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Abstract

Hybridization is the process that mediates gene flow between sexually reproducing lineages. As such, the
factors that determine the fitness of hybrids are critically important for speciation. Although hybridiza-
tion between natural populations occurs in an explicitly ecological context, where hybrids must compete
for resources and attract mates under prevailing ecological conditions, little attention has been paid to the
mechanisms that mediate the ecological performance of hybrids. In Chapter 2, I expand upon existing
models of speciation and find that standing variation improves hybrid fitness when parents adapt to similar
environments, but reduces hybrid fitness when parents adapt to different environments. Chapter 3 system-
atically reviews the literature to report that F hybrids are often quite mismatched for divergent parental
traits, and also uses a field experiment with sunflowers to show that this mismatch reduces fitness via seed
count. Chapter 4 also uses data from the literature to demonstrate that divergent adaptation proceeds via
pleiotropic alleles. In Chapter 5, I measure morphological traits in the lab to illustrate that the magnitude of
trait ‘mismatch’ in hybrids increases with the phenotypic distance between cross parents. Chapter 6 uses a
pond experiment hybridizing *parallel” ecotypes and reports that hybridization after parallel evolution results
both in heterosis and hybrid breakdown. Finally, Chapter 7 uses DNA sequence data to illustrate that the
genetic signature of hybrid incompatibilities - excess heterozygosity - is greater when stickleback hybrids
are raised in ponds than when they are raised in aquaria. In sum, my thesis demonstrates that ecological
selection against hybrids can result from rapid adaptation from standing variation, from mismatched trait
combinations that evolve somewhat predictably, and can have a detectable genetic signature. Hybridization
after parallel evolution, at least in stickleback, leads to relatively equal measures of hybrid breakdown and
heterosis. Ecologically-mediated natural and sexual selection can clearly play a large role in mediating the
fitness of hybrids - future work should aim to establish the importance of these processes for speciation more
broadly.
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Lay Summary

Hybridization—the generation of viable offspring following mating between different species—is increas-
ingly recognized as being common. The fitness of hybrids, that is whether they can successfully survive and
reproduce, is key for maintaining the parent species’ distinctness. If hybrids readily survive and interbreed,
this can cause the parent species to collapse into a hybrid swarm. In this thesis I generate novel hypotheses,
syntheses, and results about how ecology acts to determine hybrid fitness. The first half of my thesis uses
theory and synthesizes data to identify generalities about hybridization. The second half of my thesis uses
original experiments with threespine stickleback fish to test these predictions. In sum, my thesis advances our
understanding of the mechanisms through which ecological processes mediate the fitness of hybrids—what I
call the ‘evolutionary ecology’ of hybridization—and contributes to the larger body of work on mechanisms

of speciation.
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Preface

Although the bulk of chapters are written with co-authors, I use the first-person singular pronoun, ‘I’ (and
‘my’), throughout this thesis so that the language is consistent throughout. It can probably not be overem-
phasized that this thesis is largely the result of collaboration and my use of the first-person singular should
in no way be interpreted as a dismissal of this fact.

A version of Chapter |2 has been published as Thompson, K.A., Osmond, M.M., and Schluter, D. 2019.
Parallel genetic evolution and speciation from standing variation. Evolution Letters. 3(2): 129-141. The
project was conceived by me and I refined the numerical and analytical approaches that were largely imple-
mented by M. Osmond. I wrote the manuscript, analyzed, and plotted the data with regular input from M.
Osmond. All co-authors contributed to manuscript edits.

A version of Chapter [3 has been published as Thompson, K.A., Urquhart-Cronish, M., Whitney, K.D.,
Rieseberg, L.H., and Schluter, D. Patterns, predictors, and consequences of dominance in hybrids. The
American Naturalist 197(3) (pagination forthcoming). I conceived of the quantitative review and collected
data for it with M. Urquhart-Cronish. K. Whitney had the idea to test our hypothesis with the sunflower data
and collected and previously published the dataset. L. Rieseberg and D. Schluter provided input on analysis
and study design, and all authors contributed to manuscript edits.

A version of Chapter {4/ has been published as Thompson, K.A. 2020. Experimental hybridization studies
suggest that pleiotropic alleles commonly underlie adaptive divergence between natural populations. The
American Naturalist 196(1): E16-E22. The paper is sole-authored—I conceived the idea, analyzed the data,
and wrote the paper. The data were collected as a part of the literature search in Chapter 3|

Chapter 3| is in preparation for submission with co-primary author A. Chhina and senior author D.
Schluter. I conceived of the idea with input from D. Schluter, and conducted the fieldwork and most of
the lab work. A. Chhina and I measured fish, analyzed data, and co-wrote the paper which had later input
from D. Schluter.

Chapter |6]is in preparation for submission with co-author D. Schluter. The project was conceived by me
and developed with input from D. Schluter. I conducted the field and lab work, and collected the data. I
analyzed the data and wrote the first draft of the paper with input from D. Schluter.

Chapter (7| is in preparation for submission with co-authors C.L. Peichel, D. Schluter, D. Rennison, A.
Albert, T. Vines, A. Greenwood, A. Wark, and M. Schumer. I conceived of the idea, curated data collec-
tion, analyzed the data, and wrote the paper with input from C. Peichel, D. Schluter, and M. Schumer. A.
Greenwood, A. Wark and C. Peichel generated genetic data for the Paxton Lake aquaria fish. A. Albert and
T. Vines generated genetic data for the Priest Lake aquaria fish. D. Rennison contributed additional data for

pond-raised Paxton Lake hybrids.
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Chapter 1

General Introduction

1.1 Speciation and the role of hybrid fitness

Speciation—the evolution of reproductive isolating barriers between diverging lineages (Coyne and Orr,
2004)—is the process largely responsible for maintaining the wondrous diversity of life. If not for these
evolved isolating barriers, discontinuities could never persist between lineages. Consider the cedars and firs
that grow on and near the UBC campus. Although plenty of cedar pollen might find its way onto the ovules
of the firs, for various reasons no hybrid seeds are produced from this pollen and the two species remain
distinct. With such extreme barriers it is easy to see how these lineages remain distinct: there is simply no
possible way for cedar genes to introgress into fir, or vice-versa.

Clearly, complete gametic incompatibility is sufficient for speciation. Importantly, however, it is not nec-
essary because plenty of species stably coexist in sympatry despite complete inter-fertility. For example, the
threespine stickleback (Gasterosteus aculeatus L.) species pairs persist in lakes in coastal British Columbia,
Canada, even though they produce perfectly vigorous hybrids in the lab (McPhail, 1984, 1992; Hatfield and
Schluter, 1999). Hybrid zones, where hybrids are produced and exist in a continuum from one species to
another (Barton and Hewitt, 1985), form between thousands of populations that nevertheless continue to
persist as largely distinct lineages. Sympatric species that produce viable and fertile hybrids in benign (e.g.,
laboratory) environments can be maintained if hybrids cannot survive and reproduce under the prevailing
ecological conditions due to a maladapted phenotype—an isolating barrier referred to as ‘extrinsic postzy-
gotic isolation’. Recent theory suggests that postzygotic barriers can be more effective at preventing gene
flow than assortative mating in hybrid zones (i.e., pre-mating isolation; Irwin 2020). In many cases where
species do not hybridize as a result of assortative mating, this is due to the process of reinforcement, whereby
assortative mating evolves as a direct result of hybrids being unfit (McKinnon and Rundle, 2002; Hopkins,
2013). Thus, even when pre-mating isolation is apparent it might be an adaptive product of selection against
hybridization.

Ecological (natural or sexual) selection against hybrids can be a sufficiently strong barrier to maintain
the distinctiveness of sympatric reproductively isolated lineages in nature. Yet, we still lack a general un-
derstanding of how important extrinsic post-zygotic isolation is for speciation and how it evolves. If hybrids
tended to perform just as well as parents in the field, how many fewer species would there be? Part of
the reason for this is that we do not as a field know much about the mechanisms through which extrinsic
post-zygotic isolation operates. The goal of this thesis is to generate hypotheses, document patterns, and
test mechanisms of ecologically-mediated hybrid fitness in the field. In this brief introduction, I summarise

progress to date and key gaps, then conclude with an overview of what follows in the thesis.



1.2 Evidence and mechanisms of extrinsic post-zygotic isolation

Much of what is known about post-zygotic isolation, especially its genetic basis, pertains to what are referred
to as ‘intrinsic’ post-zygotic isolating barriers. Intrinsic incompatibilities are defined as those that affect the
viability and/or fertility of individual hybrids possessing them, and is typically measured in the lab. The
theory of hybrid incompatibilities, arrived at independently by Bateson (1909), Dobzhansky (1937), and
Muller (1942), solved an important problem in speciation research. That is: how do genetic variants that
kill or sterilize intermediate forms evolve? Such ‘underdominant’ alleles cannot readily evolve because
intermediate steps are inviable. The key intellectual advance was that the authors realized that this process
was much easier when two (or more) loci are involved and when the incompatibility is caused by their
interaction (Fig. |1.1B). With the theory of hybrid incompatibilities in tow, it was no longer a mystery how
evolution could proceed in a manner that rendered some hybrids inviable or sterile.
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Figure 1.1: Visual overview of underdominance and hybrid incompatibilities on ‘intrinsic’ fitness land-
scapes. Both panels are fitness landscapes for loci (yellow is high fitness, purple is intermediate, and black
is low). Panel (a) shows underdominance, wherein heterozygosity is disadvantageous. In this case, fitness
can be predicted from heterozygosity alone. Panel (b) shows a case of hybrid incompatibilities, where fitness
is affected by the interaction of alleles at two loci. In this case, the (big) B allele is incompatible with the
(small) a allele.

In the late 1990s and early 2000s, the study of ‘ecological speciation’ came to prominence (Schluter,
1996, 2000, 2001; Rundle, 2002; Nosil, 2012; Ostevik et al., 2012). In large part due to this burgeoning field,
evolutionary biologists became convinced that adaptation to prevailing ecological conditions could cause
divergent lineages to produce hybrids with low fitness due to their poor fit under these conditions (Coyne
and Orr, 2004; Langerhans and Riesch, 2013). All throughout this work, substantial progress was being made
in generating and testing predictions about the genetic basis of intrinsic post-zygotic isolation (Orr, 1995;
Presgraves, 2003, 2010; Matute et al., 2010; Moyle and Nakazato, 2010; Corbett-Detig et al., 2013; Wang
et al., 2015), but little in the way of mechanistic connection was made between this work and those studying
ecological speciation (also called ‘speciation-by-adaptation’). That is, although hybrid incompatibilities have
come to predominate the theory of intrinsic isolating barriers, they have not historically been considered

important for extrinsic isolation.



In recent years, however, researchers have begun to identify how interactions among divergent genes—
hybrid incompatibilities—can affect fitness in an ecological context. Typically, this work has been done
looking at the interactions of divergent phenotypes. Vin§dlkova and Gvozdik (2007) found that newt hy-
brids had maternally inherited temperature preferences but were morphologically intermediate, potentially
rendering them unfit in their preferred thermal niche. Matsubayashi et al. (2010) reviewed the literature and
found that hybrids between several divergent phytophagous insect species often have better performance on
one parent species’ native host plant but have a genetic predisposition to be attracted to the other species’,
potentially reducing their fitness or that of their offspring. Arnegard et al. (2014) examined the relationship
between trait values and fitness in F, hybrids between divergent stickleback species and found that indi-
viduals with mismatched jaw-traits performed worse than fish whose traits were relatively matched. Keagy
et al. (2016) made similar crosses to Arnegard et al. (2014) and found that trait interactions governed male
attractiveness to females. Cooper et al. (2018) found that natural Drosophila hybrids were attracted to xeric
habitats like one of their parents but had low desiccation tolerance, similar to the other. Other studies have
documented that more fitness conferred via more ecologically-relevant traits, like the ability to locate food
(Turissini et al., 2017), declines with the genetic distance between parents, similar to ‘intrinsic’ postzygotic
barriers in other groups (Coyne and Orr, 1989, 1997). Collectively, these studies imply that interactions
among divergent loci, acting through trait ‘mismatch’ wherein hybrids express maladaptive combinations of
traits, can be a critical determinant of the fitness of inter-population hybrids in natural environments.

Although the same general process—epistasis among alleles of different ancestry—can in principle un-
derlie both intrinsic and extrinsic post-zygotic isolation, there are several key differences that might differen-
tiate intrinsic and extrinsic incompatibilities. For brevity, I will list only two here. First, the fitness landscape
of individual incompatibility loci likely has much shallower topography when these incompatibilities act via
ecological selection (i.e., the fitness of the most fit ancestry combination is not much higher than that of the
least fit). This is because individual extrinsic incompatibilities likely reduce fitness (i.e., survival probability
and fecundity) by smaller magnitudes than intrinsic incompatibilities and thus, the ‘problem’ of fitness-
valley crossing (Dobzhansky, 1937; Osmond and Otto, 2015) might cease to be a problem at all. Second,
fitness landscapes of extrinsic incompatibilities are expected to be extremely context-dependent. Whether
or not a pair of alleles is incompatible could readily vary across years, seasons, and community contexts.
These differences render it difficult to evaluate the extent to which our theoretical and empirical knowledge
of intrinsic post-zygotic isolating barriers translates to the study of extrinsic isolation. Much work remains to
assess the prevalence, phenotypic mechanisms, and effect sizes of ecological hybrid incompatibilities. This

thesis aims to take several steps forward on these fronts.

1.3 Key areas requiring research and their motivation

As discussed above, recent studies have shown that divergent alleles can interact to determine hybrid fit-
ness in ecologically-relevant contexts. However, it does not tell us much about the importance of these
processes for the larger questions we care about such as their role in speciation. Said another way, if not

for ecologically-mediated hybrid incompatibilities, how much more slowly would lineages diversify? Ulti-



mately, as evolutionary biologists studying speciation, our goal is to arrive at generalities by documenting
the processes that drive speciation and clarifying their relative importance. The limited available evidence
makes ecological hybrid incompatibilities appear as a critically understudied and important determinant of
hybrid fitness. Only by identifying generalities about the evolutionary ecology of post-zygotic isolation can
we truly appraise their role in speciation.

Although a thesis structured around the topic of ‘ecologically-mediated hybrid incompatibilities’ might
seem a narrow one at first glance, I hope to convince the reader by the end that it is more than broad enough
to sustain several careers’ worth of exciting research. Many more questions exist than do answers, and this
thesis work just scratches the surface of the work remaining on this topic. We do not know how readily
adaptation gives rise to ecological incompatibilities nor do we understand the processes that might expedite
or slow this process. Research is required to clarify how common and severe trait mismatch is in hybrids,
and data that directly link individual-level trait mismatch estimates to fitness are entirely lacking. We do not
know if mismatch in hybrids changes deterministically as populations diverge, though theory predicts it will.
Theory on hybrid ecological incompatibilities has also seldom been tested, and ample work remains to be
done to see if we can predict the fitness effects of incompatibilities in the field and whether we can detect
their genetic signature. Addressing these pressing topics will establish a baseline for future work in the area.

In the section that follows, I outline how my thesis attempts to accomplish this.

1.4 Overview of the thesis

This thesis builds on a range of theoretical and empirical studies to advance the state of knowledge of the
mechanisms through which adaptation affects the fitness of hybrids. My aim was to generate novel hypothe-
ses, establish empirical patterns, and test theoretical predictions. The study of hybridization is wonderful
because the problem is amenable to study from multiple perspectives. I use numerical and analytical theory,
data synthesis, and original experiments to address my research questions. The chapters are outlined below,

and this general introduction closes with similarly general remarks about the thesis document.

1.4.1 Chapter 2

In Chapter [2, I use theoretical models to evaluate how adaptation from standing genetic variation affects
progress toward speciation. This area is a topic of pressing interest because it is increasingly clear that
adaptation occurs from both the re-assortment of existing genetic variation and through the use of new
(i.e., de novo) mutations. This chapter uses simulations where pairs of populations adapt from either new
mutation alone, or new mutation and ancestral standing variation, and asks how this difference affects the
phenotypes and fitness of interpopulation hybrids that form after secondary contact. In the process of this
investigation, my co-authors and I also derived new analytical and theoretical predictions about how the
probability of parallel genetic evolution changes as the environments to which populations are adapting
become increasingly different.

The chapter has several key results. First, standing variation slows progress to speciation under parallel

selection because populations are more likely to fix the same alleles during adaptation and hybrids have



phenotypes resembling parents and thus high fitness. Second, standing variation makes speciation faster via
divergent selection. This is not because it makes adaptation happen more quickly (though it does do this) nor
is it because of parallel genetic evolution (populations fix different alleles). Rather, populations tend to fix
more pleiotropic alleles when adapting from standing variation and as a result exhibit maladaptive transgres-
sive phenotypes. Another key result of the study was that the probability of parallel genetic evolution rapidly
declines to zero as the phenotypic optima diverge. Critically, this decline happens more rapidly in more
complex organisms (i.e., those with more traits or higher ‘dimensionality’). This work generates a number
of novel testable predictions, and provides insight into how major features of the genetics of adaptation affect

progress to speciation via environment-specific selection against hybrids.

14.2 Chapter 3

In Chapter |3 I aimed to address three key questions. First, how are traits generally inherited in F; hybrids
between divergent natural populations? Second, can we make predictions about F; trait values relative to
parents from features of a cross, such as its taxon or the genetic divergence that separates parents? And does
individual-level variation in trait mismatch have a predictable link to fitness in the field? To address the first
two questions, I synthesized data from nearly 200 studies that measured the traits of F; hybrids and both
parents in the same environment. For the third question, I re-analyzed an existing dataset of recombinant
hybrid sunflowers transplanted into the field.

I found that individual traits, as measured in F; hybrids, are considerably more dominant than additive
(i.e., individual traits are much more similar to one parent than to the other; 2 = 0.2 or 0.8). I also found
that dominance is inconsistent among traits, and this causes hybrids to generally resemble one parent a bit
more than the other. In addition, dominance causes F; hybrids to be rather ‘mismatched’ for divergent
traits, where in the case of two traits F; hybrids resemble one parent for one of the traits but resemble the
other parent for the second trait. I also found that no features of a cross (e.g., taxon, genetic distance between
parents) reliably predicted any metric of dominance. In the sunflowers, I found that multivariate bias towards
parents (i.e., resembling one parent more than the other or ‘parent-bias’) improved fitness while mismatch
between traits tended to reduce fitness. Importantly, the effect of mismatch for reducing fitness was larger
in magnitude (i.e., steeper slope) than that of parent-bias for improving it. This chapter reveals that trait
mismatch in early-generation hybrids is more a rule than an exception and that this mismatch can, in at least

one system, substantially reduce their fitness in the field.

1.4.3 Chapter 4

Chapter 4| uses data from the literature to test whether adaptive divergence proceeds via the fixation of
alleles with deleterious pleiotropic side-effects. Pleiotropy is a central concept in many evolutionary models,
from being the major explanation for aging (Williams, 1957) to being a central assumption of Fisher’s (1930)
geometric model. In spite of its central importance, little is known about the degree to which mutations affect
few or many traits—that is, we know little about the ‘universality’ of pleiotropy. Determining the universality
of pleiotropy is difficult because measuring it is typically painstaking—researchers typically must induce a

single mutation and then measure how many traits it affects. Rather than undertaking such an experiment, I
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leveraged a prediction of theoretical models that depends on there being universal pleiotropy and is readily
testable using existing data. Specifically, if adaptation uses pleiotropic mutations, compensatory mutations
are expected to fix that counteract the deleterious pleiotropy. Following hybridization, these pleiotropic
and compensatory mutations should segregate in recombinant hybrids, resulting in hybrids with substantial
transgressive phenotypic variation in traits for which the parents have the same phenotype. Importantly, the
amount of segregation in these non-divergent traits is expected to be positively associated with the magnitude
of phenotypic divergence among populations for divergent traits.

I assembled a small dataset of 15 crosses to test this prediction. I found strong support for the theoretical
prediction that was robust to virtually all possible alternative analysis decisions. Tests of alternative expla-
nations, such as that the pattern could be caused by drift, were not supported. This project provides positive,
albeit strictly correlational, support for a key prediction of models that rely on the assumption of universal
pleiotropy. Universal pleiotropy is a key assumption of Chapter 2| and many other models of adaptation
and has major implications for the genotype—phenotype map. Thus, models that rely on this assumption are
increasingly supported by empirical evidence, and we can conclude that varying single alleles will typically

have off-target effects. Experiments that follow-up on this result to establish its generality would be timely.

1.4.4 Chapter 5

In Chapter |5, I use threespine stickleback fish (Gasterosteus aculeatus L.) to test the hypothesis that trait
mismatch is associated with the amount of divergence between parents of a cross. In the threespine stickle-
back, marine populations colonized a range of post-glacial freshwater lakes to which they have adapted over
the previous 10,000+ years. The freshwater lakes vary greatly from one another, with some being massive
and containing both piscivorous species and species that compete for food with stickleback, and others being
small and shallow with no other fish species except stickleback. The former, being deep and species-rich
waters, resemble the ancestral marine habitat of the open ocean and stickleback in these lakes tend to retain
many of the ancestral characteristics and zooplanktivorous niche. More derived stickleback inhabit lakes in
the latter category—those that are small and species-poor—and are specialized to feed on benthic inverte-
brates. Lakes that are intermediate between these extremes abound and are home to relatively intermediate
stickleback.

Theory predicts that the amount of segregating phenotypic variation in recombinant hybrids should in-
crease as populations diverge phenotypically. This should, in turn, lead to hybrids with increasingly novel
combinations of traits. I used a ‘space-for-time’ design to test this prediction in stickleback, because the
zooplanktivore—benthivore divergence axis is an effective and meaningful axis of divergence that is pos-
itively associated with genomic divergence. I crossed fish from a single marine (anadromous) stickleback
population with twelve derived freshwater populations of increasing divergence from the marine form. I then
measured traits of lab-raised parents and hybrids (F; and F,) and used these data to quantify the magnitude
of hybrid mismatch. I found that, as predicted, hybrid mismatch was greater in ‘wider’ crosses. However, the
details were surprising. First, although I expected the pattern only to occur in F hybrids, mismatch increased
with divergence in Fys as well because dominance varied considerably among traits. Further analysis clearly

indicates that the cause of mismatch in Fis is dominance and the cause of mismatch in F,s is segregation



variance. Together, this chapter indicates that hybrid mismatch evolves predictably in stickleback, which

might be an important mechanism linking divergent adaptation with reproductive isolation.

1.4.5 Chapter 6

In the past three decades, it has become increasingly clear that adaptation in response to divergent natural
selection readily leads to speciation. Much less is known, however, about the efficacy of parallel natural
selection for driving speciation. In Chapter |6} I tested the hypothesis that parallel phenotypic evolution, if
underpinned by non-parallelism at the genetic level, can lead to the accumulation of hybrid incompatibilities.
Such incompatibilities would manifest as novel phenotypes in hybrids that render them poorly adapted to the
phenotypic optimum of their (phenotypically similar) parent populations.

To test whether parallel evolution leads to hybrid incompatibilities, I used the stickleback benthic-
limnetic species pairs, which are among the best models of parallel phenotypic evolution yet discovered
in fishes. I made between-lake within-species crosses between all three of the extant species pairs for both
benthics and limnetics, and compared growth rates of parents and F; & F; hybrids in experimental ponds
and in aquaria. I hypothesized that because benthics are more derived, they would have evolved more in-
compatibilities than limnetics. I tracked the growth of nearly 4,000 individual fish in ponds and 2,000 fish in
aquaria, and found both expected and unexpected results.

Surprisingly, patterns for benthics and limnetics were similar in terms of the rank-order fitness of pure
species and hybrid classes. Differences among cross types were also larger in magnitude among limnetics,
refuting the hypothesis that patterns would be more exaggerated in benthics. Across both species, I found
evidence for heterosis in the ponds, with F; hybrids growing faster and surviving more frequently than both
pure species and F, hybrids. F, hybrids often performed similarly or worse than parents, however, and a
simple toy model demonstrates that this pattern can only be caused by the existence of hybrid incompat-
ibilities between divergent alleles at different loci. 1 found no evidence for hybrid incompatibility in the
aquarium-raised fish, whereas heterosis was apparent for limnetics in aquaria. This suggests that hybrid
incompatibilities are only expressed in the field, whereas heterosis is somewhat intrinsic in limnetics and
extrinsic in benthics. Finally, although these main effects were significant, patterns differed meaningfully
across inter-lake crosses, which confirms a primary role for stochastic processes during speciation by parallel
natural selection. Nevertheless, the fact that the main effects were so similar for both benthics and limnet-
ics suggests that general rules governing the fitness of hybrids might become apparent through the noise if

enough comparisons are made.

1.4.6 Chapter|/

In Chapter [/, the final data chapter, I use the benthic-limnetic stickleback species pairs and allopatric
anadromous-freshwater populations to test whether the genetic signature of hybrid incompatibilities is stronger
in the field than in the lab. I can expect this prediction to be supported if incompatibilities affect traits like
the ability to find or capture food or avoid predators. In F, hybrid populations, theory predicts that the net
strength of selection against hybrid incompatibilities can be measured as directional selection for heterozy-

gosity. I compared patterns of excess heterozygosity in benthic-limnetic F, hybrids from both Priest and
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Paxton Lakes between populations raised in the lab vs. experimental ponds. I did the same for fish from
Cranby Lake crossed with anadromous fish from the Little Campbell River. If incompatibilities are only
expressed under ecologically-relevant circumstances, they should only be detected in the ponds.

I found that in aquaria, Fs met Hardy-Weinberg expectations and had no significant excess heterozy-
gosity. In the ponds, however, surviving fish almost invariably had significant excess heterozygosity which
I hypothesize results from mortality-selection against individuals with many weakly-selected ecological in-
compatibilities. This work illustrates that hybrid incompatibilities can be environment dependent and high-
lights a simple summary statistic that can be used to test this. Environment-specific heterosis resulting from
dominance might also contribute to this pattern, especially in the allopatric marine-freshwater crosses. More
importantly, it implies that ecological hybrid incompatibilities might evolve before ‘intrinsic’ incompatibili-

ties and could be the genetic basis of much ecology-based reproductive isolation in nature.

1.5 Remarks

In this introduction, I hope to have convinced the reader that the evolutionary ecology of hybridization is a
rich topic with opportunity for theoretical & empirical generalities waiting to be established and predictions
ripe for testing in the field and lab. That is, I hope the work presented herein raises more questions than
it answers. The six chapters that follow comprise the bulk of the thesis, and I conclude the document by
summarizing its findings, discussing what we know now that we didn’t before, and by highlighting key areas
where progress should be made to solidify our understanding about the general importance and mechanisms

of extrinsic post-zygotic isolating barriers for speciation.



Chapter 2

Parallel genetic evolution and speciation

from standing variation

2.1 Introduction

In recent years, two general features of evolution by natural selection have become increasingly established.
First, adaptation often proceeds largely via the reassortment of ancestral standing variation rather than via
complete reliance on de novo mutations (Barrett and Schluter, 2008). And second, variation in the direction
of natural selection acting on pairs of populations is best represented by a quantitative continuum ranging
from parallel selection—favouring identical phenotypes—to divergent selection—favouring distinct pheno-
types— rather than falling into discrete ‘parallel’ or ‘divergent’ bins (Bolnick et al. 2018). It is unclear,
however, how the extent of parallel genetic evolution—use of the same alleles during adaptation—changes
with the difference in the direction of selection experienced by a pair of populations. It is also unclear
whether adaptation from standing variation has implications for speciation that are distinct from those when
adaptation is from new mutation alone, and whether its effect changes along the continuum from parallel
to divergent natural selection. Here, I investigate genetic parallelism and speciation under adaptation from
standing variation across this selection continuum.

Adaptation facilitates progress towards speciation when populations evolve reproductive isolating bar-
riers as a by-product. One reason these reproductive isolating barriers might arise is because genetic dif-
ferences between populations have maladaptive consequences when combined in hybrids (i.e., postzygotic
isolation), thereby reducing gene flow upon secondary contact. When a pair of populations adapts in response
to divergent natural selection, hybrids might have an intermediate phenotype that is unfit in either parental
environment (Schluter 2000). When a pair of populations are subject to parallel selection, they may diverge
genetically by chance (Mani and Clarke 1990; Schluter 2009) and hybrids might have novel transgressive
phenotypes that are poorly suited to the common parental habitat (Barton 1989, 2001). Hybrid unfitness is
therefore determined by two factors: (1) additive gene action causing hybrids to ‘fall between the peaks’
(Rundle and Whitlock 2001), and (2) cryptic genetic divergence that is released following hybridization and
causes some hybrids to possess maladaptive transgressive phenotypes which vary in directions orthogonal
to the axis of parental divergence (Arnegard et al. 2014; Keagy et al. 2016). How adaptation from standing
variation affects progress toward speciation-by-selection (Langerhans and Riesch 2013) is largely unexplored

theoretically.

'A version of this chapter has been published as Thompson, K.A., Osmond, M.M., and Schluter, D. 2019. Parallel genetic
evolution and speciation from standing variation. Evolution Letters. 3(2): 129-141.



Adaptation from standing variation is common and underlies some of the most spectacular adaptive ra-
diations found in nature (Brawand et al. 2015). Genomic studies often implicate standing variation as the
major source of genetic parallelism in replicate populations colonizing similar environments (Jones et al.,
2012a,b; Roesti et al., 2014; Lee and Coop, 2017; Haenel et al., 2019) and adapting to novel stressors (Reid
et al., 2016; Alves et al., 2019). Previous research has shown that the correlation between selection coeffi-
cients of a given allele in each of two populations inhabiting different environments is expected to increase
with the similarity in the direction of selection (equation 6 in Martin and Lenormand 2015). I therefore ex-
pected the extent of parallel genetic evolution for two populations to decline from a maximum to a minimum
value as the angle between the directions of selection between them (6) increases from completely parallel
(6 = 0°) to completely divergent (6 = 180°). My specific goal was to characterize the pattern of decline in
parallelism. I also hypothesized that adaptation from standing variation would reduce the evolution of re-
productive isolation under parallel selection because parental populations would fix more of the same alleles
and therefore evolve fewer incompatibilities (Schluter, 2009). Under divergent selection, I hypothesized that
populations would fix alternative alleles regardless of whether they were selected from standing variation
or new mutation. Therefore, I expected standing variation to have little effect on speciation by divergent
selection compared to adaptation from new mutation alone.

I conducted a theoretical investigation into parallel genetic evolution and speciation from standing vari-
ation across the continuum from parallel to divergent natural selection. I primarily used individual-based
simulations and include some simple analytical arguments to gain intuition. I compared results from simu-
lations where adaptation proceeds simultaneously via the sorting of ancestral standing genetic variation and
de novo mutation to simulations where adaptation proceeds via de novo mutation alone. My results provide
insight into the circumstances under which I should expect high vs. low genetic parallelism and also sug-
gest that standing variation has substantial implications for speciation that depend on the difference in the

direction of natural selection between populations.

2.2 Methods

I used computer simulations to investigate genetic parallelism and progress toward speciation—via ecologically-
dependent postzygotic reproductive isolation—from standing variation across the continuum from parallel
to divergent natural selection. My simulations consider pairs of populations and multivariate phenotypes
determined by multiple additive loci. In each of my simulations, a single ancestral population founds two
identical populations that each adapt in their respective environments without gene flow (i.e., allopatry; see
Fig. [2.1A). After adaptation, populations interbreed to form recombinant hybrids. This general coloniza-
tion history—a single population splitting into two populations that independently adapt to their respective
novel environments—is modelled around the process of adaptation as it can occur in nature, for example in
postglacial fishes (Bell and Foster 1994) and in birds or plants isolated within glacial refugia (e.g., (Weir
and Schluter 2004; Pettengill and Moeller 2012). In many such cases, ecologically-dependent postzygotic
isolation is thought to be essential for maintaining reproductive isolation (Nosil 2012). See Table [2.1| for

descriptions of all parameters and values used in simulations.

10



overview of an illustration of ‘angle segregation variance
( e individual simulation \ [~ Q of divergence’ (8) ) ( e and hybrid fitness

t=0
} angle of divergence
N 0 =~ 90°
A
t=TVY
g \_ J U

Figure 2.1: Visual overview of simulations and concepts. Panel (a) provides an overview of an individ-
ual simulation run. An ancestral population founds two initially-identical parental populations, that evolve
independently for 7" generations in their respective environments. After 7' generations of adaptation, these
parental populations interbreed to form hybrids. Panel (b) illustrates the process of adaptation in my simu-
lations, wherein two populations (red and blue arrows connect the mean phenotype every 200 generations)
independently adapt to specified optima (red and blue stars; behind arrows in [b] but visible in [c]). Concen-
tric circles represent fitness contours around the two optima. The ancestor state is indicated by the grey dot,
with the angle of divergence, 6, shown between the two axes of selection (red and blue dashed lines; angle
shown is approximately 90°). Panel (c) illustrates the segregation variance in a group of hybrids. Individual
hybrids (purple points) that are near an optimum have high fitness when measured in that environment. The
black line is the line connecting parental optima—variance along this line can increase mean hybrid fitness
whereas variance orthogonal to this line is deleterious.

2.2.1 Genotype to phenotype

The phenotype of a haploid individual is represented by an m-dimensional vector, z = [z1, 22,. . ., Zm], With m
being the number of uncorrelated ‘traits’ or phenotypic ‘dimensions’ (for further discussion of dimension-
ality, see Orr 2000 & Tenaillon 2014). Each trait value, z;, is determined by the summed effects of alleles
at all underlying loci (i.e., mutations act additively to determine the phenotype), which are initially fixed for
alleles with an effect of 0 on all m traits. I primarily present results from simulations with five phenotypic

dimensions (z = 5) in the main text. Results for alternative parameter combinations can be found in the
supplementary figures (Figs. [A.THA.7).

2.2.2 Life-cycle

I model a Wright-Fisher population (Fisher 1930; Wright 1931) with haploid selection. Fitness is a Gaus-
sian function that depends on the Euclidean distance between an individual’s phenotype and the phenotypic

optimum, ||z - 0|, and the strength of selection, o (e.g., Lande 1979):

W = exp(—ol|z — o|[*/2) 2.1)
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Table 2.1: Description of parameters and parameter values in parental populations for simulations
presented in the main text.

Parameter Value

«, mutation size SD in each dimension 0.1

d, distance between ancestral and parental phenotypic optima 1

N, number of haploid individuals 1000

m, number of traits, or ‘dimensionality’ 5

n, initial number of segregating loci 0 (DNM); 100 (DNM & SGV)*
4, probability an individual acquires a new mutation 0.001

o, strength of selection 1

f, angle of divergence (°) 0°< 08 < 180°

*DNM: de novo mutation; SGV: standing genetic variation

(My qualitative conclusions are robust to alternative assumptions about fitness functions [see Fig. |A.8)].
After selection, N haploid parents are randomly sampled with replacement from a multinomial distribution
with probabilities proportional to their fitness, W. Parents then randomly mate and produce two haploid
offspring per pair, with free recombination between all loci. With probability p, an offspring gains a muta-
tion; I assume an effectively infinite number of loci such that all mutations arise at a previously unmutated
locus (‘infinite-sites’ sensu Kimura 1969). Mutational effects are drawn from a multivariate normal distri-
bution (‘continuum-of-alleles’ sensu Kimura 1965), with a mean of 0 and an SD of « in all m traits and no

correlations among traits (i.e., universal pleiotropy).

Generating ancestral standing genetic variation

To generate ancestral standing variation, I conducted burn-in simulations of a large ancestral population
(Nanc = 10,000) under stabilizing selection (oapc = 0.01) at the origin (oanc = [0, O, ... 0]) for 100,000
generations. All other parameters in the ancestor (e.g., mutation rate) were identical to those of parental
populations (Table [2.1). This parameter combination facilitates the accumulation of appreciable standing
variation (see Fig. |A.9), but my general conclusions hold if the ancestor is under much stronger selection
(0anc = 1) that puts it into the multivariate ‘House-of-Cards’ regime (Turelli 1985; see Fig. |A.10).

Ancestral populations reached mutation-selection-drift balance such that the rate of acquisition of new
mutations was balanced by the rate of loss of mutations that arose in earlier generations (Fig. |A.9A). Both
the mean frequency of derived alleles and the phenotypic (genotypic) variance were stable (Fig. |A.9B), as
has been found in other models of phenotypes under stabilizing selection (e.g., Barton 1989). Segregating
derived alleles were all at unique loci by assumption—that is, each polymorphic locus has exactly two alleles
and each derived allele can be traced back to a single mutation event. In addition, segregating derived alleles
were at low frequency in the ancestral population (see Fig. |A.9D for the site frequency spectrum). High
derived allele frequencies and fixation are sometimes reached by drift when mutations have nearly-neutral
selective coefficients and by positive selection when mutations compensate for deleterious alleles that have
risen to high frequency by drift (Hartl, 2002; Orr, 2005).
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2.2.3 Adaptation to a new environment

In simulations with standing genetic variation, a parental population was established by first randomly choos-
ing n polymorphic loci in the ancestor (see Fig. |A.11|for effect of n on genetic parallelism and segregation
variance). Each parental individual received the mutant (i.e., ‘derived’) allele at each of these n loci with
a probability equal to the allele’s frequency in the ancestor. Loci fixed in the ancestral population were
also fixed in the parental population but were not considered when quantifying parallelism. This admittedly
artificial sampling procedure allowed us more control over the amount of standing genetic variation across
simulations with different parameter values. Further control was achieved by making the second parental
population initially identical to the first, so that each possessed the exact same collection of genotypes and
there were therefore no founder effects. Populations adapted from only new (i.e., de novo) mutation when n
= 0. Within each parameter combination, I began each replicate simulation from a unique realization of the
ancestor (i.e., distinct burn-in). After initialization, parental populations adapted to their respective pheno-
typic optima without inter-population gene flow (Fig. [2.1B), and adaptation proceeded via natural selection
on ancestral standing variation (if » > 0) and new mutation simultaneously.

Two properties of the new phenotypic optima are key. The first is the Euclidean distance between each
optimum and the origin, d (assumed the same for both parental populations for simulations presented in
main text). More distant optima yield a greater amount of genetic and phenotypic change. In the main text
I set d = 1, which is equivalent to 10 times the SD of mutation effect size (o). The second key feature of
the new optima is the angle of divergence, 0, separating vectors that originate at the origin and each pass
through one of the parental optima (dashed lines in Fig. [2.1B). Angle is used to quantify the difference in the
direction of selection from parallel (6 = 0°) to divergent (f = 180°) and is explicitly invoked in most empirical
metrics that quantify phenotypic parallelism (Bolnick et al., 2018). The value of 8 is what determines the
mean phenotypic differences that evolve between parental populations in my simulations (because d is held
constant).

