those 

lineages. The sister-clade analysis was not ideal as the groups being compared did not 

always differ in the trait of interest directly, i.e. majority flightless groups were 

considered for my purposes as flightless. This may not test for the effect of flightlessness 

directly in those cases but can still allow a test of consistency of the data with the initial 

hypothesis, all other things being equal in the two clades (e.g. Barraclough et al. 1995). 

The independent contrast analysis was not quite correct for use with the available data 

since percent flightlessness is not a trait that changes and is heritable along a branch, as is 

body size. However this test was used to assess the consistency of the pattern related to 

flightlessness across the entire pterygote tree. The results of these tests, including 

regression analysis, sister-clade analysis, and independent contrasts, all support the same 

conclusion as was given in the test of co-occurrence of shifts in diversification rate and 

flightless or majority flightless lineages. Despite some complexities in interpretation of 

order-level data, I argue that flight loss most likely has a causative link with net-

diversification rate. 

 A potential bias in the species richness estimates is whether flightless groups have 

underestimated species richness values relative to flighted groups due to sampling biases. 

Although insects are known to be underdescribed compared to their true diversity (Footit 

and Adler 2009), the key issue is whether relative richness estimates are accurate enough 

to address my questions about flight loss effects. Differential knowledge about species 

diversity between flighted and flightless groups is a possibility, as flightless species might 

be more difficult to discover if they tend to occupy habitats that could also be more 

isolated. Nevertheless, I do not expect that the relative species richnesses of flightless and 

related flighted groups would change dramatically with the introduction of new species to 

science. For flightless and flighted sister comparisons, the sister flighted species 

richnesses are at least four-fold larger than the flightless sister richness values. Dramatic 

new revisions of our knowledge of relative diversity, on the order of five-fold or greater 

and across multiple taxa, would be needed to overturn my general conclusions of lower 

net-diversification patterns across the pterygotes. If radiations of flightless species were 
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discovered that are young or occur in isolated or extremely stable habitats, it would not 

contradict any arguments made here. It is also very possible that many more flightless 

species are complexes of cryptic species than are flighted species. However, I expect the 

tendency toward both speciation and extinction to be higher, thus it would not be 

surprising if the balance of these factors was to play out differently on different time 

scales or within different taxonomic groups. 

 

Reduction in dispersal ability is often a “tippy” trait across taxa 

 Although flight loss is a common transition in insects, occurring in 88% (28/32) 

of pterygote orders, it is not that common in terms of the total proportion of species that 

exhibit this trait, which is only about 8% of insect species (APPENDIX S7). Such a 

pattern indicates that the trait may be advantageous or neutral at first but that groups 

possessing that trait do not survive over the long term or lead to the proliferation of 

species (Duda and Palumbi 1999). Studies on other groups have suggested that low 

dispersal ability has indeed limited lineage longevity (i.e. by increasing extinction). 

 Studies on some invertebrate groups suggest that poor dispersal ability is a 

characteristic that tends to occur on branches near the tips of phylogenetic trees. For 

example, within a genus of marine gastropods, the lineages having non-planktonic larvae 

(lower dispersing) did not obtain their relative species richness (as compared to the 

planktonic species) by increased speciation rates associated with that trait. Instead, the 

species richness of non-planktonic species was due to many instances of the transition to 

the non-planktonic lifestyle, which tended to occur on branches near the tips of the 

phylogenetic tree (Duda and Palumbi 1999). Likewise losses of cnidarian medusa 

(reduction of dispersal ability) were concentrated in a relatively recent period, suggesting 

higher extinction for species having lost the medusa phase (Leclere et al. 2009). 

 Flightlessness in insects is not exclusively observed in young lineages, however, 

since there may be examples of old flightless pterygote lineages that have survived, such 

as Grylloblattaria and Mantophasmatodea. For those insect orders for which detailed 

phylogenies and associated flight states are available below the order level, the 

phylogenetic pattern of flight loss does suggest that losses tend to be observed toward the 

tips of lineages, but flight loss can also occur at deeper nodes.  
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 The pattern for Diptera suggests that flight loss within this group have been 

maintained for short times. Diptera is around 227-247 MYO (Mayhew 2002, Wiegmann 

et al. 2009, Davis et al. 2010) and has at least 27 independent instances of flight loss 

(Wiegmann et al. 2011; Petersen et al. 2007). Despite the multiple losses of flight, Diptera 

is comprised of less than 1% flightless species. In addition, flight loss and maintenance 

occurred only at or beneath the family level; i.e. no families are flightless due to shared 

ancestry. It appears that all instances of flight loss identified by Wiegmann et al. (2011) 

occurred below the family level (the transition at the family level in Nycteribiidae 

[Petersen et al. 2007, Roff 1994] was not included). It appears that flight loss and 

maintenance in Diptera only occurred at the tips of the phylogeny. 

 The pattern of flight loss in order Phasmatodea shows that this ‘tippy’ distribution 

of losses is not always the trend. The order about 290 MYO (Davis et al. 2010, Mayhew 

2002), and also shows a pattern of repeated flight loss with at least 13 losses of flight 

within the order (Whiting et al. 2003, Stone and French 2003). Unlike Diptera, the vast 

majority of species in this group are flightless. The transitions to flightlessness are 

postulated to be deeper in the phylogeny, closer to the time of origin of the order than in 

the case of Diptera, although further species sampling would be required to reconstruct 

the phylogenetic position of transitions more precisely. It is possible that poor sampling 

and repeated flight loss at lower taxonomic levels has given the appearance of higher-

level transitions, since transitions were mapped by parsimony methods (without re-gain 

see Stone and French [2003]). However it seems more probable that the flightless species 

share a common flightless ancestor rather than hundreds of losses of flight nearer the tips 

of lineages since the majority of species are flightless.  

 The patterns of flight loss and maintenance across the pterygote tree may be 

linked to developmental mode. Roff (1990) noted a trend that hemimetabolous insect 

orders with aquatic immatures (Ephemeroptera, Odonata, but also Plecoptera) and 

holometabolous insects (e.g. Hymenoptera, Diptera) have low frequencies of flightless 

species, as opposed to hemimetabolous insects (e.g. Orthoptera, Hemiptera). 

Hemimetabolous insects with aquatic immatures and holometabolous insects cannot 

generally migrate as well as hemimetabolous insects as immatures (Roff 1990) since they 

are either aquatic or larvae, and not miniature terrestrial versions of adults (as in 
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Hemimetabolous insects). Additionally, the adults have different food requirements from 

the larvae (Roff 1990). Hemimetabolous insects with aquatic immatures and 

holometabolous groups (except in the case of parasitic orders) have lower incidence of 

flightlessness than hemimetabolous insects. Flightlessness may be simply less favourable 

to the needs of the organism in some groups, e.g. due to the need to find food, or it may 

be that certain developmental pathways are less prone to allow changes causing or 

accompanying flight loss. Alternatively, the lower incidence of flightlessness in 

holometabolous groups could be because flightlessness is less favourable for lineage 

longevity due to the larval stages also having lower dispersal ability (Roff 1990). The fact 

that Diptera has multiple young flightless lineages suggests that flightless lineages can 

arise in this group but do not last over the long term. The actual difference in longevity of 

the flightless lineages should be examined with reference to ages of the transitions, as 

morphologically identified groups can be of any age. Poor dispersal ability might indeed 

be a more ‘tippy’ trait in insects, but a ‘tippy’ pattern of adult-stage low dispersal might 

not be apparent in groups that have better dispersal ability in immatures. 

 

Insights into the evolutionary consequences of flight gain 

 The gain of flight was a key innovation in insect evolution (Kingsolver and Koehl 

1994, Simon et al. 2009, Wahlberg et al. 2010). Despite this, there is only weak evidence 

that flight itself was associated with an increase in net-diversification due to one possible 

comparison (DeQueiroz 1998, Mayhew 2002, Mayhew 2007). Flight has very probably 

allowed the subsequent diversification of insects; however, it might be that only in 

combination with other later innovations such as wing flexion that the diversification of 

groups was increased (Mayhew 2007). The apparent effect of wings could be due to a 

“trickle down” effect where the subsequent diversification of later groups raises the 

species richness of more inclusive clades (Moore et al. 2004, Mayhew 2007). The 

evolution of flight itself (and thus enhanced dispersal) is difficult to evaluate for its 

impact upon diversification due to being a unique event in insect evolution. The loss of 

flight, by contrast, allows many more phylogenetically independent comparisons and 

more data for discovering patterns of species richness related to dispersal ability. Thus, 

analysing the consequences of flight loss can potentially aid in better understanding the 
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consequences of flight gain. 

 The effects of each transition, flight gain and flight loss, are not expected to 

mirror each other fully as there are ecological contexts to each event. However, the 

longer-term pattern in flight loss may be opposite to that of flight gain. My finding that 

instances of flight loss or origins of majority flightless groups coincide with downward 

shifts in diversification rate supports the assertion that the origin of flight itself is 

associated with an upward shift in diversification rate. 

 The high species richness of insects is thought to be due to low extinction rates 

rather than simply high rates of origination (Labandeira and Sepkoski 1993). Flight is 

thought to have increased diversification rate by allowing more niche opportunities, but 

also lowering extinction rates (Mayhew 2007 for a review), with the vagility potential of 

insects potentially buffering them from consequences of environmental change (Coope 

1995). Some key innovations may have acted by fostering clade longevity rather than 

increasing diversification rate (McPeek and Brown 2007). Thus, decreased vagility 

potential as a consequence of flight loss may create the opposite effect of flight gain and 

result in increased extinction rates.  

 

Future work and concluding remarks 

 The difficulty in investigating the question of flight loss and net diversification 

lies in the disagreement between groups identified by morphological and molecular 

phylogenetic studies, whereby species richness estimates are based on morphologically 

identified groups that may not be monophyletic. More complete phylogenies are needed 

at lower taxonomic levels for this to be examined. With increasing knowledge of 

phylogenetic relationships of insect groups and corresponding species counts, it would be 

beneficial to investigate the consequences of flight loss using multiple independent sister 

pairs and over different time scales. In addition, since there are data available for fossil 

insect groups, it might be beneficial to include extinct pterygote groups in an analysis of 

the question of flight loss and extinction risk. Nevertheless, by jointly considering 

population genetic evidence—one study of diversification in a relatively young flightless 

group (Ikeda et al. 2012) and this study of higher-level patterns—some general 

conclusions can be drawn regarding flight loss and diversification patterns. 
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 Macroevolutionary studies in insects have been focused on innovations (such as 

flight and wing flexion), lifestyle transitions (such as parasitism, eusociality), or traits 

(such as phytophagy, body size) that could potentially affect the diversification of 

lineages. Most focus has been on consequences relating to the transitions or innovations 

in themselves, such as increased niche opportunities. Flight loss in insects may have 

ecological consequences such as opening of niche opportunities, but might also have 

more fundamental indirect consequences due to changes in dispersal ability. Dispersal 

ability is a fundamental individual-level trait that may have species-level consequences, 

and thus can affect lineage-level diversification patterns. Patterns related to dispersal 

ability may apply across many groups of organisms. Both dispersal ability and transitions 

themselves may have differing effects depending on the time scale involved and 

surrounding ecological context. I have shown that flight loss and flightlessness at the 

order level is significantly negatively associated with species richness. Although I cannot 

make specific conclusions about net-diversification for instances where flight loss was 

not phylogenetically reconstructed (i.e. below the order level), I show a clear pattern of 

lower diversification associated with flightlessness that requires further study. I also 

suggest that the transition to low dispersal ability in adult form in insects may tend to 

occur toward the tips of lineages, especially in groups where other life stages for those 

species also have low dispersal ability, due to decreased longevity of such lineages.   

 Ikeda et al. (2012), after observing that flight loss had promoted diversification in 

one transition at the genus-level, has suggested that this can point to the generality of a 

positive relationship between flight loss and diversification. While I agree that speciation 

tendancies are likely higher in flightless lineages, population genetic patterns cannot 

directly tell us what macroevolutionary patterns will be over the long term. Examining 

patterns at differing levels is needed to fully understand the consequences of a trait. Flight 

loss may have different implications over different time scales and ecological context, but 

it appears that on the long term flightlessness tends to decrease the net-diversification rate 

of groups. Overall the results of this study suggest that flightlessness is a feature that has 

contributed to wide-scale insect species diversity patterns. 
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LIST OF APPENDICES FOR CHAPTER 3 
 
APPENDIX S7: Analysis input data.  Sources of information used in the analyses and 
how the data were chosen and modified, such as choosing proportion flightlessness data 
and estimating proportion flightlessness and age data for ‘combined orders’. 
 
APPENDIX S8: Additional results of regression analysis (#1) and sister-group 
analysis (#2), using alternative tree topologies and non-modified ordinal groupings. 
 
APPENDIX S9: Extra data and analyses for comparative analysis using 
independent contrasts (#4), including all raw contrast data, program results, regressions 
of contrasts, and accession numbers for sequences used to obtain branch lengths. 
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CHAPTER 4: GENERAL CONCLUSIONS 
 
General findings and hypotheses 

 This thesis has investigated the consequences of flight loss in insects from 

microevolutionary to macroevolutionary scales. At microevolutionary levels, flight loss in 

insects produces a significantly consistent pattern of increased dN/dS ratios and an 

overall increased overall substitution rate in flightless lineages compared to related 

flighted lineages, across various insect groups. Thus, flightlessness is a predictor of 

molecular evolutionary patterns in insects. This pattern is likely attributable to effective 

population size being, on average, smaller in flightless groups, as well as a potential 

relaxation of selective constraints on energy-relevant genes in flightless lineages. On a 

wide-scale macroevolutionary level, flightlessness is associated with decreased net 

diversification across insect orders. At the order level, having a low proportion 

flightlessness does not guarantee high species richness, but having a high proportion 

flightlessness is significantly associated with low species richness. Thus, an interesting 

pattern is presented in that flight loss has some association with decreased net-

diversification, but future work will be needed involving comparisons at multiple 

phylogenetic depths to investigate this in more detail. This pattern is likely due to 

flightless lineages having greater extinction rates due to decreased dispersal ability and 

associated species-level traits, which when examined on a long time scale outbalances 

any potential increase in speciation propensity due to population genetic effects and 

allopatric speciation in flightless lineages. The trait of flight loss is the correct type of 

trait (Introduction) to investigate in macroevolutionary context since the expected effect 

of speciation and extinction is in the same direction, as both are expected to be higher in 

flightless lineages. Therefore, observation of lower species richness in flightless groups 

does suggest higher extinction rates. 

 This study makes novel contributions to our knowledge of molecular rates and 

species richness correlates in insect groups. The question of the effect of flight loss has 

been previously little investigated, despite the interest in and attention to gain of flight as 

an important event in insect evolution (De Queiroz 1998, Mayhew 2002, Mayhew 2003). 

The approaches used in this study were similar to those used in published molecular and 

macroevolutionary literature (e.g. Barraclough et al. 1995, Orme et al. 2002, Foltz 2003, 
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Bromham and Leys 2005, Isaac et al. 2005, Shen et al. 2009). My comparative study of 

molecular rates used two complementary analysis methods and numerous independent 

transitions to flight loss, with the number of independent comparisons equal to or greater 

than the number used in other molecular studies in animals regarding population size 

effects (Johnson and Seger 2001, Foltz 2003, Bromham and Leys 2005, Woolfit and 

Bromham 2005, Shen et al. 2009). Thus, my study is novel with respect to the trait being 

examined and comprehensive with regards to sample sizes and analyses, and so 

represents a significant new contribution to the field of molecular evolution and to insect 

evolutionary study. The study on species richness patterns related to flightlessness used 

numerous complementary approaches. Some previous investigations of species richness 

correlates that span multiple insect taxa have not returned significant associations (e.g. 

Wiegmann et al. 1993, Hardy and Cook 2010), while some have (e.g. Mitter et al. 1988). 

Flightlessness or reduction in dispersal ability may be a trait that has more general 

macroevolutionary effects across insect groups.  Although in this diversity study the 

sample size for number of sister comparisons was less than these other studies, the 

approaches using data across the pterygote tree also point to a link between flightlessness 

and decreased species richness. 

 

Link between microevolutionary and macroevolutionary patterns 

 Microevolutionary and macroevolutionary patterns may be linked in this study in 

that lower dispersal ability can increase speciation rate due to reduced gene flow between 

populations, and at the same time population subdivision can decrease effective 

population sizes and influence molecular rates. Thus, speciation and molecular rates may 

mirror each other. However, reduced dispersal, smaller population size, and smaller range 

size can increase the rate of extinction, which also influences macroevolutionary patterns. 

Thus, microevolutionary patterns do not necessarily mirror macroevolutionary patterns 

when extinction is also a key factor involved in shaping macroevolutionary patterns.   

 It is also possible that microevolutionary patterns may have influenced 

macroevolutionary patterns, apart from consequences of dispersal influencing both these 

types of diversity. Larger populations have been shown to have faster rates of adaptive 

evolution (e.g. Strasberg et al. 2011), but non-adaptive evolution also produces 
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macroevolutionary pattern. Genetic drift causing increased rates of non-synonymous 

substitutions in smaller populations may allow more evolutionary experimentation. 

Population bottle necks or smaller population sizes may also have the effect of decreasing 

genetic variability within populations, perhaps allowing species selection on genetic 

variability of species, and thus leading to macroevolutionary consequences. However, 

lower dispersal ability may, over time within a species’ lifetime, counter initially reduced 

variation in a newly formed species due to lower dispersing species having increased 

population differentiation. 

 

Limitations and future directions 

 This study identifies some interesting patterns, but it would be beneficial to test 

each of the general conclusions further. Many transitions were included in the molecular 

evolutionary analyses of population size effects, but future work should involve more 

genetic data to further test the patterns observed. In particular, more datasets are needed 

in which multiple genes and gene types are available for the same sister pairs of flightless 

and flighted lineages. Further molecular phylogenetic work and mapping of flight states, 

especially in insect groups with a higher proportion of flightless species, would allow 

more comparisons to be drawn overall. Additionally, to explore the idea of relaxation of 

selection constraints of energy-relevant genes in flightless lineages, more genetic data of 

energy-relevant and non-energy-relevant genes for the same flightless:flighted 

comparisons could allow further comparisons of the strength of patterns between these 

gene types. 

For the examination of macroevolutionary patterns, it was difficult to locate 

multiple sister comparisons of flighted and flightless insect groups that were 

monophyletic and that had species richness estimates. With further work on insect 

phylogenetic relationships and corresponding species counts, multiple sister comparisons 

should be examined. Sister comparisons are the most powerful tool in detecting correlates 

of species richness (Barraclough et al. 1998). In addition, sister groups of different ages 

should be examined in order to observe whether species richness patterns change over 

time. One comparison of a genus-level transition (i.e. Ikeda et al. 2012) is a step towards 

this goal, but multiple comparisons are needed. Data on different time scales are needed, 
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as population genetic evidence cannot be extrapolated to wide-scale macroevolutionary 

patterns that depend on other events and that involve influences on both speciation and 

extinction rates. Using data from different time scales can allow us to more directly 

discern whether indeed flightless lineages have a higher propensity for both speciation 

and extinction. It is unknown whether or where there is a general tipping point whereby 

one force (speciation and extinction) overtakes the other in producing differential species 

richness between flightless and flighted groups. In this study, macroevolutionary patterns 

were examined on a long time scale. However, extinction risk may also be elevated on 

the short term following the loss of flight, but those lineages would not be visible in 

examining patterns among extant taxa. The species we observe are from lineages that 

have survived to present day; thus we cannot observe the historical patterns of speciation 

and extinction, only the net diversity and branching patterns where data exists. With more 

complete phylogenies including all extant species for a particular group, this will permit 

inference on speciation and extinction by examining branching patterns (e.g. by methods 

of Maddison et al. 2007). In addition, since the question of extinction is relevant, future 

studies could consider fossil evidence as to whether flightless groups have a historically 

higher propensity for extinction. The pattern of flight loss in extant groups can also allow 

us to infer the longevity of flightless lineages, i.e. if flightlessness is indeed a trait that 

tends to be shorter lived and occurs toward the tips of lineages. More studies that locate 

losses of flight within groups, especially in those groups with a high proportion of 

flightless species, would help in exploring the phylogenetic pattern of flight loss. For 

these groups it should be examined whether flightless lineages have diversified or 

whether there is a high transition rate near tips of lineages. Overall, with further work on 

these topics it would allow us to better elucidate the effects of flight loss on speciation, 

extinction, and how it has shaped insect species diversity patterns. 

Further work could also involve using the same comparisons to directly compare 

molecular evolutionary rates and species richness. It might be expected at lower levels 

that species richness would mirror microevolutionary pattern. In this study, direct 

comparisons cannot be made for the molecular and species richness results as they were 

examined for different taxonomic groups and on different time scales. Molecular patterns 

were examined on shorter time scales (within orders) than the macroevolutionary 
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patterns. It would be interesting to examine whether the short-term molecular patterns 

also produce general rate differences between higher-level groups. This was not 

examined in this study because my goal was to investigate molecular rate differences 

with respect to the loss of flight while minimizing confounding factors. Longer-term 

patterns of molecular rates could be examined using comparisons for the few flightless 

orders, but as phylogenetic relationships among insect orders remain uncertain, molecular 

rate estimates can be influenced by choice of sister and outgroups. As well, there may be 

substantial variation in molecular rates within an order; thus, obtaining an average 

molecular rate per order would depend upon adequate sampling. Alternatively, entire 

insect-wide phylogenies could be examined for rate variation related to flight state. This 

would be relatively simple regarding completely flightless orders. In doing so, estimates 

of rates for orders with variation in flight state could include only flighted species, as 

flight was likely not regained. To include variation of flight state within orders, flight 

losses would have to be reconstructed for lineages to properly represent the flight state. 

This would require extensive sampling and phylogenetic mapping of flight states. 

Molecular patterns within orders or for younger divergences may be different from 

patterns across orders, as may also be the case for species richness patterns. Overall, 

further work to directly link these two concepts could involve examining each of these 

two levels of diversity for the same comparisons.  

 

Macroevolutionary patterns – flight loss parallels other traits 

The macroevolutionary consequences of flight loss may be similar to that of other 

traits. Flight loss is generally thought to be a one-way transition, as there are no 

convincing cases of flight gain (consider Whiting et al. 2003, but see Stone and French 

2003).  Flight has been hypothesized to have been regained via developmental pathways 

having been maintained due to the same genes involved in other structures, such as legs 

(Whiting et al. 2003). However such a claim of regain is generally not accepted due to 

other likely explanations of the observed pattern (Stone and French 2003). A one-way 

definition to flight loss is probably most certain for complete losses of flight – in both 

sexes and for all individuals – or else the mechanisms for wing development and flight 

would still be maintained in the species. Since complete flight loss is likely a one-way 
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transition in all or most cases, this may influence the longevity of lineages. Evolution 

cannot see the future; thus, traits initially advantageous may not be beneficial for survival 

over the long term. Flight loss may be advantageous for certain habitats where dispersal 

is not initially relevant, but when conditions change, flightlessness may not be so 

advantageous. With the one-way nature of flight loss, this could lead to limited further 

evolution by increased extinction rates.  

Flightlessness may have parallels with other traits typically labelled as 

evolutionary dead-ends, such as specialization (e.g. Moran 1988) and asexuality (e.g. 

Beck et al. 2011). Flightlessness itself may be due to specialization in some conditions, 

for example when it coincides with parasitism. Flightlessness is similar to specialization 

in that it may evolve and be maintained more readily in predictable, stable habitats. 

Meanwhile, generalization is favoured in unpredictable habitats, similar to if flighted 

lineages had improved longevity than flightless lineages over changing environmental 

conditions. The transition to ecological specialization (e.g. resource use) is observed to 

occur at higher rates than the transition to generalization, but specialization can be 

reversed and thus is not generally considered a dead-end in phytophagous insects (Nosil 

2002). Flight loss may also share a more ‘tippy’ distribution of occurrence (Chapter 3) as 

was observed for other dispersal-linked traits (e.g. Duda and Palumbi 1999, Leclere et al. 

2009). Another trait with a pattern of occurrence toward the tips of lineages is the trait of 

asexuality, typically considered an evolutionary dead-end (Beck et al. 2011). Asexuality 

is expected to decrease longevity due to reasons such as increased mutational load 

(Paland et al. 2005). Flight loss does not doom lineages to certain extinction, as there are 

long-lived secondarily flightless insect groups. However, the directionality of the 

transition perhaps gives it parallels with other traits typically considered to be 

evolutionary ‘dead-ends’. 

 

 

 



 116 
 

 

Conclusion 

 In summary, this thesis has presented evidence that flight loss in insects has 

affected both microevolutionary and macroevolutionary patterns, and provides a possible 

link between the two patterns. I show a molecular phylogenetic pattern of higher dN/dS 

ratios in flightless lineages compared to related flighted lineages. The pattern in 

mitochondrial genes is strong compared with other studies of animal molecular correlates 

of similar sample size (e.g. Bromham and Cardillo 2003, Woolfit and Bromham 2005). I 

show that a high proportion of flightlessness at the order level is significantly associated 

with lower species richness. This pattern presented is strong compared to results of other 

studies employing similar methods (e.g. Orme et al. 2002, Isaac et al. 2005; 

phylogenetically independent contrasts). Reduced dispersal ability has influenced patterns 

of both molecular and species diversity and is expected to have different consequences 

for diversification over different time scales. Examination of patterns at different 

taxonomic levels and time scales is needed to fully understand the consequences of a 

trait. Increasing our understanding of traits that influence molecular rates and species 

richness patterns, and the links between these types of diversity, increases our 

understanding of the current diversity of life on earth. 
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APPENDICES FOR CHAPTER 2 
 
APPENDIX S1: Source study details and inclusion criterion.  Source study details, 
individuals and species used, flight states and references, reference figures, GenBank 
accession numbers, inclusion/exclusion criteria for flight states, phylogenetic tree 
trimming, character mapping. 
PART A:  Table including source study details, individuals and species used, flight 
states and references, reference figures, GenBank accession numbers. (Table S1.1) 
PART B: Inclusion/exclusion criterion for flight states, phylogenetic tree trimming, 
character mapping. 
 
APPENDIX S2:  Input data details including tree topologies, lineage coding, program 
settings, and brief description of likelihood ratio testing and 3-rate analysis.  
PART A:  Tree topologies and coding of lineages used for whole-tree analysis.  (Figures 
S2.1 – S2.18) 
PART B: Coding of clades within whole-trees, results included in sister-clade analysis. 
(Figures S2.19-S2.36) 
PART C:  Program settings, likelihood ratio testing description, and 3-rate analysis 
description. 
 
APPENDIX S3: Whole-tree results and patterns analysis. Results for ‘whole-tree’ 
analysis and individual transitions in single transition studies; dN/dS ratios and overall 
substitution rates. Variability data. Whole-tree pattern testing. 
PART A:  Tables with overall substitution rate (Table S3.1) and dN/dS (Table S3.2) 
results for whole-tree analysis, with significance testing (also included is 3-rate 
analysis with significance testing of sisters clades from single transition studies). 
PART B: Genetic variability of alignments, including nucleotide substitution and 
amino acid variation (Table S3.3) 
PART C: Whole-tree pattern testing for FL:F patterns 
 
APPENDIX S4: Independent sister-clade results and patterns analysis.  Sister-clade 
results with each transition analysed separately and gene results for each summarised. 
PART A:  Table with dN/dS sister clade results and summaries (Table S4.1) 
PART B: Sister-clade FL:F patterns analysis with different summary methods, nuclear 
and mitochondrial genes separately, and individual genes patterns; nuclear vs. 
mitochondrial ratios, and FFL vs. FL patterns. 
 
APPENDIX S5: Sensitivity testing.  Patterns exploration between whole-tree overall 
substitution rate and dN/dS  ratio results and magnitude of genetic variation, a 
comparison of dN/dS results and overall substitution rates results, and a test of the 
consistency of whole-tree results against the component sister-clade results. 
PART A:  Variation vs. magnitude of ratios 
PART B: Relationship between dN/dS results and overall substitution rate results 
PART C: Investigation of whole-tree analysis (Table S5.2) 
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APPENDIX S6: Relative rates test results of overall substitution rate differences for 
sister pairs of FL and F lineages. Including all relative rate results for 38 independent 
transitions with multiple gene results each, FL:F pattern testing overall, for nuclear and 
mitochondrial genes, for each gene separately, and individuals and accession numbers 
used in analysis. 
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APPENDIX S1: Source study details and inclusion criteria.  Source study details, 
flight states and references, reference figures, GenBank accession numbers, 
inclusion/exclusion criteria for flight states, phylogenetic tree trimming, character 
mapping. 
 
Summary of the contents of this appendix 
 This appendix has two parts, Part A and Part B.  In Part A I give the sources of the 
information used in this study, such as the sources or studies from which I obtained the 
phylogenetic relationships, flight states of species, and genetic data.  As well I include 
information on what data I used in the study such as the numbers of transitions for each 
study or data set, the genes available or used, which species were included in analysis and 
the flight states I attributed to those species.  I also include references to figures in 
APPENDIX S2 for the topologies and codings for each of the data sets used in analysis, 
prepared using these source studies.  In Part B I give the inclusion and exclusion criteria 
for what is considered a flightless species and specific instances where author discretion 
was used regarding assigning a flight state, which transitions to flight loss were deemed 
appropriate to include, criteria or cases in which phylogenetic topologies were trimmed, 
and procedure of mapping flight state and cases in which mapping was performed 
differently than in published studies. 
 
PART A:  Table including source study details, individuals and species used, flight 
states and references, reference figures, GenBank accession numbers. 
 
