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Abstract

Environmental variation, an important source of phenotypic variation, can influence
phenotypes, fitness and even rates of evolution. My thesis explores the effects of evo-
lutionary change on the response to different types of environmental variation. In the
first study, I examined the evolution of environmental canalization in adaptively diverged
populations of Drosophila melanogaster that vary in degree of genetic canalization. I use
these populations to test the congruence hypothesis which predicts that genetic canal-
ization is a co-product of the evolution of environmental canalization and thus should be
correlated. My results show that, despite adaptive evolutionary changes in morphology
and genetic canalization, these populations have similar degree of variability due to en-
vironmental variation. In the second study, I explore how both variation in temperature
and food quality during development influence patterns of sexual dimorphism in wing
morphology in adaptively diverged populations of Drosophila melanogaster. 1 compare
the relative contributions of adaptation, food availability and temperature on sexual size
and shape dimorphism of the Drosophila wing. In particular, I focus on how these factors
influence size-shape allometry both in general and in a sex-specific manner. My results
show that despite the large adaptive divergence and a strong influence of environmen-
tal manipulation on wing size and shape, sex-specific patterns of condition dependence
remain relatively consistent between the two populations. In the third study, I explore
the evolutionary patterns of condition-dependent sexual size dimorphism among 27 dif-
ferent species from the melanogaster species group with varying degrees of sexual size
dimorphism. Using food availability manipulations during development, I examine how
sexual size dimorphism changes in response to condition at both the intra-specific and
the inter-specific level. The results of this study suggest that, although we see a correla-
tion between sexual size dimorphism and condition dependence among traits within most
species, sexual dimorphism and condition dependence do not seem to have a correlated

evolution among species of the melanogaster species group.
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Chapter 1

Introduction

1.1 Evolution of sexual dimorphism

Sexual dimorphism, the phenotypic difference between females and males, is among the
most captivating phenomena in biology. Since the dawn of evolutionary theory, interest
in how and why sexual dimorphism evolves has been at the forefront of theoretical
thought (Darwin 1874). The reason for this is two-fold. First, sexually dimorphic traits
represent a major source of phenotypic variation and diversity, ranging from modest
body size differences to extravagant phenotypes such as exaggerated weapons, colourful
displays and even extreme disparity in body size (Fairbairn 2007a). Some examples
of these include horns in beetles (Kawano 2006), peacock tails (Petrie et al. 1991),
butterfly wing colouration (Oliver and Monteiro 2011) and body size in elephant seals
(McCann et al. 1989). The most extreme example of sexual dimorphism is found in
the blanket octopus where females are on average 100 times larger than males (Norman
et al. 2002). Second, the evolution of sexual dimorphism often presents a dilemma to
evolutionary biologists because it evolves readily and sometimes to extreme extents,
despite expected theoretical constraints that would potentially restrict the degree to

which sexual dimorphism can evolve.
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1.1.1 Why does sexual dimorphism evolve: Overview of hypotheses

Several hypotheses attempt to explain how and why sexual dimorphism evolves in dif-
ferent taxa and traits. These hypotheses stem from the assumption of sex differences in
fitness components such as viability /survival and reproductive success including fecun-
dity and mating success (Bateman 1948a; Arnold 1994; Trivers 1996). These differences
arise due to differences in reproductive investment of males and females, with females
in most species investing more time and energy in the form of costly egg production
(anisogamy) and/or parental care (Bateman 1948a; Arnold 1994; Trivers 1996). The
most popular and most widely accepted hypothesis is the sexual selection hypothesis,
first proposed by Darwin (1874). The sexual selection hypothesis states that sexual di-
morphism evolves as a result of sex-specific selection on traits that provide a reproductive
advantage during competition for mates (either via direct combat or mate choice) (Dar-
win 1874; Hedrick and Temeles 1989; Andersson 1994). The best strategy for females is
to be choosy when selecting mates and to mate with fewer, better-quality males because
they invest more time and energy to reproduction to ensure that they pass on the best
genes to their offspring increasing their fitness (Bateman 1948a; Arnold 1994; Trivers
1996). Males, on the other hand, benefit most from mating with as many females as
possible and would develop strategies to maximize the number of mates, especially ways
to either attract more females in the form of elaborate displays or ways to out-compete
other males in the form of weapons or increase in overall size (Bateman 1948a; Arnold

1994; Trivers 1996).

Many models of sexual selection predict how sexual selection can contribute to the
evolution of weaponry, ornamentation and greater overall size in males leading to male
biased sexual size dimorphism (SSD). These models are supported by a large body of
evidence (Fisher 1958; Andersson 1982; Johnstone 1995; Iwasa et al. 1991; Iwasa and
Pomiankowski 1994; Iwasa and Pomiankowski 1999; Pomiankowski and Iwasa 1993;

Pomiankowski and Iwasa 1998; Cotton et al. 2004b; Rowe and Houle 1996). Some of
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these include the Fisherian runaway model, good genes models, handicap models and
condition dependence models (Fisher 1958; Andersson 1982; Johnstone 1995; Iwasa et
al. 1991; Iwasa and Pomiankowski 1994; Iwasa and Pomiankowski 1999; Pomiankowski
and Iwasa 1993; Pomiankowski and Iwasa 1998; Cotton et al. 2004b; Rowe and Houle
1996). The Fisherian runaway model proposes that the evolution of larger, brighter, more
extreme ornaments in males is reinforced by co-evolution of female preference of more
extreme phenotypes, leading to a positive feedback loop (Fisher 1958; Pomiankowski
and Iwasa 1993; Pomiankowski and Iwasa 1998; Iwasa and Pomiankowski 1994; Iwasa
and Pomiankowski 1995). Handicap and condition dependence models will be further

explored below.

The fecundity selection hypothesis, initially proposed as the fecundity advantage
hypothesis by Darwin (1874), is often invoked to explain the evolution of female-biased
SSD (Shine 1988). The fecundity selection hypothesis proposes that traits that maximize
fecundity are under directional selection (Darwin 1874; Shine 1988; Pincheira-Donoso
and Hunt 2017). This hypothesis predicts that a larger body size in females (either
directly or via pleiotropy, for example, due to increasing of abdomen volume) allows for
a greater reproductive output (fecundity) (Darwin 1874; Shine 1988; Reeve and Fair-
bairn 1999; Preziosi and Fairbairn 1997; Pincheira-Donoso and Hunt 2017). A great deal
of evidence supports the predictions of the fecundity selection hypothesis, especially in
ectothermic oviparous taxa such as insects, fish and reptiles, all taxa with predomi-
nantly female biased SSD (Shine 1988; Pincheira-Donoso and Hunt 2017; Reeve and
Fairbairn 1999; Preziosi and Fairbairn 1997; Cox et al. 2003). In a species of waterstrid-
ers (Aquarius remigis), an insect with female biased SSD, fecundity selection directly
increases abdomen length causing greater overall body length in females, and it therefore
drives overall female biased SSD in this species (Preziosi and Fairbairn 1997). Using an
artificial selection experiment in Drosophila melanogater, Reeve and Fairbairn (1999)

demonstrated that selection for greater fecundity caused an increase in SSD for thorax
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width, length and abdomen length driven by an increase in female size, while selection
for lower fecundity did not affect SSD compared to the control (Reeve and Fairbairn

1999).

An alternative hypothesis that considers ecological causes of sexual dimorphism is the
dimorphic niche hypothesis (Hedrick and Temeles 1989; Selander 1966; Slatkin 1984).
This hypothesis was also first proposed by Darwin (1874), but Selander (1966) presented
a theoretical model under which the the dimorphic niche hypothesis would be expected
to operate. This hypothesis states that sexual dimorphism can result because males
and females occupy different ecological niches due to their different energetic needs that
arise as a consequence of ansiogamy and differential parental care (Slatkin 1984; Hedrick
and Temeles 1989). The sexes deal with inter-sexual food competition by occupying
different ecological niches and therefore adapt to the different environments they are
exposed to such as feeding on different types of food (Slatkin 1984). Although sexual
and fecundity selection are considered to be the primary mechanisms driving sexual
dimorphism, particularly for SSD, ecological causes of sexual dimorphism may contribute
a significant amount of variation and should not be discounted (Hedrick and Temeles
1989; Slatkin 1984; Shine 1989; Temeles et al. 2000; Temeles et al. 2010; Herrel et al.
2010; Kuo et al. 2009; Vincent et al. 2004). These causes have played an important role
in explaining sexual dimorphism in size and shape of structures associated with feeding
like jaws, beaks, and even whole heads (Temeles et al. 2000; Temeles et al. 2010; Herrel

et al. 2010; Kuo et al. 2009; Vincent et al. 2004; Kaliontzopoulou et al. 2015).

Selander (1966) was among the first to consider ecological causes of sexual dimorphism
in bird beak morphology. He found an association between sexually dimorphic foraging
behaviour and sexually dimorphic feeding apparatus in a species of woodpecker (Selander
1966). A comparative study in snakes found that the variation for sexual dimorphism in

head morphology is better explained by differential feeding behaviours between males and
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females than sexual selection (Shine 1991). Another study found that sexual dimorphism
in beak size in hummingbirds is caused by floral specialization by males and females
(Temeles et al. 2000). More recent studies have considered the role of ecologically derived
sexual dimorphism in the shape of skull and other skeletal traits in hummingbirds,
snakes, lizards and turtles (Temeles et al. 2010; Vincent et al. 2004; Kuo et al. 2009;
Herrel et al. 2009). Although these studies show some degree of support for the dimorphic
niche hypothesis and its role in the evolution of sexual size and shape dimorphism,
they mostly fail to demonstrate a direct causative relationship between inter-sexual
ecological niche and sexual dimorphism. In fact, inter-sexual niche differentiation may
be a secondary process that only enhances the sexual dimorphism that evolves as result

of other types of sex-specific selection selection.

1.1.2 Antagonistic selection, intralocus sexual conflict and how its res-

olution leads to sexual dimorphism

Theory suggests that sexual dimorphism evolves as a resolution to intralocus sexual con-
flict which results from sexually antagonistic selection (Lande 1980; Cox and Calsbeek
2009; Bonduriansky and Chenoweth 2009; Rice and Chippindale 2001). When the two
sexes have different fitness optima, sexually antagonistic selection in the form of sex-
specific selection (sexual selection, fecundity selection, sex-limited viability selection)
operates in opposite directions in each sex (Lande 1980; Cox and Calsbeek 2009; Bon-
duriansky and Chenoweth 2009). Intralocus sexual conflict arises under these conditions
because of high intersex genetic correlation (rj/r) (Lande 1980). Males and females
share the same genome, with the exception of sex chromosomes (when present) (Rice
1992). Therefore, selection on a trait beneficial in one sex can cause a correlated response
in the other sex. However, these alleles that are beneficial in one sex may be deleterious
in the other sex. For example, bright colour in males as part of a sexual display may

be beneficial to males, as the benefits to attracting a mate may outweigh any incurred
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cost due to increased visibility by predators. However, the alleles contributing to the
increased colouration would be deleterious in females as they incur increased predation
risk without any reproductive benefits. As such, this allele would be selected against in
females while being beneficial in males (Lande 1980; Bonduriansky and Chenoweth 2009;
Rice 1984; Rice 1992). An empirical example of this has been observed in guppies, where
males with more numerous and colourful spots have more reproductive success compared
to less ornamented males, but strong natural selection occurs against ornamentation in

the presence of predators (Endler 1980; Kemp et al. 2009).

In order for of sexual dimorphism to evolve, organisms need to overcome the con-
straint that rp;r imposes. Estimates of ry/p vary for different traits, populations and
species (Poissant et al. 2010). Estimates of rjp/p are highest for morphological traits
and lowest for physiological traits (Poissant et al. 2010). There is a negative correlation
between estimates of rp/p and SD (Fairbairn 2007b; Bonduriansky and Rowe 2005a;
Poissant et al. 2010). Despite the high 73/ that is observed among traits for both uni-
variate (Poissant et al. 2010) and multivariate (Wyman et al. 2013) traits, it is generally
observed that SD evolves readily. This could occur because even though rj;r is high,
ryr is often slightly less than 1, sufficient for traits to evolve in a sex specific manner.
Furthermore, rj;p can decrease as a result of different evolutionary and environmental
processes. Resolution of intralocus sexual conflict can occur via many mechanisms some
of which include: sex-limited mutations (Rhen 2000), sex-linkage (Rice 1984; Connallon
and Clark 2010), sex-specific expression of autosomal genes in the sexes via sex-linked
modifiers (in adults and during development) (Rice 1984; Connallon and Clark 2010;
Williams and Carroll 2009; Badyaev 2002), sex-limited expression of duplicated genes
(Gallach and Betran 2011), condition-dependence of sexually dimorphic traits and/or
gene expression (sex-genotype-environment interaction) (Rowe and Houle 1996; Bon-
duriansky 2007c; Wyman et al. 2010) and genomic imprinting (Bonduriansky 2007c;

Bonduriansky and Chenoweth 2009; Day and Bonduriansky 2004). These mechanisms
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all decrease 1y either directly or indirectly (via pleitropy and/or epistatic interactions).
However, these mechanisms are slow to evolve compared to the rate at which antago-
nistic selection operates (Bonduriansky and Chenoweth 2009). In many cases intralocus
sexual conflict is unlikely to be fully resolved and thus can persist to constrain the evo-
lution of sexual dimorphism. Indeed, despite some examples where sexually dimorphic
traits apparently evolves slow (Stewart and Rice 2018) under mass selection regimes or
under family based selection procedures, evolutionary changes can occur quite rapidly
(Bird and Schaffer 1972; Eisen and Hanrahan 1972; Delph et al. 2011; Collet et al.
2016). Additionally, but relatively rarely studied, is the effect of trait plasticity and
environmental variation on 7/ (Cheng and Kirkpatrick 2017; Berger et al. 2014; Pun-
zalan et al. 2014; Lyons et al. 1994; Simons and Roff 1996; Fox et al. 2004; Vieira et al.
2000; Leips and Mackay 2000). Some of these studies have observed variation of ry/p
in a variety of traits including morphological, physiological and fitness traits as a result
of environmental variation (Cheng and Kirkpatrick 2017; Berger et al. 2014; Punzalan
et al. 2014; Lyons et al. 1994; Simons and Roff 1996; Fox et al. 2004; Vieira et al. 2000;
Leips and Mackay 2000). In some cases, they observed a reversal in the sign of ry/p
(Lyons et al. 1994). This suggests that rp/» may be less of a constraint on patterns
of dimorphism that originally thought. Therefore, studying sexually dimorphic traits
under variable environmental conditions can help us understand how sexual dimorphism

evolves and how its evolution overcomes the major constraints it faces.

1.1.3 Sexual size and shape dimorphism

Sexual dimorphism comes in many forms, shapes, sizes, colours, behaviours, physiological
function and etc. For the purposes of this thesis, I will focus primarily on sexual size

dimorphism (SSD) and sexual shape dimorphism (SShD).
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SSD

One of the most commonly studied types of sexual dimorphism throughout the animal
kingdom is SSD, manifesting as either whole body or trait-specific SSD (Fairbairn 2007a).
SSD can be either male-biased (larger males) or female-biased (larger females). As
discussed in previous sections, the magnitude and direction of evolved variation in SSD
results from the relative contribution of mating and reproductive strategies used by
animals, types of selection (sexual and fecundity selection) operating in each sex, and
the reproductive roles of each sex (Fairbairn 1997; Fairbairn 2007a; Stillwell et al. 2010;
Stillwell and Davidowitz 2010). SSD can also vary as a result of environmental variation,
and exhibits varying degrees of phenotypic plasticity (Bonduriansky 2007b; Cotton et
al. 2004b; Rowe and Houle 1996; Stillwell and Davidowitz 2010; Stillwell et al. 2010).
Plasticity of SSD due to environmental variation is one of the major themes of this
thesis and I will discuss this in more detail in subsequent sections. In general, female-
biased SSD is most common among invertebrates and ectothermic vertebrates (Berry
and Shine 1980; Shine 1994; Monnet and Cherry 2002; Kupfer 2007; Cox et al. 2007,
Blanckenhorn et al. 2007b; Teder and Tammaru 2005), while male-biased SSD is most
common among endothermic (Fairbairn 1997; Fairbairn 2007a; Abouheif and Fairbairn
1997). In insects, more than 70% of taxa have female biased SSD, but male-biased SSD
appears across a wide range of taxa especially in species that have very strong sexual
selection in males (for example, defensive territorial males) (Stillwell et al. 2010; Teder

and Tammaru 2005).

The direction and magnitude of SSD varies greatly both within and among taxa
(Blanckenhorn et al. 2007b). Comparative analysis of SSD has revealed a correlated pat-
tern of variation of SSD with body size, known as Rensch’s rule (Rensch 1960; Abouheif
and Fairbairn 1997; Blanckenhorn et al. 2007b). Rensch’s rule states that SSD increases
with increase in body size in species with male-biased SSD and decreases with size in

species with female-biased SSD (Rensch 1960). Rensch’s rule is thought to arise as a
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byproduct of sexual selection in males that tends to produce hyperallometry in secondary
sexual traits and/or overall body size in males (Rensch 1960; Fairbairn and Preziosi 1994;
Abouheif and Fairbairn 1997). Rensch’s rule was accepted as a general pattern until re-
cently (Fairbairn and Preziosi 1994; Abouheif and Fairbairn 1997; Fairbairn 1997). More
recent studies have demonstrated that Rensch’s rule is observed among taxa with pri-
marily male-biased SSD but is often violated in taxa with female-biased SSD. Webb and
Freckleton (2007) discovered that in birds, Rensch’s rule is violated in avian families with
female biased and mixed SSD, but holds for families with primarily male biased SSD
(Webb and Freckleton 2007). Similarly, in insects, Rensch’s rule is also violated half the
time, where orders Coleoptera, Hymenoptera, and Phasmatodea have allometry inconsis-
tent with or even opposite of Rensch’s rule while Diptera, Heteroptera and Lepidoptera
have allometries consistent with Rensch’s rule (Blanckenhorn et al. 2007a). Rensch’s
rule was also tested at different taxonomic levels, for example at family level and/or at
intra-specific level, by considering clines and/or environmental variation (Blanckenhorn
et al. 2007a; Teder and Tammaru 2005). These studies suggest that even if Rensch’s rule
is followed at the higher taxonomic levels (Order and/or Family) it may not be followed
at the within lower taxonomic levels (Genus, species and/or population) (Blanckenhorn

et al. 2007a; Teder and Tammaru 2005).

While there are some notable exceptions, for example, horned beetles or Drosophila
prolongata — the only melanogaster species group species that exhibits male biased
SSD— in most insect taxa SSD is female biased. It is thought that fecundity selection is
the main driver of female-biased SSD in insects because larger size in females allows for
greater fecundity (Fairbairn 1990; Head 1995; Masaki 1967; Blanckenhorn et al. 1995;
Fairbairn 2007a; Foellmer and Moya-Larano 2007). There is evidence that selection for
greater fecundity is associated with female-biased SSD and greater body size in females
and that selection on fecundity can affect female size disproportionately (Preziosi et al.

1996; Roitberg et al. 2015; Reeve and Fairbairn 1999). Viability selection is thought
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to operate in the opposite direction of fecundity selection operating in both males and
females, but because fecundity selection is stronger in females, viability selection is the
antagonistic selection that keeps males small (Blanckenhorn 2000). Viability selection is
the selection acting on all non-sexual non non-reproductive aspects of fitness. In males,
growing to a larger size may be costly because it will potentially reduce viability either at
juvenile and/or adult stages (Blanckenhorn 2000; Blanckenhorn et al. 1995; Pincheira-
Donoso and Hunt 2017; Foellmer and Moya-Larano 2007). Growing to a larger size can
increase development time, can be more metabolically taxing or can reduce agility leading
in each case to lower reproductive success (Blanckenhorn 2000). When large male size is
not necessary for territory defence, competition for mates and sexual displays — mating
behaviours associated with sexual selection — it may be costly to have large males. For
example, in insects with scramble competition mating systems, it is more important to
be sexually mature early and to be more agile in order to find more mates (Reiss 1989;
Blanckenhorn et al. 1995). In such taxa, the Ghiselin—Reiss hypothesis predicts that
small males are favoured, allowing them to maintain high levels of performance at lower
metabolic cost (Reiss 1989; Blanckenhorn et al. 1995; Blanckenhorn 2000). Therefore,
the combined effects of fecundity and viability selection create the two opposing forces
that select for larger females and smaller males leading to the evolution of female-biased

SSD.

In D. melanogaster, sexual and fecundity selection select for both larger males and fe-
males, yet males remain smaller (Partridge and Farquhar 1983; Wilkinson 1987; Lefranc
and Bundgaard 2000). Viability selection on aspects of larval development are thought
to play a role in limiting the size at which males grow (Wilkinson 1987). An equilib-
rium size is reached that is a product of sexual selection during adulthood and viability

selection during larval development (Wilkinson 1987).

10
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Quantification of SSD

Standard methods have been developed in order to measure and analyze SSD. These
methods are important because it is necessary to have a consistent way of measuring
SSD in order to be able to study SSD in a comparative framework, looking at inter-
specific variation of SSD, and also to be able to compare measurements from different
studies. A review by Lovich and Gibbons (1992) compared different sexual dimorphism
indices (SDIs) and discussed what makes a good SDI. There are two types of SDIs, based
on ratios or differences (Lovich and Gibbons 1992). Some of the ratio-based measures
include male-female ratio, logarithm of the male-female ratio, difference between males
and females divided by the sum of the males and females all multiplied by a constant
(either 200 or 100) also known as Storer’s Index, and variations of it (Lovich and Gibbons
1992). Lovich and Gibbons (1992) discussed that a good SDI should (1) have appropriate
scaling, (2) have intuitive values, (3) consider direction of SSD and (4) be symmetrical
around a central value. Among all of the SDI that are discussed by Lovich and Gibbons

(1992) which mostly fail to meet the criteria above, the one that meets most criteria and

Mean size of larger sex
Mean size of smaller sex

_ Mean size of larger sex
sex and SDI = —1 % ;=== 7 smaller sex + 1 when males are the larger sex. Even

the authors propose is SDI = — 1 when females are the larger

though this SDI is the best among the rato-based SDIs, it is not without limitations.
Although SDIs are useful for comparisons of SSD among species and across different
studies, statistical tests on ratio-based SDIs can be challenging to interpret correctly
(Smith 1999). This type of SDI also fails to consider the within-sex size variation (Smith
1999). An alternative approach to a ratio-based SDIs would be to use a regression of
one sex onto the other (Smith 1999). Smith (1999) reanalyzed published data sets using
both rato-based SDIs and regression approaches to evaluating SSD in order to compare
the two methods. Smith (1999) found that the two most useful ratio-based SDIs are
the natural logarithm of the ratio between males and females and the SDI proposed by

Lovich and Gibbons (1992. Smith (1999) tested least squares (LS) and reduced major

11
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axis (RMA) regression as an alternative to the ratio-based SDI. The benefits of these
approaches are they avoid the non-normality issues of ratios and can account for within-
sex size variation. He concluded that even though both ratio-based SDIs and regression
approaches had their strengths and weaknesses, they are both very useful for studying
SSD and one cannot replace the other (Smith 1999). For the purposes of this thesis,

despite its limitations, I will be using the ratio-based SDI to measure SSD.

Sexual shape dimorphism (SShD)

Additionally, sex differences in shape (SShD) of traits and/or whole bodies contributes
a significant proportion of the morphological variation observed for sexual dimorphism.
Morphological shape, often thought of as the relative proportions of a trait, although
related to size, has tremendous impact on overall biological function, such as feeding,
locomotion, mating, parental care among others. For example, the shape of skeletal
components facilitates locomotion as as much as their size in vertebrates (Martin-Serra
et al. 2014; Biewener 1990). Additionally, the shape differences between males and
females can evolve independently of size under sexually antagonistic selection and play an
important role in mating behaviour, copulation, fecundity among others. For example, in
species of wall lizards, head shape variation is associated with micro-habitat divergence
when comparing species, but head shape and associated differences in bite force vary
due to sex within species (Kaliontzopoulou et al. 2012; Crespo et al. 2002). In a water
skink without any overall body size SSD, Schwarzkopf (2005) found substantial SShD
differences in body shape, where head width was greater in males (used in male-male
combat) and abdominal region was greater in females ( used to produce and store eggs)
(Schwarzkopf 2005a). Although overall body size differences between sexes are minimal
in these lizards, the relative proportions of the different body parts differ in males and
females (Schwarzkopf 2005a). In some Dipteran species, convergent evolution of whole

body SShD has been observed (Bonduriansky 2006). In species that are not closely
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related, certain traits in males evolve in a similar way causing the evolution of convergent
body shape with elongated bodies, eye stalks, head width increase and pointy extensions
in exoskeleton, increase in leg length and width (Bonduriansky 2006). Male flies in these
species independently evolve this similar body shape because it provides an advantage
when competing for mates via male-male combat, suggesting that body shape and SShD
are very important for reproductive success (Bonduriansky 2006). Drosophila often
display subtle but significant differences in wing shape between males and females. This
SShD of the wing is both due to size-dependent (allometric) and size-independent (non-
allometric) variation as a result of sexually antagonistic selection on wing shape directly
(Gidaszewski et al. 2009; Abbott et al. 2010). In fact, intralocus sexual conflict has
been observed for both wing size and wing shape in Drosophila (Abbott et al. 2010). In
hominid species including humans, males and females differ in cranofacial shape both
due to allometric effects due to size and non-allometric SShD as a result of independent
sex-specific selection on cranofacial shape (Schaefer et al. 2004; Weston et al. 2007;
OHiggins and Dryden 1993). These examples highlight the importance of SShD both of

specific traits traits and overall bodies.

SShD has been less well studied than SSD both theoretically and empirically primarily
because of the additional complexities of dealing with the multivariate nature of shape
and associated statistical methods (Berns 2013). With the development of modern
geometric morphometrics techniques, the study of SShD has been gaining interest among

evolutionary biologists studying sexual dimorphism (Berns 2013).

In geometric morphometrics, shape can be defined as the geometric properties of a
form that remain after size, position and scaling have been removed (Dryden and Mardia
1998; Kendall 1977; Zelditch et al. 2012). Historically, shape was measured using linear
measurements, ratios of linear measurements and truss measurements (linear measure-

ments between homologous landmarks) (Zelditch et al. 2012). However these traditional
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morphometrics approaches have serious limitations. First, they use all measurements of
size in order to evaluate shape; therefore separating size and shape is extremely hard,
if not impossible (Zelditch et al. 2012). Second, the shape information is contained
within the ratios of the linear measurements, but ratios are problematic for statistical
analysis (Zelditch et al. 2012). Using linear measurements can also be problematic be-
cause it is hard to define what exact part of the trait is being consistently measured
(Zelditch et al. 2012). This issue is resolved using truss measurements, by establishing
homologous landmarks and taking measurements between those landmarks (Zelditch et
al. 2012). However, the problem with this approach is that there are too many possible
measurements that can be taken but not all of them are necessary as they contain highly
correlated information (Zelditch et al. 2012). Finally, the traditional morphometrics ap-
proaches discussed above can help us determine the relative distances of points within
a structure but do not actually convey any information about the geometric structure
of the form that is measured, such as the position of the landmark points, or outline

curvature and/or surface (Zelditch et al. 2012).

Geometric morphometrics, on the other hand, uses the coordinates of homologous
landmarks, and in some cases curvature and surface data, to quantify shape (Zelditch
et al. 2012; Adams et al. 2013; Klingenberg 2016; Mardia and Dryden 1989; Goodall
1991; Bookstein 1991). The raw Cartesian coordinates of the landmarks are put through
a process that eliminates non-shape variation — scale, position, rotation — called gen-
eralized Procrustes analysis (GPA) superimposition (Mardia and Dryden 1989; Goodall
1991; Bookstein 1991; Adams et al. 2013). This process involves a least squares pro-
cess that minimizes the distance between specimens (Mardia and Dryden 1989; Goodall
1991; Bookstein 1991; Adams et al. 2013) . The data generated from a GPA can then be
analyzed using a MANOVA to calculate differences between groups such as males and
females, which represents SShD (Mardia and Dryden 1989; Goodall 1991; Bookstein

1991; Adams et al. 2013). A standard measure of SShD has not been established in the
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literature. Traditionally studies report p values for the sex terms from their models in
order to show that there is SShD. Additionally, they visualize the SShD by either using a
PCA plot showing variation due to sex in PC1 and PC2 or landmark outline plot of the
mean male and mean female shapes (Ferndndez-Montraveta and Marugén-Lob6n 2017;
Laporte et al. 2018; Franklin et al. 2007; Valenzuela et al. 2004). These quantitative
measures are often accompanied by a qualitative description of the shape differences
between males and females (Fernandez-Montraveta and Marugan-Lobén 2017; Laporte
et al. 2018; Franklin et al. 2007; Valenzuela et al. 2004). However, quantitative measures
of SShD akin to the SDI index that is used to estimate SSD is rarely used (Gidaszewski
et al. 2009; Testa and Dworkin 2016; Adams et al. 2020). One such measure estimates
the magnitude of shape difference males and females is the Procrustes distance (Eu-
clidean distance) between mean male and mean female shape (Gidaszewski et al. 2009;
Testa and Dworkin 2016). Although this approach gives us an idea of the difference
in magnitude between males and females, it ignores within-sex variation because it is
calculated from the mean shapes of the sexes. However, this approach provides us with
a quantitative way to measure differences in SShD so that we can compare these differ-
ences among studies. One way to overcome this limitation is to use multiple lineages
derived from a single population in order to get multiple estimates of SShD for the pop-
ulation which can then be tested by using some kind of bootstrap or permutation test.
We take this approach in Chapter 3 to measure SShD in the wing of in two adaptively
diverged African populations of Drosophila melanogaster. Since shape is a multidimen-
sional trait, it can vary both in magnitude and direction. Therefore, another way that
we can measure the differences in SShD is to calculate the correlation between the mean
male and female shape vectors. However, these correlations are often very high between
the sexes and hard to interpret. A better, more standard method for quantifying and
analyzing SShD is necessary in order to get more consistency across studies. Adams et

al. (2020) proposes a multivariate extension of the SDI approach for SSD, similar to the
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one proposed by Lovich and Gibbons (1992) discussed above. They propose using the
Euclidean distances obtained from size-standardized log-trait values between males and
females and multiplying the distance by +1 or —1 depending on the direction of sexual
dimorphism (Adams et al. 2020). This approach can be used when measuring shape
using linear measurements (Adams et al. 2020). When using landmark coordinates as
data, Adams et al. (2020) propose using the Procrustes distance between mean male and

mean female shape as an SShD index.