I ended the adaptation phase of simulations after T generations (7 = 2000 in the main text), at which time
all populations had reached their phenotypic optima (Fig. |A.12A) and mutation-selection-drift balance (Fig.
A.12B). An unavoidable and important effect of standing variation is that it quickens adaptation because
populations do not have to wait for beneficial alleles to arise (Barrett et al., 2008). In my model and others
like it (e.g., Barton 2001; Chevin et al. 2014), reproductive isolation evolves rapidly during the initial stages
of adaptation. After populations reach their respective phenotypic optima, genetic divergence accumulates
slowly at a rate proportional to the mutation rate (Barton, 1989, 2001; Chevin et al., 2014). Therefore,
my results reflect quasi-equilibrium conditions rather than transient states and are unaffected by standing

variation’s influence on the speed of adaptation.

2.2.4 Quantification of genetic parallelism and hybrid segregation variance & fitness

After the adaptation phase of simulations had ended, I calculated the proportion of alleles that fixed in both
populations (i.e., genetic parallelism). To quantify parallel genetic evolution between parental populations, I

first determined the number of alleles that fixed in each population (f| & f») and the number of alleles that
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fixed in both populations (£ 7). I then calculated my metric of ‘genetic parallelism’ as:

_1( N
Fe = 2 <f1,2 * f1,2> 2)

Values of 1 indicate complete genetic parallelism (i.e., all alleles that fixed were fixed in both populations)
and values of 0 indicate complete genetic non-parallelism (i.e., no allele fixed in both populations). I use this
metric because of its ease of interpretation and note that it is highly correlated with other metrics of genetic
divergence between populations (e.g., Fst; Fig. |A.13). I present some results with this metric scaled to a
forced minimum of 0 and a forced maximum of 1 in order to facilitate comparison of simulations conducted
with different parameters.

To create inter-population hybrids, I then randomly sampled 100 individuals from each population with-
out replacement. Each sampled individual was paired with an individual from the other population to form
100 unique inter-population mating pairs. Every inter-population mating pair then produced one recombinant
haploid F1 hybrid for a total of 100 potentially unique hybrids.

After forming hybrids I quantified their phenotypic variation—the net segregation variance (Wright,
1968; Slatkin and Lande, 1994)—calculated here as the mean phenotypic variance across all m traits. I
present analyses of individual axes of variance where relevant. Higher segregation variance results when
parents are differentiated by a greater number of alternative alleles (holding effect size constant) or alleles
of individually-larger effect (holding number of alleles constant) (Castle, 1921; Slatkin and Lande, 1994;
Chevin et al., 2014). Segregation variance captures the phenotypic consequences of hybridization and has
a direct impact on fitness whereas genetic (non)parallelism is only indirectly related to fitness. Phenotypic
variance in parental populations (i.e., before hybridization) is near zero and does not differ between popula-
tions founded with vs. without standing variation nor does it depend on the initial distance to the optimum (d;
Fig. |A.12C). Such low variance is expected because my simulations have fixed and frequency-independent
optima, no migration, and parameter values corresponding to strong selection and relatively weak mutation
(‘house-of-cards’; Turelli 1984, 1985).

An individual hybrid’s fitness in a given parental environment was calculated from its phenotype in the
same manner as the fitness of parental populations (Fig. 2.1C). I determined the fitness (Eqn. [2.1)) of each
hybrid in both parental environments and recorded its fitness as the larger of the two values. This can be
imagined as, for example, giving the hybrid a choice of alternative host-plants (see Dres and Mallet 2002)
where it always chooses the host on which it has higher performance. My fitness metric reflects what is
traditionally recognized as ‘extrinsic’ postzygotic isolation (Coyne and Orr, 2004), and explicitly considers
environment-specific epistasis for fitness (Bateson 1909; Dobzhansky 1937; Muller 1942; Chevin et al. 2014;
Fraisse et al. 2016; see also Arnegard et al. 2014; Schumer et al. 2014; Ono et al. 2017 for discussion
of environment-specific hybrid incompatibilities). I consider my model to be one of ‘extrinsic’ rather than
‘intrinsic’ isolation because I do not consider traits such as gamete viability, which experiences environment-
independent selection. Rather, traits in my model are best imagined to be more akin to ecologically-relevant
traits like beak depth, under stabilizing selection with optima that depend on the environment. Because
hybrids are recombinant, hybrid fitness reflects both the effects of displacement of the mean phenotype from

the optimum (the ‘lag’ load) and what in diploids is known as hybrid breakdown (Burton et al., 2006). I
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report hybrid fitness relative to the parents for each individual simulation, calculated as: [mean fitness of

hybrids] / [mean fitness of parents].

2.3 Results

2.3.1 Genetic parallelism and phenotypic segregation variance

I first investigated how genetic parallelism between two populations—the fraction of alleles that fixed in both
populations vs. were unique to a single population—changes with the angle of divergence (#) when adap-
tation is from standing variation. Genetic parallelism is highest under completely parallel natural selection
(6 = 0°) and rapidly decreases toward its minimum value as @ increases (dark green line and points in Fig.
2.2A\; see black line for visual comparison of deviation from linearity). This rapid decrease in genetic paral-
lelism also occurs when the phenotypic distance between parental optima is used as the independent variable
instead of 6, although with my parameters non-linearity is only appreciable in higher dimensions (see Fig.
A.14). There is considerable variation in genetic parallelism among simulation runs even when populations
adapt to identical environments, which results from stochastic processes in each run. For example, alleles are
lost due to drift, populations fix weakly deleterious alleles or different de novo mutations, and populations fix
alternative alleles from the standing variation early in the simulations, which affects the selection coefficients
of all other alleles in later generations (Chevin and Hospital, 2008). Genetic parallelism never decreases to
zero even under completely divergent selection (f = 180°), indicating that populations fix some deleterious
alleles. My conclusion that genetic parallelism rapidly decreases with 6 is generally robust to variation in
population size and selection strength, except for when small populations are under weak selection (Fig.
A.1)), likely due to an overwhelming effect of drift (see Fig. |A.15|for divergence between populations due to
drift alone at various population sizes).

The changes in segregation variance generally mirror patterns of genetic parallelism (Fig. 2.2B). With
standing variation, segregation variance is low under parallel selection and rapidly increases with 6. Chevin
et al. (2014) found that segregation variance (proportional to their ‘variance load’) does not depend on 6,
but in contrast to my model they did not permit genetic parallelism. When there is no standing variation,
segregation variance is not affected by the angle of divergence (light green line and points in Fig. [2.2(C; linear
model slope 4= 1 SE: 4.9 x 10~745.8 x 107, in agreement with the findings of Chevin et al. 2014; their Fig.
2). Atlarge angles, segregation variance is greater when populations adapt from standing variation than when
they adapt from new mutation alone, and the magnitude of this difference increases with dimensionality (see
Fig. |A.16).

Genetic parallelism decreases with 6 (and segregation variance increases) because the fraction of alleles
that are beneficial in both parental populations declines as 6 increases. For a given population, beneficial
alleles bring populations closer to the middle of a hypersphere centred at the phenotypic optimum (the ge-
ometric model [Fisher 1930]; see cartoon inset of Fig. [2.3/A). Considering two populations, each with its
own hypersphere, a given allele is beneficial in both—and thus could fix in parallel via positive natural
selection—if it brings a population’s mean phenotype into the region where the two hyperspheres overlap

(purple region in Fig. [2.3A inset). The size of this region of overlap decreases rapidly with 6 (Fig. 2.3A;
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Figure 2.2: Genetic parallelism and phenotypic segregation variance. Parental populations adapted from
either new mutation only (light green) or from a combination of new mutation and standing genetic variation
(SGV) (dark green). Panel (a) shows the proportion of alleles that fixed in both populations vs. were unique
to a single population (genetic parallelism; equation 2). The thin black line connects the fit at § = 0° to the
fit at @ = 180° and is shown only to facilitate visualization of the non-linearity. Panel (b) is similar to (a),
except with the net segregation variance in hybrids as the dependent variable. Plotted are the results from 10
replicate simulations for each of 37 angles of divergence (d = 1). Green lines are loess fits.

see Appendix for mathematical details), and therefore so does the fraction of alleles present as standing
variation that are beneficial in both populations. The rate of decrease of overlap is faster with greater dimen-
sionality (compare solid line to dashed lines in Fig. [2.3/A) but—perhaps surprisingly—does not depend on
the distance to the optima (d; if d; = d>» = d) and is not expected to change over the course of an ‘adaptive
walk’ (sensu Orr 1998; see Appendix for detailed explanation). Briefly, this is because adaptation’s effect
is to shrink the radii of the hyperspheres (at roughly equivalent rates in the two populations if adaptation
proceeds relatively deterministically). Thus, because the fraction of overlap (Eq. A1) does not depend on the
radii of the hyperspheres, the fraction of overlap is expected to remain constant throughout adaptation. Sim-
ulations conducted for four different dimensionalities (m = 2, 5, 10, 25) qualitatively capture the predicted
pattern of decreasing parallelism with increasing dimensionality (Fig. 2.3B), although drift, a limited supply
of standing variation, and run-specific epistasis (etc.) contribute to differences between hypersphere overlap
and genetic parallelism.

I also modelled an alternative case in which 6 is held constant but populations differ in the distance
to their respective optima (i.e., different vector ‘lengths’ rather than ‘angles’ sensu Bolnick et al., [2018]).
Even if selection is completely parallel (i.e., 8 = 0°), if the distance between the ancestral phenotype and the

phenotypic optimum of population 2 is twice that of the ancestor—optimum distance for population 1 (i.e., d»
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Figure 2.3: The relationship between trait dimensionality (1) and genetic parallelism. Panel (a) is an an-
alytical result that depicts the relationship between 6 and the fraction of overlap between two (hyper)spheres
for four different dimensionalities (see equation A1). In the inset cartoon, mutations that bring the phenotype
into the red and blue regions are initially beneficial only in the ‘red’ or ‘blue’ environments, while mutations
that bring the phenotype into the purple region are beneficial in both environments. The horizontal black
line is set at y = 0, where there is no overlap. Panel (b) is a proof-of-concept figure showing loess fits of
simulation results with 95 % confidence intervals. Within a dimensionality, parallelism is scaled between O
(minimum value of loess fit) and 1 (maximum value of loess fit). Simulations were conducted with strong
natural selection (o = 10) to minimize the effect of drift. (See Fig. for a similar result except with
segregation variance on the y-axis.)

= 2d}), less than 5 % of the alleles beneficial to population 2 are also beneficial to population 1 (for m = 5;
see Fig. [A.17). This result indicates that differences in vector lengths are important to consider—in addition

to angles—for reducing the extent of genetic parallelism.

2.3.2 Hybrid fitness

In this section, I evaluate the effect of standing variation on hybrid fitness across the continuum from parallel
to divergent natural selection. The most readily observable pattern is that the mean relative fitness of hybrids
is lower under divergent selection than under parallel selection regardless of whether adaptation proceeds
with standing variation (Fig. 2.4/A). This pattern occurs because the hybrid mean phenotype is increasingly
distant from either parental optimum as ¢ increases. In Figure [2.4A, I plot the fitness of the hybrid mean
phenotype (representing the ‘lag’ load) as a thin black line.
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Figure 2.4: The effect of standing variation on mean hybrid fitness. Panel (a) shows the mean relative fit-
ness of hybrids—as compared to parents—across environments in simulations initiated without (light green)
and with (dark green) ancestral standing genetic variation. The thin black line represents the mean relative
fitness of hybrids due only to the deviation of the observed mean phenotype from an optimum (‘lag’ load)
and is close to 1 when the hybrid mean phenotype is on the optimum. Panel (b) shows the effect of standing
variation on mean relative hybrid fitness (the ratio of values for dark / light green lines in panel [a]); the
horizontal line shows where there is no effect of standing variation on relative mean hybrid fitness. Panel (c)
is an analytical result that illustrates the relationship between segregation variance and mean hybrid fitness
for three angles of divergence (black, 6 = 0°; brown, § = 60°; grey, 6§ = 180°) when the hybrid phenotype
is multivariate normal with a mean exactly in between the two parental optima and equal variance in all
phenotypic dimensions (no covariance). Hybrid fitness is plotted for each angle relative to the case of no
variance; the horizontal line indicates when segregation variance has no effect on hybrid fitness.

Compared to when adaptation is from new mutation, adaptation from standing variation improves mean
hybrid fitness when parental populations adapt to similar optima but reduces hybrid fitness when parents
undergo divergent adaptation (Fig. [2.4B). This pattern is caused by environment-specific effects of segre-
gation variance on mean hybrid fitness (Fig. [2.4C, Fig. [2.5). When the hybrid phenotype distribution is
centred at the phenotypic optimum—as it is under parallel selection (# = 0°)—segregation variance is uni-
versally deleterious. When parental populations adapt to identical optima from only new mutation, hybrids
vary considerably around the parental optimum and thus have relatively low mean fitness. When populations
have access to a common pool of standing variation, parallel genetic evolution leads to lower segregation
variance around the optimum and therefore higher mean fitness under parallel selection compared to when
populations adapt from only new mutation (Fig. 2.5A; see Fig. [A.18| for similar results but for maximum

hybrid fitness instead of mean).
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Figure 2.5: The effect of standing variation on the distribution of hybrid phenotypes. I plot ellipses
containing 95 % of hybrid phenotypes for five angles of divergence () evenly spaced along the continuum of
(a) completely parallel (8 = 0°) to (e) completely divergent (6 = 180°) selection. Separate ellipses are shown
for simulations where populations adapted from only new mutation (light green; DNM) or both new mutation
and standing genetic variation (dark green; DNM & SGV). Each ellipse is fit to 1000 hybrids resulting from
10 replicate simulations. Parental optima are depicted as stars and the origin (ancestral optimum) is shown
as a grey dot. The left side of each panel shows the first two trait dimensions—the only dimensions in which
the optima might differ. The right side of each panel shows the third and fourth dimensions—both of which
are under stabilizing selection for a phenotype identical to the ancestral phenotype. The axes of selection
connect the origin and optima (dashed red and blue lines) and I also show the axis connecting parental optima
as a solid black line. Ellipse plotting order is reversed on the right side of panel (e) to facilitate visualization.

At large angles of divergence, adaptation from standing variation reduces hybrid fitness compared to
when adaptation is from only new mutation. The reasons for this are twofold. First, since I allow hybrids
to ‘choose’ their environment (measuring their fitness in the parental environment they are better adapted

to), at larger angles hybrids increasingly fall into a ‘fitness valley’. In this case some variation along the
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axis of divergence can be beneficial (see Fig. [2.4C). Second, since fitness in either environment is a Gaus-
sian function, variation becomes beneficial when the mean is far from the optimum (by Jensen’s inequality),
even when considering fitness in only a single environment. This result is robust to variation in parameter
values (see Figs. |A.4HA.6), except when selection is very weak in small populations. There are appreciable
differences in patterns of phenotypic variation in hybrids when their parents adapt with standing variation
vs. when adaptation is from new mutation alone (Fig. [2.5). Only phenotypic variation along the axis
connecting parental optima (black line connecting stars in Fig. [2.5)) is beneficial, whereas variation along
orthogonal axes is deleterious. When 6 = 180°, hybrids have reduced variation along the axis connecting
parental optima and slightly more variation along all other axes (see Fig. [2.5E). Thus, maladaptive segre-
gation variance—resulting from cryptic genetic differences between parental populations revealed only after
hybridization—reduces hybrid fitness under large angles of divergence.

Why does adaptation from standing variation alter patterns of phenotypic segregation variance in hy-
brids? As discussed above, adaptation from standing genetic variation reduces segregation variance under
parallel selection because parents fix the same alleles that therefore do not segregate in hybrids. Popula-
tions adapting from standing variation also fix a greater number (Fig. 2.6A) of smaller effect alleles (Fig.
2.6B) than populations evolving without standing variation. Fixation of smaller-effect alleles likely occurs
under adaptation from standing variation because stabilizing selection in the ancestor effectively removes
large-effect alleles from the standing variation (Fig. |A.9) and because weakly beneficial alleles have a higher
probability of fixation when present in standing variation compared to if they arose de novo (Orr and Betan-
court, 2001; Hermisson and Pennings, 2005; Matuszewski et al., 2015). This latter effect seemed to allow
alleles with more deleterious pleiotropic effects to fix during adaptation from standing variation than when
adaptation was from new mutation alone (Fig. [2.6C). That is, populations initiated with standing genetic
variation used alleles with proportionally larger pleiotropic side-effects. I quantified pleiotropy by taking the
ratio of the mean effect size of fixed alleles along the axis of selection in parents (red or blue dashed lines
in Fig. 2.5)) vs. the mean effect size across all orthogonal axes, termed the ‘efficiency index’. Values of
1 (horizontal line in Fig. 2.6C) imply that an allele had an equivalent effect along the axis of selection as
on orthogonal axes. Increasingly positive values reflect alleles that take a population to the optimum more
‘efficiently’ (i.e., directly along the dashed blue or red line in Fig. [2.5). Together, these results indicate that
adaptive walks from standing variation in my simulations involved more—slightly smaller—steps and are
more ‘meandering’ than adaptive walks from new mutation alone, which use fewer—slightly larger—and
more direct steps (but see Ralph and Coop 2015). These differences in the properties of alleles fixed in
simulations initiated with vs. without standing variation contribute to the patterns of phenotypic segregation

variance that ultimately determine the fitness of hybrids.
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Figure 2.6: Properties of alleles fixed during adaptation. I show results from simulations where parental
populations adapted from only de novo mutation (light green; DNM) vs. adaptation from standing variation
and new mutation (dark green; DNM & SGV). Each replicate simulation contributed one data point to the
plot. Panel (a) shows the average number of alleles fixed during adaptation. Panel (b) shows the average
effect size (Euclidean length of mutation vector) of alleles fixed during adaptation. Panel (c) shows the allele
‘efficiency index’, which plots the ratio of a fixed mutations’ effect size in the direction of selection vs.
orthogonal directions. Values of 1 (horizontal line) are equally balanced in these directions, and mutations
are more ‘efficient’ (i.e., they point more directly at the optimum) as this index increases. Statistical tests
confirm all differences as highly significant (not shown).

2.4 Discussion

In this study I investigated parallel genetic evolution and progress toward speciation under adaptation from
standing variation. I characterized how the extent of genetic parallelism from standing variation changes with
the angle of divergence between parental optima, then illustrated how adaptation from standing variation
affects hybrid fitness under various forms of natural selection. Here, I highlight my key findings, predictions

for empirical systems, and suggestions for future work.

2.4.1 Key predictions and possible tests

The first principal finding of my study is that the degree of genetic parallelism rapidly declines as the angle
of divergence increases from parallel toward divergent, especially when a large number of traits affect fit-
ness. Practically, this means that the extent of genetic parallelism should decline quickly with phenotypic
divergence. It is possible to test this prediction in natural or experimental populations using techniques such

as ‘Phenotypic Change Vector Analysis’, which estimates important parameters such as the angle between
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the vectors and/or the difference in their magnitudes (Bolnick et al., 2018). (Of course, phenotypic mea-
surements are imperfect and typically non-comprehensive, and accordingly estimates of inter-population
divergence are necessarily made with some error.) Natural systems exhibiting repeated instances of easily-
quantified phenotypic divergence (Oke et al., 2017; Stuart et al., 2017) are particularly amenable to this
approach. Given that phenotypic and genetic parallelism are not linearly related (Fig. [A.14), I suggest that
analytical predictions about the extent of genetic parallelism ought to be considered when generating pre-
dictions for empirical systems. I also note that studies quantifying genetic parallelism (Jones et al., 2012b)
typically do not quantify non-parallel changes. In order to test the predictions about genetic parallelism,
it will be necessary for future studies to measure both the number of parallel genetic changes (numerator)
and the total number of genetic changes (denominator) in pairs of populations being compared (Alves et al.,
2019).

My second principal finding is that—relative to when adaptation is from only de novo mutation—adaptation
from standing genetic variation improves the mean fitness of hybrids under parallel natural selection, has lit-
tle effect at intermediate angles of divergence, and reduces mean hybrid fitness under completely divergent
selection. Practically, this indicates that adaptation from standing variation works against ‘mutation-order’
speciation and facilitates ‘ecological’ speciation (Schluter, 2009; Schluter and Conte, 2009). This hypothesis
could be tested most readily in experimental systems where the amount of ancestral standing variation can
be easily manipulated, and where interpopulation hybrids can easily be generated to have their fitness mea-
sured in parental environments. It would also be worthwhile to empirically test whether alleles fixed from
standing variation are indeed more pleiotropic than alleles fixed from de novo mutation, as predicted by my
simulations.

I emphasize that the mechanism through which adaptation from standing variation affects hybrid fitness
(relative to adaptation from de novo mutation) differs between simulations where populations adapted un-
der parallel vs. divergent selection. Under parallel selection, standing variation’s effect on hybrid fitness is
caused largely by parallel genetic evolution and therefore adaptation from standing variation is most likely to
have an effect if populations adapting in parallel are founded with the same standing variation. Under diver-
gent selection, standing variation’s effect on hybrid fitness is not caused by genetic parallelism but rather
by cryptic genetic differences—cryptic because they don’t reveal themselves until after hybridization—
that evolve between parental populations. Therefore, my predictions about the effect of adaptation from
standing variation on hybrid fitness under divergent selection should hold regardless of whether populations
have the same or different initial standing variation. A simple prediction—testable theoretically and empir-
ically—resulting from my study is that founder effects should have a greater effect on hybrid fitness under

parallel selection than under divergent selection.

2.4.2 Alternative sources of standing variation

My model addresses the case of adaptation from a pool of standing genetic variation at mutation-selection-
drift balance. This framework does not address cases of adaptation where standing variation is generated
from other sources. For example, in threespine stickleback, the marine ancestral form maintains standing

variation for freshwater-adapted alleles in a balance between migration of alleles from freshwater populations
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and negative selection in the sea (the ‘transporter’ hypothesis; Schluter and Conte 2009; Nelson and Cresko
2018. In this case, the pool of standing variation is enriched for alleles that have already swept to high
frequencies in freshwater populations—that is, they are ‘pre-tested’ by selection. Scenarios such as this are
especially likely to lead to genetic parallelism (Schluter and Conte, 2009). The extent to which adaptation
from standing variation proceeds via the sorting of naive alleles (as in my model) vs pre-tested alleles (as in

the transporter model) is unresolved.

2.4.3 Possible extensions

Some of my conclusions will change under alternative assumptions. Some assumptions—for example a lack
of recurrent de novo mutation or gene flow—reduce the extent of genetic parallelism (Nosil and Flaxman,
2011; Anderson and Harmon, 2014; Ralph and Coop, 2015; Barghi et al., 2019). I also assumed universal
pleiotropy, and future work examining the effect of modularity on my results—especially on changes in
parallelism with the angle of divergence—would be valuable. In addition, I considered only haploid selec-
tion, had only additive effects of alleles on phenotypes, and assumed that the sole fitness optima available
to hybrids are those to which the two parents are adapted. My analytical results also ignore variation in the
probability that particular mutations arise and fix (or are present as standing variation). Extending my ap-
proach to integrate the distribution of fitness effects of new mutations (Eyre-Walker and Keightley, 2007), the
correlation of selection coefficients across environments (Kassen, 2014; Martin and Lenormand, 2015), and
existing theory on the probability of genetic parallelism from standing variation (MacPherson and Nuismer,
2017) will be valuable.

I also note that the only reproductive isolating barrier I considered was environment-specific postzygotic
isolation. Postzygotic isolation can also be environment-independent, and such ‘intrinsic’ isolating barri-
ers are correlated with genetic divergence between populations (Orr 1995; Matute et al. 2010; Moyle and
Nakazato 2010; Wang et al. 2015). Therefore, my measure of genetic parallelism might be interpreted as
being inversely proportional to the strength of intrinsic barriers. I also did not consider prezygotic barriers
such as assortative mating (Gavrilets, 2004). Accordingly, my results might be most relevant for empirical

systems where ecology-based postzygotic isolation has a primary role in the origin of species.

2.4.4 Concluding remarks

In this study I characterized patterns of genetic parallelism and progress toward speciation from standing
variation in pairs of populations with quantitative differences in the direction of selection between them.
My findings generate new hypotheses for empirical studies on genetic parallelism and speciation. As evo-
lutionary biologists develop increasingly powerful tools for detecting parallel genetic adaptation in nature,
it will be important to keep in mind that genetic parallelism could be less common than I might intuit from
patterns of selection and phenotypic similarity. I have also shown that adaptation from standing variation
is expected to weaken the strength of isolating barriers that evolve between populations subject to parallel
natural selection. By contrast, adaptation from standing variation can facilitate the process of speciation via
divergent natural selection (i.e., ‘ecological’ speciation), suggesting that adaptation from standing variation

might have a role in adaptive radiation beyond simply increasing the rate of adaptation.
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Chapter 3

Patterns, predictors, and consequences of

dominance in hybrids

3.1 Introduction

When divergent populations occur in sympatry, they might mate and form hybrids (Mallet 2005). If those
hybrids are viable and fertile, whether they survive and reproduce depends on their ability to persist under
prevailing ecological conditions. Because selection against hybrids limits gene flow between parents (Harri-
son 1993), understanding the mechanisms underlying hybrid performance in the field is key to understanding
postzygotic isolation (Barton and Hewitt 1985; Gompert et al. 2017). Quantifying general patterns of pheno-
type expression in hybrids would clarify mechanisms of natural and sexual selection that act against hybrids.
For example, if hybrids resemble one parent they could thrive in that parent’s niche and readily back-cross
(Mallet 1986). Alternatively, if hybrids are phenotypically intermediate for all traits, or possess mismatched
trait combinations due to dominance in opposing directions (i.e., they resemble parent 1 for trait x, but par-
ent 2 for trait y), they might be unable to survive and reproduce in the available niche space (Hatfield and
Schluter 1999; Matsubayashi et al. 2010; Arnegard et al. 2014; Cooper et al. 2018). Currently, little is known
about general patterns of trait expression in hybrids.

Previous synthetic studies investigating hybrid phenotypes have conflicting conclusions. Some authors
suggest that hybrid intermediacy is the rule (Hubbs| 1940, 1955) whereas others find that hybrids are better
described as mosaics of parental and intermediate characters (Rieseberg and Ellstrand 1993). Such previ-
ous studies typically lacked a quantitative framework and/or focused on a single taxon (e.g., fish or plants),
limiting our ability to arrive at general conclusions. In addition, previous studies of hybrid phenotype ex-
pression tend to use data from domesticated taxa, wherein dominance is often elevated compared to natural
populations (Crnokrak and Roff 1995; Fisher 1931). Here, I use a geometric approach to quantify patterns
of hybrid phenotypes across a broad range of wild (or recently-wild) plant and animal taxa in a way that is
comparable across studies. By quantifying the ‘parent-bias’ across each pair of traits I determine the extent
to which hybrids are intermediate or tend to resemble one parent more than the other. And by quantifying
the ‘mismatch’ (also termed ‘opposing dominance’ [Matsubayashi et al. 2010; Nosil 2012]) I can determine
the extent to which hybrids have mismatched combinations of divergent parental traits.

In this chapter, I systematically document patterns of phenotype expression in hybrids, investigate the

possible predictors of these patterns, and use experimental data to explore the fitness consequences of trait

2A version of this chapter has been published as Thompson, K.A., Urquhart-Cronish, M., Whitney, K.D., Rieseberg, L.H., and
Schluter, D. Patterns, predictors, and consequences of dominance in hybrids. The American Naturalist 197(3) (awaiting pagination).
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interactions in the field. I first summarize the results of 198 studies that compared the phenotypes of hybrids
and parents in a common environment and test whether features of a cross—such as the genetic distance
between, or taxon of, the parents—are associated with dominance (section I). I then use data from an exper-
imental planting of recombinant hybrid sunflowers to evaluate whether patterns of pairwise parent-bias and
mismatch predict fitness in hypothesized directions (section II). My results provide insight into the mecha-

nisms that might commonly underlie selection against hybrids in nature.

3.2 I: Patterns & predictors of dominance

3.2.1 Methods

In this section, I provide a brief summary of my methodology for collecting and analysing data on hybrid
trait expression from the literature, and then describe the patterns evident in the data. A detailed explanation

of all methods is given in the Supplementary Methods.

Systematic review of dominance patterns in F; hybrids

I conducted a systematic literature search and identified 198 studies from which I could collect data of at
least one divergent phenotypic trait measured in two parent taxa and their F; hybrids in a common environ-
ment. I included studies that conducted crosses between wild-collected parental populations or laboratory
populations with < 10 generations of captivity. Crosses in the dataset are both intraspecific (43%) and in-
terspecific (57%). Data from wild hybrids (i.e., not from controlled crosses) were only included if hybrids
were genotyped to confirm hybrid status and generation. I aimed to include only traits with environment-
dependent effects on fitness—traits plausibly under divergent selection between populations (stabilizing se-
lection within populations), rather than directional selection in the same direction in both populations. Said
another way, I attempted only to include traits that could be characterized as ‘non-fitness’ traits [Merild and
Sheldon 1999] or ‘ordinary’ traits [Orr and Betancourt 2001]). For example, traits such as ‘embryo viability’
are almost certainly under directional selection and were not included in my database. I excluded likely
fitness components because developmental difficulties resulting from hybrid incompatibilities, or heterosis
resulting from outbreeding, often affects such traits in hybrids (Coyne and Orr 2004). This choice to exclude
fitness traits likely renders my analysis on dominance more conservative since hybrid breakdown or heterosis
would manifest as a transgressive phenotype (see Stelkens and Seehausen 2009). By contrast, traits such as
‘limb length’ might have particular values best suited to some environments and genetic backgrounds—it is
implausible that such traits would always be selected to a maximum or minimum value. Data from back-
cross (BC; only) and F; hybrids were collected when available, but were used in a previous publication to
test a theoretical prediction about pleiotropy (Thompson 2020). The studies in my analysis spanned a range
of taxa but included mostly vascular plants (approx. 34 %), vertebrates (approx. 30 %), and arthropods
(approx. 30 %), with the few remaining studies using annelids (<1 %), echinoderms (<1 %), red algae
(Rhodophyta; <1 %), and molluscs (approx. 2 %).

I restricted my dataset to putatively divergently-selected traits. I retained all traits for which the parents

were > 1 phenotypic standard deviation (SD) apart, which was the case for 71.7 % of measured traits (using
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Table 3.1: Hypothetical examples of possible F; trait values, and corresponding values for cross mean
dunivariates dparent-bias» and dmismatch (parent phenotypes are scaled to [0, O] and [1, 1]).

Fy PhenOtype mean dunivariate dparent-bias dmismatch
[0.5, 0.5] 0 0 0
[0, 1] 1 0 1
[1, 1] 1 1 0
[0.25,0.75] 0.5 0 0.5
[0.5, 1] 0.5 0.5 0.5
[1.25, 1] 1.25 1.25 0.25

the smaller of the two parental SDs). I also retained traits for which the parents were < 1 SD apart but
had statistically distinguishable phenotypes (z-test P < 0.05), which accounted for an additional 9.4 % of
measured traits. The data for the remaining 18.9 % of traits for which I collected data were discarded (see
Fig. B.1). In total, data used for the analysis of dominance patterns comes from 233 unique crosses.

After filtering traits, I converted all trait data that were published with a transformation applied (e.g.,
In(x), /) to their original measurement scale because expectations are not the same on a log or square-root
scale as for raw units. This choice to analyse all traits in their original measurement units influences the
dominance patterns because traits that are intermediate on the raw scale might be dominant on a log-scale,
or vice-versa, but results greater comparability among traits and studies. I then put all traits in all studies
on a common scale where one (arbitrarily determined) parent had a value of O for all traits and the other
had a value of 1 (see Fig. [3.1). Under an expectation of additivity, an F; hybrid would have a trait value
of 0.5 for all traits. Because I do not make any assumptions about which trait value is ancestral or derived,
I cannot distinguish between dominance and recessivity. For example, a trait’s degree of dominance is the
same whether the hybrid trait value is 0.2 or 0.8. Importantly, however, hybrids having two traits with values
0.2 and 0.8 have an arithmetic mean phenotype of 0.5 but this hybrid is mismatched rather than intermediate.

This failure of simple averaging highlights the need for geometry-based dominance metrics.

Quantifying dominance in F; hybrids

I quantified three metrics of dominance. Within a cross, each dominance metric was scaled such that val-
ues of 0 indicate no dominance, values of 1 indicate the maximum dominance without transgressing the
parental trait range, and values greater than 1 result from transgression (see Table 3. 1|for hypothetical hybrid
phenotypes and corresponding dominance values for all three metrics).

The first dominance metric is ‘univariate’ dominance (dypivariate)» Which considers traits individually.
dunivariate measures the deviation of trait values from the additive expectation of 0.5, regardless of direction.

For a single trait, this was calculated as:

dunivariate = 2(’22‘ - O‘5|); 3.1)

where z; is the scaled mean phenotype of trait 2. A dypivariate Value of 0 results when a trait is exactly
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Figure 3.1: Visual overview of how two-dimensional dominance metrics were calculated. When studies
contained two or more divergent traits, I calculated pairwise parent-bias (dparent-bias) and mismatch (dmismatch)
of the hybrid phenotype (F;) with respect to the line connecting the two parent phenotypes (P; & P, [note
that which parent is called Py or P, is arbitrary). This procedure was repeated for every pair of traits. The
scaling factor, k, renders the maximum value observed without transgression (i.e., dmismatch When Fy trait
values are [0, 1]; or pairwise dparent-bias When Fy trait values are [0, 0]) equal to 1. For two traits, k = V2.
Dominance values > 1 can result when traits are transgressive. In this hypothetical example, dparent-bias 18
approximately 0.25 and dpismatch 18 approximately 0.5; see Table |3.1| for other possible F; two-dimensional
hybrid phenotypes and their corresponding dominance values.

intermediate (z; = 0.5; the mean of the parental trait values, 0 and 1); a dypivariate Value of 0.5 results when
the F;’s mean trait value is halfway between intermediate and that of one parent (i.e., z; = 0.25); and a
dunivariate Value of 1 results when the F; hybrid mean equals that of one of the parents (i.e., z; =0 or z; = 1).
Transgressive traits have dypjvariate Values > 1. I averaged dupivariate Values across traits within each cross to
obtain estimates of cross mean dypjvariate-

The remaining two dominance metrics consider pairs of traits at a time and are calculated in two dimen-
sions (see Fig. |3.1| for general overview and Fig. |B.2| for examples from the dataset). I consider all pairs of
traits, instead of all traits together, to increase the comparability of dominance values among studies measur-
ing different numbers of traits. For crosses where three or more divergent traits were measured, I calculated
two-dimensional dominance metrics for each trait pair and then took the mean of all pairwise estimates as
the value for that cross.

The second metric of dominance is pairwise parent-bias (dparent-bias)» Which captures deviation from
bivariate intermediacy in the direction of either parent. Imagine a cross between two plant species, one
of which has flowers that are narrow (mean width = z;) and red (colour = z,), representing the bivariate

phenotype of [0, 0], and the other species has wide yellow flowers, represented by a bivariate phenotype
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of [1, 1]). If their F; hybrid’s standardized phenotype is [0, 1] (i.e., narrow yellow flowers), then the mean
dunivariate = 1 but pairwise dparent-bias = 0. A dparent-bias Of 0 would also result if the F; hybrid was exactly
intermediate between the parents (i.e., [0.5, 0.5]). dparent-bias has @ minimum value of zero when dominance
is equally strong in the direction of both parents and increases indefinitely as dominance increases in a
manner that is biased toward one parent. For each pair of traits, I first determined the scalar projection, b, of
the hybrid phenotype onto the line connecting parents (solid line in Fig. 3.1). This projection is calculated

as:

21+ 22

b= 3.2
—, (3.2)
where 21 and 29 are the hybrid values for trait 1 and 2. I then calculated pairwise parent-bias as:
k
dparent—bias =k-|5—0b 5 (3.3)

where b is the scalar projection from eqn. 3.2} k is a scaling factor (k = v/2) used to give a hybrid a phenotype
with parental values for both traits (i.e., [0, 0] or [1, 1]) a dparent-bias Value of 1. dparent-bias Cannot exceed
dunivariate-

The third and final metric of dominance is pairwise mismatch (dmismatch), Which captures the perpendic-
ular distance between the mean hybrid phenotype and the line connecting parental mean phenotypes (Fig.
3.1). dmismatch has a minimum value of zero when the hybrid phenotype is on the line connecting parents
(i.e., when both hybrid traits in the pair are equally displaced towards the same parent) and increases in-
definitely as the variance in dominance among traits increases. Returning to the earlier example of a cross
between plants with divergent floral traits, dpyismatch Values of O would characterize hybrids with phenotypes
that are varying degrees of intermediate (e.g., [0.5, 0.5] or [0.75, 0.75]) or recover parental phenotypes [0,
0] or [1, 1]. A dmismatch value of 1 results when dominance is complete but in opposite directions [0, 1] or
[1, 0], which corresponds to narrow yellow flowers or wide red flowers. For each pair of traits, I calculated

mismatch as:
dmismatch = k - \/ Z% + Z% - b27 (3.4)

where, z1 and 29 are as in eqn. 3.1} and b and k are as in eqn. |3.3|

Evaluating patterns caused by sampling error

The above metrics of dominance, applied to data, are a product of both biology—net dominance effects of
genes—and measurement and/or sampling error. Such error around an intermediate phenotype would appear
as dominance because I calculate dominance as the difference between the observed mean phenotype and the
mid-parent value. In addition, a given amount of error is more likely to result in high (e.g., d > 1) dominance
estimates when the parents involved in a cross are phenotypically similar than when they are more divergent.

It is therefore important to quantify the magnitude of dominance observed due to sampling error alone.
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To quantify patterns of dominance due to sampling error, I generated 1000 simulated datasets that had an
identical structure to the raw data but where hybrid mean phenotypes were replaced with means calculated
from a simulated distribution. Specifically, I generated random normal vectors (using the rnorm function)
for each trait measured in F; hybrids with a length equivalent to the number of hybrids measured by authors
and the original trait SD, but an expected mean that was exactly intermediate between the parents (i.e.,
rnorm(n = np, mean = Wp,p,), Sd = SDg) ). I then took the mean of each random vector and
replaced the observed hybrid mean with the simulated mean. The simulated mean can differ from strict
intermediacy due only to sampling error. I calculated each of the three dominance metrics for each cross in

all simulated datasets and compared the distribution of estimates to what I observed in the original data.