Table S1.1: Source studies details, individuals/species used, including flight states and 
references, reference figures, GenBank accession numbers. Most studies (listed in the 
first column) contain multiple losses of flight and are included in both whole-tree analysis 
and sister-clade analysis. Those studies marked with ^ contain single evolutionary 
transitions that add data to the sister-clade analysis.  Studies with * have an overlapping 
transition with another study and add gene data to sister-clade analysis.  [ ] indicate a 
gene for which there was not enough amino acid variation (See APPENDIX S3 Part B) 
for analysis but accession numbers are still provided in case future researchers would like 
to consider those data.  F = flighted, FL = both sexes flightless, FFL = female flightless.  
For ‘Transitions labelled’ (2nd column) this refers to the figures in this study in 
APPENDIX S2, where the transitions are labelled on the figures.  The column “sp in tree, 
# FL sp’ applies to whole-tree studies, and for single transitions (used in sister-clade 
analysis) the numbers in the column refer to the number of FL species, number F species, 
and number OG (outgroup) species. sp. = species, ind. = individual.  For column of 
‘Accession Numbers’ the table or Appendices refer to the source study unless otherwise 
indicated. 
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Table S1.1: Source studies containing data analyzed in this study 
         In this study, in 

APPENDIX S2  
Source 
study, fig. 
# 

Transitions 
labelled, type of 
flight transition, 
and source of 
flight state  

# sp. in 
tree, # 
FL sp. 
OR 
#FL,#F,#
OG sp. 

# 
trans-
itions 

# ind. 
sister 

Genes 
(protein-
coding) 

#transiti
ons (#sp 
in tree), 
for 
specific 
gene 

Fig. 
Whole-
tree 

Fig. 
Sister 
compar-
isons 

Accession Numbers (GenBank) and flight 
state of species used in analysis 

Walhberg 
et al. 2010, 
Fig. 1d 
  
  
  

1-7, FFL, in 
source study 

55, 14 7 7     

Table 1 in source study 
 (alignment was provided by authors directly) 
 
Cal_sylva = Abraxas sylvata (F) 
Aet_punct = Aethalura punctulata (F) 
Agr_auran  = Agriopis aurantiaria (FFL) 
Agr_margin  = Agriopis marginaria (FFL) 
Alc_repan = Alcis repandata (F) 
Als_aescu  = Alsophila aescularia (FFL) 
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Bup_pinia = Bupalus piniaria (F) 
Cab_pusar = Cabera pusaria (F) 
Cle_cinct = Cleora cinctaria (F) 
Cle_liche = Cleorodes lichenaria (F) 
Col_penna = Colotois pennaria (F) 
Dei_ribea = Deileptenia ribeata (F) 
Drepa = Drepana curvatula (F) 
Ect_crepu = Ectropis crepuscularia (F) 
Ema_atoma = Ematurga atomaria (F) 
Enn_fusca = Ennomos fuscantaria (F) 
Epi_autum = Epirrita autumnata (F) 
Era_anker  = Erannis ankeraria (F) 
Era_defol  = Erannis defoliaria (FFL) 
Era_golda  = Erannis golda (FFL) 
Era_tilia  = Erannis tiliaria (FFL) 
Geo_papil = Geometra papilionaria (FFL) 
Het_dissi = Heterarmia dissimilis (F) 
Ell_fasci = Hylaea fasciaria (F) 
Hyp_punct = Hypomecis punctinalis (F) 
Ida_stram = Idaea straminata (F) 
Ita_brunn = Itame brunneata (F) 
Ita_loric  = Itame loricaria (FFL) 
Jod_putat = Jodis putata (F) 
Kem_ambig = Kemtrognophos ambiguata (F) 
Lom_margi = Lomaspilis marginata (F) 
Lom_bimac = Lomographa bimaculata (F) 
Lyc_hirta = Lycia hirtaria (F) 
Lyc_lappo  = Lycia lapponaria (FFL) 
Mil_queen = Milionia zonea (F) 
Ope_bruma = Operophtera brumata (F) 
Pal_merri  = Paleacrita merriccata (FFL) 
Par_conso = Paradarisa consonaria (F) 
Per_secun = Peribatodes secundaria (F) 
Per_didym = Perizoma didymatum (F) 
Phi_pedar  = Phigalia pilosaria (FFL) 
Phi_fulvi  = Phigaliohybernia fulvinula (FFL) 
Pyg_fusca = Pygmaena fusca (F) 
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Sco_immor = Scopula immorata (F) 
Sem_clath = Semiothisa clathrata (F) 
Sio_linea = Siona lineata (F) 
The_rupic  = Theria rupicapraria (FFL) 
Xer_rufes = Xerodes rufescentarius (F) 

EF-1a 7(55)  Fig. 
S2.1 

 Fig. 
S2.19 

Cal_sylva  GU580800 
Aet_punct  GU580790 
Agr_auran  GU580791 
Agr_margin  GU580792 
Alc_repan  GU580793 
Als_aescu  GU580794 
Ang_pruna GU580795 
Apo_hispi  GU580796 
Arc_parth  DQ018899 
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Hyp_punct  EF206675 
Ida_stram  AY948507 
Ita_brunn  GU580810 
Ita_loric   GU580811 
Jod_putat  GU580812 
Kem_ambig  EF206679 
Lom_margi  GU580813 
Lom_bimac  GU580814 
Lyc_hirta  AY948509 
Lyc_lappo   GU580815 
Mil_queen  AB265470 
Ope_bruma  AY948488 
Pal_merri   AY948511 
Par_conso  GU580816 
Per_secun  EF206676 
Per_didym  AY948492 
Phi_pedar   AY948510 
Phi_fulvi   AB265476 
Pyg_fusca  GU580817 
Sco_immor  AY948508 
Sem_clath  GU580818 
Sio_linea  EF206678 
The_rupic   GU580819 
Xer_rufes  AB265483 

Wgl 2(21)  Fig. 
S2.2 

 N/A, 
no close 
sisters 

Cal_sylva  GU593336 
Als_aescu  GU593332 
Ang_pruna  GU593341 
Arc_parth  DQ018869 
Bis_betul  GU593338 
Bup_pinia  GU593339 
Cle_cinct  GU593337 
Drepa  AY948539 
Enn_fusca  GU593335 
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Lyc_hirta  AY948536 
Lyc_lappo  GU593333 
Ope_bruma  AY948516 
Pal_merri  AY948538 
Per_didym  AY948520 
Phi_pedar  AY948537 
Pyg_fusca  GU593334 
Sco_immor  AY948535 
Sio_linea  GU593340 

IDH 3(35)  Fig. 
S2.3 

 Fig. 
S2.21 

Aet_punct  GU580679 
Agr_auran   GU580855 
Agr_margin   GU580871 
Als_aescu   GU580856 
Ang_pruna  GU580881 
Apo_hispi   GU580868 
Arc_parth  EU141539 
Ari_melan  GU580874 
Bis_betul  GU580867 
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Lom_margi  GU580877 
Lom_bimac  GU580857 
Per_didym  GU580860 
Pyg_fusca  GU580859 
Sco_immor  GU580850 
Sem_clath  GU580875 
Sio_linea  GU580879 
The_rupic   GU580858 

GAPDH 2(20)  Fig. 
S2.4 

 Fig. 
S2.22 

Cal_sylva  GU580830 
Aet_punct  GU580839 
Agr_margin   GU580835 
Alc_repan  GU580842 
Ang_pruna  GU580847 
Arc_parth  EU141485 
Ari_melan  GU580840 
Bis_betul  GU580832 
Bis_strat  GU580836 



 143 
 

 

Sem_clath  GU580843 

RpS5 5(36)  Fig. 
S2.5 

 Fig. 
S2.23 

Cal_sylva  GU580668 
Aet_punct  GU580679 
Agr_auran   GU580659 
Agr_margin   GU580675 
Alc_repan  GU580682 
Ang_pruna  GU580689 
Apo_hispi   GU580672 
Arc_parth  EU141381 
Ari_melan  GU580680 
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The_rupic   GU580661 

COI 7(49)  Fig. 
S2.6 

 Fig. 
S2.24 

Cal_sylva  GU580762 
Aet_punct  GU580751 
Agr_auran   GU580752 
Agr_margin   GU580753 
Alc_repan  GU580754 
Als_aescu   GU580755 
Ang_pruna  GU580756 
Apo_hispi   GU580757 
Arc_parth  DQ018928 
Ari_melan  GU580758 
Bis_betul  EF206681 
Bis_strat  GU580759 
Bup_pinia  GU580760 
Cab_pusar  GU580761 
Cle_cinct  GU580763 
Cle_liche  EF206685 
Col_penna  GU580764 
Dei_ribea  GU580765 
Drepa  GU580766 
Ect_crepu  GU580767 
Ema_atoma  GU580769 
Enn_fusca  EF206682 
Epi_autum  EF206689 
Era_anker   GU580770 
Era_defol   EF206688 
Era_tilia   GU580771 
Geo_papil  GU580772 
Ell_fasci  GU580768 
Hyp_punct  EF206683 
Ida_stram  GU580773 
Ita_brunn  GU580774 
Ita_loric   GU580775 
Jod_putat  GU580776 
Kem_ambig  EF206687 
Lom_margi  GU580777 



 145 
 

 

Lom_bimac  GU580778 
Lyc_hirta  GU580779 
Lyc_lappo   GU580780 
Ope_bruma  GU580781 
Pal_merri   GU580782 
Par_conso  GU580783 
Per_secun  EF206684 
Per_didym  GU580784 
Phi_pedar   GU580785 
Pyg_fusca  GU580786 
Sco_immor  GU580787 
Sem_clath  GU580788 
Sio_linea  EF206686 
The_rupic   GU580789 

Snall et al. 
2007, Fig. 
1 

1-3, FFL, in 
source study 

26, 5 2 (3)a 2     

Table 1 in source study 
 
A_pilos = Apocheima pilosaria (FFL) 
C_citra = Chloroclysta citrata (F) 
D_blome = Discoloxia blomeri (F) 
E_alter = Epirrhoe alternata (F) 
E_autum = Epirrita autumnata (F) 
E_chris = Epirrita christyi (F) 
E_dilut = Epirrita dilutata (F) 
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P_alche = Perizoma alchemillatum (F) 
P_didym = Perizoma didymatum (F) 
S_immor = Scopula immorata (F) 
S_cheno = Scotopteryx chenopodiata (F) 
T_firma = Thera firmata (F) 

 EF-1a 2(9)  Fig. 
S2.7 

 Fig. 
S2.25 

E_autum  AY948485 
E_chris AY948486 
E_dilut AY948487 
M_regel AY948490 
O_bruma  AY948488 
O_fagat AY948489 
P_albul AY948491 
P_alche AY948493 
P_didym  AY948492 

Wgl 3(26)  Fig. 
S2.8  

 Fig. 
S2.26 

A_pilos AY948537 
C_citra AY948530 
D_blome  AY948524 
E_alter AY948532 
E_autum  AY948513 
E_chris AY948514 
E_dilut AY948515 
E_nebul AY948525 
E_popul AY948528 
E_testa AY948529 
E_icter AY948523 
E_innot AY948522 
H_flamm  AY948526 
H_furca AY948533 
I_stram AY948534 
L_hirta AY948536 
M_regel AY948518 
O_bruma  AY948516 
O_fagat AY948517 
P_merri AY948538 
P_albul AY948519 
P_alche AY948521 
P_didym  AY948520 
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S_immor  AY948535 
S_cheno AY948531 
T_firma AY948527 

   

 

Appendix in source study 
 
T_kika(1,2,3) = Thyrocopa kikaelekea (FL) 
T_epic(1,2) = Thyrocopa epicapna (F) 
T_necke = Thyrocopa neckerensis (F) 
T_nihoa = Thyrocopa nihoa (F) 
T_apat(1,2,3) = Thyrocopa apetela (FL) 
T_kea = Thyrocopa kea (F) 

 [EF-1a] ---   

  

T_kika3 FJ845595.1 
T_epic2 FJ845609.1 
T_necke FJ845636.1 
T_nihoa FJ845637.1 
T_apat1 FJ845586.1 
T_kea FJ845627.1 

[Wgl] ---   

  

T_kika1 FJ845661.1 
T_epic1 FJ845654.1 
T_necke FJ845699.1 
T_nihoa FJ845700.1 
T_apat3 FJ845664.1 
T_kea FJ845692.1 

Medeiros 
and 
Gillespie 
2010, Fig. 
2 

1-2, FL, in source 
study 

6, 2 2 2 

COI 2(6)  Fig. 
S2.9 

 Fig. 
S2.27 

COI: 
T_kika2FJ845530.1 
T_epic2 FJ845542.1 
T_necke FJ845569.1 
T_nihoa FJ845570.1 
T_apat2 FJ845520.1 
T_kea FJ845560.1 

South et 
al. 2011, 
Fig. 3 

1-4, FFL, in 
source study 

32, 16 4 (5)b 4     

Table 2 of Stanger-Hall et al. 2007 
 
Dia_form  = Diaphanes formosus (FFL) 
Ell_corrus = Ellychnia corrusca (F) 
Hot_parv = Hotaria parvula (F) 
Lam_sple  = Lamprohiza splendidula (FFL) 
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Lam_noct  = Lampyris noctiluca (FFL) 
Luc_atra = Lucidota atra (F) 
Luci_cruc = Luciola cruciata (F) 
Luci_late = Luciola lateralis (F) 
Mic_angu  = Microphotus angustus (FFL) 
Pha_reti  = Phausis reticulata (FFL) 
Pho_hemi  = Phosphaenus hemipterus (FFL) 
Pho_pyra = Photinus pyralis (F) 
Phot_luci = Photuris lucicrescens (F) 
Ple_pall  = Pleotomus pallens (FFL) 
Pyr_angu = Pyractomena angulata (F) 
Pyro_nigr  = Pyropyga nigricans (FFL) 

COI 4(16)  Fig. 
S2.10 

Fig. 
S2.28 

Dia_form   EU009317 
Ell_corrus  EU009299 
Hot_parv  AF485364e 
Lam_sple   EU009319 
Lam_noct   EU009321 
Luc_atra  EU009293 
Luci_cruc  AF360953c 
Luci_late  AF360873c 
Mic_angu   EU009301 
Pha_reti   EU009311 
Pho_hemi   EU009320 
Pho_pyra  EU009313 
Phot_luci  EU009290 
Ple_pall   EU009291 
Pyr_angu  EU009307 
Pyro_nigr   EU009294 

Cunga et 
al. 2011, 
Fig. 2 

1-6, FL, in source 
study 

33, 19 6 5     

Table 1 in source study 
*Note: accession numbers give COI, COII 
(and LEU) together.  I separated individual 
gene sequences for analysis 
 
Aph_coniu = Aphodius conjugatus (F) 
Bub_bison = Bubas bison (F) 
Cer_hoffa = Ceratophyus hoffmannseggi (F) 
Cer_marti = Ceratophyus martinezi (F) 



 149 
 

 

Fri_vario  = Frickius variolosus (FL) 
Geo_iberi = Geotrupes ibericus (F) 
Geo_mutat = Geotrupes mutator (F) 
Geo_spini = Geotrupes spiniger (F) 
Geo_sterc = Geotrupes stercorarius (F) 
Hap_guate = Haplogeotrupes guatemalensis 
(F) 
Jek_albar  = Jekelius albarracinus (FL) 
Jek_balea  = Jekelius balearicus (FL) 
Jek_casti  = Jekelius castillanus (FL) 
Jek_catal  = Jekelius catalonicus (FL) 
Jek_herna  = Jekelius hernandezi (FL) 
Jek_hispa  = Jekelius hispanus (FL) 
Jek_nitid  = Jekelius nitidus (FL) 
Jek_punct  = Jekelius punctatolineatus (FL) 
Let_raymo  = Lethrus raymondi (FL) 
Ont_herbe = Onthotrupes herbeus (F) 
Ont_nebul = Onthotrupes nebularum (F) 
Ser_niger = Sericotrupes niger (F) 
Sil_oroca  = Silphotrupes orocantabricus (FL) 
Sil_punct  = Silphotrupes punctatissimus (FL) 
Tau_patag  = Taurocerastes patagonicus (FL) 
Tho_armif  = Thorectes armifrons (FL) 
Tho_barau  = Thorectes baraudi (FL) 
Tho_ferre  = Thorectes ferreri (FL) 
Tho_lusit  = Thorectes lusitanicus (FL) 
Tho_valen  = Thorectes valencianus (FL) 
Try_pyren = Trypocopris pyrenaeus (F) 
Typ_momus  = Typhaeus momus (FL) 
Typ_typho = Typhaeus typhoeus (F) 
 

NF 5(23)  Fig. 
S2.11 

Fig. 
S2.29 

Bub_bison GU984602 
Fri_vario  GU984595 
Geo_iberi GU984590 
Geo_mutat GU984579 
Geo_sterc GU984581 
Hap_guate GU984601 
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Jek_albar  GU984592 
Jek_balea  GU984580 
Jek_casti  GU984597 
Jek_catal  GU984578 
Jek_herna  GU984593 
Jek_hispa  GU984599 
Jek_nitid  GU984583 
Jek_punct  GU984582 
Ont_nebul GU984594 
Ser_niger GU984589 
Sil_oroca  GU984591 
Sil_punct  GU984588 
Tho_barau  GU984598 
Tho_ferre  GU984585 
Tho_valen  GU984584 
Try_pyren GU984596 
Typ_momus  GU984600 

COI 6(33)  Fig. 
S2.12 

Fig. 
S2.30 

COII 6(33)  Fig. 
S2.13 

Fig. 
S2.31 

COI, COII (and LEU: non-protein coding) 
Aph_coniu AY223690 
Bub_bison AY039339 
Cer_hoffa GU984631 
Cer_marti GU984624 
Fri_vario  GU984610 
Geo_iberi GU984608 
Geo_mutat GU984606 
Geo_spini GU984614 
Geo_sterc GU984634 
Hap_guate GU984617 
Jek_albar  GU984604 
Jek_balea  HM625867 
Jek_casti  GU984603 
Jek_catal  GU984629 
Jek_herna  GU984627 
Jek_hispa  GU984628 
Jek_nitid  GU984626 
Jek_punct  GU984625 
Let_raymo  GU984607 
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Ont_herbe GU984616 
Ont_nebul GU984618 
Ser_niger GU984609 
Sil_oroca  GU984623 
Sil_punct  GU984622 
Tau_patag  GU984611 
Tho_armif  GU984605 
Tho_barau  GU984636 
Tho_ferre  GU984635 
Tho_lusit  GU984615 
Tho_valen  GU984632 
Try_pyren GU984621 
Typ_momus  GU984620 
Typ_typho GU984619 

Petersen et 
al. 2007, 
Fig. 3  

1-4, FL, in source 
study ("loss of 
wings OR 
"stenoptery") 

29, 7 4 4     

Table 1  in source study 
(alignment was provided by authors directly) 
 
Bas_board  = Basilia boardmani (FL) 
Cra_palli  = Crataerina pallida (FL) 
Dip_setos  = Dipseliopoda setosa (FL) 
Glo_auste = Glossina austeni (F) 
Glo_brevi = Glossina brevipalpis (F) 
Glo_fusci = Glossina fuscipes (F) 
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Orn_bilob = Ornithomya biloba (F) 
Orn_chlor = Ornithomya chloropus (F) 
Orn_fring = Ornithomya fringillina (F) 
Ort_minut = Ortholfersia minuta (F) 
Par_longi = Paratrichobius longicrus (F) 
Pen_fulvi  = Penicillidia fulvida (FL) 
Pse_sp = Pseudolynchia canariensis (F) 
Ste_hirun  = Stenepteryx hirundinis (FL) 
Tri_jobli = Trichobius joblingi (F) 

CAD  4(26) Fig. 
S2.14 

Fig. 
S2.32 

Bas_board  EF531163 
Cra_palli  EF531165 
Dip_setos  EF531183 
Glo_auste EF531177 
Glo_brevi EF531166 
Glo_morsi EF531178 
Glo_palid EF531179 
Glo_palpa EF531180 
Glo_swynn EF531181 
Hip_equin EF531189 
Hip_rufip EF531188 
Lip_cervi EF531185 
Lip_depre EF531187 
Lip_mazam EF531186 
Meg_arane  EF531161 
Mel_ovinu  EF531190 
Orn_avicu EF531168 
Orn_bilob EF531169 
Orn_chlor EF531170 
Orn_fring EF531171 
Ort_minut EF531182 
Par_longi EF531160 
Pen_fulvi  EF531174 
Pse_sp EF531162 
Ste_hirun  EF531172 
Tri_jobli EF531191 

COI 4(29) Fig. 
S2.15 

Fig. 
S2.33 

Bas_board  EF531225 
Cra_palli  EF531196 
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Dip_setos  EF531224 
Glo_auste EF531198 
Glo_brevi EF531199 
Glo_fusci EF531226 
Glo_morsi EF531200 
Glo_palid EF531201 
Glo_palpa EF531202 
Glo_swynn EF531203 
Hip_equin EF531208 
Hip_rufip EF531207 
Lip_cervi EF531204 
Lip_depre EF531206 
Lip_mazam EF531205 
Meg_arane  EF531219 
Mel_ovinu  EF531209 
Orn_sp EF531223 
Orn_anchi EF531227 
Orn_avicu EF531211 
Orn_bilob EF531212 
Orn_chlor EF531213 
Orn_fring EF531214 
Ort_minut EF531221 
Par_longi EF531217 
Pen_fulvi  EF531222 
Pse_sp EF531220 
Ste_hirun  EF531215 
Tri_jobli EF531218 

^*Dittmar 
et al. 2006, 
Fig. 5 

1, FL, in source 
study 

4,4,7 or 
8 

1  COI, cytB     

 

Table 1 in source study 
 
B_forc =  Basilia forcipata (FL) 
P_frat =  Phthiridium fraterna (FL) 
E_pent =  Eucampsipoda penthetoris (FL) 
D_bian =  Dipseliopoda biannulata (FL) 
B_cory =   Basilia corynorhini (FL) 
B_corindi =  Basilia (Tripselia) coronata 
indivisa (FL) 
E_iner =  Eucampsipoda inermis (FL) 
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B_lobul2 =  Brachyotheca lobulata 2 (F) 
R_hube =  Raymondia huberi (F) 
M_nigr1 =  Megastrebla (Aoroura) nigriceps 
1 (F) 
M_parv =  Megastrebla p. parvior (F) 
S_mira =  Strebla mirabilis (OG) 
S_guaj =  Strebla guajiro (OG) 
T_cory = Trichobius corynorhini (OG) 
T_majo2 = Trichobius major 2 (OG) 
T_para = Trichobius parasiticus (OG) 
T_caec = Trichobius caecus (OG) 
T_inte(r) = Trichobius intermedius (OG) 
 
COII: 
S_mira DQ133118  
S_guaj DQ133116 
T_cory DQ133115  
T_majo2 DQ133117 
T_para DQ133123  
T_caec DQ133099  
T_inte DQ133106  
B_lobul2 DQ133098  
R_hube DQ133108  
M_nigr1 DQ133121  
M_parv DQ133091  
B_forc DQ133100  
P_frat DQ133094  
E_pent DQ133104  
D_bian DQ133109 
 
cytB: 
T_cory DQ133150 
T_majo2 DQ133152 
S_guaj DQ133151 
S_mira DQ133153 
T_caec DQ133135 
T_inter DQ133142 
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B_cory DQ133129 
B_corindi DQ133143 
E_iner DQ133148 
D_bian DQ133145 
B_lobu2 DQ133134 
R_hube DQ133144 
M_nigr1 DQ133155 
M_parvF DQ133127 

Whiting et 
al. 2003, 
Fig. 2, and 
Stone and 
French 
2003 Fig. 
1b) 

13 (not each 
labelled), all 
transitions are to 
FLness (both 
sexes FL) except 
one (Dimorphodes 
prostasis) is FFL. 
Flight states of 
each sex given in 
source study, 
details on how 
flight state was 
assigned based on 
this data is given 
in Part B (below) 

37, 24 13 5 H3 13(35)  Fig. 
S2.16 

Fig. 
S2.34 

Full alignments can be found online at 
Whiting Lab: 
http://whitinglab.byu.edu/Portals/61/docs/Publ
ications/WalkingstickData-nature-02.txt 
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Whiting 
2002, Fig. 
5 

1-4, #'s 1,3,4 are 
FL, # 2 is FFL.   
 
1. Apterobittacus 
(fam Bittacidae) 
FL - Whole genus 
Apterobittacus FL 
(Penny 2000) and 
species FL (Penny 
2006) 
 
2. B. carolinensis 
and B. oregonesis 
FFL (genus 
Brachypanorpha, 
fam. 
Panorpodidae), 
genus 
Brachypanorpa 
females reduced 
wings (Penny 
2006, Byers 1997) 
or these species 
FFL (Byers 1997), 
sister genus 
Panorpodea 
females winged 
(Penny 2006) 
 
3. Apteropanorpa 
(fam 
Apteropanorpidae) 
FL, family 
Apteropanorpidae 
FL (Penny 2000) 
 
4. All family 

33, 9 4 4 EF-1a  4(27)  Fig. 
S2.17 

 Fig. 
S2.35 

 Full alignments can be found online at 
Whiting Lab: 
http://whitinglab.byu.edu/Portals/61/docs/Publ
ications/Mecoptera-data-02.txt 
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Boreidae FL 
(Penny 2000) 

COII 4(26) Fig. 
S2.18 

Fig. 
S2.36 

^*Pollman 
et al. 2008, 
Fig. 2 

Represents # 2 
from Whiting 
2002, FFL (as 
above: Penny 
2006, Byers 1997) 

3,3,3 1   COI       Table 1 in source study 
 
Bra_oreg = Brachypanorpa oregonensis 
(FFL) 
Bra_saca = Brachypanorpa sacajawea (FFL) 
Bra_caro = Brachypanorpa carolinensis 
(FFL) 
Pan_cole = Panorpodes colei (F) 
Pan_pulc = Panorpodes pulchra (F) 
Pan_para = Panorpodes paradoxa (F)  
Pan_rufo = Panorpa rufostigma (OG) 
Pan_japo = Panorpa japonica (OG) 
Pan_take  = Panorpa takenouchii (OG) 
 
COI 
Bra_oreg EF050560 
Bra_saca EF050559 
Bra_caro EF050557 
Pan_cole EF050556 
Pan_pulc EF050554 
Pan_para EF050555 
Pan_rufo EF050550 
Pan_japo EF050552 
Pan_take EF050553 

^Hayashi 
et al. 2008, 
Fig. 2 

1, FFL, in source 
study 

3,1,3 1 1 COI       Table 1 in source study 
 
N_rufic = Nothopsyche ruficollis (FFL)   
N_longi = Nothopsyche longicornis (FFL)   
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N_monti = Nothopsyche montivaga (FFL) 
N_yamag = Nothopsyche yamagataensis (F)   
N_speci = Nothopsyche speciosa (OG) 
N_palli = Nothopsyche pallipes (OG) 
 
COI: 
N_rufic AB037582 
N_longi AB037586  
N_monti AB037587 
N_yamag AB037590 
N_speci AB038578 
N_ulmer AB038575 
N_palli AB038574  

^Petersen 
et al. 2010, 
Fig. 6. 

1, FL, Chionea FL 
genus (Roff 1994) 

1,1,4 1 1 CAD       C_valga = Chionea valga (FL)  
C_flavo = Cladura flavoferruginea (F)   
L_subco =  Limnophila subcostata (OG)   
E_simil = Euphylidorea similis (OG) 
P_polit = Prionolabis politissima (OG) 
P_areol = Prolimnophila areolata (OG) 
 
CAD: 
C_valga GU248677 
C_flavo GU248678 
L_subco GU248682 
E_simil GU248683.1 
P_polit GU248684 
P_areol GU248685.1 
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^Mitchell 
et al. 2006, 
Fig. 2 

1, FFL, Orgyia 
genus FFL 
(Davies and Butler 
2008) and species 
Orygia antiqua 
has reduced wings 
(Hunter 1995), 
sister Leucoma 
salicis is 
macropterous 
(Hunter 1995) 

1,1,1 1 1 DDC, EF-
1a 

      Table 1 in source study 
 
O_leuc  = Orgyia leucostigma (FFL) 
D_obli  = Dasychira obliquata (F) 
L_disp  = Lymantria dispar (OG) 
 
DDC: 
O_leuc AF151546 
D_obli AF151545 
L_disp AF151544 
 
EF-1a: 
O_leuc AF151605 
D_sp U85673 
L_disp U85672 
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^*Zahiri et 
al. 2011, 
Fig. 2 

1, FFL, Orgyia 
genus FFL 
(Davies and Butler 
2008) and species 
Orygia 
leucostigma has 
reduced wings 
(Hunter 1995), 
sister Dasychira 
obliquata is 
macropterous 
(Hunter 1995) 

1,1,2 1  CAD, 
IDH, 
MDH, 
[RpS5], 
[COI] 

   Table 1 in source study 
 
O_anti = Orgyia antiqua (FFL)  
N_plan =  Nygmia plana (F) 
L_mona = Lymantria monacha (OG) 
L_sali  = Leucoma salicis (OG) 
 
CAD: 
O_anti HQ006964  
N_plan HQ006999 
L_mona GU828152  
L_sali GU828232 
 
IDH:  
Oanti HQ006513 
Nplan HQ006546 
Lmona GU830042 
Lsali GU830132 
 
MDH: 
O_anti HQ006593 
N_plan HQ006630 
L_mona GU830361  
L_sali GU830449 
 
[RpS5] 
O_anti HQ006683 
N_plan HQ006721 
L_mona GU830654  
L_sali GU830719 
 
[COI] 
O_anti HQ006167  
N_plan HQ006209  
L_mona GU828655  
L_sali GU828748 
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^ Mutanen 
et al. 2010, 
Supplemen
tary Fig. 1 

FFL, flight states 
are somewhat 
uncertain due to 
unclear/lack of 
information, 
Dahlica lazuri 
appears to be FFL 
(Grapputo et al. 
2005) and family 
Arrhenophanidae 
is flighted (e.g. 
Davis 2003) 

1,1,1 1 1 CAD, 
IDH, COI 

      Electronic supplement S2  in source study 
 
D_lazu  = Dahlica lazuri (Psychidae, 
Naryciinae) (FFL) 
D_sp  = Dysoptus sp, (Arrhenophanidae) (F) 
T_clan = Trigonocyttara clandestina 
(Psychidae, unassigned) (OG) 
 
CAD: 
D_lazu GU828206 
D_sp GU828065 
T_clan GU828280 
 
IDH: 
D_lazu GU830104 
D_sp GU829948 
T_clan GU830189 
 
COI: 
D_lazu GU828719 
D_sp GU828557 
T_clan GU828808 

^ Odgen et 
al. 2009, 
Fig. 5  

1, FL, Genus 
Cheirogenesia is 
FL (Ruffieux et al. 
1998) 

1,1,1 1 1 [H3]       Supporting Information Table S1 in source 
study 
 
C_edmun = Palingeniidae Cheirogenesia sp. 
(FL) 
Pleth_sp = Palingeniidae Plethogenesia sp. 
(F) 
Hexag_sp = Ephemeridae Hexagenia sp. (OG) 
I_hudso = Ichthybotidae Ichthybotus sp. (OG) 
 
[H3]: 
C_edmun GQ118332 
Pleth_sp  AY749728 
Hexag_sp  AY125223 
I_hudso  AY749743 
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^ 
McCulloch 
et al. 2009, 
(no Fig. 
label) 
phylogenet
ic tree on 
pg. 4078. 

1, FL, in source 
study 

1,1,1 or 
2 

1 1 [H3], 
[COI] 

      Z_fenes = Zelandoperla fenestrata (FL) 
Z_decor = Zelandoperla decorate (F) 
Z_agnet = Zelandoperla agnetis (OG) 
Z_denti = Zelandoperla denticulate (OG) 
 
[H3]:  
Z_fenes  GQ414713.1 
Z_decor  GQ414725.1 
Z_agnet  EF622579.1 
 
[COI]: 
Z_fenes  GQ414665.1 
Z_decor  GQ414705.1 
Z_agnet  GQ414594.1 
Z_denti  GQ414593.1 

a study has 3 transitions total, but one overlaps with Wahlberg et al. 2010; that same transition included for non-overlapping gene 
b study has 5 transitions, but for one transition, protein-coding genes were not available 
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PART B: Inclusion/exclusion criterion for flight states, phylogenetic tree trimming, 
character mapping. 
 
Consideration for definition of ‘flightless’ species 
 Species were defined as either both-sexes flightless (FL) or female-only flightless 
(FFL).  There were no cases used in this study where males were flightless while female 
flighted. Species with non sex-linked dimorphism in flight ability were excluded (e.g. 
variation in flight ability [dimorphism] within a species, not linked to flightlessness in 
one sex).  The state of ‘flightless’ was attributed to a species if it was identified by 
sources as “flightless”, “flight-reduced”, “wing-reduced”, “apterous”, or “stenopterous” 
(strapped-wing, non-flighted).  Otherwise, a species was also considered flightless if 
there was other evidence that all individuals in the species were most likely flightless, for 
example if there is no observational evidence that individuals could fly, in combination 
with population genetic evidence that the species was flightless. 
 
Exclusion of cases of flight loss 
 I aimed to test for the effect of flight loss itself and to eliminate other potentially 
confounding factors.  There are other factors potentially associated with flight loss that 
could also affect population size or molecular rates; thus these transitions were avoided 
so as to not have a biased data set based on these types of transitions.  I avoided 
parasitism and ‘island living’ as coinciding with flight loss or occurring later (after flight 
loss) in the lineage evolution. These were the most obvious transitions associated with 
flight loss discussed in the literature and could potentially affect population size or 
molecular evolutionary rates. 
 
Specific cases where author discretion was used in assigning flight state 
 Whiting et al. (2003) Fig. 2 shows both female and male flight states.  If both 
sexes for a species were at least partially winged (either fully or partially winged) the 
species was considered flighted (F) for this study.  If both sexes were wingless, the 
species was considered flightless (FL).  In one case the male was partially winged and the 
female wingless, and I considered this as a female flightless (FFL) species. 
 McCulloch et al. (2009) Z. fenestrata species (FL) is variable in wing length 
within the species (some wingless, some not), but there is no observational evidence that 
winged individuals can fly; as well, population genetic evidence suggests that the species 
is flightless (McCulloch et al. 2009).  Therefore I considered this species as flightless. 
 
Trimming of phylogenetic trees 
 In all cases, the phylogenetic relationships were taken from the source study trees. 
For some trees, some clades were trimmed out as described below) and in doing so no 
phylogenetic relationship of any of the remaining species to each other were changed as 
compared to the original topology.  For studies containing only individual transitions 
(those marked ^ in Table S1), only some of the closest OG species to the FL and F 
species were used.   
 For whole-tree studies some taxa were trimmed from trees (tree topologies used 
given in APPENDIX S2). For Whiting (2002) two clades were removed from the Fig. 5 
(in source phylogeny) tree topology. One clade removed was the Order Siphonaptera 
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(Mecoptera is paraphyletic), a parasitic group (although flightless).  This was performed 
so as to not have rate estimates influenced by species of drastically different lifestyle 
(avoiding parasitism, even if coincides with flight loss).  The other clade removed was a 
flighted clade, family Panorpidae, since it is large and does not have any FL species 
within.  This was performed to estimate rates for more closely related FL and F species. 
 The Snall et al. (2007) tree was trimmed for the EF-1a gene analysis so as to not 
include an overlapping transition already analysed for that same gene using the study of 
Wahlberg et al. (2010). 
 For Dittmar et al. (2006), one clade of two species was excluded from analysis 
(species of genus Ascodipteron in Fig. 5 in source study).  This clade contains females 
that lose wings at a certain life stage; these did not fit neatly into the other categories of 
FL and F that were the two main clades in this tree for analysis.  Paraphyletic 
relationships were fine to use for the molecular analysis I conducted. 
 In some other cases, further outgroups were removed if the flightless species were 
contained to a clade which was deemed relatively small compared to the number of 
remaining outgroup species. For example for Medeiros and Gillespie (2009), most 
outgroup species (except for one) were excluded, and for Wahlberg et al. (2010), for the 
gene GAPDH most outgroups were removed. This was done to estimate rates for more 
closely related FL and F species. 
 