With the advancement of the geometric morphometrics field, studying SShD has be-
come easier allowing us to study sexual dimorphism in a multivariate framework (Adams
et al. 2013). Taking this approach can resolve some of the theoretical issues that arise
regarding the evolutionary constraints of sexual dimorphism (Wyman et al. 2013). Or-
ganisms evolve as whole, integrated, correlated systems and studying shape and SShD
considers this (Lande 1979; Lande and Arnold 1983b; Wyman et al. 2013; Adams et al.
2020). A multivariate framework takes into account not just patterns of variation, but,
explicitly patterns of covariation (Lande 1979). In the context of evolutionary studies,
this multivariate perspective has demonstrated that while heritable variation for individ-
ual traits may exist, the genetic correlations of trait combinations under the strongest
selection may be prevalent (Blows and Mcguigan 2014; Blows 2007; Hansen and Houle
2008; Lande and Arnold 1983a; Agrawal and Stinchcombe 2009). With respect to sexual
dimorphism, researchers study the properties of the B matrix, the intersex genetic co-
variance matrix, partitioning between-sex genetic covariance (Lande 1980; Gosden et al.
2012; Wyman et al. 2013; Cheng and Houle 2020; Ingleby et al. 2014; Poissant et al.
2016). While such studies have demonstrated evidence of genetic constraints relating to
sexual dimorphism, in some cases the most dimorphic traits appear to have the least
evidence of high genetic covariances (Ingleby et al. 2014), and theoretical work suggests
that such relationships do not substantially impede adaptation (Matthews et al. 2019a).

In this framework, high 7,/ is less of a constraint to the evolution of sexual dimorphism
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because G, the genetic variance-covaraiance matrix, varies in both magnitude and di-
rection allowing for more ways for the sexes vary genetically, and B can be asymmetric
allowing selection to affect one sex more than the other (Wyman et al. 2013; Poissant
et al. 2016). In fact, sex differences in G have been observed for many species for mor-
phological, life history and other traits (Poissant et al. 2016; Lewis et al. 2011; Jensen
et al. 2003; Rolff et al. 2005; Sztepanacz and Houle 2019).

Just like SSD, SShD can result from direct sex-specific selection (sexual, fecundity
and sex-limited natural selection) on either whole body or specific traits (Berns 2013;
Kaliontzopoulou et al. 2015). A limited number of studies have attempted to test the
direct causes of SShD. Some of them include testing whether SShD is a result of sexual
selection, fecundity selection and/or sex-limited natural selection due to divergent eco-
logical niches of the sexes (Berns 2013; Herrel et al. 2010; Navarro et al. 2009; Kuo et al.
2009; Schwarzkopf 2005b; Olsson et al. 2002). These studies have found that all types
of sex-specific selection play an important part in the evolution of SShD with most sup-
port for sexual and fecundity selection and mixed support for the ecological hypotheses
(Berns 2013; Herrel et al. 2010; Navarro et al. 2009; Kuo et al. 2009; Schwarzkopf 2005b;
Olsson et al. 2002). Most of these studies are limited to reptilian taxa, some in birds. It

is not clear if they are applicable to other systems.

On the other hand, when shape-size allometry occurs, SShD can result as a correlated
response to the sex-specific selection for different size in the sexes that leads to SSD. This
is known as allometric SShD. In fact, allometry plays a significant role in shape variation
for many traits, in general, and it can contribute a significant amount of variation in
SShD (Klingenberg 2016). I provide a detailed discussion of shape-size allometry and its
contribution to SShD in Chapter 3. It is often of great interest to partition total SShD
into its allometric and non-allometric components, in order to examine whether or not

SShD evolves simply as a consequence of SSD and shape-size allometry or whether it is
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under the influence of direct selective forces on shape itself and evolves independently
(Gidaszewski et al. 2009; Kaliontzopoulou et al. 2008a; Schaefer et al. 2004; Kleisner
et al. 2021). A recent study tested the influence of male-male competition of both SSD
and SShD of femur and wings in two Sepsis (Diptera) species (Baur et al. 2020). They
found that fore-femur size and allometric portion of shape in males were strongly asso-
ciated with mating success, but non-allometric shape was not (Baur et al. 2020). This
study is an important demonstration of the effect of the allometric relationship between
SSD and SShD (Baur et al. 2020). The study highlights the importance of studying
allometric and non-allometric causes of SShD. Considerably more work is required to
better understand these direct and indirect causes of SShD and how to distinguish be-
tween the two. We discuss this in more detail in chapter 3, as we attempt to estimate
the allometric and non-allometric variation in wing shape sexual dimorphism in altitu-
dinally diverged Drosophiila melanogaster populations raised in different environmental
conditions. As we discuss in Chapter 3, disentangling allometric from non-allometric

effects can be surprisingly tricky.

1.2 SD and environmental variation - Condition depen-

dence and phenotypic plasticity

1.2.1 Overview - phenotypic plasticity of SSD and SShD

As discussed in previous sections, sexual dimorphism can contribute a considerable por-
tion of overall phenotypic variation observed among populations and species. Sexually
dimorphic traits tend to exhibit an increased sensitivity to environmental variation as
a result of sex-specific developmental plasticity (Fairbairn 2005; Stillwell et al. 2010;
Cotton et al. 2004b). Sex-specific plasticity has been observed in taxa with varying
degrees and directions of sexual dimorphism under numerous ecological and environ-

mental variables including seasonal variation (Miller et al. 2016), temperature (Stillwell
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and Davidowitz 2010; Stillwell and Fox 2007; Starostova et al. 2010; Fischer and Fiedler
2002; Fischer and Fiedler 2000; Morin et al. 1996; Block and Stoks 2003; David et al.
1994; Karl and Fischer 2008; Rohde et al. 2015; Rohner et al. 2017), diet (Stillwell and
Davidowitz 2010; Bonduriansky 2007b; Bonneaud et al. 2016; Cassidy et al. 2014; Cebal-
los and Valenzuela 2011; Fernandez-Montraveta and Moya-Larano 2007; Gebhardt and
Stearns 1988; Oudin et al. 2015; Rohner et al. 2017; Rohner and Blanckenhorn 2018),
density (Bitner-Mathe and Klaczko 1999; Rohde et al. 2015), photoperiod (Block and
Stoks 2003), pathogen exposure (Cotton et al. 2004b) and among others (Stillwell and
Davidowitz 2010; Stillwell et al. 2007; Stillwell and Fox 2007; Teder and Tammaru 2005;
Cotton et al. 2004b; David et al. 1994). These studies include a variety of traits such as
morphological traits that exhibit SSD and SShD including either whole body and/or spe-
cific structures (Stillwell and Davidowitz 2010; Stillwell and Fox 2007; Starostova et al.
2010; Morin et al. 1996; Bonduriansky 2007b; Bonneaud et al. 2016; Cassidy et al. 2014;
Ceballos and Valenzuela 2011; Fernandez-Montraveta and Moya-Larano 2007; Gebhardt
and Stearns 1988; Oudin et al. 2015; Rohde et al. 2015; Rohner et al. 2017; Rohner
and Blanckenhorn 2018); pigmentation (Punzalan et al. 2008; Gibert et al. 1999); life-
history traits such as development time, development rate and life-span (Stillwell and
Davidowitz 2010; Stillwell and Fox 2007; Fischer and Fiedler 2002; Fischer and Fiedler
2000; Block and Stoks 2003; Adler et al. 2013; Fernandez-Montraveta and Moya-Larano
2007; Gebhardt and Stearns 1988). In general, the more sexually dimorphic a trait
the more plastic it is, in particular, to environmental variation that strongly affects or-
ganismal condition such as diet (Bonduriansky 2007b; Stillwell et al. 2010). In species
where SSD is female-biased, females are more plastic than males, while in species where
SSD is male-biased, males are more sensitive to environmental variation (Stillwell et al.
2010; Teder and Tammaru 2005; Rohner et al. 2018c). Most insect species (>70% fe-
male biased SSD) females are more plastic, with some notable examples (Stillwell et al.

2010; Teder and Tammaru 2005). Horn structures in dung beetle species are some of
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the most interesting and extreme cases of sex-specific plasticity of highly exaggerated
sexually dimorphic traits used as weapons or ornaments. The size of head structures in
males of these species is almost entirely dependent on developmental nutrition (Emlen
1994; Emlen 1997). The mechanisms by which this type of plasticity is facilitated is well
studied (Koyama et al. 2013; Gotoh et al. 2014; Lavine et al. 2015; Emlen and Nijhout
1999). Nutritional quality and quantity during development alter the hormonal response
via the juvenile hormone pathway that is influenced by both sex-determination genes
and insulin-like growth factor pathway determining the extent to which dung beetles
grow their horns or whether they grow the horns at all (Koyama et al. 2013; Gotoh
et al. 2014; Lavine et al. 2015; Emlen and Nijhout 1999; Moczek and Emlen 1999).
Similar mechanisms are at play in mediating the sex-specific plasticity to nutrition in
other insects, for example Drosophila, although not to the same degree as in dung bee-
tles (Millington et al. 2021). Different body parts of males and females in Drosophila
melanogaster respond differently to both diet quality and quantity, with female traits
being more sensitive to diet variation (Shingleton et al. 2017). This sex-specific plasticity
in Drosophila melanogaster is mediated by the sex-determination pathway gene tra and
its influence on the insulin-like growth factor pathway, where it causes greater plasticity

to nutrition variation in females (Millington et al. 2021).

How and why sex-specific plasticity to environmental variation evolves has gained
more attention in the past 20 years. Two hypotheses have been proposed that attempt
to explain the evolution of sex-specific plasticity (Stillwell et al. 2010). The adaptive
canalization hypothesis predicts that we should observe decreased plasticity in traits
under strong selection, particularly traits closely associated with fitness (Stillwell et al.
2010; Fairbairn 2005; Rohner et al. 2018a). On the other hand, the condition dependence
hypothesis predicts that we should observe the greatest plasticity in traits that are under
strong selection as it would allow for maximizing resource usage efficiency (Stillwell et al.

2010; Bonduriansky 2007¢; Bonduriansky 2007b; Rohner et al. 2018a). The differences
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in phenotypic plasticity can arise via both processes. According to the the adaptive
canalization hypothesis, sex-specific plasticity can occur when traits in one sex become
more canalized (less plastic) due to stabilizing selection acting on the trait (Stillwell et
al. 2010; Fairbairn 2005; Rohner et al. 2018a). On the other hand, sex-specific plasticity
can evolve due to greater direction selection on a trait, as per the condition dependence
hypothesis (Stillwell et al. 2010; Bonduriansky 2007c; Bonduriansky 2007b; Rohner et
al. 2018a). Distinguishing between these two hypotheses can be hard. Explicit tests
require (1) knowledge of the type of selection acting in each sex, (2) testing which sex
is more plastic and how that relates to the type of selection the sex is under and (3)
testing multiple traits within each sex in order to determine a baseline for plasticity
in order to see what direction plasticity changed in the trait of interest (Stillwell et al.
2010). Such explicit tests are rare, especially for the adaptive canalization hypothesis,
and studies attempting to test this hypothesis often fail to meet all the criteria (Stillwell
et al. 2010; Fairbairn 2005; Walzer and Schausberger 2014; Hallsson and Bjorklund 2012;
Fernandez-Montraveta and Moya-Larano 2007). The condition dependence hypothesis,
on the other hand, has received both more attention and more support (Bonduriansky
2007¢; Bonduriansky 2007b; Cotton et al. 2004b; Stillwell et al. 2010). In particular,
condition dependence of exaggerated sex ornaments and weapons in males has a large
body of empirical and theoretical support (Andersson 1986; Houle and Kondrashov 2002;
Rowe and Houle 1996; Bonduriansky 2007¢; Bonduriansky 2007b; Cotton et al. 2004b;
Stillwell et al. 2010). This theory and evidence is a central theme of this thesis and I

will discuss these in more detail in sections below.

1.2.2 What is condition?

Organismal condition is both a quintessential concept in evolutionary biology, and also a
concept that has been defined in many different ways. Many authors define condition as

the nutritional and energy reserve status of the organism (Andersson 1982; Bonduriansky
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2007b; Moya-Larafnio et al. 2008). Another common definition of condition relates the
pool of resources available to the organism, with their ability to allocate those resources
efficiently to traits affecting performance and ultimately fitness (Bonduriansky 2007b;
Cotton et al. 2004b; Rowe and Houle 1996). This definition relates the genetic capacity
and its interaction with the environment to create a singular trait that is condition
(Bonduriansky 2007b; Cotton et al. 2004b; Rowe and Houle 1996). The most inclusive
definition is provided by Hill (2011), “the relative capacity of an organism to maintain
optimal functionality of essential cellular processes” (Hill 2011). Hill (2011) states that
condition is determined by the somatic, genetic and epigenetic state of an organism. The
somatic state of the organism is the current state of the organism determined by the
influence of the internal and external environments such as exposure to parasites and
toxins, energy resources, oxidative stress, age, social status, past and present damage
or injury and many more factors (Hill 2011). The genetic state of condition includes
the genetic variation for organism’s health and disease resistance, resource acquisition,
usage and storage, stress resistance and other life history processes (Hill 2011). Finally,
the epigenetic state of the organism is the lifetime genetic effects on the phenotype such
as transcriptional and translational regulation of gene expression that are influenced by

the interaction between genotype and environment (Hill 2011).

Although Hill’s definition of condition is extensive, manipulating condition defined
in this way is complicated. One cannot account for all the somatic, genetic and epige-
netic factors influencing condition. The most common way to manipulate condition is
to vary nutritional quality (Bonduriansky 2007b; Cotton et al. 2004b; Hill 2011). Other
manipulations of condition include exposure to different types of stress using parasites,
temperature, genetic stress via inbreeding, exercise and more (Cotton et al. 2004b). As
complex as it is to manipulate condition, measuring it is an even greater challenge, es-
pecially non-destructively (Cotton et al. 2004b). Overall body size is often considered to

be a standard proxy of condition, as it is often most reflective of it (Cotton et al. 2004b;
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Jakob et al. 1996; Moya-Larafio et al. 2008). However, using body size as a measure
of condition is complicated because (1) there are different ways to measure body size,
(2) larger organisms are affected by poor environmental conditions disproportionately
because they requre more resources and (3) there are both intra- and inter-specific varia-
tion in the degree to which condition affects body size complicating comparative analysis
of condition (Cotton et al. 2004b; Jakob et al. 1996; Moya-Larafnio et al. 2008). As I
will discuss further in chapter 4, this is particularly problematic for studies of sexual
dimorphism. In the literature, size is measured using linear measurements of the whole
organism; linear measurements of a trait as a proxy of overall size; volume of the organ-
ism; volume of a trait as a for proxy overall size or mass of the organism (Cotton et al.
2004b; Jakob et al. 1996; Moya-Larano et al. 2008). Often whole body measurements are
unavailable, or are difficult to measure in some species and proxy traits have to be used
as estimates of body size (Cotton et al. 2004b; Jakob et al. 1996; Moya-Laraifio et al.
2008). Difficulties arise because these proxy traits are affected differently by condition
and often scale allometrically with body size but with different relationships (Cotton
et al. 2004b; Jakob et al. 1996; Moya-Laranio et al. 2008). Some common metrics of
condition include the size ratio index, slope adjusted ratio index and a residual index
(Jakob et al. 1996). The size ratio index is a ratio between mass and linear measure
of body (Jakob et al. 1996). The slope adjusted ratio index is measured by using an
independent standard population and generating the slope of the regression of In(body
mass) against In(length of body part) (Jakob et al. 1996). This slope is then used to
calculate an index for each organism of interest (Jakob et al. 1996). The residual index is
calculated by first regressing body mass onto body size after data is transformed (Jakob
et al. 1996). The residual distance from each point to the regression line is used as an
estimate of condition (Jakob et al. 1996). Issues with these three indices are that they of-
ten produce different results (Cotton et al. 2004b; Jakob et al. 1996). Additionally, each

of these measures imposes different assumptions that are not statistically or biologically
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justified because the true relationships of the variables being compared are not known
(Cotton et al. 2004b; Jakob et al. 1996). Another measure of condition that is often
used in the literature is measurement of macronutrient composition, for example fat,
because energy reserves may be reflective of condition (Cotton et al. 2004b; Jakob et al.
1996; Wilder et al. 2016). However, getting accurate body composition measurements
can be difficult without invasive procedures, may often require sacrifice of specimens,
may not be reflective of conditon in some species and may require expensive reagents
and machinery (Cotton et al. 2004b; Jakob et al. 1996; Wilder et al. 2016; Moya-Larano
et al. 2008). The best approach for measuring condition is to use several of the methods

mentioned above in order to minimize limitations of each individual method.

1.2.3 How does condition relate to sexual dimorphism - theory and

evidence

Large body of theoretical and empirical work has hypothesized and supported a positive
correlation between condition and the degree of sexual dimorphism (Andersson 1982;
Johnstone 1995; Bonduriansky 2007b; Cotton et al. 2004b; Emlen 1994; Rowe and
Houle 1996). This pattern has been observed both within and among populations and
inter-specifically. Many theoretical and empirical studies of the relationship between
sexual dimorphism and condition dependence are limited to exaggerated male-biased
traits that have evolved to extraordinary sizes due to sexual selection via either direct
male-male competition or female choice. Below I explore the different hypotheses that
have been proposed in order to explain this greater condition dependence in sexually

dimorphic traits.
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The handicap principle hypothesis

Several hypotheses have been proposed in order to explain the relationship between
condition dependence and sexual dimorphism. One such hypothesis is the handicap hy-
pothesis (Zahavi 1975; Zahavi 1977; Andersson 1982; Andersson 1986; Rowe and Houle
1996; Iwasa et al. 1991). This hypothesis states that exaggerated ornaments in males
evolve or are maintained because the best quality males that are most capable of surviv-
ing are the ones that can do it with large handicapping ornaments (Zahavi 1975; Zahavi
1977; Andersson 1982; Andersson 1986; Iwasa et al. 1991). The ornaments serve as a
signal of good genes to females (Zahavi 1975; Zahavi 1977; Andersson 1982; Andersson
1986; Iwasa et al. 1991). The hypothesis predicts that the handicap more strongly affects
males of lower quality than males of higher quality because low quality males cannot
afford to produce the handicapping trait (Zahavi 1975; Zahavi 1977; Andersson 1982;
Andersson 1986; Iwasa et al. 1991). Using a simple model that includes Fisher’s runaway
process and principles from the handicap mechanism, Andersson (1982) showed that or-
naments should evolve to be condition dependent (Andersson 1982; Andersson 1986).
Acceptance of the the handicap hypothesis has been mixed and it has been strongly
criticized; thoroughly explored in Penn and Szamado (2020)(Kirkpatrick 1986; Smith

1976; Penn and Szamado 2020).

The genic capture model

Rowe and Houle (1996) proposed the genic capture model which states that high genetic
variance is maintained in sexually selected traits through capture of the high genetic
variance of condition through the evolution of condition dependence of secondary sexual
traits (Rowe and Houle 1996). As discussed in previous sections, under strong sexual
selection, constraints arise that would theoretically impede the evolution of sexual di-

morphism (Rowe and Houle 1996). One such constraint, often referred to as the lek
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paradox, is the expectation of diminishing genetic variance due to directional sexual se-
lection that would lead to a halt in the evolution of exaggerated traits once the genetic
variation is exhausted (Rowe and Houle 1996). Despite these theoretical predictions, it
has been observed that sexually selected traits have greater genetic variance than ex-
pected, and their genetic variance was similar to that of life-history traits (Pomiankowski
and Moller 1995). The genic capure model allows the secondary sexual traits in males
to reflect the genetic variation not only in the genes that directly affect the trait but
also the in loci that affect acquisition and allocation of resources, the genetic component
of condition (Rowe and Houle 1996; Bonduriansky 2007c; Chandler et al. 2013). This
genic capture may in fact reduce the genetic correlation between the sexes and may lift
some of the constraints of intralocus sexual conflict (Bonduriansky 2007c). Under this
model, it is expected that secondary sexual traits in males signal both good genes and
good environment and this may drive the co-evolution of female choice (Bonduriansky
2007c; Johnstone 1995; Rowe and Houle 1996). One empirical study tested the genic
capture hypothesis by looking at the genetic variance of sexually dimorphic traits under
different conditions and found mixed results in two populations of black scavenger flies
(Dmitriew and Blanckenhorn 2014). They found that under poor condition male genetic
variance increased more than female genetic variance for the fore femur, a male biased
highly dimorphic trait, as it would be predicted by the genic capture model (Dmitriew
and Blanckenhorn 2014). However, they observed this only in one of the populations
that they tested (Dmitriew and Blanckenhorn 2014). Further tests of this hypothesis
in different populations and species with varying types, magnitudes and directions of
sexual dimorphism are necessary in order to determine if genic capture is in fact used by
organisms to overcome the evolutionary constraints of sexual dimorphism. Despite often
acrimonious debates about the relative contributions of these processes, these mecha-
nisms represent a continuum (Kokko et al. 2002); runaway processes can evolve into

good genes or condition-dependent like processes (Chandler et al. 2013).
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Specific examples of condition dependent sexual dimorphism

Condition-dependence of sexual traits has been observed widely across many taxa (Cot-
ton et al. 2004b). For the purposes of this report, only examples in arthropods will be
reviewed because they are most relevant to the studies outlined in chapters 2, 3 and
4. One of the most interesting cases of condition dependence of a sexually dimorphic
trait is in the polyphonic horned beetles (Emlen 1994). The manifestation and size of
the horn, a head structure present only in large males that is used in territory defense,
depends primarily on diet quality and quantity during development (Emlen 1994; Emlen
et al. 2012). In the cactus bug Narnia femorata, seasonal variation in food availability
produced greater variation in the size of the highly exaggerated hind leg femurs in males
than in other non-sexually dimorphic traits (Miller et al. 2016). Male cactus bugs use
their hind legs to engage in combat for access to females (Miller et al. 2016). Condition
dependence of sexual dimorphism has also been observed in several different dipteran
species (flies) including stalk-eyed flies, neriid flies and waltzing flies (Bonduriansky
2007b; Bonduriansky and Rowe 2005b; David et al. 1998). In all species, it was discov-
ered that the traits that were most sexually dimorphic, the eye-stalk span in stalk-eyed
flies, the antenna length in neriid flies and the head and antenna length in waltzing
flies, were the most condition dependent (Bonduriansky 2007b; Bonduriansky and Rowe
2005b; David et al. 1998). In neriid flies and waltzing flies, level of sexual dimorphism
and condition dependence are strongly correlated (Bonduriansky 2007b; Bonduriansky
and Rowe 2005b). Oudin et al.(2015) tested the condition dependence of sexual dimor-
phism in moderately sexually dimorphic organisms was performed using the antler fly,
a species that lacks highly exaggerated secondary sexual traits in males despite male
territorial mating behaviour (Oudin et al. 2015). They observed minor condition de-
pendence of sexual dimorphism for body size and for different traits with varying but
moderate sexual dimorphism including traits with both male- and female-biased sexual

dimorphism but this was not statistically significant (Oudin et al. 2015). However, they

27


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

PhD—- Maria PESEVSKI; McMaster University— Department of Biology

did observe a correlation among traits between the extent of sexual dimorphism and
condition dependence in males only (Oudin et al. 2015). They concluded that coevolu-
tion of condition dependence and sexual dimorphism is widespread even in moderately
dimorphic traits (Oudin et al. 2015). Rohner et al. (2018) studied two Sepsis species
which exhibit change in direction of SSD in the European and North American popu-
lations. They tested whether the sex-specific reproductive roles or selection for greater
size were the drivers of greater plasticity in these flies, as well as performing a meta
analysis of other holometabolous insects (Rohner et al. 2018¢c). In general, they found
that the larger sex tends to be more plastic, suggesting that sex-specific plasticity may
be more associated with selection for greater size rather than sex-specific reproductive
roles (Rohner et al. 2018c). However, they also observed that in the sepesid flies they
tested experimentally, there was a asymmetrical response in the sexes to environmental
variation with males being more plastic when there was male-biased SSD than females

when there was female-biased SSD (Rohner et al. 2018c).

All of these examples, with the exception of Oudin et al. (2015) and Rohner et al.
(2018) systems, represent species with exaggerated secondary sexual traits in males.
These systems are over-represented in the literature, because the theoretical predictions
for the evolution of condition dependence are generally made for traits under sexual
selection which tend to be exaggerated and male-biased. However, most insect taxa ex-
hibit female biased SSD of moderate magnitude which are under more complex selective
circumstances than just under strong sexual selection (Bonduriansky 2007a; Fairbairn
2007a; Teder and Tammaru 2005; Stillwell et al. 2010). SShD has rarely been stud-
ied in the context of condition dependence in insects (Bonduriansky and Rowe 2005b),
particularly using modern geometric morphometrics. It is important to explore these
concepts in more complex systems in order to fully how and why sexual dimorphism and

condition dependence co-evolve.
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1.2.4 Other sources of environmental variation affect SD

Beyond variation in diet, other types of environmental variation that can differently af-
fect each sex leading to sex-specific plasticity. As discussed above, temperature is one
of the most important environmental variables with potentially drastic consequences on
size, growth rate, development time, gene expression, fecundity, and in some cases en-
vironmental sex-determination, especially in ectothermic taxa (Atkinson 1994; Stillwell
and Fox 2005; Partridge et al. 1994; Atkinson 2010; Have and Jong 1996; Lang and
Andrews 1994; Bull and Vogt 1979; Baroiller et al. 2009). However, except within the
context of stressful values, temperature variation is not considered to be directly linked to
organismal condition (Cotton et al. 2004b). Yet, some taxa show evidence of sex-specific
temperature plasticity (Block and Stoks 2003; Hirst et al. 2015; Stillwell et al. 2010;
Stillwell et al. 2007; Stillwell and Fox 2007; Stillwell and Davidowitz 2010; Fairbairn
2005; Teder and Tammaru 2005; Hu et al. 2010). The causes of sex-specific plastic-
ity to temperature and other environmental variation are not fully understood. The
differential adaptive canalization hypothesis may provide some insight. This hypoth-
esis predicts that sexually dimorphic traits under strong selection may become more
canalized leading to sex-sepcific plasticity. However, as discussed in previous sections,
this hypothesis has received mixed support from experimental evidence (Fairbairn 2005;

Teder and Tammaru 2005; Hu et al. 2010; Stillwell et al. 2010; Rohner et al. 2018c¢).

Environmental variation in other contexts - environmental vs genetic canal-

ization

As previously discussed, phenotypic plasticity and phenotypic variation due to environ-
ment occur not just in the context of sexual dimorphism, but also more generally. Or-
ganisms are constantly exposed to environmental variation that may result in deviations
from phenotypic optima with deleterious consequences. Thus, organisms evolve mecha-

nisms that reduce the impact of such variation on phenotype; referred to as canalization
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(Waddington 1942; Waddington 1957; Wagner et al. 1997). The reduction in phenotypic
variation in the face of environmental variation is called environmental canalization (Es-
hel and Matessi 1998; Wagner et al. 1997). Theoretically, when a trait is near its optimum
and under stabilizing selection, organisms can evolve increased canalization (Wadding-
ton 1957; Flatt 2005; Wagner et al. 1997; Stearns and Kawecki 1994). In contrast, at
least under some models, while under strong directional selection canalization may be
reduced or lost (Layzer 1980; Kawecki 2000; Hayden et al. 2012; Lack et al. 2016a; Groth
et al. 2018). This loss of canalization under directional selection may occur for a variety
of reasons, including exposure to new environments that are beyond the capacity of the
buffering mechanism and/or rapid shift in allele frequencies that may result in loss of
canalization. Additionally, antagonistic pleiotropy can result in alleles contributing to
changes in the population mean, which may also result in changes in canalization (thus
influencing trait variance) (Lack et al. 2016a; Groth et al. 2018; Clarke and McKenzie
1987; Clarke et al. 2000; McKenzie and Clarke 1988). This release in variation (both
genetic and environmental components) can potentially be deleterious. However, de-
canalization is often accompanied by a release in cryptic genetic variation that may
contribute to increased response to selection (Paaby and Rockman 2014; Gibson and

Helden 1997; Ledon-Rettig et al. 2014; Lande 2009).