Testing possible predictors of dominance in F; hybrids

I explored several possible predictors of dominance motivated by previous results and theoretical predic-
tions. For example, previous studies have determined that genetic distance between cross parents affects the
frequency with which hybrid traits transgress the parent range (Stelkens and Seehausen 2009), a pattern that
should be captured by my dypivariate metric.

To determine if genetic distance affects my dominance metrics, I computed genetic distance using gene
sequence data and tested whether it was associated with any metric of dominance. To maximise the number
of crosses for which I could estimate genetic distance, I used cytochrome b for animals and the internal tran-
scribed spacer I and II for plants. Because the species in my dataset can hybridize, it is possible that I might
underestimate genetic divergence if there is hybridization and introgression in nature—this problem might
be especially pronounced for the mitochondrial cytochrome b. I could not obtain sufficient nuclear data for
animals, so the genetic distance data should be interpreted with this limitation in mind because mtDNA often
seems to introgress more readily than nuclear genes (e.g., Bachtrog et al. 2006; Wang et al. 2020). Genetic
distance was calculable for less than one quarter of all crosses, and only 3 intraspecific crosses, so I also
compared dominance metrics between intraspecific and interspecific crosses—the underlying assumption
being that genetic distance between parents is lower in the former compared to the latter.

Various taxon-specific reviews have arrived at different conclusions about the extent of dominance ob-
served in hybrids. For example, Rieseberg and Ellstrand (1993) considered plants only and concluded that
dominance is common in hybrids whereas Hubbs (1955) worked on fish and concluded that dominance in
hybrids is rare. To test whether there might be variation in dominance between taxa, I built a phylogeny
encompassing nearly all crosses in my dataset (Fig. |B.3) and tested for phylogenetic signal in dominance
metrics. I also tested whether there are differences in dominance between predefined taxonomic groups such
as plants and animals.

Finally, I tested for parent-of-origin effects. If parent-of-origin effects are common and have some sys-
tematic basis, then hybrid trait values might, for example, tend to resemble the maternal parent more than
the paternal; this is testable in the present dataset because many crosses (n = 96) were conducted in both

directions.
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3.2.2 Results
Patterns of dominance in F hybrids

I used data gathered from the literature to generate estimates of dominance in F; hybrids. I first consider
each trait individually, and calculate mean univariate dominance (dypivariate £ 1 SE) for each unique cross in
the dataset. Considering all cross mean dypivariate €Stimates together, the mean dypivariate fOr traits measured in
F; hybrids was 0.79 = 0.078 (Fig. [3.2A [see Fig. |B.4|for the same figure with the x-axis extended]; median
= 0.55), which suggests that the average trait is not intermediate but rather more than halfway between
intermediate and parental. In approximately 20 % of crosses (and 20 % of individual traits), the mean
dunivariate Was > 1, indicating transgression.

In addition to dypjvariate, 1 calculated two complementary two-dimensional dominance metrics to inves-
tigate whether hybrids tend to be biased toward one parent over the other (dparent-bias) O have mismatched
combinations of divergent traits (dmismatch). These metrics are different from dypivariaie because high single-
trait dominance could either be in the same direction for both traits (leading to more parent-bias) or in
opposite directions (leading to more mismatch). I find that the mean pairwise dparent-bias AMONE Crosses was
0.68 £ 0.01 (Fig. [3.2B; median = 0.44), implying that, for a given pair of traits, hybrids on average resemble
one parent > 68% more than the other. The mean pairwise dpismaich Was 0.60 + 0.10 (Fig. |3.2C; median
= 0.31), implying that the average hybrid is about 60% as mismatched as is maximally possible without
transgression for a given pair of traits. Mismatch did not differ between pairs of traits that were both in the
same category and pairs of traits from different categories (F1,102.47 = 0.0199, P = 0.88).

I generated simulated datasets to estimate the magnitude of dominance I would expect from sampling
error alone. I find that the simulation-based estimates of all three dominance metrics were approximately
one-third as large as what is observed in the real data, with little variation among replicate simulations (see
Fig. B.6). These simulation results indicate that the majority of my signal is biological rather than caused by

sampling error.

Predictors of dominance in F; hybrids

I next investigated whether dominance patterns in F; hybrids are associated with genetic distance and phy-
logeny. I found no significant associations between any metric of dominance and any metric of genetic
distance (see detailed results in Figs. [B.7HB.9). In addition, there was no evidence for phylogenetic signal in
any dominance metrics (all A < 1 x107?, all P = 1), and no difference in any dominance metrics in compar-
isons of major clades (Fig. [B.9)). I found that dominance is lower when the parental populations have larger
differences in their phenotype coefficients of variation and greater when parents are more variable, although
each of these factors explains less than 1 % of the variance in dypjvariate (S€€ Fig. |B.10). Trait type generally
did not affect dominance, although chemical traits (e.g., pheromones) seemed to have higher dominance
and transgression than all other trait types (Fig. [B.11). Some caution is warranted here, however, because
chemical traits were the least well-represented category in the data.

Because many crosses were conducted reciprocally (i.e., hybrid crosses were conducted with each parent

species serving as dam), I could evaluate parent-of-origin effects on trait values. I found that 25.6 % of traits
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Figure 3.2: Patterns of dominance in Fy hybrids. The density plots (y-axis standardized across panels)
show the three main dominance metrics contained herein, with each cross contributing at most a single value
per panel. For all three dominance metrics, values of 0 indicate no dominance, values of 1 indicate the
maximum without transgression, and values > 1 reflect transgression. The x-axis is truncated at 1.5, but the
means (black arrows) and medians (white arrows; values given in text) are calculated from the whole dataset
(see Fig. [B.5|for a summary of patterns when each cross contributes a median rather than mean value).
Panel a shows univariate dominance (dypivariate; €qn. , panel b shows parent-bias (pairwise dparent-bias:
eqn. [3.3), and panel ¢ shows mismatch (pairwise dmismatch; €qn. [3.4). Panel a contains one value from all
crosses (n = 233) while panels (b) and (c) only contain information from crosses wherein two or more traits
were measured (n = 165).

differed significantly (at P = 0.05) between cross directions. The mean magnitude of phenotypic difference
between cross directions was 0.65 SDs (units of smaller parental SD). Within each cross that was conducted
in two directions, I calculated the fraction of traits that exhibited maternal bias and tested whether this
fraction deviated significantly from 0.5. I found that traits of F; hybrids tend to resemble the maternal parent
about 57 % of the time. (t94 = 2.034, P =0.0447, 95 % CI = [0.502, 0.657]), suggesting that cytoplasmic or

maternal effects are slightly more common than paternal effects.

3.3 II: Fitness consequences of parent-bias and mismatch in recombinant

sunflowers

The above analyses were motivated by the hypothesis that, compared to a hybrid that is a perfect intermediate,
hybrids resembling parents should fare relatively well and hybrids that exhibit trait mismatches should fare
relatively poorly. However, it is not possible to test the fitness consequences of parent-bias and mismatch in
the data synthesized from the literature because no studies in my dataset have both individual-level phenotype
and lifetime fitness data collected in the field. In addition, studies of F; hybrids would have limited power to
detect fitness effects of parent-bias or mismatch because there is little genetically-based phenotypic variance
among F;s within a cross. Comparisons across systems are undesirable because of methodological and
biological variation among studies and systems. The optimal way to investigate the fitness effects of parent-

bias and mismatch is to examine an experimental population of recombinant hybrids—wherein there is
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quantitative among-individual variation in the degree of parent-bias, mismatch, and fitness—and then to

use these resulting data to test whether dominance metrics are associated with fitness.

3.3.1 Methods
Study system & experimental design

To evaluate the fitness effects of parent-bias and mismatch, I leveraged data from a field experiment in annual
sunflowers (Helianthus). The two parent species of the cross were H. annuus ssp. annuus (hereafter simply
H. annuus) and H. debilis ssp. cucumerifolius (hereafter H. debilis). Helianthus annuus is an annual, self-
incompatible, diploid that is weedy and widely distributed in its native North America. Helianthus debilis,
by contrast, is a small sunflower endemic to central Texas. The two species are highly divergent in many
traits (see Tables |B.1| & [B.2). Compared to H. debilis, H. annuus is much larger, has a slower life-cycle
and greater longevity, has higher water-use efficiency, has thicker leaves and more leaf trichomes, has larger
ligules and phyllaries, and has a different branching architecture (Whitney et al. 2006, 2010).

After four weeks of growth in a glasshouse, 503 H. annuus x H. debilis BC; hybrid seedlings were
planted alongside individuals of both parental species in central Texas. Fitness (seed number) as well as 30
architectural, floral, ecophysiological, phenological, and herbivore resistance (e.g., trichome density) traits
were measured. Of the 503 BC; individuals, I retained 475 in the analyses. Fifteen were excluded because
of labelling mistakes and/or oversights resulting in missing trait data; I expect these exclusions were random
with respect to trait and fitness values. An additional 13 plants died before some traits could be measured
and were also excluded. Thus, any effects of dominance on fitness detected in my experiment reflect fertility
selection rather than viability selection. Of course, dominance could also affect viability but I could not
evaluate this relationship within the current study design. I applied the same trait selection and filtering
criteria as in the systematic review and retained 19 traits (see Table B.1|for trait details). The data from this

experiment have been previously published (Whitney et al. 2006, 2010).

Quantifying dominance metrics in the sunflowers

For each plant, I calculated pairwise dparent-bias and dmismatch (€qns. |3.3| & [3.4) and then took the average
across all trait pairs. Mean pairwise In(dparent-bias) and In(dmismacch) are positively correlated in this dataset
(r =0.81, P < 0.001; Fig. B.12) because the traits of many BC; individuals are transgressive and high
single-trait dominance sets the upper limit of both parent-bias and mismatch. Therefore, I investigated their

respective effects on fitness using multiple linear regressions of the form:

ln(Wi) = /80 + 61 : 1n(dparent—bias) + /32 : ln(dmismatch)a (35)

where W; is an individual’s absolute fitness (number of seeds) in this case, and dparent-bias and dmismatch
are the mean individual dominance values averaged across each trait pair (residual error term omitted for
clarity). I In-transformed the fitness component and dominance metrics because residuals exhibited severe
heteroskedasticity when the raw values were used, although the qualitative conclusions do not change if un-

transformed data are analyzed. Diagnostics of the regression model indicated that, in spite of the correlation
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Figure 3.3: Effect of parent-bias and mismatch on fitness in H. annuus x H. debilis BC; hybrid sun-
flowers growing in the field. The points are partial residuals extracted from a multiple regression using
visreqg (Breheny and Burchett 2017). Each point represents one individual hybrid plant (n = 475). Both
axes are logjo transformed. Panel a illustrates the effect of parent-bias and panel b illustrates the effect of
mismatch.

between the predictors, my analysis does not suffer from multicollinearity (Variance Inflation Factor = 4.19;
maximum Condition Index = 8.19). I also ran the same multiple regression for each trait pair separately
and asked whether the sign of regression coefficients (5] and [3,) were consistent with those observed in the

analysis of mean pairwise dparent-bias and dmismatch-

3.3.2 Results

In the BC; sunflowers, dparent-bias Was positively associated with seed count (@ 1=175+0.26[SE], Fiann =
44.68, P = 6.56 x 1077; Fig. ) whereas dpmismatch had a negative association (32 =—-295+0.16, F1472
=77.26, P < 2.80 x 10~!7; Fig. ). The multiple regression explained 20 % of the variation (i.e., 7%) in
In(seed count). Both main effects remained significant and in the same direction if an interaction term was
specified in the model. In this dataset, the fitness consequences of a unit change in dyismatch Were larger than
the fitness consequences of an equivalent unit change in pairwise dparent-bias (| B 1] # | [32 |; F14720 =40.86, P =
3.94 x 10719). I note that pairwise trait correlations were typically quite low in these data (mean |p| = 0.16;
Fig. B.13).

I also evaluated dominance-fitness relationships for each pair of traits separately. This analysis is heuris-
tic because pairs of traits are not independent, but I present it to complement the above results. Considering
only statistically significant coefficients, pairwise dparent-bias improved fitness for 67 % of trait pairs and
dmismatch reduced fitness for 81 % of trait pairs (Fig. see also Fig. for a graphical example of
the trait pair with the most negative fitness consequences when mismatched). Both of these percentages
are significant departures from 50 %, as determined by exact binomial tests (71 of 106 significant dparent-bias
coefficients positive, P = 6.1 X 10=%; 72 of 89 significant dyjsmatch coefficients negative, P = 3.2 X 1079).

Thus, the fitness consequences of pairwise dparent-bias and dmismarch are consistent between analyses of an
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individual’s mean value averaged over all trait pairs and when considering pairs of traits individually.

I last evaluated whether the fitness effects of parent-bias and mismatch were driven by individuals with
transgressive dominance values. I first removed all individuals from the dataset with mean pairwise dmismatch
values > 1 and then conducted the same multiple regression analysis as above. I find that both main effects
remain significant and in the same direction as above (results not shown but included in online R script; n
= 430 plants). When conducting the analysis after removing individuals with transgressive mean pairwise
dparent-bias Values, the main effect terms were in the same direction as above but only mean pairwise dmismatch

remained significant (n = 163 plants).

3.4 Discussion

In this chapter, I compiled data from studies that measured phenotypic traits in F; hybrids to characterise
general patterns of hybrid trait expression. I then investigated whether the observed dominance could be
predicted by genetic distance between the parents or phylogeny. Last, I tested whether parent-bias and mis-
match were associated with fitness in a field experiment with recombinant hybrid sunflowers. The systematic
review reveals that dominance is common: individual traits in F; hybrids are typically halfway between the
parental midpoint and one parent’s phenotype. This dominance of individual traits causes hybrids to re-
semble one parent more than the other and also to be mismatched. Neither genetic distance nor phylogeny
predicted any metric of dominance, indicating that it will be difficult to make accurate predictions about the
patterns of dominance for any individual cross. In the sunflower data, pairwise parent-bias improved fitness
and mismatch reduced fitness. I discuss these results in the context of previous research on dominance and

trait expression in hybrids, and highlight the implications for speciation research.

3.4.1 Genetic underpinnings of dominance and mismatch

Although dominance is commonly observed in F; hybrids, I do not know which trait values are derived
vs. ancestral and therefore cannot relate my data to most theories on the evolution of dominance (e.g.,
Haldane’s [1924; 1927] sieve). In any case, inter-population phenotypic divergence in most traits is likely
underpinned by many quantitative trait loci (QTL) (Otto and Jones 2000) and my results hint at two general
features of such QTL. First, high dominance in F;s implies that, for many alleles underlying adaptation,
the heterozygote phenotype is not simply the arithmetic mean of the alternative homozygote phenotypes.
Such patterns have been documented in many QTL-mapping studies. For example, Miller et al. (2014)
quantified dominance of QTL underlying marine-freshwater phenotypic divergence in threespine stickleback
(Gasterosteus aculeatus) and found that the majority of QTL underlying marine-freshwater divergence in
threespine stickleback had partial dominance effects. Second, the QTL underlying different traits seem to
have unequal mean dominance coefficients—dominance for some traits is biased toward one parent and
dominance in other traits is more intermediate or biased toward the other.

Any specific value of dominance is likely particular to the environment in which study organisms are
measured. Dominance of individual loci has long been understood to depend on the environment (Hersh

1934), and substantial evidence suggests that hybrid phenotypes vary depending on prevailing environmen-
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tal conditions (e.g., Demuth and Wade 2007). Although the results of each individual study are likely influ-
enced by gene-by-environment interactions (G xEs), I can think of no reason why the overarching patterns
documented here would change in any particular way if GXxEs did not play a role.

In F; hybrids, transgressive trait expression might result from epistasis, although additive gene action
seems more common in reviews of the topic (Rieseberg et al. 1999). Many traits in my dataset transgressed
the parental range, but I caution that this does not necessarily hint at one underlying genetic architecture
over another. Dominance values in an F; are the net effects of dominance at multiple individual loci plus
additive and epistatic effects between loci, with transgressive effects at the tail of the distribution of possible
outcomes. I therefore see my results in Fig. |3.2/as a documentation of pattern and do not speculate further

about underlying causes.

3.4.2 Patterns & predictors of dominance

My results corroborate some previous findings but are inconsistent with others. Hubbs (1940) suggested that
fishes show additive inheritance “as a very general rule" whereas Rieseberg and Ellstrand (1993) suggested
plant hybrids are best characterised as being “a mosaic of both parental and intermediate morphological
characters rather than just intermediate ones”. My quantitative analysis paints a picture more akin to mo-
saicism than strict intermediacy. In addition, I find no evidence for any major differences in dominance
among taxonomic groups, which suggests the choice of study taxon does not bias estimates of dominance.

Stelkens and Seehausen (2009) found that the genetic distance between parents was positively correlated
with transgression frequency—the tendency for traits to fall outside the range of parental values. I used an
almost entirely independent dataset and found that genetic distance did not predict transgression or any other
aspect of trait expression in hybrids. Perhaps the most likely cause of this discrepancy is that, in addition to
‘ordinary’ traits like those considered herein, Stelkens and Seehausen (2009) also considered more traditional
“fitness’ traits. Transgression in such traits could reflect ‘intrinsic’ hybrid incompatibility (e.g., small body
size due to poor condition or low seed production due to inviable ovules) and heterosis (e.g., larger body
size or high seed count due to overcoming inbreeding depression in parents). Incompatibility increases with
parental genetic divergence (Orr 1995; Moyle and Nakazato 2010; Matute et al. 2010; Wang et al. 2015),
and heterosis seems to as well until inviability becomes substantial (Wei and Zhang 2018). Importantly,
such inviability and heterosis would manifest as high dypivariate OF transgression using my approach. Because
I consider traits that are putatively under stabilizing selection within populations, the mechanisms linking
genetic distance with transgression in earlier studies do not apply to the present dataset.

Although I specifically excluded traits that are directly linked to fitness, it remains possible that hybrid
incompatibilities underlie some patterns documented herein. For example, one study conducted crosses
between wild Drosophila melanogaster and D. simulans. Male hybrids of this cross are (typically) inviable,
and so David et al. (2002) only report data for females in parent species. If there is inviability that is
undetected in some studies, this might influence estimates of dominance. A lack of relationship between
genetic divergence and dominance, however, suggests that incompatibility is not likely the primary driving

force of the observed patterns.
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3.4.3 Fitness consequences of mismatch

My results clarify the potential for dominance to have a role in driving progress toward speciation. The
data collated from the literature challenge the conjecture that reduced F; fitness is due only to phenotypic
intermediacy and hybrids ‘falling between parental niches’ (Coyne and Orr 2004; Nosil 2012). Rather, F;
hybrids often possess novel multivariate phenotypes that are mismatched for divergent traits. In nature, the
phenotype of an organism is an integrated suite of traits that function together to influence performance
and ultimately fitness (Brodie 1992; Arnold 1983). Because mismatch, caused by dominance in conflicting
directions among traits, breaks up suites of integrated traits, mismatched hybrids might be poorly suited to
any environment.

In the sunflower data, I found that pairwise parent-bias improved fitness and mismatch reduced fitness.
Importantly, mismatch was more detrimental than parent-bias was beneficial. F; hybrids are likely closer in
phenotype to one parent than the other, and yet at the same time have some traits resembling the less-similar
parent which might render them unable to survive and reproduce in the similar-parent’s niche or perhaps
in any niche at all. At present, it is not clear how general this finding is. It would be valuable to conduct
more field experiments with recombinant hybrids to arrive at generalities in the ways that parent-bias and
mismatch affect fitness.

It is informative to examine the trait pairs that had the highest fitness consequences when mismatched
(Fig. [B.14). The most negative fitness effects resulted when development duration was mismatched with
height of the uppermost branch (Fig. |B.15). Helianthus annuus has a more prolonged phenology than H.
debilis, taking about 28 days longer to initiate inflorescence formation in this experiment (Table S2). In
addition, H. annuus is a tall plant with branches distributed throughout the main stem (uppermost branch
height above ground: mean = 133 cm), whereas H. debilis is a much shorter plant with branches clustered
at the base (uppermost branch: mean = 17 cm). Plants that mature slowly (like H. annuus) but are short and
compact (like H. debilis) have lower fitness than rapid-developing compact plants (Fig. [B.15). The parental
phenotypes apparently reflect a trade-off, where the benefits of being a compact plant are compromised by a
prolonged development.

Due to the segregation of divergent alleles, individual backcross and F, hybrids might be more mis-
matched on average than Fys. Such increased mismatch would result in ecological hybrid breakdown—
where recombinant hybrids have lower fitness than F;s due to increased trait mismatches (Arnegard et al.
2014). In the present study, I was limited to comparing cross mean data. It would be valuable to compile
data for hybrid crosses raised in a common environment where data for individual hybrids can be analyzed.
In particular, quantifying how the magnitude of phenotypic mismatch observed in backcross and F, hybrids
compares to F;s would allow us to infer the likely strength of mismatch-based hybrid breakdown. Although
F,s are more variable than F;s (East 1916), if divergent traits are linked in the genome (e.g., Westram et al.
2018) or are controlled by the same pleiotropic allele (e.g., Rennison et al. 2015), then segregation might not

result in increased mismatch.
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3.5 Conclusion

In this study I synthesized data from 198 studies to describe general patterns of phenotype expression in
F; hybrids. Compared to previous studies with a similar goal, the distinguishing features of my analysis
are that I used quantitative trait data rather than bins of ‘parental’ vs. ‘intermediate’, looked across several
major clades, and examined divergently selected traits in wild organisms. For individual traits, reasonably
high dominance is the rule rather than the exception. Previous studies have documented the phenomenon
where dominance acts in opposite directions for different traits (Matsubayashi et al. 2010). I built on these
previous studies by quantifying mismatch using simple geometry and demonstrating that mismatch affects
the average hybrid to a fairly substantial degree.

Previous authors have qualitatively drawn a link between trait mismatches and hybrid fitness (e.g., Arne-
gard et al. 2014; Cooper et al. 2018), and I add to these earlier results by directly linking individual-level
mismatch metrics to fitness in sunflowers. This result contributes to a growing literature on trait interactions
in hybrids, and I suggest that future studies use my approach (or a complementary approach) to test the fit-
ness consequences of mismatch directly. Such trait interactions are similar to Bateson-Dobzhansky-Muller
hybrid incompatibilities (BDMIs) with fitness consequences mediated via ecology. Ecological BDMIs have
the opportunity to affect many F; hybrids and could be a major mechanism of extrinsic post-zygotic isolation.

Only field observations and experiments can provide the data that are necessary to test this hypothesis.
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Chapter 4

Experimental hybridization studies suggest
that pleiotropic alleles commonly underlie
adaptive divergence between natural
populations

4.1 Introduction

When populations adapt to their environment, they increase the frequency of (or fix) alleles that affect the
phenotypes of traits under selection. The alleles that underlie adaptation can affect multiple traits at a time,
a phenomenon known as pleiotropy (Stearns 2010). In recent years, evidence has accumulated, largely from
evolutionary model systems, which suggests that pleiotropy is common (although it might only affect a
small subset of an organisms’ traits; Wagner et al. 2008; Wang et al. 2010; Wagner and Zhang 2011; Hill
and Zhang 2012). If the pleiotropic effects of alleles are deleterious, compensatory mutations that counteract
this deleterious pleiotropy can be favoured by natural selection (Phillips 1996; for empirical examples of
compensatory mutation, see Adam et al. 1993; Poon and Chao 2005; Howe and Denver 2008; Merker et al.
2018). Although this model of adaptation via pleiotropy and compensation emerges in many theoretical
models of adaptation (Orr 2000; Barton 2001), it is unclear whether such a process typically characterises
adaptation in natural populations.

Predictions from theoretical models of divergent adaptation and hybridization can be tested to infer
whether adaptation in natural populations typically involves pleiotropy and compensation. Barton (2001)
conducted simulations of Fisher’s (1930) geometric model of adaptation in a case where two populations
with ten traits experienced divergent selection on a single trait while the other nine were subject to stabiliz-
ing selection. Following hybridization of the two populations, there was appreciable segregation variance
in the nine traits under stabilizing selection. This segregation variance was caused by the recombinant hy-
brids inheriting alternative combinations of compensatory alleles. Importantly, the amount and/or average
effect size of compensatory alleles should be positively correlated with the amount of phenotypic divergence
between the parents. Thus, the theoretical prediction under adaptation via pleiotropy and compensation is:
as the phenotypic divergence between pairs of populations increases, so should the amount of segregation
variance in non-divergent traits observed in their hybrids. See Fig. 4.1 for a visual overview of this pre-
diction and Fig. |C.1|for the results of computer simulations illustrating the prediction more quantitatively.

In this chapter, I test this theoretical prediction using data collated from experimental hybridization studies.
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In doing so, I illustrate that alternative processes such as genetic drift are unlikely to underlie the observed

patterns.

4.2 Methods

I conducted a systematic literature search with the goal of identifying studies that measured phenotypic traits
and variances in two parent taxa and their (intra-specific or inter-specific) hybrids in a common environment.
Most of the collected data are analyzed in a separate study investigating phenotypic dominance in F; hybrids
(Thompson et al. 2021). To be selected for inclusion in the larger dataset, studies had to measure at least one
non-fitness trait (i.e., ‘ordinary’ trait [Orr 2001]) in two parent taxa (different species or divergent populations
of the same species) and their F; hybrids. In addition, parent taxa had to be fewer than 10 generations
removed from the wild (details of the literature search are given in the |[supplementary methods, and the
reasons for excluding each study is included in the main literature search data frame [see Data Accessibility]).
In total, I (with help) screened over eleven thousand studies and collected data from 198. Of these 198
studies, all that met the following two additional criteria were included in the present analysis: (1) F, hybrids
were measured and (2) the parents had significantly different phenotypes for at least one trait and were
statistically indistinguishable for at least one other trait.

After obtaining studies for possible inclusion, I filtered and binned the data to generate summary statistics
for analysis. Filtering and binning decisions were—by necessity—somewhat subjective, and I present the test
of the main hypothesis for summary datasets generated under alternative filtering and binning criteria in Table
S2. Since the conclusions are generally robust (highest P = 0.0523) to alternative data processing decisions,
it seems unlikely that the study selection criteria bias my conclusions. In addition, further analysis with
potentially low-power studies removed illustrate that the observed patterns are not caused by associations
between sample size (number of individuals measured) and any variables (see also Table S1). I also note that
methods are only briefly detailed here in the main text, but full detail with appropriate citations are given
in the Appendix. All analyses were conducted in R v3.5.1 (R Core Team 2019) and all data underlying the
article are deposited in the Dryad Digital Repository: https://doi.org/10.5061/dryad.qjq2bvqc3.

In the main text, I restrict my analysis to morphological traits—by far the most frequently measured
trait type in the studies that met the above criteria—to maximize the degree to which traits and units were
comparable. In total, I retained data from 15 crosses (14 studies) for the present analysis (Bradshaw et al.
1998; Bratteler et al. 2006; Hermann et al. 2015; Husemann et al. 2017; Jacquemyn et al. 2012; Koelling
and Mauricio 2010; MacNair et al. 1989; McPhail 1992; Mione and Anderson 2017; Pritchard et al. 2013;
Raeymaekers et al. 2009; Selz et al. 2014; Shore and Barrett 1990; Vallejo-Marin et al. 2017). Of these 14
studies, nine crossed vascular plants, four crossed fish (one study contained two crosses), and one crossed
copepods. Eight crosses were inter-specific and seven were intra-specific.

For each study I divided traits into two groups: those that differed between the parents — which I assume
was the result of divergent selection — and those that did not and were more likely (though not necessarily)
subject to stabilizing selection. I classified traits as divergent if they were significantly different (P < 0.05)

in a t-test. My conclusions are unchanged if parent divergence in phenotypic standard deviations is used
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[divergent if parents are > 1 SD apart] as a binning criterion. For each trait, I calculated the degree of
phenotypic divergence in units of parental phenotypic SDs using the smaller of the two parental values. For
each study, I then calculated phenotypic divergence for both groups of traits as the mean of In-transformed
divergence values.
For traits that were statistically indistinguishable between parents, I determined the segregation variance
of each as:
4var(F,)

var(s) = 2var(Fy) + var(Py) + var(P;) 1)

Wright (1968). This quantity normalizes for the standing variation observed in each parent and F; hybrids
and captures the variance due to the segregation of population-specific or species-specific alleles. For each
cross, I took the mean of these values across all non-divergent traits after In-transformation as an estimate of
segregation variance.

My prediction was that if adaptation commonly proceeds via pleiotropic and compensatory alleles, there
should be a positive relationship between parental divergence—for divergently selected traits—and segrega-
tion variance—for traits that do not differ between the parents. Visualization of linear models and statistical
tests of heteroskedasticity clearly showed that the assumptions of parametric statistical analyses were vio-
lated (see Fig. |C.2)). I therefore tested all predictions using Spearman’s rank-order correlations, which test
if more divergent pairs of populations beget hybrids with more (or less) segregation variance as compared to
lesser divergent parental taxa.

A similar pattern to what is predicted above could be the result of genetic drift and have nothing to do
with divergent natural selection. Specifically, if more phenotypically divergent pairs also diverged longer ago
than less phenotypically divergent pairs, they might have fixed a greater number of compensatory mutations
for all of their traits (if such mutations fix at a steady rate over time). If this was the case, one would
detect the predicted pattern even if the alleles underlying divergence were not pleiotropic. It is therefore
important to rule out this role for time by testing whether phenotypic divergence of parents is correlated
with their divergence time in the studies analyzed herein. I did this using three main approaches: (1) by
comparing phenotypic divergence of intra-specific cross parents to that of inter-specific cross parents, (2)
by evaluating the correlation between neutral gene sequence divergence and phenotypic divergence (units
of base pairs), and (3) by evaluating the correlation between estimates of divergence time and phenotypic

divergence (similar to [2] but in units of time based on fossil-calibrated phylogenies).

4.3 Results

I observed a positive correlation between the mean parental phenotypic divergence in statistically divergent
traits and the mean segregation variance in statistically indistinguishable traits (Spearman’s p = 0.800, P =
0.000581, n = 15) (Fig. 4.2). The magnitude of the phenotypic difference between parents for statistically
indistinguishable traits was not significantly correlated with the segregation variance in those traits (Spear-
man’s p = 0.446, P = 0.0972, n = 15) (Fig. |C.3). The patterns were generally robust to data processing
decisions (see Table S2), only slightly surpassing the significance threshold when I included physiological
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Figure 4.1: Overview of adaptation with pleiotropic alleles and theoretical prediction. Panel A shows
a general overview of Fisher’s geometric model, which relies on pleiotropic mutation. The upper section
shows the phenotype landscape under consideration, wherein the x-axis is body size and the y-axis is body
shade. The lower section illustrates the fixation of a pleiotropic allele during adaptation. The large circle
defines the space wherein mutations are beneficial; mutations that point outside the circle are deleterious.
The original phenotype is medium in size & shade, whereas the optimal phenotype is larger but the same
shade. A mutation arises that greatly increases size and has a deleterious pleiotropic effect to darken shade.
Since the mutation is beneficial (points inside the circle), it has a high probability of fixation in spite of the
deleterious side-effect. Panel B illustrates the theoretical prediction in two diverging populations — red and
blue — with the same initial phenotype for size and shade—colour here is just used to visually demarcate
parent populations and hybrids (purple) and is not considered a trait. Arrows represent individual mutations
as in panel (a). In each of two scenarios shade is under stabilizing selection in the two populations. Scenario 1
is a case where the two populations diverge little in body size and scenario 2 represents substantial divergence
in body size. The lower section of the panel illustrates the outcome of hybridization. The key insight is that
the segregation variance in shade is greater in scenario 2 than scenario 1. Body size segregates as well, but it
would do so in a model without pleiotropy whereas shade would not necessarily. Darker recombinant hybrid
individuals inherited mostly compensatory alleles that darken shade (i.e., point ‘up’) and lighter individuals
inherited mostly compensatory alleles that darken shade (i.e., point ‘down’).
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and chemical traits (P = 0.052) in the analysis.
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Figure 4.2: Scatterplot depicting the relationship between phenotypic divergence in parents (statisti-
cally divergent traits) and segregation variance in hybrids (statistically indistinguishable traits). Each
point (n = 15) represents a unique cross between two populations or species. Points to the right on the x-axis
represent crosses where the parent taxa exhibit a relatively large magnitude of phenotypic divergence for
traits deemed ‘divergent’. (Spearman’s p = 0.800, P = 0.000581). The line is a loess fit.

Divergence time could correlate with phenotypic divergence between populations, which would render
it difficult to disentangle the relative roles of time and phenotypic divergence in causing the pattern shown
in Fig. 4.2, 1 found no evidence for a difference between intra-specific and inter-specific crosses in parental
phenotypic divergence (F; ;3 = 0.013, P = 0.912; Fig. |(C.4A & B). Additional analyses found no support
for associations between any variable and genetic divergence (Fig. |C.4C), divergence time (Fig. |C.4D), or

phylogeny (phylogenetic signal test, all P > 0.5).

4.4 Discussion

I leveraged data from experimental hybridization studies to conduct a correlative test of the hypothesis that
divergent adaptation is associated with transgressive phenotypic variation in recombinant hybrids. This
prediction holds if the genes underlying divergent adaptation are pleiotropic and does not if they are not (or
if they are pleiotropic but have infinitely small individual effects [Barton et al. 2017]) (see Fig. |C.1). Given
the lack of effect of divergence time (or its correlates) on phenotypic divergence in the data, the consistency
between the results presented here and the theoretical prediction provides indirect and correlative evidence
that the genes used during adaptation are indeed pleiotropic and of appreciably large effect. The results might
also hint at of the mode of adaptation for the taxa considered herein. For example, adaptation from standing
variation causes greater transgressive segregation variance compared to adaptation from de novo mutation
(Thompson et al. 2019), and thus the observed patterns could be a consequence of adaptive divergence
from standing variation being commonplace (Barrett and Schluter 2008). Even if large-effect pleiotropic

mutations arise, models with slowly moving fitness optima predict that only alleles with very-small effects
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will be used during adaptation (Matuszewski et al. 2014). The analyses above suggest that optima in nature
move quickly enough for alleles of non-trivial effect sizes to be incorporated.

My findings might initially appear to contradict the results of previous studies of transgressive segrega-
tion. For example, Stelkens and Seehausen (2009) and Stelkens et al. (2009) found that genetic distance,
but not phenotypic distance, predicts transgressive segregation. Although this seems to contradict the pat-
tern shown in Fig. 4.2| the predictions are not directly comparable because I binned traits into categories
of divergent & non-divergent and compared parental divergence in the former to hybrid variance in the lat-
ter. By contrast, Stelkens’ studies investigated the degree to which individual hybrids are transgressive for
traits considered on their own or across all traits. Thus, my analyses test separate hypotheses. Rieseberg
et al./ (1999) also predicted that genetic divergence and transgressive segregation will be positively correlated
when parents experience stabilizing selection at a common optimum. This prediction arises purely from sub-
stitutions fixed by drift and subsequent compensatory mutations. In the present dataset, genetic divergence is
not correlated with transgressive segregation variance (P = 0.801; results not shown but analysis included in
archived R script). It is likely that, in wild and outbred taxa, any effect of drift on transgressive segregation
is obscured by the segregation of large-effect pleiotropic alleles and compensatory mutations fixed during
adaptive divergence in other traits.

Experiments can be conducted to directly test the prediction considered herein. In an experimental evolu-
tion system where individuals and traits are easily measured, parental lines could be selected for divergence
to varying degrees and then hybridized with a common ancestor. The traits that responded to divergent selec-
tion should be identified and measured, as should the traits that did not diverge and were putatively subject
to stabilizing selection. The expectation is that—if mutations are universally pleiotropic—the amount of
segregation variance in non-divergent traits should increase with the phenotypic distance of divergent traits.
Because alleles fixed from standing variation are expected to be more pleiotropic than those fixed from de
novo mutation (Thompson et al. 2019), the transgressive segregation variance should be greater if the pop-
ulation is able to use standing variance for adaptation compared to if it must rely on de novo mutation. If
desired, one could attempt to identify the causal alleles directly using QTL mapping.

Segregation variance in non-divergent traits is expected to be deleterious and accordingly hybrid fitness
should decline as the segregation variance increases. If segregation variance is observed for non-divergent
traits, this directly implies that variance in the trait is deleterious—compensatory mutations would not be
favoured if not for their ability to counteract deleterious pleiotropy. The problem with relying entirely on
phenotypic measurements for empirical tests is that segregation variance could manifest in unmeasured traits
and thus could easily be missed. It will therefore be useful, albeit difficult, to test predictions about fitness
directly. If divergent experimental populations are hybridized, the fitness of F; and F, hybrids could be
compared in a common environment. The clear prediction is that the loss in fitness of F, hybrids (due to
segregating breakup of co-adapted compensatory alleles) compared to F;s will be greater in more divergently
selected lines. A difficulty arises when attributing this loss in fitness to segregation variance of non-divergent
traits, because segregation variance in the divergent trait(s) will affect fitness in an environment-dependent
manner (see Fig. 1 of Barton (2001)). For example, in an intermediate environment the F» would have

lower fitness than the F; even without pleiotropy due to deleterious segregation variance of the selected
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trait(s). However, if the F, has lower fitness than the F; in both the ancestral and derived environments,
this implicates the segregation variance in non-divergent traits as the cause. Perhaps the best test would
be to sequence the F,s and look at selection on heterozygosity because the signature of selection against
incompatible compensatory mutations in an F is selection for heterozygosity (Simon et al. 2018). Thus, after
measuring the fitness of F,s in a particular environment, selection on the divergent trait(s) would manifest
as selection favouring particular hybrid index and selection against segregating phenotypic variance in non-
divergent traits would manifest as selection for heterozygosity. Such an experiment would be valuable for
establishing a general link between adaptive divergence and reproductive isolation.