 
Flightless/flighted trait/transition mapping changed 
 I assumed for flight state mapping and for phylogenetically placing the locations 
of the transitions to flightlessness, or in checking other authors’ postulated transitions, 
that flight ability was only lost, never secondarily gained.  A high loss-to-gain likelihood 
is generally accepted as the case since there are no convincing cases of flight regain, 
while there are thought to be thousand of cases of flight loss (Whiting et al. 2003, Stone 
and French 2003). However, on the chance that flight regain did occur in the groups 
examined, it would only potentially affect the whole-tree results for those trees since the 
hypothesized ancestral states are used in the rate estimations. Flight regain would not 
affect the sister-clade results as the sister-clade analysis uses clades differing in flight 
state without inclusion of any postulated ancestral state of the two clades being 
compared. 
 For Whiting et al. (2003) I changed the transition mapping to the same mapping 
as Stone and French (2003) to reflect no flight gains (with 13 flight losses, instead of 3 
losses and 4 gains).  For Cunha et al. (2011) I changed the mapping to reflect no flight 
gains.  The ancestral state of genera Silphotrupes and Trycopris was changed to be 
flighted, with a new postulated 3 subsequent flight losses (instead of 1 loss and 1 gain).  
Ancestral states labelled in Fig. 2 (in source study) as “equivocal” were, with the 
assumption of no flight gains, assumed to be flighted. 
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APPENDIX S2:  Input data details including tree topologies, lineage coding, program 
settings, and brief description of likelihood ratio testing and 3-rate analysis.  
 
As an overview to clarify what analyses the following figures refer to, analysis in this 
study was performed in two ways:  
1. Source phylogenies containing multiple independent transitions were analysed for 
overall substitution rates and dN/dS ratios by a whole-tree approach.  The coding of trees 
is shown in Part A and results are shown in APPENDIX S3 (Table S3.1, and S3.2 Section 
A).  
2. Sister clades were analysed each independently for dN/dS ratios.  The sister-clades 
analysis includes sister clades results from transitions occurring within whole-tree studies 
(‘sister-clades from whole-trees’), which were analysed within the whole-trees (coding of 
clades and sister pairs are shown in this APPENDIX Part B, results in APPENDIX S4); 
and also includes sister-clades results from transitions occurring singly within source 
phylogenies (‘sister-clades from single-transition studies’), which were analysed with a 3-
rate approach (described briefly at the end of this appendix, results in APPENDIX S3 
Table S3.2 Section B and also included with ‘sister-clades from whole-trees’ results in 
APPENDIX S4).  ‘Sister-clade analysis’ (APPENDIX S4) is the analysis of all transition 
results from these two sources of information (sister clade results from whole-tree and 
from single-transition studies) together. 
 Included in this appendix are three parts, Part A, B, and C.  In Part A I show the 
coding of tree analysed in whole-tree analysis; in Part B I show the coding of trees as 
analysed for those sister-clade transitions from whole-tree studies, and in Part C I give the 
program settings, describe the how the likelihood ratio test was used for tests of 
significance, and describe the 3-rates analysis in which sister-clade pairs from transitions 
occurring singly within source phylogenies were analysed. 
 
PART A:  Tree topologies and coding of lineages used for whole-tree analysis.  
Branches or nodes with ‘#1’ signify a flightless (FL or FFL) lineage or postulated 
ancestral state, no coding indicates a flighted (F) lineage or postulated ancestral state.  
Note the coding label (e.g. ‘#1’) is displayed to the right of the individual or node that is 
coded); for labels of nodes (rate is for branch from that node back to previous node) each 
label is to the right of the corresponding node, on the same horizontal level.  Note: I refer 
to the coding as belonging to the nodes (and they are displayed as on the nodes) but the 
rates are for the branch between the node and the previous node. The same input trees and 
coding were used in analysis for overall substitution rate (program PAML baseml) and for 
dN/dS ratios (PAML codeml); therefore, there is only one tree per gene for each study.  
Species/individuals within a study had different availability of genes; therefore trees are 
different for each gene within a study.  Results are given in APPENDIX S3 Table S3.1 for 
overall substitution rate results and Table S3.2 for dN/dS ratio results. 
 
Legend for figures titles 
Figure #. ‘Study’ ‘Gene’ ‘# of transitions to flightlessness’ ‘(# of species in tree)’ 
 
Figure S2.1. Wahlberg et al. 2010 EF1a 7(55) 
Figure S2.2. Wahlberg et al. 2010 Wgl 2(21) 
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Figure S2.3. Wahlberg et al. 2010 IDH 5(35) 
Figure S2.4. Wahlberg et al. 2010 Gapdh 2(20) 
Figure S2.5. Wahlberg et al. 2010 RpS5 5(36) 
Figure S2.6. Wahlberg et al. 2010 COI 7(49) 
Figure S2.7. Snall et al. 2007 EF1a 2(9) 
Figure S2.8. Snall et al. 2007 Wgl 3(26) 
Figure S2.9. Medeiros and Gillespie 2010 COI 2(6) 
Figure S2.10. South et al. 2011 COI 4(16) 
Figure S2.11. Cunha et al. 2011 NF 5(23) 
Figure S2.12. Cunha et al. 2011 COI 6(33) 
Figure S2.13. Cunha et al. 2011 COII 6(33) 
Figure S2.14. Petersen et al. 2007 CAD 4(26) 
Figure S2.15. Petersen et al. 2007 COI 4(29) 
Figure S2.16. Whiting et al. 2003 H3 13(35) 
Figure S2.17. Whiting 2002 EF1a 4(27) 
Figure S2.18. Whiting 2002 COII 4(26) 
 

 
Figure S2.1: Wahlberg et al. 2010 EF1a 7(55) 
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Figure S2.2: Wahlberg et al. 2010 Wgl 2(21) 

 
 
Figure S2.3: Wahlberg et al. 2010 IDH 5(35) 
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Figure S2.4: Wahlberg et al. 2010 Gapdh 2(20) 

 
Figure S2.5: Wahlberg et al. 2010 RpS5 5(36) 
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Figure S2.6: Wahlberg et al. 2010 COI 7(49) 

 
Figure S2.7: Snall et al. 2007 EF1a 2(9) 
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Figure S2.8: Snall et al. 2007 Wgl 3(26) 

 
Figure S2.9: Medeiros and Gillespie 2010 COI 2(6) 

 
Figure S2.10: South et al. 2011 COI 4(16) 
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Figure S2.11: Cunha et al. 2011 NF 5(23) 

 
Figure S2.12: Cunha et al. 2011 COI 6(33) 
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Figure S2.13: Cunha et al. 2011 COII 6(33) [same as Fig 12] 

 
Figure S2.14: Petersen et al. 2007 CAD 4(26) 



 173 
 

 

 
Figure S2.15: Petersen et al. 2007 COI 4(29) 

 
Figure S2.16: Whiting et al. 2003 H3 13(35) 
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Figure S2.17: Whiting 2002 EF1a 4(27) 

 
Figure S2.18: Whiting 2002 COII 4(26) 
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PART B: Coding of clades within whole-trees, dN/dS results included in sister-clade 
analysis. Branches or nodes are coded to represent clades of flightless or flighted 
lineages. A box enclosing two differently coded clades indicate one FL:F comparison. 
The flight state of all individuals is given in APPENDIX S1 Table S1.1. I attempted to 
maximize the number of sister comparisons with contrasting flight states; therefore, 
paraphyletic relationships were used.  In cases of paraphyletic relationships there are two 
boxes, one for each FL and F clade, both labelled with the same number to signify that 
they are being compared. All lineages from the point of the FL/F split are coded (not just 
the tips) to represent the same evolutionary distance (time) to the tips. Therefore, the 
codings are different from the case of the whole-tree analysis. Results are given in 
APPENDIX S4 Table S4.1 for dN/dS ratio results. 
 
Figure #. ‘Study’ ‘Gene’ ‘# of sister-comparisons’ ‘(# of species in tree)’ 
Figure S2.19. Wahlberg et al. 2010 EF1a 7(55) 
Figure S2.20. Wahlberg et al. 2010 Wgl (N/A. For this gene there was not close sisters 
available, so I did not perform sister-clade comparisons) 
Figure S2.21. Wahlberg et al. 2010 IDH 5(35) 
Figure S2.22. Wahlberg et al. 2010 Gapdh 2(20) 
Figure S2.23.Wahlberg et al. 2010 RpS5 5(36) 
Figure S2.24. Wahlberg et al. 2010 COI 7(49) 
Figure S2.25. Snall et al. 2007 EF1a 2(9) 
Figure S2.26. Snall et al. 2007 Wgl 3(26) 
Figure S2.27. Medeiros and Gillespie 2010 COI 2(6) 
Figure S2.28. South et al. 2011 COI 4(16) 
Figure S2.29. Cunha et al. 2011 NF 5(23) 
Figure S2.30. Cunha et al. 2011 COI 5(33) 
Figure S2.31. Cunha et al. 2011 COII 5(33) 
Figure S2.32. Petersen et al. 2007 CAD 4(26) 
Figure S2.33. Petersen et al. 2007 COI 4(29) 
Figure S2.34. Whiting et al. 2003 H3 5(35) 
Figure S2.35. Whiting 2002 EF1a 4(27) 
Figure S2.36. Whiting 2002 COII 4(26) 
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Figure S2.19: Wahlberg et al. 2010 EF1a 7(55) 
Figure S2.20: Wahlberg et al. 2010 Wgl [*no clades analysis – not close sisters] 
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Figure S2.21: Wahlberg et al. 2010 IDH 5(35) 

 
Figure S2.22: Wahlberg et al. 2010 Gapdh 2(20) 
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Figure S2.23: Wahlberg et al. 2010 RpS5 5(36) 

 
Figure S2.24: Wahlberg et al. 2010 COI 7(49) 
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Figure S2.25: Snall et al. 2007 EF1a 2(9) 

 
Figure S2.26: Snall et al. 2007 Wgl 3(26) 

 
Figure S2.27: Medeiros and Gillespie 2010 COI 2(6) 
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Figure S2.28: South et al. 2011 COI 4(16) 

 
Figure S2.29: Cunha et al. 2011 NF 5(23) 
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Figure S2.30: Cunha et al. 2011 COI 5(33) 

 
Figure S2.31: Cunha et al. 2011 COII 5(33) 
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Figure S2.32: Petersen et al. 2007 CAD 4(26) 

 
Figure S2.33: Petersen et al. 2007 COI 4(29) 
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Figure S2.34: Whiting et al. 2003 H3 5(35) 
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Figure S2.35: Whiting 2002 EF1a 4(27) 

 
Figure S2.36: Whiting 2002 COII 4(26) 
 



 185 
 

 

PART C:  Program settings, likelihood ratio testing description, and 3-rate analysis 
description.  Settings selected for program PAML baseml (overall substitution rate) and 
codeml (dN/dS ratios).  Brief description of likelihood ratio testing.  Brief description of 
3-rates analysis used for sister-clade comparisons within single transition studies. 
 
Table S2.1: The settings selected for program PAML baseml, used to obtain whole-
tree results. 
Setting Choice Justification 
runmode Runmode=0 Tree topology from published multi-gene 

phylogeny is inputted.  While I am 
analyzing patterns of molecular evolution 
for single genes, I used multi-gene input 
phylogenies from published source studies 
as multi-gene phylogenies are considered 
likely to be more accurate than single-gene 
phylogenies.  

model Whichever estimated by 
modeltest, e.g. 7 for REV 
(General Time 
Reversible), or 5 for T92 
were common 

There is no ‘I’ variable option in baseml, so 
any value estimated for G would not be 
appropriate, only basic model was used 

Mgene, or 
Malpha, or 
anything 
pertaining to 
multiple genes 

0, no setting  I tested each gene separately so did not 
need to have different models for different 
genes 

Clock Clock=1 for 1 rate 
overall (null test), 
clock=2 when tree is 
coded to get 1 rate for 
each of lineage types (FL 
and F)  

Clock=1 gives a single rate estimation for 
entire tree, clock =2 is local clocks for each 
lineage type.  Analysis is run both ways for 
each gene/tree set, the tree Ln Likelihood 
value from each allows a likelihood ratio 
test of significance 

nhomo, base 
frequencies 

Nhomo=0, use empirical 
base frequencies 

Do not need to estimate base frequencies 
by ML methods unless have a diverse or 
large group where nucleotide frequencies 
would vary dramatically between lineages 
– do not need to add more parameters. 

fix_kappa, 
estimate or fix 
kappa 

fix_kappa=0, estimate 
kappa 

Kappa is transition/transversion ratio 
(transition referring to transitional 
substitution), ratio should be estimated so 
that program can use it in analysis 

fix_alpha, 
estimate or fix 
alpha 

fix_alpha=1, single rate 
for all sites 

Alpha refers to the shape parameter of the 
gamma distribution for variable 
substitution rates across sites. I applied a 
simple assumption of single rate.  Below 
for dN/dS alpha set to 1, wanted to keep 
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two tests (baseml and codeml) with same 
settings to better compare results. 

alpha alpha=0 (infinity) As per above row, fix alpha at a constant 
rate 

Clean_data, 
ambiguity data 

cleandata = 0 (keep in 
ambiguity data) 
 
 

I attempted to keep in as much information 
as possible; for baseml there were no issues 
when including ambiguity data. 

Method method=0, optimization 
as opposed to 1, one 
branch at a time 

method = 1 does not work under the clock 
models (clock = 1, 2, 3) 

 
 
Table S2.2: The settings selected for program PAML codeml, used to obtain whole-
tree results, sister-clades results from whole-trees, and sister-clade results from individual 
transitions. 
Setting Choice Justification 
runmode runmode=0, user tree Tree topology from multi-gene phylogeny 

is inputted.  It is a more accurate phylogeny 
than any constructed here since it was 
constructed using multiple genes and with 
better methods. 

seqtype  seqtype = 1 , codons Not inputting amino acid sequences, 
alignments are in-frame (and in a multiple 
of 3 nucleotides) to translate using 
appropriate genetic code 

CodonFreq CodonFreq = 2 , F3X4 Accounts for differences in nucleotide 
composition at the 3 positions, partially 
correcting for possible codon bias. 

aaDist aaDist = 0, equal Assuming that all amino acids are equally 
similar to each other, not true, but a simple 
assumption.  Just looking for simple dN/dS 
estimates. 

model 
 

model = 2, 2 or more 
dN/dS ratios for 
branches for when 
branches are coded, 
model=0 means 1 
dN/dS ratio for all 
branches (null test). 

Each comparison is tested with both 
model=2 and model=0, and the Ln 
likelihood values compared to test for 
significance of difference 

NSsites NSsites = 0, sites 
models 

I am not testing a specific hypothesis, e.g. 
that selection is higher among certain sites.  
Since testing overall patterns in lineages 
will use a simple model – treat all sites the 
same 

icode, genetic icode = 0 for universal icode=0 used for nuclear protein coding 
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code code or icode=4 for 
invertebrate mt  

genes and icode=4 for invert (e.g. insect) 
mitochondrial protein coding genes 

fix_kappa fix_kappa = 0 , 
estimate 

Kappa is transition/ 
transversion ratio (transition referring to 
transitional substitution), need to estimate 
to use in analysis 

fix_omega fix_omega = 0, 
estimate 

Omega is the dN/dS ratio, this is what is 
being measured, the output 

fix_alpha fix_alpha = 1, with 
alpha=0, alpha=0 is 
constant rate 

Alpha is “shape” parameter describing the 
shape of the gamma distribution, here 
assuming no variation among sites. Same 
reasoning as in Foltz 2003 – appropriate for 
focus of genetic drift which should affect 
all sites equally, difficult to estimate 
models for variation among sites as well as 
among lineages. 

cleandata  cleandata = 0 as often 
as would work, do not 
remove sites with 
ambiguity data.  
Sometimes 
cleandata=1, omit 
ambiguity data. 
 

I attempted to keep in as much information 
as possible. Setting of 1 was avoided 
because any ambiguity means a complete 
site deletion; however sometimes program 
would not run without being set to 1a. 

a Only for program Codeml this was a problem – trees/genes that did not run with 
ambiguity data (had to set to exclude ambiguity) were: Wahlberg Ef-1a and Wgl, Whiting 
2002 Ef-1a and COII. dN/dS ratio analysis (codeml) was performed first, so the same 
ambiguity settings were applied to the overall substitution rate analysis (baseml) in order 
to keep the two results more comparable. 
 
 
Brief description of likelihood ratio testing used in this analysis 
 Tree topologies and coding (shown in PART A), as well as nucleotide data, were 
inputted for each tree into the programs PAML baseml and codeml (settings above in 
Tables S2.1 and S2.2).  For each test type (in programs baseml and codeml) each tree was 
run with a 2-rate model and a 1-rate model.  The 2-rate model estimates one rate for each 
lineage type (one rate for lineages coded #1 and one rate for background lineages), and 
the 1-rate model estimates one rate for all lineages in the tree.  Each run result gives a Ln 
Likelihood value for the tree with the given model, with the Ln Likelihood value 
describing how well the model fits the data.  The more parameter-rich 2-rate model 
approach will always be a better fit that the 1-rate approach, but a likelihood ratio test can 
be used to assess if it is a significantly better fit.  Therefore, if the 2-rate model with FL 
and F lineages coded at different rates is significantly different from the 1-rate model, the 
rates of FL and F lineages are concluded to differ significantly. 
 Significances are tested by taking two times the difference in Ln likelihood values 
(between 2-rate and 1-rate models) and comparing this value with a critical value 
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following a Chi-square distribution for a certain degrees of freedom (df).  The difference 
in the number of parameters used is the df; for example, a 2-rate and 1-rate comparison 
has 1 df, and a 3-rate and 2-rate comparison also has 1 df. At 1 df the critical value is 3.84 
for a=0.05. 
  
Brief description of 3-rate analysis 
 The 3-rate approach was used to obtain FL and F ratios for sister-clades included 
in individual studies, i.e. for individual transitions not included in the whole-tree studies.  
This method also allows significance testing for FL:F differences in each comparison. 
The input trees are simple since they include very few individuals.  Figures of input 
topologies and codings were not given in this appendix, but they can be inferred from the 
species and flight states included in each gene test given in APPENDIX S1 and the 
topologies of the species as given in the source study and figure reference.   
 The 3-rate approach is essentially the same as was performed to obtain results for 
sister clades in whole-tree studies; however, in this case it is possible to get significance 
values for differences between the FL and F lineages. For single transitions, only the in-
groups (FL and F) and closest outgroups are included in the trees; thus there is no need 
for additional coding other than for the outgroup.  For the 3-rates model each of FL and F 
lineages were coded a different rate (#1 and #2), and all the outgroup lineages and nodes, 
as well as the node at the FL and F lineage split, were given a background rate. The FL 
and F dN/dS ratios were recorded (APPENDIX S3 Table S3.2).  The trees were also run 
with two rates, with one rate for both FL and F lineages (#1), and one rate for the 
outgroup and the node at the FL and F lineage split.  The Ln likelihood values for the 3-
rate model and 2-rate model were compared with the likelihood ratio test with 1df, 
although significance results not reported in the main portion of the study (are reported in 
APPENDIX S3 Table S3.2).  Significant differences between the two models indicate 
significant differences between FL and F lineages. 
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APPENDIX S3: Whole-tree overall substitution rate and dN/dS results and FL:F 
patterns analysis.  Detailed results comparing overall substitution rate and dN/dS ratios 
between flightless (FL) and flighted (F) lineages for whole-tree analysis.  These are 
presented in Figure 2.1 A and 2.1B in the main paper.  Included (in Table S3.2 Section B, 
3-rate analysis) are dN/dS results for those sister-clade comparisons that occurred singly 
(not in whole-tree studies); these results have significance testing. Genetic variability data 
for all whole-tree study alignments and those sister-clade comparisons that occur singly.  
Whole-tree pattern statistical testing for differences between overall substitution rate and 
dN/dS ratios between FL and F lineages. 
 
PART A:  Tables with overall substitution rate (Table S3.1) and dN/dS (Table S3.2) 
results for whole-tree analysis, with significance testing (also included is 3-rate 
analysis with significance testing of sisters clades from single transition studies). 
 
Table S3.1: Overall substitution rate results for whole-tree analysis, including 
substitution rate for FL and F lineages for each tree/gene, ratios of FL to F results, 
likelihood values, and significances for the likelihood ratio test.  Cells that are positive in 
the column ‘Direction’ indicate that the FL ratio was higher than the F ratio (yellow 
cells), and cells that are negative indicate the F ratio was higher than the FL ratio (blue 
cells).  Cells that are shaded (green) in the column ‘P-value’ indicate that the difference 
between the FL and F lineage rates was significant at a=0.05 (by the likelihood ratio test).  
Cells that are shaded (grey) in the column ‘Gene’ indicate data set alignments that were 
not analysed because they did not meet the variation requirements (shown in Table S3.3). 
For the column heading ‘Model used’ the model GTR is name named REV (#7) in the 
program (baseml) control file.  For the column labelled ‘Rate FL’, these results are the 
rates obtained for the branches labelled #1 in APPENDIX S2 Part A figures. ‘Rate F’ 
values are background rates for unlabeled lineages in APPENDIX S2 Part A figures (in 
the program the background rate is set to 1, and FL rate is relative to this).  For the 
columns labelled ‘Direction’ and ‘1-smaller/larger’, the sign in ‘Direction’ along with the 
value for ‘1-smaller/larger’ becomes the ‘Signed ratios’ displayed in Figure 2.1A in main 
paper.  For the column ‘2xLndiff’ (2 times the value from column ‘LnClock 1’ [1 rate 
model] minus ‘LnClock2’ [2 rate model]) if the value is greater than 3.84 then the result 
is significant, with 1 degree freedom. ‘P-value’ was calculated from likelihood results 
using a likelihood ratio test, 2-tailed. ‘mit’ = mitochondrial gene, ‘nuc’ = nuclear gene, 
‘indiv.’ = individuals.
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Table S3.1: Overall substitution rates 
Whole-tree analysis 

          Ln Likelihood values  
Rate FL 
(Rate  
F = 1) 

*Ratio 
1-small/ 
large 

Paper # of 
transi
-tions 

# of 
indiv. 

Gene 
type 

Genes Model 
Testa 

Mod-
el 
Used 

 

Direc
-tion 

 

Ln clock1 Ln clock2 2xLndiff P value 

South et al. 
2010 

5 16 mit COI GTR+G+I GTR 1.20029 + 0.1669 -9491.12 -9487.01 8.2197 0.0041 

7 55 nuc Ef1a GTR+G+I GTR 0.89838 - 0.1016 -12607.4 -12606.6 1.7244 0.1891 

2 21 nuc IDH T92+G+I T92 0.92069 - 0.0793 -10078.3 -10077.9 0.8122 0.3675 

5 35 nuc Wgl T92+G+I T92 1.06677 + 0.0626 -3837.87 -3837.78 0.1859 0.6664 

5 36 nuc RpS5 K2+G+I K80 0.8355 - 0.1645 -6427.11 -6425.89 2.4439 0.118 

2 20 nuc GAPDH T93+G T93 0.77303 - 0.227 -4629.93 -4628.69 2.4781 0.1154 

Wahlberg 
et al. 2010 

7 49 mit COI GTR+G+I GTR 1.07243 + 0.0675 -9986.67 -9986.19 0.9536 0.3288 

Whiting et 
al. 2003 

8 25 nuc H3 T92+G+I T92 0.73901 - 0.261 -4681.93 -4676.64 10.5749 0.0011 

4 26 nuc CAD T92+G T92 1.16953 + 0.145 -7582.71 -7581.27 2.8894 0.0892 Petersen et 
al. 2007 4 29 mit COI GTR+G+I GTR 1.51708 + 0.3408 -12720.1 -12702.4 35.2854 <0.0001 

4 27 nuc Ef1a GTR+G+I GTR 1.61665 + 0.3814 -9938.47 -9919.18 38.5778 <0.0001 Whiting 
2002 4 26 mit COII GTR+G+I GTR  1.04091 + 0.0393 -7341.84 -7341.72 0.2303 0.6313 

2 9 nuc Ef1a TN93+G T93 1.32682 + 0.2463 -2381.48 -2380.78 1.4077 0.2354 Snall et al. 
2007 3 26 nuc Wgl T92+G+I T92 1.3031 + 0.2326 -3572.07 -3571.28 1.5751 0.2095 

2 6 nuc [Wgl]          
2 6 nuc [Ef1a]          

Medeiros 
and 
Gillespie 
2009 

2 6 mit COI TN93+G T93 1.13235 + 0.1169 -919.124 -919.031 0.1875 0.665 

5 23 nuc NF1 T92+G T92 1.73837 + 0.4247 -1358.4 -1355.77 5.2637 0.0218 
6 33 mit COI TN93+G+

I 
TN93 1.09672 + 0.0882 -6178.16 -6178.73 1.1385 0.286 

Cunha et 
al. 2011 

6 33 mit COII TN93+G TN93 1.08581 + 0.079 -6717.84 -6717.37 0.9331 0.3341 
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a Model testing was performed in the program MEGA 5.0 (Tamura et al. 2011) using the gene 
alignments and with the published tree topologies inputted. 
 
Table S3.2: dN/dS ratio results for whole-tree analysis and sister-clade comparisons 
that occur singly, including dN/dS ratio values for FL and F lineages for each tree/gene, 
ratios of FL to F dN/dS results (ratios), likelihood values, and significances for the 
likelihood ratio test.  dN/dS ratios for the single transitions analysis (studies in Section B, 
or highlighted in purple) that do not occur within whole-tree studies are presented with 
likelihood ratio results here, and also included with other sister-clade comparisons in 
APPENDIX S4.  Section A (papers highlighted in pink) includes results from whole-tree 
studies.  Cells that are positive in the column ‘Direction’ indicate that the FL ratio was 
higher than the F ratio (yellow cells), and cells that are negative indicate the F ratio was 
higher than the FL ratio (blue cells).  Cells that are shaded (green) in the column ‘P-value’ 
indicate that the difference between the FL and F lineage rates was significant at a=0.05 
(by the likelihood ratio test).  Cells that are shaded (grey) in the column ‘Gene’ indicate 
data set alignments that were not analysed because they did not meet the variation 
requirements (shown in Table S3.3).  For the column labelled ‘dN/dS FL’, these results 
are the rates obtained for the branches labelled #1 in APPENDIX S2 Part A figures. 
‘Ratio F’ values are background dN/dS ratios for unlabeled lineages in APPENDIX S2 
Part A figures. For the columns labelled ‘Direction’ and ‘1-smaller/larger’, the sign in 
‘Direction’ along with the value for ‘1-smaller/larger’ becomes the ‘Signed ratios’ 
displayed in Fig 1B in main paper.  For the column ‘2xLndiff’ (2 times the value from 
column ‘LnClock 1’ [1 rate model] minus ‘LnClock2’ [2 rate model]) if the value is 
greater than 3.84 then the result is significant, with 1 degree freedom.  ‘P-value’ was 
calculated using a likelihood ratio test, 2-tailed. ‘mit’ = mitochondrial gene, ‘nuc’ = 
nuclear gene.  For Section B the column labelled ‘# individuals included’, the numbers 
separated by commas refers to the number of individuals in each group FL, F, OG.  * 
indicates studies which add gene data to sister-clade analysis (transition overlaps with 
another study). The Ln Likelihood testing is the same as in Section A except the values 
from the 3-rate model are compared to the 2-rate model (same rate for both IG), still with 
the same degrees of freedom (df =1) and same cut-off value for chi-square test (3.84).  
Significances are shown here but were not used in analysis or displayed in the main paper 
(due to low sample size), however note that out of 5 significant FL-F differences, 4 were 
in the positive (FL>F) direction. 
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Table S3.2: dN/dS Ratio Results 
Section A: Whole-tree analysis 

             Ln Likelihood values     .  

Paper # of 
transi
-tions 

# 
indivi-
duals 

Gene 
type 

Genes dN/dS 
FL 

dN/dS 
F 

Direc
t-ion 

Ratio 1- 
small/ 
large 

Ln (1 rate) Ln (2 rate) 2x 
Lndiff 

P-value 

South et al. 
2010 

4 16 mit COI 0.0194 0.0115 + 0.407216 -7909.926 -7905.39 9.0712 0.0026 

7 55 nuc EF1a 0.0462 0.0144 + 0.688312 -4114.085 -4109.522 9.1250 0.0025 
2 21 nuc Wgl 0.026 0.0163 + 0.373077 -2771.865 -2771.259 1.2111 0.2711 
5 35 nuc IDH 0.0426 0.0255 + 0.401408 -8191.294 -8188.572 5.4443 0.0196 
5 36 nuc RpS5 0.0008 0.0084 - 0.904762 -5089.205 -5087.961 2.4874 0.1148 
2 20 nuc Gapdh 0.0373 0.0176 + 0.52815 -3847.175 -3846.192 1.9652 0.161 

Wahlberg et 
al. 2010 

7 49 mit COI 0.0051 0.0025 + 0.509804 -7409.856 -7406.324 7.0641 0.0079 
Whiting et 
al. 2003 

13 25 nuc H3 0.0054 0.0009 + 0.833333 -3522.812 -3519.216 7.1916 0.0073 

4 26 nuc CAD 0.0284 0.0269 + 0.052817 -4502.337 -4502.314 0.0452 0.8316 Petersen et 
al. 2007 4 29 mit COI 0.0137 0.0052 + 0.620438 -2504.473 -2499.916 9.1143 0.0025 

4 27 nuc Ef1a 0.0269 0.0347 - 0.224784 -7694.111 -7693.124 1.9738 0.16 Whiting 
2002 4 26 mit COII 0.0196 0.0098 + 0.5 -5316.738 -5312.309 8.8569 0.0029 

2 9 nuc Ef1a 0.0368 0.0084 + 0.771739 -2114.925 -2112.271 5.3090 0.0212 Snall et al. 
2007 3 26 nuc Wgl 0.0117 0.0116 + 0.008547 -2825.276 -2825.275 0.0003 0.986 

2 6 nuc [Wgl]         
2 6 nuc [Ef1a]         

Medeiros 
and 
Gillespie 
2009 

2 6 mit COI 0.0049 0.0034 + 0.306122 -772.4887 -772.4165 0.1443 0.704 

5 23 nuc NF1 0.0825 0.0721 + 0.126061 -1228.623 -1228.575 0.0946 0.7584 
6 33 mit COI 0.017 0.0114 + 0.329412 -5084.098 -5082.0 4.2771 0.0386 

Cunha et 
al. 2011 

6 33 mit COII 0.0151 0.0148 + 0.019868 -5535.172 -5535.169 0.0060 0.9381 

Section B: Single transitions included in sister-clade analysis (those papers with * add gene data), 3-rate analysis 
             Ln Likelihood values        .  