Not only do canalizing mechanisms evolve as a result of persistent environmental
variation (environmental canalization) but they also might evolve as a way to buffer
against new mutations (genetic canalization). Population genetic models suggest that
genetic canalization may evolve only in a limited set of conditions because deleterious
alleles tend to be purged by natural selection (Bagheri-Chaichian et al. 2003; Wagner
et al. 1997). Only in organisms with extremely high mutation rates (eg. RNA viruses),
in cases of high pleiotropy, or under epistasis with complete masking, is it theoretically
possible to accumulate deleterious mutations and evolve such genetic canalization mech-

anisms (Bagheri-Chaichian et al. 2003; Wagner et al. 1997). Yet, we observe genetic
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canalization in many taxa beyond what is predicted (Dun and Fraser 1959; Dworkin
2005¢c; Dworkin 2005a; Lack et al. 2016a; Groth et al. 2018). One potential solution
that was proposed to solve this problem was the congruence hypothesis (Wagner et al.
1997). This hypothesis suggests that genetic canalization evolves as a by-product of the
evolution of environmental canalization mechanisms (Wagner et al. 1997). Therefore,
the hypothesis predicts that environmental and genetic canalization should be correlated
(Wagner et al. 1997). Empirical studies have provided mixed support for this hypothesis,
although the many of them have several limitations including ambiguous and indirect
estimation of genetic canalization and usage of lab induced mutations that may not
be representative of mutations occurring in nature (Lehner 2010; Stearns and Kawecki
1994; Stearns et al. 1995; Szollhosi and Derenyi 2009; Dworkin 2005a; Dworkin 2005¢;
Borenstein and Ruppin 2006). In fact, the most explicit tests of the congruence hypoth-
esis have been performed by our lab group (Dworkin 2005a; Dworkin 2005¢; Pesevski
and Dworkin 2020), one of which is outlined in Chapter 2. The main theme of Chapter
2 is testing the congruence hypothesis in a Drosophila melanogaster population that has
undergone genetic decanalization as a result of directional selection for greater size due
to life at high altitude. I explore these concepts of genetic and environmental canaliza-
tion and their relationship in more detail in the introduction and discussion sections of

chapter 2.

1.3 Adaptive divergence and how it may affect SD and

environmental variation

Sexual dimorphism is widespread, evolves readily in many different taxa and is the
cause of some of the most captivating phenotypic variation in nature. However, sexual
dimorphism does not evolve in isolation and selective forces that lead to its evolution
often interact with other types of selective pressures (Connallon 2015; Lasne et al. 2018;

Blanckenhorn et al. 2006; Svensson et al. 2018). Organisms often have to adapt to
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novel environments and the strength and direction of both sexual and adaptive selection
and their interaction can have tremendous consequences on the genomic architecture
(Connallon 2015; Lasne et al. 2018; Svensson et al. 2018; Blanckenhorn et al. 2006). It
is therefore important to consider how sexual dimorphism responds and is maintained
under rapid adaptation. Some theoretical work has explored the interaction between sex-
specific selection selection and adaptive evolution (Connallon 2015). Using a theoretical
model, Connallon (2015) found that, before adaptive evolution, sex-specific selection
acts antagonistically to produce and reinforce sexual dimorphism, while during adaptive
evolution, sex-concordant selection drives adaptation to the new environment, reducing
intersex conflict and allowing both sexes to change in parallel (Connallon 2015). Empir-
ically, very few studies have examined the interaction between sex-specific and adaptive
selective forces (Svensson et al. 2018; Lasne et al. 2018). Examining variation in sexual
dimorphism as a result of clinal variation is one way to study the interaction of sex-
specific selection and natural selection in a natural setting (Connallon 2015; Lasne et al.
2018; Blanckenhorn et al. 2006). A meta analysis that examined interaction between
SSD and clinal body size patterns in both vertebrate and invertebrate species discov-
ered a possible relationship between sexual dimorphism allometry and clinal variation,
where slopes are steeper in males (Blanckenhorn et al. 2006). However this pattern was
observed in only a subset of the species and was not considered to be a general pattern
(Blanckenhorn et al. 2006). Lasne et al. (2018) looked at clinal variation due to latitude
of sexual dimorphism in body size (trait with high ry/r, as well as heat, cold, desicca-
tion and starvation resistance (traits with intermediate rj/r) in Australian Drosophila
melanogaster populations. Studying traits with a lower r;r can provide insight into how
sexes adapt differently to novel environments when intralocus sexual conflict is lower,
leading to less sex-specific constraint (Lasne et al. 2018). Only starvation resistance had
slightly different slopes as a result of latitudinal clines in the sexes but this was primerly

driven by only one of the populations they studied. For the other traits they observed
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parallel slopes for males and females to latitudinal cline (Lasne et al. 2018). This sug-
gests that spatially variable selection was sex-concordant and that r3;r may facilitate

this parallel clinal adaptation in the sexes (Lasne et al. 2018).

Even rarer are studies examining the interaction between sexual dimorphism, local
adaptation and sex-specific plasticity (Svensson et al. 2018). Pitchers et al. (2013),
measured wing size and shape of African Drosophila melanogaster populations from
altiudinal clines and examined both sexual dimorphism and differences in phenotypic
plasticity to temperature due to clinal variation. Although they do not observe any
differences in sexual dimorphism due to altitude, they do observe some differences in
sex-specific slopes to altitude at 18°C compared to 24°C (Pitchers et al. 2013). An-
other study looked at the interaction between sex, adaptive divergence and plasticity in
two populations of copepod Acartia tonsa from Florida and Connecticut (Sasaki et al.
2019). They observed population specific differences in plasticity to temperature, with
both females and males from the Connecticut population having a greater reduction
in size due to increase in rearing temperature. They also observed a slight difference
in SSD between the two populations (Sasaki et al. 2019). I reanalysed of their pub-
licly available data and found that there were significant differences in size due to the
interaction of sex, plasticity and population of origin (Sasaki et al. 2019). This high-
lights the importance of studying the interplay between sexual dimorphism and local
adaptive divergence in the context of phenotypic plasticity because it can reveal un-
foreseen patterns of interaction between different selective forces as well as plasticity
when exposed to novel environments. I explore this complex interaction between sexual
dimorphism, local adaptation and phenotypic plasticity in Chapter 3, where I use two
adaptively diverged Drosophila melanogaster populations from two different altitudes to
assess whether sexual dimorphism and sex-specific plasticity of wing size and shape has
changed as a result of adaptation to high altitudes. I use modern geometric morpho-

metric methods to assess how sexual dimorphism, adaptive divergence and phenotypic
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plasticity due to temperature and diet quality as well as their interplay affect allometric

relationship between wing size and shape.

1.4 Comparative study of SD and CD

As highlighted above, it is very important to study sexual dimorphism and its condi-
tion dependence (and other sex-specific plasticity) under different evolutionary contexts.
This includes the evolution of condition dependent sexual dimorphism at the macro-
evolutionary scale. Comparative analysis of condition dependent sexual dimorphism can
help us discover new patterns and understand conditions under which sexual dimor-
phism and condition dependence are likely to co-evolve. Rensch’s rule is one of the
most widely accepted and studied inter-specific pattern of SSD variation (Rensch 1960;
Abouheif and Fairbairn 1997; Blanckenhorn et al. 2007b). As discussed in Section 1.2, it
is both theoretically predicted and empirically established that the condition dependence
of a sexually dimorphic trait is positively correlated with the degree of sexual dimor-
phism (within the same organism, intra-specifically and inter-specifically). According to
Rensch’s rule, inter-specific variation of SSD is positively correlated with size. Therefore,
we would expect that condition dependence of sexually dimorphic traits to be positively
correlated with size, at least at the inter-specific level. Although there are many studies
examining condition dependent sexual dimorphism and sex-specific plasticity in numer-
ous species (Cotton et al. 2004b; Stillwell et al. 2010; Teder and Tammaru 2005), to date,
only one study has considered studying condition dependence of sexual dimorphism in a
comparative framework, using modern phylogenetic comparative methods (Rohner and
Blanckenhorn 2018). Rohner and Blanckenhorn (2018) examined the condition depen-
dence of sexual dimorphism in several (sub)species of sepsid flies with varying degrees
of SSD including both male- and female-biased SSD (SDI —0.08 — 0.12) (Rohner and
Blanckenhorn 2018). Some of the species from the European continent had counterparts

in North America with complete SSD reversal that went in either direction (male-biased
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to female biased and female-biased to male-biased) (Rohner and Blanckenhorn 2018).
Rohner and Blanckenhorn (2018) raised the flies under a range of nutritional qualities
and measured sizes in traits that vary in sexual dimorphism in these flies. They found
consistent phylogenetic patterns of sex-specific condition dependence and sexual dimor-
phism across the species, with species that are more sexually dimorphic being more
condition dependent (Rohner and Blanckenhorn 2018). The traits with greater degree
of sexually dimorphism, in both male-biased and female-biased species, had heightened
condition dependence than the less dimorphic traits (Rohner and Blanckenhorn 2018).
They concluded that there may be common genetic and developmental basis for sexual
dimorphism and its condition dependence (Rohner and Blanckenhorn 2018). More stud-
ies like these are necessary in order to get a greater understanding of the co-evolution of
condition dependence and sexual dimorphism at the inter-specific level. In our lab, we ob-
serve that intra-specific plasticity-induced variation in wing size and shape in Drosophila
melanogaster can exceed inter-specific variation among the whole melanogaster species
subgroup (unpublished data). In chapter 4, I outline my comparative study of condition
dependent sexual dimorphism in species from the melanogaster species subgroup, where
I have raised these species under limited food availability during development and then

measured wing size, thorax size, and size of different components of the leg.

1.5 Using Drosophila to study sexual dimorphism, condi-
tion dependence and environmental variation in both
the context of adaptive divergence and in a compara-

tive framework

Drosophila is one of the most well studied organisms and has been an insect model
for genetics, evolution, physiology and behaviour for decades. As in the majority of

insect species, Drosophila exhibits moderate female biased SSD where most traits and
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its overall size are 15-20% larger in females than in males (David et al. 2003; Teder
and Tammaru 2005). Drosophila is a great model organism because it is are easy to
rear and manipulate in the lab and there are numerous lineages and species are readily
available. The Drosophila wing is particularly useful as a model for studying sexual
size and shape dimorphism because it is practically two-dimensional. There are many
geometric morphometrics tools that have been developed in order to study the size and
shape of the wing (Adams et al. 2013). The Drosophila wing exhibits both SSD and
sexual shape dimorphism (SShD) and evidence suggests that they are both under sexual
and natural selection (David et al. 2003; Ewing 1964; Gidaszewski et al. 2009; Abbott
et al. 2010; Menezes et al. 2013). Drosophila males use the wing in courtship to produce
a visual and auditory display (Ewing and Bennet-Clark 1968). This courtship display
varies among different Drosophila species and these differences in courtship behaviour
may be used as species recognition mechanism (Ewing and Bennet-Clark 1968). Wing
size and shape may be important for both the visual and auditory courtship display.
In a classical study by Ewing (1964) wing size manipulations via rearing at different
temperatures, selection for greater wing-thorax ratio and artificial wing amputations
were done. For all manipulations, Ewing (1964) discovered that larger wing area in-
creased copulation success. The influence of wing shape on mating success was also
assessed by measuring mating success in flies that have undergone manipulation of wing
shape by selection for either elongated or rounded wings (Menezes et al. 2013). This
study found that males with elongated wings were more successful at mating than males
with rounded wings (Menezes et al. 2013). An analysis of wing SSD and SShD among
the melanogaster species subgroup revealed that there is significant divergence among
the different species in both SSD and SShD (Gidaszewski et al. 2009). However, with
regards to SShD, the observed divergence did not show any phylogenetic signal (Gi-
daszewski et al. 2009). Both the allometric and non-allometric components of shape

showed variable SShD among species suggesting that allometry may not be the primary
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driver of SShD evolution (Gidaszewski et al. 2009). Sexual conflict has been detected
for both wing shape and size (Abbott et al. 2010). A recently discovered trait, the wing
interference pattern (WIP), has also been shown to be under sexual selection (Katayama
et al. 2014). Greater saturation and intermediate hues in the magenta range were shown
to be most attractive (Katayama et al. 2014). In fact, intra-sexual selection has been
observed among Drosophila males in many species (Bateman 1948b). Most Drosophila
species use scramble competition as a mating system (Partridge et al. 1987). Males of-
ten perform an elaborate courtship display that can include specific locomotor, auditory
and tactile cues such as hopping and dancing, wing vibrations, wing displays, licking,
touching (Ewing 1983). Interestingly, despite the observed sexual selection on males for
greater size (Partridge et al. 1987), we still observe female biased SSD in Drosophila.
This suggests that there may be opposing natural selection or other constraints that do
not allow for the exaggeration of the Drosophila traits in males, such as the wing. Using
a system like the Drosophila wing to study condition dependence of sexual dimorphism
can help us understand how these processes co-evolve in a moderate female-biased SSD
(in most species) under complex selective forces. Other than SSD and SShD, additional
secondary sexual characters in Drosophila include sex combs, wing spots, body coloura-
tion (Kopp et al. 2000; Kopp and True 2002). The Drosophila phylogeny has been pretty
well resolved and can be readily used in phylogenetic comparative analysis (O’Grady and
DeSalle 2018; Linde and Houle 2008). Among Drosophila species, we generally observe
female biased SSD for overall body size, with the exception of D. prolongata (Rohner
et al. 2018b). Unlike most insects, Drosophilids follow Rensch’s rule (Blanckenhorn et
al. 2007b). The development of Drosophila has been studied extensively allowing us to
examine the developmental mechanisms that lead to the production of conditionally-
dependent sexually dimorphic traits. Proximate causes of SSD in Drosophila include
varied development time, with males taking longer to develop compared to females, as

well as different sex-specific weight loss during third instar and pupation stages (Testa
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et al. 2013; Butler and Losos 2002). The differences in SSD are genetically mediated
through sex determination pathway genes such as transformer and their influence on the
insulin-like growth factor pathway (Millington et al. 2021; Rideout et al. 2015; Mathews
et al. 2017). Using Drosophila, we can ask questions many questions about the evolution
of condition dependence of sexual dimorphism under different evolutionary scenarios.
Therefore, Drosophila is an attractive model for studying the dynamics of the evolu-
tion of condition-dependent sexual dimorphism because of the large variety of lines and

species that are available with both known and unknown evolutionary histories.

1.6 Quick overview of thesis and rationale

In this thesis, I address major themes and questions that have been central in the field
of evolutionary biology. These include questions about evolution of sexual dimorphism,
phenotypic plasticity, canalization, adaptive evolution, macro-evolutionary patterns as
well as their interplay. Studying these questions in such an integrated way is important
because organisms in nature evolve in complex environments and are often the target
of multiple influences including their evolutionary history, their genomes, their develop-
ment, the environment that they develop in and live as adults, and the interaction of
their external and internal (genomic and epigenomic) environments. All of these factors
can have a huge impact on the phenotypic expression of traits which can determine how

future evolution occurs.

In chapter 2, I study the influence of adaptive evolution on the breakdown of envi-
ronmental canalization. In this study, I use two adaptively diverged African populations
of Drosophila melangaster; one population that has adapted to life at high altitude by
increasing body size and wing loading and the other population from a low altitude near

the ancestral range of Drosophila melangaster. Previous studies have determined that
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the high altitude population has undergone a breakdown of genetic canalization as a re-
sult of the adaptation to high altitude with evidence of greater sensitivity to mutagenesis
(Lack et al. 2016a). In my study, I test the congruence hypothesis (Wagner et al. 1997),
which predicts that environmental and genetic canalization should be correlated because
genetic canalization evolves as byproduct of the evolution of environmental canalization.
The theoretical background behind this hypothesis is summarized in section 1.2.4 and the
introduction and discussion of chapter 2. I examined the environmental canalization us-
ing wing size and shape, at three different levels. I quantified micro-environmental canal-
ization by studying within-individual variation (fluctuating asymmetry of wing size and
shape) and among-individual within-line variation, and I studied macro-environmental
variation by examining reaction norms to temperature treatments strains derived from
the high- and low-altitude populations. I assessed whether these measures of micro- and
macro-environmental canalization for wing size and shape are correlated with proportion
of wing defects in order to examine whether environmental and genetic canalization are
correlated. Idid not find any differences in micro- and macro-environmental canalization
and there were no significant correlations between these measures and proportion of wing
defects. These findings suggest that, in these populations of Drosophila melanogaster, en-
vironmental and genetic decanalization are not in fact associated (Pesevski and Dworkin
2020). This study is one of the most explicit studies testing the congruence hypothesis
since its proposal. It is the first study to use a naturally existing population in which
direct evidence of genetic canalization have been observed. Previous studies have either
used indirect measures of genetic canalization or have used lab induced mutations in
lab adapted populations (Lehner 2010; Stearns and Kawecki 1994; Stearns et al. 1995;
Szollhosi and Derenyi 2009; Dworkin 2005a; Dworkin 2005c; Borenstein and Ruppin
2006). However, this study tests the congruence hypothesis in only a single case where
there is naturally occurring genetic decanalziation. More studies are necessary in order

to establish whether the congruence hypothesis can be fully dismissed. It is important
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to understand the evolutionary mechanisms by which both environmental and genetic
canalization evolve or break down because they can have tremendous impact on how
organisms express their phenotype and that in turn can affect how they evolve in the

future.

In chapter 3, I use the same altitudinally diverged African populations from chapter
2, in order to examine the effect of adaptive divergence on wing size and shape sexual
dimorphism and its condition dependence. I raised strains from the two population
under different diet qualities and developmental temperatures and measured wing size
and shape using geometric morphometrics methods. I discovered that, despite the drastic
differences in phenotype of wing size and shape between the high- and low-altitude
populations, both SSD and SShD and their response to nutrition were relatively similar
in the two populations. The low-altitude population had a slightly greater reduction
in SSD but not SShD as a result of low developmental temperature. Since wing size
varied strongly due to all the different factors: adaptive divergence, sex, nutrition and
temperature, I wanted to examine the influence of these factors on the allometric vectors
of wing shape. I calculated the size-shape allometric vector distances and correlations
between comparable groups and found that allometric vectors differed least for sex,
moderately for adaptive divergence and diet and the most for temperature. Interestingly,
the largest differences were observed between allometric vectors from the high and low
altitude populations at 18°C and 28°C. Finally, I wanted to determine whether allometry
played an important role to the SShD that we observed in these populations at the
different diets and temperatures. I partitioned allometric and non-allometric SShD in
all the different groups and discovered that both contributed to overall SShD. However,
to do this I assumed common allometry in the sexes and discovered that this assumption
is violated despite the high allometric vector correlations, leading to the allometric and
non-allometric SShD not adding up to the total SShD. This study demonstrated that,

at least within these populations of Drosophila melanogaster, adaptation does not have
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an influence on sexual dimorphism of the wing and its condition dependence. However,
more systems like these need to be studied in order to fully understand the interplay

between adaptation, sexual dimorphism and condition in the future.

In chapter 4, I examine whether sexual dimorphism and condition dependence have
correlated evolution at the inter-specific level using Drosophila species from the melanogaster
species group with varied degrees of SSD. I raised strains from 27 different species under
unrestricted larval diet (high condition) and restricted larval diet (low condition) and
measured the thorax, leg segments and wing area. One of the species examined in this
study, Drosophila prolongata, has male-biased SSD. I found that within each species, the
more dimorphic a trait is the more condition dependent it is. In most species, the wing
had the highest degree of both SSD and condition dependence, while the leg segments
were the least dimorphic and condition dependent. However, this pattern did not hold
in Drosophila prolongata, in which tibia length and width were the most dimorphic,
but the wing had the greatest condition dependence. Additionally, I observed relatively
strong phylogenetic signal for all traits and SSD of all the traits but not for condition
dependence. At the inter-specific level, evolutionary patterns of SSD and condition de-
pendence did not correspond, suggesting that in the melanogaster species group sexual

dimorphism and condition dependence do not have correlated evolution.
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Chapter 2

Genetic and environmental
canalization are not associated
among altitudinally varying
populations of Drosophila

melanogaster

2.1 Abstract

Organisms are exposed to environmental and mutational effects influencing both mean
and variance of phenotypes. Potentially deleterious effects arising from this variation
can be reduced by the evolution of buffering (canalizing) mechanisms, ultimately reduc-
ing phenotypic variability. There has been interest regarding the conditions enabling
the evolution of canalization. Under some models, the circumstances under which ge-
netic canalization evolves is limited, despite apparent empirical evidence for it. It has

been argued that genetic canalization evolves as a correlated response to environmental
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canalization (congruence model). Yet, empirical evidence has not consistently supported
predictions of a correlation between genetic and environmental canalization. In a recent
study, a population of Drosophila adapted to high altitude showed evidence of genetic
decanalization relative to those from low altitudes. Using strains derived from these
populations, we tested if they varied for multiple aspects of environmental canalization
We observed the expected differences in wing size, shape, cell (trichome) density and
mutational defects between high- and low-altitude populations. However, we observed
little evidence for a relationship between measures of environmental canalization with
population or with defect frequency. Our results do not support the predicted association

between genetic and environmental canalization.

Key Words

Canalization, Drosophila melanogaster, Adaptation, high altitude, Wing shape, Body

size, Phenotypic Integration, Geometric morphometrics, Cell size
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2.2 Introduction

In addition to differences in trait means, there can be considerable variation in how much
variation is observed among individuals of a given genotype (Waddington 1942; Rendel
1963; Felix and Barkoulas 2015; Flatt 2005; Visser et al. 2003; Siegal and Leu 2014;
Klingenberg 2019; Mayer and Hansen 2017; Pelabon et al. 2010; Gibson and Wagner
2000). Theoretical work has examined this propensity to vary with respect to the evolu-
tion of phenotypic robustness or canalization. Such evolved properties are important to
examine, as environmental and mutational variation influence trait variance, ultimately
influencing organismal performance and fitness (Arnold 2003; Arnold 1983). The sen-
sitivity of a given genotype in its response to mutational or environmental influences
can vary among genotypes. It has been empirically demonstrated that under muta-
tional or environmental perturbation, there is often the expression of cryptic genetic
variation, which has previously been used as evidence for genetic canalization (Paaby
et al. 2015; Paaby and Rockman 2014; Scharloo 1991; Gibson and Helden 1997; Dworkin
2005a). Theory suggests that robustness to environmental variation — environmental
canalization — can readily evolve as organisms are constantly exposed to the influence of
environmental effects (Eshel and Matessi 1998; Wagner et al. 1997). Yet, as deleterious
mutations are often purged by natural selection, this can result in weak selection for
genetic canalization (assuming stabilizing selection on the trait), making it potentially
less likely to evolve (Wagner et al. 1997; Proulx and Phillips 2005; Visser et al. 2003;
Gibson and Wagner 2000).

The congruence hypothesis was proposed as a solution to the apparent inconsistency
between theoretical and empirical work regarding the evolution of genetic canalization
(Wagner et al. 1997). This hypothesis predicts that genetic canalization evolves as a

correlated response during selection for environmental canalization (Wagner et al. 1997;
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Gibson and Wagner 2000; Visser et al. 2003). Empirical evidence for associations be-
tween genetic and environmental canalization is mixed. Some studies provide supporting
evidence both from simulations (Ancel and Fontana 2000; Siegal and Bergman 2002;
Shu et al. 2007) and empirical work (Lehner 2010; Stearns and Kawecki 1994; Stearns
et al. 1995; Szollhosi and Derenyi 2009). However, some explicit tests for the congru-
ence model did not find support for it (Dworkin 2005a; Dworkin 2005¢; Borenstein and
Ruppin 2006). The most likely explanation is that the evolution of genetic and envi-
ronmental canalization are not homogeneous, given the complex interplay of selection,

mutation rates, genetic architecture, and evolutionary history.

There are a number of important methodological and conceptual issues that influence
the debate on the congruence hypothesis, and the study of the evolution of canalization
more generally. First, the conditions in which the release of cryptic genetic variation can
be used to infer genetic canalization may be more limited than once thought (Hermis-
son and Wagner 2004; Geiler-Samerotte et al. 2019). Rather, mutation accumulation or
mutagenesis experiments are likely to be more fruitful for investigating genetic canaliza-
tion. Second, environmental canalization is often measured using multiple approaches
that differ with respect to what aspects of environmental robustness they seek to capture.
Within-individual variation (fluctuating asymmetry), among-individual within-genotype
variation, and reaction norm of trait means under common or different environmental
treatments (Dworkin 2005b) have all been employed. Using these methods to study
genetic and environmental canalization, some studies have seen modest evidence of as-
sociation between degree of sensitivity to genetic perturbation (changes in trait means)
and within- or among-individual variance within a genotype (Dworkin 2005a; Dworkin
2005¢; Chari and Dworkin 2013; Camara and Pigliucci 1999; Chandler et al. 2017).
However, a number of other studies do not show a consistent relationship between mag-
nitude of perturbation and among-individual within-line or within-individual variance

(Haber and Dworkin 2017; Debat et al. 2009; Levy and Siegal 2008). This suggests that
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there are multiple, partially distinct properties when considering robustness for a given

genotype.

Surprisingly, one issue that has not been broadly considered in the literature regard-
ing the evolution of canalization is the influence of both lab adaptation (domestication)
and the use of lab induced mutations. Most studies of canalization and robustness
use lineages that have likely undergone some degree of adaption to lab environments.
Furthermore, many studies often use lab-induced mutations as a source for genetic per-
turbations (Paaby et al. 2015; Gibson and Helden 1997; Dworkin 2005a; Dworkin 2005c¢;
Haber and Dworkin 2017; Hallgrimsson et al. 2006; Debat et al. 2011; Levy and Siegal
2008). However, lab domestication and induced mutations may be unrepresentative of
natural populations (Dittmar et al. 2016; Rockman 2008; Orgogozo et al. 2015). Lab-
induced mutations may not reflect the spectrum of mutational effects experienced by
natural populations. This may bias inferences regarding the ability of genotypes to
buffer the effects of mutations that organisms are exposed to during their evolutionary
history. Furthermore, when considering the evolution of canalization, the evolutionary
history of the experimental populations matters. In some experimental studies, collec-
tions of natural lineages or families that have heterogeneous geographical origins, and/or
have been maintained in the lab for long periods of time are used (i.e. Dworkin(2005),
Dworkin(2005)). Thus, explicit tests for the correlated evolution of genetic and environ-
mental canalization (sensu Wagner et al. (1997)) is difficult without knowledge of the

evolutionary history of such populations.

Another shortcoming of many empirical which examine properties of phenotypic ro-
bustness and canalization is that they have examined variation with a univariate per-
spective (Dworkin 2005a; Dworkin 2005¢), even when examining many traits (Levy and
Siegal 2008; Takahashi et al. 2011; Takahashi et al. 2010; Takahashi 2017). Considerable

evidence and theory have demonstrated that a multivariate perspective on evolutionary
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change (Az = GJf) improves predictions and understanding of evolutionary responses to
selection (Lande and Arnold 1983a; Lande 1979; Schluter 1996; Walsh and Blows 2009;
Houle et al. 2017a; Blows and Mcguigan 2014; Mcguigan and Blows 2007; Pitchers et al.
2014; Agrawal and Stinchcombe 2009; Hansen and Houle 2008). Yet, this perspective
has only been considered in a modest number of studies examining variational properties
of phenotypes (Debat et al. 2009; Debat et al. 2011; Hallgrimsson et al. 2009; Hallgrims-
son et al. 2006; Green et al. 2017; Debat et al. 2006; Breuker et al. 2006; Cheverud et al.
1983; Pavlicev et al. 2009). When considering properties of trait (co)variation in this
perspective, it is not just the magnitude of variation (matrix size), but direction (of ma-
jor axes of variation) and the shape of the variance-covariance matrix (a proxy for trait
integration) that need to be considered as well. In a recent study examining variation
in E (from P = G + E) across naturally derived strains and lab induced mutations,
it was demonstrated that changes to trait means and relative orientation (directions of
major axes of variation) of phenotypic (co)variances matrices were more variable than
phenotypic integration (Haber and Dworkin 2017). This suggests that a multivariate
perspective needs to be consistently applied to studies examining trait (co)variation

(Klingenberg 2019).

Thus, what has been lacking for empirical studies testing evolutionary models of
canalization is a system with the relevant natural history that can be studied with a
multivariate approach. Lack et al.(2016), among other recent studies, demonstrated that
populations of Drosophila melanogaster from sub-Saharan Africa have recently adapted
to a high-altitude environment. As is common for small insects evolving to high altitude
environments (Dillon et al. 2006b), the high-altitude African population has evolved
increase in cold-tolerance (Pool et al. 2016) and melanism (Bastide et al. 2016). They
have also adapted via increased body size, wing size and shape (Pitchers et al. 2013;
Lack et al. 2016a; Lack et al. 2016b; Bastide et al. 2016; Fabian et al. 2015; Klepsatel

et al. 2014), likely to deal with changes in flight response in cold, thin air (reviewed

47


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

PhD—- Maria PESEVSKI; McMaster University— Department of Biology

in Dillon et al. 2006b). Intriguingly, there is a substantial increase in the frequency
of qualitative mutational defects of wing morphology in the high altitude population
(Lack et al. 2016a). Partially inbred Strains derived from a high-altitude Ethiopian
population have defect frequencies as high as 40-50% (Lack et al. 2016a). This increase
in frequency was not simply a result of hitchhiking of deleterious alleles, or a strong
bottleneck, (Pool et al. 2012a) but due to reduced mutational robustness, as assessed
using mutagenesis experiments (Lack et al. 2016a). Importantly, the population-specific
mutational sensitivities are pleiotropically linked to variants that influence the increase in
wing size. This appears to be the case whether considering the variants among the high-
and low-altitude populations (Lack et al. 2016a), or even in putative ancestral lowland
populations (Groth et al. 2018) that have been artificially selected for larger wing size.
Currently, it is inferred that the increase in mutational sensitivity in the high-altitude
population may have been a result of strong directional selection on size, leading to
rapid adaptation, with negative pleiotropic consequences. Compared with the ancestral
low-altitude population that likely experienced a long history of stabilizing selection
(and thus potentially promoting the evolution of canalization), the increase in size due
to adaptation to conditions at high altitude, or due to strong artificial selection (Groth
et al. 2018) have resulted in the evolutionary loss of canalization. This may represent
a situation similar to that envisioned by Waddington (1942), where the population has
not yet re-evolved its canalization mechanism after a long bout of strong directional

selection for larger body size, wing size and shape.