Although I illustrate a correspondence between theory and data, I did so using a correlational approach
and with a small sample size of 15 crosses. I offer no conclusive proof that pleiotropic alleles and com-
pensatory mutations are the cause of the observed pattern. There are other plausible mechanisms besides
pleiotropy that could underlie segregation variance in non-divergent traits. For example parallel phenotypic
evolution (if it has a non-parallel genetic basis [e.g., Ono et al. 2017]) can cause segregation variance in traits
that do not differ between the parent taxa (Chevin et al. 2014; Thompson et al. 2019). For this mechanism
to underlie the pattern shown in Fig. 4.2} there would have to be a correlation between parallel phenotypic
evolution in some traits and divergent evolution in others — this seems unlikely. Although results presented
herein are consistent with theory, empirical tests using experimental evolution would be a stronger and more
direct test of the underlying mechanistic hypothesis. The ability of such studies to make a direct link to
hybrid fitness is also very powerful. Such studies, paired with my indirect analysis across many taxa, would
greatly strengthen my grasp on the generality of pleiotropy’s role in adaptive evolution. At the very least,
my analysis should serve to buttress the assessment that models fundamentally based on pleiotropy such as

Fisher’s (1930) geometric model are robust and useful abstractions of the evolutionary process.
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Chapter 5

Adaptive divergence and the evolution of
hybrid trait mismatch in threespine
stickleback

5.1 Introduction

One of the central tenets of the ‘ecological speciation’ hypothesis is that adaptive phenotypic divergence
leads to the evolution of reproductive isolation (Schluter 2000; Nosil 2012). Synthetic studies have found
support for this link by illustrating that gene flow between populations decreases as their environments
diverge, controlling for geographic distance (Shafer and Wolf 2013). Such patterns suggest that reproductive
isolation between diverging lineages is indeed, to some extent, a function of phenotypic divergence. A
critical determinant of reproductive isolation is the fitness of hybrids (Coyne and Orr 2004; Irwin 2020).
‘Extrinsic postzygotic isolating barriers’, which result from natural and/or sexual selection against otherwise
viable and fertile hybrids, evolve before ‘intrinsic’ hybrid incompatibilities in many systems (Hatfield and
Schluter, 1999). In these cases, the performance of hybrids under prevailing ecological conditions is likely
of primary importance for determining gene flow between recently-diverged hybridizing lineages.

The phenotype of hybrids is the ultimate determinant of their performance (Arnold, 1983), and recent
evidence suggests that hybrids are often ‘mismatched’ for divergent parental traits (Thompson et al., 2021).
Mismatch refers to the case where hybrids express trait values in atypical combinations not seen in parents
nor in hypothetical hybrids that are geometrically intermediate. Such mismatch results from two main mech-
anisms. First, differences between traits in the degree of dominance can lead to mismatch in hybrids. For
example, a hybrid that is identical to one parent for some traits and identical to the other parent for other
traits might have difficulty surviving and/or reproducing in nature if the trait combinations function poorly as
a consequence (Matsubayashi et al., 2010). Less extreme mismatch can result when dominance is less polar-
ized among different traits, for example when the magnitude of dominance is inconsistent among different
traits that are dominant in the same direction (Thompson et al., 2021). Such dominance-caused mismatch
can affect all hybrids from the first-generation (i.e., F;) and beyond. Mismatch can also result from additive
genetic variation that segregates in hybrids (i.e., segregation variance; Lande 1981; Slatkin and Lande 1994)
from the first back-cross and second filial generations (i.e., BC; and F,; Arnegard et al. 2014). In such
recombinant hybrids, traits can become uncoupled and individual hybrids can express ‘mismatched’ traits
due to their unique genetic composition. Importantly, dominance is often expressed in recombinant hybrids,

which can mediate the mismatch caused by segregation variance.
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Such trait mismatches could limit hybrid fitness in most conceivable environments because many com-
binations of trait values are unlikely to ever function well together. Since they cause reduced performance
and fitness, mismatched traits in hybrids represent incompatibilities and are phenotypic analogs of clas-
sic Bateson-Dobzhansky-Muller incompatibilities (Bateson, 1909; Dobzhansky, 1937; Muller, 1942), but
where the fitness effects are only expected to emerge under the appropriate environmental context (Arnegard
et al., 2014). Several recent studies have provided evidence of such trait-trait incompatibilities in hybrids.
In threespine stickleback fish, (Gasterosteus aculeatus L.), individual F, hybrids that had mismatched jaw
traits tended to have reduced feeding performance compared to relatively intermediate individuals (Arnegard
et al. 2014). In sunflowers (Helianthus spp.), individual backcross hybrids with a greater extent of mismatch
across multiple pairs of traits had lower fitness than less mismatched individuals (Thompson et al. 2021).
Other studies have drawn fitness inferences indirectly based on mismatched behavioural and morpholog-
ical or physiological traits that characterize typical F; hybrids (e.g., being behaviourally attracted to one
habitat but having a poorly suited physiology for that habitat; VinSalkovad and Gvozdik 2007; Matsubayashi
et al. 2010; Cooper et al. 2018). If trait mismatch in hybrids evolves in a manner that is predictable based
on the phenotypic divergence between parents, this might represent a mechanism directly linking adaptive
ecological divergence to reproductive isolation (Rundle, 2002; Nosil, 2012).

There are two main reasons why we might expect trait mismatch to increase with increasing adaptive phe-
notypic divergence between populations. The first is due to dominance-caused mismatch. A given amount
of dominance relative to parents (e.g., 25 % more similar to parent A for trait 1, and 25 % more similar to
parent B for trait 2) will generate a greater magnitude of mismatch as those two traits diverge further. The
second mechanism linking mismatch to divergence is related to segregating phenotypic variation in recom-
binant (i.e., F>; or backcross) hybrids. Theory predicts that the amount of phenotypic variation in the traits
of recombinant hybrids will increase over the course of an adaptive walk (Slatkin and Lande 1994; Barton
2001; Chevin et al. 2014). This occurs because the number and/or effect size of QTL for a trait increases as
populations diverge for that trait, and as a result a greater number of larger QTL are expected to segregate in
F, and BC; hybrids in ‘wider’ crosses. Because of the number of crosses involved, few studies have explic-
itly tested this prediction with phenotype data (but see Thompson 2020; and see Edmands 1999 for a similar
study with intrinsic fitness components). This increase in variance is expected to cause increased average
mismatch because more extreme combinations of traits will appear in recombinant hybrids as divergence
proceeds. Importantly, the effect of variance on mismatch depends on the underlying dominance patterns. If
traits are additive and the hybrid mean phenotype is intermediate between parents, variance orthogonal to the
axis of parental divergence will increase mismatch. If traits exhibit opposing dominance, where the hybrid
mean phenotype is displaced from the axis of parental divergence, such orthogonal variance will have less
of an effect on mismatch because variance will cause some individuals to be less mismatched than the mean
and others to be more mismatched than the mean. As a result of these two mechanisms, mismatch in Fys is
primarily expected to be a result of dominance, whereas mismatch in recombinant hybrids might be due to
one or both of dominance and segregation variance.

In this chapter, I use threespine stickleback fish to test the prediction that mismatch in hybrids increases

with the magnitude of morphological divergence between parents. I leveraged the unique biology of stick-
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leback, where populations have diverged to varying degrees from a common anadromous (i.e., spawning in
rivers but otherwise residing in the sea) ancestor. Freshwater stickleback populations primarily differ along
a limnetic (i.e., zooplanktivorous) to benthic (i.e., consuming large macro-invertebrates in vegetation or lake
sediments) axis (Bell and Foster 1994). Although all have adapted to the freshwater habitat, the more lim-
netic freshwater populations tend to be more phenotypically similar to anadromous populations whereas the
more benthic populations are relatively derived. Freshwater populations are recently (approx. 10 kya) and
independently derived from an anadromous ancestor whose descendants remain abundant in the sea today
and are readily crossed with derived forms. Because more benthic populations have undergone more pheno-
typic divergence from the anadromous ancestor, I hypothesize that their hybrids (in crosses with an extant
anadromous population) will have more mismatch than those produced from less divergent populations. To
test this hypothesis, I measure morphological traits in hybrids of 12 different ancestor-derived crosses, quan-
tify mismatch, and investigate its causes. My results hint at a possible general mechanistic basis for the

breakdown of (extrinsic) hybrid fitness during ecological speciation.

5.2 Methods

5.2.1 Study system

The threespine stickleback is a teleost fish species distributed throughout the coastal areas of the northern
hemisphere (Bell and Foster 1994). Anadromous stickleback colonized an array of post-glacial lakes and
have rapidly adapted to prevailing ecological conditions (Schluter 1996). Stickleback that live in lakes con-
taining predators and other competitor fish species (e.g., prickly sculpin) remain similar to the anadromous
population for many morphological traits (Ingram et al., 2012; Miller et al., 2019). By contrast, popula-
tions that have evolved in small lakes with few or no predators and competitors often have more derived
phenotypes specialized for foraging on large benthic invertebrates.

Because adaptive divergence between anadromous and freshwater populations occurred so rapidly, popu-
lations can be readily crossed and typically have few if any ‘intrinsic’ incompatibilities (Hatfield and Schluter
1999; Rogers et al. 2012; Lackey and Boughman 2017). Extant anadromous populations, within a particular
geographic location, are phenotypically similar to the ancestral populations that founded present-day fresh-
water populations (Morris et al. 2018). I leveraged this continuum of phenotypic divergence using crosses
to test that hybrid mismatch will be greater when more benthic species are crossed with the anadromous

ancestor than when the ancestor is crossed with more zooplanktivorous populations.

5.2.2 Fish collection and husbandry

Wild fish were collected in British Columbia, Canada, in April-June of 2017 and 2018. I sampled twelve
freshwater populations from nine lakes (Fig. [5.1/A; three lakes [Paxton, Priest, and Little Quarry] contain
reproductively isolated benthic-limnetic ‘species pairs’ [McPhail 1992] and thus contributed two populations
each). The anadromous population was collected from the Little Campbell River (Fig. |5.1/A). Wild fish were
caught using minnow traps or dip nets. I crossed six gravid anadromous females with six males from each

freshwater population to generate six unique F; hybrid families per population, and also generated four to six
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Figure 5.1: Overview of sampling locations and trait measurements. Panel (a) shows locations where
the source populations were collected in British Columbia, Canada. Boxes show collection locations of the
anadromous population (red box; LCR—Little Campbell River) and freshwater populations (blue boxes;
left to right: PCH—Pachena Lake; PAX—Paxton Lake; CRN—Cranby Lake; PST—Priest Lake; LQU—
Little Quarry Lake; PAQ—Paq (Lily) Lake; NOR—North Lake; KLN—KIein Lake; BUL—Bullock Lake).
Green labels give airport codes for major cities (YCD—Nanaimo; YVR—Vancouver). Panel (b) shows
the measurements of all 16 traits in the dataset and standard length. The upper section of the panel shows
the lateral view (traits left to right: SNT—snout length; ED—eye diameter [the transparent shade of red
indicates this trait was measured but not analyzed—see ‘Repeatability’ section of methods]; HD—head
length; FDS—Iength of first dorsal spine; BD—body depth; SL—standard length; SDS—Iength of second
dorsal spine; PF—pectoral fin length; #LAP—number of lateral armour plates; #DFR—number of dorsal fin
rays; #AFR—number of anal fin rays). The bottom left section of the panel shows a zoomed in drawing of
the upper arm of the outer gill raker arch (#GR—number of gill rakers; GRL—Iength of longest gill raker).
The lower right section shows an anteroventral view of the body (GW—gape width; BW—body width; PG—
length of pelvic girdle; PS—Iength of pelvic spine). The upper drawing was originally published by Bell
and Foster (1994) and is re-used with permission from M. Bell.
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non-hybrid (i.e., ‘pure’) families for each freshwater parental population and the anadromous ancestor. All
offspring were raised in the lab under common conditions (see Supplementary Methods). Because hybrid
crosses were made with the anadromous female, I cannot rule out cross-direction specific patterns. Crosses
were conducted in only one direction to standardize cytoplasm among hybrid crosses and also because ob-
taining a sufficient number of wild gravid females for some populations was prohibitively difficult. When
lab-raised fish reached reproductive maturity, F; hybrids from unrelated families were crossed to make three
F, families within each cross population (with the exception of Paxton Lake benthics which, due to aquarium
space constraints in 2018, had only two F, families from the same two F; parent families).

Fish from each family were lethally sampled when individuals in the tank reached a mean standard length
of approximately 40 mm. Fish had not reached reproductive maturity at the time of sampling, and I therefore
could not determine their sex. Fish were preserved in formalin, stained with alizarin red, and then stored
permanently in 40% isopropyl alcohol. For F;s, tanks were sub-sampled and remaining individuals were

raised to produce F;s. For F;s, entire tanks were lethally sampled.

5.2.3 Phenotype measurements

I measured 16 traits and standard length on stained fish (Fig. [5.1B). For all traits, I measured at least 100 pure
anadromous parents, and 30 pure freshwater parents, 30 F; hybrids, and 60 F, hybrids from each population
and anadromous-freshwater cross (all lab-raised; see summary dataset [to be archived on Dryad] for trait
means, standard deviations (SDs), and sample sizes for all populations). I used a dissecting microscope to
count the number of dorsal fin rays, anal fin rays, lateral armour plates, and gill rakers. I also measured the
length of the longest gill raker using an ocular micrometer. I photographed the left and ventral sides of each
fish with a Nikon D300 camera and used ImageJ (Abramoft et al. 2004) to make linear measurements of
body dimensions and bones (see Fig. |5.1| for more details on measurements). All measurements with the
exception of eye diameter were highly repeatable (r > 0.9; see Fig|D.1)), and as a result all traits except eye
diameter were used for subsequent analysis. A few (n = 5) fish had missing second dorsal spines, which
caused them to be extreme outliers. These were likely broken off during processing, and we excluded these
fish from our analyses.

I size-corrected all linear measurements by replacing raw measurements with the residuals from a log-
log (In-transformation) linear regression model on standard length conducted across the entire dataset. Log-
transformation of linear measurements renders trait variances comparable across populations with different
means. Some measurements are affected if fish are fixed with an expanded buccal cavity, so I further cor-
rected for fixation position by assigning all fish a number (0, 1, or 2) depending on the extent to which the
mouth was open and then performing a further correction as above using residuals for gape width, snout
length, and head length. Trait measurements for missing spines (first dorsal spine or pelvic spine) or pelvic
girdle were given a raw value of 0.1 mm. Unlike the second dorsal spine, variation in the presence of these
traits is common and does not result in extreme outliers. Following size-correction, traits were standardized
to a mean of 0 and a standard deviation of 1. I decided a priori to not use an approach of size-standardization
(size correction by fitting a separate intercept for each population or group) because I controlled for much of

the variation among populations by sampling them at a consistent mean size, and small within-group sample
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sizes could lead to poorly estimated intercepts and thus less accurate size-corrected trait values.

5.2.4 Data analysis

I evaluated whether adaptive divergence between parent populations was associated with the phenotype ob-
served in hybrids. I investigated quantitative patterns of trait mismatch, and then investigated trait dominance

and variation as possible underlying causes of documented variation in mismatch.

Software

All data processing and model-fitting was done using R (R Core Team 2019) using the t idyverse (Wick-
ham 2017). Mixed models were fit using 1me 4 (Bates et al. 2014) and analysed using 1merTest (Kuznetsova
et al. 2014 with the Kenward-Roger approximation for the denominator degrees of freedom (Kenward and
Roger 1997). The ‘map’ function in purrr (Henry and Wickham 2019), and associated functions in broom
(Robinson et al. 2020), were used to streamline code for iterating models over grouping variables. The
ggpubr (Kassambara 2020) and egg (Auguie 2019) packages were used to create, customize, and annotate
graphs. Partial residuals were plotted using visreg (Breheny and Burchett 2017). for loop code was
streamlined with the functions in magicfor Makiyama 2016). I used the emmeans package (Lenth et al.
2020) and the ‘cld’ function in multcomp (Hothorn et al. 2008) to assist with post-hoc comparisons. The
‘r2beta’ function in r2glmm (Jaeger 2017) was used to calculate the partial > coefficient for for the fixed
effects following the method of Nakagawa and Schielzeth (2013). The functions in the ‘correlation’ package

(Makowski et al. 2019) produced correlation matrices.

Quantifying phenotypic divergence

I quantified the magnitude of phenotypic divergence between pure anadromous and freshwater populations
as my main predictor of mismatch. To do this, I simply calculated the Euclidean distance between each fresh-
water population’s mean phenotype for all (mean and variance-standardized) traits and the anadromous mean

phenotype for all traits. For pairwise analyses, I computed distances for the pair of traits being considered.

Trait ‘mismatch’

Trait mismatch is a quantitative metric capturing the extent to which individual hybrids deviate from the
line connecting parental mean phenotypes (Thompson et al., 2021). Mismatch is a response variable in
my analyses and is measured for individual hybrids. I used two approaches to compute mismatch: one
considering all traits at once in multivariate space and the other considering pairs of traits at a time. The
former approach captures complexities that are missed when looking at pairs of traits but is less readily
interpretable because of the high-dimensional data structure. Pairwise mismatch is oversimplified because
mismatch is inherently multidimensional but is more intuitive biologically because patterns can be directly
related back to traits and easily visualized. Both analyses include all traits regardless of how divergent the
parents are. Genetic correlations between pairs of traits (as measured in F, hybrids) were low (median

[7pearson! = 0.2), and most (87.4 %) were not statistically significant at P = 0.05 (Fig. |D.2)), and for this reason
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I retain original traits and do not use dimensionality-reduction techniques such as principle components
analysis.

Mismatch is the shortest (i.e., perpendicular) Euclidean distance between a hybrid’s phenotype and the
line that connects the two parental mean phenotypes (see Fig. |5.2IA & |5.2B for visual overview). Mismatch

was calculated as:

—

(F, — Po) « (P1 — Py)
[Py — Pol[?

dmismatch = H(Fn - F0) - (Pl — ?0) X

‘, (5.1)

where F_;L, ﬁg, and ﬁl are the vectors of individual hybrid (F, = F; or F;), pooled mean anadromous, and
pooled mean freshwater (of the focal population) scaled trait values, respectively. The magnitude of the
resulting vector (||d||) is taken to get the scalar dyismatch-

The goal of the mismatch analysis was to test the hypothesis that mismatch is more substantial in hy-
brids formed between more divergent parents. Because freshwater populations are phenotypically variable,
hybrids might appear ‘mismatched’ if they have similar phenotypic variation to the freshwater parent. I
therefore accounted for this by calculating the distance from the axis of parental divergence for the individu-
als of each freshwater parental population (eqn. [5.1). This quantity did not differ significantly among parent
populations (F 346 = 0.23; P =0.34), nor did it increase with the magnitude of phenotypic divergence be-
tween parents (5 = 0.018; F1439 =0.23; P = 0.64). I therefore do not explicitly account for variation in the
parental populations in my analyses. I do subtract the mean estimate of parent ‘mismatch’ from all hybrid
mismatch values such that hybrids with no ‘excess mismatch’ relative to parents receive a value of 0. This
simply changes the intercept and has no bearing on the main conclusions which concern slopes

I fit mixed models with mismatch (either multivariate or pairwise) as the response, and multivariate Eu-
clidean distance between the parental populations, hybrid category (F; or F;), and their two-way interaction
as fixed effects. Family was a random effect. For pairwise mismatch metrics, regressions were repeated
across all trait pairs. I evaluated the statistical significance of the regression models, as well as the distribu-
tion of regression coefficients across models to generated inferences about the relationship between adaptive
divergence between parents and mismatch in hybrids.

Estimates of mismatch could be affected by measurement error, but measurement error is low in this
dataset as determined by repeatability scores. Further, measurement error of In-transformed trait values (i.e.,
absolute difference of the two In-transformed trait measurements) is only correlated with divergence for one
of fifteen traits (body depth), and freshwater population values for body depth are not significantly correlated
with multivariate parent trait divergence (Spearman’s rank-order correlation P = 0.1474). There is therefore
no reason to think that methodological issues would generate a ‘null’ relationship between mismatch and

divergence.

Mechanisms of mismatch

I examined how dominance and phenotypic variation contribute to mismatch. To determine how dominance

affects mismatch, I calculated the mismatch of the mean hybrid phenotype for each population and hybrid
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generation as the weighted (by sample size) mean across families. This generates a single estimate of mis-
match for each population-generation combination, which is due only to dominance. I used a simple linear
model to test whether the mismatch of the mean hybrid phenotype—which is not necessarily equivalent to
the mean hybrid mismatch—was associated with the phenotypic distance between parents and whether this
association differed between F; and F, hybrids.

Variance affects mismatch in a manner that depends on dominance, so I tested for the effects of variation
on mismatch after accounting for dominance. Specifically, I calculated the mismatch of the mean hybrid
within each family, and then subtracted each individual hybrid’s observed mismatch value from this mean.
If variance tends to increase mismatch, these values are expected to be large and positive. If variance causes
some hybrids to be more mismatched and some to be less mismatched, these values will be centred around
zero. After determining the effect of variance on mismatch for each individual hybrid, I tested whether this
quantity was affected by the phenotypic divergence between parents in a mixed model where family was a

random effect. Main effects were parent divergence and category (i.e., F; or F,), and their interaction.

Patterns of phenotypic variation and dominance

My final series of analyses are meant to document patterns of dominance and trait variation among popula-
tions. Because dominance can cause mismatch if it is not consistent among traits (Thompson et al., 2021),
I determined whether traits exhibited dominance using linear regressions that accounted for additive and
dominant gene action. Throughout, I refer to dominance of the freshwater phenotype, such that traits are
‘recessive’ if they resemble the anadromous ancestor. For the additive term, pure anadromous, (F; and F,)
hybrids, and pure freshwater populations were assigned additive values of 0, 0.5, and 1, respectively (i.e.,
the proportion of their alleles that are ‘freshwater’). For the dominance term, pure species, F, hybrids, and
F; hybrids were assigned values of 0, 0.5, and 1, respectively (Lynch and Walsh, 1998) (i.e., the proportion
of their genome that was heterozygous for divergent alleles). For these regressions, I only measure domi-
nance on traits for which parents had different values (dominance is undefined for traits that don’t differ).
Specifically, I retained traits where the freshwater parent populations were either (or both) statistically dif-
ferent (¢-test P < 0.05) or > 1 SD apart (in units of anadromous standard deviations). I ran models where
trait values were the response and additivity and dominance were (non-interacting) continuous predictors. I
evaluated the statistical significance of the dominance coefficients as well as the direction of dominance (i.e.,
whether the anadromous or freshwater phenotype was dominant).

I next evaluated whether dominance differed among traits and populations. For these analyses, I stan-
dardized trait values of each individual so that hybrids with non-transgressive trait values fall between 0 and
1 (transgressive values are < 0 or > 1). Values of O indicate that F; hybrid trait values are the same as the
anadromous parent (Py; i.e., ancestral trait is dominant), values of 1 indicate that trait values are the same as
the freshwater parent (Pgeqp; 1.€., derived trait is dominant), and values of 0.5 indicate the trait is additive.

This scaled trait value, z;, was calculated as:

F, — Py

— 0 5.2
5, T, (5.2)

Zs
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where F,, is individual hybrid’s (either F; or F,) trait value, and Py and P; represent the trait means of
the anadromous and freshwater parents, respectively. The pooled means reflect the mean of families within
a given cross type. To test whether dominance differed among traits and/or populations, I fit linear mixed
models with ‘z;” values (eqn. |5.2) of individual fish as the response variable and family as a random effect. In
models testing whether dominance coefficients varied among traits, ‘trait‘ was the fixed effect and in models
testing whether dominance differed among populations for a given trait, ‘population’ was the fixed effect. All
P-values were Tukey-corrected. Because dominance varied among populations for some traits (see Results),
I tested if dominance evolves predictably with the magnitude of phenotypic divergence between each derived
population and their common ancestor for the trait in question (in units of anadromous standard deviations).
In these models, family was a random effect.

I next examined patterns of phenotypic variation observed in hybrids to test hypotheses about variation
being the mechanism underlying mismatch. For this analysis, I calculated the variance of each trait within
each F; and F, hybrid family. I then took the mean variance across traits, and tested whether within-family
mean trait variance evolved as a function of the magnitude of phenotypic divergence between parents. I
fit a linear model with mean family variance as the response and parent divergence and category (and their

interaction) as predictors.

5.3 Results

5.3.1 Patterns of phenotypic divergence among populations

I leveraged patterns of phenotypic divergence between anadromous and freshwater stickleback populations
to quantify how mismatch evolves as adaptive ecological divergence proceeds. I found that freshwater pop-
ulations differed substantially in their mean phenotypic distance to the mean anadromous phenotype (main
effect of ‘population’: Fy 418 =34.1; P=1.0 x10~17; Fig. D.3). As expected, the benthic populations from
the species pairs were among the most divergent from the anadromous ancestor, while two highly zooplank-
tivorous populations that co-exist with prickly sculpin were among the least diverged (Pachena Lake and
North Lake). The least divergent population, Pachena Lake, was closer (in Euclidean phenotype space) to
the anadromous population than it was to the most derived freshwater population, the Paxton Lake benthic
species. The Paxton benthic population was 3.2x further from the anadromous population than Pachena
Lake was. Thus, the stickleback populations considered here capture a clear quantitative continuum of phe-
notypic divergence from a common ancestral state. Unsurprisingly, the number of traits that differed between
the freshwater and anadromous parents was positively correlated with my continuous quantitative predictor

of divergence (Fig. D.4).

5.3.2 Evolution of trait mismatch

I found support for the prediction that hybrid trait mismatch increases with the magnitude of phenotypic
divergence between parents. Considering all traits together, I found that multivariate mismatch in hybrids
was positively associated with the magnitude of phenotypic divergence between parents (B =0.085 £+ 0.029
[SE], F1 859 = 8.62, P =0.0043) (Fig. |5.2(C). A separate model testing for an interaction between category

53



(i.e., F; or F) and parental phenotypic divergence found that it was non-significant (5’ = 0.035, F; 7509
= 0.31, P = 0.57). This result implies that for every unit of multivariate phenotypic divergence between
parents, mismatch in hybrids increases by slightly less than one-tenth that amount. The lack of a significant

interaction term implies that this result holds for both F; and F; hybrids.
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Figure 5.2: Visual overview of mismatch calculation and observed mismatch results. Panel (a) shows hy-
pothetical parent phenotypes for the number of lateral armour plates and gill raker number in 2D trait space,
and highlights the parental midpoint and the line connecting parents. Panel (b) shows two hypothetical hy-
brids in the same trait space with low or high values of mismatch (calculated as the length of the dashed grey
lines). One hybrid is particularly mismatched because it has few gill rakers (a benthic freshwater-like value)
and many lateral armour plates (an anadromous-like phenotype). The other hybrid has somewhat interme-
diate values for both traits and is, as a result, less mismatched. Panel (c) shows the statistically significant
relationship between hybrid multivariate trait mismatch and parent phenotypic divergence in multivariate
trait space for both F; and F, hybrids. Points are partial residuals from the model (after accounting for ran-
dom effect of ‘family’) and are slightly jittered horizontally to aid visualization. The effect of phenotypic
variation in parents (mean ‘mismatch’ across all parent populations) is subtracted from raw mismatch val-
ues to show the ‘excess’ mismatch in hybrids. This changes the height of the regression line (i.e., reduces
the intercept) but does not affect the slope. Panel (d) is a histogram depicting the distribution of slopes for
the pairwise mismatch analyses in F; (pink; upper) and F, (purple; lower) hybrids. These slopes are the
how mismatch for a pair of traits changes with the magnitude of phenotypic divergence between parents for
those two traits. All slopes are shown, with significant slopes (*) being shown in a darker shade than nogs
significant (n.s.) slopes. Bi-modality in the F,s is caused by the segregation of genes with large phenotypic
effect underlying lateral armour plates and the presence and size of the pelvic girdle.



I next examined the relationship between phenotypic divergence and hybrid mismatch for pairs of traits at
a time. For these analyses, the predictor variable is the Euclidean distance between parent mean phenotypes
for the pair of traits under consideration. I found that pairwise trait mismatch was significantly associated
with parent trait divergence for 35 of 105 trait pairs in F;s (33 %), of which 34 associations (i.e., slopes) were
positive (97 %). In F, hybrids, 39 of 105 trait pairs (37 %) had significant mismatch-divergence associations
and 38 were positive (97 %) (Fig. [5.2D). The mean absolute slope of significant relationships was approx-
imately 0.14 in F; hybrids and 0.13 in F, hybrids, indicating that for every unit of divergence in phenotype
space for a given pair of traits, mismatch between those two traits increases by a bit less than one-seventh
that amount—slightly larger than the multivariate observation because this considers only significant trait
pairs whereas the multivariate analysis considers all traits. Across all trait pairs, including non-significant
mismatch-divergence relationships, pairwise slopes were comparable in magnitude to multivariate slopes
(mean | B | = 0.075). See examples of these pairwise regressions in Fig. For a depiction of pairwise
mismatch for individual hybrids in 2D trait space with real data, see Fig.
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Figure 5.3: Dominance is the primary driver of mismatch in F; hybrids, while variance is the primary
driver of mismatch in F,s. Panel (A) depicts the mismatch of the mean hybrid phenotype, which is only
caused by dominance. One point is shown per population and category (i.e., F| or Fy). The relationship
is significant and positive in Fis and non-significant in Fps. Panel (B) depicts the effect of variance on
mismatch, which is calculated as an individual’s observed mismatch minus the mismatch of the mean hybrid.
The relationship is significant and positive in F»s and non-significant in Fys.

5.3.3 Underlying causes of mismatch

Mismatch is caused by dominance and/or segregating genetic variation displacing the mean hybrid pheno-
type from multivariate intermediacy. In F, hybrids, mismatch can result from both segregation variance and
dominance, whereas only dominance is expected to cause mismatch in Fis. Because the effect of variance is
dependent on underlying dominance patterns, I consider dominance first. I investigated the effects of domi-
nance on mismatch by calculating the mismatch of the mean trait value for all traits within each population

and hybrid generation, and testing whether this effect of dominance changed with the magnitude of pheno-
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typic divergence between parents. I found that this relationship differed between F; and F, hybrids (parent
divergence X category interaction term: Fjoo = 11.47; P = 0.003). This interaction was caused by the fact
that mismatch of the mean hybrid increased with the magnitude of phenotypic divergence between parents
in F hybrids (8 = 0.16; 29 = 5.09; P = 0.0001) but not in F»s (3 = 0.0096; 20 = 0.3; P = 0.76). Patterns
were qualitatively similar for pairwise trait analyses of dominance-effects (not shown). Thus, dominance is a
major cause of mismatch in F; hybrids but not in F,s (see results section ‘Patterns of dominance in hybrids’
for an analysis of dominance patterns).

Theory predicts that the phenotypic variation observed in hybrids will increase as their traits diverge
and that this relationship will hold in F, hybrids but not in Fys. The results of phenotypic variance support
this prediction (Fig. [5.4). Across traits, mean variance increased with parent trait divergence in F hybrids
(3 = 0.088 = 0.01 [SE], 733 = 8.68; P < 0.0001) but not in Fys (3 = 0.0077 + 0.0077, fgg = 1.0; P = 0.31).
I tested whether variance causes mismatch by subtracting each individual’s observed mismatch value from
the mismatch of the mean hybrid of its family. I then regressed this variance-effect on mismatch against the
magnitude of phenotypic divergence between parents. Similar to the dominance results, I found that this
relationship differed between F; and F, hybrids (parent divergence X category interaction term: F1 10254
= 14.0; P = 0.0003; type-III SS). This interaction was caused by the fact that variance had an increasingly
positive effect on mismatch in F, hybrids (B = 0.12; 1333 = 4.93; P < 0.0001) but had no effect in Fys
(B = —0.013; #1554 = —0.48; P = 0.63). Patterns were qualitatively similar for pairwise trait analyses of

variance-effects (not shown). Thus, variance is a major cause of mismatch in F, hybrids but not in Fis.
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Figure 5.4: F,, but not Fy, hybrid phenotypic variation increases with the magnitude of phenotypic
divergence between parents. Points represent the mean of variances across all 15 traits within each inde-
pendent family (minimum n = 5). F; and F; hybrids are distinguished by colour. Linear measurements are
In-transformed, so this result is not simply due to scaling means and variances (count data are raw but values
are lower in more derived crosses for all meristic traits). Points are horizontally jittered to ease visualization.
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5.3.4 Patterns of dominance in hybrids

Patterns of dominance differed among traits. Across all divergent traits in all populations, I found that 49 %
of trait X population combinations (63 / 129) had significant dominance coefficients (i.e., approximately half
of traits were not inherited additively). Of these traits with significant deviation from additivity, only 15.9 %
were dominant (i.e., more similar to the freshwater parent than the anadromous parent; Fig. |5.5A; see Fig.
D.7)), while the remaining 84.1 % were recessive. As a result, dominance coefficients varied significantly
among traits (‘trait’ main effect; 14 106 = 2.37, P = 0.0066), which is what results in the observed dominance-
caused mismatch. For example, most F; hybrids have pectoral fins that are larger than the parental-midpoint,
which is similar to the anadromous phenotype (Fig. |5.5A). Most F; hybrids also have heads that are longer
than the parental-midpoint, however this is similar to the freshwater phenotype (note that this is on a log-
scale). Importantly, as the magnitude of divergence between parents for two traits increases, so too will
mismatch if the dominance coefficients of traits are held constant.

Dominance patterns were consistent among populations for most traits. For individual traits, dominance
was typically statistically indistinguishable among all populations for a given hybrid class (e.g., mean 5.6%
of pairwise differences significant among F; hybrids) and did not exhibit any association with phenotypic
divergence. There was one notable exception, however: dominance of the lateral plate phenotype was pre-
dicted by parental phenotypic divergence. Specifically, hybrids whose freshwater parent had a relatively high
number of plates (e.g., 7-8) often expressed the ancestral anadromous high-plated phenotype (i.e., trait was
recessive) whereas hybrids whose freshwater parent was more derived (i.e., lower plate count [0-3 plates])
expressed an increasingly intermediate or derived freshwater phenotype (i.e., trait was dominant; Fig|5.5B).
Although unexpected and biologically interesting, the evolution of dominance for lateral plate count does

not affect the divergence-mismatch relationship (Fig. |D.8)).
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Figure 5.5: Dominance of the freshwater phenotype in F; hybrids among traits and populations. In
both panels, phenotypes ([a] scaled and [b] raw), rather than dominance coefficients, are shown for ease
of interpretation. Panel (a) depicts the estimated mean (:l:% SD) scaled trait value—calculated across all
populations—for all measured traits (N = 862 fish including F; hybrids and parents). The dashed lines at 0
and 1 represent the ancestral anadromous parent and derived freshwater parent trait values, respectively, and
the red dashed line at 0.5 represents the expected value with no dominance. Panel (b) depicts the relationship
between adaptive divergence in lateral plate number (in units of anadromous SDs for plate count) and F
phenotype (raw values) for lateral plate count. North Lake, which is fully plated, is not shown. Low values
on the horizontal axis indicate that the parent population is less derived and larger values indicate that it is
more derived. Black and grey dots delimit adjacent populations (as in chromosomes on a Manhattan plot).
The red line is a loess-smooth fit to the data, and the blue line shows the parental midpoint. For a similar
figure with F; hybrids, see Fig.

5.4 Discussion

In this chapter, I used experimental hybridization to investigate how hybrid phenotypes evolve as populations
diverge to different extents. I was motivated by the fact that, although studies have documented a seemingly
general relationship between ecological divergence and barriers to gene flow (Shafer and Wolf 2013), the-
oretical predictions of mechanisms that could link adaptive divergence to maladaptive hybrid phenotypes
are untested. My results suggest that, at least in stickleback, more divergent parental populations tend to
have hybrids with increasingly mismatched (multivariate and pairwise) phenotypes. Such a pattern might
link adaptive ecological divergence with reduced gene flow via extrinsic hybrid fitness alongside other well-
documented processes such as assortative mating (Rundle, 2002; Coyne and Orr, 2004; Jiang et al., 2013).
This pattern manifested in both F; and F, hybrids, but for different reasons—it was caused by dominance in
the F; and by phenotypic variation in the F,. Below, I describe the possible mechanisms underlying these

patterns, discuss their implications for speciation, and highlight critical next steps.

59



5.4.1 Causes of divergence-mismatch relationship

The key result of this study is that, as the magnitude of phenotypic divergence between ancestral anadromous
and derived freshwater populations increases, so too does the magnitude of phenotypic mismatch observed
in their hybrids. This was true when examining all traits together, and for approximately 40 % of all trait
pairs. I specifically found that for every unit of divergence between parents, hybrid mismatch increases by
approximately % that amount in multivariate trait space. For trait pairs that showed a significant divergence-
mismatch relationship, every unit divergence between the parents increased mismatch by approximately %
that amount. Although patterns were qualitatively similar among hybrid generations, further analyses reveals
that they have different causes.

I found that mismatch was primarily caused by dominance in F; hybrids, and primarily caused by seg-
regation variance in Fps. In Fis, traits exhibited substantial variation in dominance and had significant
dominance more often than not. Although traits were dominant in Fjs, variation was more consistent among
traits than in Fys. In addition, traits tended to be more dominant in F;s than F,s. Because dominance typi-
cally did not change with the magnitude of divergence between parents (though see below for a discussion
of lateral armour plates), increasing mismatch is therefore a natural consequence of phenotypic divergence.

By contrast, phenotypic variation was the primary cause of mismatch in F, hybrids and had little ef-
fect on mismatch in Fys. Theory predicts that, if traits are inherited additively (such that F;s were strictly
intermediate), segregation variance in the F; variance would lead directly to mismatch and that this would
increase with divergence. In support of theory (Slatkin and Lande, 1994; Barton, 2001; Chevin et al., 2014),
I did find that total phenotypic variance increased with the magnitude of divergence between cross parents
in F, hybrids. As a result, I observed the expected pattern of increasing mismatch with parent phenotypic
divergence in F, hybrids. In F;s, variance did not have an effect on mismatch, likely because Fis were
somewhat mismatched already due to dominance and some individuals became less mismatched as a result
of variance while other individuals became more mismatched. Thus, my data support the theoretical predic-
tion that segregation variance in recombinant hybrids causes trait mismatch, and that the size of this effect

increases with the magnitude of divergence between cross parents.

5.4.2 Causes of recessivity

I found that most F; traits measured in the present study tended to be recessive (Fig. |5.5)). The predominance
of recessive alleles could be explained by processes that remove dominant alleles from the standing variation.
In stickleback, alleles that allow populations to adapt to freshwater are maintained in the sea during the inter-
glacial periods and are ‘transported’ back to freshwater when new post-glacial lakes are colonized (Schluter
and Conte 2009). Alleles are thought to be maintained by migration-selection balance, but are likely under
divergent selection between environments (Nelson et al., 2019). The alleles that freshwater populations use
to adapt are therefore likely deleterious in the sea and must be maintained in the face of selection until they
can be re-introduced into freshwater (Nelson et al., 2019). Theory and empirical studies indicate that, in a
given environment, deleterious alleles that are recessive are maintained at higher frequencies than those that
are relatively additive (Simmons and Crow, 1977; Charlesworth and Hughes, 1998; Willis, 1999; Robinson

et al., 2018). Thus, a sort of ‘transporter sieve’ might act to reduce the frequency of dominant alleles in the
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sea during inter-glacial periods, and hence influence the distribution of dominance coefficients of alleles in
the standing variation. In stickleback, much of the (parallel) adaptation to freshwater habitats proceeds via
the sorting of ancient standing variation (Jones et al., 2012b; Nelson and Cresko, 2018). Because the fix-
ation probability of alleles in the standing variation increases with their initial frequency (MacPherson and
Nuismer, 2017), if recessive alleles rise to higher frequency in the sea than additive or dominant ones, this
might lead to their over-representation during adaptation. An alternative hypothesis is simply that most ben-
eficial mutations are inherently recessive and their contributions to adaptation simply reflect the distribution

of dominance among beneficial mutations.