Paper # of 
transi
-tions 

# indivi-
duals 

Gene 
type 

gene
s 

dN/dS  
ratio FL 

dN/dS  
ratio F 

Direc
-tion  

*Ratio 1- 
small 
/large 

Ln (2 rate) Ln (3 rate) 2x 
Lndiff 

P-value 
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Hayashi et 
al. 2008 

1 7 (3,1,3) mit COI 0.0066 0.0001 + 0.984848 -1435.961 -1433.979 3.9631 0.0465 

Petersen et 
al. 2010 

1 6 (1,1,4) nuc CAD 0.0095 0.0974 - 0.902464 -3154.164 -3151.936 4.4575 0.0347 

Odgen et 
al. 2009 

1 7(1,1, 5) nuc [H3]         

1 4(1,1,2) mit [COI]         McCulloch 
et al. 2009 1 3(1,1,1) nuc [H3]         

1 15(4,4,7) mit COII 0.0289 0.0113 + 0.608997 -3448.163 -3443.7 8.9256 0.0028 Dittmar et 
al. 2006* 1 16(4,4,8) mit cytB 0.0168 0.0150 + 0.107143 -2119.585 -2119.557 0.0279 0.8673 
Pollman et 
al. 2008* 

1 10 (3,3,3) mit COI 0.0177 0.0281 - 0.370107 -2248.129 -2247.286 1.6855 0.1942 

1 3(1,1,1) nuc CAD 0.0144 0.0117 + 0.1875 -1722.824 -1722.766 0.1159 0.7335 
1 3(1,1,1) mit COI 0.0424 0.0234 + 0.448113 -1243.437 -1243.252 0.3709 0.5425 

Mutanen et 
al. 2010 

1 3(1,1,1) nuc IDH 999.00
00 

0.0030 + 0.999997 -1525.137 -1519.811 10.652
7 

0.0011 

1 3(1,1,1) nuc DDC 0.1092 0.0725 + 0.336081 -1404.475 -1404.399 0.1529 0.6957 Mitchell et 
al. 2006 1 3(1,1,1) nuc EF1a 0.0093 0.0158 - 0.411392 -2229.48 -2229.393 0.1748 0.6759 

1 4(1,1,2) nuc CAD 0.0108 0.0282 - 0.617021 -1070.705 -1070.041 1.3289 0.249 
1 4(1,1,2) mit [COI]         
1 4(1,1,2) nuc IDH 0.0104 0.0243 - 0.572016 -1569.125 -1568.516 1.2174 0.2699 
1 4(1,1,2) nuc MDH 0.0244 0.0026 + 0.893443 -798.9296 -796.8419 4.1754 0.041 

Zahiri et al. 
2011* 

1 4(1,1,2) nuc [RpS
5] 
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PART B: Genetic variability of alignments, including nucleotide substitution and 
amino acid variation 
 
Table S3.3: Nucleotide and amino acid variability within alignments used for 
analyses, and indication of which comparisons were excluded based on variability data.  
Here I show the nucleotide and amino acid variability for full alignments as well as for 
in-groups for those studies with 1 or 2 transitions.  The cut-off for alignment variability 
for whole-tree analysis is 2 amino acid differences, and for 3-rate analysis (and the one 
study with 2 transitions) is 2 amino acid differences within the in-group.  Whole-tree 
studies with low a.a. variability were further examined for where the variation was 
occurring.  The study Whiting et al. (2003) had low variability but was kept since at least 
2 amino acid changes were between FL-F pairs.  Shaded cells in the column titles 
indicate columns that were the focus for examining variability for that type of study. Cells 
that are shaded (grey) within the data indicate data set alignments that were not analysed 
because they did not meet the variation requirements. Section A (papers highlighted in 
pink) indicate whole-tree studies, while Section B (papers highlighted with purple) are 
the single transition sister-clade studies. ‘a.a’. = amino acid. 
 
Table S3.3: Genetic Variability within Datasets 
Section A: Whole-tree Alignments (variability is for alignments used in dN/dS and 
overall substitution rates analysis) 

        INGROUP (IG) Only 
Paper Gene 

align-
ment 

# 
sites 
total 

# sites 
varia-
ble 

% 
varia
-tion 

# 
a.a. 
sites 
total 

# a.a. 
chang-
es 

% a.a. 
variab-
ility 

# sites 
varia-
ble 

# a.a. sites 
variable in 
IG 

South et 
al. 2010 

COI 1434 653 45.5 478 177 37.0   

EF1a 1020 350 34.3 340 34 10.0   
Wgl 372 176 47.3 124 31 25.0   
IDH 711 320 45.0 237 70 29.5   
RpS5 618 222 35.9 206 17 8.3   
Gapdh 693 241 34.8 231 22 9.5   

Wahlberg 
et al. 
2010 

COI 675 254 37.6 225 39 17.3   
Whiting 
et al. 
2003 

H3 372 137 36.8 124 3* 2.4   

CAD 762 388 50.9 254 101 39.8   Petersen 
et al. 
2007 

COI 1263 584 46.2 421 153 36.3   

Ef1a 1089 486 44.6 363 87 24.0   Whiting 
2002 COII 597 333 55.8 199 102 51.3   

Ef1a 897 143 15.9 299 6 2.0   Snall et 
al. 2007 Wgl 369 164 44.4 123 27 22.0   

Wgl 369 32 8.7 123 6 4.9 16 1 
Ef1a 438 17 3.9 146 1 0.7 8 0 

Medeiros 
and 
Gillespie 
2009 

COI 384 60 15.6 128 5 3.9 49 4 

NF1 294 108 36.7 98 19 19.4   Cunha et 
al. 2011 COI 561 272 48.5 187 75 40.1   
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COII 582 325 55.8 194 105 54.1   
Section B: Individual Transition Alignments (3-rates analysis, with FL and F ingroups, 
and closest outgroups) 
          INGROUP (IG) Only   
Paper genes # 

sites 
total 

# sites 
varia-
ble 

% 
varia-
tion 

# a.a. 
sites 
total 

# a.a. 
chang-
es 

%a.a. 
changes 

# sites 
varia-
ble 

# a.a. 
changes 
within IG 

Hayashi 
et al. 
2008 

COI 468 137 29.3 156 10 6.4 104 8 

Peterse
n et al. 
2010 

CAD 969 341 35.2 323 49 15.2 123 14 

Ogden 
et al. 
2009 

H3 336 107 31.8 112 0 0  0 

COI 645 156 24.2 215 0 0  0 McCullo
ch et al. 
2009 

H3        0 

COII 618 291 47.1 206 92 44.7 253 84 Dittmar 
et al. 
2006 

cytB 354 176 49.7 118 54 45.8 159 51 

Pollman 
et al. 
2008 

COI 687 223 32.5 229 57 24.9 158 48 

CAD 753 225 29.9 251 40 15.9 163 32 
COI 609 147 24.1 203 26 12.8 99 23 

Mutanen 
et al. 
2010 IDH 693 194 28.0 231 30 13.0 150 16 

DDC 651 140 21.5 217 21 9.7 73 16 Mitchell 
et al. 
2006 

EF1a 1242 154 12.4 414 6 1.4 73 3 

CAD 423 129 30.5 141 28 19.9 76 17 
COI 622 139 22.3 207 6 2.9 74 1 
IDH 645 173 26.8 215 20 9.3 108 11 
MDH 342 89 26.0 114 6 5.3 63 5 

Zahiri et 
al. 2011 

RpS5 567 130 22.9 189 1 0.5 84 0 
* This alignment, although the amino acid variation was low (but still within criteria), 
had variation between FL and F sister groups and was kept for analysis.
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PART C: Whole-tree pattern testing for FL:F patterns (from results presented in 
Table S3.1 and Table S3.2 Section A above) 
 
 In this section I test whether the flighted or flightless groups have a higher rates of 
either of two types of molecular evolution: overall substitution rates or dN/dS ratios.  
From the above table, the dN/dS ratios (‘dN/dS’) and overall substitution rate (‘OSR’) 
gene results were transformed by taking 1-(SmallerRate/LargerRate) and were given a 
sign (FL>F positive, F>FL negative) (subsequently referred to as ‘Signed ratios’).  Since 
there appears to be a link between low amino acid variability and higher magnitude of 
dN/dS ratios (APPENDIX S5), at least for the data sets with the very lowest variability, 
this process will standardise the ratios to be between -1 and 1 and allow a more direct 
comparison between the two measures of molecular evolution (dN/dS and OSR).  As 
well, since I examined genes separately, in cases where I summarise gene results for a 
study/tree (to examine general directional patterns for a tree) this process will make all 
gene results similar in magnitude so that each gene result is given similarly equal weight 
in the summary. 
 
1) FL:F ratio testing based on signed ratios 
Here I examine whether there is a directional (FL>F or F>FL rates or ratios) pattern 
across all gene/tree results, and I also examine nuclear and mitochondrial patterns 
separately. 
 
Table S3.4: Whole-tree OSR and dN/dS signed ratios. These are the same data as in 
the tables above but are presented here again as they are the data used in statistical FL:F 
pattern testing (with binomial and signed-rank Wilcoxon testing).   The average of 
‘Signed ratios’ represent the average bar heights in Figure 2.1A and 2.1B (in paper).  
Bolded p-values signify significance. Column ‘Study’ includes the study-gene #of 
transitions in study(#species total in tree).  Short forms for study names are as follows: 
W=Wahlberg et al. 2010, Sn=Snall et al. 2007, M=Medeiros and Gillespie 2010, S=South 
et al. 2011, C=Cunha et al. 2011, P=Petersen et al. 2007, Wi=Whiting et al. 2003, 
Wh=Whiting 2002. 
 

                  Signed ratios             . 
Study OSR dN/dS 

W-EF1a 7(55) -0.1016 0.6883 
W-Wgl 2(21) -0.0793 0.3731 
W-IDH 5(35) 0.0626 0.4014 
W-RpS5 5(36) -0.1645 -0.9048 
W-Gapdh 2(20) -0.2270 0.5282 
W-COI 7(49) 0.0675 0.5098 
Sn-EF1a 2(9) 0.2463 0.7717 
Sn-Wgl 3(26) 0.2326 0.0085 
M-COI 2(6) 0.1169 0.3061 
S-COI 4(16) 0.1669 0.4072 
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C-NF 5(23) 0.4247 0.1261 
C-COI 6(33) 0.0882 0.3294 
C-COII 6(33) 0.0790 0.0199 
P-CAD 4(26) 0.1450 0.0528 
P-COI 4(29) 0.3408 0.6204 
Wi-H3 13(35) -0.2610 0.8333 
Wh-EF1a 4(27) 0.3814 -0.2248 
Wh-COII 4(26) 0.0393 0.5000 

   
Average (average bar heights 
in Fig. 2.1) 0.0866 0.2970 
Counts 13pos/18 16pos/18 
Binomial test (2 tailed) p = 0.0963 p=0.0013 
Binomial test (1 tailed) p = 0.0481 p=0.0007 
Signed-rank Wilcoxon test p = 0.1187 p=0.0047 

Sign-ranked Wilcoxon tests were performed in the program R V2.10 (R Development 
Core Team 2009). 
Studies: W=Wahlberg et al. 2010, Sn=Snall et al. 2007, M=Medeiros and Gillespie 2010, S=South et al. 
2011, C=Cunha et al. 2011, P=Petersen et al. 2007, Wi=Whiting et al. 2003, Wh=Whiting 2002. 
 
Table S3.5: Nuclear and mitochondrial signed ratios. 18 Gene/tree results for OSR and 
dN/dS separated by gene type (nuc or mit) for binomial and signed-rank Wilcoxon 
testing. These are the same data as in the tables above but are presented here again with 
the nuclear and mitochondrial results separated, as they are the data used in statistical 
FL:F pattern testing.  Bolded p-values signify significance. 
 
Nuclear and Mitochondrial signed ratios 
NUCLEAR MITOCHONDRIAL 
         Signed ratios      .             Signed ratios       . 
Study OSR  dN/dS Study OSR dN/dS 
W-EF1a 7(55) -0.1016 0.6883 W-COI 7(49) 0.0675 0.5098 
W-Wgl 2(21) -0.0793 0.3731 M-COI 2(6) 0.1169 0.3061 
W-IDH 5(35) 0.0626 0.4014 S-COI 4(16) 0.1669 0.4072 
W-RpS5 5(36) -0.1645 -0.9048 C-COI 6(33) 0.0882 0.3294 
W-Gapdh 2(20) -0.2270 0.5282 C-COII 6(33) 0.0790 0.0199 
Sn-EF1a 2(9) 0.2463 0.7717 P-COI 4(29) 0.3408 0.6204 
Sn-Wgl 3(26) 0.2326 0.0085 Wh-COII 4(26) 0.0393 0.5000 
C-NF 5(23) 0.4247 0.1261    
P-CAD 4(26) 0.1450 0.0528    
Wi-H3 13(35) -0.2610 0.8333    
Wh-EF1a 4(27) 0.3814 -0.2248    
Counts 6 pos/ 11  9 pos/ 11   7 pos/ 7  7 pos/ 7  
Binomial 2-tailed p=1.0000 p=0.0654  p=0.0156 p=0.0156 
Binomial 1-tailed p=0.5000 p=0.0327  p=0.0078 p=0.0078 
Signed-rank p=0.5195 p=0.1230  p=0.0156 P=0.0156 



 198 
 

 

Wilcoxon 
 
 
 For overall substitution rate the average of ‘Signed ratios’ rate results is in the 
positive direction (on average FL>F) and out of the 18 overall substitution rate (OSR) 
tree/gene results (Figure 2.1A in main paper) 13 were positive (FL>F), 5 were negative. 
The pattern (13/18) was not significant by a 2-tailed binomial test, but was significant by 
a 1-tailed test. A positive pattern in OSR supports my conclusion of higher dN in FL 
groups (because higher OSR in FL groups suggest an underestimation of dN/dS in FL 
groups, see APPENDIX 5 Part 2 for further explanation). When nuclear and 
mitochondrial gene results were examined separately, mitochondrial showed a significant 
positive pattern (7 positive out of 7), while nuclear did not (6 positive out of 11). 
 For dN/dS ratio results the average of ‘Signed ratios’ is in the positive direction 
(FL>F) and out of the 18 dN/dS tree/gene results (Fig. 2.1B in main paper) 16 were 
positive, 2 were negative.  The pattern (16/18) was significant by 2-tailed binomial test.  
When nuclear and mitochondrial results were examined separately, nuclear (9 positive 
out of 11) was significant by a 1-tailed binomial test, and mitochondrial (7 positive out 
of 7) by a 2-tailed binomial test. 
 
 
2) FL:F ratio testing based on summarised signed ratios 
 
 I also performed FL:F pattern testing with summarising the gene results per study. 
Each study has one or more gene results; therefore by summarising per study I represent 
each study as an independent data point. Although each gene and study has a different 
number of transitions, summarising per study is equivalent to examining general patterns 
within a taxonomic group, and then examining patterns overall is equivalent to testing if 
those patterns are widespread across different taxonomic groups.  The signed ratios were 
averaged for each study, producing ‘summarised signed ratios’. 
 
Table S3.6: Summarised signed ratios for OSR and dN/dS analysis. Bolded p-values 
signify significant FL:F patterns. 
Summarised signed ratios 
Study OSR  dN/dS 
W -0.07371  0.265998 
Sn 0.239459  0.390143 
M 0.116881  0.306122 
S 0.166868  0.407216 
C 0.197322  0.158447 
P 0.242897  0.336627 
Wi -0.26099  0.833333 
Wh 0.21037  0.137608 
    
Average 0.103158  0.357413 
Counts 6 pos/8  8 pos/8 
Binomial p=0.2890  p=0.0078 
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2-tailed 
Binomial 
1-tailed 

p=0.1445  p=0.0039 

Signed-
rank 
Wilcoxon 

p=0.2500  p=0.0078 

 
Table S3.7: Nuclear vs. Mitochondrial FL:F pattern testing, based on summarised nuc 
and mit signed ratios. Right-most column examines whether FL/F ratios are closer to +1 
for mit or nuclear genes to elucidate additional factors acting (explained in text further 
below). Bolded p-values signify significant FL:F patterns. 
 
Nuclear and mitochondrial summarised signed ratios 
            OSR              .                                 dN/dS                                 . 
Study NUC MIT  NUC MIT (used below in Section 

3 testing) Nuc ('N') or 
Mit ('M') ratio higher 
(ratio closer to +1 ), 
difference mit - nuc 

W -0.1020 0.0675  0.2172 0.5098 M, 0.2926 
Sn 0.2395   0.3901   
M  0.1169   0.3061  
S  0.1669   0.4072  
C 0.4247 0.0836  0.1261 0.1746 M, 0.0485 
P 0.1450 0.3408  0.0528 0.6204 M, 0.5676 
Wi -0.2610   0.8333   
Wh 0.3814 0.0393  -0.2248 0.5000 M, 0.7248 
Counts 4pos/6 6pos/6  5pos/6 6pos/6 4 M higher/4 total 
Binomial 
2-tailed 

p=0.6875 p=0.0313  p=0.2188 p=0.0313  

Binomial 
1-tailed 

p=0.3438 p=0.0156  p=0.1094 p=0.0156  

Signed-
rank 
Wilcoxon 

p=0.3125 p=0.0313  p=0.2188 p=0.0313 p=0.1250 

 
 Overall substitution rate summarised signed ratios were not found to be 
significantly consistent overall but were majority in the positive direction (6 positive out 
of 8). When investigating summarised signed ratios for each gene type separately, 
mitochondrial genes had a significant positive pattern (6 positive out of 6) while nuclear 
genes were majority in the positive direction (4 positive out of 6). 
 dN/dS summarised signed ratios were found to be significantly consistently 
positive overall (8 positive out of 8).  When investigating summarised signed ratios for 
each gene type separately, mitochondrial genes had a significant positive pattern (6 
positive out of 6) while nuclear genes were majority in the positive direction (5 positive 
out of 6). 
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3) FL:F mitochondrial vs. nuclear patterns based on summarised signed ratios, for 
those comparisons that have both gene types (Table S3.7 right-most column) 
 
 I investigated whether FL/F dN/dS ratios were higher for nuclear or mitochondrial 
genes to elucidate other potential forces (such as relaxed selective constraints) acting 
differently between the FL and F groups.  Mitochondrial dN/dS ratios are expected to be 
higher than nuclear for each lineage type since mitochondrial genes have smaller (1/4) 
effective population sizes than nuclear; however, the ratio of FL/F dN/dS ratios should be 
the same unless forces other than population size differences are acting (e.g. as performed 
in Shen et al. 2009). 
 In the 4 cases where both nuclear and mitochondrial genes were available for 
studies, all 4 of them had mitochondrial FL/F (or equivalent) ratios higher than nuclear.  
The sample size is low but with a signed-rank Wilcoxon test on the mit-nuc differences 
p=0.125. 
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APPENDIX S4: Independent sister-clade dN/dS results and patterns analysis.  
Sister-clade dN/dS results with multiple gene results for each transition summarised 
(Table S4.1) and each transition analysed separately in statistical testing. Overall 
flightless:flighted (FL:F) patterns analysis using data from different summary methods, 
separate nuclear and mitochondrial data, individual gene data; also included is nuclear vs. 
mitochondrial FL:F ratio testing and FFL vs. FL testing to investigate potential additional 
influencing factors. 
 
 In this Appendix I present and examine the sister-clade dN/dS results; these are 
presented graphically in Figure 2.3 in the main paper.  These results are from two slightly 
different sources: the sister clades from whole-tree studies (the coding of clades given in 
APPENDIX S2 Part B) and sister clades from single transition studies (single transition 
sister clade results are presented with significance testing in APPENDIX S3 Table S3.2 
Section B).  Many of the transitions have multiple gene results, and some gene results for 
a single transition come from more than one study. Here the results are organised by 
transition and summaries are for each transition.  Not all transitions could be represented 
by independent sister-clade results due to the need for independent sister pairs (i.e. the 
same flighted group could not be used more than once in forming sister pairings), thus the 
number of sister clade results is lower than the total number of independent transitions 
(which were able to be included in whole-tree analysis). 
 In Part A I present the raw results of dN/dS ratio testing, and the summaries of 
gene results for each transition (including all gene results, and separate nuclear and 
mitochondrial summaries). In Part B I examine the data for patterns between FL and F 
groups (i.e. whether the ratios are consistently higher for either of FL or F groups). 
 
Summary methods used to pool multiple gene results into a single result per 
transition  
 Summary Method 1 (method used in the main paper results, labelled ‘Summary’ 
in Table S4.1):  The raw FL and F dN/dS ratios from codeml analysis for each gene are 
transformed into FL:F ratios by taking 1-smaller/larger dN/dS ratio and giving a sign 
based on the direction (where FL ratio>F ratio is positive, F ratio>FL ratio is negative).  
These are the ‘Signed ratios’.  I summarised the signed ratios for all genes in a transition 
into a single result for that transition by taking the average of all the gene signed ratios. 
These summaries are referred to as ‘Summarised signed ratios’ and are the results 
displayed in Figure 2.3A in the main paper.  This method was also used to separately 
summarise nuclear and mitochondrial gene results per transition. Those results are given 
in Table S4.1 under ‘Nuc. only’ and ‘Mit. only’ summaries and displayed in the main 
paper in Figure 2.3B and 2.3C respectively. Although mitochondrial FL and F dN/dS 
ratios are expected to be higher than nuclear (since mitochondrial genes have ¼ effective 
population sizes), the FL:F ratio is expected to be similar between mitochondrial and 
nuclear genes. Therefore taking the FL:F ratio for each gene result before summarising 
across genes should make the overall summary representative of the individual gene FL:F 
ratios. 
 Summary Method 2 (labelled ‘Alternate method 2’ in Table S4.1):  The raw FL 
and F dN/dS results are compared and that gene comparison is labelled (FL raw ratios for 
each gene are coloured depending on direction) as positive (green) if the FL ratio> F ratio 
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and negative (red) if F ratio>FL ratio.  The directional signs for each gene FL:F 
comparison are the same as those in the signed ratios.  The signs from each gene 
comparison are summarised by majority rule into one sign for the entire transition.  The 
summaries are given by a sign and corresponding colour label in Table S4.1 in ‘Alternate 
method 2’ rows. 
 Summary Method 3 (labelled ‘Alternative method 3’ in Table S4.1): The average 
of all gene dN/dS FL values (in the FL column) and average of all dN/dS F values (in the 
F column) are calculated. These are given in the “Alternative method 3” row; there are 
values in both the FL and F columns for each transition. The values are transformed to 
FL:F ratios as in summary method 1 by taking 1-smaller/larger ratio and given a sign, and 
these are the summarised results for this summary method. This method differs from 
Method 1 as in this method the transformation occurs after the multiple gene results are 
averaged, not before. I did not use this method as the main summary method since 
mitochondrial FL and F dN/dS ratios are expected to be higher than nuclear, and so in 
summarising FL and F gene results before creating FL:F ratios the mitochondrial patterns 
can take over the overall summary.  However in Part B 5) I summarise nuclear and 
mitochondrial results separately using this method, in which case the summaries within 
each gene type would use genes that have similar effective population sizes. 
 Method 1 was preferred as the main method of summary since by Method 3 single 
gene FL and F results can take over the summaries before the FL and F results are 
transformed into FL:F comparisons. By Method 1 the gene results are each transformed 
into FL:F comparisons before summarising, which equalises the amount of each gene 
result going into the final summary. Thus Method 1 results may better represent a general 
summary across the genes since the overall FL:F result is not as easily influenced by 
particular gene results, but it still allows stronger FL:F gene patterns to more heavily 
influence the summary. Method 2 is a simple summary as it only takes into consideration 
the direction of the gene results and so does not take into consideration the strength of 
each FL:F gene result.  I investigate FL:F sister-clade patterns using all three summary 
methods. 
 
PART A:  Table with dN/dS sister clade results and summaries 
 
Table S4.1: Sister-clades results, for all 34 evolutionarily independent transitions 
that could be represented by sister-pairs (there are 39 sister clades but 5 are for non-
variable data sets and are not included in further analysis). The dN/dS results are 
organised by transition and multiple gene results for each transition are summarised per 
transition. Some transitions have data from multiple source studies. For each study the 
transitions are labelled across the row with numbers (1-4 or 1-7 etc); studies in pink are 
for whole-tree studies and the numbers refer to sister-clade labels in figures in 
APPENDIX S2 Part B. Numbers are labels only and pertain to the specific study. Each 
transition is analysed separately from all others, i.e. multiple 1's are not referring to the 
same transition, but are a label to distinguish transitions within a study (or group of 
studies). Studies in purple have single transitions and the same results are also displayed 
in APPENDIX 3 Table S3.2 Section B with the significance testing; significances are 
indicated by ‘Yes, significant’ or ‘No’ in brackets to the right of the signed ratios. The 
neutral FL:F comparisons were included in summaries as long as there was variation 
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present. In statistical testing (PART B), only non-neutral overall summaries could be 
included in the tests. Below each transition number is the raw gene results (from the 
program codeml, according to the codings given in figures in APPENDIX S2 Part B) for 
the flightless (FL) lineages, and directly to the right of each of the FL columns are the 
corresponding results for flighted (F) lineages for the same gene and transition. The 
colour in FL cells for raw data indicates whether FL>F ratio (green), or FL<F ratio (red) 
for that gene and transition data. Below each of the raw results is the number of 
individuals (‘Number of individuals’) present in the corresponding clades as they were 
used in the analysis with the codeml program (clades identified in APPENDIX S2 Part 
B). Summaries included are the three summary methods based on all genes (including the 
main method [Method 1] and the two alternate summary methods below that) and below 
that the nuclear and mitochondrial gene summaries using summary method 1. For all 
summary methods the summary result is in the FL column, with an empty cell to the right 
of it in the F column. For summary method 3 there is an additional row above the 
summary that gives the data used in that summary method. Nuclear-only summaries are 
further distinguished by rows coloured (in un-used cells) purple, and mitochondrial by 
peach colour. Nuclear summaries are shown in Figure 2.3B and mitochondrial in Figure 
2.3C in the main paper. Summary cells where the result is overall positive (overall FL>F 
for that transition) are coloured green, cells where the result is negative (overall F>FL for 
that transition) are coloured red, and any cells that are coloured orange indicate that that 
FL:F comparison is neutral (no difference between FL and F ratio, or for Summary 
method 2 that the number of FL>F and F>FL gene results are the same). 
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Table S4.1: Sister-clades results 
               
GENE 
(downwards) 

FL of 
1 

F of 
1 

FL of 
2 

F of 
2 

FL of 
3 

F of 
3 

FL of 
4 

F of 
4 

      

TRANSITION 
(across) 

1  2  3  4        

STUDY (down)  
South et 
et al. 
2010 

COI 0.018
5 

0.003
2 

0.017
3 

0.005
3 

0.477
3 

0.002
4 

0.034
2 

0.011
1 

      

# individuals 1 2 4 1 2 1 1 1       
‘Signed-ratios’ 0.827

027 
 0.693

642 
 0.994

972 
 0.675

439 
       

SUMMARIES               
               
Summary 
(‘Summarised 
signed ratios’) 

0.827
027 

 0.693
642 

 0.994
972 

 0.675
439 

       

                
Alternate 
method 2  

+  +  +  +        

                
Alternate 
method 3 

0.018
5 

0.003
2 

0.017
3 

0.005
3 

0.477
3 

0.002
4 

0.034
2 

0.011
1 

      

 0.827
027 

 0.693
642 

 0.994
972 

 0.675
439 

       

                
Nuc. only 
summary 

              

                
Mit. only 
summary 

0.827
027 

 0.693
642 

 0.994
972 

 0.675
439 

       

                
                
  1  2  3  4  5  6  7  
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Wahlber
g 

EF1
a 

0.028
3 

0.000
1 

0.021
9 

0.023
2 

0.041
4 

0.000
1 

0.025
5 

0.026
3 

0.182
4 

0.000
1 

0.064
3 

0.076
5 

0.048
7 

0.016
9 

et al. 
2010 

 1 1 1 1 1 2 3 3 1 1 3 2 4 2 

  0.996
466 

 -
0.056
03 

 0.997
585 

 -
0.030
42 

 0.999
452 

 -
0.159
48 

 0.652
977 

 

                
  *this gene not used for sister-clade analysis since fewer sequences were available and those flightless 

clades did not have close sisters 
 

 Wgl               
                
 IDH 0.032

6 
0.108
1 

0.020
7 

0.027
9 

  0.044
1 

0.038
7 

  0.053
9 

0.035
1 

0.052
5 

0.010
5 

  1 1 1 1   2 1   1 1 3 2 
  -

0.698
43 

 -
0.258
06 

   0.122
449 

   0.348
794 

 0.8  

                
          *excl

uded 
 *inclu

ded 
 *excl

uded 
 

 RpS
5 

0.007
1 

0.000
1 

    0.000
1 

0.008
7 

0.000
1 

0.000
1 

0.028
7 

0.028
7 

0.000
1 

0.000
1 

  1 1     2 2 1 1 1 1 2 2 
  0.985

915 
     -

0.988
51 

   0    

                
 Gap

dh 
      0.026

6 
0.024
7 

    0.055
6 

0.012
2 

        1 2     1 2 
        0.071

429 
     0.780

576 
 

                
 COI 0.002

5 
0.000
1 

0.003
4 

0.006
5 

0.000
1 

0.007
2 

0.008
4 

0.004
2 

0.011
2 

0.000
1 

0.005
4 

0.000
1 

0.007
1 

0.003
9 
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  1 1 1 1 1 2 2 2 1 1 3 2 3 2 
  0.96  -

0.476
92 

 -
0.986
11 

 0.5  0.991
071 

 0.981
481 

 0.450
704 

 

                
Snall et 
al. 2007 

Wgl           0.013
5 

0.009
8 

  

            2 1   
            0.274

074 
   

                
Summary 0.560

989 
 -

0.263
67 

 0.005
737 

 -
0.065
01 

 0.995
262 

 0.288
974 

 0.671
064 

 

                
Alt. Method 2 +  -  0  +  +  +  +  
                
Alt. Method 3 0.017

625 
0.027
1 

0.015
333 

0.019
2 

0.020
75 

0.003
65 

0.020
94 

0.020
52 

0.064
567 

0.000
1 

0.033
16 

0.030
04 

0.032
8 

0.008
72 

  -
0.349
63 

 -
0.201
39 

 0.824
096 

 0.020
057 

 0.998
451 

 0.094
089 

 0.734
146 

 

                
Nuc. only 
Summary 

0.427
985 

 -
0.157
05 

 0.997
585 

 -
0.206
26 

 0.999
452 

 0.115
848 

 0.744
518 

 

                
Mit. only 
Summary 

0.96  -
0.476
92 

 -
0.986
11 

 0.5  0.991
071 

 0.274
074 

 0.450
704 

 

                
                
  1  2  3  4  5      
    *excl

uded 
 *excl

uded 
   *excl

uded 
     

Whiting H3 0.003 0.000 0.000 0.000 0.000 0.000 0.011 0.013 0.000 0.000     
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et al. 
2003 

3 1 1 1 1 1 5 1 1 

   1 4 2 2 1 1 1 1 1 1     
  0.969

697 
     -

0.115
38 

       

                
Summary 0.969

697 
     -

0.115
38 

       

                
Alt. Method 2 +  0  0  -  0      
                
Alt. Method 3 0.003

3 
0.000
1 

0.000
1 

0.000
1 

0.000
1 

0.000
1 

0.011
5 

0.013 0.000
1 

0.000
1 

    

  0.969
697 

     -
0.115
38 

       

                
Nuc. only 
Summary 

0.969
697 

     -
0.115
38 

       

                
Mit. only 
Summary 

              

                
                
  1  2  3  4        
        *excl

uded 
       

Peterse
n et al. 
2007 

CAD 0.033
0 

0.020
3 

0.007
2 

0.048
7 

0.023
1 

0.031
7 

0.000
1 

0.000
1 

      

 3 1 1 1 1 1 2 1       
  0.384

848 
 -

0.851
 -

0.271
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54 29 
                
                
 COI 0.016

8 
0.006
6 

0.010
3 

0.005
7 

0.009
9 

0.000
1 

0.014
2 

0.000
1 

      

  3 1 1 1 1 1 1 1       
  0.607

143 
 0.446

602 
 0.989

899 
 0.992

958 
       

                
Dittmar 
et al. 
2006 

COII 0.028
9 

0.011
3 

            

  4 4             
  0.608

997 
(No)             

                
 cytB 0.016

8 
0.015             

  4 4             
  0.107

143 
(Yes, 
significant) 

           

                
                
Summary 0.427

033 
 -

0.202
47 

 0.359
303 

 0.992
958 

       

                
Alt. Method 2 +  0  0  +        
                
Alt. Method 3 0.023

875 
0.013
3 

0.008
765 

0.027
2 

0.016
5 

0.015
9 

0.007
15 

0.000
1 

      

  0.442
932 

 -
0.677
76 

 0.036
364 

 0.986
014 

       

                
Nuc. only 0.384  -  -          
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Summary 848 0.851
54 

0.271
29 

                
Mit. only 
Summary 

0.441
094 

 0.446
602 

 0.989
899 

 0.992
958 

       

                
                
  1  2  3  4        
                
Whiting 
2002 

Ef1a 0.031
0 

0.050
1 

0.036
0 

0.017
3 

0.053
4 

0.028
0 

0.022
1 

0.033
7 

      

    1 1 2 1 1 2 4 2       
  -

0.381
24 

 0.519
444 

 0.475
655 

 -
0.344
21 

       