The evolutionary history of the high- and low-altitude populations provides an ideal
opportunity to test the relationship between genetic and environmental canalization.
While there is considerable genetic variation within populations, strains derived from a
high-altitude population in Ethiopia from an elevation of ~3000 m are much larger in
body and wing size, have distinct wing shapes and have a greater frequency of qualita-

tive ‘mutant’ phenotypes than low-altitude populations from Zambia from an elevation
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of ~500m (Lack et al. 2016a). Wing size and shape in D. melanogaster is a model
system for studies of plasticity, sensitivity to mutational perturbation and within- and
among-individual variability using both natural and lab-induced variation (Haber and
Dworkin 2017; Debat et al. 2011; Breuker et al. 2006; Debat et al. 2006; Soto et al.
2008; Klingenberg and Zaklan 2000; Pelabon et al. 2006). In this study, we compared
environmental canalization between the high and low-altitude populations. We used
different measures of environmental canalization: within-line, among-individual vari-
ation (micro-environmental variation), within-individual variation (fluctuating asym-
metry) and phenotypic plasticity across a temperature gradient (macro-environmental
variation). Further, we examined associations between different measures of environ-
mental canalization and mutational perturbation to test the congruence hypothesis and
determine whether strains with greater proportion of defects are also more variable (aka
more decanalized). Despite demonstrating substantial population and environmental
differences in wing size, shape, cell density and penetrance of mutational perturbation
consistent with previous studies, we observed no consistent differences in measures of
micro-environmental and macro-environmental canalization among populations. These
results are discussed within the context of our ongoing understanding of the evolutionary

mechanisms that influence trait variability.

2.3 DMaterials and Methods

2.3.1 Fly strains and Growth conditions

Drosophila melanogaster strains used in the current study represent a subset of those
from Lack et al. (2016) and Lack et al. (2016). The high-altitude inbred strains were
derived from flies collected in Fiche, Ethiopia at an altitude of 3070 m in December 2011.
The low-altitude strains were collected in Siavonga, Zambia at an altitude of 530 m, and
a 3125 km linear distance away from the high-altitude Ethiopian population in July

2010. These strains underwent inbreeding in the lab, which is expected to substantially
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reduce the effects of lab adaptation (because of the small N, within each strain), but
this does result in substantial genetic drift within lines (but should not substantially

alter allele frequencies among lines).

The flies for the micro-environmental variation experiments were raised as per Lack
et al. (2016). Flies were raised at 25°C, in 70% humidity, with 12:12 hour light/dark
chamber, on standard cornmeal molasses food at a low larval density. This experiment

was performed in June 2013.

A subset of the strains described above were used for the temperature plasticity
(macro-environmental variation) and fluctuating asymmetry experiments. These strains
were raised on a 1:1.5 protein to sugar ratio diet; recipe outlined in Table A-S3 at 24°C
for two generations prior to the experiment. Newly emerged adults (10-20 males and
females), were collected and placed in egg collection chambers with apple agar plates with
yeast. Eggs were collected, 50 at a time, and placed into vials with food. Flies were raised
at 18°C, 24°C, and 28°C in 12:12 hour light /dark chambers until emergence. Adults were
collected within 2 days of emergence and preserved in 70% ethanol. This experiment was
performed in 2017. While these strains are partially inbred, as a check, we confirmed that
the phenotypic effects of the size related traits from these lineages remained correlated
with the low altitude populations (where variation for size is considerable), and also

showed the same overall patterns (for mean size, shape and defect frequencies).

2.3.2 Phenotyping
Wing size and shape - Micro-environmental canalization

The right wing of each fly was dissected and imaged using an Olympus DP30B camera
mounted on an Olympus BX51 microscope (Olympus software V.3,1,1208) using a 2x
objective (20X total magnification). Landmark and semi-landmark data was captured

using a modified version of the “WINGMACHINE” pipeline (Houle et al. 2003; Pitchers
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et al. 2019a). Coordinates of two starting landmarks were recorded using tpsDig2 soft-
ware (V2.16). These coordinates are the humeral break on the leading edge of the wing
and the alula notch on the trailing edge of the wing. B-splines were fit to veins and wing
margin for each image using Wings (V3.7), reviewed and manually adjusted, if necessary.
Landmark and semi-landmark positions were extracted and the shape information after
adjusting for size, position, and rotation information using CPReader software (V1.12r).
This produced data composed of 12 landmarks and 36 semi-landmarks (Figure 2.1B)
as well as centroid size of for each specimen. The strains used in this experiment are

outlined in Table A-S1.

Measuring trichome (cell) density

A subset of strains used for the the initial size and shape analysis were re-imaged with
a higher-resolution camera. We chose 15 strains from each population as follows: five
strains each were chosen with the highest and lowest within-line coefficient of variation
(CV) for wing size. Additionally, five strains were chosen at random from each popula-
tion. This allowed us to maximize the variation we examined within each population.
We phenotyped 15-20 males and females from each strain. Wings were imaged using an
Olympus DP80 camera mounted on an Olympus BX43 microscope, using a 4X objective
(total 40X magnification). Images were captured with cellSens Standard (V1.14) soft-
ware. Cell density was quantified by counting trichomes on the surface of the wing using
the ImageJ FijiWings macro (V2.2) (Dobens and Dobens 2013). Each trichome repre-
sents a single cell (Dobzhansky 1929). We used a 0.0065mm? (75x75 px) measurement

area in each of 16 different locations in the wing (Figure 2.4A).

Wing size and shape - Macro-environmental canalization

The right wing of each fly was imaged using the same microscope settings as the cell

density experiments. Wing size and shape were quantified using the same pipeline as
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the micro-environmental canalization experiment. We used 3 replicate vials per strain

per rearing temperature. Strains used for this experiment are outlined in Table A-S2.

Fluctuating Asymmetry of wing size and shape

Left and right wings were phenotyped for two lines from each population (E39 and E73
from high-altitude, Z254 and Z311 from low-altitude, total number of individuals: 509)
to assess fluctuating asymmetry. Duplicate measurements were taken of the left and
right wings from 77 individuals chosen randomly from different populations, sexes and
rearing temperatures to estimate measurement error. The same phenotyping methods

were used as the micro-environmental canalization experiment.

Quantification of wing defects

Each wing image was manually scored for venation defects. For the micro-environmental
canalization experiment, proportion of defects was calculated as the ratio of the num-
ber of wings with defects to total wings for each line. For the macro-environmental
canalization experiment, each individual wing was scored based on whether they have
a defect or not, using a binary scale (1 for defect observed, 0 for defect not observed).
The proportion of defects for each line was calculated by averaging the scores for all

individuals within line and experimental treatment.

2.3.3 Analysis

Data was analyzed using R (v3.5.1) (R Core Team 2018) in RStudio (v1.1.456) on a
MacBook Pro, running macOS Mojave (V10.14.2). Mixed models were run using Imer
and glmer from the package Ime4 (V1.1.19) (Bates et al. 2015), glmmTMB (Brooks
et al. 2017) and procD.lm from the package geomorph (V3.0.7) (Adams et al. 2018).
Generalized linear models were run using glm from the stats package (V3.5.1) (R Core

Team 2018).
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Modeling wing size, shape, cell density and wing defects

Linear mixed models were fit with the wing size, and cell density data, and generalized
linear mixed model (binomial distribution, with a logit link) was fit with the wing defects
data using population, sex, rearing temperature (for macro-environmental canalization
experiment) and their interactions as fixed effects. Where possible, the intercept and sex
effects were allowed to vary as random effects of line (strain). Additionally, for the cell
density data, wing region was included as a fixed effect to test whether there is variation
in cell density across the wing, and an individual level random effect was included to

account for the multiple measures per wing.

For the temperature plasticity experiment, we used a model similar to the one de-
scribed above, but allowing temperature effects to vary according to linear and quadratic
effects (using 2nd degree orthogonal polynomials), including interaction effects with tem-

perature and within the random effects of line nested within population.

For wing shape, we fit a multivariate linear model using procD.lm estimating the
contributing effects of centroid size, population and sex and their interactions as fixed
effects, and line nested within population as a random effect. Statistical inference was
performed using a randomized residual permutation procedure in geomorph using 1000-

2000 permutations for each effect.

Estimating among-individual, within-line variation of wing size, shape and

cell density

For wing size, among-individual, within-line variation was estimated in two ways for
each strain, using the coefficient of variation (CV = %) and the median form of Levene’s
deviates (used for all formal statistical inference) (Van Valen 2005; Dworkin 2005b). For
the macro-environmental canalization experiment, sex effects were first modeled out and

then CV and Levene’s deviates were calculated for each line at each temperature.
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To capture some of the multivariate variational properties for wing shape, we focused
on two measures estimated for each strain. First we used matrix size (total variance),
which is the trace of variance-covariance matrix for the strain. This is meant to capture
overall variation. This is equivalent to the sum of the eigenvalues (Van Valen 2005).

Total variance estimates were multiplied by a factor of 1000.

We also examined trait integration of wing shape using two measures derived from
the within-line covariance matrix. Specifically we used matrix eccentricity as well as
the standard deviation of its eigenvalues (scaled), (Jones et al. 2003; Kirkpatrick 2009;
Haber 2011; Pavlicev et al. 2009; Van Valen 1974). The standard deviation of eigenvalues
of the covariance matrix has been used extensively as a proxy for integration (Pavlicev
et al. 2009; Cheverud et al. 1983; Haber 2011). We calculated the relative standard
deviation of eigenvalues (rSDE) and the relative standard deviation of the eigenvalues
scaled by total variance (rSDE2) (Pavlicev et al. 2009; Van Valen 1974; Haber 2011).
rSDE estimates were multiplied by a factor of 10000 and rSDE2 estimates were multiplied
by a factor of 10. The shape of the VCV matrix can also be quantified using matrix
eccentricity. While typically defined as the ratio between the first two eigenvalues (Jones
et al. 2003; Kirkpatrick 2009), we used a generalization which was the ratio between the
largest eigenvalue and the total variance (Haber and Dworkin 2017), which has been
shown to be proportional to rSDE2. Variation due to sex and size was modeled out

prior to estimating total variance, eccentricity and rSDE for each strain.

The registration process (Procrustes superimposition) influences covariation within
and among landmarks. As such, the use of Procrustes residuals for analysis is of potential
concern. However, in our previous study, we demonstrated using a variety of approaches,
that at least for Drosophila wing shape, results from Procrustes superimposition were
extremely similar to those generated via spatial interpolation of the data to generate

multivariate variables (Haber and Dworkin 2017). As such, for this study we used the
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Procrustes residuals for simplicity.

CV and Levene’s Deviates, were also calculated for trichome (cell) density for each
strain. CV was calculated in two ways. First by averaging the cell density across the wing
for each individual and calculating the within-individual CV, and then averaging CV for
line. Alternatively, cell density CV was calculated by averaging cell density for each line
first and then calculating CV. These two approaches of measuring CV produced similar
results and only the first one is used in this paper. Associations between the measures

calculated above across strains was performed using a Pearson correlation coefficient.

We examined whether any of the variation measures (CV and Levene’s deviates for
size, total variance, eccentricity, rSDE and rSDE2, as well as cell density CV and Lev-
ene’s deviates, as response variables) varied due to the effects of population and sex.
Generalized linear mixed models were fit, sex (excluded for for macro-environmental ex-
periment), population, temperature (for macro-environmental canalization experiment)
and their interactions as fixed effects. The intercept and where possible sex were allowed
to vary as random effects by line (nested within population). Given that all of these
responses can only take on continuous positive values we assumed a Gamma distribution

with an inverse link function.

Fluctuating Asymmetry of wing size and shape

To quantify measurement error, duplicate measures were taken for left and right wing
shape for 77 individuals. Wing size measurement error was estimated using an analysis
of variance (ANOVA) and wing shape measurement error estimated using a Procrustes
ANOVA. For both wing size and shape, individual, side and their interaction were used
as effects. The side effect represents directional asymmetry, the individual effect rep-
resents variation among individuals and the side:individual interaction term represents

fluctuating asymmetry The residual variance in this model estimates measurement error
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(Klingenberg and MclIntyre 1998; Debat et al. 2009; Palmer and Strobeck 1986; Palmer
and Strobeck 2003; Palmer 1994). We compared the variation of the side:individual
interaction term with the residual variation in order to determine whether the measure-

ment error was negligible with respect to fluctuating asymmetry (Supplementary Tables

A-S29 and A-S30).

Fluctuating asymmetry of wing size was calculated using standard FA indices: FA1
(FAL = |R — L|) and FA8a (FA8a = |In(£)|) (Palmer and Strobeck 1986; Palmer and
Strobeck 2003; Palmer 1994).

In order to estimate and assess differences in developmental stability (based on FA),
we fit a generalized linear mixed model using the FA indices for wing size F'A1 and
FA8a as response variables, temperature, sex, population and their interactions as fixed
effects. Random effects of the intercept, sex and temperature were allowed to vary
according to line nested within population. A Gamma distribution and an inverse link
function for the response were used. The FA component for shape was extracted for
each specimen using the bilat.symmetry function from geomorph to remove directional
asymmetry. As a confirmation of this analysis, wing shape FA was calculated as the
Procrustes distance between the left and right wing for each individual PDpgry. We fit
a generalized linear mixed model using PDpgy, as response variables, temperature, sex,
population and their interactions as fixed effects and line as random effect assuming a
Gamma distribution and an inverse link function. As a confirmation of the FA analysis,
morphological disparity analysis was performed to compare the difference in FA among

groups. Each analysis provided largely similar results and only the first two are shown.
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2.4 Results

2.4.1 Wing size, shape and wing defects vary between high- and low-

altitude populations

We first confirmed differences in trait means across populations. Consistent with previ-
ous findings (Lack et al. 2016a; Pitchers et al. 2013; Fabian et al. 2015), the high-altitude
population has substantially larger wing size compared to the low-altitude population
(Figure 2.1A, Table A-S4). Wing shape also varies in a manner consistent with previous
studies (Procrustes distance of 0.013 between populations) (Pitchers et al. 2013) shown
in Figure 2.1C and Table A-S5.
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FIGURE 2.1: Wing size (centroid size) and shape variation within and
among high- and low-altitude populations. (A) High-altitude population
has larger wings than the low-altitude population (B) Landmarks (red)
and semi-landmarks (blue) used in the analysis of wing shape. (C) Mean
difference in wing shape between the high- and low-altitude population,
scaled 2x. Procrustes distance between mean shapes of the two popula-
tions is 0.013

Consistent with Lack et al. (2016), flies from the high-altitude population have a
greater proportion of wing defects compared to the low-altitude population (Figure A-

S1 , Table A-S8). On average, 26.7% (CI 22.8% - 29.9%) of high-altitude females and
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22.0% (CI 18.6% - 25.8%) of males show such defects. In contrast, the average for the
low-altitude females is 10.6% (CI 7.53% - 14.6%) and 12.2% ( CIs 8.22% - 17.6%) for

males.

2.4.2 Micro-environmental variation for wing size is similar between

high- and low-altitude populations

While it was previously demonstrated that the high-altitude population is genetically
decanalized (Lack et al. 2016a), it is unclear whether this is also associated with any
form of environmental decanalization. To enable comparisons with previous studies we
used both the coefficient of variation (CV) and Levene’s deviates to measure among
individual, within-line variation. CV was plotted for ease of interpretation, but all
statistical analyses were performed using Levene’s deviates (Van Valen 2005; Dworkin
2005b). However, Levene’s deviates and CV are highly correlated (high-altitude r =
0.89 CIs 0.81 - 0.94; low-altitude r = 0.98 CIs 0.94 - 0.99) (Figure A-S3  B). As shown
in Figure 2.2A, Figure A-S3 A and Tables A-S6 and A-S7 , measures of among in-
dividual, within-strain variability are similar between the high-altitude and low-altitude

populations.

We examined the relationship between CV and proportion of defects, which showed a
weak negative correlation, in the high-altitude population r = —0.28 (CIs —0.55 - 0.045),
and a correlation close to zero in the low-altitude population r = —7.45 x 1073 (CIs
—0.46 - 0.45) (Figure 2.2B, Figure A-S4  A) although confidence intervals included
zero for both populations. Similar results were observed when comparing within-line

Levene’s Deviates with proportion of defects (Figure A-S4  A).
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FIGURE 2.2: Within-line, among individual variation for wing size is sim-
ilar across high- and low-altitude populations. (A) Within-line coefficient
of variation for wing size is similar in high- and low-altitude populations.
Large symbols represent fitted values, small symbols represent coefficient
of variation by line. Error bars are 95% CI (B) Within-line variation for
wing size is not correlated with proportion of defects in both the high-
altitude population r = —0.28 (CIs —0.55 - 0.045) or the low-altitude
population r = —7.45 x 1073 (CIs —0.46 - 0.45)

2.4.3 Micro-environmental variation for wing shape is similar between

high- and low-altitude populations

Strains derived from high- and low-altitude populations have similar levels of wing shape
variation measured as the total variance (matrix size). This is also true for measures of
integration (Figure 2.3 and Tables A-S9, A-S10, A-S11, A-S12). We observed this using
both the relative standard deviation of eigenvalues and eccentricity of the covariance
matrices (Figure A-S6 ). Similar to the patterns for wing shape among populations,
there is little evidence that total variance, eccentricity, rSDE and rSDE2 are correlated
with frequency of wing defects (Figures A-S2  and A-S5 ) in either the high-altitude

(Total variance: r = 0.16 CI —0.26 - 0.53; eccentricity: r = —0.24 CI —0.59 - 0.18; rSDE:
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r=7.6x10"%95% CI —0.40 - 0.41; rSDE2: r = —0.29 95% CI —0.62 - 0.12) or low-
altitude populations (total variance: r = 0.34 CI —0.24 - 0.74; eccentricity: r = —0.33
CI —0.73 - 0.24; rSDE: r = 0.12 95% CI —0.44 - 0.61; rSDE2: r = —0.17 95% CI —0.65

- 0.39).
A . B .
0.25 . m
< &)
E . ? 0.125 .
c B
S . S
8 0.20 T © s
© o 0.100 .
> 2
() R )
o © :
e ‘. %
n . < 0.075 Ry
o 0.15 te, ) o
= o 5.
= . é .
0.050
High—-Altitude Low-Altitude High—Altitude Low-Altitude

Population ® High-Altitude Low-Altitude

FIGURE 2.3: Similar patterns of within-line measures of variability for
wing shape between high- and low-altitude populations using (A) a mea-
sure of wing shape variation, total variance of the VCV matrix (values
multiplied by 1000), and (B) measure of wing shape integration using
relative standard deviation of the eigenvalues of the VCV matrix (rSDE;
values multiplied by 10000). Error bars are 95% Cls

2.4.4 Cell Density varies across the wing, between population and
sexes

Consistent with previous work, we observed that average cell density is lower (cell size is

greater) in the high-altitude population relative to the low-altitude population (Figure

2.4B) (Fabian et al. 2015; Lack et al. 2016b) as well as for females versus males (Alpatov

1930; Dobzhansky 1929). Most studies count trichomes (cells) in a single small region

of the wing. Yet, cell sizes are known to vary in different regions of the wing from
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less than 7.9um to greater than 11.3um in diameter (Gonzalez-Gaitan et al. 1994). To
account for local effects, we measured cell density in 16 regions across the wing (Figure
2.4A, Figure A-S7 ). While cell density varies considerably across the wing, with
some intriguing interactions between sex, region of the wing and population, the overall
pattern as observed in previous work (Lack et al. 2016b; Fabian et al. 2015) remains

(FigureA-S7  ; TableA-S13).

2.4.5 Variation within and among individuals for cell density is not

associated with among-individual variability in size or shape

After we confirmed and expanded upon the previously demonstrated association between
cell density and wing size with respect to population and sex, we asked whether variation
in cell density, within the wing was directly associated with variation among individuals
in wing size and shape. That is, do lines that show the greatest degree of among-
individual, within-line variation for wing size and shape also show the greatest variation
for cell density within and between individuals? We calculated the within-line CV for
cell density across the wing in order to determine if there are any differences in within-
line variation for cell density between the high- and low-altitude populations. As shown
in Figure 2.4, we did not observe substantial differences in cell density CV between
populations but observed an effect of sex that was consistent across both populations
(Figure 2.4C; Table A-S14). Similarly, we did not observe differences in within-line
cell density Levene’s deviates between the high- and low-altitude populations (Figure

A-S8 A, Table A-S15).

Additionally, we did not observe a strong association between within-line cell density
CV and within-line wing size CV for either the high-altitude population (r = 0.076 CIs
—0.31 - 0.44) or the low-altitude population (r = 0.25 CIs —0.12 - 0.56)(Figure 2.4D).
We observed a weak negative correlation between within-line cell density CV and within-

line total variance, in the low-altitude population (r = —0.41 CIs —0.67 - —0.060;), but
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we did not observe any correlation between within-line cell density CV and within-line
total variance for the high-altitude population (high-altitude » = 0.062 CIs —0.32 -
0.42). Similarly, we did not observe any association between within-line cell density
CV and within-line eccentricity in either the high- or the low-altitude population (high-
altitude r = 0.28 CIs —0.10 - 0.59, low-altitude » = —0.30 CIs —0.60 - 0.063) (Figure
A-S8 C, D). Further, we did not observe any evidence for associations between within-
line cell density CV and proportion of wing defects for both the high- and low-altitude
populations(high-altitude r = —0.043 CIs —0.44 - 0.37, low-altitude » = 0.36 CIs —0.076
- 0.68) (Figure A-S8  B)
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FIGURE 2.4: Mean cell density show population and sex differences, but
no differences in variability. (A) Wing regions used for cell density mea-
surement. Squares represent a 0.0065mm? measurement area. (B) Cell
density varies between the sexes and between the high- and low-altitude
populations. Error bars are 95% ClIs (C) Among-individual, within-line
variation measured as CV for cell density is similar between high- and low-
altitude populations. (D) Within-line cell density variation and within-
line wing size variation (CV) are not strongly correlated in either the
high-altitude population (r = 0.076 CI —0.31 - 0.44), and the low-altitude

population (r = 0.25 CI —0.12 - 0.56)
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2.4.6 Temperature induced plasticity

To assess whether patterns of phenotypic plasticity varied among populations (macro-
environmental canalization) we reared strains derived from both populations at three
temperatures. Consistent with previous studies, wing size is larger for flies raised at lower
temperature and the reaction norms showed modest evidence of non-linearity (David et
al. 1994; Partridge et al. 1994; James et al. 1997). Our data suggest that mean wing
size of the high-altitude population may be more plastic compared to the low-altitude
population (Figure 2.5A, Table A-S16, Table A-S17). We observed an increase in the
Procrustes distance between mean shapes of the high- and low-altitude populations as

temperature increases (Figure A-S11 ).

We quantified the proportion of wing defects for the high- and low-altitude popula-
tions at the three different rearing temperatures. Consistent with our previous results,
the high-altitude population has a greater proportion of defects than the low-altitude
population, however, we did not observe substantial differences in proportion of defects

due to temperature (Figure A-S9 A, Table A-S24).

In general, we did not observe any differences in the high- and low-altitude popu-
lations for among individual, within-line measures of variability at each temperature
treatment. For the within-line CV for wing size, we observed an increase at both 18°C
and 28°C for high-altitude females and an increase in CV at 18°C but not at 28°C for
high-altitude males. Within-line CV for low-altitude males and females is consistent
across temperatures (Figure 2.5B; Table A-S18). We observed a similar pattern when
using Levene’s deviates as we did for CV (Figure A-S9  B; Table A-S18), with a mod-
est effect of rearing temperature but little evidence for population level differences. For
within-line wing shape total variance, we observe a consistent increase with temperature
for both high- and low-altitude populations (Figure 2.5C; Table A-S20). Degree of inte-

gration of wing shape is similar across populations and temperatures (Figure 2.5D; Table

65


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

PhD—- Maria PESEVSKI; McMaster University— Department of Biology

A-S21, A-S22, A-S23). This pattern holds whether examining rSDE or eccentricity of

the covariance matrix (Figure A-S9  C, D).
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FI1GURE 2.5: Considerable plasticity for mean wing size under different
temperature rearing environments, but with minimal differences in trait
variation (A) Mean differences observed in wing size (centroid size) at
different temperatures in males and females in the high- and low-altitude
populations (B) Within-line variation for wing size is similar across sexes
and populations within each temperature treatment. (C) Within-line vari-
ation for wing shape measured as the total variance of the VCV matrix
(multiplied by a factor of 1000) and (D) Within-line wing shape integra-
tion measured as rSDE2 (relative standard deviation of the eigenvalues
scaled by the total variance) are similar between the high- and low-altitude
populations across the different rearing temperatures. Gray shading and
error bars are 95% Cls
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2.4.7 Fluctuating asymmetry for wing size and shape is similar be-

tween high- and low-altitude populations

While among-individual, within-genotype variation and within-individual (among-sides)
variation might be expected to capture similar aspects of developmental stability, em-
pirical work shows that these measures do not always agree, with correlations ranging
from ~ 0.07 — 0.6 for wing size and ~ 0.35 — 0.48 for shape (Debat et al. 2006; Debat
et al. 2009; Breuker et al. 2006). Thus we measured asymmetry for both wing size and
shape in a subset high- and low-altitude lines (2 strains for each population). We first
estimated measurement error for wing size and shape and determined that measurement
error was negligible with respect to FA for size (Table A-S29) although had a larger
impact on shape (Table A-S30). Using FA8 as an index for wing size FA, we compared
developmental instability for high- and low-altitude populations at three temperatures
(18°C, 24°C and 28°C). We did not see clear evidence of differences in FA8 between
high- and low-altitude populations or across the different rearing temperatures, except
for consistently lower FA8 in the high-altitude males at all temperatures (Figure 2.6A;
Table A-S26). For comparison we also report FA1 as a measure of developmental insta-
bility (Figure A-S12  ; Table A-S25), but importantly FA1 does not account for mean

trait size and should be interpreted with caution.

We measured FA for wing shape in two different ways. First, we calculated FA by
removing directional asymmetry (DA) and then calculating the Procrustes distance (PD)
for the FA component for each individual. The high-altitude females had a slight, but
consistent increase in FA across all three temperatures while the other groups had similar
FA to each other and across the different temperatures (Figure 2.6B Table A-S28). We
also calculated Procrustes distance between left and right wings (PDrr). We observed a
similar pattern as we did using the first method to calculate wing shape FA, where there
is consistently greater PDrr in the high-altitude females across temperatures (Figure

A-S12  B; Table A-S27).
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FI1GURE 2.6: Inconsistent differences in fluctuating asymmetry among the
high- and low-altitude populations for (A) wing size fluctuating asymme-
try measured as F'A8 and (B) wing shape fluctuating asymmetry between
the high- and low-altitude populations across temperatures. High-altitude
males have consistently lower fluctuating asymmetry and high-altitude fe-
males have consistently greater wing shape fluctuating asymmetry across
temperatures. Large symbols represent population means, small symbols
represent individuals, error bars represent 95% Cls

2.5 Discussion

Since the proposal of the congruence hypothesis, researchers have tested for associations
between genetic and environmental canalization. To date, empirical evidence has been
equivocal. The majority of studies that support the congruence hypothesis were con-
ducted in RNA viruses and microRNAs in vivo and in silico, which may not necessarily
representative of multi-cellular organisms (Szollhosi and Derenyi 2009). Studies in other
systems have not provided evidence to support the congruence hypothesis (Dworkin
2005a; Dworkin 2005¢). However, most empirical studies were conducted using lab

domesticated lineages, laboratory-induced mutations, and with arbitrary measures of
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genetic canalization which may not be representative of naturally occurring phenomena

that would lead to congruent evolution of genetic and environmental canalization.

In this study, we address these issues using a naturally occurring system across
adaptively diverged populations. The high-altitude population was previously demon-
strated to have reduced mutational robustness (via mutagenesis), and these effects were
pleiotropically linked to variants influencing changes in wing and body size that appear
to be targets of selection (Lack et al. 2016a). Using strains derived from both high- and
low-altitude populations, we examined multiple measures of environmental canalization.
Despite recapitulating previously observed divergence in wing size & shape (Pitchers
et al. 2013; Lack et al. 2016a; Lack et al. 2016b) (Figures 2.1, 2.5A, A-S11 ), cell size
(Figure 2.4, Figure A-S7 ) and frequencies of mutational defects (Figure 2.2B, Figure
A-S1 ), we did not observe any evidence for associations between genetic and micro-
environmental canalization (Figures 2.2, 2.3, 2.4C-D, 2.5B-D). Additionally, measures
of among individual, within-line variance for wing size and shape were not correlated
with the proportion of mutational defects both in the high- and low-altitude populations
(Figures 2.2B, 2.4D, Figures A-S2  , A-S4 | A-S8 B, A-S10 ). We did observe
greater temperature induced plasticity of mean wing size in the high-altitude population
(Figure 2.5A). We observed a subtle increase in within-line variation for wing size at
18°C and 28°C compared to 24°C in both the high- and low-altitude population for wing
size, and this increase was greater in the high-altitude population (Figure 2.5B, Figure
A-S9  B), although there is at best, marginal evidence for a significant treatment effect
of population or its interaction with rearing temperature (Table A-S16). Intriguingly, we
observed a decrease in developmental stability for wing size (measured using fluctuating
asymmetry) for high-altitude females across all temperatures (Figure 2.6). Yet, we did
not observe this same pattern in the males derived from the same population, nor did we
see any increase in qualitative wing defects at varying temperatures and the measures

of among-individual, within-line of variation were not correlated with the proportion of
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defects at any of the developmental temperatures (A-S10 ). Therefore, our results are
largely inconsistent with congruent evolution of genetic and environmental canalization
and that with respect to adaptation to life at high altitudes driving changes in both trait

means and variances, they are likely to evolve via separate underlying mechanisms.

Our study is one of the few to test of the congruence hypothesis using strains derived
from natural populations with known evolutionary histories. However, we are aware of
several important caveats. Our study compares a single high-altitude population to a
single low-altitude population. Replication of our experiments with additional popula-
tions from independent altitudinal clines would provide stronger support of our findings.
The strains used in this study were collected approximately 2 years prior to the first
experiment and seven years prior to the temperature manipulation experiment. As such
both drift (due to the initial inbreeding process) and some degree of lab adaptation
may have occurred. As we used multiple strains from each population, the impact of
drift with respect to allele frequencies should be modest. Additionally lab domestication
should be weak as N, is extremely small within each strain. Although the two pop-
ulations have modest genetic differentiation (Fgp = 0.15), lines derived from African
populations tend to have have high residual heterozygosity even after 8 generations of
inbreeding (Lack et al. 2016a). However, given that our results for mean size and shape
of the wings and cell densities recapitulate previous findings, the impact of both drift

and lab domestication appear to be minor.