5.4.3 Evolution of dominance for armour

Unlike most other traits, where dominance differed little among populations or was idiosyncratic with respect
to parental divergence, dominance of the lateral armour plate phenotype exhibited predictable evolution. Al-
though all freshwater populations (North Lake excepted) are low-plated (i.e., they have 0-9 plates whereas
anadromous populations have around 30), populations on the higher-end of this distribution (e.g., Pachena
Lake) gave rise to F; hybrids that largely expressed the marine phenotype. By contrast, the most derived
populations (e.g., the Paxton Lake Benthic species) had values that were more similar to the freshwater par-
ent. Plate reduction is known to be largely caused by a single large-effect variant at the Eda locus (Colosimo
et al. 2005; Archambeault et al. 2020), which is fixed for the freshwater allele in all of the freshwater popula-
tions considered here (except for North Lake which is unusual in that it is fully plated). In addition, previous
studies have shown that dominance modifiers influence plate number within populations (Colosimo et al.,
2004) and that dominance for fitness at Eda can differ among natural populations (Schluter et al. 2021).
My findings build on these earlier results by showing that the net effect of alleles that modify dominance
of lateral armour plates is predictable based on the armour phenotype of the freshwater parent. It is unclear
whether the alleles that modify the low-plated phenotype (i.e., reduce plate count from 7-9 plates to 0-2
plates) are themselves dominance modifiers or whether dominance modifiers are being selected for directly
in the more derived populations.

Resolving the genetic basis of dominance and armour variation in these populations would shed light on
whether the pattern—the predictable evolution of dominance—is incidental or adaptive. The former ‘inci-
dental’ hypothesis reflects the view of Sewall Wright (Wright, 1934), who believed that dominance is largely
a physiological process determined by the underlying biochemistry of adaptive substitutions. By contrast,
Ronald Fisher (1931) held a differing view that observed dominance was not a product of biochemistry but
rather the result of selection acting to modify the expression of a deleterious phenotypes in heterozygotes.
Both phenomena are common (Mayo and Biirger, 1997), but it is unclear which is at work here. Because
heterozygotes for Eda have likely been rare or absent for millennia in many of the freshwater populations,
this suggests a physiological explanation rather than selection to reduce expression of armour plates in Eda
heterozygotes (Otto and Bourguet, 1999). One promising way to move forward would be to identify the QTL
that affect plate number differences among freshwater populations (e.g., by crossing Pachena Lake fish with
Paxton Lake Benthics). In crosses with anadromous populations, it could be determined if these QTL modify

dominance of Eda heterozygotes. Such a study would contribute novel data to a longstanding problem in
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genetics.

5.4.4 Similarities to patterns of ‘intrinsic’ isolation

Trait mismatch represents an interaction between traits inherited from different parent lineages and affects
the performance and fitness of hybrids. This is analogous to epistasis between genes that underlie tradi-
tional BDM incompatibilities. An important model in speciation genetics with some analogy to the results
presented herein is the ‘snowball’ model of the accumulation of hybrid incompatibilities. This model, first
put forward by Orr (1995), suggests that the number of hybrid incompatibilities should increase at least
as quickly as the square of the number of substitutions separating species. This is because, for each ad-
ditional substitution, the number of pairwise interactions—and thus pairwise incompatibilities—increases
faster-than-linearly. Empirical work has found support for this snowball model (Moyle and Nakazato, 2010;
Matute et al., 2010; Wang et al., 2013). My study can draw parallels to the snowball model. I determined
the number of trait pairs that are significantly mismatched in hybrids (by testing whether it exceeds the ‘mis-
match’ expected based on phenotypic variation in non-hybrid freshwater populations) and tested whether
this number is correlated with the magnitude of phenotypic divergence between parents. In this analysis,
I find evidence of a snowball (Fig. |D.9). In F; hybrids, a quadratic model (with parent divergence as the
dependent variable) is a substantially better predictor of the number of mismatched traits (AICqyaq = 54.4)
than a linear model (AIC;;, = 69.1). For Fs, the two models fit equally well (AICy;, = 83.9; AICquaq = 85.2).
Because trait pairs are not independent this analysis should probably be viewed as heuristic. Nevertheless,
trait mismatches could snowball in a similar manner to more ‘intrinsic’ BDMIs and this possibility warrants
further investigation.

Because mismatch increases with parental divergence, this implies that extrinsic post-zygotic isolation
evolves in a similar ‘clock-like’ manner to intrinsic post-zygotic isolation. Coyne and Orr (1989, 1997) were
the first to demonstrate that reproductive isolation between populations evolves as a function of divergence
time. In their case, they found that both pre-mating and intrinsic post-zygotic isolation increased with neutral
genetic distance in Drosophila. This work spawned a small industry (Coughlan and Matute, 2020; Matute
and Cooper, 2021) that found similar patterns in groups as diverse as orchids and fishes (Bolnick and Near,
2005; Scopece et al., 2013). The present chapter asks whether a component of extrinsic post-zygotic isolation
evolves as divergence proceeds. In stickleback, genomic and phenotypic divergence are largely coincident
(Miller et al., 2019; Wang, 2018), so my conclusions would likely be the same if I used genetic divergence
as the predictor variable. To establish the generality of this pattern, it would be useful for other studies to

determine if mismatch evolves predictably with genetic and/or phenotypic divergence in other systems.

5.4.5 Caveats and future directions

The biggest limitation of my study is its lack of a direct link between mismatch and fitness. In stickleback
specifically, extrinsic selection against hybrids is well-known to occur in anadromous-freshwater stickleback
hybrid zones (Jones et al. 2006; Vines et al. 2016), including the Little Campbell River (Hagen 1967) stud-
ied here. Clearly, we must begin to conduct comparative studies where mismatch can be linked to fitness

directly. In hybrid zones, biologists can estimate the strength of selection against hybrids by, among other
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methods, measuring cline width and back-crossing rates (Barton and Hewitt, 1985; Harrison, 1993). Natural
stickleback hybrid zones abound in the present study region, and these areas of ongoing hybridization could
be used to evaluate whether phenotypes measured in crosses (or gene expression) predicts the strength of
selection against natural hybrids. Similar studies could be undertaken in other systems, and experimental
arrays could be used to relate mismatch to back-crossing rates. Experimental evolution studies could also
be used to robustly estimate the generality of the divergence-mismatch relationship and its effect on hybrid
fitness. More work is necessary to solidify our general understanding of the fitness effects of mismatch.
Ultimately, the causes of speciation are multifarious and trait mismatch will be one of many causes of
reproductive isolation. Empirical estimates of the relationship between ecological divergence and hybrid
fitness (Edmands 1999; Funk et al. 2006; Shafer and Wolf 2013), or neutral divergence and hybrid fitness
(Coughlan and Matute, 2020; Matute and Cooper, 2021), invariably find that these relationships are noisy.
Because F; hybrid mismatch is prevalent in many systems (Thompson et al., 2021), increases in magnitude
with divergence, and is expressed in all hybrids (i.e., mismatch is not expected to be highly asymmetric like
lethal/sterilizing incompatibilities; Coyne and Orr 2004), it could be an immediate and powerful barrier to
gene flow between many diverging lineages. As shown above, it might even ‘snowball’. Nevertheless, so
little is known about the extent, evolution, and fitness effects of trait mismatch that it is difficult at this stage
to say whether it is a major or bit player in speciation generally. Future studies clarifying the importance of

mismatch for speciation are sorely needed.
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Chapter 6

Fitness consequences of hybridization after
parallel evolution in threespine stickleback

6.1 Introduction

Ecological speciation occurs when reproductive isolation evolves between lineages as a consequence of their
adaptation to divergent environments (Schluter, 2000; Nosil, 2012). This process is well-documented in
nature and a substantial amount of evidence has accumulated over the past two decades to suggest that diver-
gent natural selection has played an important role in many speciation events (Schluter, 2001; Langerhans
and Riesch, 2013; Zhang et al., 2021). The alternative form of speciation by natural selection has come to
be known as ‘mutation-order’ speciation, wherein parallel or uniform natural selection—favouring the same
phenotypes in both lineages—drives the evolution of reproductive isolation (Schluter, 2009). Compared to
speciation by divergent natural selection, speciation via parallel selection is relatively difficult to study due
to the few cases of truly parallel evolution in nature (Ostevik et al., 2012), though recent work in Australian
wildflowers has provided compelling support (Melo et al., 2019). As originally defined by Schluter (2009),
mutation-order speciation results from the fixation of alternative alleles that would be advantageous in both
populations but, due to chance processes, fix (or rise to high frequency) in only one of the two populations.
When combined in hybrids, these alleles interact negatively and reduce the fitness of hybrids possessing both
of them (Kvitek and Sherlock, 2011; Ono et al., 2017). Although originally proposed as a mechanism driving
‘intrinsic’ post-zygotic isolation, such as sterility or lethality, mutation-order processes can have important
consequences for the fitness of otherwise viable and fertile hybrids. In many systems, strong ‘extrinsic’ bar-
riers to gene flow can evolve before any intrinsic barriers, and my focus is on the evolution of such extrinsic
post-zygotic isolation arising via mutation-order processes.

Theoretical models predict that parallel phenotypic evolution in allopatry, if underpinned by non-parallel
evolution at the genetic level, can result in one or both of heterosis and hybrid breakdown (Barton, 2001;
Johansen-Morris and Latta, 2006). One of the most valuable models in evolutionary genetics, Fisher’s (1930)
geometric model (Orr, 2005; Tenaillon, 2014), often finds heterosis in the F; and breakdown in the F, (Bar-
ton, 2001; Fraisse et al., 2016; Simon et al., 2018; Yamaguchi and Otto, 2020). This heterosis results from
the fact that F; hybrids are intermediate between parents for most traits, and therefore are typically closer
to an optimum than one or both parents. Breakdown results from the segregation of divergent alleles during
adaptation that greatly displace hybrids from the optimum (Chevin et al., 2014). Although the availability of
a common pool of standing variation can reduce the degree of segregation variance, theoretical studies sug-

gest that it typically does not fully preclude the evolution of some reproductive isolation (Thompson et al.,
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2019). The relative magnitude of heterosis and breakdown vary widely depending on model parameters
(Simon et al., 2018), with some parameters predicting breakdown even in the F; (Fraisse et al., 2016). With
respect to progress toward speciation via parallel selection, heterosis is expected to impede such progress
while breakdown is expected to facilitate it. Given the range of possibilities, data from natural systems are
needed to evaluate the fitness consequences of hybridization after parallel evolution in allopatry.

I examined the fitness consequences of hybridization after parallel evolution using the sympatric benthic
and limnetic stickleback (Gasterosteus aculeatus L.) species pairs (Fig. |6.1/A), which are native to three
watersheds along the south coast of British Columbia, Canada (two additional species pairs, in Hadley Lake
and Enos Lake, have recently become extinct—Hadley via complete removal of stickelback from the lake
and Enos via collapse into a hybrid swarm). The benthic species is large-bodied and uses high suction to feed
on large invertebrates in the substrate, while the limnetic species is relatively small-bodied and uses rapid
jaw protrusion to feed on zooplankton in the open water (McPhail, 1984, 1992; Schluter and McPhail, 1992;
Schluter, 1993; McGee et al., 2013, 2015). The species formed within the last 15,000 years after anadromous
stickleback colonized newly-formed post-glacial lakes (Schluter, 1996), and genetic data indicate that each of
the three extant species pairs is thought to have arisen independently (Taylor, 1999; Wang, 2018). Although
sympatric, the species are thought to have arisen through a process of ‘double invasion’, wherein the original
anadromous colonists became the benthic species and a second anadromous immigrant population eventually
became the limnetic species. The benthic form is highly derived and is more genomically divergent from the
anadromous ancestor than the limnetic species, which retains the ancestral zooplanktivorous niche (Jones
et al., 2012a; Wang, 2018). Among fishes, the benthic-limnetic species pairs represent one of the clearest
examples of parallel evolution when measured using approaches that geometrically quantify parallelism (i.e.,
phenotypic change vector analysis; Oke et al. 2017). Although evolution at the phenotypic level is highly
parallel, QTL-mapping indicates that the benthic and limnetic forms in both Paxton and Priest lakes have
only 40 % of QTL effects in common—suggesting that the majority of alleles used for adaptation are unique
to one lake (no similar data are available for the Little Quarry Lake species pair). Given this phenotypic
parallelism and genetic non-parallelism, conditions are right for heterosis and/or breakdown.

I made crosses among allopatric benthic populations and among allopatric limnetic populations (i.e.,
between-lake within-‘species’ crosses) and tracked the growth and survival of nearly 4,000 individually-
tagged fish in semi-natural experimental ponds and over 2,000 fish in aquaria. I examine the fitness of
parents, F; hybrids, and F;, hybrids to evaluate patterns of heterosis and breakdown. Because benthics are
more derived and theoretical models predict a positive association between the magnitude of phenotypic
divergence (in this case between the benthic and anadromous) and hybrid breakdown (Barton, 2001; Fraisse
et al., 2016), I expected fitness differences among cross types to be more exagerated in benthics than in
limnetics. My results provide insight into the efficacy of parallel natural selection for driving progress

toward speciation.
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6.2 Methods

Here I provide the methodological details necessary to fully understand the results. More detailed explana-

tions regarding experimental procedures are given in Appendix [E|

6.2.1 Experimental crosses

For simplicity of notation I refer to allopatric populations of the same form (i.e., benthic or limnetic) as
the same ‘species’ even though they originated independently (Taylor and McPhail, 2000; Wang, 2018). I
made all possible between-lake within-species crosses using the extant species pairs—Paxton, Priest, and
Little Quarry Lakes. I generated pure (i.e., within-lake and within-species) individuals for each species
and lake, and also made between-lake F; and F; hybrids. All crosses were between unrelated families, but
some families and individuals were used in separate crosses—family structure was not accounted for in the
analysis (see below for rationale). Parents of all crosses were born in the lab and were either one or two
generations removed from the wild (i.e., all experimental fish were at minimum from the second laboratory
generation). Crosses were made in March 2020, and fish were raised in 100L aquaria until mid-June 2020

when I began the pond experiment.

~—— photographs of the three exant threespine stickleback species pairs ——————

Little Quarry Lake Paxton Lake Priest Lake

Figure 6.1: Photograph of the study system. The figure contains photographs of all three extant threespine
stickleback species pairs. Each photograph was taken in 2017 and shows females of the benthic (top) and
limnetic (bottom) species.

6.2.2 Pond experiment

The pond experiment took place in three experimental ponds on the University of British Columbia campus.
The ponds were established between 2008 and 2010 and are 15 x 25 m in surface area. The 25 m length
of the pond is made up of a 12.5 m gradually sloping shallow littoral zone with macroalgae and a 6 m deep
open-water zone (see extended data Fig. 1 from Arnegard et al. 2014 for a detailed description and diagram).
The diet of benthics and limnetics in the ponds closely matches their diet in natural lakes (Arnegard et al.,
2014). Except for their use in previous experiments, the ponds are unmanipulated environments. Each pond
contained fish (pure [i.e., non-hybrid] species, and F; & F, hybrids) with ancestry from two lakes (pond
4—Paxton & Little Quarry; pond 9—Priest & Little Quarry; pond 19—Priest & Paxton). For each pond,

66



tagging and release took place over the course of approximately two weeks (release windows—Pond 4: June
14-28; Pond 9: June 29-July 10; Pond 19: July 11-24).

Power analyses conducted in advance of the experiment were used to determine a sample size that would
be necessary to detect a 2 % difference in standard length between treatment groups, parameterized on the
standard length data of Arnegard et al. 2014. I determined that a comparison of approximately 100 fish in
two treatment groups was sufficient for this purpose. I estimated that approximately 50 % of fish would
perish during the experiment and so, for both benthics and limnetics, I aimed to introduce approximately
100 individuals of each pure species (i.e., 100 of both benthic parents and 100 of both limnetic parents), 200
F| hybrids (i.e., 200 benthic F;s and 200 limnetic F;s), and 200 F, hybrids into each pond. Total numbers of
introduced fish are given in Table |E. 1l

Before introduction, each fish was weighed to the nearest 0.01 g and implanted with a sequential coded
wire tag (CWT; Northwest Marine Technology, Anacortes, WA, USA) in the dorsal musculature on the right
side of the body. CWTs can be recovered from surviving fish at the end of an experiment to identify an
individual via dissection and the use of a microscope. Detailed methodology is given in Appendix [El The
mean initial body mass (& SD) was 0.56 + 0.16 g for introduced benthics and 0.44 + 0.112 g for limnetics,
which corresponds to approx. 30-40 mm standard length for both species. After tagging, fish were returned
to their original tank for a 48 hr recovery period, then moved to the ponds in coolers where their original tank
water was diluted 50:50 with pond water. Fish were kept in these coolers overnight—with two aerating air
stones, several plastic plants, and sections of PVC pipe—and released into the ponds the following morning.
The few fish that perished before introduction had their tags extracted and read so they could be excluded
from the analysis.

I retrieved surviving fish from each pond using minnow traps and by dip-netting beginning on 14 Septem-
ber 2020, after the experiment had run for approximately three months. Minnow traps were baited using old
cheddar cheese wrapped in several layers of lightly perforated aluminum foil that fish could sense but not
consume. After several days of trapping and netting, when fish returns slowed to fewer than five per evening
of trapping, I added 2 L. of 5 % rotenone to each pond. The rotenone caused remaining fish to swim to the
surface of the pond, where they were easily collected with a dip net. After collection, fish were euthanized
with an overdose of MS-222. I recorded the fresh mass of each fish, took a photograph, and then immedi-
ately stored the fish at —20° C in 15 mL centrifuge tubes containing unique paper labels. Coded wire tags
were dissected out of frozen fish after lightly thawing them, then read under a microscope (Magniviewer,
Northwest Marine Technology). Tags were matched with the original data to identify each fish. From this, I

could calculate the survival and total growth of each individual released into ponds.

6.2.3 Lab experiment

At the same time as the pond experiment was ongoing, I conducted a similar experiment in the lab using
siblings or relatives of fish released into ponds. The goal of this experiment was to provide a baseline
estimate of ‘intrinsic’ survival and growth for fish of around the same age and starting size.

The laboratory growth rate experiment was conducted using 60 x 110 L aquaria in a common recirculat-

ing system. Most tanks contained both benthic and limnetic individuals, and all individuals within a species
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were from the same family (benthics and limnetics are easily distinguished by eye). 20 g of fish were added
to each tank to standardize initial mass. I recorded the mass of each fish at the experiment onset, but due
to logistical constraints individual fish were not tagged. Immediately after I ended the pond experiment, I
euthanized all surviving fish in aquaria with an overdose of MS-222 and recorded their mass (mean n days
in aquaria = 74). I assume that the largest fish at introduction was the same individual as the largest fish at
the end of the experiment (I do not know the day that a given fish died). I measured survival by comparing
the number of fish of each species in tanks between the experiment’s start and end. I estimate growth only

in tanks where all fish survived to the end of the experiment.

6.2.4 Data analysis

Analyses proceeded via linear or generalized linear models depending on the fitness component and the
hypothesis being tested. Response variables were either survival (binary; generalized linear model) or final
mass (continuous; linear model). For experiment-wide differences between species and cross types within
species, I fit models with pond as a random effect and initial mass as a fixed effect. For models of growth,
I also included a ‘duration’ fixed effect which was the number of days between the introduction into ponds
or aquaria and the final mass measurement. For survival models this ‘duration’ term was the minimum
observation period, calculated as the difference between the day a fish was introduced into the pond and the
first day of trapping for that pond at the end of the experiment. For models examining differences among
ponds, I included pond as a fixed effect in the models and included a cross type x pond interaction term.

I did not include family (i.e., unique fertilized clutch) as a random effect, so I assume each fish constitutes
a unique experimental unit (as in similar experiments, e.g., Martin and Wainwright 2013). Although families
differ in survival and growth, family is completely confounded with species and cross type (by necessity) and
therefore this fact alone is not useful for evaluating whether intrinsic differences among families, irrespective
of their cross type, might underlie any of the main effects documented herein. To evaluate the causes of
variation among families, I analyzed the initial mass data of 56 families that were split into 124 different
tanks early in life. This analysis indicates that family—a biological variable—does not explain any additional
variation in initial mass after accounting for ‘tank’—a methodological variable (model comparison ANOVA;
P =0.24). Adding ‘tank’ into a model that contains only ‘family’ substantially improves the fit (P < 0.0001).
This indicates that the specific tank a family was raised in underlies the ‘family’ effect. Such differences
might result from many technical artifacts, such as there being slightly different densities, personalities,
temperatures, and so on. I therefore conclude that the ‘family’ effect is noise rather than signal and feel the
choice to exclude family is justified. During the pond experiment, fish across families were raised in the
same broad environment (pond), which I do account for in my analysis. Accounting for initial mass in the
main analysis remains useful, however, because it reduces the noise introduced by the existence of variation
among rearing tanks.

Most models pool the two ‘pure’ (i.e., non-hybrid) species parents of a given cross for analysis. This was
done because the point of comparison most relevant to heterosis and breakdown compares hybrids to the the
mid-parent value. I note that important differences did exist between pure (i.e., non-hybrid) parental crosses,

which are presented in the results.
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All analysis was done in R version 4.0.3. Mixed models were fit with the 1me4 package (Bates et al.,
2014) and analyzed with the sequential SS modifications to ‘anova’ in IlmerTest (Kuznetsova et al., 2014).
Main effects were evaluated using the Kenward-Roger approximation for the denominator degrees of free-
dom (Kenward and Roger, 1997). Post-hoc analyses were done using the ‘emmeans’ and ‘pairs’ functions in
emmeans (Lenth et al., 2020), with Tukey HSD—corrected P-values. Regression model fits were visualized
with visreg (Breheny and Burchett, 2017). Data processing used functions in the t idyverse (Wickham,
2017).

6.2.5 Estimating fitness

I wished to generate an estimate of fitness that considered variation in both survival and growth among cross
types within a species. Estimates were made for each species (limnetic or benthic) and cross type (pure,
Fi, or F,) as measured across ponds. This is important because survival and growth cumulatively affect
fitness—if one cross type had "2 the survival and ': the fecundity of another, its fitness would be Y. For
simplicity, I simply multiply estimates of relative survival by estimates of relative size (which is proportional
to overwinter survival and fecundity) to generate a single estimate of relative fitness. A more complicated
analysis estimating fecundity and overwinter survival generates less conservative estimates of relative fitness

(i.e., larger differences among classes) and is presented in Appendix [EL

6.3 Results

6.3.1 Patterns of survival and growth in ponds
Broad differences between benthics and limnetics

I recovered and read CWTs from 59.6 % of fish that were introduced into ponds (n recaptured = 2213; n
released = 3713). Across both benthics and limnetics, the initial size of the fish and the number of days a fish
spent in the ponds predicted its final mass (Fig. [E.1| & [E.2). Recapture rates, which are assumed to reflect
differences in survival, differed markedly between benthics and limnetics. I recaptured 78.2 % of benthics
but only 40.9 % of limnetics (‘species’ main effect: x> = 552.3; P < 0.0001). Benthics grew in ponds more
than limnetics, accumulating on average 0.98 £ 0.018 g [SE] more mass than individual limnetics (Fj 2191.1 =
2808.4; P < 0.0001). Recaptured benthics were on average 3.8 x their initial mass and recaptured limnetics

were 2.4 x their initial mass.
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Figure 6.2: Survival and growth of pure species and their F; & F, hybrids in the experimental ponds.
Data for limnetics are presented in panel (A), and data for benthics are shown in panel (B). All data are
either estimated marginal means or partial residuals from models that included ‘pond’ as a random effect
(see Methods). Mean survival (‘i’ panels) was estimated from generalized linear mixed models. Growth
panels (‘ii’ panels) show individual-level variation (left) and estimated marginal means from linear mixed
models. Arrows are comparison limits, with arrowheads indicating the direction of the comparison. Non-
overlapping bars indicate a significant difference at P = 0.05 (Tukey’s HSD).

70



Survival and growth differences among cross types in the experimental ponds

Survival and growth rates differed among cross types within species in the experimental ponds (Fig. (6.2).
I first consider main effects across the three different inter-lake crosses—differences among crosses within
species (including differences between the two pure parents) are considered below.

In limnetics, survival was higher in F;s than non-hybrids (i.e., ‘pure’; Tukey’s HSD: odds ratio = 1.33 +
0.155 [SE]; z =2.46; P = 0.038) and F; hybrids (odds ratio = 1.33 4= 0.155; z = 2.45; P = 0.037), which did
not differ from each other (odds ratio = 1.00 4+ 0.12; z = 0.013; P = 0.99). A similar pattern was evident in
the limnetic growth data, where F| hybrids grew more than both non-hybrids (5 = 0.084 + 0.020 [SE]; t745
=4.107; P =0.0001) and F; hybrids (8 = 1.06 4 0.029; #7453 = ; P < 0.0001), which did not differ from each
other (8 = 0.027 £ 0.024; t7;0 = 0.95; P =0.61).

Qualitative patterns for fitness components were similar for benthics as in limnetics, though the differ-
ences among cross types were smaller in magnitude. Survival in benthics was not significantly different
between any cross types (all P > 0.65). Benthic F; hybrids grew more than both non-hybrids (3 = 0.076 +
0.028 [SE]; t1437 = 2.68; P = 0.0204) and F, hybrids (8 = 0.13 £ 0.028; #1437 = 4.43; P < 0.0001), which
did not differ from each other (3 = 0.05 £ 0.028; #1437 = 1.80; P = 0.17).

As a result of the alignment between survival and growth, overall fitness differences among cross types
matched expectations from the two fitness components and were more substantial in limnetics than in ben-
thics. For simplicity, I simply estimate fitness as relative survival x relative growth, though less conservative
estimates estimating overwinter survival and fecundity are presented in the Appendix. For both species, the
F;s had the highest fitness, followed by non-hybrids then by F, hybrids. For limnetics, the estimates of
relative fitness were 1, 0.78, and 0.76, respectively. For benthics, these values were 1, 0.92, and 0.9. Thus,
relative fitness of limnetic pure species and F, hybrids was less than %5 that of F; hybrids, whereas pure and
F, hybrid benthics had approximately %o the fitness of Fs.

Although there were strong main effects of cross type across the different ponds, patterns differed mean-
ingfully among ponds (i.e., lake-of-origin pair). Because of the number of tests, I show the results of contrasts
in Fig. [6.3|and refrain from extensive summary in text. Generally speaking, two of the three limnetic crosses
broadly recapitulated the main effects, whereas there was no effect of cross type in the Little Quarry x Priest
Lake cross. There were few differences among benthic cross types, except for the Paxton x Priest Lake cross
where Fis had much higher growth than both pure species and F; hybrids. In many of the crosses, there were
substantial differences between cross parents which are shown in Fig. [E.3| In most cases where heterosis is
evident from a comparison of cross means, the F; mean exceeds both parents or is equivalent to the more fit

parent.
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Figure 6.3: Variation in survival and growth among cross types and crosses in the experimental ponds.
The upper panels show patterns in limnetics and the lower panels show benthics. All data are estimated
marginal means + comparison interval limits—non-overlapping intervals are significantly different at a
Tukey-HSD P < 0.05. Arrows denote the direction of a contrast. Vertical axis limits for a given fitness
component are fixed across panels for each species.

6.3.2 Causes of fitness differences among groups in ponds

Analysis of a toy model indicates that both heterosis and hybrid incompatibility underlie the rank-order of
main effects observed in the pond experiment, which I qualitatively summarise as F; > pure > F,. For
simplicity, the toy model assumes there is no dominance and that genotypic fitness landscapes are symmet-
rical. Heterosis is evident because F; hybrids exceed the fitness of pure species, and breakdown is evident
because the F, comparison limits do not include the mid-point between pure species and F; hybrids. This is

easily seen via toy models of simple two-locus fitness landscapes. Under a model of heterosis, fitness is a
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positive function of heterozygosity (Fig. [6.4A, left) and as a result the rank order fitness is F; > F, > pure.
Under a model of Bateson-Dobzhansky-Muller incompatibilities (Fig. [6.4B), individuals that have alterna-
tive homozygous genotypes (i.e., AA at locus 1 and BB at locus 2) have the lowest fitness which results in
rank-order fitness of F; = pure > F,. Models combining features from both heterosis and BDMI models
better match the empirical data. Models where the benefit of heterozygosity exceeds the cost of opposing
homozygosity (i.e., heterosis > incompatibility; Fig. @p) result in F; > F, > pure, and models with the
opposite precedence (i.e., incompatibility > heterosis) typically find F; > pure > F,. Thus, I conclude that

BDMIs act at least as strongly on F,s as heterosis in this system.

possible mechanisms underlying patterns of hybrid fitness (toy model) ————

, e heterosis only ., incompatibility only - - e het. > incomp. -~ -- o incomp. > het. --_
1 L 1 L]
o o o o
[2]) [2]

' 3 BB | 3 BB g BB | g6BsB
e] ] e e
| L= I 1 .ES,
g B g e g A g he
T Q L o =
1 b [ _‘Z’ 1 a [ ..g'

| [
L 2 AA :1§AA :%AA 2
) D ) <)
I AA  AB BB . AA  AB BB ! AA  AB BB || AA  AB BB
l genotype at locus 1 . genotype at locus 1 | | genotype at locus 1 | | genotype at locus 1
1 L 1 L]
1 L 1 L
! I 7)) ) 1 %) 1 7))
3 o @ 8l e
1 Q E 1 c 1 c h j=
| = 1 -— | -— 1 =
= o] = LE o E
1 1 T T T 1 T T T 1 T T T
\\ pu're F1 |:I2 1 pure F1 F2 \ pure F1 F2 ‘/w N ?L{r?, . !:1 N 7|:727 o

J

Figure 6.4: Inferring the broad mechanisms underlying patterns of hybrid fitness. Panel (A) illustrates
four possible two-locus fitness landscapes (upper) and associated expected fitness values for parents and both
F; and F; hybrids (lower). A legend for fitness is included at the bottom of the plot, with brighter colours
indicating higher fitness. The final two landscapes consider cases with both heterosis and incompatibilities,
but where either heterosis (iii) or incompatibilities (iv) are stronger. The lower panels show the expected
fitness values (F,s are mean + 1SD) for each landscape.

6.3.3 Patterns of growth and survival in aquaria

As a point of comparison to the growth in ponds, I generate inferences about ‘intrinsic’ survival and growth
of cross types using a separate set of fish reared in aquaria while the pond experiment was ongoing. The
aquarium experiment ran for an approximately equal duration as the pond experiment and used fish from
the same crosses (either siblings or relatives). As in the pond data, there were significant differences among
limnetics for both survival and growth, and for benthics differences only manifested through growth.

In aquarium-raised limnetics, patterns were generally consistent for both fitness components where both
hybrid classes were equally fit and both were more fit than non-hybrids. F; and F, hybrids had equivalent
survival (odds ratio = 0.71 4 0.18 [SE]; z = 1.40; P = 0.35) and growth (5 = 0.013 £ 0.0215; 53 = 0.62;
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P =0.81). Non-hybrid individuals had lower survival than both F; (odds ratio = 1.86 £ 0.38; z =3.06; P =
0.0062) and F, (odds ratio = 2.64 + 0.64; z = 3.98; P = 0.0002) hybrids. Similar differences were observed
for growth—F hybrid limnetics grew significantly larger than parents (8 = 0.052 £ 0.020; #2558 = 2.63; P =
0.024) and F;s were similar though the difference was only marginally significant (6 = 0.066 £ 0.028; f»sg
=2.35; P = 0.051). Note that the sample size is subtantially smaller for the growth analysis (n = 264 fish)
than the survival analysis (n = 1024 fish) because the growth dataset was restricted to tanks where all fish
survived. Thus, there is evidence for heterosis but not F, hybrid breakdown in the limnetic aquarium crosses.

In aquarium-raised benthics, I found general hybrid inferiority and no evidence for heterosis nor F;
breakdown. Survival did not differ among cross types (all P > 0.27). For growth, however, I found that
non-hybrids grew larger than both F; hybrids (5 = 0.22 + 0.029; 43, = 7.62; P < 0.0001) and F, hybrids (8
=0.18 £ 0.030; 430 = 5.92; P < 0.0001). F; and F, hybrids did not differ in growth (8 = 0.039 4+ 0.028;
t430 = 1.39; P = 0.34). The aquarium data thus provide no evidence for heterosis nor hybrid breakdown in

benthics.
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Figure 6.5: Growth and survival in aquaria. Panels show means and comparison interval limits for (A)
limnetics and (B) benthics raised in recirculating aquaria. Survival data is from all fish, whereas growth data
only uses data from tanks for which all individuals of a given species survived.

6.4 Discussion

In this study, I experimentally quantified the fitness consequences of hybridization after parallel phenotypic
evolution in threespine stickleback. I considered hybridization between allopatric populations of the lim-
netic ‘species’ as well as between allopatric populations of the benthic ‘species’. Fitness differences among
the three cross types—pure species, F; hybrid, and F, hybrid—were qualitatively similar for both species,
with the F; being superior to both pure species and F,s, and the F; being less than or equal to parents. I
hypothesized that fitness differences would be greater among benthic cross types than among limnetics, but
found the opposite was true. The data suggest that both heterosis and hybrid incompatibilities govern the

fitness of hybrids between these parallel species. Hybrid breakdown seems to be specific to the pond envi-
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ronment because it did not occur in aquaria, whereas heterosis was apparent in aquarium-raised limnetics
but not benthics. Although these main effects were significant, there were meaningful differences among
unique crosses, which is consistent with the hypothesis that stochastic processes have a substantial and de-
terminative role in governing the fitness outcomes of hybridization after parallel evolution. Nevertheless,
the agreement among main effects for both species suggests that in spite of the stochastic processes operat-
ing for individual populations, there might still be general rules that become apparent when looking across
pairs of populations. Below, I discuss the mechanisms that might underlie these patterns and highlight their

implications more broadly for speciation via parallel natural selection.

6.4.1 Mechanisms underlying fitness differences between parents and hybrid generations
in ponds

Although similar in rank-order, the differences between cross types were greater in magnitude among lim-
netics than among benthics. Because benthics are more derived than limnetics, and the two species have
a quantitatively similar fraction of genomic non-parallelism for QTL (about 50 % of QTL unique to one
lake; Conte et al. 2015), I predicted that patterns would be more pronounced in benthics. Greater group
differences among limnetics might best be explained by differences in the selective regimes experienced by
the two species. In the experimental ponds, limnetics were clearly under stronger selection than benthics,
which is inferred through survival. If benthics experience relatively relaxed selection compared to limnetics,
their fitness landscape might be viewed more as a plateau whereas that of the limnetics would be a relatively
sharp peak. Thus, selection scrutinizing the phenotypic variation among limnetic crosses more closely than
benthics might explain why predictions from patterns of genomic divergence were unmet.

Heterosis is the only mechanism that can readily explain the high relative fitness of F; hybrids compared
to parents. Heterosis is often observed via extrinsic fitness in theoretical models where high dimensional
organisms (i.e., having many traits) adapt to a common phenotypic optimum (Barton, 2001; Rosas et al.,
2010; Fraisse et al., 2016; Wei and Zhang, 2018; Fiévet et al., 2018; Dagilis et al., 2019; Vasseur et al.,
2019). One possible cause of heterosis is inbreeding depression. Relative to limnetics, benthics have lower
census population sizes (Schluter et al., 2017), heterozygosity (Jones et al., 2012a), and effective population
sizes resulting from substantial recent bottlenecks (Wang, 2018). If benthics are inbred and/or cannot readily
access beneficial alleles, they might benefit more from outbreeding than limnetics. The fact that hetero-
sis was greater in limnetics, where inbreeding is likely relatively reduced, suggests that inbreeding is not
the main cause of heterosis. Because morphological and niche-use divergence seem largely additive in this
system (Miller et al., 2014; Arnegard et al., 2014), phenotypic dominance of advantageous traits is also an
unlikely explanation for heterosis. Associative or pseudo-overdominance, wherein deleterious alleles hitch-
hike to high frequencies during adaptation (Ohta, 1971; Owens et al., 2019), might be the best explanation
for the observed patterns of heterosis. In benthics, heterosis seems to be environment-specific, which is a
phenomenon that has been noted before (Dominigues and Albornoz, 1987) and is well-known from cases of
hybrid speciation (Rieseberg et al., 2007).

Because F, hybrids had equivalent or lower fitness than parents, this implicates Bateson-Dobzhansky-

Muller incompatibilities. Quantification of hybrid breakdown can only occur after accounting for heterosis

75



(Barton, 2001), and a null expectation for F;s is that their fitness will lie between the that of the parent
mid-point and the heterotic F;. The pond data clearly show that the F, hybrids of both species have lower
fitness than this null expectation (i.e., their comparison limits do not include the pure—F; midpoint). In the
aquarium-raised crosses, F, hybrids had equivalent fitness to F;s in both species. This suggests that the
hybrid incompatibilities are primarily subject to ecologically-mediated natural selection, rather than some

form of endogenous conflict between parental genomes.

6.4.2 Variation in hybrid fitness among crosses

Although I focus my general inferences on the main effects, patterns of heterosis and hybrid breakdown
varied considerably among populations. One unanticipated finding is that growth (but not survival) of the two
non-hybrid (i.e., pure) crosses of a given species often differed within a pond. This implies that although the
species are highly parallel with respect to some measured morphological characters, parallelism is imperfect
with respect to other traits.

Qualitative patterns of cross type fitness were somewhat inconsistent among unique crosses for a given
species. For limnetics, two of the three crosses recapitulated the main effect (i.e., F; > pure > F;), whereas
this was only true for one of the three benthic crosses. The cross with the greatest among-cross differences
was the benthic cross between Paxton and Priest lake, which were studied by Conte et al. (2015) and found to
have approximately 40% of parallel QTL underlying adaptation. The variation among ponds is in agreement
with the notion that stochastic processes play a major role in speciation by parallel natural selection (Mani
and Clarke, 1990; Schluter, 2009). As a result, it might be difficult to predict the outcome of hybridization
after parallel phenotypic evolution in any one population. Importantly, the main effects were largely consis-
tent across benthics and limnetics, which might suggest that generalities can be found when looking across

populations (Melo et al., 2019).