                
                
 COII 0.003

9 
0.008
3 

0.018
3 

0.014
7 

0.006
3 

0.008
0 

0.028
0 

0.011
1 

      

  1 1 2 1 1 2 4 2       
  -

0.530
12 

 0.196
721 

 -
0.212
5 

 0.603
571 

       

                
    transi

tion 2 
           

Pollman
n et al. 
2008 

COI   0.017
7 

0.028
1 

          

    3 3           
    -

0.370
11 

(No)           

                
                
Summary -  0.115  0.131  0.129        
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0.455
68 

353 578 679 

                
Alt. Method 2 -  +  0  0        
                
Alt. Method 3 0.017

45 
0.029
2 

0.024 0.020
033 

0.029
85 

0.018 0.025
05 

0.022
4 

      

  -
0.402
4 

 0.165
278 

 0.396
985 

 0.105
788 

       

                
Nuc. only 
Summary 

-
0.381
24 

 0.519
444 

 0.475
655 

 -
0.344
21 

       

                
Mit. only 
Summary 

-
0.530
12 

 -
0.086
69 

 -
0.212
5 

 0.603
571 

       

                
                
(#1 is with 
Wahlberg et al. 
2010, since 
grouped by 
transition) 

2  3            

                
Snall et 
al. 2007 

Ef1a 0.054
4 

0.010
0 

0.024
4 

0.008
4 

          

  2 3 1 3           
  0.816

176 
 0.655

738 
           

                
                
 Wgl 0.000

1 
0.012
9 

0.004
9 

0.016
6 

          

  2 3 1 3           
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  -
0.992
25 

 -
0.704
82 

           

                
                
Summary -

0.088
04 

 -
0.024
54 

           

                
Alt. Method 2 0  0            
                
Alt. Method 3 0.027

25 
0.011
45 

0.014
65 

0.012
5 

          

  0.579
817 

 0.146
758 

           

                
Nuc. only 
Summary 

-
0.088
04 

 -
0.024
54 

           

                
Mit. only 
Summary 

              

                
                
  1  2            
                
Medeiro
s and 

COI 0.016
7 

0.003
8 

0.002
6 

0.001
5 

          

Gillespie  
2010 

1 1 1 1           

  0.772
455 

 0.423
077 

           

                
                
Summary 0.772

455 
 0.423

077 
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Alt. Method 2 +  +            
                
Alt. Method 3 0.016

7 
0.003
8 

0.002
6 

0.001
5 

          

  0.772
455 

 0.423
077 

           

                
Nuc. only 
Summary 

              

                
Mit. only 
Summary 

0.772
455 

     0.423
077 

           

                
                
  1  2  3  4  5      
                
Cunha 
et al. 
2011 

NF1 0.006
9 

0.000
1 

  0.015
8 

0.273
8 

0.114
9 

0.144
3 

0.166
9 

0.000
1 

    

  1 1   1 2 2 4 3 1     
  0.985

507 
   -

0.942
29 

 -
0.203
74 

 0.999
401 

     

                
          *inclu

ded 
     

 COI 0.011
1 

0.015
7 

0.044
4 

0.007
6 

0.024 0.022
9 

0.019
7 

0.008
7 

0.013 0.013     

  2 2 1 2 1 1 2 5 5 1     
  -

0.292
99 

 0.828
829 

 0.045
833 

 0.558
376 

 0      

                
                
 COII 0.013 0.015 0.030 0.017 0.029 0.015 0.015 0.010 0.012 0.008     
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9 3 7 3 4 2 5 4 3 
  2 2 1 2 1 1 2 5 5 1     
  -

0.091
5 

 0.436
482 

 0.468
966 

 0.309
211 

 0.330
645 

     

                
                
Summary 0.200

337 
 0.632

655 
 -

0.142
5 

 0.221
281 

 0.443
349 

     

                
Alt. Method 2 -  +  +  +  +      
                
Alt. Method 3 0.010

633 
0.010
367 

0.037
55 

0.012
45 

0.022
933 

0.104
033 

0.049
933 

0.081
75 

0.064
1 

0.007
133 

    

  0.025
078 

 0.668
442 

 -
0.779
56 

 -
0.389
19 

 0.888
716 

     

                
Nuc. only 
Summary 

0.985
507 

   -
0.942
29 

 -
0.203
74 

 0.999
401 

     

                
Mit. only 
Summary 

-
0.192
25 

 0.632
655 

 0.257
399 

 0.433
793 

 0.165
323 

     

                
                
  1              
                
Hayashi 
et al. 
2008 

COI 0.006
6 

0.000
1 

            

  3 1             
  0.984

848 
(Yes, 
significant) 
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Summary 0.984

848 
             

                
Alt. Method 2 +              
                
Alt. Method 3 0.006

6 
0.000
1 

            

  0.984
848 

             

                
Nuc. only 
Summary 

              

                
Mit. only 
Summary 

0.984
848 

             

                
                
  1              
                
Peterse
n et al. 
2010 

CAD 0.009
5 

0.097
4 

            

  1 1             
  -

0.902
46 

(Yes, 
significant) 

           

                
                
Summary -

0.902
46 

             

                
Alt. Method 2 -              
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Alt. Method 3 0.009
5 

0.097
4 

            

  -
0.902
46 

             

                
Nuc. only 
Summary 

-
0.902
46 

             

                
Mit. only 
Summary 

              

                
                
  1              
                
Mitchell 
et al. 
2006 

DD
C 

0.109
2 

0.072
5 

            

  1 1             
  0.336

081 
(No)             

                
 EF1

a 
0.009
3 

0.015
8 

            

  1 1             
  -

0.411
39 

(No)             

                
Zahiri et 
al. 2011 

CAD 0.010
8 

0.028
2 

            

  1 1             
  -

0.617
02 

(No)             
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 IDH 0.010

4 
0.024
3 

            

  1 1             
  -

0.572
02 

(No)             

                
 MD

H 
0.024
4 

0.002
6 

            

  1 1             
  0.893

443 
(Yes, 
significant) 

           

                
(3 other genes did not have 
enough variation) 

            

                
Summary -

0.074
18 

             

                
Alt. Method 2 -              
                
Alt. Method 3 0.032

82 
0.028
68 

            

  0.126
143 

             

                
Nuc. only 
Summary 

-
0.074
18 

             

                
Mit. only 
Summary 
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  1              
                
Mutanen 
et al. 
2010 

CAD 0.014
4 

0.011
7 

            

  1 1             
  0.187

5 
(No)             

                
 COI 0.042

4 
0.023
4 

            

  1 1             
  0.448

113 
(No)             

                
 IDH 999 0.003             
  1 1             
  0.999

997 
(Yes, 
significant) 

           

                
Summary 0.545

203 
             

                
Alt. Method 2 +              
                
Alt. Method 3 333.0

189 
0.012
7 

            

  0.999
962 

             

                
Nuc. only 
Summary 

0.593
748 

             

                
Mit. only 
Summary 

0.448
113 
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  1              
Ogden 
et al. 
2009 

H3 *no variation             

                
                
  1              
McCullo
ch et al. 
2010 

COI *no variation             

 H3 *no variation             
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PART B:  Sister-clade FL:F patterns analysis using summarised dN/dS results 
 In this section I test for FL:F patterns using the summarised dN/dS results from 
the different summary methods. By summarising gene results per transition, each 
transition can be represented independently in statistical analysis.  Using these summaries 
for each transition, I test whether across the transitions there are consistent dN/dS 
differences between FL and F lineages. Summary method 1 was the main method of 
obtaining a single result for each transition. I also explore FL:F dN/dS patterns using the 
results from the other summary methods. In addition I test whether nuclear or 
mitochondrial FL/F ratios are higher, to investigate potential additional influencing 
factors; to this end I also test FFL vs. FL patterns. 
 
1) Test of overall FL:F patterns using all gene results in summaries.  Using the 
summary results from the different summary methods I statistically test for FL:F patterns 
overall. 
 
 
Table S4.2: dN/dS Summarised signed ratios and FL:F pattern testing. The 
summarised signed ratios (obtained by summary method 1) are given here for statistical 
FL:F pattern testing (data is from Table S4.1).  Overall there were 34 transitions with 
summarised signed ratios.  For the column ‘Study’ the labels signify Study(# Nuc genes 
included, # mit genes included in the summary). Positive summarised signed ratios 
indicate an overall FL>F pattern for that transition from the summary of all gene signed 
ratios from that transition (and negative are F>FL overall).  I investigate FL:F patterns 
with binomial and sign-ranked Wilcoxon tests. 
 
Study Summarised 

signed ratios 

S1(0,1) 0.8270 
S2(0,1) 0.6936 
S3(0,1) 0.9950 
S4(0,1) 0.6754 
W1(3,1) 0.5610 
W2(2,1) -0.2637 
W3(1,1) 0.0057 
W4(4,1) -0.0650 
W5(1,1) 0.9953 
W+Sn6(4,1) 0.2890 
W7(3,1) 0.6711 
Wi1(1,0) 0.9697 
Wi4(1,0) -0.1154 
P+D1(1,3) 0.4270 
P2(1,1) -0.2025 
P3(1,1) 0.3593 
P4(0,1) 0.9930 
Wh1(1,1) -0.4557 
Wh+Po2(1,2) 0.1154 
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Wh3(1,1) 0.1316 
Wh4(1,1) 0.1297 
Sn2(2,0) -0.0880 
Sn3(2,0) -0.0245 
M1(0,1) 0.7725 
M2(0,1) 0.4231 
C1(1,2) 0.2003 
C2(0,2) 0.6327 
C3(1,2) -0.1425 
C4(1,2) 0.2213 
C5(1,2) 0.4433 
H1(0,1) 0.9848 
Pe1(1,0) -0.9025 
Mi+Z1(5,0) -0.0742 
Mu1(2,1) 0.5452 
Counts 24 positive 

out of 34 

Binomial 2-
tailed 

p=0.0243 

Binomial 1-
tailed 

p=0.0122 

Signed-rank 
Wilcoxon 

(W+ = 489, 
W- = 106, N 

= 34), 
p=0.0011 

Studies: W=Wahlberg et al. 2010, Sn=Snall et al. 2007, M=Medeiros and Gillespie 2010, S=South et al. 
2011, C=Cunha et al. 2011, P=Petersen et al. 2007, Wi=Whiting et al. 2003, Wh=Whiting 2002, D=Dittmar 
et al. 2006, Po=Pollman et al. 2008, H=Hayashi et al. 2008, Pe=Petersen et al. 2010, Mi=Mitchell et al. 
2006, Z=Zahiri et al. 2010, Mu=Mutanen et al. 2010. 
 
 Flightless groups are found to have a significant pattern of higher dN/dS ratios 
than flighted groups, with 24 transititions out of 34 total having higher FL ratios than F 
ratios. 
 
Table S4.3: FL:F testing using alternate methods of summarising the dN/dS results. 
The data used are given in Table S4.1. Bolded p-values indicate significance. 
Summary method Alternate method 2 Alternate method 3 
Data found under  “Alt. Method 2” in Table 

S4.1 
 “Alt. Method 3” in Table S4.1 

Counts 21 positive, 6 negative, 7 
neutral 
21pos/27non-neutral 

26 positive, 8 negative 
26pos/34 

Binomial 2-tailed p= 0.0059 p = 0.0029 
Binomial 1-tailed p = 0.0030 p = 0.0015 
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These two alternative summary methods gave significant FL:F patterns with flightless 
groups having consistently higher dN/dS ratios. All three summary methods gave the 
same significant pattern. 
 
2) Test of FL:F  patterns with nuclear and mitochondrial genes analysed separately 
 Here I give the nuclear and mitochondrial gene results separately summarised (by 
summary method 1) per transition (also given in Table S4.1) and test there are differences 
in FL:F patterns between the gene types.  Each result within each gene type is still an 
independent data point as the results are still summarised per transition. 
 
Table S4.4: Nuclear-only dN/dS ‘Summarised signed ratios’ and FL:F pattern 
testing.  The Summarised signed ratios are those obtained by summary method 1 using 
only the nuclear gene results for each transition. There are 25 transitions that have 
nuclear-only summarised signed ratios (in Table S4.1 the results are given in the rows 
labelled “Nuc. only summary”). I investigate FL:F patterns with binomial and sign-
ranked Wilcoxon tests. 
 
Study(# 
nuc genes) 

Nuc. only 
‘summarised 
signed ratios’ 

W1(3) 0.4280 
W2(2) -0.1571 
W3(1) 0.9976 
W4(4) -0.2063 
W5(1) 0.9995 
W+Sn6(4) 0.2437 
W7(3) 0.7445 
Wi1(1) 0.9697 
Wi4(1) -0.1154 
P+D1(1) 0.3848 
P2(1) -0.8515 
P3(1) -0.2713 
Wh1(1) -0.3812 
Wh+Po2(1) 0.5194 
Wh3(1) 0.4757 
Wh4(1) -0.3442 
Sn2(2) -0.0880 
Sn3(2) -0.0245 
C1(1) 0.9855 
C3(1) -0.9423 
C4(1) -0.2037 
C5(1) 0.9994 
Pe1(1) -0.9025 
Mi+Z1(5) -0.0742 
Mu1(2) 0.5937 
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Average 0.1598 
Median -0.0245 
Counts 12pos/25 
Binomial 
2-tailed 

p = 1.000 

Signed-
rank 
Wilcoxon 

W+ = 210, W- = 
115, N = 25, 

p=0.2060 
      
 When nuclear-only summarised results were examined separately from 
mitochondrial results, they did not show a significantly consistent FL:F pattern.  The 
majority of the results are negative (as given by a negative median and majority negative 
counts with 13 negative and 12 positive) but the positive results have greater FL:F 
differences (as given by a positive average even though the majority of the results were 
negative, and a signed rank Wilcoxon data with a higher positive than negative test 
statistic [W+ = 210,W- = 115]). 
 
Table S4.5: Mitochondrial-only dN/dS ‘Summarised signed ratios’ and FL:F pattern 
testing.  The Summarised signed ratios are those obtained by summary method 1 using 
only the mitochondrial gene results for each transition. There are 28 transitions that have 
mitochondrial-only summarised signed ratios (in Table S4.1 the results are given in the 
rows labelled “Mit. only summary”). I investigate FL:F patterns with binomial and sign-
ranked Wilcoxon tests. 
 

Study(# mit 
genes) 

Mit. only 
‘Summarised 
signed ratios’  

S1(1) 0.8270 
S2(1) 0.6936 
S3(1) 0.9950 
S4(1) 0.6754 
W1(1) 0.9600 
W2(1) -0.4769 
W3(1) -0.9861 
W4(1) 0.5000 
W5(1) 0.9911 
W+Sn6(1) 0.2741 
W7(1) 0.4507 
P+D1(3) 0.4411 
P2(1) 0.4466 
P3(1) 0.9899 
P4(1) 0.9930 
Wh1(1) -0.5301 
Wh+Po2(2) -0.0867 
Wh3(1) -0.2125 
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Wh4(1) 0.6036 
M1(1) 0.7725 
M2(1) 0.4231 
C1(2) -0.1923 
C2(2) 0.6327 
C3(2) 0.2574 
C4(2) 0.4338 
C5(2) 0.1653 
H1(1) 0.9848 
Mu1(1) 0.4481 
Average 0.40979 
Median  between 0.4481 

and 0.4507 
Counts 22pos/28 
Binomial 2-
tailed 

p = 0.0037 

Sign-ranked 
Wilcoxon 

p = 0.0012 

 
 When mitochondrial-only summarised signed ratios were examined they showed 
a significantly consistent positive (FL>F) pattern by both binomial and signed-rank 
Wilcoxon tests.  The average and median summarised signed ratios were also positive. 
 
3) Exploring FL:F patterns using all gene results separately to compare to those 
patterns obtained by summarising gene results per transition.   
 In this section I examine the pattern in the raw gene results (without summarising 
per transition) with the purpose of comparing these FL:F results to the results using 
summaries, and not toward examining FL:F patterns further. The signed ratios would not 
be considered independent data points from the point of view of independent transitions, 
since more than one gene result can come from the same transition. I examine the results 
from this data to compare to the summarised ratio results in the case that the FL:F 
patterns using summaries was greatly different than the patterns using raw results 
 
Table S4.6: All ‘Signed ratios’ examined separately (data from Table S4.1).  Note: 
nuclear and mitochondrial results in the same row do not correspond to them being in the 
same studies or transitions, and 2 neutral (1 nuclear, 1 mitochondrial) gene result were 
not included in the table as they would not be included in statistical testing (so total 
number of gene results (with variability) is 79). 
 
                               Signed ratios                              .  
 Nuclear  Mitochondrial 

results 
 0.9965  0.8270 
 -0.0560  0.6936 
 0.9976  0.9950 
 -0.0304  0.6754 
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 0.9995  0.9600 
 -0.1595  -0.4769 
 0.6530  -0.9861 
 -0.6984  0.5000 
 -0.2581  0.9911 
 0.1224  0.9815 
 0.3488  0.4507 
 0.8000  0.6071 
 0.9859  0.4466 
 -0.9885  0.9899 
 0.0714  0.9930 
 0.7806  0.6090 
 0.2741  0.1071 
 0.9697  -0.5301 
 -0.1154  0.1967 
 0.3848  -0.2125 
 -0.8515  0.6036 
 -0.2713  -0.3701 
 -0.3812  0.7725 
 0.5194  0.4231 
 0.4757  -0.2930 
 -0.3442  0.8288 
 0.8162  0.0458 
 0.6557  0.5584 
 -0.9923  -0.0915 
 -0.7048  0.4365 
 0.9855  0.4690 
 -0.9423  0.3092 
 -0.2037  0.3306 
 0.9994  0.9848 
 -0.9025  0.4481 
 0.3361   
 -0.4114   
 -0.6170   
 -0.5720   
 0.8934   
 0.1875   
 1.0000   
Counts 23pos/42  28pos/35 
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Binomial 2-
tailed 

p=0.6440  p=0.0005 

Signed-rank 
Wilcoxon 

W+ = 563, W- 
= 340, N = 
42, p = 0.1652 

 W+ = 543, W- 
= 87, N = 35, 
p = 0.0002 

 

                      All gene results together                     . 

Counts 51pos/77 
Binomial  
2-tailed 

p=0.0059 

Signed-
rank 
Wilcoxon 

W+ = 2187, W- = 816, N = 77,  
p = 0.0005 

 
 With all gene results together the pattern is significantly positive (FL>F), but with 
the nuclear and mitochondrial genes separated only the mitochondrial genes show a 
significant positive pattern.  These patterns are the same as were observed for the 
summarised signed ratios including all genes, nuclear genes, and mitochondrial genes.  
Therefore the overall patterns with summarising mirror that without summarising. 
 
4) Individual genes analysed separately.   
 I examine whether there are patterns in individual genes, that may be influencing 
the FL:F patterns observed.  For those genes that are represented by 6 or more transitions, 
the patterns can be tested with a binomial test. All data points within each gene grouping 
are independent since in the study I did not include multiple results from the same gene 
for any transition. 
 
Table S4.7: Signed ratio results separated by individual genes, with FL:F patterns 
tested by binomial and signed-rank Wilcoxon tests. Bolded p values indicate significance. 
 

Studies                                          Genes                                                . 
 COI  COII EF-1a CAD IDH 

S1 0.8270     
S2 0.6936     
S3 0.9950     
S4 0.6754     
W1 0.9600  0.9965  -0.6984 
W2 -0.4769  -0.0560  -0.2581 
W3 -0.9861  0.9976   
W4 0.5000  -0.0304  0.1224 
W5 0.9911  0.9995   
W+Sn6  0.9815  -0.1595  0.3488 
W7 0.4507  0.6530  0.8000 
Wi1      
Wi4      



 226 
 

 

P+D1 0.6071 0.6090  0.3848  
P2 0.4466   -0.8515  
P3 0.9899   -0.2713  
P4 0.9930     
Wh1  -0.5301 -0.3812   
Wh+Po2 -0.3701 0.1967 0.5194   
Wh3  -0.2125 0.4757   
Wh4  0.6036 -0.3442   
Sn2   0.8162   
Sn3   0.6557   
M1 0.7725     
M2 0.4231     
C1 -0.2930 -0.0915    
C2 0.8288 0.4365    
C3 0.0458 0.4690    
C4 0.5584 0.3092    
C5 0.0000 0.3306    
H1 0.9848     
Pe1    -0.9025  
Mi+Z1   -0.4114 -0.6170 -0.5720 
Mu1 0.4481   0.1875 1.0000 

      
Total 
results 

25 (24 
and 1 
neutral) 

10 14 6 7 

#positive 
out of 
total 
(non-
neutral) 

20 of 24 7 of 10 8 of 14 2 of 6 (p-
values are 
for 
negative 
direction 
pattern) 

4 of 7 

binomial 
2-tailed 

p=0.0015 p=0.3438 p=0.7905 p=0.6875 p=1.0000 

Signed-
rank 
Wilcoxon 

W+ = 
267, W- 
= 33, N = 
24, 
p=0.0009 

W+ = 43, 
W- = 12, 
N = 10, 
p=0.1309 

W+ = 84, 
W- = 21, 
N = 14, 
p=0.0494 

W+ = 4, 
W- = 17, N 
= 6, 
p=0.2188  

W+ = 17, 
W- = 11, N 
= 7, 
p=0.6875 

 
 When individual genes were tested separately, only COI showed a significant 
FL:F difference with FL lineages having higher dN/dS ratios, for both binomial and 
signed-rank Wilcoxon tests.  COI also had the highest sample size. Since multiple genes 
were here being analyses for patterns, I applied bonferroni correction to these gene p 
values. The result for Ef-1a, since marginally significant by signed-rank test only became 
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non-significant after correction. 
 
 
5) Nuclear vs. mitochondrial FL/F ratios for those transitions that have both gene 
types, elucidating additional factors 
 
 I investigated whether FL/F ratios were higher for nuclear or mitochondrial genes 
to elucidate other potential forces (such as relaxed selective constraints) acting differently 
between the FL and F groups.  Mitochondrial dN/dS ratios are expected to be higher than 
nuclear for each clade since mitochondrial genes have smaller (1/4) effective population 
sizes than nuclear; however, the ratio of FL/F dN/dS ratios, should be the same unless 
forces other than population size differences are acting (e.g. as performed in Shen et al. 
2009). I tested for FL/F ratio mit vs. nuc patterns using the sister clades in addition to the 
whole-tree analyses (whole-tree in APPENDIX S3 Part C). Here I test for mit-nuc 
patterns using mitochondrial and nuclear summarised signed ratios, and I also repeat the 
test using summary method 3 to obtain FL/F ratios. I did not repeat the testing using 
summary method 2 as both the magnitudes and directions of the FL:F results are needed. 
 
Table S4.8: Nuclear vs. mitochondrial summarised signed ratios for transitions that 
have both gene types (19). Here I show the nuclear-only and mitochondrial-only 
summarised signed ratios from the 19 transitions that have results for both gene types. To 
investigate potential additional factors acting in either gene type (on top of potential 
population size effects giving FL groups higher dN/dS ratios, as in Shen et al. 2009) the 
FL/F ratios should be examined to see which gene type has higher FL/F ratios.  In this 
case I use summarised signed ratios, and since signed ratios have a component of FL/F 
comparison, investigating which gene type has the signed ratios closer to +1 is equivalent 
to investigating which gene type has a higher FL/F ratio. ‘Transition #’ corresponds to the 
transition numbers (e.g. 1-4 o 1-7) as labelled in Table S4.1 for each group of studies. 
Nuc or N = nuclear, mit or M = mitochondrial. 
 
  Summarised signed ratios   
Study Transition 

# 
NUC MIT Closer 

to +1 
Difference 
(mit-nuc) 

1 0.4280 0.9600 M 0.5320 
2 -0.1571 -0.4769 N -0.3199 
3 0.9976 -0.9861 N -1.9837 
4 -0.2063 0.5000 M 0.7063 
5 0.9995 0.9911 N -0.0084 
6 0.1158 0.2741 M 0.1582 

Wahlberg 
et al 2010, 
Snall et al. 
2007 

7 0.7445 0.4507 N -0.2938 
1 0.3848 0.4411 M 0.0562 
2 -0.8515 0.4466 M 1.2981 

Petersen et 
al. 2007, 
Dittmar et 
al. 2006 

3 -0.2713 0.9899 M 1.2612 

1 -0.3812 -0.5301 N -0.1489 Whiting et 
al. 2002 2 0.5194 -0.0867 N -0.6061 
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3 0.4757 -0.2125 N -0.6882 
4 -0.3442 0.6036 M 0.9478 
1 0.9855 -0.1923 N -1.1778 
3 -0.9423 0.2574 M 1.1997 
4 -0.2037 0.4338 M 0.6375 

Cunga et 
al. 2011 

5 0.9994 0.1653 N -0.8341 
Mutanen 
et al. 2010 

1 0.5937 0.4481 N -0.1456 

    9 of 19 
cases 
mit 
were 
higher 

 

Binomial 
2-tailed 

   P=1.000  
  

Signed-
rank 
Wilcoxon 

    W+ = 102, W- 
= 88, N = 19, 
p=0.7983 

 
 There is no pattern detected as to whether mitochondrial or nuclear summarised 
signed ratios are closer to +1, which does not give support to addition factors acting on 
one gene type (such as relaxation of selective constraints in mitochondrial genes).  Even 
though the majority of comparisons had higher nuclear than mitochondrial results, the 
test statistic for the signed-rank wilcoxon test was positive, indicating that the cases in 
which the nuclear results were higher had lower differences between the nuclear and 
mitochondrial results. 
 
 
Table S4.9:  Investigating nuclear vs. mitochondrial FL/F ratios, using alternative 
summary method 3 to summarise nuclear (nuc) and mitochondrial (mit) results per 
transition.  Summary method 3 was not used to form separate FL:F nuc and mit ratios in 
Table S4.1 (only method 1 was used), thus these results are only presented here. Only the 
FL/F ratios are needed to perform this investigation and so I am not using the full 
summary method 3. I used method 3 to pool gene results for each FL and F group per 
transition and then took the FL/F ratio of those (instead of 1-smaller/larger, and giving a 
sign).  N=nuc and M=mit. I only performed binomial test (and not also signed-rank 
Wilcoxon) on the number of comparisons where mitochondrial or nuclear FL/F ratios 
were higher, since the FL/F ratios without transformation were more extreme. 
 

               Nuclear                .             Mitochondrial           .  
Study Transi

-tion # 
FL 
average 
nuc 
dN/dS 

F 
average 
nuc 
dN/dS 

FL/F 
for 
nuc 

FL 
average 
mit 
dN/dS 

F 
average 
mit 
dN/dS 

FL/F 
for mit 

higher 
nuc or 
mit 
FL/F 
ratios
? 

Wahlberg 1 0.0170 0.0361 0.4709 0.0025 0.0001 25 M 
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2 0.0213 0.0256 0.8337 0.0034 0.0065 0.5231 N 
3 0.0414 0.0001 414 0.0001 0.0072 0.0139 N 
4 0.0241 0.0246 0.9787 0.0084 0.0042 2 M 
5 0.1824 0.0001 1824 0.0112 0.0001 112 N 
6 0.0439 0.0405 1.0848 0.0054 0.0001 54 M 

et al 
2010, 
Snall et 
al. 2007 

7 0.0523 0.0132 3.9596 0.0071 0.0039 1.8205 N 
1 0.0330 0.0203 1.6256 0.0208 0.0110 1.8997 M 

2 0.0072 0.0487 0.1485 0.0103 0.0057 1.8070 M 

Petersen 
et al. 

2007, 
Dittmar 

et al. 
2006 

3 0.0231 0.0317 0.7287 0.0099 0.0001 99 M 

1 0.0310 0.0501 0.6188 0.0039 0.0083 0.4699 N 
2 0.0360 0.0173 2.0809 0.0180 0.0214 0.8411 N 
3 0.0534 0.0280 1.9071 0.0063 0.0080 0.7875 N 

Whiting 
et al. 
2002 

4 0.0221 0.0337 0.6558 0.0280 0.0111 2.5225 M 
1 0.0069 0.0001 69 0.0125 0.0155 0.8065 N 
3 0.0158 0.2738 0.0577 0.0265 0.0192 1.3838 M 
4 0.1149 0.1443 0.7963 0.0175 0.0096 1.8177 M 

Cunga et 
al. 2011 

5 0.1669 0.0001 1669 0.0127 0.0107 1.1925 N 
Mutanen 

et al. 
2010 

1 0.0144 0.0117 1.2308 499.521
2 

0.0132 37842.
5 

M 

Counts       10 mit higher, 9 
nuc higher/19 

Binomia
l 2-tailed 

      p=1.000 

 
Using an alternative summary method for producing FL/F ratios, there is no pattern as to 
whether mitochondrial or nuclear genes have higher FL/F ratios.  This pattern is similar 
to that produced using Summary method 1.  Thus the results using this method also give 
no support to the possibility of addition factors acting on one gene type (such as the 
relaxation of selective constraints in mitochondrial genes). 
 
6) Female flightless vs. both sexes flightless pattern testing 
 
 I tested whether there is a difference in pattern between female flightless 
comparisons and both-sexes-flightless comparisons, in order to justify considering female 
flightless comparisons as valid flightless:flighted comparisons. Additionally this was to 
detect whether patterns were any less strong for female flightless comparisons as 
compared to completely flightless comparisons. If males are flighted, it is possible that 
constraints on energy-related genes were not as relaxed or population sizes were not 
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infact smaller in female flightless lineages compared to fully flighted lineages. 
 
Table S4.10: Female flightless vs. both-sexes-flightless pattern testing. Fractions refer 
to the number of comparisons for that gene type in the positive (FL>F) direction out of 
the total, separated by study. Nuc or mit categories are counting the number of nuc or mit 
summarised signed ratios for each study or group of studies out of the total number of 
transitions in that study that have nuc or mit results. In brackets the ‘#’ then number refers 
to the particular transition (as labelled in APPENDIX S2 figures) that is being considered, 
as some studies include transitions to both female flightlessness and both-sexes-
flightlessness. Note: nuclear and mitochondrial results within each category, either FFL 
or FL, are not independent since some transitions are represented by both nuclear and 
mitochondrial genes. However, the transitions represented in the FFL category (left side 
of table) are independent of those in the FL category (right side of table). 
 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Both types of transitions (FFL and FL) having the same mitochondrial result for 

the number of positive (FL>F) comparisons out of the total number of comparisons. As 
well, the nuclear genes are more consistently positive for FFL than FL results. There does 
not appear to be a significant difference between the results of female flightless and both-
sexes-flightless transitions, and differences are not in the direction expected. This 
suggests that female flightless transitions impact dN/dS ratios in the same fashion that 
complete losses of flight do. 
 
 
 

Female-flightless comparisons Both-sexes flightless comparisons 
Study Nuc Mit Study Nuc Mit 
Wahlberg et al. 
2010; Snall et al. 
2007 

5/7 5/7 Medeiros and 
Gillespie  
2010 

--- 2/2 

South et al. 2010 --- 4/4 Cunha et al. 2011 2/4 4/5 
Snall et al. 2006 0/2 --- Petersen et al. 2007;  

Dittmar et al. 2006 
1/3 4/4 

Hayashi et al. 2008 --- 1/1 Whiting et al. 2003 
(#4) 

0/1 --- 

Mitchell et al. 2006; 
Zahiri et al. 2011 

0/1 --- Petersen et al. 2010 0/1 --- 

Mutanen et al. 2010 1/1 1/1 Whiting 2002 (#1,#3, 
#4) 

1/3 1/3 

Whiting et al. 2003 
(#1) 

1/1 ---    

Whting 2002 (#2); 
Pollmann et al. 2008  

1/1 0/1    

Total 8/13 11/14  4/12 11/14 
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APPENDIX S5: Sensitivity testing.  Patterns exploration between whole-tree overall 
substitution rate and dN/dS  ratio results and the magnitude of genetic variation, a 
comparison of dN/dS results and overall substitution rates results, and a test of the 
consistency of whole-tree results against the component sister-clade results. 
 
Summary of the contents of this appendix and purpose of these analyses 
 This appendix examines some potential additional patterns in the results that 
might have bearing on the interpretation of the results of the study.  Specifically I 
examine: A) whether the magnitude of nucleotide or amino acid variation could have 
influenced the whole-tree results; B) whether the two measures of molecular evolution 
(overall substitution rates and dN/dS ratios) have dependent results, perhaps pointing to 
the same causal effect acting on each, or aiding in the interpretation of the results; and C) 
whether the whole-tree analysis itself represented the component evolutionarily 
independent FL/F transitions in the way in which I interpreted the results. 
 