While the variants contributing to divergence in size both between the high- and
low-altitude population (Lack et al. 2016a) and under artificial selection derived from
the low-altitude population (Groth et al. 2018) appear to be pleiotropically linked to the
mechanism influencing sensitivity to mutational perturbation, these are not in fact the
same traits. The penetrance of wing abnormalities among lines derived from high alti-

tude, and the increased sensitivity under mutagenesis may reflect one aspect of genetic
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canalization (that is linked to variants influencing mean size and shape), but they do
not necessarily influence variance for these traits. Indeed, under high temperature stress
(31°C) one of three replicates of lineages artificially selected for increased size (from a
low-altitude ancestral population) showed a substantial increase in penetrance of wing
abnormalities (Groth et al. 2018). Interestingly we observed no increase in such abnor-
malities at our high temperature rearing (28°C) for the high-altitude strains. Whether
this reflects insufficient stress or a difference in response is unclear. However, it is clear
that the degree of genetic correlation between trait means and variances for wing size,

shape and penetrance of abnormalities is complex.

While the work of Lack et al. (2016), Lack et al. (2016) and Groth et al. (2018) clearly
demonstrate evolutionary changes in genetic canalization associated with adaptive trait
evolution (body size and wing morphology), the most likely evolutionary scenario is one
of the loss of genetic canalization associated with the pleiotropic effects of variants that
have contributed to the evolution of mean size at high altitudes. This is reminiscent of
the evolution of insecticide resistance in blowflies which showed a pleiotropic increase in
fluctuating asymmetry due to the resistance locus or in sticklebacks with the effects of
the Eda locus on both the expression of armour plates, and on fluctuating asymmetry of
plates (McKenzie and Clarke 1988; Morris et al. 2019). Consistent with Waddington’s
model for the evolution of canalization, it could be that modifiers that increase the
mutational robustness of wing morphology in Drosophila have not yet risen to appreciable
frequency in the high-altitude population, as has occurred with the modifier variants
influencing asymmetry in the blowflies (Davies et al. 1996). Indeed it is not yet clear
whether wing size is near its optima for the high-altitude population, and whether that

is necessary for the evolution of canalization.

Based on what is known about the genetic architecture of body size, wing size and

wing shape the fact that genetic de-canalization occurred is surprising. The mutational
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target size of body size, wing size and wing shape are quite large (Weber et al. 2005;
Houle and Fierst 2012; Carreira et al. 2008; Carreira et al. 2011). Similarly these traits
harbour extensive standing genetic variation in populations and are polygenic in nature
(Weber 1990b; Weber 1990a; Weber et al. 1999; Mezey et al. 2005; Mezey and Houle
2005b). As such the expected modest changes in individual allele frequencies would seem
to be unlikely to result in changes in canalization. Yet, that is exactly what has been
observed in the high-altitude population which increased its wing (and body) size, and
also from the low-altitude population artificially selected for large wing size (Lack et al.
2016a; Groth et al. 2018). Body and wing size has been a frequent subject of study in
Drosophila, but until now this pattern has not been previously observed. As such future
work both examining additional populations that vary for size and also on on identifying
variants influencing the adaptive divergence in wing size and morphology and how they

shape mutational robustness are necessary.

Where does this leave the congruence scenario? While the results from the current
study, and some previous studies (Dworkin 2005a; Dworkin 2005¢; Borenstein and Rup-
pin 2006) are not consistent with the congruence hypothesis, it is perhaps best to consider
under what conditions the direct evolution of genetic canalization or its evolution as a
correlated response are probable. Under this model, if deleterious alleles are purged
efficiently enough, adaptive genetic canalization will not have the opportunity to evolve.
However, this does not consider that deleterious alleles are not always purged efficiently
for numerous reasons (pleiotropy, linkage with beneficial mutations, drift, GxE, fluctu-
ating selection etc). Indeed, with the system we investigated in this study, the reduction
in mutational robustness appears to be a direct pleiotropic consequence of the allelic ef-
fects on organismal size (Lack et al. 2016a; Groth et al. 2018). In such instances, genetic
canalization may evolve to suppress deleterious mutational effects (ie. alter patterns
of pleiotropy). As has been demonstrated previously, the likelihood of evolving either

genetic or environmental canalization is in part a function of the fitness load imposed by
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the frequency and magnitude of environmental and genetic perturbations (Proulx and
Phillips 2005; Hermisson et al. 2003). However, our knowledge of the distribution of this
fitness load and the frequency of relevant environmental perturbations is limited. While
studies of mutational load give us some idea of the distribution of fitness effects of new
mutations, this is less clear in natural environments. Indeed, it has been argued that new
allelic combinations produced due to the normal processes of mating and recombination
may act as a "genetic perturbation" to the input of new mutations (Stearns et al. 1995),
as genetic backgrounds are constantly shuffled. Alternatively, it may be that genetic
canalization may be beneficial when it occurs, but rarely the result of persistent and
direct selection (Wagner et al. 1997; Gibson and Wagner 2000; Visser et al. 2003; Siegal
and Bergman 2002; Proulx and Phillips 2005). Experimental evolution and artificial
selection may continue to be the strongest framework to test the theory and understand
under what conditions, both genetic and environmental canalization, are direct targets
of selection. This approach should be coupled with studies of adaptively diverged natural
populations that are likely to share the appropriate evolutionary history to address these
questions (i.e. Morris et al. (2019), McKenzie and Clarke (1988)). Finally, this work sug-
gests that trying to clearly delineate between selection for ‘environmental’ and ‘genetic’
canalization may be difficult given the interplay between genotypic and environmental

effects in terms of trait expression and variation.
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Chapter 3

The influence of adaptation to life
at high altitude on condition
dependent sexual shape and size
dimorphism in Drosophila

melanogaster

3.1 Abstract

Sexual dimorphism is common despite high inter-sex genetic correlations and intralocus
sexual conflict that might limit its evolution. Sexual dimorphism can be phenotypically
plastic and condition dependent. The degree of plasticity and condition dependence of
sexual dimorphism may be a target of selection. It remains unclear how sexual dimor-
phism and its condition dependence evolve under circumstances of rapid adaptation to

a new environment. Using sub-Saharan populations of Drosophila melanogaster that
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vary for size and shape as a result of adaptation to high-altitude environments, we ex-
amined sex specific patterns of developmental plasticity. We raised strains of Drosophila
from low (Zambia) and high (Ethiopia) altitude populations at different food quality or
rearing temperature during development. We observed expected differences in wing size
and shape due to population, sex and plasticity. While larval mass showed substantial
evolved changes for sex-specific condition dependence, effects of diet and temperature
on sexual size and shape dimorphism for wing size and shape were similar in the two
populations. We examined shape-size allometric effects for the sexes, populations, diet
and temperature. Allometric effects were generally similar across sexes, but differed
substantially due to population of origin and plasticity. We discuss findings within the
context of the evolution of plasticity for sexual dimorphism, condition dependence and

allometric relationships.

3.2 Introduction

Sexual dimorphism is prevalent among animals and can sometimes lead to the evolution
of extreme phenotypes. While many studies examine species with male-biased sexual size
dimorphism, particularly with conspicuous exaggerated ornaments or weapons, female-
biased sexual size dimorphism (SSD) is more common, and with some exceptions (e.g.
angler fish), differences between the sexes are often subtle (Fairbairn 2007a). Sexual
selection is frequently invoked to explain male-biased SSD, while fecundity selection
seems to be a common explanation for female-biased SSD (Darwin 1874; Shine 1988;
Pincheira-Donoso and Hunt 2017) along with other ecological mechanisms (Darwin 1874;
Selander 1966; Shine 1989; Hedrick and Temeles 1989). The study of the evolutionary
origins and maintenance of sexual dimorphism remains an active area of interest for at
least two reasons. First, despite potential antagonistic effects due to intra-locus sexual
conflict and constraints due to high inter-sex genetic correlations (ry;r) (Poissant et al.

2010), sexual dimorphism occurs widely and may represent the resolution of conflict
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(Lande 1980; Bonduriansky and Chenoweth 2009; Cox and Calsbeek 2009). Despite
high rj;p, sexual dimorphism evolves rapidly in some contexts (Reeve and Fairbairn
1999; Bird and Schaffer 1972; Eisen and Hanrahan 1972; Alicchio and Palenzona 1971)
though not all (Stewart and Rice 2018; Tigreros and Lewis 2011; Reeve and Fairbairn
1996). Second, some sexually dimorphic traits, for example, water strider legs, are
multi-functional, reflecting the balance between sex-specific and shared functions that
are targets of selection, potentially influencing multiple fitness components (Lande 1980;
Lasne et al. 2018; Matthews et al. 2019b; Connallon 2010; Connallon and Hall 2016;
Connallon et al. 2018).

It is important to consider how adaptive evolution of such multi-functional traits
influences sexual dimorphism (Cox and Calsbeek 2009) and how sexual dimorphism and
high 7y, in turn influence trait evolution towards new adaptive optima (Lande 1980;
Connallon 2015). Adaptation to a new environment may be influenced by sexually an-
tagonistic selection and 7y, (Lande 1980; Cox and Calsbeck 2009). When selection is
consistent in the sexes in the new environment, a generally high r,, may facilitate the
adaptive process, though the process may be limited in the presence of sexually antag-
onistic selection (Connallon 2015; Connallon and Hall 2016). If selection is discordant
between the sexes (Cox and Calsbeek 2009), with respect to the new environment, this
can constrain adaptive responses. For instance, the gender load imposed by sex specific
effects on rate of adaptation has been estimated to be on the order of 50% in a wild
population of Parus major (Poissant et al. 2016). However, the degree to which selec-
tion is generally discordant is unclear (Singh and Punzalan 2018), and issues such as
changes in 7y, across environments (Punzalan et al. 2014) and imprecision in estimates
of selection (Morrissey 2016) makes studying the interaction between sex-specific and

adaptive evolutionary forces a challenging empirical and theoretical undertaking.

Studies of sexual dimorphism for morphology often focus on SSD, examining a single
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trait at a time. However, a multivariate perspective in general, and sexual shape dimor-
phism (SShD) in particular, is increasingly recognized as both pervasive and important
(Gidaszewski et al. 2009; Abbott et al. 2010; Sztepanacz and Houle 2019; Sztepanacz
and Houle 2021). Multivariate (Butler and Losos 2002) and geometric morphometric
approaches not only have increased sensitivity to detect subtle changes, but SShD itself
appears to be a target of selection in some instances (Gidaszewski et al. 2009; Abbott
et al. 2010; Menezes et al. 2013). Sex-specific patterns of selection in multivariate traits
and the influence of the inter-sex covariance matrix B can result in complex patterns
of response to selection (Wyman et al. 2013; Sztepanacz and Houle 2019; Gosden et al.
2012; Poissant et al. 2016). Despite this, sexual shape dimorphism is clearly evolving in
numerous systems (Houle et al. 2017b; Gidaszewski et al. 2009; Sztepanacz and Houle
2021; Sanger et al. 2013; Evans et al. 2019; Chazot et al. 2016). Additionally, allomet-
ric relationships between shape and size can contribute substantially to SShD (Butler
and Losos 2002; Kaliontzopoulou et al. 2008b; Gidaszewski et al. 2009; Sztepanacz and
Houle 2021), making it difficult to disentangle direct and indirect effects of sex-specific
selection on shape. When both shape-size allometry and SSD occur, both of these will
contribute towards SShD. SShD can also be generated by sex differences in covariance
patterns for the structures contributing to shape. Partitioning the relative contributions
of allometric and non-allometric factors and the degree to which they are evolving inde-
pendently remains an important and ongoing research area into the evolution of SShD
(Fernandez-Montraveta and Marugan-Lobon 2017; Kaliontzopoulou et al. 2008b; Butler
and Losos 2002).

Phenotypic plasticity size and shape of traits further complicates the study of SSD
and SShD (David et al. 1994; Bitner—-Mathe and Klaczko 1999; Imasheva et al. 1999;
Karan et al. 2000; Bubliy et al. 2001; Bubliy and Loeschcke 2002; Debat et al. 2003;
Debat et al. 2009; Shingleton et al. 2009). Patterns of plasticity are often dependent

on the particular traits under consideration and the environmental variables generating
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the plastic response (Shingleton et al. 2009). Plasticity for size may in turn influence
patterns of trait covariation and allometry with shape. Nutritional plasticity is a par-
ticularly interesting case with regards to sexual dimorphism, as it is directly linked to
organismal condition (Andersson 1986; Iwasa et al. 1991; Rowe and Houle 1996; Cotton
et al. 2004b; Bonduriansky 2007c¢; Bonduriansky 2007b). Condition reflects the con-
tribution of both environmental factors via access to resources and genetic factors via
efficiency of resource utilization (Cotton et al. 2004b; Hill 2011). The most common type
of experimental manipulation of condition used by researchers is to vary access to re-
sources (Cotton et al. 2004b). While there are several hypotheses regarding the evolution
of sex-specific plasticity (adaptive canalization and condition dependence chief amongst
them), considerable evidence has demonstrated that the most sexually dimorphic traits
tend to be the most condition dependent (Andersson 1986; Rowe and Houle 1996; Bon-
duriansky 2007¢; Bonduriansky 2007b), a pattern that also holds for sex-biased gene
expression (Wyman et al. 2010; Zinna et al. 2018). The majority of evidence in the liter-
ature supports the correlation between sexual dimiprhism and its condition dependence
in male-biased SSD systems with highly exaggerated secondary sexual traits (Bonduri-
ansky and Rowe 2005b; Bonduriansky 2007c; Bonduriansky 2009; Cotton et al. 2004a;
Cotton et al. 2004b; Rohner and Blanckenhorn 2018; Rohner et al. 2018¢; Stillwell et al.
2007). However, there is considerably less theoretical and empirical work that explores
the interplay between sexual dimorphism and condition in systems with moderate fe-
male biased SSD, the most common type of sexual dimorphism in animals (Rohner and
Blanckenhorn 2018; Oudin et al. 2015). With some notable exceptions (Ceballos and
Valenzuela 2011), we still know relatively little about sex-specific plasticity for shape

and SShD.

With many factors influencing trait variation, it is important to consider how strong
directional selection on a trait resulting in local adaptation may result in correlated ef-

fects on sex-specific trait plasticity generally, and more specifically condition dependence

78


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

PhD—- Maria PESEVSKI; McMaster University— Department of Biology

. The evolution of Drosophila wing morphology is an excellent system to explore these
questions. While there is extensive genetic and mutational variation for wing size and
shape within and between populations (Mezey and Houle 2005a; Pitchers et al. 2013),
they generally have very high 7, (Sztepanacz and Houle 2019). Comparative studies
suggest that Drosophila wing shape has evolved relatively slowly (Gidaszewski et al.
2009; Houle et al. 2017b; Sztepanacz and Houle 2021), despite substantial variation for
SSD (Rohner et al. 2018b; Huey et al. 2006; Blanckenhorn et al. 2007b; Gidaszewski et
al. 2009) and SShD (Gidaszewski et al. 2009). Allometric effects may account for close
to 50% of the variation in SShD among species (Gidaszewski et al. 2009; Sztepanacz
and Houle 2021), although the consequences of sex-specific allometry have not been
investigated thoroughly. In this study, we examine developmental plasticity in wing
morphology in response to temperature and food quality in order to specifically assess
condition dependence in a pair of populations of Drosophila melanogaster originating
from different altitudes. Populations of Drosophila melanogaster, diverge considerably
along altitudinal and latitudinal clines in both its native and more recently colonized
contients (clinal variation in Americas, Australia) (Gibert et al. 2004; James et al. 1997;
David and Bocquet 1975; Gilchrist et al. 2000; Hoffmann and Weeks 2007; Azevedo
et al. 1998). Wing morphology shows considerable plasticity to nutrition, rearing tem-
perature and oxygen partial pressure (David et al. 1994; Bitner—-Mathe and Klaczko
1999; Imasheva et al. 1999; Karan et al. 2000; Bubliy et al. 2001; Bubliy and Loeschcke
2002; Debat et al. 2003; Debat et al. 2009; Shingleton et al. 2009; Peck and Maddrell
2005). Previous work has demonstrated that some of the plastic response is aligned with
clinal variation for a number of traits, including wing size and shape (Gilchrist et al.
2000; Pitchers et al. 2013; Klepsatel et al. 2014; Fabian et al. 2015). In addition to the
wing’s role in flight performance (Ray et al. 2016), various aspects of wing morphology
including size (Ewing 1964; Abbott et al. 2010), shape (Menezes et al. 2013; Abbott et

al. 2010), wing interference pattern (Katayama et al. 2014) and even wing musculature
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(Tracy et al. 2020) appear to be direct or indirect targets of sexual selection.

Drosophila melanogaster likely originates from the Miombo and Mopane forests in
Zambia and Zimbabwe (Pool et al. 2012b; Sprengelmeyer et al. 2020; Mansourian et al.
2018) and expanded its ancestral range in the past 13000 years, colonizing highland
environments in Ethiopia between 2340 - 3060 years ago (Sprengelmeyer et al. 2020).
In this study, we examine two populations from these altitudinally varying ranges. The
low altitude (LA) population comes from Zambia and is assumed to be representative
of ancestral Drosophila variation. The high altitude (HA) population comes from the
highlands of Ethiopia. As is common with small insects adapting to life at high altitudes
(reviewed in Hodkinson, 2005), a number of morphological, physiological and life history
traits have evolved in the HA population (Pitchers et al. 2013; Pool et al. 2012b; Lack
et al. 2016a; Lack et al. 2016b; Klepsatel et al. 2014; Fabian et al. 2015; Klepsatel
et al. 2013). In particular, body size, wing size and, in particular, wing loading (body
mass/wing area) have increased ~20% relative to the LA counterparts (Pitchers et al.
2013; Pool et al. 2012b; Lack et al. 2016a; Lack et al. 2016b; Klepsatel et al. 2014;
Fabian et al. 2015; Klepsatel et al. 2013; Pesevski and Dworkin 2020). There is evidence
of concordance between the direction of temperature-induced plasticity and wing shape
between lowland and highland populations (Pitchers et al. 2013). In this study, our goals
were to (1) investigate how selection on wing form during adaptation to life at high
altitude impacted plasticity (and more specifically, condition dependence) for sexual
size and shape dimorphism, and (2) determine the relative contribution of shape-size
allometries on the observed shape changes. We discuss our results within the context of

the evolution of sexual shape dimorphism and the influence of allometry.
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3.3 Materials and Methods

3.3.1 Drosophila husbandry

Drosophila melanogaster strains used in these experiments are a subset previously used
in Lack et al. (2016), Lack et al. (2016) and Pesevski and Dworkin (2020). Strains
from the high altitude (HA) population were collected in Fiche, Ethiopia (3070m asl)
in December 2011, while strains from the low altitude (LA) population were collected
in Siavonga, Zambia (530m asl) (Supplementary Tables B-S1 and B-S2). There is no
evidence of recent gene flow between these populations (Lack et al. 2016a; Lack et al.
2016b). Prior to experimental treatments described in the following section, flies were
raised on high protein food (HP; 1.5:1 protein to carbohydrate ratio) for two generations
at room temperature to minimize maternal effects. Given that the strains derived from
each population were maintained in the lab for a relatively long time, we checked for
lab adaptation effects by comparing the results from this study with results from our
previous study and found that the phenotypes were consistent Pesevski and Dworkin

(2020).

3.3.2 Experimental Design
Egg collections and experimental treatments

Adults were placed in egg laying chambers with apple juice agar plates with killed
yeast patches (to avoid yeast growth and control for amount of food). After 12h egg
laying windows, eggs were collected and placed in vials with high protein (HP) food, 50
eggs per vial (food is 2:1 carbohydrate to protein ratio). We performed two different
treatments (1) varying food quality and (2) varying rearing temperature. Based on
previous unpublished experiments in the lab, food treatments were done by raising flies
on high quality (100% HP food), low quality (dilution to 15% of HP food) and very

low quality food (dilution to 5% of HP food). While the viability for the 15% food was
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~15%, for the 5% treatment it was very low (~1%). As such, we decided to compare the
100% and 15% food treatments only. Flies under varying food treatments were reared
at 24°C. Flies for temperature treatments were raised only on high quality food (100%),
in incubators at 18°C, 24°C and 28°C with a 12:12 light /dark cycles. Some results of the
temperature manipulation were included in a previous study (citation masked so as not
to identify authors), but were done concurrently with the food manipulation study. For
all temperature and 100% food treatments, 3 replicate vials of 50 eggs each were collected
for each strain. For the 15% food treatment, 6 replicate vials were collected for each
strain. Adults were collected after cuticle scleratization and stored in 70% ethanol. This
experiment was repeated twice (in January 2017 and June 2017), once with all of the
lines and a second time with a subset of the lines to increase sample sizes for strains with
low viability, and additional lines to assess block effects. The two replicate experiments
are considered as two blocks in the analysis. Sample sizes for each strain and population
are outlined in Supplementary Tables B-S1 and B-S2. We measured larval mass at the
3rd instar wandering stage to confirm that the nutritional manipulation reduced size and
condition by repeating the egg laying experiment with a subset of strains. We added 25
eggs onto small petri dishes (30mm x 15mm) filled with either 100% or 15% food. We
let the flies develop to the 3rd instar larval stage, determined their sex, washed, dried
and weighed them, pooling 5 individuals of the same sex and nutritional manipulation

together for each independent biological sample.

Dissections and Imaging

Adult flies were collected from each treatment /strain/replicate (samples sizes B-S1 and
B-S2). The right wing of each fly was mounted on glass slides in 70% glycerol in PBS
solution. Each wing was imaged using an Olympus DP30B camera mounted on an
Olympus BX51 microscope (Olympus software version 3,1,1208) using a 4X objective

(total of 40X magnification) and images were taken using cellSens Standard (version
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1.14) software at 4060 x 3072 resolution.

Phenotyping

Wing size and shape were phenotyped using a modified version of the “WINGMA-
CHINE” pipeline (Houle et al. 2003; Pitchers et al. 2019b). Initial landmarks were
placed at the humeral break on the leading edge of the wing and the alula notch on
the trailing edge of the wing using tpsDig2 software (version 2.16). “Wings” software
(version 3.7) was used to fit B-splines to wing veins and wing margins and the splines
were manually adjusted when necessary. The x and y coordinates of 12 landmarks and
36 semi-landmarks were extracted after Procrustes superimposition (removing position,
orientation and scale) as well as the centroid size of each wing using CPReader software
(version 1.12r). Approximate positions of landmarks and semi-landmarks are represented

in Figure 3.2A.

3.3.3 Analysis

Analyses were performed in R (v4.0.3) (R Core Team 2018) using R Studio (v1.4.1103) on
a MacBook Pro, running macOS Big Sur (v11.2.1). Linear mixed models were run using
Imer from the Ime4 package (v1.1.26 )(Bates et al. 2015), glmmTMB from the glmmTMB
package (v1.0.2.1) (Magnusson et al. 2017) and procD.Im from the geomorph package
(v3.3.2) (Adams et al. 2018). Contrasts and effects were compared using emmeans from
the emmeans package (1.5.4) (Russell et al. 2018). We used pairwise from the RRPP
package (v0.6.2) to perform pairwise comparisons of distance and directions of mean

shapes between different groups (Collyer and Adams 2020)

Modeling wing size and shape

Linear mixed models were fit with population, sex, environmental manipulation (either

nutrition or temperature), and their interactions as fixed effects (up to 3rd order). We

83


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

PhD—- Maria PESEVSKI; McMaster University— Department of Biology

allowed intercept, sex effects and environmental treatment to vary as random effects of
strain (line). We fited these models with both Imer and glmmTMB and confirmed that
estimates for parameters of interest were similar with both unconstrained and diagonal

covariance structures for random effects.

Given the high-dimensional nature of our wing shape data, we used an alternative
strategy for model fitting. Using procD.lm we fit models with population, sex and envi-
ronmental manipulation and their interactions as fixed effects. To account for random
effects of strain, we nested strain within population, and updated calculations of relevant
F-ratios accordingly for terms in the model. ANOVA tables for both wing size and wing
shape analyses are included in the supplementary data (Supplementary Tables B-S3,
B-S4, B-S5 and B-S6)

Calculating and comparing SSD and SShD

We used a standard size dimorphism index (SDI) to calculate sexual size dimorphism

(SSD), SDI = Fizeof larger sex _ 4 is SDJ is generally used in species with female-

Size of smaller sex

biased SSD (Lovich and Gibbons 1992; Fairbairn 2007a). Mean female and mean male
size were estimated for each strain and used to compare changes in SSD within and

between populations and environmental manipulations (nutrition and temperature).

We assessed both the magnitude and direction of sexual shape dimorphism vectors.
We calculated Procrustes distances between mean female and mean male shape vectors,
and examined the direction of sexual shape change by calculating vector correlations (r)
between female-male difference vectors among populations and environmental treatments
(food and temperature). We generated confidence intervals for these statistics using non-

parametric bootstraps (percentile intervals), sampling within groups.
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Comparing allometric vectors

In our study design there are multiple sources contributing to size variation, which in
turn influence shape-size allometric relationships. There is variation in size due to sex,
genetic effects due to both population of origin, and strain (within population), plastic
effects due to the experimental manipulations of temperature and food during develop-
ment, and finally, any residual size variation among individuals. Given that the focus
of this study is on the evolutionary changes in sexual shape dimorphism, we explored
only a subset of these contributions in this study. We estimated shape-size allometric
relationships per treatment group (i.e. partitioned by population, sex and either nu-
trition or temperature manipulation). Using pairwise() in RRPP we calculated vector
correlations between allometry vectors, and the magnitudes of allometry vectors (i.e.
shape change per unit change in size). To assess differences among groups for allometry,
we fit reduced models assuming common allometry, and used RRPP to generate per-
mutations of estimates under the full (group specific allometries and reduced (common
allometry) models. An important limitation of our approach is that we did not account
for strain specific allometries (strains within each population) in these models as we
observed computational difficulties in model fitting when trying to account for these
effects in geomorph/RRPP. As such, the population effect represents a complete pooling
with respect to strain within the focal groups under consideration. This is an important
caveat as the work presented here, and in previous studies (Pitchers et al. 2013) have

demonstrated strain-level variation in SShD.

Partitioning allometric, non-allometric and total SShD

To assess the relative contribution of changes in total SShD (SShD7r) due to allomet-
ric (SShD4) and non-allometric (SShDy4) effects we used an approach related (but
not identical) to Gidaszewski et al. 2009, assuming common allometry for males and fe-

males, and partitioned the relevant components. We estimated non-allometric SShD by
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computing Procrustes distance between the sex-specific intercepts in common allometry
models. For allometric component of SShD we estimated the Procrustes distance be-
tween predicted vectors of shape variables at mean sizes of males and females respectively
(but using the same "intercept" for both sexes) from this model. This approach assumes
a common allometric relationship between males and females. While these vectors are
often similar in direction and magnitude (Tables 3.1 and 3.2), they are not identical,
which will result in the partitioned values being difficult to interpret (see Gidaszewski
et al. 2009 for further examples and discussion below). However, as an approximation
and with appropriate caution, these still may provide some context to the relative con-
tribution of allometric and non-allometric components to SShD. The approach we took
to estimate SShDy4 and SShD 4 differ from some published studies (Sztepanacz and
Houle 2021; Gidaszewski et al. 2009) which computes one of the two components, and
then uses the difference between these estimates and SShD7 to compute the other value.
As we show in the results and elaborate on in the discussion, when the assumption of
common allometry between the sexes is violated, this may produce estimates that are

difficult to reconcile.

3.4 Results

Wing size varies due to adaptive divergence and environmental plastic-

ity, but SSD remains similar between populations

Consistent with previous observations (Pitchers et al. 2013; Klepsatel et al. 2014; Lack
et al. 2016a; Lack et al. 2016b; Pesevski and Dworkin 2020), individuals from the high-
altitude (HA) population have wings larger than those from the low-altitude (LA) pop-
ulation (Figure 3.1C). As expected, female-biased SSD was observed, with female wings
being ~18% larger than males in both populations. Food and temperature treatments
also affected wing size. Wing size in HA females raised on 100% food is ~17% larger

than wing size in HA females raised at 15% food, while in HA males raised at 100%
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food it is 12% larger than in HA males raised at 15% food. Wing size in LA females
raised at 100% food is 13% larger than wing size in LA females raised at 15% food,
and in LA males raised at 100% food it is 9% larger than in LA males raised at 15%
food (Figure 3.1A, Supplementary Table B-S3). Despite these substantial differences
in wing size, SSD in the two populations is not significantly different (Supplementary
Table B-S3). Consistent with expectations of condition dependence, SSD is reduced by
the reduction in food quality (significant sex-by-diet term, Supplementary Table B-S3),
but the reduction remains unchanged due to adaptive divergence between the HA and
LA populations (sex-by-diet-by-population term is not significant, Supplementary Table
B-S3, Figure 3.3C). In the HA population SSD is 0.136 in flies raised at 100% food,
and it is reduced to 0.098 in flies raised at 15% food. Similarly, in the low altitude
population, SSD is 0.134 in flies raised at 100% food and it is reduced to 0.106 in flies

raised at 15% food (Supplementary Table B-S3).

We measured larval mass at the wandering 3rd instar larval stage to determine if
condition is being affected by food quality (Figure 3.2). We observed similar patterns
for larval mass compared to patterns for wing size due to population, sex and nutrition
(Figure 3.2). Importantly, we observed population and sex specific reduction in larva
mass due to nutrition (Figure 3.2). The HA female larva were most sensitive to size
reductions when reared on 15% food compared to other groups (Figure 3.2). This hints at
strong population specific condition dependence of SSD for larval weight and potentially

in overall body size.