6.4.3 Caveats

The experiment makes a number of assumptions that should be acknowledged. First, an implicit assumption
is that the experimental ponds are reasonable stand-ins for the lakes. This assumption is common to all
studies taking place outside of species’ source habitat. Unfortunately, introducing inter-lake hybrids into
study lakes, even into enclosures, carries an unacceptable risk of escape and thus will never be attempted.
Previous studies have found that the diet of benthic and limnetic stickleback in these same ponds closely
match that of the natural habitat (Arnegard et al., 2014), which could alleviate this concern. My crosses also
only capture natural selection, and important differences in sexual selection might have been overlooked
(Keagy et al., 2016). I also assume that selection was parallel, when in reality there are probably some traits
that are divergently selected between allopatric benthics and between allopatric limnetics. Finally, selection
against larval fish can be extremely strong (China and Holzman, 2014) but could not be accounted for here
because my experimental design required me to tag fish, which could not be done until fish were large enough

to survive such handling.
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6.4.4 Progress toward speciation via parallel natural selection?

In this chapter I have shown that parallel evolution can result in (some) ecological hybrid breakdown and
also (some) heterosis. It remains unclear how this breakdown would affect progress toward speciation. In
the sympatric benthic-limnetic species pairs, the species seem reproductively isolated because the genes that
underlie adaptation also underlie mate choice (Bay et al., 2017). The species differ in body size, which acts
as a reliable signal of species recognition (Conte and Schluter, 2013), and this selection has been honed
through reinforcement (McKinnon and Rundle, 2002). Thus, although the allopatric benthic and limnetic
species’ genomes are weakly incompatible, it seems unlikely that the incompatibility is so strong that the
allopatric ‘parallel’ species would remain distinct if brought together in sympatry. The observed heterosis
might render a collapse even quicker. Thus, I conclude that there has been little progress toward speciation
via parallel natural selection in this system. If this is general, it would imply that parallel natural selection
is unlikely to generate substantial reproductive isolation via extrinsic post-zygotic isolation. Chance fixation
of alleles with substantial ‘intrinsic’ effects (Melo et al., 2019) might be the primary pathway through which

mutation-order speciation can be expected to act.
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Chapter 7

Genetic evidence for environment-specific
hybrid incompatibilities in threespine
stickleback

7.1 Introduction

Hybrid incompatibilities—interactions among divergent genetic loci that reduce the fitness of hybrids—are
a key component of reproductive isolation between diverging lineages (Coyne and Orr 2004). Incompati-
bilities have been studied most intensively in the context of sterility and embryo mortality, because these
traits are conducive to reliable phenotyping in the laboratory and often seem to be underpinned by few loci
(Maheshwari and Barbash 2011; Fishman and Sweigart 2018). These sorts of barriers have come to be
called ‘intrinsic’ hybrid incompatibilities due to the fact that there are conflicts within the hybrid genome
that are expected to severely impact hybrids in most environmental contexts (though note that the strength of
selection against some intrinsic incompatibilities can vary across environments [Demuth and Wade 2007]).
Studies have shown that the number of intrinsic incompatibilities increases deterministically with genetic
divergence between parents (Matute et al. 2010; Moyle and Nakazato 2010; Wang et al. 2013) and that
incompatibilities are common throughout the genomes of isolated populations of a given species (Corbett-
Detig et al., 2013). Collectively, these studies have made substantial progress toward identifying generalities
about the evolutionary genetics of intrinsic hybrid incompatibilities.

Incompatibilities can also be caused by exogenous ecological selection if particular allele combinations
render hybrids unable to perform ecological functions such as predator avoidance or prey capture. Several
recent studies have shown patterns to this effect, wherein hybrids have ‘mismatched’ trait combinations and
reduced fitness as a result (Arnegard et al., 2014; Thompson et al., 2021). Such studies have successfully
demonstrated incompatibilities via interactions among traits, but links to the underlying genetics have not
been made. Perhaps the most significant barrier to progress in measuring ‘ecological’ hybrid incompatibil-
ities is that they are likely difficult to detect because of their small individual effect sizes (Rockman 2012).
For example, Arnegard et al. (2014) found that combining divergent jaw bone traits together in an F, stickle-
back (Gasterosteus aculeatus L.) hybrid reduced their fitness because these traits interacted in a manner that
rendered hybrids unable to effectively generate suction for feeding. The underlying interacting jaw bones
each map to several QTL that individually explain a small fraction of the phenotypic variance, thus rendering
it difficult to study their individual fitness effects.

Recent theoretical advances, however, suggest ways to test for and measure the net effect of hybrid in-
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Figure 7.1: Results from simulations illustrating an ecological mechanism underlying the
heterozygosity-incompatibility relationship in F, hybrids. Both panels depict results from a represen-
tative simulation run of adaptive divergence and hybridization between two populations. I consider an or-
ganism with two traits that have both diverged as a result of selection. Panel (A) depicts the distribution
of 1,000 F, hybrid phenotypes in two-dimensional trait space. Large black points are the two parent phe-
notypes, which are connected by a black line indicating the ‘axis of divergence’. Points are coloured by
heterozygosity, as in (B). Panel (B) depicts the relationship between heterozygosity and trait ‘mismatch’ of
individual hybrids. Mismatch is calculated as the shortest (i.e., perpendicular) distance between a hybrid’s
phenotype and the black line connecting parents. The plot shows that mismatch is lower in more heterozy-
gous F»s. Heterozygosity values are discrete because a small number of loci underlie adaptation in the plotted
simulation run.

compatibilities using experimental crosses. Specifically, selection against hybrid incompatibilities in an F,
hybrid cross manifests as directional selection for increased heterozygosity (Barton and Gale, 1993; Simon
et al., 2018). This is expected because F, hybrids have a hybrid index of approximately 0.5—having half
of their alleles from one parental species and half from the other. Given this, individuals with high het-
erozygosity have fewer pairs of homozygous loci with opposite ancestry than more homozygous individuals.
Having many loci with opposite homozygous ancestry can result in hybrids with maladaptive ‘mismatched’
phenotypes, whereas highly heterozygous individuals are expected to be relatively intermediate (Fig. [7.1).
Whether ‘mismatch’ affects fitness, however, ultimately depends on the ecology of the system and the under-
lying fitness landscape. Such ‘coarse’ approaches—coarse because they use summary statistics rather than
fine mapping—are a promising means to identify the net strength of small-effect hybrid incompatibilities
using field experiments.

In this study, I compare patterns of directional selection on heterozygosity between F, hybrid families
raised in the lab to those from the same cross types raised in field enclosures. If ecological selection on
‘trait mismatch’ (i.e., selection favouring ‘matched’ trait values whether parental or somewhat intermediate)

is operating in the field but not in the lab, selection for heterozygosity should be specific to the field (or at
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least stronger than in the lab). I focus on hybrids between two types of ecologically divergent threespine
stickleback populations. First, I consider hybridization between sympatric benthic and limnetic popula-
tions. These populations, which are in effect reproductively isolated species due to strong assortative mating
(McKinnon et al. 2004) and reduced hybrid fitness due to extrinsic selection pressures (Hatfield and Schluter
1999), comprise sympatric species pairs that have evolved independently in at least five watersheds in British
Columbia, Canada (McKinnon and Rundle 2002; McPhail 1992). Although reproductively isolated in prac-
tice, the species pairs have no known intrinsic barriers that reduce fitness in the lab (Hatfield and Schluter
1999). Second, I consider hybridization between allopatric populations of anadromous and solitary freshwa-
ter stickleback. Similarly to the benthic-limnetic species pairs, these populations are recently diverged and
can readily hybridize. I pair an analysis of genetic data with a heuristic model to infer the strength of selection
that is necessary to cause the observed patterns. My results provide compelling support for the hypothesis

that environment-specific hybrid incompatibilities separate recently diverged stickleback populations.

7.2 Methods

7.2.1 Data sources

I used both previously published and unpublished data in my analyses. Summary information about each
data source is listed in Table 7.1} I base my main inference on a comparison of heterozygosity in hybrids
raised in aquaria to hybrids from the same crosses raised in experimental ponds. Besides their use in previous
experiments, ponds are natural contained ecosystems. See Extended Data in Arnegard et al. (2014) for addi-
tional information about ponds. Pond-raised crosses capture both ‘intrinsic’ and ‘extrinsic’ incompatibilities,
whereas aquarium-raised crosses are expected to capture ‘intrinsic’ incompatibilities that kill hybrids from
the embryo to adult stage.

Studies raising fish from the same cross type (benthic X limnetic or marine x freshwater) in the same
environment (aquaria or pond) were pooled for analysis. Two studies (Rennison et al., 2019; Schluter et al.,
2021) genotyped both F, and F3 hybrids, which I analyze together because mean heterozygosity did not
differ between generations within a study (Fig. [F.1)). Similarly, data were analyzed together for four studies
of benthic x limnetic hybrids from Paxton Lake raised in experimental ponds because heterozygosity was
statistically indistinguishable among them (Fig. |[F.2). This grouping of studies was done only to simplify
the presentation of results—patterns are highly repeatable across replicates and analyses showing results for
each pond and/or study separately are shown in Fig. |F.3| Relevant details of each data source are outlined
below.

Studies genotyped fish using either microsatellites, SNPs, or Genotyping-by-Sequencing (GBS). All
three lab studies used microsatellites, whereas the pond studies all used SNPs or GBS. I have no reason to
believe that differences in methodology among studies influence the results presented herein. First, I only
consider loci where parents have no alleles in common and thus can accurately assign ancestry. Second, I
only use loci that were heterozygous for ancestry in Fys, so loci with ‘null’ microsatellites or any difficulties
in distinguishing alleles would be filtered out. In the largest microsatellite dataset (Rogers et al., 2012), 100

% of loci that were different in parents were accurately called as heterozygous across eight Fys (288 of 288
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loci across all eight F; fish). SNP genotypes of the same cross type similarly had 100 % heterozygosity in F;s
(Schluter et al., 2021). I also have no reason to suspect any systematic differences in the genetic constitution
of wild fish (i.e., Fys) used to found field vs. lab studies. In light of the above, it seems most likely that the

results presented herein reflect biology rather than methodology.

Table 7.1: Summary of data sources.

species design study population method gen env. nfish  nloci £ [1SD]
ben X lim biparental present Paxton microsatellites  Fp lab 89 994+62
ben X lim biparental Conte et al. (2015) Paxton SNP array F pond 636 64.0+0.0
ben X lim biparental present Priest microsatellites  Fp lab 92 228+13
ben X lim biparental Conte et al. (2015) Priest SNP array Fy pond 412 90.0 £ 0.0
ben X lim 8 x Fp Arnegard et al. (2014)  Paxton SNP array F pond 615 6254179
ben X lim 4 X biparental ~ Rennison et al. (2019)  Paxton GBS (RAD) F, & F;  pond 649  85.1 £34.0
marine X fresh  biparental Schluter et al. (2021) LCR x Cranby  SNP array F, & F;  pond 723 1203 £5.6
marine X fresh  biparental Rogers et al. (2012) LCR x Cranby  microsatellites  Fy lab 374 582+42

Benthic x limnetic crosses

I obtained data from three sources for the pond-raised benthic x limnetic hybrids.

Conte et al. (2015) generated a single F; family from each of the Priest and Paxton Lake species pairs.
Both were founded by a single wild benthic female and a limnetic male that were collected and crossed in
2009. 35 adult F; Paxton Lake hybrids and 25 adult F; Priest Lake hybrids were released into separate ponds
where they bred naturally to produce F, hybrids. F, adults were collected over one year later. 407 F,s were
genotyped from the Paxton Lake pond, and 324 F,s were genotyped from the Priest Lake pond. Genotyping
used a SNP microarray (Jones et al., 2012a), and 246 SNPs were found in the Paxton cross, and 318 were
found in the Priest cross.

Arnegard et al. (2014) conducted a pond experiment with eight Fy grandparents from Paxton Lake. Two
crosses used a limnetic female and two crosses used a benthic female. Five F; males and five F; females
from each family were added to the ponds in March 2008 where they bred naturally. 633 juvenile F,s were
collected in October of that same year and genotyped at 408 SNPs.

Bay et al. (2017) genotyped 383 F, hybrid females between Paxton Lake benthics and limnetics at 494
SNPs. Fish are from several crosses and study designs. One used a cross with four unique Fys that were
used to produce two Fj—one with a limnetic as dam and the other with a benthic as dam. A second had
eight unique Fps, where two F; crosses were in each direction. These two crosses used wild fish collected
in 2007. A third set of crosses was done in 2009, one in each direction. The two F; families were released
into separate ponds. Since the goal of the authors’ study was to examine the genetics of mate choice, a large
number of F, females were genotyped at a small number of microsatellite markers to determine whether a
genotyped egg or fry was their offspring. 383 F, females were identified in this parentage analysis and were
then genotyped at SNP markers. A total of 302 females were assigned to families with 10 or more full-sibs
(which was necessary for linkage mapping), and these 302 females comprise my dataset.

Finally, Rennison et al. (2019) conducted a study with four unique Paxton Lake benthic X limnetic

F; hybrid families that were each split between two ponds. One pond in each pair contained a cutthroat
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trout predator (heterozygosity did not differ across pond types and data are pooled across all pairs and pond
types). Wild fish were caught in 2011 and F;s were released in 2012. Fish bred naturally and juvenile
F»s were sampled in September of that same year. F3 hybrids were collected in September 2013. 50 fish
from each pond and hybrid generation were genotyped at 2243 SNPs using restriction-site associated DNA
sequencing (genotyping-by-sequencing).

The Paxton and Priest Lake laboratory cross data are original to this study. Crosses used a single wild-
caught benthic female fish and a single wild-caught limnetic male fish as Fy progenitors. Wild fish were
crossed in 2003. Sibling mating of F; hybrids was used to produce a single F, hybrid family for analysis, and
fish were raised in glass aquaria and fed ad libitum. 92 Priest Lake Fps were genotyped at 85 microsatellite

markers, and 86 Paxton Lake Fps were genotyped at 216 microsatellite markers.

Marine x freshwater crosses

Schluter et al. (2021) conducted a pond experiment with anadromous (hereafter simply ‘marine’) x freshwa-
ter hybrids. This study crossed a marine female from the Little Campbell River, BC, with a freshwater male
from Cranby Lake, BC. Over 600 juvenile F, hybrids were introduced into the ponds directly in August 2006.
F,s overwintered with an estimated over-winter survival rate of approximately 86 % (from mark-recapture).
(Simulations designed to capture the experimental design, mortality, and sub-sampling procedures indicate
that 86 % survivorship, if caused by viability selection on hybrid incompatibilities, leads to a mean heterozy-
gosity value of 51.8 % + 0.5 [SD]; not shown.) In spring 2007, surviving Fps bred and were genotyped
at 1,294 biallelic SNP markers. 500 of their F3 hybrid offspring were collected in October 2007 and were
genotyped with the same methodology.

The data for the laboratory comparison to the Schluter et al. (2021) data were originally published by
Rogers et al. (2012). The population used a single Little Campbell River female as the Fy dam and a single
Cranby Lake male as the Fy sire. Wild adult fish were captured in 2001 to generate a single F; hybrid family.
Four F; crosses were made from individuals from this F; family (eight F; parents total) for a total of 374

genotyped Fjs. Fish were genotyped at 96 microsatellite markers.

7.2.2 Marker filtering and estimating heterozygosity

For each dataset, I restricted my analysis to loci where the Fy progenitors of a given F, family had no
alleles in common (e.g., all BB in benthic Fys and all LL in limnetic Fyps) and where all F; hybrids were
heterozygous for ancestry. GBS data were filtered to 20x coverage. Final sample sizes of fish and markers
are given in Table|7.1. In all cases, the sex chromosome (chromosome 19) was not analyzed.

Because some studies have more individuals than loci, and others have more loci than individuals, I
analyze heterozygosity both in individuals (averaged across loci) and at loci (averaged across individuals).
I retained individuals for which at least 20 loci were genotyped, and retained loci for which at least 20
individuals were genotyped.

Ancestry proportion, directional selection, and segregation distortion reduce the expected heterozygosity
below 50 %. I account for this and base my main inference on estimates of excess heterozygosity. Excess het-

erozygosity was calculated as observed heterozygosity (pag) minus expected heterozygosity (2paps, Where
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pa and pp are the frequencies of both ancestries at the locus or in the individual’s genome). My conclusions

are unchanged, however, if an uncorrected ‘observed’ heterozygosity is used as the response variable (Fig.

2N
2N—-1

F.4) or if the expected heterozygosity is adjusted for sample size (i.e., multiplying by
et al. 2018).

following Irwin

7.2.3 Data analysis

I evaluated whether excess heterozygosity differed between crosses using linear models. I first used simple #-
tests to evaluate whether heterozygosity differed from the Hardy-Weinberg expectation (i.e., whether excess
heterozygosity was significantly different from 0). This was done because studies are separate experiments
and this is a useful way to evaluate patterns of heterozygosity. To avoid basing conclusions on such indirect
comparisons, I also compared aquarium and pond studies directly in common linear models. Linear models
had excess heterozygosity—of individuals or loci—as the response variable and environment (lab or pond) as
a categorical predictor. For the benthic x limnetic data, ‘lake’ was included as a second categorical predictor.
A lake x environment interaction term was non-significant and was omitted from the final model. Thus, two

models were run: one for the benthic x limnetic cross type, and another for the marine x freshwater cross

type.

7.2.4 Heuristic model

T used a simple heuristic model to infer the strength of selection on incompatibilities that is sufficient to cause
the observed excess heterozygosity. I assume that incompatibilities only act between pairs of loci and that
fitness is based only on the genotype of individual F, hybrids. There is no directional selection and fitness
is not frequency- or density-dependent. I also assume that all possible pairs of incompatible loci reduce
an individual’s fitness. By assumption, I ignore higher-order interactions among loci (i.e., incompatibilities
between three or more loci).

I consider two broad incompatibility architectures, recessive (Fig. [/.3A, left) and additive (7.3A, right).
The recessive model assumes that only loci with opposite homozygous ancestry (i.e., homozygous at one
locus for BB and at the other locus for LL) interact, whereas the additive model allows heterozygous loci to
be involved in incompatibilities. The additive model is symmetric for simplicity and because it is plausible
that populations could easily cross shallow fitness valleys such as those that typically underlie individual
ecological incompatibilities.

The models simply sum the count of each incompatibility type, and penalize the individual’s fitness ac-
cording to a linear function where the penalty is determined by s—the selection coefficient acting against
incompatibilities of opposite homozygous ancestries (i.e., BB-LL or FF-MM incompatibilities). For simplic-
ity I use notation of benthic (‘B’) and limnetic (‘L’) ancestries, but this is arbitrary and one could substitute
marine or freshwater. I assume the strength of incompatibilities involving heterozygous loci is half of that
involving only homozygous loci (see below). The selection coefficient, s, can be interpreted as the reduction
in fitness caused by individual incompatibilities. For example, an s value of 0.002 implies that each BB-LL

or FF-MM incompatibility reduces an individual’s fitness by 0.2 %.
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For a case where all incompatibilities are assumed to be recessive, the fitness of an individual hybrid is

calculated as:

W;=1-n% ppp-pLL -5, (7.1)

where W; is the fitness of the i individual F, hybrid, n is the number of unlinked loci, pgg & pr1 are the
frequencies of homozygous ancestries among genotyped loci (here benthic or limnetic, but could also be
marine and freshwater), and s is the selection coefficient acting against each BB-LL or FF-MM incompat-
ibility. If an individual has 4 loci where ancestry is 1 x BB, 1 x LL, and 2 x BL, this individual has one
possible pairwise incompatibility—the lone BB locus with the lone LL locus. If the individual has 5 loci
with ancestries 2 x BB, 1 x LL, and 2 x BL, this individual has 2 pairwise incompatibilities—each BB
with the lone LL. The fitness of a given individual is reduced by a given amount, s, for each incompatibility,
so fitness in the first former case is 1 — s and fitness in the latter case is 1 — 2s. [ assume fitness is linear for
simplicity, but note that this causes the model to return negative fitness values and thus fail under extended
parameter combinations.

I next consider an additive model where heterozygous loci interact with homozygous loci to influence
hybrid fitness. For systems where niche divergence is additive, as it likely is in threespine stickleback (Arne-
gard et al., 2014), an additive model might be more realistic than a recessive one. Under the additive model,

an individual’s fitness is calculated as:

s
L (7.2)

where terms are as in Eqn. [7.1] and pgy, is the frequency of loci with heterozygous ancestry. The first term

W;=1-n* ppp-pLL-s— (n* ppB - pBL +n* - PLL - PBL)

in the equation quantifies homozygote-homozygote incompatibilities (i.e., those between BB and LL), and
the second term quantifies homozygote-heterozygote incompatibilities (i.e., those between BB and BL & LL.
and BL). This model assumes that the strength of selection on homozygous-heterozygous incompatibilities
is half that acting on incompatibilities between loci of opposite homozygous ancestry. Consider again an
individual with four loci, with 1:2:1 BB:BL:LL frequencies. The individual has 1 homozygote-homozygote
incompatibility (BB-LL) and four heterozygote incompatibilities (BB-BL, LL-BL,, LL-BL, and LL-BL5).

I used this heuristic model as the basis of simple simulations to evaluate the connection between the
above fitness functions and observed patterns of excess heterozygosity. These simulations interpret fitness
from Eqns. [7.1| & [7.2] as survival probability. In simulations, I assumed that F; hybrid stickleback typically
have between 1 and 1.5 recombination events per chromosome (2n chromosomes = 42; Roesti et al. 2013),
and therefore assume that F, hybrids inherit 50 unlinked haplotype blocks (hereafter referred to as the 50
genotyped ‘loci’; approximately 1.2 recombination events per chromosome). I generated individuals with
50 loci where each locus had a 25 % probability of having ancestry ‘BB’, a 25 % probability of having
‘LL’, and a 50 % probability of being heterozygous, ‘BL’. I calculated each individual’s fitness under both
Eqns. |7.1]and 7.2/ then implemented probabilistic selective mortality according to an individual’s predicted
fitness (using random numbers). Finally, I recorded the mean excess heterozygosity of survivors. I repeat

these simulations for various values of s to determine the strength of selection against incompatibilities that
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returns estimates of excess heterozygosity that match those in the empirical data. As noted above, I assume
incompatibilities only act between pairs of loci (i.e. they are digenic rather than trigenic, etc.) even though
trigenic interactions are likely to be much more common than digenic ones (Kuzmin et al. 2018). Therefore,
the resulting estimates of the minimum s required to observe a given amount of heterozygosity are very

conservative and likely overestimated by one or more orders of magnitude.

7.3 Results and discussion

7.3.1 Patterns of excess heterozygosity

I begin this section by evaluating patterns of excess heterozygosity in aquaria and ponds separately for both
benthic x limnetic and marine x freshwater crosses. These comparisons are indirect but are justified by
the fact that the data are from separate studies measured in different years. I then make a direct comparison

between these two environments in using linear models. Conclusions are consistent between approaches.

Aquarium-raised crosses

Mean individual excess heterozygosity was not significantly different from zero in any aquarium-raised
stickleback cross (see left side [red] of panels in Fig. |7.2). Specifically, #-tests evaluating whether excess
heterozygosity was significantly different from zero failed to reject the null hypothesis for both benthic x
limnetic crosses (mean & 95 % CI Paxton Lake—( = 0.014 [—0.010, 0.037], tsg = 1.16, P = 0.25; Priest
Lake—0 = 0.0098 [—0.014, 0.034], tg9 = 0.81, P = 0.42). The aquarium-raised marine x freshwater cross
was similar (3 = —0.0047 [—0.013, 0.00396], 1373 = 0.28, P = 0.28).

The lack of excess heterozygosity in aquaria is not surprising given what is known about ‘intrinsic’ hy-
brid incompatibilities in stickleback. Previous studies of benthic x limnetic hybrids have found no evidence
for intrinsic inviability in F, benthic x limnetic stickleback crosses, either in embryo development and hatch-
ing success McPhail (1984, 1992); Hatfield and Schluter (1999) or lifetime fitness (Hatfield and Schluter,
1999). In a recent review summarising the literature on reproductive isolation in threepsine stickleback,
Lackey and Boughman (2017) report that ‘intrinsic’ barriers are typically weak to nonexistent. Both marine
(i.e., anadromous) x freshwater and benthic x limnetic crosses had no evidence for intrinsic inviability in
this review (Lackey and Boughman, 2017). By contrast, the authors found evidence for hybrid ecological

inviability in both systems (Lackey and Boughman, 2017).

Pond-raised crosses

Mean individual excess heterozygosity exceeded zero in each pond-raised cross (see right side [blue] of
panels in Fig. [7.2). This was the case for both Paxton and Priest Lake hybrids for the benthic x limnetic
crosses (mean & 95 % CI Paxton Lake—g3 = 0.029 [—0.024, 0.033], 222> = 13.16, P < 0.0001; Priest
Lake—/ = 0.039 [0.029, 0.048], t411, P < 0.0001), as well as the marine x freshwater cross (8 = 0.034
[0.027, 0.041], t720 = 9.33, P < 0.0001). Thus, there is support for the hypothesis that ponds select for
heterozygosity.
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Direct comparison between aquarium- and pond-raised crosses

I evaluated the difference between aquarium- and pond-raised crosses using simple linear models. For the
benthic x limnetic crosses, I used a linear model where lake (Paxton or Priest), environment (aquaria or
pond), and their interaction, were predictors. The interaction term was non-significant and was dropped
leaving the two main effects. I found that individual mean excess heterozygosity was 2.2 % higher in pond-
raised benthic x limnetic hybrids than in aquarium-raised hybrids (B = 0.022 £ 0.0083 [SE; units are het-
erozygote frequency], Fi 2509 = 6.89, P = 0.0087) (Fig. [7.2A; also see Fig|E.5|for plots of individual hybrid
index and heterozygosity). The ‘lake’ term was non-significant (P = 0.11). For the marine x freshwater
crosses, I found that individual mean excess heterozygosity was 3.9 % higher in pond-raised fish than in
aquarium-raised fish (B =0.039 £ 0.0059 [SE], Fi 1095 = 41.88, P = 1.46 x10710) (Fig. [7.2B). I repeated
these analyses using loci as the unit of replication, rather than individuals, and found virtually identical pat-
terns to the analysis of individuals (Fig. [7.2C&D; Fig |F.6). These results are consistent with the hypothesis
that hybrid incompatibilities act more strongly in the wild than in the lab and implies that individuals with a

greater number of incompatibilities are more likely to die than those with fewer.

7.3.2 Heuristic model

Analysis of the heuristic model revealed that, as expected, fitness (W) is lower when incompatibilities act
additively rather than recessively (compare black and grey lines in Fig. [7.3B) and when F; individuals are
more homozygous (compare dashed to solid lines in Fig. [7.3B). I used simulations of selective mortality
to estimate the per-incompatibility s value that is sufficient to generate 3 % excess heterozygosity, which
is the mean lab-pond difference of the two crosses. For the recessive model, I found that I observed a
mean of 3 % excess heterozygosity when s > 0.0036. Under the additive model, I found that mean 3 %
excess heterozygosity resulted when s > 0.0017. These results imply that if each two-way incompatibility
reduces survival probability only by 0.0036 (i.e., 0.36 %) under a recessive model, or 0.0017 (i.e., 0.17%)
under an additive incompatibility model, this would be sufficient to cause the observed patterns of excess
heterozygosity. As noted above, it is possible that these values are substantial over-estimates because they

only account for two-way incompatibilities.

7.3.3 Alternative explanations for excess heterozygosity

Although I framed my predictions on the hypothesis of hybrid incompatibilities, several other mechanisms
could possibly underlie the observed pattern of excess heterozygosity. These alternative mechanisms—
heterosis and dominance—involve processes operating at single loci rather than interactions among loci.
Ultimately, the data cannot directly distinguish between single-locus processes like heterosis and multi-
locus processes like incompatibilities, so indirect inference is required to evaluate the plausibility of causal
processes.

Heterosis refers to the case where heterozygosity at a given locus is favoured per se, rather than as a
means to escape incompatibilities caused by interactions involving homozygous alleles. Typically, heterosis

is caused by the dominance of a fit allele over a less fit one. If individual loci were overdominant only
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under field conditions, then excess heterozygosity could result without any interactions among loci. In the
benthic x limnetic crosses, this possibility can be disregarded based on prior knowledge about hybrid fitness
in this system. If heterosis were common, then hybrids should have higher fitness than parents. However,
F; and reciprocal backcross hybrids—which are highly heterozygous—have lower growth and/or survival
than parent taxa in field experiments (Hatfield and Schluter 1999; Vamosi et al. 2000; Rundle 2002). In the
lab, F; hybrid growth rate matches the additive expectation of parents (Hatfield, 1997; Hatfield and Schluter,
1999). These patterns simply would not occur if heterosis was a general feature of benthic-limnetic crosses.
Less is known about heterosis in marine x freshwater crosses. Further evidence against heterosis comes
from the fact that there is no relationship between body size and heterozygosity in the lab in any cross (Fig.
F.7; family sizes are too small for a robust analysis in ponds). Thus, heterosis seems an unlikely explanation
underlying selection for heterozygosity in stickleback hybrids.

Patterns of excess heterozygosity could also be caused by directional selection and dominance. If het-
erozygotes were just as likely to survive as the favoured homozygote, this would lead to a higher observed
heterozygosity than expected (i.e., >2papp) for loci that are under directional selection. I quantified the
strength of directional selection on each locus as [paa — ppg|, the absolute difference between the frequen-
cies of both homozygotes. Loci under strong directional selection should have larger values. If dominance
was common, then excess heterozygosity should be greater at loci that are under stronger directional selec-
tion. I find that the excess heterozygosity of loci is not correlated with this metric of directional selection in
either pond-raised benthic x limnetic hybrids nor marine x freshwater hybrids (both P > 0.15; Fig. [E.§)).
Thus, because directional selection is not a strong predictor of heterozygosity, it is unlikely that dominance

of beneficial alleles alone can explain the observed patterns of excess heterozygosity.

7.4 Conclusion

The main result of this study is that heterozygosity was elevated in F, stickleback hybrids raised in the field
compared to those raised in aquaria. Because single-locus processes such as heterosis and dominance are
unlikely to explain this pattern, I suggest that hybrid incompatibilities are the most likely causal mechanism.
Selection on a per-incompatibility basis need not be terribly strong to cause levels of excess heterozygosity
similar to what I observed. This finding has implications for our understanding of the genetic basis of
extrinsic reproductive isolation. At least for the benthic x limnetic crosses, it is well-established that the
species are reproductively isolated and hybrids perform worse than parents under field conditions. Thus,
hybrid incompatibilities might underlie extrinsic post-zygotic isolation in this classic case of ‘ecological
speciation’ (McKinnon and Rundle, 2002). Moreover, the analysis gives insight into the number of genes
that might underlie speciation. The data presented here suggests that many genes of small effect (i.e., where
their interactions reduce fitness by considerably less than 1 %), located throughout the genome, underlie
reproductive isolation between ecologically divergent populations of threespine stickleback.

This study used crosses with different Fy progenitors, genotyped with different methodologies, for its
main comparison. Although this is less than ideal, there is no obvious mechanism that would cause the

lab-raised fish to exhibit significant excess heterozygosity. In light of this, a valid though less conservative

&9



approach would simply have tested if pond-raised crosses exhibit excess heterozygosity, which they almost
invariably do. The fact that this pattern—excess heterozygosity in pond-raised hybrids—repeats across so
many pond experiments from different years, might be seen as an even stronger conclusion than one based
on a single comparison in a single year.

The evidence presented herein is consistent with the hypothesis that extrinsic hybrid incompatibilities,
which operate between parental alleles at different loci, underlie extrinsic post-zygotic isolation in this sys-
tem. To the extent that this study documents the existence of environment-specific hybrid incompatibilities,
it cannot identify their underlying mechanisms. Experiments that directly manipulate individual phenotypes,
or their interactions with the environment, are needed to establish such causality. Such studies represent an

exciting new frontier for empirical research into the mechanisms of ecological speciation.
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Chapter 8

Conclusion

8.1 Overview

My thesis used theory, data synthesis, and experiments to generate hypotheses, establish patterns, and test
predictions about the evolutionary ecology of hybridization. The narrative thread throughout this thesis
surrounded hybrid incompatibilities that affect the ecological performance of hybrids. I have tried to explore
this topic using a variety of techniques and data types.

The first three data chapters of my thesis used theoretical approaches and previously published data.
Chapter 2|used simulations to clarify how adaptation from standing variation affects progress toward specia-
tion and used analytical models to arrive at generalities about when we should expect populations to use the
same vs. different alleles for adaptation. Chapter |3|synthesized data from the literature to illustrate that diver-
gent quantitative traits are often dominant and ‘mismatched’ in F; hybrids, and used data from a large-scale
field experiment to illustrate that this mismatch has negative fitness consequences. Chapter 4fused data from
the literature to provide support for a key assumption of models of hybrid fitness—that mutations used for
adaptation are typically pleiotropic. These three chapters established a theoretical and empirical framework
for studying the causes and consequences of ecological hybrid incompatibilities. I leveraged this framework
in the final three data chapters which test theoretical predictions in the lab and field.

The final three data chapters of my thesis use threespine stickleback fish (Gasterosteus aculeatus) to
test key predictions about ecological hybrid incompatibilities. Chapter |5| found support for the theoretical
prediction that hybrid trait mismatch evolves in a manner that is positively associated with the magnitude
of phenotypic divergence between parent populations. Chapter 6| used a pond experiment to illustrate that
parallel phenotypic evolution can lead to the evolution of hybrid breakdown due to ‘mutation-order’ pro-
cesses in both benthics and limnetics, but also found a surprising amount of heterosis. Finally, Chapter |7
found that the genetic signature of hybrid incompatibilities—excess heterozygosity—is reliably observed in
pond-raised F; stickleback hybrids but is not observed in the lab. These three chapters collectively indicate
that ecological hybrid incompatibilities might be an important form of post-zygotic reproductive isolation

separating natural stickleback populations.

8.2 Areas requiring research

By illustrating that traits are often mismatched in hybrids and that hybrid incompatibilities can have an im-
portant ecological dimension, my thesis work has illuminated several research directions worth addressing.

As I expressed at the outset, I hoped that this thesis would raise more questions than it answered. Though I
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will leave it to the reader to decide whether this was accomplished, below I highlight several of the key areas

that I see as high-priority for future research.

8.2.1 Mechanisms underlying ecological incompatibilities

Before my thesis, scientists had been making rapid progress in identifying (putative) mechanisms underlying
ecological incompatibilities (Vin§alkova and Gvozdik, 2007; Matsubayashi et al., 2010; Cooper et al., 2018;
Martin and Wainwright, 2013; Keagy et al., 2016; Arnegard et al., 2014). These pioneering studies generated
compelling and testable hypotheses about the mechanisms through which trait interactions affect fitness, but
it was beyond their scope to quantify ‘mismatch’ more directly and directly link it to fitness. My thesis
built on this strong foundation in several ways. First, in Chapter 3|1 quantified individual-level mismatch in
sunflowers and related it directly to fitness via seed count. Second, in Chapter [/|I showed that individuals
with high ‘genetic mismatch’ (i.e., high homozygosity for a given hybrid index) were selected against under
semi-natural conditions but not in the lab. While I think the above two conclusions are valuable and novel
contributions to the literature, it is important to acknowledge their main limitation. Specifically, the link
between mismatch and fitness is correlational because I cannot decouple environment-specific endogenous
selection—intrinsic conflicts preventing development or gametogenesis—f{rom environment-specific exoge-
nous selection—selection imposed by the biotic or abiotic environment. Nor can I conclusively identify any
agents of selection that link mismatch to fitness.

Future work on ecological incompatibilities should strive to identify the mechanisms of ecological se-
lection underlying them. To accomplish this, I envision two main approaches. First, one can use population-
level manipulations to change how groups of hybrids experience selection. For example, Rennison et al.
(2019) split hybrid families into some ponds that contained trout and other ponds that didn’t—such an ap-
proach could test for trout-mediated selection on incompatibilities if one hypothesized that it might exist.
Rundle et al. (2003) conducted a similar experiment also removing predatory insects. Such approaches have
the advantage that treatments are relatively easy to apply, but the disadvantage that they reduce sample size
to the number of replicate enclosures (e.g., ponds, mesocosms, tanks) across which organisms are divided.
For some groups of organisms, like fish, this is likely the only feasible approach because individuals cannot
be reliably recaptured and manipulated during their lifetimes.

A second approach to studying mechanisms of ecological incompatibilities involves individual-level
manipulations to randomize the selection regimes of individual organisms in a common garden. For example,
one can provide supplemental resources or exclude mutualists (e.g., pollinators) to confirm a role for any
particular selective agent that is hypothesized to underlie incompatibility. In my planned post-doctoral work,
I plan to experimentally manipulate hand-pollination across flowers in individual F, hybrids between bird-
pollinated Penstemon centranthifolius and wasp-pollinated P. spectabilis. Individual plants that are unable
to attract and/or interact with pollinators (i.e., receive or deposit pollen) will have low seed production in the
open-pollination treatment compared to those who are relatively well-suited to interacting with pollinators.
Hand pollinations can confirm that low-fitness individuals have low fitness because of their interactions
with pollinators, rather than some ‘intrinsic’ unfitness. Thus, a prediction is that the fitness effect of hand-

pollination will be correlated with mismatch. If possible, one might also manipulate phenotypes directly to
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decouple them from the genetic basis (Sinervo and Svensson, 2002). In these approaches using natural or
experimental hybrids, hypotheses can be robustly tested by examining whether the manipulations affected

selection on excess heterozygosity, the mismatch-fitness relationship, and/or patterns of hybrid breakdown.