PART A:  Variation vs. magnitude of ratios 
 I examined whether there is a relationship between the magnitude of the FL:F 
ratios and the variation of the data sets.  Sets with very low variation are expected to 
produce higher FL:F (or higher/lower) simply due to any changes having proportionally 
more effect on the results.  At very low numbers of changes, the likelihood of certain 
changes was taken into consideration for scrutinizing data sets with low variation (in 
APPENDIX 3).  For example, if there were very few substitutions and those that did 
occur were in the 3rd codon position (i.e. of neutral or almost neutral effect), any patterns 
observed are more likely to be due to chance; whereas if a gene is highly conserved (e.g. 
Histone 3), even few changes in the amino acid sequence in one group vs. another are 
much more likely to have a cause or context other than a random change (e.g. selective 
differences between the group). 
 I examined nucleotide variation with regard to overall substitution rate, and amino 
acid variation with regard to dN/dS ratios, since those two measures of evolution is what 
each of the respective results are based upon.  If low variation does produce higher ratios 
than those data sets with more variation, it may exaggerate FL: F differences for those 
comparisons with low variation. However, the direction (FL>F or F>FL) of the results 
would not be systematically influenced (toward either FL or F direction).  Nevertheless, 
due to the modest sample size available for this study, it is important to consider the 
possible influence of low-variability comparisons on my total FL>F and F>FL rate 
tallies. As well, results from those sets with low variation may be more likely to be 
attributable to chance, but again by chance I would not expect a FL:F pattern or 
systematic bias. I did apply a minimum cut-off of data sets based on amino acid variation 
for whole-tree analysis (see APPENDIX S3 Table S3.3).  The magnitudes of ratios do not 
have bearing on results when each is used independently for binomial statistical analysis 
of FL:F patterns, since only the direction of the ratio is used for this test.  However, since 
there are analyses and data modification that involve magnitudes of results (for example 
in APPENDIX 3 when examining patterns in the summarised signed ratios, and in 
APPENDIX 4 when summarising gene results for each transition), I examined patterns in 
magnitudes related to variation.  Due to the pattern observed in Figure S5.2 (below), the 
results used in the paper (both dN/dS and overall substitution rate), were transformed (by 
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taking 1-smaller/larger and giving a sign) with ratios falling between 0 and 1 (-1 and 1 
with signs), which makes each of the FL:F results more comparable in magnitude. 
 
 
Table S5.1: Nucleotide sequence variation and amino acid variation compared with 
magnitude of nucleotide and dN/dS ratio differences, respectively, between FL and F 
lineages for whole-tree studies. % of nucleotide variation refers to number of nucleotide 
substitutions across the alignment divided by the total length (base pairs) of the alignment 
(x100) (from data in APPENDIX S3 Table S3.3). Larger/smaller rates refer to whichever 
FL or F rate was higher over the other (F or FL) rate; the rates are from APPENDIX S3 
Table S3.1. % amino acid variation refers to number of amino acid substitutions across 
the alignment divided by the total number of codon sites of the alignment (x100) (from 
data in APPENDIX S3 Table S3.3). Larger/smaller dN/dS ratios refer to whichever FL or 
F dN/dS ratio was higher over the other (F or FL) dN/dS ratio (the dN/dS ratios are from 
APPENDIX S3 Table S3.2). 
 
Examining patterns in OSR Examining patterns in dN/dS ratios 
% of nucleotide 
variation 

larger/smaller 
rates 

% amino acid 
variation  

larger/smaller 
dN/dS ratios  

45.54 1.20 37.03 1.69 
34.31 1.11 10.00 3.21 
47.31 1.09 25.00 1.60 
45.01 1.07 29.54 1.67 
35.92 1.20 8.25 10.50 
34.78 1.29 9.52 2.12 
37.63 1.07 17.33 2.04 
36.83 1.38 2.42 7.50 
50.92 1.17 39.76 1.06 
46.24 1.52 36.34 2.60 
44.63 1.62 23.97 1.29 
55.78 1.04 51.26 2.00 
15.94 1.33 2.01 4.38 
44.44 1.30 21.95 1.01 
15.63 1.13 3.91 1.44 
36.73 1.74 19.39 1.14 
48.48 1.10 40.11 1.49 
55.84 1.09 54.12 1.02 
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Substitution Variation vs Overall Substitution Rate Ratios
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Figure S5.1: Correlation analysis of data in Table S5.1 (OSR data). Linear trend-line y 
= -0.0031x + 1.3718, R2 = 0.0291, r=0.0171.  Correlation for n=18 (2-tailed) p = 0.9464, 
non-significant.  There is no significant relationship between the percentage of 
substitutions in the alignments used for whole-tree analysis and the ratio of the FL-F rate 
results for those same analyses.  I also tested for a relationship between the two variables 
using Spearman-Rank Correlation: Rho = -0.3932, (2-sided) p = 0.1075, (S=1350), non-
significant. 
 
 

Amino Acid Variation vs dN/dS Ratio Ratios
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Figure S5.2: Correlation analysis of data in Table S5.1 (dN/dS data). Linear trend-line 
y = -7.8024x + 4.5251, R2 = 0.2602, r=0.5110.  Correlation for n=18 (2-tailed) p = 
0.0302, significant.  There is a significant relationship between the percentage of 
substitutions in the alignments used for whole-tree analysis and the ratio of the FL-F rate 
results for those same analyses by correlation analysis.  I also tested for a relationship 
between the two variables using Spearman-Rank Correlation: Rho = -0.5294, 2-sided p = 
0.0257 (S=1482), significant. 
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 There is variability in ratios at the low end of the amino acid variation (from 
approx 0-10% variation), but after that the relationship levels out with no apparent trend.  
Based on this pattern, I reduced the impact of large absolute ratios by transforming the 
ratios by taking 1-smaller/larger ratio (or rate), and giving a sign, which was also useful 
for the data to be used in Signed-Ranked tests and summaries.  When testing for 
significance of FL:F differences (using the likelihood ratio test), the magnitude of the 
ratios do not dictate whether the comparison was significant.  For example the greatest 
magnitude F dNdS/FL dNdS was 10.5 (from analysis of Wahlberg et al. 2010 RpS5 gene) 
but the FL:F difference was not significant in likelihood ratio testing.   
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PART B: Relationship between dN/dS results and overall substitution rate results 
 
 I examine whether there is a relationship between the whole-tree overall 
substitution rate (OSR) results and the dN/dS ratio (dN/dS) results.  If there is a 
relationship then it is possible that the same factors producing patterns in one of the 
measures of molecular evolution (OSR or dN/dS) might also be influencing patterns in 
the other, or could support or change the interpretation of the results (see below). The 18 
paired whole-tree dN/dS and OSR ‘Signed ratios’ were investigated for a correlation. The 
18 paired OSR and dN/dS signed ratios come from Table S3.4 in APPENDIX S3. The 8 
paired dN/dS and OSR ‘Summarised signed ratios’ were also investigated for a 
relationship. The 8 paired OSR and dN/dS summarised signed ratios come from Table 
S3.6 in APPENDIX S3. 
 
 

18 paired dN/dS and OSR signed ratios
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Figure S5.3: Correlation analysis of 18 paired dN/dS and OSR signed ratios (from 
Table S3.4). Linear trend line: y = -0.0545x + 0.102, R2 = 0.0128, r= 0.1131. Correlation 
for n=18 (2-tailed) p = 0.6550, non-significant.  There was no relationship detected 
between dN/dS and OSR signed ratio results using all 18 data points. The data from Table 
S5.3 was also tested for a relationship between the two variables using Spearman-Rank 
correlation: Rho = -0.3003, 2-sided p = 0.2253, (S=1260), non-significant.  The spread 
of the values in the four quadrants (relevant to discussion below): 12 data points are 
positive in both dN/dS and OSR, 4 are positive in dN/dS and negative in OSR, 1 is 
positive in OSR and negative in dN/dS, and 1 is negative in both dN/dS and OSR. 
 I removed one outlier and repeated the correlation (below). 
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Figure S5.4: Correlation analysis of 18 paired dN/dS and OSR signed ratios (from 
Table S3.4) with one outlier removed. Linear trend line y = -0.347x + 0.2289, R2 = 
0.2739, r = 0.5234. For n=17 (2-tailed) p= 0.0311, significant. The relationship with one 
data (-0.9048, -0.16) point removed suggests that the higher and more positive the dN/dS 
signed ratios, the more negative the overall substitution rate signed ratios.  However the 
placement of the points relative to 0 does not suggest that positive dN/dS results are 
associated with negative OSR results, as 12 of the positive dN/dS results also have 
positive OSR results, and only 4 of the positive dN/dS results have negative OSR results.   
 If positive dN/dS results were significantly linked to positive OSR results (12 out 
of 16 positive dN/dS results are positive for OSR, 2-tailed p = 0.0768, 1-tailed p = 
0.0384) then it could be possible, if selective differences were driving differences in 
patterns between FL and F lineages, that patterns in nearly neutral mutations (simplest to 
measure by dN/dS ratios) were also appearing in overall substitution rate results. If that 
were the case it could be that a significant proportion of the synonymous substitutions 
were not effectively neutral. 
 In this study I examined dN/dS ratios; however my hypothesis is based on one 
group having higher dN rates. A potential problem with examining only dN/dS ratios and 
not dN and dS separately (and the hypothesis relates to dN) is that if dN rates were the 
same between groups and if one group had lower dS rates, that would cause a higher 
dN/dS ratio for that group. So if, for example, FL and F groups had similar dN rates, and 
for some reason FL groups had lower dS rates, the dN/dS ratios would be increased but 
not due to dN substitutions.  The overall substitution rate results can let us infer the 
pattern of dN and dS separately.  It is generally the case that the majority of substitutions 
are in 3rd codon positions, except in cases of high positive selection, therefore overall 
substitution rates give an relative estimate of dS (synonymous) rates.  In only 4 cases are 
OSR negative while the dN/dS results are positive. The OSR are majority in the positive 
(Flightless >Flighted) direction (13 of 18, though only statistically significant by 1-tailed 
test, APPENDIX S3), and this suggests that the dN/dS ratios of flightless groups may in 
fact be underestimated (since dS may also be more consistently higher in FL groups), 
supporting my conclusion of more non-synonymous substitutions in FL groups.   
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8 summarized signed ratios dN/dS vs OSR
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Figure S5.5: Correlation analysis of paired OSR and dN/dS summarised signed 
ratios (from Table S3.6). Linear trend line (solid line) y= -0.5933x + 0.3152, R2 = 
0.5116, r= 0.7153, 8 data points, 2 sided p = 0.0461, significant. By Spearman-rank 
correlation: Rho -0.2381, 2 sided, p= 0.5821, non-significant.  The two analyses give 
conflicting results.  It appears that one outlier is influencing the pattern severely 
(probably due to the low sample size); therefore, I repeat correlation analysis with that 
point removed to see whether the same pattern remains. 
 The data point removed was (-0.26, 0.83), shown in grey. Linear trend line 
(dashed line) y = 0.0724x + 0.1366, R2 = 0.0048, r= 0.06928, 7 data points, 2-side p = 
0.8827, non-significant.  By Spearman Rank Correlation: Rho = 0.1429, 2-sided p-value 
= 0.7825, (S= 48), non-significant.  There does not appear to be a relationship between 
the paired Summarised signed ratios by correlation analysis, however out of all 8 positive 
dN/dS summarised signed ratios, 6 are also positive for OSR (non-significant, 2-tailed 
p=0.2891; 1-tailed p=0.1445).  Likewise to the explanation further above, the similarity 
in positive pattern in dN/dS ratios and OSR results does not detract from the assumption 
of higher dN rates in FL groups (but instead suggests an underestimation of that pattern).
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PART C: Investigation of whole-tree analysis 
 I examine whether the whole-tree analysis itself accurately represented the data in 
the way it was being interpreted.  I interpreted the whole-tree results as representing a 
summary of the patterns that occurred within the tree, such that the component transition 
results (directions of the individual evolutionarily independent transitions) were generally 
summarised in the whole-tree result.  I anticipated that if patterns were stronger for 
certain sister comparisons within the tree that those could overshadow multiple weaker 
opposite directional results.  Here, I test whether that was a common feature of the whole-
tree results or whether they generally represent a summary of the directions for the 
component transitions.  The whole-tree analysis was useful to include in the main study 
as it is a more powerful method to detect FL:F differences within a tree (or taxonomic 
group), since it incorporates more information and should be more accurate due to being 
less influenced by stochastic changes in particular lineages. 
 
Table S5.2: Whole-tree results and sister-clade results from the same trees, 
investigation of the whole-tree approach. 
I examine whether the result (sign) for the whole-tree analysis agrees with the overall 
result (majority rule of signs) of the sister-clade results from that same tree.  ‘Scores’ for 
each gene are the number of clade comparisons that are positive (FL>F) over the total 
number of non-neutral comparisons (where neutral is FL=F for individual sister-clade 
results) for that gene.  The signs of the scores are created from the majority rule of the 
clade results.  For the scores, if the majority of the clade results were positive, I refer to 
these as positive scores (in yellow); if there was an equal number of positive and negative 
clade results those scores are considered neutral (in orange), and if more than half of the 
clade results were negative then the score is considered negative (in blue). The whole-tree 
results are those displayed in Fig 2.1B of the main paper or APPENDIX S3 Table 2 
Section A. For tree results under ‘direction’, positive indicates a FL>F result for that 
tree/gene (yellow); tree results close to larger/smaller ratios of 1.05 or less I give the 
direction but also the label as ‘N’ (neutral) (in orange) for more description, and negative 
results signify F>FL results for that tree (in blue).  The significances of the tree FL:F 
results are also shown, but are not used in this exploration.  The ‘Transitions in study’ 
numbers refer to labels on clade figures APPENDIX S2 Part B.  Those cells with ‘+’ (in 
green) indicates sister-clade comparisons where FL ratio>F ratio, and cells with ‘-’ (in 
red) indicate F>FL ratio for that sister-clade comparison. Abbreviation NV = non-variable 
gene comparison, and was not included in analysis. Nu=neutral, for clade-results where 
FL ratio=F ratio.
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Table S5.2: Whole-tree results and sister-clade results from the same trees, investigation of the whole-tree 
approach. 
Comparing whole-tree method results with results of summaries of individual sister-clades comparisons from the same 
tree.  Colouration: Yellow, or green (under ‘Transitions in study’), signifies a positive (FL>F) results; blue signifies a 
negative (F>FL) result; orange signifies a neutral (FL=F) or close to neutral (for whole-tree ‘Direction’) result. NV = 
non-variable gene comparison. Nu=neutral, clade-results where FL ratio=F ratio. 

   WHOLE-
TREE 
RESULTS 

                                         SISTER CLADE RESULTS                                       
. 

     Transitions in study 
Study Gene #transi

-tions 
Direct-
ion 

Signifi-
cant? 

 SCORE 1 2 3 4 5 6 7 

South et al 
2011 

COI 4 + Yes  4/4 + + + +    

              
EF1a 7 + Yes  4/7 + + - - + - + 
Wgl 2 + No  N/A *no close sister comparisons available for this gene 
IDH 5 + Yes  3/5 - -  +  + + 
RpS5 5 - No  1/2(3) +a  - *NV Nu *NV 
Gapdh 2 + No  2/2    +   + 

Wahlberg et 
al. 2010 

COI 7 + Yes  5/7 + - - + + + + 
              

Whiting et al. 
2003 

H3 8 + Yes  1/2(5) + *NV *NV - *NV   

              
CAD 4 +/N No  1/3(4) + - - *NV    Petersen et 

al. 2007 COI 4 + Yes  4/4 + + + +    
              

Ef1a 4 - No  2/4 - + + -    Whiting 2002 
COII 4 + Yes  2/4 - + - +    

              
Ef1a 2 + Yes  2/2  + +     Snall et al. 

2007 Wgl 3 +/N No  1/3 + - -     
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Medeiros and 
Gillespie 
2010 

COI 2 + No  2/2 + +      

          
NF1 4 + No  2/4 +  -a - +   
COI  + Yes  3/4(5) - + + + Nu   

Cunha et al. 
2011 

COII  +/N No  4/5 - + + + +   
a this transition uses a flighted group that is further out than some others used in other sister comparisons from the same tree (but different genes) 
 

 For those whole-tree results which were positive, the clades’ scores were 50% or greater (e.g. 2/4 or 5/8), while those whole-
tree results that were negative had clades’ scores of 50% or less (e.g. 2/4 or 1/3).  The whole-tree results which were close to neutral 
(signed ratios less than |0.05|), though all slightly positive, had mixed direction clade results. The majority of scores were in the 
positive direction; out of 17 scores, 10 were positive, 5 neutral, 2 negative. The scores results also follow the same overall FL:F 
pattern as whole-tree results, with more gene results having FL>F ratios (here 10 positive out of 12 non-neutral, 2-tailed sign-binomial 
test p = 0.0386, significant).  Positive tree scores correspond to positive clades scores and negative tree scores to neutral clades scores, 
and slightly positive/neutral tree scores to negative clade scores.   
 The above results demonstrate that the whole-tree method results are generally supported by examination of each individual 
transition via the sister-clades methods; however, any test using the data is rough as both methods of analysis do not use the exact 
same data.  For example the whole-tree method includes all available data in the tree while the sister-clade method could not make use 
of some flightless clades if there were no closely related and phylogenetically independent flighted clades remaining for comparison.  
As well, the coding of lineages was different since the whole-tree analysis employs coding where the postulated transitions occurred, 
while the sister-clades analysis employs coding of the entire lineages from their point of divergence onward, which for paraphyletic 
sister pairs (though phylogenetically independent) does not coincide with the transitions.  In that case, different character states can 
influence molecular patterns for certain lengths of the pathways (adding noise to results).   
 In those cases that the whole-tree results were neutral or the clades’ score was neutral and the two results do not give a direct 
reflection of the other, it could be that 1. differences in input data caused differences in results, 2. for the clades method, specifically 
for those instances of paraphyletic relationships (since the transition and the point of lineage divergence may not occur at the same 
time), the effect of the transition may not have been fully exerted in the clades results while the transition was more accurately coded 
in the whole-tree analysis, 3. the few outgroups included in the whole-tree 2-rates method influenced the results to be slightly different 
than when just examining the clades of interest. 4. for whole-tree method some transitions had stronger dN/dS patterns, which 
overshadowed weaker opposite directional patterns and produced a tree result not perfectly concurrent with the clades results based on 
signs.
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 Overall, although this test is rough, the directions of the whole-tree results are 
supported by the directions of the individual sister-clade results for the same tree. The 
whole-tree method has benefits, such as including more data (and also being a more 
sensitive test to detect wide-spread patterns in trees or taxonomic groups), and this 
general support of the method increases my confidence in using the whole-tree method in 
the manner I did for the main analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References for statistical testing: 
 

Statistical analyses in this appendix were performed with use of the following online 
programs: 
 
For Spearman-rank tests:   
http://www.wessa.net/rwasp_spearman.wasp 
 
Calculation of p values from r values (and N) (correlation values):  
http://www.graphpad.com/quickcalcs/pvalue1.cfm 
http://www.danielsoper.com/statcalc3/calc.aspx?id=44 
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APPENDIX S6: Relative rates test results of overall substitution rate differences for sister pairs of FL and F lineages. Including 
all relative rate results for 38 independent transitions with multiple gene results each, FL:F pattern testing overall, for nuclear and 
mitochondrial genes, for each gene separately, and individuals and accession numbers used in analysis. 
 
Table S6.1: Relative rate results of 38 independent transitions to flightlessness. Transition # refers to the transitions as labelled in 
Appendix S4 or in figures in Appendix S2. Multiple gene results or multiple studies can provide data toward the same transition. All 
gene results grouped together (no lines of space between them) regard the same transition. Z values were used as indicators of the 
magnitudes of the FL vs. F differences in each transition, as larger z values indicate more significant differences between FL and F 
rates. Z values greater than1.96 are significant (p<0.05). Signed Z values were achieved simply by using the direction of the transition 
(FL>F is positive) to sign the Z value. Summarised z values were calculated by averaging the signed z values across genes within a 
transition and these were used in order to represent each transition separately in statistical analysis. As well, z values were separately 
summarised for nuclear and mitochondrial gene with the same method to use in statistical testing. Nuc = nuclear genes, 
Mit=mitochondrial genes. 
 
 
Study Trans-

ition # 
Gene FL 

Rate 
F Rate Direct-

ion 
(FL>F 
is +) 

Differ-
ence  
(Rate 
FL-F) 

Std 
error 

Z value Rate 
const
ancy 
rej-
ected 
at 
5%? 

Signed z 
values 

Summarised signed z values 

           All 
genes 

Nuc only Mit only 

Snall et 
al. 2007 

EF-1a 0.02468 0.02819 - -0.0035 0.0077 0.4533 No -0.4533 -1.3830 -1.3830  

 

2 

Wgl 0.01352 0.04412 - -0.0306 0.0132 2.3127 Yes -2.3127    
              
 EF-1a 0.04582 0.05242 - -0.0066 0.0106 0.6206 No -0.6206 0.3195 0.3195  
 

3 
Wgl 0.09026 0.06106 + 0.0292 0.0232 1.2596 No 1.2596    

              
              
Walberg 1 EF-1a 0.03957 0.03329 + 0.0063 0.0098 0.6398 No 0.6398 0.7754 0.8762 0.5737 



 243 
 

 

IDH 0.05742 0.04131 + 0.0161 0.0145 1.1127 No 1.1127    
COI 0.05253 0.04496 + 0.0076 0.0132 0.5737 No 0.5737    

             
2 EF-1a 0.05318 0.04251 + 0.0107 0.0109 0.9829 No 0.9829 -0.7576 -0.2107 -1.8513 
 IDH 0.04133 0.06000 - -0.0187 0.0133 1.4043 No -1.4043    
 COI 0.05298 0.08130 - -0.0283 0.0153 1.8513 No -1.8513    
             
3 EF-1a 0.02116 0.01268 + 0.0085 0.0065 1.2997 No 1.2997 1.0452 1.2997 0.7906 
 COI 0.04630 0.03663 + 0.0097 0.0122 0.7906 No 0.7906    
             
4 EF-1a 0.02765 0.05226 - -0.0246 0.0069 3.5448 Yes -3.5448 -1.3022 -1.5958 -0.1277 
 RpS5 0.02300 0.04002 - -0.0170 0.0088 1.9287 No -1.9287    
 Gapd

h 
0.04205 0.04822 - -0.0062 0.0110 0.5600 No -0.5600    

 IDH 0.05489 0.05932 - -0.0044 0.0126 0.3498 No -0.3498    
 COI 0.04628 0.04713 - -0.0008 0.0066 0.1277 No -0.1277    
             
5 EF-1a 0.00058 0.01213 - -0.0116 0.0046 2.5163 Yes -2.5163 -0.2379 -0.6544 1.0115 
 RpS5 0.01169 0.01358 - -0.0019 0.0077 0.2446 No -0.2446    
 Wgl 0.01460 0.00735 + 0.0073 0.0091 0.7975 No 0.7975    
 COI 0.01947 0.01166 + 0.0078 0.0077 1.0115 No 1.0115    
             
6 EF-1a 0.03017 0.02267 + 0.0075 0.0067 1.1145 No 1.1145 -0.0495 0.1067 -0.6741 
 RpS5 0.03300 0.04232 - -0.0093 0.0122 0.7668 No -0.7668    

et al. 
2010 

 IDH 0.03970 0.06626 - -0.0266 0.0137 1.9408 No -1.9408    
Snall et al. 2007 
transition � 

Wgl 0.08464 0.04678 + 0.0379 0.0187 2.0200 Yes 2.0200    

 COI 0.05689 0.06495 - -0.0081 0.0119 0.6741 No -0.6741    
             
7 EF-1a 0.02787 0.03804 - -0.0102 0.0066 1.5422 No -1.5422 -0.5798 0.0149 -2.9589 
 RpS5 0.03519 0.03182 + 0.0034 0.0094 0.3595 No 0.3595    
 Gapd

h 
0.05482 0.04926 + 0.0056 0.0162 0.3431 No 0.3431    

 IDH 0.07288 0.06117 + 0.0117 0.0130 0.8993 No 0.8993    

 

 COI 0.03378 0.05522 - -0.0214 0.0072 2.9589 Yes -2.9589    
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1 Wgl -
0.00006 

0.00554 - -0.0056 0.0040 1.4102 No -1.4102 -0.2849 -1.0011 1.1473 

 EF-1a 0.00340 0.00580 - -0.0024 0.0040 0.5919 No -0.5919    
 COI 0.03148 0.02004 + 0.0114 0.0100 1.1473 No 1.1473    
             
2 Wgl 0.01809 0.02042 - -0.0023 0.0112 0.2088 No -0.2088 -0.3723 -0.8560 0.5951 
 EF-1a 0.00131 0.00708 - -0.0058 0.0038 1.5033 No -1.5033    

Medeiros 
and 
Gillespie 
2010 

 COI 0.04249 0.03474 + 0.0078 0.0130 0.5951 No 0.5951    
              
              

1 EF1a 0.03033 0.03161 - -0.0013 0.0078 0.1649 No -0.1649 0.3144 0.1370 1.3786 Mitchell 
et al. 
2006 

 DDC 0.08153 0.04116 + 0.0404 0.0161 2.5143 Yes 2.5143    

 RpS5 0.06648 0.10180 - -0.0353 0.0154 2.2884 Yes -2.2884    
 MDH 0.10190 0.11300 - -0.0112 0.0247 0.4523 No -0.4523    
 CAD 0.12040 0.08749 + 0.0329 0.0227 1.4481 No 1.4481    
 IDH 0.09572 0.09963 - -0.0039 0.0166 0.2350 No -0.2350    

Zahiri et 
al. 2011 

 COI 0.07317 0.05629 + 0.0169 0.0122 1.3786 No 1.3786    
              
              

1 CAD 0.09127 0.17280 - -0.0815 0.0223 3.6603 Yes -3.6603 -2.2063 -2.2879 -2.0431 
 IDH 0.12230 0.14350 - -0.0212 0.0232 0.9155 No -0.9155    

Mutanen 
et al. 
2010  COI  0.07119 0.11210 - -0.0409 0.0200 2.0431 Yes -2.0431    
              
              
Petersen 
et al. 
2010 

1 CAD 0.05568 0.08159 - -0.0259 0.0143 1.8122 No -1.8122 -1.8122 -1.8122  

              
              

1 H3 0.04984 0.06091 - -0.0111 0.0195 0.5679 No -0.5679 -0.5679 -0.5679  
             

Whiting 
et al. 
2003 2 H3 0.06328 0.07262 - -0.0093 0.0153 0.6117 No -0.6117 -0.6117 -0.6117  
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3 H3 0.06124 0.05510 + 0.0061 0.0183 0.3354 No 0.3354 0.3354 0.3354  
             
4 H3 0.07726 0.07078 + 0.0065 0.0213 0.3041 No 0.3041 0.3041 0.3041  
             
5 H3 0.05468 0.01994 + 0.0347 0.0122 2.8427 Yes 2.8427 2.8427 2.8427  

              
              

1 H3 0.03817 0.08603 - -0.0479 0.0240 1.9935 Yes -1.9935 -1.8056 -1.9935 -1.6178 McCullo
ch et al. 
2009 

 COI 0.07259 0.09518 - -0.0226 0.0140 1.6178 No -1.6178    

              
              

1 CAD 0.18040 0.16550 + 0.0149 0.0177 0.8385 No 0.8385 1.9005 0.8385 2.2545 Petersen 
et al. 
2007 

 COI 0.13890 0.07945 + 0.0594 0.0156 3.8149 Yes 3.8149    

Dittmar et al. 2006 
� 

COII 0.11850 0.09889 + 0.0196 0.0101 1.9431 No 1.9431    

Dittmar et al. 2006 
� 

cytB 0.14310 0.12590 + 0.0173 0.0172 1.0055 No 1.0055    

             
2 CAD 0.04692 0.04008 + 0.0068 0.0123 0.5571 No 0.5571 1.2128 0.5571 1.8684 
 COI 0.07951 0.05985 + 0.0197 0.0105 1.8684 No 1.8684    
             
3 CAD 0.05976 0.05203 + 0.0077 0.0144 0.5361 No 0.5361 1.4080 0.5361 2.2800 
 COI 0.07784 0.03865 + 0.0392 0.0172 2.2800 Yes 2.2800    
             
4 CAD 0.00414 0.00405 + 0.0001 0.0034 0.0285 No 0.0285 1.2088 0.0285 2.3891 

 

 COI 0.04565 0.01775 + 0.0279 0.0117 2.3891 Yes 2.3891    
              
              

1 Ef1a 0.03354 0.02753 + 0.0060 0.0061 0.9871 No 0.9871 0.5298 0.9871 0.0725 
 COII 0.07850 0.07746 + 0.0010 0.0143 0.0725 No 0.0725    

Whiting 
2002 

             
Pollman 2 Ef1a 0.03939 0.03381 + 0.0056 0.0101 0.5519 No 0.5519 0.4217 0.5519 0.3565 
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et al. 
2008 � 
Pollman et al. 2008 
� 

COI 0.07739 0.07049 + 0.0069 0.0122 0.5675 No 0.5675    

 COII 0.05767 0.05578 + 0.0019 0.0130 0.1456 No 0.1456    
             
3 Ef1a 0.08250 0.05797 + 0.0245 0.0127 1.9363 No 1.9363 0.1778 1.9363 -1.5807 
 COII 0.05906 0.08997 - -0.0309 0.0196 1.5807 No -1.5807    
             
4 Ef1a 0.14140 0.07921 + 0.0622 0.0110 5.6415 Yes 5.6415 3.2198 5.6415 0.7981 

 

 COII 0.15280 0.13780 + 0.0151 0.0189 0.7981 No 0.7981    
              
              
Odgen et 
al. 2009 

1 H3 0.03883 0.06444 - -0.0256 0.0197 1.3021 No -1.3021 -1.3021 -1.3021  

              
              

1 COI 0.12280 0.09932 + 0.0235 0.0142 1.6493 No 1.6493 1.6493  1.6493 
             
2 COI 0.10160 0.08274 + 0.0189 0.0143 1.3230 No 1.3230 1.3230  1.3230 
             
3 COI 0.08486 0.06839 + 0.0165 0.0185 0.8884 No 0.8884 0.8884  0.8884 
             

South et 
al. 2011 

4 COI 0.16870 0.11670 + 0.0520 0.0312 1.6678 No 1.6678 1.6678  1.6678 
              
              

1 NF 0.13980 0.10990 + 0.0299 0.0353 0.8469 No 0.8469 2.3364 0.8469 3.0812 
 COI 0.12390 0.06151 + 0.0624 0.0217 2.8735 Yes 2.8735    
 COII 0.15220 0.07291 + 0.0793 0.0241 3.2888 Yes 3.2888    
             
2 COI 0.07161 0.04096 + 0.0306 0.0152 2.0182 Yes 2.0182 1.4514  1.4514 
 COII 0.05847 0.04556 + 0.0129 0.0146 0.8846 No 0.8846    
             
3 NF 0.01883 0.03483 - -0.0160 0.0149 1.0730 No -1.0730 -0.2657 -1.0730 0.1380 

Cunga et 
al. 2011 

 COI 0.07242 0.07762 - -0.0052 0.0183 0.2833 No -0.2833    
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 COII 0.08313 0.07269 + 0.0104 0.0187 0.5592 No 0.5592    
             
4 NF 0.00708 0.00692 + 0.0002 0.0070 0.0221 No 0.0221 -0.8847 0.0221 -1.3381 
 COI 0.04480 0.06974 - -0.0249 0.0161 1.5447 No -1.5447    
 COII 0.05723 0.07697 - -0.0197 0.0174 1.1315 No -1.1315    

              
              
Hayashi 
et al. 
2008 

 COI 0.08321 0.10110 
 

- -0.0180 0.0161 1.1154 No -1.1154 -1.1154  -1.1154 
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Table S6.2: FL:F pattern testing using ‘summarised signed z values’ to determine 
whether FL or F lineages have higher relative rates of substitution, by binomial and 
signed-rank Wilcoxon testing. Nuc= nuclear genes, Mit = mitochondrial genes. 
 