Consistent with previous observations (Bitner-Mathe and Klaczko 1999; David et al.
1994; Debat et al. 2003; Pesevski and Dworkin 2020; Pitchers et al. 2013), an inverse
relationship is seen between wing size and temperature (Figure 3.1B), and an overall
increase in SSD with increasing temperature (Figure 3.3D). We observed evidence of

sex-specific temperature plasticity as well as evidence for population-specific plasticity
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(significant sex-by-temperature and population-by-temperature interaction effects, Sup-
plementary table B-S4, Figure 3.1B, Figure 3.3D). Modest population-specific changes in
SSD in response to temperature (significant sex-by-population-by-temperature interac-
tion effect, Supplementary Table B-S4, Figure 3.3D) was observed. In the HA population
SSD is 0.117 at 18°C, 0.136 at 24°C and 0.138 at 28°C, while in the LA population SSD
is 0.118 at 18°C, 0.134 at 24°C and 0.138 at 28°C (Figure 3.3D).
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FIGURE 3.1: Wing size plasticity in high-altitude (HA) and low-altitude
(LA) populations. A) Wing size plasticity in response to food quality
is similar the HA and LA populations, despite substantial differences in
overall sizes across both sex and population of origin. B) Wing size plas-
ticity in response to rearing temperature in the HA and LA populations
is similar, with an overall decrease in wing size with increase in tempera-
ture. C) Representative wings from the HA and LA populations. In both
A and B, estimates are averaged across strains within each population.
Error bars represent 95% Cls
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FIGURE 3.2: Larval weight plasticity in response to food quality in the
high-altitude (HA) and low altitude (LA) populations. Larval weight in
the HA females is the most sensitive to food quality reduction compared
to the other groups.

3.4.1 'Wing shape and total SShD vary due to environmental plasticity

in a population-specific manner

Patterns of SShD between HA and LA populations were consistent with previous obser-
vations (Pitchers et al. 2013; Pesevski and Dworkin 2020) (Figure 3.3, Supplementary
Tables B-S5 and B-S6). We did not observe substantial difference in SShD between the
two populations, despite evidence for genetic variation in shape and sexual dimorphism
among strains within populations (Supplementary Tables B-S5 and B-S6). Food quality
had significant effects on wing shape, with some evidence of sex and population-specific
differences (significant sex-by-diet and population-by-diet effects, Supplementary Table
B-S5). SShD decreased at low food quality, with a slightly greater effect in the HA
population compared to the LA population (Figure 3.3C, Supplementary Table B-S5).
In the HA population, SShD is 0.016 on 100% food which was reduced to ~0.013 on
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15% food while in the LA population SShD is 0.016 on 100% food and it was reduced
to ~0.014.

We observed consistent evidence of shape plasticity due to rearing temperature, in-
cluding significant population-by-temperature and sex-by-temperature interactions (Sup-
plementary Table B-S6). We observe slightly different patterns of SShD in response to
temperature in HA and LA populations, where the greatest SShD is at 24°C in both
populations, but the two populations differ greatly in the amount of SShD at 18°C (Fig-
ure 3.3D). For the HA population SShD is 0.015 at 18°C, 0.016 at 24°C and 0.015 at
28°C, and in the LA population SShD is 0.013 at 18°C, 0.016 at 24°C and 0.016 at 28°C.

Despite observed differences in magnitude of SShD due to food quality and rearing
temperature in HA and LA populations, we see similar changes in direction of SShD
across populations and environmental treatments. Correlations among SShD vectors
(across populations and environmental treatments) are all greater than 0.8, with many
above 0.9 (Figure 3.4A,B). In particular, correlations of SShD vectors across populations
are quite high, with somewhat lower values due to the food quality and temperature
treatments (Figure 3.4A,B). This is consistent with much of the change in SShD being

due to changes in magnitude rather than direction.
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FIGURE 3.3: SShD variation in high-altitude (HA) and low-altitude (LA)
populations. A) Landmarks (red) and semi-landmarks (blue) used in geo-
metric morphometrics analysis to evaluate wing shape. B) Overlaid mean
wing shapes of males (black) and females (orange) wings in the HA pop-
ulation at 24°C raised on 100% food quality as an example of SShD. C)
Variation in SSD and SShD due to population and food quality. There
is a greater reduction for SShD, but not for SSD, in the HA population
compared to the LA population D) Variation in SSD and SShD due to
population and rearing temperature. SShD is greatest at 24°in both HA
and LA populations, but there is a greater reduction for SShD at 18°in
the HA population compared to the LA population. For C and D, large
opaque dots represent population means and small translucent dots rep-
resent means for each strain. Error bars represent 95% Cls
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FIGURE 3.4: Correlations between SShD vectors in the high-altitude
(HA) and low-altitude (LA) populations due to (A) food quality and (B)
temperature plasticity. SShD vector correlations are very high, demon-
strating that SShD varies is primarily in magnitude rather than direction.
Error bars are bootstrap 95% Cls

3.4.2 Differences in shape-size allometry are modest for SShD and en-

vironmental plasticity, but greater among diverged populations

We compared allometric vectors between populations, sex and environmental treatments,
examining differences in magnitude (absolute difference) and direction (r) for allometric
vectors between all groups (Tables 3.1 and 3.2). Overall, there are both sex-by-size and
sex-by-population-by-size interactions (Supplementary tables B-S5 and B-S6) resulting
from changes in magnitude, direction or both. Magnitude of shape change (per unit
change in size) is modest, but consistently greater in females in both populations and
across food quality treatments. However, in direct paired comparisons across the sexes,

differences are rarely significantly different from one another (Table 3.1A, Figure 3.5).
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The impact of food quality on magnitude of shape change is idiosyncratic, with modest
evidence of changes only in LA females (Table 3.1A). This can be contrasted with the
allometric effects across populations, where differences in magnitudes occur, but with

the sign of differences reversing across sexes (Table 3.1A, Figure 3.5).

Significant differences are observed for the direction of allometric effects across sexes
in both HA and LA populations, with the exception of the 15% food treatment in the
LA population (Table 3.1B). In all of these cases, correlations among allometric vectors
are high (Table 3.1B). While somewhat lower in the 15% food treatments, the direction
of allometric effects remain similar (albeit significantly different), all with correlations of
0.84 and greater (Table 3.1B). This can be contrasted with greater differences between
the allometric vectors in the two populations, with correlations closer to 0.5 in the 100%
food treatments, but higher correlations (near 0.8) in the 15% food treatment (Table
3.1C). When comparing allometry vectors between food treatments (100% vs. 15%), we
observe modest differences in both absolute distance and correlations, these differences

being intermediate between the effects for sex and population (Table 3.1D).

The shape-size allometric patterns with respect to temperature treatments were dis-
tinct and more variable than for the food quality treatments (Table 3.2, Figure 3.6).
Significant interactions between size and other factors in the model are observed (Sup-
plemental table B-S6). Sex differences in magnitudes of allometry vectors due to rearing
temperature remain modest, with little change to direction of allometric effects (Table
3.2A). There is a notable exception at 28°C (Table 3.2A). When comparing temperature
effects within population and sex, we see a much more variable distribution of allometric
effects, but consistent effects among populations (as observed for the population effects
with varying food quality) in direction and magnitude (Table 3.2B-D, Figure 3.5). Al-
lometric relationships also vary more across temperature manipulations within sex and

population (Figure 3.6), contrasting with the allometric relationships under varying food
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quality treatments (Figure 3.5, Table 3.1).

TABLE 3.1: Pairwise comparisons of allometric vectors between popu-
lations and sexes for the food quality treatments. (A) Magnitudes (L2
norm) of allometry vectors for each group, and comparisons of allom-
eric vectors between (B) sexes, (C) populations and (D) food treatments.
Comparisons for distance are calculated as absolute difference between the
magnitudes of allometric vectors and comparisons for direction are cal-
culated as vector correlation (r) between the allometric vectors for each

group.

A Females Males

HA 100% 0.075 0.054

HA 15% 0.059 0.056

LA 100% 0.063 0.065

LA 15% 0.077 0.065

Absolute Difference Z p Direction (r) p

B

HA 100% F - HA 100% M 2.20 x 1072 2.9 0.01 0.84 0.02
HA 15% F - HA 15% M 3.00 x 1073 —0.4 0.55 0.93 0.02
LA 100% F - LA 100% M 2.00 x 1073 —0.6 0.66 0.92 0.03
LA 15% F - LA 15% M 1.10 x 1072 3.0 0.03 0.96 0.13
C

HA 100% F - LA 100% F 1.20 x 1072 1.4 0.01 0.42 0.01
HA 100% M - LA 100% M 1.20 x 1072 1.5 0.01 0.65 0.01
HA 15% F - LA 15% F 1.70 x 1072 4.5  0.01 0.81 0.01
HA 15% M - LA 15% M 9.00 x 103 1.7 0.06 0.86 0.01
D

HA 100% F - HA 15% F 1.60 x 1072 2.0 0.06 0.83 0.01
LA 100% F -LA 15% F 1.30 x 1072 3.7 0.01 0.88 0.01
HA 100% M - HA 15% M 2.00 x 1073 -0.7 0.71 0.75 0.01
LA 100% M - LA 15% M 2.00 x 10~* —-1.2  0.98 0.87 0.01
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TABLE 3.2: Pairwise comparisons of allometric vectors between popu-
lations and sexes for the temperature treatments. (A) Magnitudes (L2
norm) of allometric vectors for each group and comparisons of allomeric
vectors between (B) sexes, (C) populations and (D) temperature treat-
ments. Comparisons for distance are calculated as absolute difference
between the magnitudes of allometric vectors and comparisons for direc-
tion are calculated as correlations (r) between allometric vectors for each
group. (Values for 24°C are equivalent to 100% treatments in Table 1 and

are therefore not represented here to avoid redundancy)

A Females Males

HA 18°C 0.055 0.044

HA 28°C 0.056 0.057

LA 18°C 0.075 0.063

LA 28°C 0.070 0.072

Absolute Difference Z p Direction (r) p

B

HA 18°C F - HA 18°C M 1.11 x 1072 2.05 0.0 0.90 0.22
HA 28°C F - HA 28°C M 1.76 x 1073 —-0.96 0.80 0.51 0.01
LA 18°C F - LA 18°C M 1.15 x 1072 2.09 0.04 0.93 0.60
LA 28°C F - LA 28°C M 2.20 x 1073 —0.49 0.57 0.96 0.92
C

HA 18°C F - LA 18°C F 1.93 x 1072 3.80 0.01 —0.18 0.01
HA 18°C M - LA 18°C M 1.89 x 1072 3.90 0.01 0.17 0.01
HA 28°C F - LA 28°C F 1.46 x 1072 294 0.02 0.46 0.01
HA 28°C M - LA 28°C M 1.51 x 1072 2.21 0.0 —0.04 0.01
D

HA 18°C F - HA 24°C F 2.00 x 1072 2.97 0.01 0.52 0.01
HA 18°C M - HA 24°C M 9.22 x 1073 0.78  0.17 0.50 0.01
HA 18°C F - HA 28°C F 1.62 x 1074 —-1.43 1.00 0.43 0.01
HA 18°C M - LA 28°C M 1.29 x 1072 1.39  0.13 0.85 0.17
HA 24°C F - HA 28°C F 1.95 x 1072 244  0.04 0.71 0.04
HA 24°C M - HA 28°C M 7.98 x 1073 0.46 0.22 0.51 0.02
LA 18°C F - LA 24°C F 1.15 x 1072 2.09 0.03 0.76 0.01
LA 18°C M - LA 24°C M 2.07 x 1073 —-0.8 0.75 0.76 0.01
LA 18°C F - LA 28°C F 4.55 x 1073 0.03 043 0.89 0.01
LA 18°C M - LA 28°C M 9.20 x 1073 1.02 0.15 0.90 0.33
LA 24°CF - LA 28°C F 7.00 x 1073 0.85 0.20 0.86 0.03
LA 24°C M - LA 28°C M 7.12 x 1073 0.61 0.23 0.85 0.14
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FIGURE 3.5: Size - shape allometry of wings in the high-altitude (HA)
and low-altitude (LA) populations under different food treatments. (A)
PC1 of fitted values plotted against wing size to visually represent the
allometric vectors. (B) Regression shape scores plotted against wing size
to visually represent variation within groups for allometry
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FIGURE 3.6: Size-shape allometry of wings in the high-altitude (HA) and
low-altitude (LA) under different temperature treatments. (A) PC1 of
fitted values plotted against wing size to visually represent the allometric
vectors. (B) Regression shape scores plotted against wing size to visually
represent variation within groups for allometry

3.4.3 Both allometric and non-allometric effects contribute to SShD

When considering the influence of size on shape, a common goal is to assess contribu-
tions of allometric and non-allometric effects. This is especially useful when studying
SShD, because when there is SSD this may result in allometric SShD (SShDj) that
can contribute a significant portion to total SShD (SShDp). The portion of SShDp
that is not due to allometry is called non-allometric SShD (SShDy4) Most current ap-

proaches require the assumption of common allometry be at least approximately met
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(see Klingenberg (2016)). However, even when vector correlations are high, subtle vi-
olations of this assumption can result in difficult to interpret patterns (Gidaszewski et
al. 2009). Despite these caveats, we assumed that since allometric vectors between the
sexes had high correlations, we could assume common allometry and partitioned SShDr
into SShD 4 and SShDpy4 components. Similar to previous results (Gidaszewski et al.
2009; Sztepanacz and Houle 2021), we observed that SShD4 and SShDy4 both con-
tributed substantially to SShDp (Figure 3.7). However, we observe evidence that the
assumption of common allometry is violated as values for SShD 4 and SShDpy4 do not
sum to SShDr, and result in different estimates depending on how the components are

calculated (Supplementary Table B-S10).
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Allometric SShD Non-Allometric SShD

HA 100% - = S

Total SShD

FIGURE 3.7: Allometric (SShD,), non-allometric (SShDpy4) and total
SShD (SShDr) within each population and environmental treatment.
SShD values are calculated as the Procrustes distance (PD) between mean
female and mean male shape. Both SShD4 and SShDy4 contribute
towards SShDyp, despite evidence that common allometry assumption
between the sexes is being violated
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3.5 Discussion

3.5.1 Influence of rapid adaptation on sex-specific plasticity

One of the main goals of this study was to examine how adaptive evolution influences sex-
specific plasticity and condition dependence. As is typical for small insects (Hodkinson
2005; Dillon et al. 2006a), a number of traits contribute to the adaptive response to life
at high altitudes, including body size, wing size and shape (Hodkinson 2005; Pitchers
et al. 2013; Pool et al. 2012b; Lack et al. 2016a; Lack et al. 2016b; Klepsatel et al.
2014; Klepsatel et al. 2013; Fabian et al. 2015). The HA population used in this study
has experienced strong directional selection for larger body size and disproportionately
larger wing size (Pitchers et al. 2013; Pool et al. 2012b; Lack et al. 2016a; Lack et al.
2016b; Klepsatel et al. 2014; Fabian et al. 2015; Klepsatel et al. 2013). Wing shape
has also evolved compared to the LA population, although the degree to which it is a
direct target of selection is unclear (Pitchers et al. 2013). Aspects of wing morphology,
including size and shape, are targets of sexual selection in D. melanogaster (Ewing 1964;
Abbott et al. 2010; Menezes et al. 2013); show sexual dimorphism within D. melanogaster
and among other Drosophila species (Gidaszewski et al. 2009); and demonstrate sex-
specific condition dependence. As such, we expected that the selection on size and shape
contributing to the adaptive changes observed in the HA population may have altered
genomic architecture such that it would influence sex-specific response to environmental
variation (Connallon 2015; Connallon et al. 2018). Contrary to these predictions, and
despite substantial population differences in wing size and shape (Figures 3.1 and 3.3,
Supplementary Tables B-S3,B-S4, B-S5, B-S6 ), changes in SSD and SShD are modest
between populations (Figure 3.3C and D). As expected, we observed a reduction in SSD
and SShD as a result of poor food quality (Figures 3.1A, 3.3C , Supplementary tables
B-S3, B-S5). However, despite the evolved increase in overall size in the HA population,
we did not observe a substantial increased sensitivity to food quality for SSD of wing

size, and only a modest increase in sensitivity for SShD in the HA population (Figure
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3.3C). We observed a much stronger change in sex specific plasticity for larval mass,
a proxy measure for body size. Larval mass showed a much greater reduction in SSD
(sex specific condition dependence) in the high altitude population where females had a
stronger response to food availability compared to the other groups (Figure 3.2). While
SSD and SShD increased as a result of increasing rearing temperature, the sensitivity
to temperature of SSD and SShD in both populations was similar ((Figures 3.1B, 3.3D,
Supplementary tables B-S4, B-S6)). This is similar to what has been observed for 7,
number of traits for Drosophila populations along a latitudinal cline (Lasne et al. 2018).
Additional selective forces may be maintaining the relative plastic response for wing
morphology (Pesevski and Dworkin 2020), but not for overall body size. However, wing
loading is likely to be a major target of selection in the HA population (Klepsatel et al.
2014), and variation in wing shape can influence flight performance in lab environments
for Drosophila species (Ray et al. 2016; Fraimout et al. 2018). Thus, wing size and
shape may be under strong stabilizing selection in each environment resulting in greater

environmental canalization.

Evolution, plasticity and sexual dimorphism for shape-size allometry

The second goal of this study was to evaluate what portion of the observed shape changes
across sex, population and rearing environments was a consequence of allometry with
size. This is a required step to ultimately identify whether wing shape was a direct
target of selection resulting in the evolutionary wing shape changes observed in the HA
population, or whether these changes are simply a correlated response due to allometry
with size. Mean wing shape not only differs due to adaptive differences in the two
populations, but there are significant mean shape differences due to sex, as well as
due to nutritional and temperature plasticity (Supplementary Tables B-S5 and B-S6).
However, as with most shape changes, shape-size allometry contributes significantly

to shape variation (Klingenberg 2016), including in Drosophila (Gilchrist et al. 2000;
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Debat et al. 2003; Gidaszewski et al. 2009; Bolstad et al. 2015). Thus, we wanted
to assess the relative contribution of allometric and non-allometric effects to changes
in wing shape. Given that wing size varied substantially due to population, sex and
environmental plasticity (diet and rearing temperature), partitioning allometric effects
can be challenging (Figure 3.1, Supplementary tables B-S3, B-S4, B-S5, B-S6). We used
multiple approaches to assess the contribution of allometric and non-allometric effects on
wing shape. In addition to discussing this in the context of our results, we also briefly
discuss the effectiveness of each approach in the context of understanding allometric
effects. As is often the case, partitioning the effects using a multivariate linear model
(and allowing size effects to vary according to sex and other predictors) suggests that
we observe significant variation in allometric relationships across groups (Supplementary
Tables B-S5 and B-S6). Given the relatively large sample sizes used in this study, it is not
surprising we detect statistically significant effects. More importantly, we examined the
relative contribution of changes in direction and magnitude of shape change associated
with changes in size, as summarized in Tables 3.1 and 3.2, and Figures 3.5 and 3.6.
Despite significant interactions between sex and size, changes in magnitude of allometry
(i.e magnitude of shape change per unit change in size) were generally modest as were
changes in direction of allometric effects (Table 3.1, Figure 3.5). This pattern seems
to largely hold with respect to temperature mediated effects on sexual dimorphism for
allometry (Table 3.2, Figure 3.6). On the other hand, differences in allometric effects
among populations show evidence of divergence for direction and magnitude and have
a surprising lack of concordance in direction. Whether this reflects that shape itself or
shape-size allometry has been a direct target of selection is unclear. One clear finding
from our study is how different environmental mediators of change in size (and shape) like
diet and rearing temperature, elicit different patterns of allometry in terms of population
of origin and sexual dimorphism (contrast Figure 3.5 and 3.6). In particular, while

allometric effects in response to food quality elicit parallel changes in shape across sexes

103


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

PhD—- Maria PESEVSKI; McMaster University— Department of Biology

and populations, influence of rearing temperature differs substantially. An analogous
pattern has been observed for D. melanogaster for multivariate allometry of size when
both rearing temperature and food availability were varied (Shingleton et al. 2009). The
degree to which these differences reflect potentially adaptive temperature plasticity is
unclear, but previous work demonstrated alignment between shape changes between HA

and LA populations and temperature plasticity (Pitchers et al. 2013).

In this study, we attempted to infer relative contributions of allometric and non-
allometric effects on SShD. Current approaches to partitioning allometric and non-
allometric SShD require an assumption of common allometry between the sexes within
each population and rearing condition (Sztepanacz and Houle 2021), and violations of
that assumption can result in misleading inferences. While this assumption was clearly
violated across populations, allometric patterns across the sexes were generally the most
similar with respect to both direction and magnitude (Tables 3.1B,3.2B, Figures 3.5A,
3.6A), as has been observed previously (Gidaszewski et al. 2009; Testa and Dworkin
2016). Given the relatively modest violation of the assumption of common allometry,
we explored this approach to determine the degree to which it might be informative.
Despite vector correlations among allometry vectors mostly greater than 0.9 between
males and females, we still observe problematic effects where summed contribution of
SShD 4 and SShDpy 4 exceed SShDp (Figure 3.7). To the extent that any meaningful
inference can be made, our evidence suggests that the SShD 4 and SShDy 4 components
are contributing to SShDr relatively evenly (Figure 3.6). Very similar effects and likely
similar problems have been observed when partitioning SShD among Drosophila species
(Gidaszewski et al. 2009; Sztepanacz and Houle 2021). Overall, this suggests that even
when the direction of allometric effects appears very similar, partitioning allometric and
non-allometric SShD under an assumption of common allometry may be misleading.
Thus the approach used for partitioning such effects can result in substantially differ-

ent answers (Supplementary Table B-S10). Care must still be taken when there is no
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significant interaction effect between sex and size, as this often is a function of studies
with modest sample sizes (or where size variation is small) (Klingenberg 2016). In such
cases, allometric relationships can be estimated with high uncertainty, suggesting an
apparent (but potentially incorrect) similarity in relationship. Developing approaches
to partition allometric effects that are robust to such assumptions remain an important

open problem in geometric morphometrics.

Despite being among the first studies examining the influence of rapid adaptation
on condition dependent sexual dimorphism (and sex-specific plasticity in general) in a
moderately female biased SSD system, our study has some limitations. First, we are
studying the interplay of adaptation, sexual dimorphism and plasticity within a single
pair of adaptively diverged populations. Even though we did not observe evidence of
changes in patterns of sex-specific plasticity as a consequence of rapid adaptive evolu-
tion, such changes may occur in other populations and/or species, particularly in systems
where adaptive and sexual selection forces are misaligned. While sexual selection gener-
ally operates on body size (Testa et al. 2013), wing size (Ewing 1964; Abbott et al. 2010),
shape (Menezes et al. 2013; Abbott et al. 2010) and other aspects of wing morphology
(Katayama et al. 2014) of D. melanogaster, we do not know the strength or direction of
sexual selection in the populations we examined. Natural selection for greater body and
wing size in the HA population could have altered the strength of sexual selection in the
wings of HA population. We observed that the degree of SSD for the wing is similar in
the two populations hinting at potentially unchanged patterns of sexual selection in the

two populations, but this remains to be confirmed experimentally.

As with any manipulative experiment, differential viability among treatments may
result in biased sampling of individuals used for phenotyping, despite efforts to sample
randomly. In this study, we measured egg-to-adult viability (Figures B-S1 and B-S2)

observing more than a ~65% reduction in viability for individuals raised on 15% food
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(survivorship at about 11-16%) relative to flies raised on the 100% food (survivorship
at about 45-46%). Viability in the low-altitude population was significantly higher
than for the HA population for the 15% food treatment (supported by a significant
nutrition:population interaction, Supplementary Table B-S8). This difference in viability
suggests in the HA population, the poor quality treatment may decrease fitness more
than in than the LA population. This ‘invisible fraction’ may also represent a non-
random subset of phenotypes. We did not observe any differences in viability between

populations at different rearing temperatures (Supplementary Table B-S9).

This study focused on the evolutionary changes in wing morphology. Other than
larval mass, we did not take measurements of other body parts. Previous work has
demonstrated that the evolved increase in size was observed among other traits (Pitchers
et al. 2013; Pool et al. 2012b; Lack et al. 2016a; Lack et al. 2016b; Klepsatel et al.
2014; Klepsatel et al. 2013; Fabian et al. 2015), but that the increase in wing size
was disproportionately large. However, it is known that different organs of Drosophila
respond differently to nutritional and temperature manipulations(Shingleton et al. 2009).
In retrospect, these measurements would have been useful to explore the differences in
plastic response for different traits and overall body size, and potentially scaling effects of
overall body size and the wing. Despite this, the strength of our study is the exploration
of wing shape and SShD, as well as, the allometric and non-allometric contributions of
shape variation in these two populations. The results from the examination of larval mass
suggest that we may be underestimating the condition dependence of SSD by focusing
only on the wing because we observe a heightened condition dependence of SSD for larval
weight in the HA population, particularly in the HA females (Supplementary Figure 3.1,

supported by significant sex:population:nutrition effect, Supplementary table B-S7).

Finally, strains used in this study were established in 2011, while the experimental

manipulations (performed simultaneously) were done in 2018. As such, potential issues
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due to inbreeding, genetic drift and to a lesser extent lab domestication can occur. Since
multiple strains were used from each population (Supplementary tables B-S1 and B-S2),
the impact of drift on allelic frequencies across all strains within a population will be
generally modest. Lab domestication does not appear to have affected morphological
changes substantially. In a previous study, we examined phenotypic variation of these
same strains at two different time points ( ~5 years apart) and observed that wing
size and shape were highly correlated, and remained consistent with previous studies
(Pesevski and Dworkin 2020). This suggests minimal influence of lab domestication on
traits under study. This is perhaps not surprising as when established as strains from
single females N, is small for each strain, and thus selection is unlikely to be particularly

efficient except for variants with large effects on fitness.

In summary, although we observed sex-specific plasticity for wing size, we did not
observe major changes in these patterns as a result of adaptive divergence. We ob-
served slight increase in sex-specific plasticity for wing shape. Differences in wing shape
due to sex, adaptive divergence and plasticity are a product of both allometric and
non-allometric components. Despite the limitations of the method for partitioning al-
lometric and non-allometric SShD, both allometric and non-allometric components of
SShD contribute to overall SShD. These findings are the beginning of the exploration
of the interplay between adaptive evolution, sexual dimorphism and sex-specific plas-
ticity (Ceballos and Valenzuela 2011). However, our understating of these patterns
remains limited and further theoretical and empirical work is needed to explore these
relationships further. Although there has recently been a greater interest in examining
the co-evolution of sexual dimorphism and condition dependence (Bonduriansky 2007b;
Rohner and Blanckenhorn 2018; Cotton et al. 2004a; Stillwell et al. 2007), there is still
a gap in understanding of the underlying mechanisms that govern the relationships be-

tween sexual dimorphism and condition dependence. Further examination of influence
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of local adaptation on the relationship between sexual dimorphism and condition de-
pendence is also needed because natural populations experience simultaneous selective
pressures. Although the HA population is an example of natural system that allowed
us to examine the interplay between condition dependent sexual dimorphism and local
adaptation, exploring the relationship between condition and sexual dimorphism in dif-
ferent populations and species with different evolutionary histories, including a range
of traits that vary in the magnitude and direction of SSD (and SShD), would be most

welcome in order to fully understand these processes and their interaction.
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Chapter 4

Comparative analysis of sexual
dimoprhism and its condition
dependence in the melanogaster

species group

4.1 Introduction

Sexual dimorphism and its condition dependence have been studied extensively in many
different taxa, mostly in species with exaggerated male biased-SSD and, to a limited ex-
tent, in species with moderate female-biased SSD. However, inter-specific patterns of the
correlated evolution of sexual dimorphism and condition dependence have rarely been
studied at the macro-evolutionary level (Cotton et al. 2004b; Stillwell et al. 2010; Teder
and Tammaru 2005; Rohner and Blanckenhorn 2018). As discussed in the introduc-
tory chapter and in the introduction of chapter 3, theoretical and empirical studies have
demonstrated a strong association between sexual dimorphism and condition dependence

(Bonduriansky 2007¢; Bonduriansky 2007b; Stillwell et al. 2010; Cotton et al. 2004b).
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Yet, it is unknown whether similar correlations of condition dependence and sexual di-
morphism exist at the inter-specific level and whether they follow similar evolutionary
patterns: is the evolution of greater SSD associated with the evolution of greater con-
dition dependence? Previous studies have examined at most 1-3 closely related species
at a time and have focused mainly on intra-specific co-variation of SSD and condition
dependence, often examining a variety of traits with varying degrees of SSD among indi-
viduals, strains and populations within the same species (Bonduriansky 2007c; Siomava
et al. 2016; Cassidy et al. 2014; Stillwell and Fox 2007; Fernandez-Montraveta and Moya-
Larano 2007). Patterns of inter-specific co-variation of SSD and condition dependence
have been inferred mainly from meta-analyses and systematic reviews that have not
taken a comparative-methods approach (Cotton et al. 2004b; Stillwell et al. 2010; Teder
and Tammaru 2005). These studies have concluded that there is an association between
degree of SSD and condition dependence among species. However, none of these studies
ever accounted for phylogenentic relatedness among species or studied these patterns
within a closely related taxonomic group in order to assess the evolutionary dynamics
of SSD and condition dependence in a comparative framework. To date, a single study
has attempted to study condition dependence of sexual dimorphism in a phylogenetic
context (Rohner and Blanckenhorn 2018). In species of Sepsis flies with varying degree
and direction of SSD, Rohner and Blanckenhorn (2018) demonstrated that SSD and
sex-specific condition dependence co-vary at the inter-specific level, especially in traits
with greater SSD. The relationship between magnitude of SSD and degree of condition
dependence was stronger in species with male-biased SSD, supporting the theoretical
predictions that sexual selection acting in males may be the main driver of heightened
condition dependence in these traits (Rohner and Blanckenhorn 2018). Condition de-
pendence was also positively correlated with SSD in species with female-biased SSD, but

to a lesser degree (Rohner and Blanckenhorn 2018). In order to understand how these
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two important sources of phenotypic variation co-evolve under different evolutionary cir-
cumstances, we must study the evolutionary patterns of SSD and condition dependence

in more than one taxonomic group.