8.2.2 Theoretical importance of ecological incompatibilities

The work in this thesis generally concerns early generation—F, F,, or BC;—hybrids, but future work must
extend the findings herein to later generations. Models of hybrid zones or sympatric populations that consider
how various genetic architectures influence the probability of collapse into a swarm are needed to resolve
the efficacy of both intrinsic and extrinsic incompatibilities for maintaining reproductive isolation. One key
difference between intrinsic incompatibilities and ecological incompatibilities is that extrinsic fitness land-
scapes are likely more dynamic and subject to a greater magnitude of negative frequency-dependent and
density-dependent selection—more intrinsic incompatibilities are more likely subject to positive frequency-
dependence. A truly intrinsic incompatibility, where selection is consistent across all plausible environments,
could theoretically be removed (i.e., one set of compatible alleles reaches fixation) from a region of hybridza-
tion (e.g., a hybrid zone) by selection rather easily if it involves only a small number of loci (Xiong and
Mallet, 2021). If these incompatibilities are all that keep species apart, reproductive isolation could break
down following the loss of one set of alleles. If the alleles underlying an ecological incompatibility reach
low frequency, however, the lower frequency type might be increasingly favoured by selection. (Testing
whether selection on ecological incompatibilities is frequency- or density-dependent is an exciting empirical
opportunity). If selection is frequency-dependent, incompatibilities acted on by ecologically-mediated selec-
tion might be more robust in the face of potentially homogenizing gene flow. Future theory on this subject,
perhaps integrating approaches from adaptive dynamics (wherein frequency-dependent selection is central
[Dieckmann and Doebeli 1999]), will be valuable.

To better understand the role of ecological incompatibilities in speciation, we must also expand our
phenotypic models of selection against hybrids. A given reduction in F; fitness could result from two general
phenotypic mechanisms: relative intermediacy—where intermediate phenotypes are selected against due to
their being no intermediate niche—or mismatch—where particular combinations of traits render hybrids unfit
in any niche including a possible intermediate one. For a given reduction of F; fitness, is the maintenance
of species more likely when one or the other mechanism is responsible? Selection against the F; is what it
is, regardless of the underlying phenotypes or genetics. But patterns of selection against second generation
hybrids and beyond (e.g., backcrosses and Fx,s) will differ depending on whether traits are additive or
dominant. Conducting simulations wherein population divergence is underpinned by additive vs. dominant
loci—and where dominance differs in the same or different directions among traits—is likely the best way to
determine how trait mismatch affects the persistence of reproductively isolated populations, and to ascertain

the importance of trait mismatch for speciation.
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Figure 8.1: A possible ecological incompatibility in monkeyflowers. Mimulus (syn. Erythranthe) lewisii
has pink petals and is pollinated by bumblebees, whereas M. cardinalis has red-coloured petals and is polli-
nated by hummingbirds. The species differ in a QTL at the YUP locus that confers flower colour differences.
When the cardinalis YUP allele is introgressed into the M. lewisii background pollination by bumblebees
decreases bee visitation by 83 % (arrow in B). By contrast introgressing the lewisii YUP allele into cardi-
nalis only decreases hummingbird visitation by 10 % (arrow in panel C). This could represent an asymmetric
incompatibility that is only identifiable in the field. Images digitized from Schemske and Bradshaw (1999)
and data taken from Bradshaw and Schemske (2003).

8.3 A proposal to slightly refine the language of speciation

Increasing evidence, including that presented in this thesis, indicates that we must change the way we use the
term ‘hybrid incompatibility’. In this brief section, I argue two main points. First, the Bateson-Dobzhansky-
Muller mechanism should be seen as a general mechanism of post-zygotic isolation, rather than only resulting
from endogenous conflicts in hybrid genomes. Second, the general intrinsic vs. extrinsic classification has
largely outlived its usefulness and its continued use is more harmful than productive.

As literature on speciation has accumulated in the past decades, the language we use to describe its un-
derlying processes and mechanisms has grown. Noting this, Harrison (2012) cautioned against introducing
new terms and re-configuring old definitions because often new language can reflect the idiosyncrasies of
the systems we are most familiar with and many new terms are invented for describing long-understood
processes. In their book, Coyne and Orr (2004) describe the mechanism of Bateson-Dobzhansky-Muller
(Bateson, 1909; Dobzhansky, 1937; Muller, 1942) hybrid incompatibilities only when discussing embryo
inviability and hybrid sterility. The BDMI mechanism is specifically included as a subsection of their dis-
cussion of ‘intrinsic’ postzygotic isolation. Even in books dedicated to the study of ecological speciation,
incompatibilities are seldom if ever raised as the genetic basis of extrinsic postzygotic isolating barriers
(Nosil, 2012). The sorts of mismatch-based incompatibilities described in this thesis act via an identical
genetic mechanism to the more traditional ‘intrinsic’ BDM incompatibilities in that they involve epistasis
between two or more loci. The fact that they might differ in their average fitness effects only implies that

they differ in degree and not kind.
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Although incompatibilities subject to ecologically-mediated selection are likely weak generally, this
should not be seen as a bright line differentiating them from ‘intrinsic’ incompatibilities. Indeed, as sci-
entists study ecological incompatibilities further, we are likely to discover many ‘intrinsic’ incompatibilities
that have weak fitness-effects and many ‘ecological’ incompatibilities where the fitness consequences are
substantial. Some in the latter category likely have already been discovered; for example, introgressing the
allele for ‘red’ flowers from Mimulus cardinalis into bee-pollinated M. lewisii almost completely reduces
visitation from bee pollinators from whom the flowers are adapted to receive pollen and on whose backs
they are adapted to deposit it (Fig. [8.1)). This substitution does not substantially affect visitation from hum-
mingbirds. Although the fitness consequences of this substitution in terms of seed set were unmeasured, it
is reasonable to conclude that a complete lack of pollination likely had a substantial effect on seed set that
rivals many ovule- or pollen-sterilizing incompatibilities and thus would have a fitness effect rivalling many
sterilizing incompatibilities.

Importantly, many incompatibilities that are called ‘intrinsic’ are sensitive both to the environmental
context and the genetic background (Fig. [3.2). For example, using an experimental approach that mimics
hybridization, Ono et al. 2017 used yeast to examine the fitness consequences of combining two alleles that
evolved in an experimental evolution experiment and individually confer resistance to a fungicide. In the
environment under which the alleles evolved, combining both in a common genetic background caused a
reduction in fitness compared to each type examined alone (compare purple to red and blue in Fig. [8.2A.
However, in a different environment with a higher concentration of the fungicide, combining these alleles
improved fitness rather than reduced it. Thus, even incompatibilities that might appear ‘intrinsic’ because
they reduce growth rate in the lab can have an important environmental context.

The word ‘intrinsic’ can literally mean ‘essential’, and incompatibilities described as such are often
thought to be permanent or irreversible. However, recent evidence indicates that incompatibilities can also
interact in a manner that refutes the hypothesis that they are in fact ‘intrinsic’. For example, Guerrero et al.
(2017) investigated interactions among different incompatibility-causing alleles in tomato (Solanum spp.).
The authors compared plants where one region of the genome had hybrid ancestry (i.e., single-introgression
lines) to those with two regions of hybrid ancestry (double-introgression lines). The goal was to determine
if incompatibilities typically act additively (e.g., if same phenotypic effect, then double-introgression lines
are twice as bad as single-introgression lines), synergistically (double-introgression more than twice as bad),
or antagonistically (double-introgression less than twice as bad). The authors found that antagonistic inter-
actions were pervasive, and occasionally even found that double mutants had higher fitness than both single
mutants. If two incompatibility-causing alleles improve hybrid fitness in the presence of one another, then
substituting an ‘incompatibility’ allele into some genetic backgrounds is beneficial. Calling such incompati-
bilities ‘intrinsic’ might mislead us into thinking they are invariably deleterious. In fact, whether or not an in-
compatibility is ‘intrinsic’ is fundamentally unfalsifiable because there could always be a genetic background
or environment that impacts its fitness effect. We can avoid this pitfall by simply referring to the phenotypic
effect of incompatibilities. By calling them °‘sterility-causing’ or ‘lethality-causing’ incompatibilities rather
than intrinsic, we get our point across while remaining agnostic to any environment-dependence.

Coyne and Orr (2004) acknowledge the somewhat fuzzy distinction between intrinsic and extrinsic iso-
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Figure 8.2: Fitness effects of incompatibility loci vary across environments and genetic backgrounds. (A)
Adapted from Ono et al. (2017). In their experiment, an ancestral strain is divided into (i) different populations of
brewer’s yeast (Saccharomyces cerevisiae) that fixed independent mutations in the ergosterol biosynthesis pathway
(ERG3 and ERGS5) in response to treatment with the fungicide Nystatin. Nystatin binds ergosterol embedded in the
cell membrane, forming channels that cause cells to leach their contents; mutations reduce the quantity of ergosterol in
the membrane. (ii) In the presence of 2 uM nystatin, these mutations are individually beneficial because they reduce
the target size of nystatin, at the cost of making a less permeable membrane. However, individuals with both mutations
have reduced fitness because their membranes are too impermeable, acting as a BDMI. (iii) In higher concentrations of
Nystatin, the single mutants are unfit whereas double-mutants have high fitness, illustrating that the incompatibility is
environment-specific. (B) Adapted from Guerrero et al.(2017). (i) In this experiment, short chromosomal regions from
Solanum habrochaites (here LA3947 and LA3915) reduced fitness when introgressed onto the genetic background of
S. lycopersicum. When combined in a single genetic background (purple tomato), these alleles often restored fitness
for at least one fitness component (restored in [ii], further reduced in [iii]).
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lating barriers. In light of the emerging evidence, some of which I have briefly touched on above, I ad-
vocate for a slight modification to the way we use the term ‘hybrid incompatibility’. Namely, we need
to recognize that ‘incompatibility’ need not mean sterility or embryo inviability. Rather, all interactions
among alleles of divergent ancestry that interact epistatically to reduce hybrid fitness fully deserve the title
of incompatibility—regardless of the reason why they reduce fitness. We should stop adding the preface
of ‘intrinsic’ or ‘extrinsic’ when describing incompatibilities and be more agnostic unless we are confident
in having identified a particular mechanism. Incompatibilities have myriad selective mechanisms and, in
my view, dissecting these mechanisms represents some of the most exciting work yet to be done on the

evolutionary genetics and evolutionary ecology of hybridization.
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Appendix A

Appendix for Chapter 2

A.1 Geometric basis for rapid loss of parallelism

Here, I outline an explanation for why genetic parallelism decreases rapidly with the angle of divergence, 6
(Fig. [2.2A) and distance between optima (Fig. |A.15B). My explanation focuses on the extent of phenotypic
space wherein mutations improve the fitness of both adapting populations in their respective environments.
At the time of founding both adapting populations have the same mean phenotype, which is the mean an-
cestral phenotype. Mutations that move this ancestral mean phenotype into the region that leads to higher
fitness in both parental environments are thus beneficial in both populations. The region of phenotypic space
that has higher fitness than the mean phenotype in one environment is a hypersphere (of dimensionality, m),
centred on the optimum with a radius equal to the distance between the mean phenotype and the optimum,
d. A similar hypersphere characterizes the phenotypic space that has higher fitness than the mean pheno-
type in the other parental environment. The region that is mutually beneficial is then the intersection of two
hyperspheres, which is the union of two hyperspherical caps.

Fortunately, the volume of a hyperspherical cap is known for any dimension, m (L1, 2011). It depends
on the dimensionality (m), the radii of the two hyperspheres (D), and the distance between their centers ().
In my case the distance between the two centres is & = 2d x sin(6/2). The amount of phenotypic space that
is beneficial in a given environment is simply the volume of one of the hyperspheres. Thus, dividing the
volume of the mutually-beneficial space (the union of the hyperspherical caps) by the volume of the space
beneficial in a given environment (one of the hyperspheres) gives the fraction of beneficial mutations which
are mutually beneficial. Using the formula given by Li (2011; their eqn 3) for the volume of a hyperspherical
cap created by the intersection of two m-dimensional hyperspheres with radii d whose centres are distance ¢

apart, the fraction of beneficial mutations that are expected to be beneficial in both, O, is:

O = I,[1 +m/2,1/] (A.1)

where I;[a, b] is the regularized incomplete beta function (Equation 6.6.2 in Abramowitz and Stegun 1972)
and here x = cos(6/2)?. Eqn. |A.1|depends on only m and 6, that is the solution is independent of the distance
from the ancestor to the new optima, d. I refer to Eqn. |A.1| as the fraction of overlap in the main text, but
note that this is only true when d; = d» (the formula is more complex when d; # ds, but can easily be used,
e.g., Fig. |A.16B). The incomplete regularized beta function arises from integrating sin”(#) over 6 (L1, 2011).

The solution of Eqn. |A.1] exhibits a rapid decrease with 6 for all values of m > 0, and the decrease
is faster for greater values of m (Fig. 2.2B). Thus, if standing genetic variation was uniformly distributed

throughout the beneficial hyperspheres, the percent of segregating beneficial mutations that were beneficial
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in both parental populations, and thus expected to potentially fix in both, would decrease rapidly with the
angle of divergence.

The above analysis considers only the very onset of adaptation, when the two parental populations have
the same mean phenotypes, such that the fraction of phenotypic space that is beneficial in one population
that is also beneficial in the other population (call this X) is equivalent to the fraction of possible beneficial
mutations (if uniformly distributed across the hyperspheres) that are beneficial in both populations (call this
Y). As adaptation proceeds the mean phenotypes of the parental populations depart from one another and
X therefore no longer equals Y. This is because mutations are vectors that move a phenotype in a particular
direction, and thus a mutually beneficial point in phenotypic space is only guaranteed to be a mutually
beneficial mutation if both populations have the same mean phenotype.

To account for the inequality between phenotypic space (X) and mutational vectors (¥) during adaptation
we must shift the mean phenotypes so that they are at the same point in phenotypic space and move their
optima by an identical translation (see Fig. |A.20). We then have X = Y. One way to imagine this is to
keep the mean phenotypes in place at the mean ancestral phenotype (the origin) and consider adaptation as
the movement of the optima closer to the mean phenotypes. From this perspective, adaptation’s effect is a
shrinking of the radii of the hyperspheres (at roughly equivalent rates in the two populations if adaptation
proceeds relatively deterministically). Thus, because the fraction of overlap (Eq. |A.1) does not depend on
the radii of the hyperspheres, the fraction of overlap is expected to remain relatively constant throughout
adaptation.

In reality and in my simulations, standing genetic variation is not uniformly distributed, the probability
of fixation varies across the region of overlap, and adaptation uses up some of the standing variation so that
the distribution of standing variation changes with time. Taking the first two complications into account
would require weighted averages across the space contained in the hyperspherical caps, which is beyond
the scope of my study. The third complication is yet more involved and would require an analysis of how
standing genetic variation is used as adaptation proceeds (i.e., how the distribution of segregating effects and
allele frequencies shift as alleles fix). Such a calculation is also beyond the scope of this chapter. Despite
these complications, it seems as though the simple analysis above qualitatively captures the essence of why

genetic parallelism decreases rapidly with the angle of divergence.
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A.2 Supplementary figures
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Figure A.1: Genetic parallelism across the continuum of parallel to divergent natural selection (N =
100). This figure presents simulations similar to Fig. 2.2JA in the main text but with varying parameter values
(selection [o] and dimensionality [m]). I ran these particular simulations for 7' = 5000 generations. All other

parameters as in main text.
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Figure A.2: Genetic parallelism across the continuum of parallel to divergent natural selection (N =
1000). This figure presents simulations similar to Fig. 2.2JA in the main text but with varying parameter
values (selection [¢] and dimensionality [m]). I ran these particular simulations for 7 = 2000 generations.

All other parameters as in main text.
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Figure A.3: Genetic parallelism across the continuum of parallel to divergent natural selection (N =
5000). This figure presents simulations similar to Fig. in the main text but with varying parameter
values (selection [o] and dimensionality [m]). I ran these particular simulations for 7 = 1000 generations.
All other parameters as in main text. These simulations are computationally intensive and were therefore not
run for as many replicates as those plotted in Fig. 0r
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Figure A.4: Effect of standing genetic variation on hybrid fitness across the continuum of parallel to
divergent natural selection (N = 100). This figure presents simulations similar to Fig. 2.4B in the main text
but with varying parameter values (selection [o] and dimensionality [m]). I ran these particular simulations
for 7' = 5000 generations. All other parameters are as in the main text. Note different y-axis scales across
TOWS.
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Figure A.5: Effect of standing genetic variation on hybrid fitness across the continuum of parallel
to divergent natural selection (N = 1000). This figure presents simulations similar to Fig. [2.4B in the
main text but with varying parameter values (selection [o] and dimensionality [m]). I ran these particular
simulations for 7 = 2000 generations. All other parameters as in main text. Note different y-axis scales
across rows.
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Figure A.6: Effect of standing genetic variation on hybrid fitness across the continuum of parallel
to divergent natural selection (N = 5000). This figure presents simulations similar to Fig. [2.4B in the
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Figure A.7: Properties of fixed mutations under a variety of parameter combinations (N = 1000). This
figure presents simulations similar to Fig. [2.6/in the main text but with varying parameter values (selection
[o] and dimensionality [m]). See main text and panel description of Fig. [2.6| for more detail. Patterns were
similar for other population sizes.
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Figure A.8: Simulations under various fitness functions. Here I plot simulations across environments for
(A & B) Gaussian (W = exp(o llz — 0l12/2)), (C & D) linear (W =1 — o llz — oll), and (E & F) quadratic (W
=1 — o llz — oll*/2) fitness functions. I show results for both genetic parallelism and the effect of standing
variation on hybrid fitness. I ran these simulations with a nearer optimum and weaker selection (d = 0.5, o =
0.5, N = 1000, m = 5) because populations otherwise became extinct with linear/quadratic fitness functions.
Under these conditions, the non-linear decrease in parallelism is less substantial for all parameter values.
Nevertheless, the patterns are qualitatively similar among the three sets of simulations (note differences in
y-axis scales).
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Figure A.9: Mutation-selection balance and mutation effect sizes in ancestral populations. In panel
(A) I am showing the number of segregating sites in each of 10 ancestral populations and (B) the mean
frequency of the derived alleles at each of these sites in the ancestral populations. The black line is plotted
through the mean of all populations at each generation, and all ten burn-ins used to generate my main text
results are shown. Panel (C) illustrates the distribution of mutation effect sizes—the Euclidean distance
of a mutational vector in phenotypic space—at the end of a single representative burn-in simulation (dark
green), as compared to the distribution of mutations that arise de novo (light green). The vertical lines
represent the median mutation effect size for each group. Panel (D) represents the site-frequency spectrum
for segregating sites (excluding sites that have fixed). And panel (E) shows the phenotypic variance in the
ancestral population over time. (o = 0.01; m = 5 for all simulations shown; for rest of parameters see Table
2.1).
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Figure A.10: Mutation-selection balance and mutation effect sizes in ancestral populations under
stronger selection (canc = 1). These parameter values imply 1 « o o, as in the House-of-Cards regime
(Turelli, 1984, 1985) from a Gaussian regime under an alternative set of parameters. (A) The number of
segregating sites in each of 10 ancestral populations and (B) the mean frequency of derived alleles at each
of these sites in the ancestral populations. The black line is plotted through the mean of all populations at
each generation, and all ten burn-ins used to generate the results ([e] and [f]) are shown. Panel (C) illustrates
the distribution of mutation effect sizes—the absolute value of a mutation’s effect on the phenotype—at the
end of a single burn-in simulation (dark green), as compared to the distribution of mutations that arise de
novo (light green). The vertical lines represent the median mutation effect size for each group. Panel (D)
represents the site-frequency spectrum histogram for segregating sites. (Compare these to Fig. |A.9). Panels
(E) and (F) are as in Fig. [2.2/A and |2.4B in the main text. For unspecified parameters see Table 2.1/ in the
main text.
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Figure A.11: The effects of standing genetic variation on genetic parallelism and phenotypic segrega-
tion variance in hybrids under parallel and divergent natural selection. I show (A) genetic parallelism
(main text equation [2.1)) and (B) net segregation variance for populations founded with varying quantities of
ancestral standing variation (n: number of ancestral mutations). Populations were subject to either parallel
(6 = 0°; black) and divergent (6 = 180°; grey) selection, with d = 1, and there were 10 replicate simulations
per parameter combination. Genetic parallelism values of 0 indicate no parallelism and values of 1 indicate
complete parallelism (main text Eq. [2.2). The curves are loess fits. Panel (C) shows that the quantity of
ancestral standing variation that maximizes genetic parallelism under parallel selection (f = 0°) increases
when populations adapt to more distant optima. A value of d = 1 is 10 mutational SDs. The line is a lin-
ear regression. Panel (D) shows the relationship between the genetic (phenotypic) variation in a parental
population as a function of n.
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Figure A.12: Effect of standing variation on the pace of adaptation and attainment of mutation-
selection-drift balance. (A) Populations that adapt with standing variation in addition to new mutation
(DNM & SGV; n = 100 segregating alleles; dark green) reach the phenotypic optimum more quickly than
populations that adapt from new mutation only (DNM; n = 0 segregating alleles; light green). (B) Although
populations equipped with standing variation adapt more quickly than populations adapting from new mu-
tation only, they both reach mutation-selection-drift balance by generation 2000. (C) The phenotypic (and
genotypic) variance in parental populations, calculated as it is in hybrids (see main text), is stable and near
zero by the end of each simulation. The initial distance to the optima, d, is d = 1 for all simulations. I plot
10 replicate simulations, and lines connect the mean values at each sampled generation. For unspecified
parameters see Table|2.1/in the main text.
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Figure A.14: Alternative presentation of simulation results across environments: distance between
optima (9). Panel (A) plots the relationship between the angle of divergence, 6, and the Euclidean distance
between parental optima, ¢ (thick black line; note reversal of left y-axis; scaled between 0 and 1 by dividing
by 2d). I also plot the fraction of non-overlap (right [green] y-axis) as in the main text Fig. 2.3A for four
different dimensionalities (m; coloured lines). Panel (B) shows observed (scaled) genetic parallelism vs. §
for the same dimensionalities as plotted in (A). For a given value of €, J is invariant with dimensionality (i.e.,
the distance between optima does not change as dimensionality increases). Accordingly, the non-linearity
emerges even when considering &, but only appreciably when considering higher dimensions (m > 5). In
both panels, the thin and straight black line connects the fit at 0° with 180° for visual reference. In panels
(C) and (D) I show the raw data for genetic parallelism and relative hybrid fitness in simulations conducted
for simulations conducted 10 dimensions (m = 10, o = 1, N = 1000).
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Figure A.15: The effect of population size on the rate of divergence between populations due to drift.
I show populations held at a common optimum with no standing variation (i.e. d = 0, N = 0) and plot
(A) segregation variance and (B) expected heterozygosity in hybrids over time for 5,000 generations. The
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heterozygosity. The lines are drawn as the average of 10 replicate simulations (m =5, o = 1).
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Figure A.16: Effect of dimensionality on net segregation variance. These plots are similar to Fig.
in the main text except I show results for three different dimensionalities. Under divergent natural selec-
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variance—relative to simulations where populations adapted only from de novo mutation (light green)—
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Figure A.17: Fraction of overlap of beneficial mutations with parallel selection (¢ = 0°) but unequal
distance (d; # d3). The main text explores how the fraction of overlap changes with theta while holding
dy = do = d constant. Here I explore how the fraction of overlap changes with the ratio 92 /4, when holding
0 = 0° constant. Unlike the metric presented in the main text this metric is asymmetrical because one
population is completely contained within the other. Panel (A) plots the fraction of overlap for population 1
(the fraction of alleles that are beneficial in population 1 are also beneficial in population 2) as a function of
4/5,. With d1 < d2 the value is 1 for any ratio 92/4, because population 1’s hypersphere is contained within
population 2’s. Panel (B) plots the fraction of alleles that are beneficial in population 2 that are also beneficial
in population 1. This latter result mirrors what is seen in the main text Fig. [2.3/A: as the locations of the
optima depart from one another the fraction of overlap rapidly approaches zero and does so most rapidly at
the onset of departure. Panel (C) shows a cartoon example of a case in 2-dimensions where dy = 2d;.
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Figure A.18: The effect of standing genetic variation (SGV) on relative maximum hybrid fitness across
environments. Data are from simulations plotted in the main text, but instead of mean fitness of all hybrids
I depict the mean fitness of the top 5 % of hybrids relative to the mean fitness of parents. I plot both the (A)
raw values of relative maximum fitness and (B) the effect of standing variation on maximum hybrid fitness
(dark green divided by light green).

137



1.00

0.75 1

scaled segregation variance

0.50 1
0.25 —
- 5
0.00 1 === 10
25
0 45 90 135 180

angle of divergence, .. (°)

Figure A.19: The relationship between segregation variance and 6 for different dimensionalities. I plot
the loess fits of proof-of-concept simulation results with 95 % confidence intervals conducted in four different
dimensionalities (colours), each scaled between O (at 0°) and 1 (at 180°). Simulations were conducted with
strong natural selection (o = 10) to minimize the effect of drift.
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Figure A.20: Cartoon illustration of why divergence among populations does not affect whether an
allele is beneficial in both of them. Panel (i) depicts the phenotype landscape and selection landscape.
Variation in the horizontal dimension reflects phenotypic variation in body size, and the vertical dimension
reflects variation in body shade. I depict two ‘populations’ with differences in body size and shade (small
light; big dark). The stars reflect local optima after a hypothetical environmental shift—selection favours
adaptation toward a larger body size in population 1 and selection for darker body shade in population 2. If
I illustrate the circle of beneficial mutational space (dashed circles) with respect to the current phenotypic
position they do not overlap. Panel (ii) illustrates the selection landscape as it is ‘experienced’ by each
population. An allele that slightly increases body size and darkens the body shade from the current phenotype
(the position of the fish cartoons) is beneficial (blue) in both of populations. Some alleles are beneficial in
only one population, and others are deleterious in both (red). Thus, even though the spheres do not overlap
in (i) it is not the case that they populations will undergo non-parallel genetic evolution.
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Appendix B

Appendix for Chapter 3

B.1 Supplementary methods

B.1.1 Search strategy

I searched the literature for studies that made measurements of traits in F; hybrids and their parents. To
identify studies for possible inclusion, I conducted a systematic literature search using Web of Sciencel I
included all papers that resulted from a general topic search of “Castle-Wright”, and from a topic search of
“F; OR hybrid OR inherit*” in articles published (from any year) in Evolution, Proceedings of the Royal
Society B, Journal of Evolutionary Biology, Heredity, or Journal of Heredity. These journals were selected
because a preliminary search indicated that they contained nearly half of all suitable studies. These searches
returned 82 of the 198 studies deemed suitable after screening. The literature search included all studies
published until 31 December 2017.

To be more comprehensive, I then examined journals outside of the original group of 5 focal journals. I
performed a forward search for articles that both cited key references (Dobzhansky 1937; Hubbs 1955; Mayr
1963; Grant 1981; Lande 1981; Tave 1986; Churchill and Doerge 1994; Bradshaw et al. 1998; Lynch and
Walsh 1998; Hatfield and Schluter 1999; Schluter 2000; Coyne and Orr 2004) and contained the keywords
described above. After screening, this search identified the remaining 116 studies of the 198 analyzed in
my study. These searches collectively returned 14,048 studies and after removing duplicates this left 11,287
studies to be screened for possible inclusion. The full literature search results are available in the archived
data.

Comments on systematic nature of review

I attempted to follow PRISMA (Moher et al. 2009) guidelines to the best of my ability. Most of the criteria
have been addressed in the main text but a few other comments are warranted. In particular, I have no
reason to suspect that any bias was introduced about dominance. This is because no studies seemed to have
a priori hypotheses about such patterns. Accordingly, I do not believe that my estimates suffer from a file
drawer problem. I emphasise that a formal meta-analytic framework—wherein data from multiple studies
are aggregated with various weights—is not appropriate because I am not comparing studies that had any
experimental treatment. Because the studies in my dataset do not have anything resembling an ‘effect size’,

a simple summary across all of them is most appropriate.
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B.1.2 Evaluation of studies

I required studies to meet several criteria to merit inclusion in the database. Most of these criteria are
summarised in the main text, but additional details are given here. I excluded all domesticated species
and most laboratory populations (or ‘strains’) because dominance patterns differ considerably following
domestication (Crnokrak and Roff 1995). However, laboratory populations were included if founders were
10 or fewer generations removed from the wild. If populations were maintained in a lab for more than 10
generations but were found by comparison to still strongly resemble the source population, I included the
study (n = 2 studies). I also excluded studies where the origin of the study populations was ambiguous.
Hybrids had to be formed via the union of gametes from parental taxa, so I excluded studies that used
techniques like somatic fusion. If authors had genotyped wild hybrids, I typically included hybrids where
the probability of correct category assignment was > 95%; in some cases the authors themselves used a
different cut-off in which case I went with their cut-offs.

I only included traits that I thought were not directly linked to fitness. The majority of cases were
not difficult to assess, but I have included reasons for excluding particular studies or traits in the database
screening notes (see Data accessibility in main text).

Traits had to be measured in a quantitative manner to be included in the dataset. For example, if a trait was
reported as being in categories related to parents or intermediacy (‘parent-like’ or ‘intermediate’), I did not
include it. Some traits such as mate choice must often be scored discretely (in the absence of multiple trials
per individual), even though the trait can vary on independent trials. Accordingly, I included discretely scored
traits—like mate choice—when it was possible in principle to obtain a different outcome on independent
trials. Such traits are recorded as Os and 1s, but hybrids can be intermediate if both outcomes occurred with
equal frequencies. I included traits where authors devised their own discrete scale for quantification. When
suitable data were collected by the authors but not obtainable from the article, I wrote to the authors and
requested the data. If the author cited a dissertation as containing the data, I attempted to locate the data
therein because dissertations are not indexed by Web Of Science. I included multivariate trait summaries
(e.g., PC axis scores) when reported. If traits reported both the raw trait values and the PC axis scores for a
summary of those same traits, I collected both sets of data but omitted the PCs in my main analyses.

Using the above criteria, I screened each article for suitability. As a first pass, I quickly assessed each
article for suitability by reading the title and abstract and, if necessary, consulting the main text. After this
initial search, I retained 407 studies. Since the previous steps were done by a team of five, the primary
author conducted an in-depth evaluation of each study flagged for possible inclusion. If deemed suitable,
I next evaluated whether the necessary data could be obtained. After this second assessment, 198 studies
remained. The reasons for exclusion of each study are documented the archived data (see Data accessibility

in main text).

B.1.3 Data collection

For each study, I recorded several types of data. First, I recorded the mean, sample size, and an estimate
of uncertainty (if available; e.g., SD or variance) for each measured trait for each parental taxon and hybrid

category (cross generation and/or direction). In most cases, these data were included in tables or could be

141



extracted from figures. For figure data extraction, I used “WebPlotDigitizer’ (Rohatgi 2019). In some cases,
I contacted authors for the raw data or summary data.

Each study contributed a minimum of three records to the larger database: one trait measured in each
parent and the F; generation. If the same traits were measured over ontogeny, I used only the final data
point. When data were reported from multiple ‘trials’ or ‘sites’ I pooled them within and then across sites.
If data were reported for different cross directions and/or sexes I recorded data for each cross direction/sex
combination separately. I recorded whether each variable was a linear measurement (1D), area measurement
(2D), volume measurement (3D; e.g., mass), categorical, or discrete. I did not find meaningful differences in
dominance among trait types (ANOVA, P = 0.998) and so these data do not factor in to the present analyses.
Data processing was greatly aided by the functions implemented in the t idyverse (Wickham 2017).

Occasionally, different studies analysed different traits of individuals from the same crosses. In these

cases, I simply grouped them as being the same cross before analysis.

B.1.4 Estimating genetic divergence and divergence time

I estimated genetic distance for crosses where sequence data were available for both parents. I downloaded
sequences in R using the rentrez package (Winter 2017), and retained up to 40 sequences per species.
Sequences were then aligned with the profile hidden Markov models implemented in the align function
in the package, aphid (Wilkinson 2018). After aligning sequences I calculated genetic distance by simply
counting the number of sites that differed between two aligned sequences, implemented using the raw model
option in the dist . dna function within ape (Paradis and Schliep 2018). I made this computation for each
pair of sequences and then calculated the average over all pairs for one summary estimate of parental genetic
divergence per cross.

I also used timetree| (Kumar et al. 2017) to obtain estimates of divergence time for each species pair in
their database in years. After obtaining estimates of divergence time I regressed divergence time against the
response and predictor variables used in the main analysis. The conclusions from the timetree data do not
differ from those using genetic distance and I do not discuss them further (see archived analysis code for

these analyses).

B.1.5 Phylogenetic signal

In the data from the systematic review, I was interested in evaluating whether there was phylogenetic signal
in dominance. I retrieved NCBI taxonomy IDs for my species using the taxize R package (Chamberlain
and Szocs/2013), and used these IDs (one arbitrarily chosen per cross) to generate a phylogeny using jphy-
loT (https://phylot.biobyte.de/). Because branch lengths negligibly affect estimates of phylogenetic signal
(Minkemiiller et al. 2012), I assigned all branches equal lengths and used the phylosig function imple-
mented in phytools (Revell 2012) to test for phylogenetic signal via Pagel’s A. Assigning random branch
lengths never affected my conclusions. Because I am not testing a causal model, and also because there was

no evidence of phylogenetic signal, I do not use the phylogeny in my main text analyses.
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B.1.6 Field experiment with sunflowers

Whitney et al. (2010, 2006) generated artificial hybrids to resemble the presumed early ancestors of an
existing natural hybrid sunflower, Helianthus annuus ssp. texanus, which grows in Texas, USA. For further
details on the cross, experimental setup and trait measurements, see Whitney et al. (2010, 2006). The BC;
generation was obtained by first mating H. debilis ssp. cucumerifolius from Texas to wild H. annuus ssp.
annuus from Oklahoma to produce F; progeny in the greenhouse. In order to produce enough BC; seed for
replicate field populations, a single progeny from the F; generation was propagated vegetatively to produce
14 Fy clones. A single H. a. annuus pollen donor was mated to the F; clones to produce 3,758 BC; seeds.

To obtain seedlings for the field experiment, seeds were germinated on damp filter paper in late February
2003. Approximately six-day old seedlings were transplanted into peat pots containing field soil and grown
in a greenhouse for four weeks before transplanting to the field at the Lady Bird Johnson Wildflower Center,
Austin, Texas (hereafter LBJ; 30°10.886° N, 97°52.58° W). Prior to planting, plots were tilled to remove
standing vegetation. All plants were planted at 90 cm spacing. Plots were fenced with plastic deer fencing
to reduce disturbance by deer and rabbits. After planting, local vegetation was allowed to colonise the
plots unhindered. BC; individuals were planted in the ‘selection plot’ of Whitney et al. (2006)), and parent
individuals were planted into a second common garden plot approximately 500 m away from the BC; plants
but within the same site (see Table S2 for sample sizes of parents and of BC;s grown at that same second
common garden.). A photograph of the experiment is included as Fig. |B.16l A parallel experiment at a
second site, the Brackenridge Field Laboratory, Texas, was analyzed and showed similar patterns as LBJ, but
results are not reported here for brevity.

Plant traits and fitness were measured from March—September 2003. Viable seed production was cho-
sen as the measure of fitness in these annual plants. Bags made from plastic mesh (DelStar Technologies,
Delaware, USA) were secured onto flowerheads with twist-ties to prevent seed loss in the field. Flowerheads
were bagged throughout the season (June to September) to obtain a representative sample. Seed production
was estimated by multiplying the total number of heads (bagged & unbagged) by the average number of
viable seeds per head in a pooled sample of the bagged heads. In addition to fitness, 30 traits comprising
architectural, floral, ecophysiological, phenological, and herbivore resistance traits were measured on each
plant, and those traits included herein after filtering are described in Table S1. Further details on trait mea-
surement protocols and the relevance of individual traits to plant performance are given by Whitney et al.
(2006, 2010).
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B.2 Supplementary Tables & Figures
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Figure B.1: Relationship between SD divergence between parents (SDs in units of smaller parent value)
and P-value of #-test evaluating whether parent phenotypes are statistically distinguishable. The hor-
izontal line is at P = 0.05 and the vertical line is at SD = 1. All traits except for those in the upper-left
quadrant—with < 1 SD difference and P > 0.05— were used to measure dominance. The percentage of
traits in each quadrant is shown in the inset. Few traits with > 1 SD divergence have non-significant P-values
(upper-right quadrant).
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Table B.1: Description of sunflower traits used to quantify parent-bias and mismatch

Trait Name Trait Description and units Trait Category
Height of uppermost branch cm Architectural
Height of lowest branch cm Architectural
Relative branch diameter Mean primary branch basal diameter / stem diameter Architectural
Plant volume Volume of the main stem (cm3) Architectural
Seed weight Avg mass of individual seed Architectural
Specific leaf area ratio of leaf area to mass, cm? -g~! Ecophysiological
Water-use efficiency s3C Ecophysiological

Leaf Carbon:Nitrogen ratio
Disk diameter

Ligule number

Ligule length

Ligule width

Phyllary length

Phyllary width

Bud initiation time
Longevity

Seed maturation time
Glandular trichome density
Nonglandular trichome density

Diameter of the inflorescence disk (mm)

cm
cm

mm

mm

Time between planting and initiation of first inflorescence bud (days)
Time between planting and death

Period between pollination and seed maturity (days)

On bottom surface of leaf; these contain sesquiterpene lactones (mm?)

On bottom surface of leaf; physical rather than chemical defenses (mm?)

Ecophys. & palat.
Floral

Floral

Floral

Floral

Floral

Floral
Phenological
Phenological
Phenological
Palatability
Palatability




4!

Table B.2:

Mean = SE (n) for parent species and BC; hybrids at the common garden site.

Trait*

H. annuus**

BC,

H. debilis

Bud initiation time

Disk diameter

Glandular trichome density
Height of uppermost branch
Height of lowest branch
Leaf Carbon:Nitrogen ratio
Ligule length

Ligule number

Ligule width

Longevity

Nonglandular trichome density
Phyllary length

Phyllary width

Plant volume

Relative branch diameter
Seed maturation time

Seed weight

Specific leaf area

Water-use efficiency

71.429 + 2.886 (14)
39.887 + 1.498 (13)
922.974 +2.143 (14)
132.786 + 7.683 (14)
44.429 + 6.946 (14)
10.213 + 0.52 (7)
39.435 + 1.072 (14)
22.571 + 0.824 (14)
11.265 + 0.412 (14)
169.357 + 4.435 (14)
15.965 + 1.117 (14)
21.234 +0.619 (14)
9.254 + 0.47 (14)
636.321 + 89.82 (14)
0.28 + 0.011 (14)
29.923 + 0.836 (13)
9.842 + 0.268 (14)
140.693 + 5.923 (14)
—28.704 +0.299 (7)

70.378 £ 1.315 (45)
32.649 + 0.694 (45)
15.752 + 1.1 (45)
94.844 + 3.496 (45)
25.111 + 2.584 (45)
9.907 + 0.202 (18)
37.222 + 0.641 (45)
20.156 + 0.218 (45)
12.511 + 0.288 (45)
183.111 + 1.729 (45)
17.369 + 0.647 (45)
20.31 + 0.524 (45)
7.673 £0.191 (45)
378.758 + 24.027 (45)
0.305 + 0.007 (45)
23.8 +0.349 (45)
7.401 £ 0.177 (45)
137.769 + 2.939 (45)
—28.638 +0.058 (18)

43.297 + 1.803 (37)
17.629 £ 0.35 (36)
2.423 + 0.585 (37)
17.183 + 0.849 (36)
8.417 + 0.733 (36)
9.487 + 0.476 (18)
23.523 £ 0.629 (37)
14.568 +0.314 (37)
9.537 + 0.204 (37)
188.515 + 6.051 (33)
12.722 +0.774 (37)
11.857 + 0.264 (37)
2.045 + 0.047 (37)
39.886 + 6.162 (37)
0.538 +0.017 (37)
19.25 + 0.42 (36)
2.146 + 0.076 (37)
164.722 + 3.866 (37)
—20.317 +0.188 (18)

*For trait descriptions, see Table S1. I include only a subset of BC| individuals here, which represent those grown in the exact same location as parents. The 475
BC;s analyzed for fitness were grown nearby.