 Summarised signed z values 
Statistical 
pattern 
testing 

All genes Nuc 
only 

Mit only 

 -1.3830 -1.3830  
 0.3195 0.3195  
 0.7754 0.8762 0.5737 
 -0.7576 -0.2107 -1.8513 
 1.0452 1.2997 0.7906 
 -1.3022 -1.5958 -0.1277 
 -0.2379 -0.6544 1.0115 
 -0.0495 0.1067 -0.6741 
 -0.5798 0.0149 -2.9589 
 -0.2849 -1.0011 1.1473 
 -0.3723 -0.8560 0.5951 
 0.3144 0.1370 1.3786 
 -2.2063 -2.2879 -2.0431 
 -1.8122 -1.8122  
 -0.5679 -0.5679  
 -0.6117 -0.6117  
 0.3354 0.3354  
 0.3041 0.3041  
 2.8427 2.8427  
 -1.8056 -1.9935 -1.6178 
 1.9005 0.8385 2.2545 
 1.2128 0.5571 1.8684 
 1.4080 0.5361 2.2800 
 1.2088 0.0285 2.3891 
 0.5298 0.9871 0.0725 
 0.4217 0.5519 0.3565 
 0.1778 1.9363 -1.5807 
 3.2198 5.6415 0.7981 
 -1.3021 -1.3021  
 1.6493  1.6493 
 1.3230  1.3230 
 0.8884  0.8884 
 1.6678  1.6678 
 2.3364 0.8469 3.0812 
 1.4514  1.4514 
 -0.2657 -1.0730 0.1380 
 -0.8847 0.0221 -1.3381 
 -1.1154  -1.1154 
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Counts 
(#pos/total

) 

21/38 19/32 20/29 

Binomial 
test 2-
tailed 

0.6271 0.3771 0.0614 

Binomial 
1-tailed 

0.3136 0.1885 0.0307 

Signed-
rank 

Wilcoxon 

W+ = 445, 
W- = 296, 
N = 38, p 
= 0.2832 

W+ = 
258, W- 

= 270, N 
= 32, p 

= 0.9181 

W+ = 
288, W- 

= 147, N 
= 29, p 

= 0.1301 
 
 Mitochondrial results show a significant pattern by 1-tailed binomial tests of 
higher FL than F overall substitution rates with 20 of 29 transitions having higher FL than 
F rates. All genes together, and only nuclear genes, do not show a significant pattern as to 
whether FL or F lineages have higher substitution rates. 
 
 
Table S6.3: Testing of individual gene patterns by binomial and signed-ranked Wilcoxon 
tests. 
 
                                  Genes, signed z values                                    . 
Statistical 
testing 

EF1a COI COII IDH Wgl CAD 

 -0.4533 0.5737 1.9431 1.1127 -2.3127 1.4481 
 -0.6206 -1.8513 0.0725 -1.4043 1.2596 -3.6603 
 0.6398 0.7906 0.1456 -0.3498 0.7975 -1.8122 
 0.9829 -0.1277 -1.5807 -1.9408 2.0200 0.8385 
 1.2997 1.0115 0.7981 0.8993 -1.4102 0.5571 
 -3.5448 -0.6741 3.2888 -0.2350 -0.2088 0.5361 
 -2.5163 -2.9589 0.8846 -0.9155  0.0285 
 1.1145 1.1473 0.5592    
 -1.5422 0.5951 -1.1315    
 -0.5919 1.3786     
 -1.5033 -2.0431     
 -0.1649 -1.6178     
 0.9871 3.8149     
 0.5519 1.8684     
 1.9363 2.2800     
 5.6415 2.3891     
  0.5675     
  1.6493     
  1.3230     
  0.8884     
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  1.6678     
  2.8735     
  2.0182     
  -0.2833     
  -1.5447     
  -1.1154     

Counts 
(#pos/ 
total) 

8/16 17/26 7/9 3/7 3/6 5/7 

Binomial, 
2-tailed 

1.1964 0.1686 0.1797 1.0000 1.3125 0.4531 

Binomial, 
1-tailed 

0.5982 0.0843 0.0898 0.5000 0.6563 0.2266 

Signed-
rank 

Wilcoxon  

W+ = 
72, W- = 
64, N = 

16 

W+ = 239, 
W- = 112, 
N = 26, p 
= 0.1096 

W+ = 
32, W- = 
13, N = 

9 

W+ = 8, 
W- = 20, 

N = 7 

W+ = 
10, W- = 
11, N = 

6 

W+ = 
15, W- = 
13, N = 

7 
 
 Individual genes did not show any significant patterns as to whether FL or F 
lineages had higher overall substitution rates. 
 
 
Table S6.4: Individuals used in relative rate analysis. The ‘x’ under a gene signifies 
that the individual was used for that gene data set. For accession numbers refer to 
APPENDIX S1 under the same individual name. Not all the same individuals or genes 
were used in the Phyltest analysis and other analysis. Where there was additional 
indivudals or genes used in these tests that are not included in APPENDIX S1, the 
accession numbers are given here. FL=both sexes flightless, FFL=female flightless 
comparison. 
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Paper Transition # Species Gene 
    Ef1a Wgl     

1 IG_FL Paleacrita merriccata x     Snall et 
al. 2007 

*same as transition 6 from Wahlberg et al. 2010    
FFL          

  IG_F  Lycia hirtaria x     
          
  OG Scopula immorata x     
   Idaea straminata x     
          
 2 IG_FL Operophtera 

fagata 
x x     

   Operophtera 
brumata 

x x     

          
  IG_F  Epirrita dilutata x x     
   Epirrita christyi x x     
          
  OG Malacodea 

regelaria 
x x     

          
          
 3 IG_FL Malacodea 

regelaria 
x x     

          
  IG_F  P aubul x x     
          
  OG Eul popul x x     
          
          
    EF 1a Wgl COI GAPD

H 
RpS5 IDH 

Wahlberg 
et al. 
2010 

1 IG_FL Theria 
rupicapraria 
(Therini) 

x  x   x 

FFL          
  IG_F  Lomographa 

bimaculata 
(Caberini) 

x  x   x 

          
  OG Cabera pusaria 

(Caberini) 
x  x   x 

          
          
          
 2 IG_FL Alsophila 

aescularia 
x  x   x 

          
  IG_F Hylaea fasciaria x  x   x 
          
  OG Colotois 

pennaria 
x  x   x 
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 3 IG_FL Itame loricaria 

(aka speranza 
lor.) 

x  x    

          
  IG_F Pygmaena fusca x  x    
          
  OG Semiothisa 

clathrata (aka 
Chiasmia 
clathrata) 

x  x    

          
          
 4 IG_FL Agriopis aurantiaria  x  x x 
   Agriopis 

marginaria 
x  x x x  

   Philaliohybernia 
fulvinfula 

x      

          
  IG_F Bupalus piniaria x  x  x  
   Arichanna 

tetrica 
x      

   Arichanna melanaria  x x x x 
          
  OG Erannis tiliaria x  x   x 
   Alcis repandata x  x x x  
   Deileptenia 

ribeata 
x  x x x x 

   Apocheima 
hispidarium 

x  x  x x 

          
          
    EF 1a Wgl COI GAPD

H 
RpS5 IDH 

 5 IG_FL Lycia hirtaria x x x  x  
          
  IG_F Lycia lapponaria x x x  x  
          
  OG Phigalia 

(apocheima) 
pilosaria 

x x x    

  (OG) Apocheima hispidarium   x  
          
          

6 IG_FL Philalia(apo..) 
pilosaria 

x  x    (from 
Fig. 1b in 
source 
study) 

  Paleacrita 
merriccata 

x  x    

   Apochelma hispidaria    x x 
          
  IG_F Hypomecis 

punctinalis 
x  x    

   Ematurga 
atomaria 

x  x  x x 
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  OG Ectropis 

crepuscularia 
x  x  x x 

          
          
 7 IG_FL Erannis tiliaria x  x x  x 
   Erannis 

ankeraria 
x  x  x x 

          
  IG_F Biston stratarius x  x x  x 
   Biston betularius x  x  x x 
          
  OG Apocheima 

hispidarium 
x  x   x 

   Alcis repandata x  x x x  
   Deileptenia 

ribeata 
x  x   x 

   Arichanna melanaria  x x x  
          
          
    Wingl

ess 
EF-1a  COI    

Medeiros 
and 
Gillespie 
2010 

1 IG_FL T. kikaelekea x x x    

FL          
  IG_F T. epicapna x x x    
          
  OG T. neckerensis x x x    
   T. nihoa x x x    
          
          
 2 IG_FL T. apetela x x x    
          
  IG_F T. neckerensis x x x    
          
  OG T. indecora (M, 

07b00) 
FJ845
687.1 

FJ845
622.1 

FJ845
555.1 

  

   T. subahenea (M, 
Ia30) 

FJ845
704.1 

FJ845
641.1 

    

   T. kea x x x    

          
          
    CAD COI IDH    

Mutanen 
et al. 
2010 

1 IG_FL Dahlica lazuri 
(Psychidae, 
Naryciinae) 

x x x    

FFL          
  IG_F Dysoptus sp. 

(Arrhenophanida
e) 

x x x    
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  OG Trigonocyttara 

clandestina 
(Psychidae, 
unassigned) 

x x x    

          
          
    EF-1a DDC (dopa 

decarboxylase) 
   

Mitchell 
et al. 
2006 

1 IG_FL Orgyia 
leucostigma 

x x     

FFL          
  IG_F Dasychira 

obliquata 
x x     

          
  OG (F) Lymantria dispar x x     
          
          

Zahirir et al. 
2011 

  COI  RpS5 MDH CAD IDH  

FFL 1 IG_FL Orgyia antiqua x x x x x  
          
  IG_F Nygmia plana x x x x x  
          
  OG Lymantria 

monacha 
x x x x x  

   Leucoma salicis x x x x x  
          
          
    CAD      

Petersen 
et al. 
2010 

1 IG_FL Chionea valga x      

FL          
  IG_F Cladura 

flavoferruginea 
x      

          
  OG Prionolabis 

politissima 
GU24
8684 

     

          
          
    H3 (histone 3)     

Whiting 
et al. 
2003 

1 IG_FL Dimorphodes 
prostasis 

x      

FL and FFL         
  IG_F Tropiderus 

childrenii 
x      

          
  OG Lamponius 

guerini 
x      
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 2 IG_FL Neohirasea 
maerens 

x      

   Neohirasea sp. x      
          
  IG_F Sipyloidea 

sipylus 
x      

   Pseudodiacantha 
(Orxines) 
macklottii 

x      

          
  OG Phyllium 

bioculatum 
x      

          
          
 3 IG_FL Lopaphus 

perakensis 
x      

          
  IG_F Lopaphus 

sphalerus 
x      

          
  OG Pseudodiacantha 

(Orxines) 
macklottii 

x      

          
          
 4 IG_FL Agathemera 

crassa 
x      

          
  IG_F Heteropteryx 

dilatata 
x      

          
  OG Aretaon 

asperrimus 
x      

   Sungaya 
inexpectata 

x      

          
          
 5 IG_FL Anisomorpha 

ferruginea 
x      

          
  IG_F Pseudophasma 

(Paraphasma) 
rufipes 

x      

           
  OG Aretaon 

asperrimus 
x      

   Heteropteryx 
dilatata 

x      

          
          
    COI H3     

McCullo
ch et al. 
2009 

1 IG_FL Zelandoperla 
fenestrata 

x x     
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FL          

  IG_F Zelandoperla 
decorate 

x x     

          
  OG Zelandoperla 

agnetis  
x x     

    Zelandoperla 
denticulate 

x      

          
          
    CAD  COI     

Petersen 
et al. 
2007 

1 IG_FL Dipseliopoda 
setosa 

x x     

FL          
  IG_F Trichobius 

joblingi 
x x     

          
  OG Lipoptena 

mazamae 
x x     

   Ornithomya 
avicularia 

x x     

          
 2 IG_FL Melophagus 

ovinus 
x x     

          
  IG_F Lipoptena cervi x x     
          
  OG Lipoptena 

mazamae 
x x     

   Lipoptena 
depressa 

x x     

          
          
 3 IG_FL Megistopoda 

aranea 
x x     

          
  IG_F Paratrichobius 

longicrus 
x x     

          
  OG Trichlobius 

joblingi 
x x     

          
          
 4 IG_FL Stenepterys 

hirundinis 
x x     

          
  IG_F Ornithomya 

fringillina 
x x     

          
  OG Ornithomya 

biloba 
x x     
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    COII cytB     
1 IG_FL Basilia corynorhini x     
  Basilia forcipata x      

Dittmar 
et al. 
2006   Penicillidia sp.      

FL   Phthiridium 
fraterna 

x      

  Basilia (Tripselia) 
coronata in(d)ivisa 

x     

  Eucampsipoda 
penthetoris 

x      

  Eucampsipoda inermis x     
  Dipseliopoda 

biannulata 
x x     

*same 
transition 

as 
Petersen 

et al. 
2007 #1 

         
  IG_F Brachyotheca 

lobulata2 
x x     

   Raymondia 
huberi 

x x     

   Megastrebla 
(Aoroura) 
nigriceps 1 

x x     

   Megastrebla p. 
parvior 

x x     

          
  OG Trichobius hirsutulus x     
   Trichobius 

parasiticus 
x x     

   Trichobius 
corynorhini 

x x     

   Trichobius 
major2 

x x     

   Strebla guajiro x x     
   Strebla mirabilis x x     
   Trichobius 

caecus 
x x     

   Trichobius 
intermedius 

x x     

          
          

Whiting 
2002 

1   EF1a COII     

FL  IG_FL Apterobittacus 
sp. 

x x     

          
  IG_F B. strigosus x x     
          
  OG B. pilicornis x x     
   Hylobittacus sp. x x     
          
          
          

FFL 2 IG_FL B. oregonensis x     
          
  IG_F Panorpodes x     
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  OG B. punctiger x     
   B. pillicornis x     
   Harpobittacu sp.s x     
          
          

FL 3 IG_FL Apteropanorpa 
sp. 

x x     

          
  IG_F Chorista sp. x x     
          
  OG Merope sp. x x     
          
          

FL 4 IG_FL Caurinus sp. x      
   B. brumalis x     
   B. coloradensis x x     
          
  IG_F N. neotropics x x     
   N. dipteroides x x     
          
  OG Taenochorista x x     
   B. stigmaterus x x     
   P. germanica x x     
          
          
    COI EF-1a     

Pollman 
et al. 
2008 

1 IG_FL Brachypanorpa 
oregonensis 

x x     

*Same transition # 2 
Whiting 2002 

B. sacajawea x x     

FFL   B. carolinensis x x     
          
  IG_F Panorpodes 

colei 
x x     

   P. pulchra x x     
   P. paradoxa x x     
          
  OG Panorpa 

rufostigma 
x x     

   P. japonica x x     
   P. takenouchii x x     
          
          
    H3      

Odgen et al. 
2009 

IG_FL Cheirogenesia 
edmundsi 

x      

FL          
  IG_F Plethogenesia 

sp. 
x      

          
  OG Ephemera sp. x      
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   Ichthybotus sp. x      
          
          
   COI       

1 IG_FL Pyropyga nigricans      
        
 IG_F  Ellychnia corrusca      
       
 OG Pyractomena angulata     

South et 
al. 2010; 
seq. data 
from 
Stanger-
Hall et al. 
2007 

         

FFL          
 2 IG_FL Microphotus angustus      
          
  IG_F  Pyractomena 

angulata 
      

          
  OG Lucidota atra       
          
 3 IG_FL Lamprohiza 

splendidula 
     

  IG_F  Lucidota atra       
  OG Pyractomena 

angulata 
      

          
 4 IG_FL Phausis 

reticulata 
      

  IG_F Photuris 
lucicrescens 

     

  OG Hotaria parvula       
          
          
    COI      

Hayashi 
et al. 
2008 

1 IG_FL Nothopsyche 
ruficollis 

x      

FFL   N. longicornis      
   N. montivaga      
          

  IG_F Nothopsyche 
yamagataensis 

x      

          

  OG Nothopsyche 
speciosa 

x      

   N. pallipes x      

   N. ulmeri x      

          

          
    NF1 

(Neur
ofibro
min)  

COI COII    
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Cunha et 
al. 2011 

1 IG_FL Fri_vario x      

FL   Let_raymo  x x    
          
  IG_F  Ont_nebul x      
   Cer_hoffa  x x    
          
  OG Bub_bison x      
  OG Tau_patat  x x    
          
 2 IG_FL Typ_momus x x    
  IG_F Typ_typho  x x    
  OG Cer_marti  x x    
          
 3 IG_FL Sil_punct x x x    
  IG_F Ser_niger x x x    
  OG Hap_guate x      
  OG Ont_herbe  x x    
          
 4 IG_FL Tho_valen x      
   Tho_armif  x x    
          
  IG_F Try_pyren x x x    
  OG Sil_punct x x x    
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APPENDICES FOR CHAPTER 3 
 
APPENDIX S7: Analysis input data.  Sources of information used in the analyses and 
how the data were chosen and modified, such as choosing proportion flightlessness data 
and estimating proportion flightlessness and age data for ‘combined orders’. 
 
APPENDIX S8: Additional results of regression analysis (#1) and sister-group 
analysis (#2), using alternative tree topologies and non-modified ordinal groupings. 
 
APPENDIX S9: Extra data and analyses for comparative analysis using 
independent contrasts (#4), including all raw contrast data, program results, regressions 
of contrasts, and accession numbers for sequences used to obtain branch lengths. 
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APPENDIX S7: Analysis input data.  Sources of information used in the analyses and 
how the data were chosen and modified, such as choosing proportion flightlessness data 
and estimating proportion flightlessness and age data for ‘combined orders’ (see Chapter 
3 for definition). 
 
Overview of this appendix 
 In this appendix I present the flightless data sources and an explanation of how 
flightless data were obtained or chosen from these sources. I also present the methods 
used for estimating age and flightless data for ‘combined orders’ (orders combined due to 
supported non-monophyly), and give an overview of the data used in this study for both 
combined and non-combined orders. 
 
Non-monophyletic orders 
 For the orders for which there is evidence of non-monophyly with respect to their 
sister order based on molecular phylogenetic studies, I combined the data for use in 
regression analysis, sister-group analysis, and analyses using independent contrasts. New 
estimates of % flightlessness and group ages were calculated for the combined orders 
(see further sections for descriptions). Orders that are thought to be non-monophyletic 
from evidence from molecular studies are as follows. Isoptera (termites) is nested within 
Blattaria (cockroaches) [together called Blattodea] (Ware et al. 2008, Terry and Whiting 
2005); Pscoptera (booklice) is paraphyletic to Pthiraptera (lice) [together called 
Psocodea] (Yoshiwaza and Johnson 2010); and Siphonaptera is nested within Mecoptera 
(Whiting 2002) [in this study I label as ‘MecoSiph’].   
 
Flightless data 
 The percent of flightless species within each order was taken from Roff (1990) 
(Roff [1990] Table 8, Temperate and World Estimates) and Roff (1994) (Roff [1994] 
Table 2).  Roff (1990) data was given as a range for both Temperate and World estimates, 
and Roff (1994) data was given by percentages of flightless species within orders of 
certain types of flightlessness (e.g. both sexes flighted, non-sex-related dimorphism etc.). 
I considered completely female flightless orders to have the label of flightless (100%); 
cases in which species were dimorphic (not sexually dimorphic, but variation in flight 
state within the group) the species were not considered to be flightless. These particular 
considerations were made because the question of interest relates to dispersal ability and 
survival of the species or lineage. If flight loss in a species was restricted to females 
(occurring the vast majority of the time in sex-dimorphism) then that species would likely 
have similar consequences of limited dispersal as both sexes-flightless-species in 
geographic range and survival of the species in the face of catastrophe. However if the 
dimorphism was not sex-linked, then individuals of both sexes in a species would still 
have the same potential for dispersal and escape. 
 When considering the percent flightlessness from Roff (1994) data (below table 
S7.1) I estimated the percent flightlessness by taking 1 minus the volant-volant (both 
sexes flighted) category numbers, and do not include the non-sex-related dimorphism 
(category) within a species where applicable (as per the above considerations). Roff 
(1994) estimates were relied upon unless the data were not present for that order, in 
which case a combination of the Roff (1990) Temperate and World estimates was used.  
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In those cases, I used the Roff (1990) World estimates. In cases where those were very 
broad (one case the category was 50% or more), the more specific Temperate estimate 
was used if it fell within the wider range of the World estimate. When the estimate was a 
range, the middle of the range was used. In uncertain cases or where additional evidence 
gave uncertainty to one particular estimate, evidence from additional studies contributed 
to the choice of one of the Roff (1990 or 1994) data sets over the other in that case.   
 Roff (1990) or (1994) did not have data for the following orders: Megaloptera, 
Raphidoptera, Strepsiptera, Mantophasmatodea. Other sources were used in these cases.  
Mantophasmatodea is completely flightless (100%) (Klass et al. 2002), and Strepsiptera 
is female flightless (100%) (McKenna and Farrell 2010). Megaloptera and Raphidoptera 
are winged (e.g. Shaun et al. 2010) and I found no mention of flightless species within 
this order; therefore, I assigned percent flightlessness as 0%. These two groups are at the 
very least predominantly flighted. Even if they had some degree of flightlessness within 
them, assigning low percent flightlessness to such species-poor groups would bias results 
against my expected patterns, thus making results more conservative when these groups 
are included separately (and not combined together in Neuropteroidea). 
 
Table S7.1: Flightless data from Roff (1990) (Temperate and World Estimates), Roff 
(1994), and the choice of %flightlessness data to use in analyses.  Females flightless 
orders are indicated by *, completely flightless (both sexes) orders are indicated by **. I 
consider completely female-flightless orders as 100% flightless. Roff 1994 estimates are 
here shown as 100 minus the percent volant (V-V) species or the sum of the other (non- 
V-V category) data for that order (as described above). Species richness data is from 
Grimaldi and Engel 2005. World data were given in ranges. ‘Compromise’ is my most 
reasonable compromise from all sources here (with Roff 1994 preferred when data were 
available) and other sources where noted, some of which takes into consideration the type 
of flightlessness of the groups. The data in the ‘compromise’ column is the ‘percent 
flightlessness’ data used in the analyses in this study. 
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Table S7.1: Flightless data from different sources 

ORDER Species 
Richness 

                          % Flightlessness                          . 

  Roff 1990 Roff 1994 Comp-
romise 

  Temperate World   
Embiodea* 500 20-30 10-50 100 100 
Grylloblattodea** 26 100 100 100 100 

Blattaria  4000 50-60 >50 No data 55 
Coleoptera  350000 <10 0-5 2.6 2.6 
Dermaptera  2000 20-40 10-50 37.7 37.7 

Diptera  120000 <1 0-5 1 1 
Ephemeroptera  3100 0 0 0 0 
Hemiptera  90000 20-30 10-50 24.6 24.6 
Hymenoptera  125000 <10 0-5 9 9 

Isoptera  2900 0 0-5 100 1a 

Lepidoptera  150000 <1 0-5 0.4 0.4 

Mantodea  1800 0 10-50 No data 30 
Mecoptera 600 20-30 5-10 26.4 26.4 
Odonata 5500 0 0 0 0 
Orthoptera 20000 30-60 10-50 53.6 53.6 
Phasmatodea 3000 90-100 50-100 96.6 96.6 b 
Plecoptera 2000 <10 0-5 7.4 7.4 
Trichoptera 11000 <1 0-5 1 1 

Thysanoptera 5000 10-20 0-5 46.2 46.2 

Zoraptera 32 100 50-100 100 90 c 

Neuroptera 6010 <1 0-5 1 1 
Siphonaptera** 2500 100 100 100 100 
Strepsiptera* 550 No data No data No data 100d 
Psocoptera 4400 10-20 10-50 7.6 7.6 

Pthiraptera**e 4900 100 100 100 100 
Mantophasmatodea
** 

15 No data No data No data 100f 

Megaloptera 270 No data No data No data 0g 
Raphidioptera 220 No data No data No data 0g 

 
a Isoptera labelled in Roff 1994 as 100% dimorphic (non-sex related), but often they shed wings after 
mating. I did not considering this category of flight state as flightless. 
b However Whiting et al 2003 states 40% of species are fully winged – therefore about 60% should be 
considered flightless.  Here kept the Roff 1994 estimate, but % flightlessness might be less. 
c Roff 1994 100% dimorphic. Zoraptera were thought to be flightless; however there are winged morphs 
(e.g. TOL database), so since there are some winged morphs I label conservatively as 90% FL. 
d females are wingless, McKenna and Farrell 2010.  With the inclusion of completely female flightless 
species as flightless, I label this group at 100% flightless. 
e * For Roff 1990 Pthiraptera not in list, Pthiraptera= Mallophaga and Anoplura. 
f order is apterous, from Klass et al. 2002 
g These orders are winged (e.g. Shaun et al. 2010) and probably at the least predominantly flighted as I 
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could not find mention of flightless species. 
 
Combining % flightlessness for combined orders 
 In cases of orders being combined (due to non-monophyly), I used species 
richness estimates and estimated % flightlessness data for each group to calculate an 
estimate for the combined ‘order’. I combine the % flightlessness data in proportion to 
the number of species in each group.  For example, Psocoptera (4400 sp, and 7.6% FL) 
and Pthiraptera (4900 species and 100% FL) were combined as (0.076)(4400) + 
(1)(4900)]/ (4400+4900) = 56.3% flightless (and 9300 species) for Psocodea. 
 
Age data  
 Age data from Davis et al. (2010) was taken from the ‘phylogeny-based 
originations’ which are based on topology and fossil origins (and use ghost ranges), as 
opposed to using only the ‘fossil-based originations’ which are probably not as accurate 
used alone. From source study Mayhew (2002) I use the age data from the ‘taxon age’, 
instead of stratum age, for the same reasoning as the Davis ages. The phylogeny-based 
origins were used in this study rather than the fossil-based origins since sister groups are 
necessarily the same age, and although taxa may not be considered part of a distinct 
group until they become morphologically distinct from their sister, the lineages still had 
that time to diversify (and diversification is the focus of this study). Because fossils dates 
might not coincide with the actual origin of groups (groups probably originated earlier), 
combining fossil and phylogenetic information helps to resolve the ages; and because the 
topology can influence the estimated ages I used different studies with different 
topologies. 
 
Estimating age data for combined orders  
 The ages of the combined groups (for reciprocally non-monophyletic groups) 
were estimated with my best efforts using the given ages of sister taxa and other lineages 
in the source studies. For the age estimates from the source studies it seemed that 
topology did not have a direct bearing on the ages; for example, early branching lineage 
orders were not estimated as any older than newer lineage orders, likely reflecting the 
incompleteness of the insect fossil record. Thus in many cases the combined ages did not 
differ from the individual ages as the combined group’s sister was the same age.  
 For Davis et al. 2010, Blattaria (140.7myo) and Isoptera (140.7myo) have a sister 
group of Mantodea that is also labelled the same age (140.7 myo), so I labelled the ages 
of Blattodea (Blattaria+Isoptera) also at 140.7myo (since together should be the same age 
as their sister Mantodea). For Mayhew 2002 the topology was different at this location 
with Isoptera sister to Mantodea+Blattaria, but all three taxa were labelled as the same 
age 317.0, so I combined Blattaria and Isoptera at the same age of 317.0myo. 
 For Davis et al. 2010 Psocoptera and Pthiraptera (combined name = Psocodea) 
were each dated at 290.0myo, and the sister to them is a pair of orders with the oldest at 
290.0myo (and so does not give information on the Psocodea age). The age of the 
ancestral node of all four orders would be the age to estimate for Psocodea. The lineage 
ancestral to this node falls between the origin of lineages Zoraptera (earlier branching) 
and Hymenoptera (more recent). These two lineages each have estimates of 311.3myo, 
making the lineage leading to the four orders in the middle of these at 311.3myo. 
Therefore the age of the node of the four ‘orders’ (including Psocoptera and Pthiraptera) 
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is somewhere between 311.3myo and the oldest of the four at 290myo. The dates from 
Mayhew 2002 do not help here as those order estimates are younger. Single estimates 
from other studies would not be appropriate ages to include as the tree topology 
influences the ages, despite fossil evidence. To be consistent with the other ages in the 
same study, I roughly estimate the age of Psocodea to be in the middle of this at around 
300myo. For Mayhew 2002 Psocoptera and Phthiraptera are shown on the phylogenetic 
tree (given in Mayhew 2002) to be separate, but the age of Psocodea (orders combined) is 
given in the study at 148.9myo.   
 In Davis et al. 2010 both Mecoptera and Siphonaptera (are sisters combined I 
label MecoSiph) each estimated at ages of 245myo, and their sister is two orders (and so 
does not give information toward the MecoSiph age). However, it is thought that 
Siphonaptera is a group within Mecoptera (Whiting 2002), and the fossil age for 
Mecoptera is 245myo (which is the same for both fossil and estimated age).  Therefore I 
assigned the combined MecoSiph an age of 245myo. For Mayhew 2002, Mecoptera and 
Siphonaptera are unresolved in a clade including Strepsiptera and Diptera as sisters, and 
Mecoptera has the earliest age of the four at 285.8myo (and the other three at 247.5myo).  
Two lineages basal to the order Hymenoptera is also assigned the age of 285.8myo (one 
lineage basal is a pair, thus not useful); therefore I assigned MecoSiph an age of 
285.8myo, since the best estimate would be in between the age of Mecoptera and a more 
basal lineage (which are here the same at 285.8myo). 
 The group Neuropteroidea is composed of three orders (Neuroptera, Megaloptera, 
Raphidoptera), sometimes combined into one group in the source studies and sometimes 
left separate.  Here I leave the groupings (and thus ages and species richnesses) as they 
are presented in the source papers –  Davis et al. (2010) with the three orders separate, 
and Mayhew (2002) with them combined – to not make any more estimates than 
necessary (and to be conservative as these groups are species poor and also flighted). 
Together the above ages are used in the combined data sets in the regression analysis 
including net-diversification rates (analysis #1) only, and were not used in any other 
analyses. Despite the uncertainties in the ages, the large species richness differences 
among many of the orders mean that these uncertainties will have relatively minor impact 
upon the relative diversification rates differences calculated. 
 
Data used in analysis 
 From the above data sources and modifications, and using the method of 
calculating net-diversification given in the main paper, I present the data used in analyses 
(for both combined and non-combined sets of groupings) in Table S7.2 (below). 
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Table S7.2: Data used in analyses, including percent flightlessness, species richness, 
and age estimates from two sources of data, for each (non-combined) order and for 
combined orders. ‘Order’ names with * indicate a combined grouping of the two orders 
below it. All orders with * were included in the combined analysis (in the main part of the 
study) and all orders with ^ were included in the non-combined analysis (in APPENDIX 
S8). The group Neuropteroidea or the three composite orders (Neuroptera, Megaloptera, 
and Raphidioptera) was/were analysed as they were represented in each study (with them 
combined in the Mayhew [2002] study and separate in Davis et al. [2010]). At the 
bottom, ‘For combined order analysis’ indicates regression analysis (Fig. 3.1 in main 
study) where the described non-monophyletic orders were combined, and ‘For non-
combined analysis’ indicates regression analysis (Fig. S8.1 and Fig. S8.2 in APPENDIX 
S8) where each order was left separate for analysis; thus the number of data points (N) is 
higher for the second instance. ‘N/A’ indicates that the group was already represented by 
another group (such as combined ‘orders’ or single orders). ‘No data’ indicates that there 
was no data given for that order and it was not represented by or included in other orders. 
Age estimates are given in millions of years. 
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Table S7.2: All data used in analyses (including ‘combined’ and ‘non-combined’ data) 
    Age estimates (MY).      Net-diversification rates   . 
Orders or 
combined orders 

Species 
Richness 

% 
FL 

Davis et 
al. 2010 

Mayhew 
2002 

From Davis et 
al. 2010 ages 

From 
Mayhew 
2002 ages 

       
Blattodea* 6900 32.3 140.7 317.0 0.062824 0.027884 
Blattaria^ 4000 55 140.7 317.0 0.058948 0.026164 
Isoptera^ 2900 1 140.7 317.0 0.056663 0.02515 
       
Meco-Siph* 3100 85.7 245 285.8 0.032813 0.028129 
Mecoptera^ 600 26.4 245 285.8 0.02611 0.022383 
Siphonaptera^ 2500 100 245 247.5 0.031935 0.031612 
       
Psocodea* 9300 56.3 300 148.9 0.030459 0.061369 
Psocoptera^ 4400 7.6 290 N/A 0.028929  
Pthiraptera^ 4900 100 290 N/A 0.0293  
       
Embiodea*^ 500 100 281.5 257.9 0.022077 0.024097 
Grylloblattodea*^ 26 100 290 317.0 0.011235 0.010278 
Coleoptera*^ 350000 2.6 281.5 247.5 0.045349 0.051579 
Dermaptera*^ 2000 37.7 281.5 317.0 0.027001 0.023978 
Diptera*^ 120000 1 241.1 247.5 0.048508 0.047254 
Ephemeroptera*^  3100 0 322.8 327.8 0.024904 0.024525 
Hemiptera*^ 90000 24.6 290 257.9 0.039336 0.044233 
Hymenoptera*^ 125000 9 311.3 285.8 0.0377 0.041064 
Lepidoptera*^  150000 0.4 223.4 264.2 0.05335 0.045111 
Mantodea*^ 1800 30 140.7 317.0 0.053273 0.023645 
Odonata*^ 5500 0 320.6 327.8 0.026864 0.026274 
Orthoptera*^ 20000 53.6 290 292.5 0.03415 0.033858 
Phasmatodea*^ 3000 96.6 290 292.5 0.027608 0.027372 
Plecoptera*^ 2000 7.4 281.5 257.9 0.027001 0.029472 
Trichoptera*^ 11000 1 223.4 264.2 0.041655 0.035222 
Thysanoptera*^ 5000 46.2 281.5 148.9 0.030256 0.057201 
Zoraptera*^ 32 90 311.3 317.0 0.011133 0.010933 
Mantophasmatod
ea*^ 

15 100 290 No data 0.009338  

Strepsiptera*^ 550 100 241.1 247.5 0.026171 0.025495 
       
Neuropteroidea*^ 6500 1 N/A 247.5  0.035473 
Neuroptera*^ 6010 1 256.1 N/A 0.033976  
Megaloptera*^ 270 0 255 N/A 0.021955  
Raphidioptera*^ 220 0 255 N/A 0.021151  
       
For combined order analysis   n=25 n=22 
For non-combined analysis   n=28 n=24 
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From the chosen % flightlessness data from Roff (1990) and (1994) studies, and 
the percent species richness data from Grimaldi and Engel (2005), flightless species make 
up approximately 8% of the species diversity in pterygote groups (73076 species out of 
915323). Out of 28 pterygote (non-combined) orders, 8 of them (28%) have 90% or more 
flightless species within them, and 6 (21%) are completely flightless (or female flightless, 
and including parasitic groups). 
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APPENDIX S8: Additional results of regression analysis and sister-group analysis, 
using alternative tree topologies and non-modified ordinal groupings. Comparisons for 
which a flightless group has lower species richness than a flighted group are considered 
to be in the negative direction. 
 