In our study outlined in Chapter 3, I examine the condition dependence of sexual di-
morphism in two Drosophila melanogaster populations from different altitudes that vary
drastically in size due to adaptive divergence. Within each population, we observed a
decrease in both SSD and SShD when flies were raised at low quality food compared to
high quality food, but the two populations did not differ in their condition dependence
for SSD and only slightly for SShD. In Chapter 3, my goal was to examine the effects
of micro-evolutionary adaptive forces on the interplay between sexual dimorphism and
condition dependence. In chapter 4, my goal is to examine the co-evolution of sex-
ual dimorphism and condition at the macro-evolutionary scale within the melanogaster
species group. In doing so, I would like test the theoretical predictions of the condition
dependence family of hypotheses that predict that the greater degree of sexual dimor-
phism is associated with greater degree of condition dependence. The predictions of
these hypotheses have a number of potential evolutionary causes, two of which are: (1)
strong directional sexual selection causing release of phenotypic variation as a result of
decanalization and (2) genic capture of genetic variation of condition by sexually dimor-
phic traits via sex-specific modifiers allowing for the relaxation evolutionary constraints
brought on by high rj;r and depleted genetic variance in the face of strong selection
(Bonduriansky 2007c¢; Rowe and Houle 1996; Bonduriansky 2007b). These hypotheses
are explored in more detail in section 1.2.3 of Chapter 1. These hypotheses have yet to
be tested in species with primarily female-biased SSD and, as mentioned above, have
been tested in comparative framework in a single study within one taxonomic group.
Among Drosophila species, there is evidence of sexual selection in males, particularly for
overall body size, wing size, wing shape, leg size as well as other sex-specific secondary

sexual traits such as sex-combs, body coloration, wing spots, among others (Bateman
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1948a; Ewing 1964; Abbott et al. 2010; Markow et al. 1996; Kopp and True 2002; Mori-
moto et al. 2016). Yet, in most Drosophila species, except Drosophila prolongata which
shows strong male-biased SSD, most traits display female-biased SSD. Drosophila has
been an insect model for the study of genetics, evolution, development and behaviour, it
is very easy to rear and manipulate in the lab and many lab and wild strains are readily
available. Previous studies have demonstrated that different traits of Drosophila species
exhibit some level of plasticity due to food, temperature, larval density and other envi-
ronmental manipulations (Morimoto et al. 2016; David et al. 1994; Bitner—-Mathe and
Klaczko 1999). Therefore, examining patterns of sexual size dimorphism and condition
dependence, within and among Drosophila species can help us better understand the
dynamics of these two important sources of phenotypic variation among species with

mostly female-biased SSD.

The first aim of this study is to examine the relationship of sexual dimorphism and
condition within each species. To do this, I examine whether sexual dimorphism and con-
dition dependence are correlated among different traits within each species. The second
aim is focused on inter-specific patterns of sexual dimorphism and condition dependence,
and I intend to examine whether evolutionary patterns of SSD at the comparative level
are corresponding to evolutionary patterns of condition dependence in order to examine

if sexual dimorphism and condition dependence co-evolve.

For this chapter, I have chosen 27 Drosophila species that have a common ancestor
about 15 million years and have varying degrees of SSD, and in some cases direction of
SSD (male-biased SSD for all traits in D. prolongata, and leg segments in some other
species). I raised these species under varying starvation periods during development to
manipulate condition. I measured thorax size, length and width of the tibia and the
length of the first tarsal segment of the frontal right leg, and wing area for each fly. In

general, although I observe correlation of sexual dimorphism and condition dependence
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within each species, I do not observe the expected corresponding co-evolution at the
inter-specific level for condition dependence and sexual dimorphism among the species

from the melangoaster species group.

4.2 Materials and Methods

4.2.1 Species and Growth conditions

Wild and lab strains from 27 melanogaster species group were used in this experiment.
Supplementary Table C-S1 lists the all the strains and species and their origin. The
strains were maintained on standard cornmeal molasses food ( for recipe click here) at
room temperature. Strains of D. sechellia were raised on layered Carolina potato medium
on top of standard cornmeal molasses food. Prior to experimental treatments, the flies
were raised on high protein (HP) food (2:1 carbohydrate to protein ratio, recipe outlined
in Supplementary table C-S2) for one generation to minimize maternal effects. Before
the experiment, D. sechellia was raised on the HP food supplemented with octanoic

(0.7%), hexanoic acid (0.7%) and L-DOPA (0.375mg/L), for one generation.

4.2.2 Experimental design

Adult flies from each species were placed in egg laying chambers with apple-agar plates.
Dead yeast patches were used for most species, but were not included for species that
do not lay eggs in the presence of yeast (determined by observation of egg laying per-
formance). The adults were left to lay eggs for 12h windows in an incubator at 24°C
(12h light/dark cycle). Eggs were collected, 50 at a time, and placed in vials with HP
food, and the supplemented HP food for D. sechellia. As the eggs were collected, they
were placed in distinct cohorts, so that eggs that were collected on the first day were in
cohort 1, and eggs collected on subsequent days were in cohorts 2 and 3. In species that
have longer development times I collected up to cohort 5. When cohort 1 reached the

wandering larval stage, larva from all cohorts for each species were collected by floating
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them in 5% sucrose solution. Thus, cohort 1 flies were fully fed, cohort 2 underwent
24 hours of starvation at the end of larval period, cohort 3 underwent 48 hours, and
so on. The collected larva were washed and placed in vials with a moist cotton ball to
prevent desiccation. The flies were kept at 24°C until eclosion and wing sclerization.
The emerged flies were then collected in tubes with 70% ethanol to preserve them. The
whole experiment was split into 3 blocks of 12-13 species each to allow for more man-
ageable handling and collection. The blocks were all performed on the same batch of

food within 2 weeks of each other to minimize variation among blocks.

The right wing and right frontal leg of 30 adult males and 30 adult females were
dissected for each strain/species and mounted on glass slides in 70% glycerol solution
in the same order of dissection. At the time of dissection, digital images of the thorax
were taken in the same order of wing and leg mounting. Taking photos of the thorax at
the time of wing and leg dissections allowed us to assign the same label to the thorax,
wing and leg images so that we have corresponding measurements for each individual
fly. The thorax images were taken using a Leica IC90 E camera mounted on Leica MZ75
microscope at 5X magnification (total of 50x magnification) using the LAS X 3.0 imaging
software at 1024 x 768 resolution. The wing and leg images were taken using an Olympus
DP30B camera mounted on an Olympus BX51 microscope (Olympus software version
3.1.1208) using a 4X objective (total of 40X magnification) and images were taken using

cellSens Standard (versionl.14) software at 4060 x 3072 resolution.

Linear measurements were taken of the thorax, length and width of the tibia, and
length of the first tarsal segment of the leg using the measure tool from the ImagelJ
software, and area measurements were taken of the wing were taken using a custom

macro written in ImageJ (not publicly available).

I originally took a different approach to alter condition by altering food quality for
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each species. I used the HP food and created specific diets for species that had spe-
cial dietary requirements (supplemented food for D. sechellia, and sugary food for D.
suzukii). I created 100%, 50%, 35% 25% 15% dilutions of the HP food and raised the
flies at 24°C.I measured wing area, leg segments and thorax length for a subset of these
species and did some preliminary analysis. Surprisingly, this had very modest impact
on adult size in most species and I decided to perform the starvation protocol outlined

above.

4.2.3 Analysis

Statistical analysis was performed in R(v4.0.3) (R Core Team 2018) using R Studio(v1.4.1103)
on a MacBook Pro, running macOS Big Sur(v11.2.1). Linear models were run using Im
from the stats package (v4.0.3) and Imer from the Ime/ package (v1.1.26). Contrasts and
effects were compared using emmeans from the emmeans package. Comparative analysis
was performed using functions from the ape package (v5.4.1), caper package (v1.0.1),
geiger package (v2.0.7), phytools package (v0.7.70) and nime package (v3.1.152), for
general phylogeny input and manipulation, phylogenetic general least squares (PGLS)
analysis, ancestral state estimation, and estimating parameters for different evolutionary
models (Brownian Motion, Ornstein—Uhlenbeck, and Pagel’s lambda). Trait evolution

on phylogenetic trees was visualized using functions from the ggtree package (v2.4.1).

To simplify our analysis, we converted the cohorts for each species into a condition
variable. We coded cohort 1 as high condition (HC), because this cohort did not undergo
any starvation, and we coded the highest cohort within each species (3 for most species;
4 or 5 for species with longer development times) as low condition (LC), because those
cohorts underwent the longest duration of starvation. The new condition variable allowed
us to have species-specific condition treatments that are similar across species and are

standardized based on development time, as it is hard to consistently alter condition
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in so many species due to inter-specific differences in response to nutritional needs and

resistance to stress.

Before analysis we transformed the measurements of the traits to ease with the anal-
ysis. We logs transformed the linear measurements (in micrometers) to standardize the
measurements across traits and species. For wing we first took the square root of the

area measurement so that it is on a common scale as the other linear measurements.

Intra-specific patterns of sexual dimorphism and condition dependence

We first examined intra-specific patterns of sexual dimorphism and its condition depen-
dence for each trait. We fitted linear models by using each trait measurement as the
dependent variable, and condition, sex and their interaction as the independent vari-
ables. We fitted regular linear models with the Im function by including species as an
independent variable in order to get species-specific estimates for each trait. We fitted a
mixed model with block and species as a random effects allowing the effect of condition

and sex to vary among species.

We calculated a sexual dimorphism index (SDI) as a measure of SSD for each trait
at HC and LC. We used the sex contrasts generated by the emmeans function and
back-transformed from the log scale to get the ratio between females and males. Then
we subtracted 1 from the ratio in order to generate the SDI described in Lovich and
Gibbons (1992). To check the validity of this SDI index, we calculated SDI by taking
the male and female means for each species at HC and LC, calculating the female-
male ratio and subtracting 1. We concluded that these two ways to calculate SDI were
identical and continued with the first approach. We took a similar approach to calculate
a condition dependence degree (CDD) for each sex within each species, we used the

contrasts generated by the emmeans function, as a measure of condition dependence.
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Because our data is log transformed, if we back-transform the CDD it will represent the

ratio between HC and LC measurements.

In order to quantify the covariation of condition dependence and SSD we fit a linear
model with CDD as a dependent variable for each trait and SDI at the HC as an
independent variable. We did this for each sex, within each species in order to examine

whether the traits that are most dimorphic are most condition dependent.

Inter-specific patterns of sexual dimorphism and condition dependence

We used a modified version of the tree produced by Suvorov et al. (2021). We removed
the species on the tree that were missing from our analysis and added 3 species ( D.
santomea, D. pseudotakahashi and D. prolongata)that were not in the original tree. We
used additional trees from the literature to determine the correct position of these three
species in the tree that we use for our analysis (O’Grady and DeSalle 2018; Linde and
Houle 2008; Rohner et al. 2018b; Sessegolo et al. 2016). The branch lengths for the
three added species were approximated at halfway between the existing tip and the
most common ancestor node to the next closest node/tip. The phylogeny is shown in

Figure 4.1

We estimated the evolutionary rate (0?) under Brownian motion (BM), Ornstein
— Uhlenbeck (OU), and maximum likelihood Pagel’s A evolutionary models for each
trait within each sex at HC and LC and compared the model fits using AICc using the
fitContinuous function from the geiger package. We also did estimated o2 for SDI at
HC and LC, and for CDD within females and males, to estimate the rate of evolution of
SSD and condition dependence and to compare which evolutionary model best models

their evolution.

We performed ancestral state reconstruction using the fastAnc function from the

phytools package for each trait at HC and LC in order to estimate the evolutionary
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changes for each trait on the phylogeny. We also performed ancestral state reconstruction
for SDI at HC and LC and CDD within females and males to estimate the evolutionary
changes in SSD and condition dependence. We plotted the ancestral state estimations

for each trait, SSD and condition dependence on phylogenetic trees using ggtree.

We performed a PGLS analysis using the pgls function from the caper package, by
fitting CDD for each sex as the dependent variable and SDI at HC as the independent
variable in order to see whether there is evidence of phylogeny corrected co-variation for

condition dependence and SSD.

4.3 Results

4.3.1 Intra-specific patterns of sexual dimorphism and condition de-

pendence

At the intra-specific level we looked at whether there is an association between sexual
dimorphism and condition dependence among traits within each species. For each trait
that we measured we observed varying degrees of SSD and varying degrees of sensitivity
to the condition manipulation (Figures 4.2, 4.3, 4.4, 4.5, 4.6). For thorax length, most
species exhibit female-biased SSD and most exhibit a decrease in thorax size under low
condition (LC) compared to high condition (HC). Notable exceptions to this pattern in-
clude monomorphism (non-significant differences between males and females at HC) in
D. elegans and D. fuyamai, and male-biased SSD in D. prolongata, and lack of reduction
in thorax length due to condition in D. elegans and D. rufa, and females of D. fuya-
mat. Tibia length and width are mostly monomorphic across species and are in general
less sensitive to condition than thorax size. Notable exception to this pattern include
male-biased SSD in D. elegans, D. ficusphila, D. fuyamai, D. prolongata and D. suzukii
for tibia length, and male-biased SSD in D. ficusphila, D. fuyamai, D. kikkawai, D. pro-

longata and female biased SSD for D. malerkotliana for tibia width. Tarsus length has
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primarily female-biased SSD among the species. Exceptions include monomorphism in
D. ficusphila, D. fuyamai, kikkawai and D. santomea, and male biased SSD in D. elegans
and D. prolongata. Reduction in tarsus length due to condition is more variable than
for the other leg segment measurements, but in general, it is lower than thorax length
reduction. Finally, for wing area, we observe similar patterns as with thorax length:
female-biased SSD in almost all species, with the exception of D. elegans, D. fuyamai
which are monomorphic and D. prolongata which exhibits male-biased SSD. Wing area
decreases under low condition in most species except for D. elegans and D. rufa and the

reduction in wing area is in general stronger compared to thorax.

To examine intra-specific co-variation of the degree of SSD and condition dependence,
we looked at the relationship between the absolute value of SDI and CDD within each
species among all the traits that we measured(Figure 4.7). We used this approach largely
for consistency with some of the previous studies examining the relationship between SSD
and condition dependence (Bonduriansky 2007b; Rohner and Blanckenhorn 2018). In
general, wing size is the most dimorphic and the most condition dependent trait while
the legs are the least dimorphic and the least condition dependent, with the thorax
having intermediate degree of SSD and condition dependence. This pattern is broken in
D. elegans, D. fuyamai, D. prolongata and D. rufa. In most species, females are more

condition dependent among most traits.
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FIGURE 4.1: Phylogeny of melanogaster species group (Suvorov et al.
2021; O’Grady and DeSalle 2018; Linde and Houle 2008; Rohner et al.

2018b)
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condition (HC) and low condition (LC). Error bars represent 95% Cls
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FIGURE 4.4: Tibia width within species, for males and females at high
condition (HC) and low condition (LC). Error bars represent 95% Cls
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4.3.2 Inter-specific patterns of sexual dimorphism and condition de-

pendence

In order to evaluate the evolutionary patterns among the traits we measured in the
27 Drosophila species (Figure 4.1), we first examined which evolutionary models best
describe evolution of each trait at HC and LC within females and males. We also
estimated Pagel’s A quantify the phylogenetic signal for each of these traits at different
conditions within each sex (Table 4.1 and 4.2). In general, all the models fitted equally
well. Leg segments have higher evolutionary rates in males compared to females and
in thorax and wing. The evolutionary rate is moderately reduced in some cases at low
condition (consistent under all evolutionary models). Most traits had high phylogenetic
signal among both treatments and sexes with the exception of wing area in high condition
females. SSD of each trait evolves more slowly than the traits themselves. For SSD,
phylogenetic signal is detected in most traits at high condition and low condition, except
for tibia width. Similarly, evoutionary rates for CDD for each trait within each ses are
much slower compared the trait evolutionary rates. We detect relatively low to no

phylogenetic signal for CDD among the traits.

From the ancestral reconstruction trees for SSD within each trait, we can see that
more closely related species have more similar SSD (Figures 4.8, 4.9, 4.10, 4.11, 4.12)) .
For example, the species most closely related to D. prolongata have SDI that is closer
to monomorphism and/or male-biased SSD dependent on the trait. These patterns hold
at both HC and LC.

Condition dependence, on the other hand, had much less evolutionary signal. Al-
though females were in general more condition dependent, condition dependence patterns
were very similar between males and females among all the species. In fact, patterns of
condition dependence evolution among species were consistent for all traits. The species

that exhibited the greatest condition dependence for all traits is D. eugracilis. Most of
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the other species have intermediate levels of condition dependence. D. rufa exhibited

the lowest condition dependence (Figures 4.13, 4.14, 4.15, 4.16, 4.17).

For each trait, we tested whether condition dependence and SSD have correlated
evolution by fitting a PGLS model with CDD within each sex as the dependent variable
and SDI at high condition as the independent variable (Table 4.5). The results from the
models confirm that condition dependence and SSD are not associated for any of the

traits within each sex.
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FIGURE 4.8: Ancestral state reconstruction of SSD at (A) HC and (B)
LC for thorax
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FIGURE 4.9: Ancestral state reconstruction of SSD at (A) HC and (B)
LC for tibia length
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FIGURE 4.10: Ancestral state reconstruction of SSD at (A) HC and (B)
LC for tibia width
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FIGURE 4.11: Ancestral state reconstruction of SSD at (A) HC and (B)
LC for tarsus length
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FIGURE 4.12: Ancestral state reconstruction of SSD at (A) HC and (B)
LC for wing area
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FIGURE 4.13: Ancestral state reconstruction of CDD in (A)females and
(B) males for thorax length
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FIGURE 4.14: Ancestral state reconstruction of CDD in (A) females and
(B) males for tibia length
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FIGURE 4.15: Ancestral state reconstruction of CDD in (A) females and
(B) males for tibia width
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FIGURE 4.16: Ancestral state reconstruction of CDD in (A) females and
(B) males for tarsus length
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FIGURE 4.17: Ancestral state reconstruction of CDD in (A) females and
(B) males for wing area
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TABLE 4.5: Anova tables for PGLS models for each trait within each
sex, with condition dependence as the dependent variable and SSD as the
independent variable

Df Sum Sq Mean Sq F value Pr(>F)
Thorax Length Females
estimate.SSD 1 2.0x 103 2.0x 1073 2.0 0.15
Residuals 25 2.0 x 1072 1.0 x 1073
Thorax Length Males
estimate.SSD 1 2.0x 1074 2.0x 1074 0.25 0.62
Residuals 25 1.8 x 1072 1.0 x 1073
Tibia Length Females
estimate.SSD 1 1.0 x 107* 1.0 x 1074 0.24 0.63
Residuals 25 1.6 x 1072 1.0 x 1073
Tibia Length Males
estimate.SSD 1 1.0 x 1073 1.0 x 1073 1.8 0.19
Residuals 25 1.5 x 1072 1.0 x 1073
Tibia Width Females
estimate.SSD 1 4.0x 1077 4.0 x 1077 5.0 x 1074 0.98
Residuals 25 1.9 x 10720.019 1.0 x 1073
Tibia Width Males
estimate.SSD 1 1.0 x 1073 1.0 x 1073 1.2 0.27
Residuals 25 1.7 x 10720.017 1.0 x 1073
Tarsus Length Females
estimate.SSD 1 5.0x 1078 4.8 x 1078 4.0 x 1074 0.98
Residuals 25 3.0x 1073 1.0 x 1074
Tarsus Length Males
estimate.SSD 1 9.0 x 104 9.0 x 104 1.2 0.28
Residuals 25 1.8 x 1072 1.0 x 1073
Wing area Females
estimate.SSD 1 7.0x 1073 7.0x 1073 3.1 0.09
Residuals 25 5.3 x 1072 2.0x 1073
Wing area Males
estimate.SSD 1 2.0x 1074 2.0x 1074 0.12 0.73
Residuals 25 4.3 x 1072 2.0x 1073
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4.4 Discussion

The main goal of this study was to examine the evolutionary patterns of SSD and condi-
tion dependence in the melanogaster species group and to see whether these two major
sources of phenotypic variation demonstrate correlated evolution as it is predicted by
the different condition dependence hypotheses. In order to achieve this goal we exam-
ined both intra-specific and inter-specific patterns of correlation of SSD and condition
dependence. In general, within each species, we observed that the traits with greater
degree of SSD exhibit greater degree of condition dependence. However, this pattern
was not universal and was violated in the species in which we expected this pattern to
hold the most, D. prolongata. According to the different condition dependence hypothe-
ses, the greater degree of SSD should be correlated with greater degree of condition
dependence, especially in organisms with male-biased SSD. However, in D. prolongata,
the only species with very exaggerated male-biased SSD, particularly in the frontal legs,
we saw the greatest degree of condition dependence in more intermediate traits, such
as the wing, while the legs exhibited moderate condition dependence. The males of
these species did have a greater degree of condition dependence, which suggests that,
generally, the larger sex tends to be more sensitive to condition manipulation. Since the
most exaggerated traits, tibia length and width, were not the most condition dependent
(predicted by condition dependence theory) (Bonduriansky 2007¢; Bonduriansky 2007b;
Stillwell et al. 2010; Cotton et al. 2004b; Rowe and Houle 1996), our results suggest that
for this species the adaptive canalization hypothesis may provide a better explanation

(Fairbairn 2005). However, this hypothesis needs to be tested more explicitly.

D. prolongata is considered to be an "evolutionary singularity" because it is so dras-
tically different compared to its close relatives. However, species that are more closely
related to D. prolongata, D. fuyamai, D. elegans and D. ficusphila, all have male-biased

SSD in tibia length, while the other species are nearly monomorphic. Male-biased SSD
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in D. prolongata may not be an evolutionary singularity after all, and this species may
have used existing genetic and phenotypic variation in order to evolve to exaggerated

proportions.

In most species, leg segment sizes tend to be monomorphic even in species with overall
female-biased SSD. Sexual selection may operate differently among the different traits
within each species and its interaction with other selective forces can cause different al-
lometric relationships for the different traits, particularly in the legs. This highlights the
importance of measuring multiple traits when studying sexual dimorphism, and cautions
us against generalizing patterns of sexual dimorphism from single trait measurements

among species or from combining measurements of different traits in meta-analyses.

The inter-specific patterns of evolution for SSD and condition dependence were more
complex. For most traits we saw relatively strong phylogenetic signal for SSD at both HC
and LC, with the exception of tibia width. Condition dependence, on the other hand, had
much lower phylogenetic signal and seem to have more random evolutionary patterns.
We did not observe correlated evolution between SSD and condition dependence in any
traits. This suggests that inter-specifically we do not see correlated evolution of SSD

and condition dependence in the melanogaster species subgroup.

Although this study is among the first to test the evolution of condition dependence
and sexual dimorphism in a comparative context it does have some caveats. The way
that the condition manipulation was performed is not optimal. We originally planned
to expose the different species to a series of diluted food treatments during develop-
ment as a way to alter condition and to make sure the treatment affects each species
appropriately. However, even lowest dilution food treatments had too weak an effect to
allow us to effectively study condition dependence. We decided to perform the staggered

starvation experiment instead. However, starvation can affect stress pathways and can
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have unwanted effects on phenotype although it provides a consistent way to affect con-
dition. With the starvation treatments we did see strong enough effect that allowed us
to test the condition dependence hypotheses. For most of the species we had only 1-2
strains which limits our ability to make more general conclusions about both intra- and
inter-specific patterns. For a comparative study, although we had over 3000 specimens,
we had a total of 27 species which may be considered a relatively low number and this

may in fact influence the estimates we got from the models.

We also aimed to examine wing shape and SShD in a similar context, but due to
unforeseen circumstances were not able to complete the data acquisition. I would be
very interested to see whether wing shape and SShD have similar patterns as wing
size and SSD for wing size, and whether SShD and condition dependence have more
correlated evolution than SSD and condition dependence. In the future, we can also use
the measurements of the intermediate cohorts in the analysis in order to examine a more
continuous decline in condition among each species. We will use alternative tools that

allow us to perform PGLS by considering both intra and inter-specific variation.

In conclusion, although we observe intra-specific correlation of condition dependence
and SSD in species within the melanogaster species group that have primarily female-
biased SSD, we observe no inter-specific co-evolution of SSD and condition dependence.
In the future it would be interesting to examine the proximate causes of these effects by
exploring what are the developmental mechanisms that drive the intra-specific patterns.
Examining the evolutionary patterns in more taxonomic groups would also be very
helpful as it will provide further tests of the condition dependence hypotheses of sexual

dimorphism.
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Chapter 5

Conclusion

The main theme of this thesis is the influence of environmental variation on pheno-
typic variation. I addressed this theme in three different contexts: (1) canalization,
(2) micro-evolutionary patterns of sexual dimorphism and (3) macro-evolutionary pat-
terns of sexual dimorphism. In the first study (Chapter 2), I examined the effect
of environmental variation in the context of canalization. I studied two populations
of D. melanogaster, one of which has undergone genetic decanalizaiton as a result of
strong directional selection for greater size. The main goal of this study was to exam-
ine whether the genetically decanalized population has increased phenotypic variability
as a result of variable environment. I examined environmental canalization at three
different levels: (1) within-individual variation represented by fluctuating asymmetry,
(2) within-line variation represented by variation among individuals within each strain,
and (3) differences in reaction norms for temperature. The first two levels are used
to quantify micro-environmental canalization while the third is used to quantify macro-
environmental canalization. Despite the increased expression of genetic mutations in the
genetically decanalized population, we found no differences in environmental canaliza-
tion at any level in the two populations. We concluded that genetic and environmental
canalization may be uncorrelated and that different mechanisms facilitate these two pro-

cesses. This study is one of the few studies that directly tests the congruence hypothesis
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of environmental and genetic canalization, and it is the only one that tests it in natural
populations with naturally occurring mutations where we have direct measurement of ge-
netic decanalization. The literature offers mixed support for the congruence hypothesis;
this study does not support it. This study examines a single case of naturally occurring
genetic decanalization; to further establish the generality of these results, similar studies
in more populations and/or taxa are required. Examining the genomic architecture of
these populations can give us some insights into the mechanisms that facilitated the

breakdown of genetic canalization in the high-altitude population.

In the second study (Chapter 3), the main goal was to examine how strong adaptive
evolution affects the interplay between sexual dimorphism and condition dependence.
We used the same two altitudinally diverged populations from Chapter 2 and exam-
ined phenotypic plasticity due to diet and temperature manipulation of wing size and
shape within each sex, and the response of SSD and SShD within and between the two
populations to each treatment. We also examined the allometric vectors for wing shape
and how they differ as a result of sex, adaptive differences and plasticity. Finally, we
attempted to partition the allometric and non-allometric portions of SShD within each
population and treatment. Although both SSD and SShD decreased as a result of poor
quality diet within each population, there were no differences in condition dependence
of sexual dimorphism between the two populations. Sex, adaptive divergence and diet
had small to moderate effects in allometric vectors of wing shape, while temperature had
relatively larger effects. Partitioning SShD into its allometric and non-allometric com-
ponents was challenging because our data violated the assumption of common allometry
between the sexes. We concluded that both allometric and non-allometric components a
considerable portion to total SShD. This study highlights the importance of examining
SSD and SShD and wing shape allometry in the context of plasticity and adaptive di-
vergence because (1) the results suggest that despite the drastic phenotypic changes of

wing size and shape due to adaptation to high-altitude, SSD, SShD and their condition
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dependence may be conserved; (2) although the adaptive changes in wing size in the
high-altitude population are substantial, size-shape allometry for the wing is more influ-
enced by the plastic response to environmental factors such as temperature; and finally
(3) although it may be important to understand the contribution of allometric and non-
allometric portions of SShD to total SShD, more robust methods are necessary to do this
effectively. Extending this experiment to measure multiple traits would provide us with
more information about the overall static allometry rather than just for the shape-size
allometry of the wing. Since we saw drastic differences in condition dependence of sexual
dimorphism in larval weight, examining the developmental mechanisms that facilitate
the phenotypic variation in the adults due to the adaptive and plastic response would be
informative. We also performed metabolic assays to measure the macro-nutrient content
of larva raised at the different diet treatments in order to have a more robust measure
of condition. However, the metabolic assays that we used were not sensitive enough
to detect the subtle differences in our very small larval samples. If this experiment is
repeated in the future, my recommendation is to collect much larger larval samples in

order to allow for greater sensitivity of the assays.