Overview of this appendix 
 This appendix contains parts Part 1 and 2, and presents additional regression and 
sister-clade results that were not explicitly included in the main paper. These are the 
results for the non-combined orders. The purpose is to explore whether the data where 
monophyletic groups were formed (combining sister non-monophyletic orders) yield 
different conclusions regarding the relationship between flightlessness and diversification 
rates in insects versus the patterns using the orders as they were presented in the source 
studies. I did this due to uncertainty in insect phylogenetic relationships and because 
some degree of estimation was needed in combining groups together. 
 In Part 1 I present regression results using non-combined orders (i.e. with orders 
as they were presented in the source studies), using the data from two literature sources of 
order ages. 
 In Part 2 I present sister-clade results using non-combined data (and in one case 
results using combined data but with the original source topology) using tree topologies 
from three studies. Using most phylogenies, the number of sister flightless and flighted 
contrasts is too low for binomial tests (that have the possibility of being significant); 
nonetheless I give the p-values. For tests in which the sister clade comparisons are all in 
the same direction, both binomial and sign-ranked Wilcoxon tests give the same p-value; 
thus I only perform binomial tests in these cases.  In those tests that have both negative 
and positive directional sister contrasts, I calculate PDI contrasts (which provide data on 
the magnitude of the diversity differences) to use in signed-rank Wilcoxon testing to 
obtain p values. 
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PART 1: Additional regression analysis results using non-combined orders.  The 
input data is from APPENDIX 1 Table S7.2. 
 

Percent flightlessness and net-diversification rate of orders
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Figure S8.1: Regression analysis of percent flightlessness and net-diversification rate 
of non-combined orders (orders as they are presented in the source paper Davis et 
al. [2010]). The data comes from that in Table 2.1 in the main study.  Linear trend line: y 
= -0.0001x + 0.038, R2 = 0.2057, r = 0.4535, n=28, 2-tailed p=0.0154, significant.  The 
two highest net-diversification rates were Blattaria (with 55% FLness) and Isoptera (with 
1% FLness), both of which have the (same) youngest age estimates of the pterygote 
orders. 
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Figure S8.2: Regression analysis of percent flightlessness and net-diversification rate 
of non-combined orders (orders as they are presented in the source paper Mayhew 
[2002]).  The data comes from that in Table 11 in the main study.  Linear trend line: y = -
0.0001x + 0.0375, R2 = 0.1359, r=0.3686, n=24, 2-tailed p = 0.0763, 1-tailed p = 0.0382, 
1-tailed significant.  The two orders with the highest estimated net-diversification rate 
are Psocodea (56.3%) and Thrysanoptera (46.2%), which both have intermediate values 
of % flightlessness and the (same) youngest age estimates of the pterygote orders. 
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Figure S8.3: Regression analysis of percent flightlessness and Ln species richness of 
non-combined orders. Linear trend line: y = -0.0322x + 9.2407, R2 = 0.2735, r=0.5230, 
N=28, (2-tailed) p=0.0043, significant.  Species richness and percent flightlessness show 
a significant negative relationship. The highest species richness belonged to those orders 
with the lowest %flightlessness and the lowest species richness to those orders with the 
highest %flightlessness (90-100%). 
 
Overview of regression results 
 The general trend of net-diversification rates and proportion flightlessness using 
non-combined orders mirrors that as when the orders are combined. The same pattern 
remains that the highest net-diversification rate or rates is/are attributed to groups 
possessing intermediate proportions of flightlessness (the same groups as in combined 
data) and/or to those groups with the youngest age estimates. Again these groups differ 
between studies due to differences in estimated ages of the orders. As well, the trend 
remains that orders with lower percent flightlessness tend to have higher net-
diversification rates with those that have higher percent flightlessness. The trend using 
species richness also mirrors that as when using combined data as the fit to a linear 
relationship is better than compared to using net-diversification rates. Overall, with the 
use of non-combined data the same general patterns remain as when using the combined 
data (in Chapter 3). 
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PART 2: Additional sister-group analysis using alternative phylogenies, with one 
alternate combined order topology (in A), and non-combined orders (in B). For all tree 
figures, above the lineage tips are the name of the ‘order’ and in brackets is the species 
richness of that order. Red (or lighter) colouration of lineages indicates that the tip group 
has a percent flightlessness of 85% or more (in A) or 90% or more (in B). Boxes surround 
two sister groups that are being compared, i.e. red (or lighter) lineages compared to their 
sister. The results are presented including parasitic flightless orders (marked in ‘P’) 
Strepsiptera, Pthiraptera (or included in Psocodea), and Siphonaptera (or included in 
MecoSiph). The results presented in the figure description are with and without the 
inclusion of those groups. 
 
A) Additional sister-group analysis with combined orders 
Red (or lighter) colouration of lineages indicates that the tip group has a percent 
flightlessness of 85% or more (‘FL’ groups). Letter labels above the order names and 
species richness of red (lighter) coloured branches indicate: L= 100% flightless, X=100% 
female flightless, M=majority flightless (>85%), P=parasitic and flightless, or flight loss 
of order within (for combined orders) coincides with parasitism, C=combined ‘order’. 

 
Figure S8.4: Sister-group analysis of Davis et al. (2010) tree topology with combined 
orders. 4 of 4 flightless vs. flighted sister comparisons are negative. This tree differs 
from the Davis et al. (2010) tree presented in the main paper as this is the original 
topology without the position of Strepsiptera modified. These results are the same as 
when the position of Strepsiptera is not modified as both Diptera (original, here) or 
Coleoptera (modified, in Chapter 3) have higher species richness than Strepsiptera.  
Excluding the comparison that includes a parasitic flightless group there would be 4 of 4 
sister comparisons that are negative. Without inclusion of those parasitic groups, the 
flightless group Zoraptera can be included in the analysis by comparison of it to its sister 
clade. 
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B) Additional sister-group analysis with non-combined orders. Red (or lighter) 
colouration of lineages indicates that the tip group has a percent flightlessness of 90% or 
more (‘FL’ groups) (90% stated here since without combination of orders there are no 
orders that have percent flightlessness between 60% and 90%). Letter labels above the 
order names and species richness of red (lighter) coloured branches indicate: L= 100% 
flightless, X=100% female flightless, M=majority flightless (>85%), P=parasitic and 
100% flightless (if with X then female flightless). 
 

 
Figure S8.5: Sister-group analysis of Davis et al. (2010) tree topology with non-
combined orders. 4 of 6 flightless vs. flighted sister comparisons are negative. PDI 
values for the 6 comparisons (Ni/[Ni+Nj]-0.5) are -0.4872, -0.3696, -0.3000, +0.0269, 
+0.3065, -0.4954 (from left to right with negative values signifying FL<F [where 
i=FL,j=F]). With sign-ranked Wilcoxon on PDI values [V = 4] p= 0.2188, non-
significant. The 2 comparisons that are positive include flightless orders that are parasitic 
(Phiraptera and Siphonaptera), and one comparison that is negative also includes a 
parasitic flightless group (Strepsiptera).  Excluding parasitic groups there would be 4 of 4 
sister pairings (including Zoraptera and sister clade) that are negative. 
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Figure S8.6: Sister-group analysis of Mayhew (2003) tree topology with non-
combined orders. 5 of 5 flightless vs. flighted sister comparisons are negative. 
Excluding the comparison that includes a parasitic flightless group, there would be 4 of 4 
sister comparisons that are negative. 

 
 
Figure S8.7: Sister-group analysis of Ishiwata et al. (2010) tree topology with non-
combined orders. 3 of 5 flightless vs. flighted sister comparisons are negative. PDI 
values for the 5 comparisons (Ni/[Ni+Nj]-0.5) are -0.4899, -0.4963, +0.0269, -0.4984, 
+0.3065 (from left to right with negative values FL<F [i=FL,j=F]). With sign-ranked 
Wilcoxon on PDI values [V=3] p-value = 0.3125, non-significant. Excluding the 
comparisons that include parasitic flightless group, there would be 2 of 2 sister 
comparisons that are negative. 
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Overview of sister-group results 
 The sister-group analysis using alternate phylogenies, although the sample size is 
low, shows a consistent pattern of lower species richness in flightless groups for those 
comparisons which use the combined orders (in main paper) and also for those that use 
the non-combined orders when parasitic groups are not included in the tallies. In all cases 
for non-combined orders when the parasitic groups were removed, the flightless groups 
(>90% flightless) were less species rich than their ‘flighted’ sister (<60% flightless). The 
two pairings between the parasitic and non-monophyletic orders and their ‘sister’ – 
between Pthiraptera (parasitic) and Psocoptera, and Siphonaptera (parasitic) and 
Mecoptera – are the only positive directional comparisons in the above trees. All 
comparisons between non-parasitic flightless or majority flightless groups, such as 
Embiodea, Zoraptera, Grylloblattaria, Phasmatodea, and their pairs have consistently 
negative directional comparisons even with the differing tree topologies. 
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APPENDIX S9: Extra data and analyses for comparative analysis using independent contrasts (analysis # 4), including all raw 
contrast data, program results, regressions of contrasts, and accession numbers for sequences used to obtain branch lengths. 
 
 In this appendix I give the results of comparative analysis using independent contrasts from the program MacroCAIC. I give 
both the intermediate results (contrast values) that are used further by the program to conclude significances for the patterns, and the 
overall pattern results (e.g. p-values) obtained from the program. I give the pattern results for those data sets that have outliers with the 
outliers removed by performing regression analysis through the origin on the new data sets. In addition, I provide the accession 
numbers for the sequences used to obtain branch lengths used in one of the analyses of independent contrasts. The sequences and 
accession numbers are from the study Ishiwata et al. (2010). 
 
Table S9.1: Raw data from, and used further in, MacroCAIC analysis. The data presented is obtained from MacroCAIC as it was 
analysed from the input data (trees, species richness, and trait values) and is used further by the program for pattern testing. Pattern 
testing concludes whether the degree of the trait is significantly associated with species richness and is performed by regression 
through the origin of the Flness column values (flightlessness character contrasts) vs. the PDI column values (proportional dominance 
index, species richness contrasts) for each data set. Where standard residuals (Std_Residual) are greater than 1.96 I also performed 
regression analysis on the column contrasts without those contrasts included (see further below). ARD requires branch length values 
used; a value of -9 in that column indicates that branch lengths were not used (set equal). RRD (relative rate difference) species 
richness contrasts were not used in the pattern testing (PDI better for low number of contrasts) but are given nonetheless. CladeBigX 
refers to the richness of the clade with the larger trait value, and CladeSmall X to the richness of the clade with the smaller trait value. 

Code Flness 
Clade 
BigX 

Clade 
SmallX 

Node 
Size ARD PDI RRD 

Mean 
Flness StdDev Height 

Std_ 
Residual 

Tree topology from Mayhew et al. (2003) (combined order data) 
BBBBBBBBBB 49.5 550 120000 120550 -9 -0.49544 -5.38533 50.5 2 -9 -0.15004 
BBBBBBBBA 0.3 11000 150000 161000 -9 -0.43168 -2.61274 0.7 2 -9 -1.20472 
BBBBBBBBB 15.74192 3100 120550 123650 -9 -0.47493 -3.66066 71.62 2.236068 -9 -0.93896 
BBBBBBBB 28.48216 123650 161000 284650 -9 -0.06561 -0.26395 35.01613 2.48998 -9 0.529974 
BBBBBAB 5.049999 9300 5000 14300 -9 0.15035 0.620577 51.25 2 -9 0.548846 
BBBBBBA 0.8 350000 6500 356500 -9 0.481767 3.986131 1.8 2 -9 1.372963 
BBBBBBB 11.04484 284650 125000 409650 -9 0.194861 0.822947 18.37791 2.355501 -9 0.824169 
BBBBAA 21.5 3000 20000 23000 -9 -0.36957 -1.89712 75.1 2 -9 -0.49869 
BBBBAB 31.15 26 2000 2026 -9 -0.48717 -4.34281 68.85 2 -9 -0.58696 
BBBBBA 11.91824 14300 90000 104300 -9 -0.3629 -1.83955 35.26 2.236068 -9 -0.72023 
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BBBBBB 6.615796 409650 356500 766150 -9 0.034686 0.138969 9.720555 2.505807 -9 0.263303 
BBBBA 2.551552 23000 2026 25026 -9 0.419044 2.429431 71.975 2.44949 -9 1.240745 
BBBBB 9.818025 104300 766150 870450 -9 -0.38018 -1.99411 23.18223 2.601282 -9 -0.82142 
BBAB 1.15 6900 1800 8700 -9 0.293103 1.343735 31.15 2 -9 0.851932 
BBBA 46.3 500 2000 2500 -9 -0.3 -1.38629 53.7 2 -9 0.318545 
BBBB 18.20081 25026 870450 895476 -9 -0.47205 -3.5491 48.21239 2.680802 -9 -0.86922 
BBA 26.31852 32 8700 8732 -9 -0.49634 -5.60534 66.46 2.236068 -9 -0.73386 
BBB 2.105103 2500 895476 897976 -9 -0.49722 -5.88106 51.27738 2.606811 -9 -1.3435 
BB 5.790177 8732 897976 906708 -9 -0.49037 -4.63315 59.39378 2.622134 -9 -1.23187 
B 24.85406 906708 5500 912208 -9 0.493971 5.105072 20.80098 2.389701 -9 2.010406 
@Root 9.035745 912208 3100 915308 -9 0.496613 5.684466 7.850081 2.302077 -9 1.621171 
Tree topology from Davis et al. (2010) (modified 1 position, and combined order data) 
BBBBBBBBABB 0 220 270 490 -9 -0.05102 -0.20479 0 2 -9 -0.13805 
BBBBBBBBAA 48.7 550 350000 350550 -9 -0.49843 -6.45577 51.3 2 -9 -0.27841 
BBBBBBBBAB 0.447214 6010 490 6500 -9 0.424615 2.506775 0.6 2.236068 -9 1.158703 
BBBBBBBBBA 0.3 11000 150000 161000 -9 -0.43168 -2.61274 0.7 2 -9 -1.16139 
BBBBBBBBBB 42.35 3100 120000 123100 -9 -0.47482 -3.65609 43.35 2 -9 -0.35406 
BBBBBBBBA 20.36161 350550 6500 357050 -9 0.481795 3.987701 26.76774 2.48998 -9 1.751034 
BBBBBBBBB 17.41179 123100 161000 284100 -9 -0.0667 -0.26841 22.025 2.44949 -9 0.202151 
BBBBBBAB 10.8 5000 90000 95000 -9 -0.44737 -2.89037 35.4 2 -9 -0.97311 
BBBBBBBB 1.786426 357050 284100 641150 -9 0.05689 0.22855 24.38009 2.65488 -9 0.193183 
BBBBBBA 9.346763 9300 95000 104300 -9 -0.41083 -2.32386 47.94 2.236068 -9 -0.90619 
BBBBBBB 6.407251 641150 125000 766150 -9 0.336847 1.63495 14.33844 2.400419 -9 1.0522 
BBBBBB 13.17374 104300 766150 870450 -9 -0.38018 -1.99411 31.41244 2.550647 -9 -0.73914 
BBABB 31.15 26 2000 2026 -9 -0.48717 -4.34281 68.85 2 -9 -0.6336 
BBBBA 46.3 500 2000 2500 -9 -0.3 -1.38629 53.7 2 -9 0.205741 
BBBBB 24.70045 32 870450 870482 -9 -0.49996 -10.211 69.17265 2.371923 -9 -0.80995 
BBAA 1.15 6900 1800 8700 -9 0.293103 1.343735 31.15 2 -9 0.818317 
BBAB 13.9307 15 2026 2041 -9 -0.49265 -4.90577 87.54 2.236068 -9 -1.02683 
BBBA 21.5 3000 20000 23000 -9 -0.36957 -1.89712 75.1 2 -9 -0.52746 
BBBB 6.169829 870482 2500 872982 -9 0.497136 5.852757 61.0808 2.507791 -9 1.480676 
BBA 22.64677 2041 8700 10741 -9 -0.30998 -1.44988 58.43548 2.48998 -9 -0.34104 
BBB 5.469856 23000 872982 895982 -9 -0.47433 -3.63642 68.6975 2.562993 -9 -1.16319 
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BB 3.830205 895982 10741 906723 -9 0.488154 4.423852 63.50822 2.679235 -9 1.40496 
B 26.38322 906723 5500 912223 -9 0.493971 5.105089 21.92076 2.407144 -9 1.916302 
@Root 9.513095 912223 3100 915323 -9 0.496613 5.684483 8.256919 2.304272 -9 1.55273 
Tree topology from Ishiwata et al. (2010) (combined order data) 
BBBBBBABB 0.5 6010 220 6230 -9 0.464687 3.307553 0.5 2 -9 1.29882 
BBBBBBAA 48.7 550 350000 350550 -9 -0.49843 -6.45577 51.3 2 -9 -0.21754 
BBBBBBAB 0.223607 6230 270 6500 -9 0.458462 3.13871 0.2 2.236068 -9 1.274981 
BBBBBBBA 0.3 11000 150000 161000 -9 -0.43168 -2.61274 0.7 2 -9 -1.1883 
BBBBBBBB 42.35 3100 120000 123100 -9 -0.47482 -3.65609 43.35 2 -9 -0.30376 
BBABBBB 1.15 6900 1800 8700 -9 0.293103 1.343735 31.15 2 -9 0.839165 
BBBBBBA 20.52225 350550 6500 357050 -9 0.481795 3.987701 26.5742 2.48998 -9 1.824265 
BBBBBBB 17.41179 123100 161000 284100 -9 -0.0667 -0.26841 22.025 2.44949 -9 0.231015 
BBABAA 0 15 26 41 -9 -0.13415 -0.55005 100 2 -9 -0.3715 
BBABAB 15.15 2000 2000 4000 -9 0 0 22.55 2 -9 0.361732 
BBABBB 26.31852 32 8700 8732 -9 -0.49634 -5.60534 66.46 2.236068 -9 -0.74613 
BBBBBB 1.713523 357050 284100 641150 -9 0.05689 0.22855 24.28398 2.65488 -9 0.198462 
BBABA 31.61883 41 4000 4041 -9 -0.48985 -4.58048 61.275 2.44949 -9 -0.60162 
BBABB 5.639483 8732 20000 28732 -9 -0.19609 -0.82874 58.54615 2.280351 -9 -0.40838 
BBBBB 6.367213 641150 125000 766150 -9 0.336847 1.63495 14.30508 2.400419 -9 1.084875 
BBAA 1.700001 500 3000 3500 -9 -0.35714 -1.79176 98.3 2 -9 -0.94846 
BBAB 1.051833 4041 28732 32773 -9 -0.3767 -1.96152 59.856 2.594373 -9 -1.01809 
BBBA 10.8 5000 90000 95000 -9 -0.44737 -2.89037 35.4 2 -9 -0.98105 
BBBB 18.23145 9300 766150 775450 -9 -0.48801 -4.41136 40.47018 2.303432 -9 -0.91616 
BBA 14.87443 3500 32773 36273 -9 -0.40351 -2.23684 81.03473 2.58457 -9 -0.76231 
BBB 2.028702 775450 95000 870450 -9 0.390861 2.099567 37.83521 2.499222 -9 1.130871 
BB 16.08634 36273 870450 906723 -9 -0.46 -3.17794 59.15466 2.685479 -9 -0.8898 
B 24.55703 906723 5500 912223 -9 0.493971 5.105089 20.38886 2.408868 -9 1.95432 
@Root 8.847461 912223 3100 915323 -9 0.496613 5.684483 7.678465 2.304487 -9 1.586545 
Tree topology from Ishiwata et al. (2010) with branch lengths obtained from Ishiwata et al. (2010) genetic data (combined order data) 
AABAAAAA 2.518101 6010 220 6230 41.94527 0.464687 3.307553 0.5 0.397125 0.078854 1.351849 
AABAAAA 1.305519 6230 270 6500 33.72998 0.458462 3.13871 0.317199 0.38299 0.093054 1.327473 
AABAAAB 218.8869 550 350000 350550 -65.2078 -0.49843 -6.45577 51.3 0.444979 0.099003 -0.27227 
AABAABA 175.2493 3100 120000 123100 -31.3035 -0.47482 -3.65609 43.35 0.483312 0.116795 -0.43619 
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AABAABB 1.378906 11000 150000 161000 -27.599 -0.43168 -2.61274 0.7 0.435128 0.094668 -1.23606 
AABAAA 141.4632 350550 6500 357050 33.45134 0.481795 3.987701 23.9379 0.360396 0.119209 2.139623 
AABAAB 104.4247 123100 161000 284100 -1.96964 -0.0667 -0.26841 23.43946 0.408428 0.136272 0.362894 
ABBAAA 5.010333 6900 1800 8700 12.75326 0.293103 1.343735 31.15 0.459051 0.105364 0.870873 
AABAA 1.348365 357050 284100 641150 1.435982 0.05689 0.22855 23.67438 0.369667 0.159159 0.17103 
ABBAA 121.3209 32 8700 8732 -38.9284 -0.49634 -5.60534 53.98695 0.485077 0.143991 -0.7848 
ABBBA 53.78601 2000 2000 4000 0 0 0 22.55 0.563344 0.158678 0.285873 
ABBBB 0 15 26 41 -3.78517 -0.13415 -0.55005 100 0.539103 0.145316 -0.38639 
AABA 31.39985 641150 125000 766150 9.51897 0.336847 1.63495 20.54011 0.467339 0.171757 1.13713 
ABBA 0.789048 8732 20000 28732 -5.0439 -0.19609 -0.82874 53.86436 0.490403 0.164305 -0.56061 
ABBB 164.7242 41 4000 4041 -24.5559 -0.48985 -4.58048 60.10468 0.47018 0.186533 -0.53544 
AAA 34.35182 5000 90000 95000 -14.621 -0.44737 -2.89037 35.4 0.628788 0.197687 -1.106 
AAB 69.37587 9300 766150 775450 -22.0149 -0.48801 -4.41136 29.33024 0.515451 0.200381 -1.0369 
ABA 5.873747 500 3000 3500 -10.695 -0.35714 -1.79176 98.3 0.578847 0.167532 -0.99748 
ABB 17.00297 4041 28732 32773 -10.3711 -0.3767 -1.96152 57.42614 0.367013 0.189134 -0.99465 
AA 14.88334 95000 775450 870450 -10.0871 -0.39086 -2.09957 31.41111 0.407822 0.208144 -1.04672 
AB 105.4705 3500 32773 36273 -11.4685 -0.40351 -2.23684 68.01542 0.387538 0.195043 -0.60168 
A 108.1035 36273 870450 906723 -14.076 -0.46 -3.17794 49.00153 0.338604 0.22577 -0.75038 
B 0 5500 3100 8600 2.121806 0.139535 0.573346 0 0.735141 0.270216 0.401911 
@Root 107.3976 906723 8600 915323 17.23827 0.490604 4.658075 31.80266 0.456263 0.270217 1.983937 
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Table S9.2: Comparative analysis output results from MacroCAIC program.  
Included are the outputs for overall pattern testing for each of the above four data sets. 
The program performs regression through the origin using all the Flness and PDI contrast 
values (from Table S9.1 above) to obtain the slopes, R2, p-values, and other results 
presented in this table. The main results are presented in Chapter 3 Table 3.2. P-values 
include outliers where applicable. Further below I give the results for data sets with the 
outliers removed. 
Davis et al. (2010) phylogeny (modified) 
24 sets of contrasts 
The regression equation is = -0.01 * Flness (r2 = 0.18) 
0 of 24 (0.0%) contrasts were outliers (>1.96 SD) 
Largest standardised residual is 1.92 standard deviations 
Source SS d.f. MS F-ratio p-value 
Regression 0.73 1 0.73 5.06 0.0344 
Error 3.32 23 0.14   
Total 4.05 24    
Ishiwata et al. (2010) phylogeny 
24 sets of contrasts 
Regression equation is = -0.01 * Flness (r2=0.17) 
0 of 24 (0.0%) contrasts were outliers (>1.96 SD) 
Largest standardised residual is 1.95 standard deviations 
Source SS d.f. MS F-ratio p-value 
Regression 0.63 1 0.63 4.60 0.0428 
Error 3.16 23 0.14   
Total 3.79 24    
Mayhew et al. (2003) phylogeny 
21 sets of contrasts 
The regression equation is = -0.01 * Flness (r2 = 0.22)  
1 of 21 (4.8%) contrasts were outliers (>1.96 SD) 
Largest standardised residual is 2.01 standard deviations 
Source SS d.f. MS F-ratio p-value 
Regression 0.74 1 0.74 5.56 0.0287 
Error 2.66 20 0.13   
Total 3.40 21    
Ishiwata et al. (2010) phylogeny with branch lengths obtained from Ishiwata et al. 
(2010) molecular data 
24 sets of contrasts 
The regression equation is = 0.00 * Flness (r2 = 0.19) 
2 of 24 (8.3%) contrasts were outliers (>1.96 SD) 
Largest standardised residual is 2.14 standard deviations 
Source SS d.f. MS F-ratio p-value 
Regression 0.67 1 0.67 5.31 0.0306 
Error 2.90 23 0.13   
Total 3.56 24    
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Figure S9.1: Independent contrast data set using Davis et al. (2010) topology, 
regression through the origin. N=24, 23DF, slope = -0.0081, Multiple R-squared: 0.1803, 
Adjusted R-squared: 0.1447, p = 0.0344. 
 

 
Figure S9.2: Independent contrast data set using Ishiwata (2010) topology, regression 
through the origin. N=24, 23DF, slope = -0.0086, Multiple R-squared: 0.1667, Adjusted 
R-squared: 0.1304, p = 0.0428. 
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Figure S9.3: Independent contrast data set using Mayhew (2003) topology, regression 
through the origin. N=21, 20DF, slope = -0.0089, Multiple R-squared: 0.2174, Adjusted 
R-squared: 0.1783, p = 0.0287. 

 
Figure S9.4: Independent contrast data set using Ishiwata et al. (2010) topology and 
branch lengths, regression through the origin. N=24, 23DF, slope = -0.0018, Multiple R-
squared: 0.1875, Adjusted R-squared: 0.1521, p = 0.0306. 
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Regressions through the origins for contrast data sets with outliers removed. Two of 
the data sets had outliers: 1) data set using the topology of Mayhew (2003), and 2) data 
set using the topology of Ishiwata et al. (2010) and including branch lengths. The 
resulting p-values and information are also reported in Chapter 3 in Table 3.2 along with 
the results including the outliers (from Table S9.2 above). 

 
 
 
Figure S9.5: Independent contrast data set using Mayhew (2003) topology with 1 
outlier removed, regression through the origin. N=20, 19DF, slope = -0.0110, Multiple 
R-squared: 0.3307, Adjusted R-squared: 0.2955, p = 0.0064. The solid line represents a 
smooth line (50%). Boxplots beneath axes show quartiles of the data specified by the 
axes. 
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Figure S9.6: Independent contrast data set using Ishiwata et al. (2010) topology and 
branch lengths obtained from Ishiwata et al. (2010) molecular data, with 2 outliers 
removed, regression through the origin. N=22, 21DF, slope = -0.0029, Multiple R-
squared: 0.4582, Adjusted R-squared: 0.4324, p = 0.0004. The solid line represents a 
smooth line (50%). Boxplots beneath axes show quartiles of the data specified by the 
axes. 
 
 For the two data sets that contained outliers, regression through the origin of 
flightlessness (Flness) and PDI species richness contrasts with the outliers removed is 
still negative and significant. 
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Table S9.3: Accession numbers and individuals used from Ishiwata et al. (2010) 
study (Ishiwata et al. [2010] Table 1) to obtain branch lengths for MacroCAIC analysis 
of one data set. Only one individual per order or combined order was used to obtain 
branch lengths, as branch lengths within an order are not useful for the analysis. Order 
names with * indicate that the sequence represents the clade of the combined grouping in 
this study: Blattaria represents both Blattaria and Isoptera [Blattodea], Mecoptera 
represents Mecoptera + Siphonaptera [Mecopteroidea], Psocoptera represents Psocoptera 
and Pthiraptera [Psocodea].  
Order Species Gene   

  DPD1 RPB1 RPB2 
Odonata Mnais pruinosa AB598700 AB596899 AB597590 
Ephemeroptera Ephemera japonica AB598701 AB596900 AB597591 
Phasmatodea Phraortes illepidus AB598703 AB596902 AB597593 
Embioptera Aposthonia japonica AB598704 AB596903 AB597594 
Grylloblattodea Galloisiana yuasai AB598705 AB596904 AB597595 
Mantophasmat-
odea 

Karoophasma 
biedouwensis 

AB598706 AB596905 AB597596 

Orthoptera Patanga japonica AB598707 AB596906 AB597597 
Plecoptera Oyamia lugubris AB598710 AB596909 AB597600 
Dermaptera Forficula hiromasai AB598712 AB596911 AB597602 
Zoraptera Zorotypus sp. AB598713 AB596912 AB597603 
Mantodea Tenodera aridifolia AB598714 AB596913 AB597604 
Blattaria* Blattella nipponica AB598715 AB596914 AB597605 
Thysanoptera Thrips palmi AB598717 AB596916 AB597607 
Hemiptera Anacanthocoris 

striicornis 
AB598720 AB596919 AB597610 

Psocoptera* Metylophorus sp. AB598723 AB596922 AB597613 
Hymenoptera Vespa analis AB598725 AB596924 AB597615 
Megaloptera Protohermes grandis AB598726 AB596925 AB597616 
Raphidioptera Inocellia japonica AB598727 AB596926 AB597617 
Neuroptera Chrysoperla 

nipponensis 
AB598728 AB596927 AB597618 

Strepsiptera Stichotrema asahinai AB598729 AB596928 AB597619 
Coleoptera Tribolium castaneum XM_962197 XM_968377 XM_969560 
Lepidoptera Papilio polytes AB598731 AB596931 AB597622 
Trichoptera Stenopsyche 

marmorata 
AB598732 AB596932 AB597623 

Diptera Drosophila 
melanogaster 

X88928 NM_078569 BT003265 

Mecoptera* Panorpa takenouchii AB598733 AB596933 AB597624 
 
 
 
 
 