In the third study (Chapter 4), the main goal was to examine the evolutionary pat-
terns of sexual dimorphism and condition dependence and to test whether there is cor-
related evolution of these two main sources of phenotypic variation among species from
the melanogaster species subgroup. We manipulated condition in 27 different species
from this group by limiting nutrition at different duration during development and then
measured the thorax, frontal leg segments and wing area. We examined the intra-specific
patterns of sexual dimorphism and condition dependence by examining their correlation
among the different traits within each species. We examined the inter-specific evolution-
ary patterns of sexual dimorphism and condition dependence by modeling their evolution

under different evolutionary models, estimating their evolutionary rates and phylogenetic
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signal. The results suggest that at the intra-specific level sexual dimorphism and con-
dition dependence are correlated, with some notable exceptions. However, at the inter-
specific level sexual dimorphism and condition dependence seem to evolve more or less
independently. Surprisingly, we did not observe the predicted correlation of sexual di-
morphism and condition dependence in D. prolongata, the only species with male-biased
SSD and exaggerated leg size, which exhibited the greatest condition dependence in the
wing (relatively moderate SSD) rather than the leg (relatively high male-biased SSD).
The results from this study demonstrate that: (1) we cannot assume all traits exhibit
the same degree and direction of sexual dimorphism and degree of condition depen-
dence within and among species and we need to be cautious when presenting data from
multiple traits; (2) the leg within males has the highest evolutionary rate; (3) species
more closely related to D. prolongata tend to have traits that are either monomorphic
or male-biased, suggesting that the evolution of male-biased SSD in D. prolongata may
not be an evolutionary singularity and may have been facilitated by preexisting phen-
totypic and genotypic variation in that direction; (4) unlike many comparative studies,
especially in vertebrates, where data is often collected from limited amount of specimens
within a species, this study demonstrates that both intra- and inter-specific variation
are important, especially when it comes to condition dependence and plasticity; (5) con-
trary to theoretical predictions, sexual dimorphism and condition dependence do not
seem to co-evolve at the inter-specific level, at least in the melanogaster species group.
Of the studies presented here, this study is furthest from completion. We originally
planned to include wing shape measurements and measurements of cell density across
the wing. However, due to both unforeseen complications in experimental design as well
as restrictions due to the global pandemic, this data was not collected in time for the
defence of this thesis. We plan to have this data collected for the publication of this
study. In the future, examining species in other taxonomic groups, especially ones in

which there are more variable magnitudes and directions of SSD would be allow us to
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fully test the predictions of the condition dependence hypotheses and to examine the

relationship between sexual dimorphism and and condition dependence.
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Chapter 2 Supplement

Supplemental Figures
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Ficure A-S1 : High-altitude population has a higher frequency of
wing defects compared to the low-altitude population. (A) Examples of
wing defects seen in the high-altitude population (red arrowheads point-
ing to venation defects). Venation defects represented include additional
longitudinal veins (top left) or small pieces of vein material (top left and
top and bottom right), incomplete posterior cross vein (all 4 wings) and
incomplete L5 vein (bottom left) (B) Proportion of wing venation de-
fects within lines is much greater in the high-altitude population than the
low-altitude population. Error bars represent 95% Cls.
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FIGURE A-S4 : Within-line variation for wing size measured as Lev-
ene’s deviates are not correlated with within-line proportion of defects in
either the high-altitude population( r = —0.27 95% CIs —0.54 - 0.055)
and the low-altitude population (r = —0.0032 95% CIs —0.46 - 0.45).
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FIGURE A-S8 Within-line variation for cell density measured as
Levene’s Deviates and association between within-line variation for cell
density with within-line wing defects, and within-line variation for wing
shape. (A) As seen using CV, within-line variation for cell density using
Levene’s deviates is similar between high- and low-altitude populations.
Error bars represent 95% ClIs. (B) There is little association between
cell density CV and proportion of defects in either the high-altitude (r
= —0.043 95% —0.44 - 0.37) or low-altitude populations (r = 0.36 95%
—0.076 - 0.68). Within-line variation (total variance) (C) and integration
(eccentricity) (D) for wing shape are not correlated with within-line vari-
ation for cell density (TV - Total variance r = —0.22 95% CIs —0.45 -
0.04) , Ecc - Eccentricity » = —0.04 95% CIs —0.29 - 0.22)
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the high-altitude population having consistently greater proportion of de-
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developmental temperatures. Error bars represent 95% Cls.
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18 deg
PD =0.011
24 deg
PD =0.014
28 deg
PD = 0.016
FiGURE A-S11 : Mean wing shape differences between the high- and

low-altitude populations at different temperatures (females). The differ-
ence in shape measured as PD (Procrustes distance) is increasing with
temperature
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FIGURE A-S14

Temperature ® 18deg A 24 deg W 28 deg

: Fluctuating asymmetry for wing size and shape vs.
measures of variability for wing shape.(A) FA1 and wing shape total vari-
ance (B) FA8 with wing shape total variance (C) Procrustes distance
between the left and right wing (PDyr) with wing shape total variance
(D) FA1 with wing shape eccentricity (E) FA8 with wing shape eccen-
tricity (F)(PDrg) with wing shape eccentricity (G) FA1 correlated with
wing shape rSDE (H) FA8 with wing shape rSDE (I)(PDpr) with wing
shape rSDE (J) FA1 with wing shape rSDE2 (K) FA8 with wing shape
rSDE2 (L) PDyr) with wing shape rSDE2.
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Supplemental Tables

TABLE A-S1: Sample sizes of fly strains for micro-environmental canal-

ization

Line Population Nrp Ny Line Population Nr Ny
efl01  High-Altitude 19 20 zil24  Low-Altitude 20 18
efl12  High-Altitude 20 20 zil59  Low-Altitude 18 15
efl15  High-Altitude 19 20 zil60  Low-Altitude 17 12
efl17  High-Altitude 20 19 zi186  Low-Altitude 17 17
efl19  High-Altitude 18 14 zi197  Low-Altitude 19 19
ef122  High-Altitude 18 20 zi216  Low-Altitude 16 17
efl31  High-Altitude 20 20 zi217  Low-Altitude 19 20
ef135  High-Altitude 19 20 zi251  Low-Altitude 19 14
ef136  High-Altitude 16 20 zi254  Low-Altitude 12 17
efl5 High-Altitude 15 20 zi311  Low-Altitude 17 19
ef16 High-Altitude 20 19 zi322  Low-Altitude 23 14
ef19 High-Altitude 20 19 zi337  Low-Altitude 19 20
efl High-Altitude 20 17 zi357  Low-Altitude 20 20
ef25 High-Altitude 20 20 zi360  Low-Altitude 18 14
ef31 High-Altitude 20 19 zi366  Low-Altitude 18 20
ef39 High-Altitude 20 20 zi383  Low-Altitude 19 19
ef3 High-Altitude 18 14 zi403  Low-Altitude 17 16
ef54 High-Altitude 20 19 zid55  Low-Altitude 20 19
ef59 High-Altitude 19 13 zid61  Low-Altitude 14 18
ef65 High-Altitude 19 19 zi507  Low-Altitude 20 18
ef67 High-Altitude 11 17

ef73 High-Altitude 18 16

ef75 High-Altitude 8 18

ef7 High-Altitude 14 19

ef86 High-Altitude 19 20

ef98 High-Altitude 14 20

ef9 High-Altitude 17 20

166


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

PhD—- Maria PESEVSKI; McMaster University— Department of Biology

TABLE A-S2: Sample sizes of fly strains for Temperature Plasticity and
Macro-environmental canalization

Line Population N18F N24F N28F NISM N24M NggM
efl12  High-Altitude 28 10 22 18 23 9
efl17 High-Altitude 7 22 8 9 5) 8
efl19  High-Altitude 20 24 11 16 9 8
ef122  High-Altitude 8 14 6 11 19 18
efl31 High-Altitude 26 27 41 35 39 22
ef136  High-Altitude 12 20 16 14 20 10
eflb High-Altitude 13 19 21 19 24 14
ef19 High-Altitude 7 12 9 6 13 10
ef39 High-Altitude 7 13 17 12 21 23
ef65 High-Altitude 13 20 4 8 14 6
ef73 High-Altitude 36 21 12 23 26 8
efl6 High-Altitude 42 27 43 36 26 30
ef98 High-Altitude 25 16 13 19 20 8
zil24  Low-Altitude 47 20 31 39 21 25
zil59  Low-Altitude 41 72 42 39 60 31
zil86  Low-Altitude 26 8 21 37 8 23
zi216  Low-Altitude 26 47 10 29 56 4
zi251  Low-Altitude 20 32 17 23 47 28
zi254  Low-Altitude 40 40 40 38 49 36
zi311  Low-Altitude 22 22 15 13 16 12
zi360  Low-Altitude 9 17 ) 20 9 4
zi366  Low-Altitude 4 12 8 14 6 2
zi367  Low-Altitude 8 35 23 8 23 10
zi455  Low-Altitude 32 32 15 35 37 16
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TABLE A-S3: Recipe for 1.5:1 Protein:Sugar Food used in Temperature

Plasticity /Macro-environmental canalization and FA experiments

TABLE A-S4: Linear mixed estimates for the contributions of sex, popu-

Ingredient Amount
Water 4250 ml
Black strap molasses 20 g
Fancy table molasses 20 ¢g
Cornmeal 20 g
Carageenan 27 g
Yeast 280 g
Sucrose 75 g
Propionic acid 12 ml
Methylparaben 25¢
Ethanol 25 ml

lation and their interaction on wing size

TABLE A-S5: Results from Multivariate Procrustes ANOVA testing the

Effect Chisq Df  Pr(>Chisq)

Sex 4.6 %102 1 <22x10°1'6
Pop 9.5x102 1 <22x1071'6
Sex:Pop 1.0x10> 1 <22x10716

effects of wing size, population, sex and all interactions on wing shape

Effect Df SS MS Rsq F Z p (>F)
Size 1 57x1072 57x1072 58x1072 27x10> 11 50x1074
Pop 1 1.1x107" 1.1x107! 1.1 x107! 11 4.7 5.0x107*
Sex 1 1.0x1072 1.0x1072 1.0x 1072 47 9 50x1074
Size:Pop 1 33x1073 33x10% 3.3x107° 16 6.4 5.0x107*
Size:Sex 1 1.3x107% 13x1073 1.3x1073 6.0 45 50x107*
Pop:Sex 1 55x107*% 55x107* 5.6 x 1074 2.6 2.7 5.0x1074
Pop:Line 45 45x 1071 1.0x1072 4.6 x 107! 47 35 5.0x1074
Size:Pop:Sex 1 4.0%x107* 39x107* 4.0x107* 1.8 4.0 5.0x107*
Residuals 1.6x10% 35x107! 21x107% 35x107!

Total 1.7x10% 9.8 x 107!
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TABLE A-S6: Results from generalized mixed effects model testing the
effects of population and sex and their interaction on within-line among-
individual wing size CV

Effect Chisq Df  Pr(>Chisq)
Pop 0.13 1 0.72
Sex 1.0x107% 1 0.98
Pop:Sex 0.41 1 0.52

TABLE A-S7: Results from generalized mixed effects model testing the
effects of sex and population and their interaction on within-line among-
individual wing size Levene’s deviates

Effect Chisq Df Pr(>Chisq)

Sex 0.84 1 0.36
Pop 1.5 1 0.22
Sex:Pop 0.20 1 0.66

TABLE A-S8: Results from generalized mixed effects model testing the ef-
fects of population and sex and their interaction on within-line proportion
of wing defects

Effect LR Chisq Df Pr(>Chisq)

Pop 44 1 36x1074
Sex 2.5 1 0.11
Pop:Sex 1.7 1 0.20

TABLE A-S9: Results from generalized mixed effects model testing the
effects of population on within-line total variance for wing shape

Effect LR Chisq Df Pr(>Chisq)
Pop 5.6 x 103 1 0.94

TABLE A-S10: Results from generalized mixed effects model testing the
effects of population on within-line rSDE for wing shape

Effect  Chisq Df Pr(>Chisq)
Pop 029 1 0.59
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TABLE A-S11: Results from generalized mixed effects model testing the
effects of population on within-line eccentricity for wing shape

Effect LR Chisq Df Pr(>Chisq)
Pop 1.3 1 0.25

TABLE A-S12: Results from generalized mixed effects model testing the
effects of population on within-line rSDE2 for wing shape

Effect  Chisq Df  Pr(>Chisq)
Pop 2.0 1 0.16

TABLE A-S13: Results from linear mixed effects model testing the effects
of wing region, sex, population and their interactions on cell density across
16 different regions of the wing

Effect Chisq Df  Pr(>Chisq)
WingReg 1.9x10* 15 <22x10716
Sex 56 x 102 1  <22x10716
Pop 31 1 2.0x 1078
WingReg:Sex 1.1x10%2 15 <22x10716
WingReg:Pop 4.0x 102 15 <22x10716
Sex:Pop 0.31 1 0.58
WingReg:Sex:Pop 20 15 0.16

TABLE A-S14: Results from generalized mixed effects model testing the
effects of population and sex and their interaction on within-line among-
individual cell density CV

Effect Chisq Df  Pr(>Chisq)
Pop 42x1072 1 0.84
Sex 10 1 1.0 x 1073
Pop:Sex 0.27 1 0.60
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TABLE A-S15: Results from generalized mixed effects model testing the
effects of population and sex and their interaction on within-line among-
individual cell density Levene’s deviates

Effect Chisq Df  Pr(>Chisq)
Sex 14 1 2.0 x 1074
Pop 3.0x107% 1 0.95
Sex:Pop 0.63 1 0.43

TABLE A-S16: Results from linear mixed effects model testing the effects
of temperature, sex, population and their interactions on wing size

Effect Chisq Df  Pr(>Chisq)
Temp? 6.5x 102 2 <22x10716
Sex 1.8x102 1 <22x10716
Pop 1.1x102 1 <22x10716
Sex:Temp? 16 2 3.0x 1074
Pop:Temp? 20 2 1.0 x 1074
Sex:Pop 22 1 4.0 x 1076
Sex:Pop:Temp? : 8.7 2 1.3 x 1072

171


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

PhD—- Maria PESEVSKI; McMaster University— Department of Biology

TABLE A-S17: Results from Multivariate Procrustes ANOVA testing the
effects of wing size, sex, temperature, population and all interactions on
wing shape

Effect Df SS MS Rsq F Z p (>F)
Size 1 76x1072 7.6x1072 3.6x1072 34x10> 12 5.0x107*
Sex 1 0.14 0.14 6.7x1072 6.3x10> 13 5.0x1074
Temp 1 0.13 0.13 6.1 x1072 5.8x10> 13 5.0x1074
2 1 20x1072 2.0x1072 94 x1073 89 9.6 5.0x107*
Pop 1 590 x 1072 59x 1072 2.8x 1072 1.7 1.1 0.14
Size:Sex 1 26x107% 26x1073 1.5x1073 12 5.8 5.0 x107*
Size:Temp 1 3.8%x1073% 3.8x107% 1.8x1073 17 6.4 5.0x107*
Size:? 1 1.4x107% 14x1073 6.6 x 107 6.2 4.4 50x1074
Size:Pop 1 20%x1072 2.0x1072 94x1073 89 10 5.0x1074
Sex:Temp 1 3.9x107% 39x1073 1.9x1073 18 6.5 5.0x107*
Sex:? 1 1.5x107% 1.5x1073 7.3x107* 6.9 4.7 5.0x1074
Sex:Pop 1 6.9x1073 6.9x107% 3.3x1073 31 75 5.0x107*
Pop:Temp 1 1.3x1072 13x1072 6.2x1073 59 9.0 5.0x1074
Pop:? 1 44%x1073 44x107% 21x1073 20 6.8 5.0x107*
Pop:Line 25 0.89 3.5 x 1072 0.42 1.6 x 10> 42 5.0x 1074
Size:Sex:Temp 1 50x107% 5.0x107* 24 x107* 2.0 44 50x1074
Size:Sex:? 1 45%x107% 45x107* 2.1x107* 2.2 4.7 50x1074
Size:Sex:Pop 1 1.4x107% 14x1073 6.8x107* 6.4 72 5.0x107*
Size:Pop:Temp 1 6.0x107% 6.0x107* 2.9x107* 2.7 5.2 5.0 x107*
Size:Pop:? 1 1.7x107% 1.7x1073 81x107* 7.6 76 5.0x107*
Sex:Pop:Temp 1 9.8x107% 9.8x107* 4.7x107* 4.4 6.4 5.0x107*
Sex:Pop:? 1 32x107% 32x107* 1.5x1074 1.4 3.7 50x107*
Residuals 3.3 x 103 0.73 2.2x 1074 0.35

Total 3.3 x 103 2.1

TABLE A-S18: Results from generalized mixed effects model testing
the effects population, temperature and their interaction on within-line
among-individual CV for wing size

Chisq Df  Pr(>Chisq)
Pop 50x 1074 1 0.99
Temp 8.1 2 1.8 x 1072
Pop:Temp 5.2 2 7.5 x 1072
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TABLE A-S19: Results from generalized mixed effects model testing the
effects of population, temperature and thier interaction on within-line
among-individual Levene’s deviates for wing size

Chisq Df Pr(>Chisq)

Pop 0.67 1 0.41
Temp 14 2 1.0 x 1073
Pop:Temp 4.4 2 0.11

TABLE A-S20: Results from generalized mixed effects model testing the
effects of population, temperature and their interaction on within-line
among-individual total variance for wing shape

Effect Chisq Df Pr(>Chisq)
Pop 0.44 1 0.51
Temp 10 2 6.0 x 1073
Pop:Temp 0.85 2 0.65

TABLE A-S21: Results from generalized mixed effects model testing the
effects of population, temperature and their interaction on within-line
among-individual eccentricity for wing shape

Effect Chisq Df  Pr(>Chisq)
Pop 4.0x107% 1 0.95
Temp 3.7 2 0.15
Pop:Temp 091 2 0.63

TABLE A-S22: Results from generalized mixed effects model testing the
effects of population, temperature and their interaction on within-line
among-individual rSDE for wing shape

Effect Chisq Df Pr(>Chisq)
Pop 0.88 1 0.35
Temp 4.5 2 0.11
Pop:Temp 1.2 2 0.56
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TABLE A-S23: Results from generalized mixed effects model testing the
effects of population, temperature and their interaction on within-line

among-individual rSDE2 for wing shape

Effect Chisq Df Pr(>Chisq)
Pop 1.5 0.22
Temp 4.2 0.12
Pop:Temp 1.3 0.52

TABLE A-S24: Results from generalized mixed effects model testing the
effects of temperature, population, sex and all interactions on within-line

proportion of wing defects

Effect Chisq Df  Pr(>Chisq)
Temp 1.2 2 0.55

Sex 70 1 <22x107'¢
Pop 15 1 1.0 x 1074
Temp:Sex 0.94 2 0.62
Temp:Pop 2.4 2 0.30
Sex:Pop 1.8 1 0.19
Temp:Sex:Pop 0.52 2 0.77

TABLE A-S25: Results from generalized mixed effects model testing the
effects of sex, population, temperature and all interactions on FA1

Effect Chisq Df  Pr(>Chisq)
Sex 3.2 1 7.2 x 1072
Pop 1.1 1 0.28
Temp 0.11 2 0.94
Sex:Pop 3.9 1 4.7 x 1072
Sex:Temp 0.34 2 0.84
Pop:Temp 1.0 2 0.60
Sex:Pop:Temp 9.4 x 1072 2 0.95
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TABLE A-S26: Results from generalized mixed effects model testing the
effects of sex, population, temperature and all interactions on FAS8

Effect Chisq Df  Pr(>Chisq)
Sex 9.0x 1073 1 0.92
Pop 1.0x1072 1 0.92
Temp 1.0 2 0.60
Sex:Pop 10 1 1.0 x 1073
Sex:Temp 0.80 2 0.67
Pop:Temp 2.4 2 0.29
Sex:Pop:Temp 0.84 2 0.66

TABLE A-S27: Results from generalized mixed effects model testing the
effects of sex, population, temperature and all interactions on PDp g

Effect Chisq Df Pr(>Chisq)
Sex 12 1 40x107*
Pop 077 1 0.38
Temp 5.2 2 7.5 x 1072
Sex:Pop 28 1 1.2 x 1077
Sex:Temp 3.2 2 0.20
Pop:Temp 2.2 2 0.34
Sex:Pop:Temp 0.91 2 0.64
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TABLE A-S28: Results from generalized model testing the effects of wing
size, sex, population, temperature and all interactions on wing shape FA
after correcting for DA

LR Chisq Df Pr(>Chisq)
Pop 14 1 0.24
Sex 4.1 1 0.043
Temp 0.90 2 0.64
Size 3.2 1 0.075
Pop:Sex 1.3 1 0.25
Pop:Temp 2.0 2 0.37
Pop:Size 1.3 1 0.26
Sex:Temp 1.6 2 0.44
Sex:Size 0.070 1 0.79
Temp:Size 1.0 2 0.60
Pop:Sex:Temp 0.15 2 0.93
Pop:Sex:Size 2.7 1 0.10
Pop:Temp:Size 8.8 2 0.012
Sex:Temp:Size 2.1 2 0.36

TABLE A-S29: Results from wing size ANOVA on repeated measure-
ments using side, individual and their interaction as effects in order to
estimate measurement error

Effect Sum Sq Df F value Pr(>F)
Side 4.0 x 1074 1 14 3.0 x 1074
Inds 1.0 x 102 76 42x10* <22x10716
Side:Inds 0.31 76 1.3x102 <22x10°16
Residuals 5.0 x 1073 154

TABLE A-S30: Results from wing shape multivariate procrustes ANOVA
on repeated measurements using side, individual and their interaction as
effects in order to estimate Wing shape Measurement Error ANOVA

Effect Df SS MS Rsq F Z Pr(>F)
Side 1 87x107* 87x10* 50x107% 15 48 1.0x107°3
Inds 76 0.15 1.9 x 1073 0.86 33 25 1.0x103
Side:Inds 76 14x1072 19x107* 84x1072 32 28 1.0x1073
Residuals 154 9.1 x10™% 59x107° 5.3 x 1072

Total 307 0.17
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TABLE B-S1: Sample sizes of fly strains for Nutritional manipulation

Line Population Nioowr  Niswr Nioowr  Niswm
ef112 High-Altitude 10 13 23 9
ef117 High-Altitude 37 5 27 5
ef119 High-Altitude 24 13 9 19
ef131 High-Altitude 27 22 39 19
ef136 High-Altitude 42 10 40 2
efl5 High-Altitude 41 2 47 6
ef19 High-Altitude 12 6 13 6
ef39 High-Altitude 48 59 58 56
ef59 High-Altitude 7 6 8 12
ef65 High-Altitude 28 5 25 4
ef73 High-Altitude 43 18 63 23
efl6 High-Altitude 27 25 26 24
ef98 High-Altitude 16 18 20 12
Total High-Altitude 362 202 398 197
zil24 Low-Altitude 56 23 43 24
zi159 Low-Altitude 72 30 60 24
zi160 Low-Altitude 22 29 19 10
zi186 Low-Altitude 8 37 8 28
zi216 Low-Altitude 47 17 56 10
zi251 Low-Altitude 44 29 71 34
zi254 Low-Altitude 71 48 81 46
zi311 Low-Altitude 45 55 43 41
zi357 Low-Altitude 31 14 33 9
71360 Low-Altitude 50 34 39 24
zi366 Low-Altitude 33 39 28 22
zi367 Low-Altitude 35 19 23 17
zi455 Low-Altitude 32 16 37 22
zi455 Low-Altitude 55 31 38 24
Total Low-Altitude 601 421 579 335
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TABLE B-S2: Sample sizes of fly strains for Temperature manipulation

Line Population Nigsr  Nigspr Nogsp Nogyr
efl12 High-Altitude 28 18 22 9
efl17 High-Altitude 25 41 23 27
ef119 High-Altitude 20 16 11 9
ef131 High-Altitude 26 35 41 27

ef136 High-Altitude 31 45 31 32
efl5 High-Altitude 33 32 49 40

ef19 High-Altitude 7 6 9 10
ef39 High-Altitude 34 48 44 52
ef59 High-Altitude 15 10 5 3
ef65 High-Altitude 21 17 6 8

ef73 High-Altitude 65 61 35 32
ef16 High-Altitude 42 36 43 30
ef98 High-Altitude 25 19 13 8
Total High-Altitude 372 374 632 287
zil24 Low-Altitude 73 70 65 60

zi159 Low-Altitude 41 39 42 31
zi160 Low-Altitude 31 21 0 0
71186 Low-Altitude 26 37 21 23
zi216 Low-Altitude 26 29 10 4

71251 Low-Altitude 37 38 38 40
71254 Low-Altitude 90 71 67 70
71311 Low-Altitude 47 29 44 32

zi357 Low-Altitude 25 18 17 19
71360 Low-Altitude 36 49 40 35
zi366 Low-Altitude 23 33 16 15
zi367 Low-Altitude 8 8 23 10
zi455 Low-Altitude 32 35 15 16
zi461 Low-Altitude 0 0 37 18

Total Low-Altitude 495 477 435 373
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TABLE B-S3: ANOVA for wing size fitting sex, population and nutrition
as fixed effects and line as random effect

Chisq Df  Pr(>Chisq)

Sex 2.1 x 103 1 <20x10716
Pop 1.2 x 102 1 <20x10716
Nut 1.0 x 102 1 <20x10716
Sex:Pop 1.6x1072 1 9.0 x 1071
Sex:Nut 76 1 <2.0x 1016
Pop:Nut 1.9 1 1.6 x 1071
Sex:Pop:Nut 5.8 x 107! 1 0.44

TABLE B-S4: ANOVA for wing size fitting sex, population and temper-
ature as fixed effects and line as random effect

Chisq Df  Pr(>Chisq)

Sex 3.0 x 103 1 <20x10716
Pop 1.1 x 102 1 <20x10716
Temp 9.5 x 102 2 <20x10716
Sex:Pop 70x107t 1 4.0 x 1071
Sex:Temp 8.5 x 10* 2 <20x10716
Pop:Temp 4.1 2 1.3x 107!
Sex:Pop:Temp 2.5 2 2.9 x 1071
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TABLE B-S7: ANOVA for larval weight fitting block, sex, population and
nutrition as fixed effects and line as random effect

Chisq Df  Pr(>Chisq)

Block 4.8 1 2.8 x 1072
Sex 1.5 x 102 1 <22x10716
Pop 24 1 1.2 x 1076
Nut 2.9 x 10? 1 <22x10716
Sex:Pop 89x1071 1 3.5 x 1071
Sex:Nut 17 1 3.7 x107°
Pop:Nut 25 1 5.0 % 1077
Sex:Pop:Nut 2.8 1 9.3 x 1072

TABLE B-S8: Generalized linear mixed model for survivorship fitting
population and nutrition as fixed effects and line as a random effect

Chisq Df  Pr(>Chisq)

Pop 1.2 1 2.6 x 107!
Nut 22x100 1 <22x1071'6
Pop:Nut 31 1 3.015 x 1078

TABLE B-S9: Generalized linear mixed model for survivorship fitting
population and temperature as fixed effects and line as a random effect

Chisq Df  Pr(>Chisq)

Pop 77x1072 1 7.8 x 1071
Temp 85 2 <2x10716
Pop:Temp 5.7 2 5.7 x 1072

185


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

PhD—- Maria PESEVSKI; McMaster University— Department of Biology

972000 8000°0 FF10°0 6210°0 €610°0 82 ‘POOJ %001 VI
07000 9000°0— 1£10°0 ¥800°0 6z10'0  SG ‘POOF %00T  VH
G£00°0 9000°0 1€10°0 2010°0 LET00 8T ‘POOJ %001 VI
6900°0 ££00°0— 9L10°0 ¥00°0 €P10°0 8T ‘POOJ %001  VH
9200°0 9£00°0 58000 96000 gel00 T ‘POO) %ST VI
6£00°0 8000°0 11100 58000 0100 72 ‘Pooj %ST  VH
6£00°0 65000 26000 €110°0 2100 ¥E ‘POOF %00T V'
9£00°0 5000°0— 1S10°0 0110°0 GPI0'0 TG ‘PO%F %001  VH
(3ans) QUSS wory-uoN  (3qns) qUSS WOy USS WO[Y-UoN  (USS WOy qUSS 0, juwewyeor,  dog

sAem om) UT (TUSS pauonijred Sumyemore)) :0T1S-g dT9v],

186


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

187



PhD—- Maria PESEVSKI; McMaster University— Department of Biology

Appendix C

Chapter 4 Supplement

Supplemental Figures
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Supplemental Tables

TABLE C-S1: List of species and their sources. Abbreviations for Source
include: DSSC - Drosophila species stock centre; HAA - High altitude
African; LAA - Low altitude African; L.LC - Local collection; KL - Kopp
Lab; LL - Levine Lab; ML - Matute Lab; RL - Rebeiz Lab; HL - Hoffmann
Lab, JL - Jaenike Lab

Species Strains Source Nuc, Nucy, Nrc,.  Nricy,
D. ananassae 1 KL 30 27 11 14
D. biarmipes 1 KL 31 30 6 8
D. bipectinata 1 KL 21 18 30 30
D. birchii 1 DSSC 16 14 30 30
D. elegans 1 KL 2 2 12 14
D. erecta 2 DSSC and LL 58 49 10 16
D. eugracilis 1 KL 30 30 30 30
D. ficusphila 1 KL 30 30 32 30
D. fuyamai 1 KL 3 5 22 14
D. kikkawai 1 KL 28 16 10 17
D. malerkotliana 1 KL 10 14 20 21
D. mauritiana 2 DSSC and ML 60 52 43 38
D. melanogaster 3 HAA, LAA and LC 75 82 7 83
D. orena 2 RL 1 10 1 1
D. pseudoananassae 1 KL 24 14 30 25
D. parabipectinata 1 KL 23 13 17 18
D. prolongata 1 KL 17 22 30 13
D. pseudotakahashii 1 HL 77 62 90 57
D. rufa 1 KL 18 20 14 17
D. santomea 2 KL and ML 68 64 58 65
D. sechellia 2 DSSC and LL 33 34 26 30
D. serrata 1 KL 30 30 30 30
D. simulans 1 ML and LC 60 60 61 60
D. suzukii 2 JL and LC 40 44 19 30
D. takahashii 1 KL 25 18 30 30
D. teissieri 2 ML 34 31 35 35
D. yakuba 2 KL and DSSC 40 27 58 60
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TABLE C-S2: Recipe for 1:2 Protein:Carbohydrate ratio Food for 1L

Ingredient Amount
Water 850ml
Cornmeal 5g
Carageenan 5.4¢
Yeast 100g
Sucrose 100g
Propionic acid 2.4ml
Methylparaben 2.5g
Ethanol 5ml
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