“Values differ from those reported for three H. a. annuus populations in Whitney et al. (2006 2010) because the values here refer to the single population,
RARS59, which served as a cross parent to the BC; hybrids.
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Figure B.2: Example visualisations of four cases of bivariate trait expression. Here I show scaled trait
values of parents and hybrids. Panel (A) shows a case where hybrids are intermediate for both traits (Hatfield
and Schluter 1999). Panel (B) shows a case where hybrids are similar to one parent for both traits (Fishman
et al. 2015). Panel (C) shows a case where hybrids are similar to one parent for one trait and to the other
for the second trait (Lamb and Avise 1987). Panel (D) shows a case where the hybrids are transgressive for

one trait and intermediate for the other (Bradshaw et al. 1998; ‘LC’ cross). I show values for mismatch and
parent-bias in each case.
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Figure B.3: Phylogeny of all species used in this study. For phylogenetic signal analyses, I arbitrarily chose
one of the parent species from each pair.
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Figure B.4: dypivariate across all traits in the datasets (n = 1046 traits). The x-axis is truncated at dypivariate
=35.
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Figure B.5: Summary of cross median dominance metrics with each cross contributing a single value.
Everything is the same as Fig. [2.2) of the main text, except here each cross contributed the median value
instead of the mean for each dominance metric. The density plots (y-axis standardized across panels) show
the three main dominance metrics contained herein, with each cross contributing a single value per panel.
Values of 0 indicate no dominance, values of 1 indicate the maximum without transgression, and values >
1 indicate transgression. The x-axis is truncated at 1.5, but the mean of cross medians (black arrows) and
median of cross medians (white arrows) are calculated from the whole dataset. Panel a shows the univariate
dominance (dupivariate; €qn. 1), panel b shows parent-bias (pairwise dparent-biass €qn. 3), and panel ¢ shows
mismatch (pairwise dmismatch; €qn. 4). Panel a contains one value from all crosses (n = 233) while panels b
and ¢ only contain information from crosses wherein two or more traits were measured (n = 165).
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Figure B.6: Expected patterns based on sampling error alone (from simulations). The vertical lines
are the median values observed in the main text. Density plots are the distribution of median values (n =
1000 simulations) of each metric in simulations where the true (scaled) mean was 0.5 for each trait and
individual phenotypes were simulated with an identical SD and identical sample sizes to the real data. These
simulations reveal the extent of ‘dominance’ caused by sampling error alone.
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Figure B.7: There are no differences (all P > 0.25) in any dominance metrics between intraspecific
and interspecific crosses. Each point is the cross mean dominance metric for dypivariae (panel a), pairwise
dparent-bias (panel b), and pairwise dmismatch (panel ¢). All P > 0.5. Note that the y-axis is In-transformed.
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Figure B.8: No association between any dominance metrics and genetic distance between the parents.
Divergence time was calculated from nucleotide sequences (see methods). Each point is the dominance
metric for a cross (calculated following eqns 1-4 in the main text). Grey points are plants, and black points
are animals. All P > 0.5.

153



A B 15 C
2.0
10
10
2 2
0 (%2}
c c
[5) [
o k=]
05 05
0.0 0.0
00 05 10 15 20 00 05 10 15 20 00

0.5 1.0 15 2.0
mean pairwise mismatch

mean univariate dominance mean pairwise parent-bias

Figure B.9: No differences in dominance between plants and animals. Each point is the dominance metric

for a cross (calculated following eqns 1-4 in the main text). All P > 0.08. Light grey density plot represents
plants, and dark grey represents animals.

154



425 325
A + B +
8207 82.01
G @
£157 £ 1.5
5 5§
I ©
‘=05 =
S gos
[ c
\E’/O'O \g/o.o
- 0 25 50 75 100 - 0 25 50 75 100

|difference in parental CVs| mean |parental CVs|

Figure B.10: Parental phenotypic variation (CV) has significant effects on dominance in hybrids. Panel
(A) shows the relationship between the absolute difference in parent CVs (i.e., |[CV; — CV;|) and univariate
dominance (P = 0.035). Panel (B) shows the relationship between the mean of parental CVs and univariate
dominance (P = 0.0092). These analyses are simple linear models; only the pattern shown in (B) remains
statistically significant after accounting for study as a random effect.
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Figure B.11: The relationship between trait type and univariate dominance (dypivariate). Chemical traits
have a significantly higher mean dypivariate than all other trait categories (all P < 0.05) traits, which do not
differ from one another (P > 0.9). This pattern is entirely caused by a substantial outlier.
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Figure B.12: Relationship between mean pairwise parent-bias and mismatch dominance in systematic
review and sunflower data. Panel a shows the distribution of pairwise dparent-bias and dmismatch in the sys-
tematic review data (F;s). Panel b shows the same metrics calculated at the individual level in the sunflower
field experiment data (BC;s). Both relationships are statistically significant. Note the log;o-scale.
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Figure B.13: Distribution of pairwise trait correlations in the sunflower data (BC;s only). Since most
correlations are weak, I conclude that it is unlikely issues caused by trait correlations undermine any of my

conclusions.
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Figure B.14: Distribution of partial regression coefficients in multiple regression analyses (see eqn. 5).

The thin vertical line demarcates a slope of zero. The black arrows show the mean of pairwise regression

coefficients (plotted in the density plot). All coefficients are shown, not just those that are significant (n trait
- 19

pairs = (%)) = 171).
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Figure B.15: Phenotype and fitness distribution for a trait pair with substantial mismatch consequences
in BC; hybrid sunflowers. Darker values indicate lower logg(seed count). Large circles labelled D and A
represent mean bivariate phenotypes of the parent species, Helianthus debilis and H. annuus, respectively.
Individual plants that resemble the H. debilis parent in stature (i.e., are compact with branches clustered
at the base of the plant) but resemble the H. annuus parent in phenology (i.e. are slow-developing) have

particularly low fitness.
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Figure B.16: Photograph of sunflower experiment at the Lady Bird Johnson Wildflower Center, in
Austin, Texas, USA.
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Appendix C

Appendix for Chapter 4

Please note that some of the information contained herein is redundant with that in Appendix Bl However, I
have elected to reproduce their supplementary materials in a format so that they can be consulted indepen-

dently and so that each appendix contains all information that is relevant to each paper.

Search strategy

I searched the literature for studies that made measurements of traits in F; hybrids and their parents. To
identify studies for possible inclusion, I conducted a systematic literature search using Web of Science
(https://www.webofknowledge.com/). I included all papers that resulted from a general topic search of
“Castle-Wright”, and from a topic search of “F; OR hybrid OR inherit*” in articles published in Evolu-
tion, Proceedings of the Royal Society B, Journal of Evolutionary Biology, Heredity, or Journal of Heredity.
These journals were selected because a preliminary search indicated that they contained nearly half of all
suitable studies. These searches returned 106 studies deemed suitable after screening. To be more com-
prehensive, I conducted additional systematic searches by conducting similar topic searches among articles
citing influential and highly-cited publications (Dobzhansky 1937; Hubbs 1955; Mayr 1963; Grant 1981;
Lande 1981; Tave 1986; Churchill and Doerge 1994; Bradshaw et al. 1998; Lynch and Walsh 1998; Hatfield
and Schluter 1999; Schluter 2000; Coyne and Orr 2004). The full literature search results are available in the
archived data. My initial search returned 14048 studies, and after removing duplicates this left 11287 stud-
ies to be screened for possible inclusion. This literature search was primarily done for another unpublished

study with the goal of understanding phenotype expression in F; hybrids.

Evaluation of studies

I required studies to meet several criteria to merit inclusion in my database. First, the study organisms had
to originate recently from a natural (i.e., ‘wild’) population. This is because dominance patterns in domestic
species differ substantially from non-domesticated species (Crnokrak and Roff 1995) and because I am
explicitly interested in patterns as they occur in nature. I excluded studies using crops, domestic animals,
laboratory populations that were > 10 (sexual) generations removed from the wild, or where populations
were subject to artificial selection in the lab. If populations were maintained in a lab for more than 10
generations but were found by comparison to still strongly resemble the source population, I included the
study (n = 2). I also excluded studies where the origin of the study populations was ambiguous. Hybrids
had to be formed via the union of gametes from parental taxa, so I excluded studies using techniques like
somatic fusion. Second, the ancestry of hybrids had to be clear. Many studies reported phenotypes of natural

hybrids, for example in hybrid zones. I did not include these studies unless the hybrid category (i.e., Fy, Fa,
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backcross) was confidently determined with molecular markers (typically over 95 % probability, unless the
authors themselves used a different cut-off in which case I went with their cut-off) or knowledge that hybrids
were sterile and thus could not be beyond the Fy).

Third, because I was interested in the inheritance of traits that are proximally related to organismal
performance (McGee et al., 2015), I required studies to report measurements of at least one ‘non-fitness’
trait (ordinary’ traits [Orr 2001]) . Non-fitness traits (hereafter simply ‘traits’) are those that are likely
under stabilizing selection at their optimum, whereas ‘fitness’ traits are those that are likely under directional
selection and have no optimum (Merild and Sheldon 1999; Schluter et al. 1991). In most cases it was
possible to evaluate this distinction objectively because authors specifically referred to traits as components
of fitness, reproductive isolating barriers, or as being affected by non-ecological hybrid incompatibilities. In
some cases, however, I made the distinction myself. If particular trait values could be interpreted as resulting
in universally low fitness, for example resistance to herbivores or pathogens, this trait was not included. The
majority of cases were not difficult to assess, but I have included reasons for excluding particular studies or
traits in the database screening notes (see Data accessibility).

Traits had to be measured in a quantitative manner to be included in the dataset. For example, if a trait
was reported categorically (e.g., ‘parent-like; or ‘intermediate’), I did not include it. Some traits such as mate
choice must often be scored discretely (in the absence of multiple trials per individual), even though the trait
can vary on independent trials. Accordingly, I included discretely scored traits — like mate choice — when
it was possible in principle to obtain a different outcome on independent trials. Such traits are recorded as
Os and 1s, but hybrids can be intermediate if both outcomes occurred with equal frequencies. I included
traits where authors devised their own discrete scale for quantification. When suitable data were collected
by the authors but not obtainable from the article, I wrote to the authors and requested the data. If the author
cited a dissertation as containing the data, I attempted to locate the data therein because dissertations are not
indexed by Web Of Science. I included multivariate trait summaries (e.g., PC axis scores) when reported. If
traits reported both the raw trait values and the PC axis scores for a summary of those same traits, I collected
both sets of data but omitted the PCs in my main analyses.

Using these criteria, I screened each article for suitability. As a first pass, I quickly assessed each article
for suitability by reading the title and abstract and, if necessary, consulting the main text. After this initial
search, I retained 407 studies. Since the previous steps were done by a team of five, I personally conducted
an in-depth evaluation of each study flagged for possible inclusion. If deemed suitable, I next evaluated
whether the necessary data could be obtained. After this second assessment, 198 studies remained. The

reasons for exclusion of each study are documented the archived data (see Data accessibility).

Data collection

For each study, I recorded several types of data. First, I recorded the mean, sample size, and an estimate of
uncertainty (if available) for each measured trait for each parental crosses and hybrid category. In most cases,
these data were included in tables or could be extracted from figures. In some cases, I contacted authors for
the raw data or summary data. Each study conducted a minimum of three records to the larger database: one

trait measured in each parent and the F; generation. Traits were categorized as one of: behaviour, chemical,
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life history, morphological, physiological, or pigmentation. If the same traits were measured over ontogeny,
I used only the final data point. When data were measured in multiple ‘trials’ or ‘sites’ I pooled them within
and then across sites. If data were reported for different cross directions and/or sexes I recorded data for
each cross direction / sex combination separately. Data processing was immeasurably aided by the functions
implemented in the t idyverse (Wickham 2017).

For each paper I recorded whether the phenotypes were measured in the lab or field, if in the lab the
number of generations of captivity, and whether a correlation matrix (preferably in recombinant — F;, or
BC - hybrids; see below) was available or calculable from the raw data or figures. For the present study,
specifically, each study would have had to contribute 8 or more datapoints — two traits from each of Py, P,,
F1, and F,. Occasionally, different studies analysed different traits from individuals from the same crosses.

In these cases, I simply grouped them as being the same study before analysis.

Comments on systematic nature of review

I attempted to follow PRISMA (Moher et al. 2009) guidelines to the best of my ability. Most of the criteria
have been addressed above but a few other comments are warranted. I have no reason to suspect that any bias
was introduced about estimates of parental divergence or segregation variance. This is because no studies
seemed to have a priori hypotheses about such patterns. Accordingly, I do not believe that my estimates
suffer from a file drawer problem, since detecting segregation variance in non-divergent traits was not the
stated goal of any contributing studies. In addition, a formal meta-analytic framework here is not appropriate

because I am not comparing studies that had any experimental treatment.

Estimating genetic divergence and divergence time

I estimated genetic distance for pairs of species where data were available for both parents. A preliminary
screening revealed that the internal transcribed spacer (ITS I and II) was the most commonly available
gene for plants and cytochrome b was the most available gene for animals in my dataset. I downloaded
sequences in R using the rentrez package (Winter 2017), and retained up to 40 sequences per species.
Sequences were then aligned with the profile hidden Markov models implemented in the align function
in the package, aphid (Wilkinson 2018). After aligning sequences I calculated genetic distance by simply
counting the number of sites that differed between two aligned sequences, implemented using the raw model
option in the dist . dna function within ape (Paradis and Schliep 2018)).

I also used timetree (http://timetree.org; Kumar et al. 2017) to obtain estimates of divergence time for
each species pair in their database in years. After obtaining estimates of divergence time I regressed diver-

gence time against the response and predictor variables used in the main analysis.

Phylogenetic signal

To determine whether patterns might be spurious and caused by differences among taxa, I wished to see

if there was phylogenetic signal in the data. If either my response or predictor variables co-varied with
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phylogeny this might indicate that phylogenetic independent contrasts or similar is necessary for anal-
ysis. I retrieved NCBI taxonomy IDs for my species using the taxize R package (Chamberlain and
Szocs| 2013), and used these IDs (one arbitrarily chosen per cross) to generate a phylogeny using phy-
10T (https://phylot.biobyte.de/). Because branch lengths negligibly affect estimates of phylogenetic signal
(Miinkemiiller et al. 2012), I assigned all branches equal lengths and used the phylosig function imple-
mented in phytools (Revell 2012) to test for phylogenetic signal via Pagel’s \.

C.1 Supplementary figures

Although the analysis presented in the main text is, in my view, the most justifiable, there were several
subjective decisions that I made when going from raw data to summary statistics. Accordingly, I wished
to investigate the extent to which my findings were robust to making alternative choices. In this section
I present supplementary figures that illustrate results described in the main text. In addition, I present a
simple table showing the Spearman’s p coefficient and P-value for the correlation between phenotypic di-
vergence in divergent traits and segregation variance in non-divergent traits under many alternative data
filtering/binning/transformation decisions. In all but one case, the pattern remains statistically significant.
Accordingly, I conclude that the qualitative patterns observed are quite robust.

There were correlations between sample size and some of my response variables, including estimates of
parental divergence. To determine if my results were robust to the exclusion of potentially low-power studies,
I generated two new datasets with studies measuring fewer than (i) 20 or (ii) 70 parental individuals excluded.
Sample size did not predict parental divergence for these datasets. These results are presented below in Table
S1 and indicate that sample size is not responsible for the pattern. I also note that a multiple regression with
parental divergence and sample size as predictors — flawed because of potential heteroskedasticity and low
data - predictor ratio — indicated that only parental divergence was a significant predictor of segregation

variance (divergence P = 0.0195; sample size P = 0.755).
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Figure C.1: Simulation results to illustrate theoretical prediction. I conducted individual based simulations using
methods similar to those described fully in Thompson et al. (2019), which is open access. Briefly, two initially iden-
tical populations diverged without gene flow between them for 1000 generations. All mutations were unique to each
population (no parallelism). Individuals had two traits and only trait 1 was under selection. Optima were defined as
[d, 0] for population 1 and [-d, 0] for population 2, where d is the distance to the optimum from the origin. I vary
d along the horizontal axis in all figures. After 1000 generations I made interpopulation hybrids and measured the
variance in traits 1 (y-axis, top row) and 2 (y-axis, bottom row). Panels A and D show simulations where populations
adapt from pleiotropic but very small alleles. Panels B and E show the case where mutations are appreciably large but
not pleiotropic—only affecting trait 1 or trait 2 but never both. Panels C and F show the case where mutations are
appreciably large-effect and can affect both traits simultaneously. Simulation code is archived online. Simulations are
haploid and so the F; variance is the segregation variance. Here is what I would like you to get from the figure:(1)
When mutations are small, there is no relationship between d and segregation variance in any trait, even with universal
pleiotropy. (2) When mutations are large but there is no pleiotropy, a relationship between d and and segregation vari-
ance is observed only for the divergently-selected trait. And (3), with pleiotropic mutations of reasonably large effect,
I see a relationship between d and and segregation variance for both traits. The only parameter that varies (other than
the presence of pleiotropy) is mutation effect size; set to 10" in panels A and D and and 0.1 in the others.
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Figure C.2: Diagnostics of the linear model testing the main hypothesis. The figure was produced with
the autoplot function in the ggfortify R package. Although the linear regression is significant (Fy 12
=10.03, 2 = 0.455, P = 0.00812), the diagnostic plots reveal significant heteroskedasticity (Breusch-Pagan
test P = (0.00182). This plot is meant to convince the reader that a non-parametric approach is better-suited
to test the hypothesis at hand.
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Table C.1: Results with alternative choices for data filtering and binning.

Difference

Description

Spearman’s p P

Main text analysis
Less strict binning

Same segvar fomula; difference
Alternative segvar fomula; ratio
Alternative segvar fomula; difference
All traits included

Most traits included

No transformation
Sample size filter #1
Sample size filter #2

For reference

Traits with > 1 SD difference

between parents deemed ‘divergent’

Eqn. 1 used but difference not ratio

segvar = var(F,) / var(Fy)

segvar = var(F,) — var(F)

No longer restricted to morphology

All traits except for physiology & chemical
(morphology, behaviour, pigment, life history)
No log transformation of variables

No studies with fewer than 20 parent individuals
No studies with fewer than 70 parent individuals

0.8
0.714

0.729
0.607
0.607
0.518

0.451

0.746
0.736
0.762

0.0005809
0.00543

0.00286
0.0186
0.0186
0.0523

0.0364

0.00202
0.00557
0.0368

Note: All analyses with morphological traits only and binning based on statistical tests except where noted.
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Figure C.3: Segregation variance in non-divergent traits is not predicted by divergence in those traits.
This analysis complements the analysis in the main text. A Spearman’s rank-order correlation is non signif-
icant (p = 0.446; P = 0.0972).
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Figure C.4: All available evidence suggests that phenotypic divergence between parents is uncorrelated with
their divergence time. Panels A and B use intra- vs interspecific crosses as a proxy for divergence time. Panel A
compares the taxa analyzed in the main text (P > 0.9) and panel B uses a larger dataset of 198 studies (P = 0.268).
Panel C uses continuous genetic distance between each pair of parents for which I could obtain DNA sequences in the
larger database of 198 studies (green points = plants, brown points = animals); sequence divergence does not predict
parental phenotypic divergence (P = 0.746). Panel D uses estimates of divergence time from timetree for all pairs of
species for which data were available; there is no relationship (P = 0.93). I calculated a unique value for each unique
pair of species—if two studies crossed the same two species (regardless of subspecies or population status) the species
pair only provides a single datum. For example, a study not included in the subset analyzed in the main text crossed
Drosophila simulans to multiple D. melanogaster populations, but only provided a single datapoint for panels B - D.
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Appendix D

Appendix for Chapter 3

D.1.1 Supplementary methods
Details of crossing protocol and fish husbandry

Female stickleback were selected for spawning when their abdomens were sharply angled at the cloaca and
the first egg was visible. I gently squeezed the sides of the female fish’s body to release the eggs into a
Petri dish containing water from her source habitat (tank, lake, or river water). Mature male stickleback
were identified by their bright blue colouration and red throat. Males were euthanized with an overdose of
MS-222, and then testes were extracted from the body cavity using fine forceps after making a small incision
beginning at the cloaca. I used a small paintbrush to release sperm from testes and to ensure that sperm
contacted all eggs. The live fish and fertilized clutches were transported to the INSEAS aquatic facility at the
University of British Columbia, Vancouver, British Columbia, Canada.

All fish were hatched in 100 L aquaria with room temperature between 17 and 19 °C and a photoperiod
that followed local dawn and dusk times. Instant Ocean® Sea Salt was added to maintain a salinity of 5
ppt in all tanks. Fry were fed live brine shrimp nauplii. Chopped frozen bloodworms were added to the
diet when fish were large enough, and then finally adult-sized fish were fed full size frozen bloodworms and
frozen mysis shrimp ad libitum (Hikari Bio-Pure®).

I sampled fish for phenotype measurements typically when the mean standard length of a family was
approximately 40 mm. Sticklebacks have adult morphology at this stage and are not sexually reproducing.
Due to occasional logistical constraints, some tanks were sampled at earlier or later mean standard length
sizes. Also, due to logistical constraint, all populations except for Paxton benthic and Paxton limnetic were

collected from lakes and rivers in 2017 (see Fig. [5.1).

Repeatability

I evaluated the repeatability of my measurements to determine the fraction of variance that could be at-
tributable to measurement error. Repeat measurements were made on at least 25 fish. For linear measure-
ments (including pectoral fin length), I took two separate photographs of each fish (or fin) and made the
repeated measurements on these separate photographs. Second photographs were made after returning and
then removing the fish (or fin) from its storage vial. Count and gill raker measurements were made on the
original specimens. In all cases except pectoral fin length, first and second measurements were made more

than one year apart.
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Data diagnostics

I checked for outliers in the raw data and evaluated outlier individuals to ensure they were not caused by
measurement or transcription error. If fish were inadvertently measured twice, [ averaged trait values across
measurements. Fish with broken second dorsal spines were removed from the dataset. One fish was removed
because it had an unusual body shape—qualitatively appearing as if it had failed to inflate its swim bladder—
and it was an extreme outlier in Normal Q-Q plots and in standardized residuals vs. leverage plots. Such
phenotypes seem to be caused by environmental factors (e.g., a too-powerful air stone) rather than biological

factors (e.g., hybrid incompatibilities).

172



D.2 Supplementary Tables & Figures
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Figure D.1: Repeatability data for all measured traits. All plots show the first and second measurements
made on all traits. Black lines are 1:1 lines, and blue lines are linear regressions. Trait codes are as in Fig.
5.1L The fish with a value of ‘0’ for second dorsal spine (SDS) likely had its spine broken off during the
time-frame between first and second measurements. All rpearson > 0.9, except for eye diameter (ED), which
was dropped from the analysis.
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Figure D.2: Summary of pairwise trait correlations in F, hybrids. Correlations were run within each F;
family where at least 10 individuals were measured. Panel (A) shows the distribution of Pearson’s correlation

coefficients (i.e. r) across the dataset, and panel (B) shows the distributions of P-values with blue indicating
values of P < 0.05.
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Figure D.3: Freshwater divergence from the anadromous ancestor. Boxplots show the distribution of par-
tial residuals of individual phenotypic distance from the anadromous ancestor after accounting for the effect
of ‘family’. Population codes: PCH—Pachena Lake; PAX—Paxton Lake; CRN—Cranby Lake; PST—
Priest Lake; LQU—Little Quarry Lake; PAQ—Paq (Lily) Lake; NOR—North Lake; KLN—KIein Lake;
BUL—Bullock Lake.
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Figure D.5: Examples of pairwise divergence:mismatch regressions. The three plots show different re-
gressions that generated coefficients in Fig. [5.2D. Trait labels are as in Fig. (#AFR—number of anal
fin rays; BW—body width; #LAP—number of lateral armour plates; BD—body depth; HD—head length;
PG—pelvic girdle length). In the head length:pelvic girdle length regression, patterns are largely driven by
the two girdle-less populations expressing a largely-marine phenotype for this trait but a largely freshwater

head length.
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Figure D.6: Visualization of pairwise mismatch in empirical data. Each plot shows the scaled phenotype
data used in all analyses. The red points indicate the freshwater parent, and the blue points indicate the
anadromous parent. Black points are individual F; hybrids. Each hybrid’s phenotype is connected to the
line connecting parents by a perpendicular line—the length of this line is mismatch. For Pachena Lake F
hybrids, mean mismatch is 0.087. For Paxton Benthic F; hybrids, mean mismatch is 1.54. In this case,
the high mismatch of the Paxton Benthics is due to the fact that the pelvic girdle phenotype resembles
the anadromous ancestor whereas the plate number of biased toward the freshwater parent. The Pachena
population is among the least divergent from the anadromous ancestor overall, whereas the Paxton Benthic

population is the most.
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Figure D.7: Dominance patterns in F, hybrids. Patterns are largely similar to Fs with a few notable
exceptions. First, pelvic traits tend to be smaller than parents. Otherwise, trait values tend to be more
intermediate among populations and dominance tends to be more consistent among populations. For the
number of lateral plates, the general trend of increasing freshwater-dominance with divergence is apparent
in Fys, though they are much more variable than F;s. Low values on the horizontal axis indicate that the
parent population is less derived and larger values indicate that it is more derived. The red line is a loess-
smooth fit to the data, and the blue line shows the parental midpoint.

179



F1 F2

0.2 1

o
o
[ J
@
°

evolution_mm_ effect
\.
[ ]
[ ]
®

|

|

o

N
®

plate_
o
[}

1
©
~

4 6 8 10 4 6 8 10
parent_trait_divergence

Figure D.8: Variation in dominance for lateral plate count does not impact the mismatch-divergence
relationship. Both plots show the difference between mismatch if dominance were intermediate between
parents minus the mismatch of the median hybrid—on this scale positive values indicate that dominance of
this trait increases mismatch. Regressions for the F; and F; are both non-significant.
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Figure D.9: The number of mismatched trait pairs ‘snowballs’ with the magnitude of phenotypic diver-
gence between parents, but only in F; hybrids. The y-axis shows the number of trait pairs with significant
mismatch, determined using #-tests which tested the null hypothesis that the difference between hybrid mis-
match (with weighted pooling by families) and the pooled ‘mismatch’ across pure freshwater populations
was 0. P-values were Bonferroni-corrected. The plot and regression lines are modelled after the ‘snowball’
studies of Moyle and Nakazato (2010) and Matute et al. (2010). The blue lines are linear regressions and the
red lines are quadratics. Results hold if the intercept is not forced through zero, and if the ‘origin’ datum is
omitted.
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Appendix E

Appendix for Chapter 6

E.1 Supplementary methods

E.1.1 Experimental animals

Wild fish were collected from Priest and Paxton Lakes (Texada Island, BC, Canada) and Little Quarry Lake
(Nelson Island, BC) from 2017-2019. Two Paxton benthic males were collected from a pond population
on UBC campus founded with wild Paxton Lake benthic fish in 2016. All fish in the experiment were
therefore 2—-5 generations removed from the wild. All benthics were captured using minnow traps as were
most limnetic males. Gravid limnetic females were caught almost invariably by dip-netting. One Paxton
limnetic family and one Little Quarry limnetic family was raised from a nest-collected clutch. In these cases
I closely examined resulting fish to ensure none were benthic x limnetic hybrids.

Wild fish were crossed either at the lakeside or at the lab by gently squeezing the eggs from a gravid
female fish into a small Petri dish filled with lake or aquarium water. Male parents were euthanized with an
overdose of MS-222, and their testes were removed and placed in the Petri dish. A fine paintbrush was then
used to release sperm from the testes and ensure it was well mixed among the eggs in the clutch. Crosses
for the present experiment were all made in the lab in much the same way. Males were occasionally used to
fertilize multiple clutches. Due to logistical constraints, I made crosses as females became gravid—this led
fish from different treatments to have different mean ages. In total, fish from 124 crosses were used in this
study.

Crosses were made from 4 March to 9 April, 2020, and raised in 5 ppt saltwater (Instant Ocean) 110 L
aquaria with a small amount of methylene blue added as a fungicide. These two additions reduce the loss of
clutches to fungus and also reduce labour required to raise healthy fish (because Arfemia nauplii can live for
a couple of days in 5 ppt saltwater). Fish were fed Artemia nauplii daily. Due to logistical constraints I could
not monitor hatching success but I note that I observed very little mortality. In general, there is very limited
evidence that F; or F, hybrid stickleback exhibit ‘intrinsic’ deficiencies (Lackey and Boughman, 2017).

After fish were large enough to handle without risk of mortality (approx. 3—4 weeks), I split large families
into multiple tanks and culled excess fish. At this time I began feeding fish chopped frozen bloodworms and
conducting weekly 50 % water changes with fresh dechlorinated water. After splitting and culling I kept the
density of fish to fewer than 30 individuals per aquarium. When fish were large enough, I added unchopped
bloodworms, spirulina adult brine shrimp, and chopped mysis shrimp to their diets. Eventually, the mysis

shrimp were fed whole.
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E.1.2 Coded wire tagging

Here I fully document my methodology for using sequential coded wire tags (CWTs). I ordered sufficient
quantities of CWTs from Northwest Marine Technology (NMT, https://www.nmt.us/; Anacortes, WA, USA).
The CWTs come on sheets with two columns—one ‘fish’ column and one ‘reference’ column. Although
CWTs appear in sequential order, the numbers do not increase in perfect 1:1 association with tag position.
Because of this, the unique sequences on CWTs cannot be inferred without some possibility of error. It is
therefore neccessary to pre-read some tags. I never used adjacent (i.e., on the same row) tags for fish bound
for the same pond. This allowed me to pre-read fewer tags without risking error. Specifically, I pre-read
every third tag in the ‘reference’ column using a Magniviewer (NMT) and could reliably infer other tags
because I know which pond each fish was retrieved from.

Before tagging, fish were anaesthetised with MS-222. I then used a single-shot CWT injector (Northwest
Marine Technology) to inject CWTs beneath the skin on the fish’s dorsal musculature. Fish were injected
while laying on their side atop a large sponge, and their head was covered with a paper towel soaked in water
from their original tank. Light pressure was applied to the head and caudal peduncle to stabilize the fish
during injection. Injection was easiest if the lateral plates were used as a leverage point to implant the head
of the needle beneath the skin. (Limnetics, with their denser musculature and invariable presence of lateral
plates, were easier to inject). I found maximal success when the push rod was not pushed to be maximally
extended—in fact this can cause the CWT to emerge from the fish, rather an extension of about ¥ worked
best. When injecting, I took care that the pectoral fin was either oriented toward the head or down toward the
ventral area, so as to not be pierced by the tagging needle. Fish were kept temporarily in aerated water from
their original tank for recovery and then moved back to their original tank before introduction into the ponds
three days later. Methylene blue was added to their original tank to prevent infection of the tagging wound.
I estimate that each fish took approximately 30 seconds to anaesthetize, weigh, and tag, and it took about 10
minutes to pre-read a page of CWTs.

At the end of the experiment I retrieved and read tags from each fish. I located tags under a dissecting
microscope. Tags were always handled delicately because metal forceps can easily damage them. Most
often, a scalpel was used to cut away skin and visually identify the tag. After cutting away muscle, the
magnetic tag is attracted to the scalpel, where it can be gently placed onto a magnetic pencil. Removed tags
were read with a MagniViewer (NMT) and then stored for later reference if necessary.

Ambiguities and possible transcription errors were identified by ensuring a match between species (ben-
thic or limnetic) and pond, checking for duplicates and implausible values, and ensuring each recovered tag

was assigned to a fish.

E.1.3 Estimating fitness via fecundity and overwinter survival

In the main text I use a conservative fitness estimate that incorporates only survival and growth. A more
complicated and possibly more accurate estimate of fitness would account for overwinter survival and fecun-
dity. This estimate of relative fitness considers three components. The first, survival during the experiment
(i.e., ‘summer survival), was directly measured. The next two fitness components consider the fitness effects

of body size (directly measured) on overwinter survival and fecundity (both estimated). Absolute fitness was
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calculated as summer survival x (estimated) winter survival x (estimated) fecundity. Relative fitness was
calculated as the absolute fitness of each cross type divided by the cross type with the highest absolute fitness
(within species).

I estimated relative overwinter survival and fecundity using previously published data. These previous
studies used standard length to predict fitness components, and I measured approximately 50 individuals of
both species to estimate the mass—length relationship for both. Quadratic models had a high explanatory
pattern for both species (P limnetic = 0.88; Fpenthic = 0.79) (Fig. [E.4).

To estimate relative overwinter survival, I conservatively interpret the analysis of Carlson et al. (2010),
who found that standard length was positively associated with overwinter survival in Alaskan stickleback.
The specific relationship between length and survival was either quadratic (concave) or linear, depending on
the year (Carlson et al., 2010). I conservatively assume that relative overwinter survival is a linear function of
standard length. I estimated fecundity using two previously published datasets from stickleback experiments
in the UBC Experimental Ponds (Fig. |[E.5). Schluter et al. (2021) estimated fecundity in F, marine x
freshwater stickleback hybrids. Specifically, the fitness of over 200 F, hybrid females was quantified as the
tally of her surviving F3 offspring (from a sample of 500 F3s). Male fitness was not estimated by Schluter
et al.| (2021), but the authors speculate that selection acted similarly on males and females because the
evolutionary response observed was highly similar to what was expected from estimates of female fitness.
Bay et al. (2017) estimated the number of mating events for Paxton Lake F, benthic x limnetic hybrid
females, and pure (i.e., non-hybrid) benthic and limentic males. Analysis of the data suggested that length—
mating relationships were the same across groups (i.e., no significant interaction) so all data were grouped for
analysis. Data were analyzed using simple linear models from which intercepts and slopes were extracted.
Relationships were significant (in a Poisson generalized linear model) and positive in both datasets, but I
chose to base fecundity estimates on the estimates from Schluter et al. (2021) because differences in relative

fitness among groups were smaller (i.e., it is more conservative).
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E.2 Supplementary Tables & Figures

Table E.1: Summary of fish numbers and survival rates for the 2020 pond experiment

pond origin species type nreleased n recaptured survival proportion
4 Little Quarry b Parent 102 46 0.45
4  Paxton b Parent 107 70 0.65
4 hybrid b F 206 123 0.60
4 hybrid b F, 210 130 0.62
4 Little Quarry 1 Parent 106 31 0.29
4  Paxton 1 Parent 107 39 0.36
4 hybrid 1 Fi 207 101 0.49
4 hybrid 1 F, 208 62 0.30
9 Little Quarry b Parent 104 84 0.81
9 Priest b Parent 106 93 0.88
9 hybrid b F, 203 185 0.91
9 hybrid b F, 205 169 0.82
9 Little Quarry 1 Parent 105 36 0.34
9 Priest 1 Parent 105 57 0.54
9 hybrid 1 F; 204 86 0.42
9 hybrid 1 F, 205 100 0.49
19 Priest b Parent 103 95 0.92
19 Paxton b Parent 103 87 0.84
19  hybrid b F 204 174 0.85
19 hybrid b F, 205 161 0.79
19 Priest 1 Parent 105 32 0.30
19 Paxton 1 Parent 105 42 0.40
19  hybrid 1 F; 206 88 0.43
19 hybrid 1 F, 205 72 0.35
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Table E.2: Fitness components and relative fitness estimates for cross types within species.

species  cross type summer surv. mass (g) std. Igth. (cm)® rel. winter surv.”  fecundity” rel. fit.t
Fy 0.454 1.09 4.59 1.000 1.74 1.000
limnetic F» 0.386 0.98 4.40 0.959 1.45 0.678
pure 0.387 1.01 4.46 0.971 1.54 0.731
Fi 0.818 2.14 591 1.000 3.80 1.000
benthic F; 0.797 2.01 5.73 0.970 3.53 0.877
pure 0.799 2.06 5.81 0.982 3.64 0.918

“estimate; Ty = summer surv x rel. winter surv. X fecundity
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Figure E.1: Relationship between initial and final mass in the 2020 pond experiment. The left plot

shows benthics and the right shows limnetics. Points are partial residuals from a mixed model with pond as
a random effect.
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Figure E.2: Relationship between the number of days in pond and final mass in the 2020 pond experi-

ment. Both relationships are significant and positive.
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Figure E.3: Fitness components with the two parent populations plotted separately. Points are estimated
marginal means and arrows are comparison limits. Note the differences in scale among all plots.
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Figure E.4: Relationship between mass and standard length for fish collected from ponds. Relationships
are shown separately for benthics and limnetics. Both are highly significant and positive. These data were
used to estimate standard length across the dataset.
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(a); Schluter et al. 2021
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Figure E.5: Relationship between standard length and fecundity in previously published stickleback
pond experiments. Schluter et al. (2021) considered F, marine-freshwater hybrid females and measured the
number of F3 hybrids to which they could be confidently assigned parentage. Bay et al. (2017) considered F;
benthic-limnetic (Paxton) hybrid females and non-hybrid males of both species and recorded the number of
successful mating events (inferred from genotyped eggs and offspring). A generalized linear model did not
reject the hypothesis that the slope differed by group (F, female, pure benthic male, or pure limnetic male),
so I plot them together. Both relationships are significant and positive as evaluated with a generalized linear
model.

191



Appendix F

Appendix for Chapter

F.1 Supplementary Figures
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Figure F.1: Heterozygosity does not differ between F, and F3 hybrids. The plots show individual excess
heterozygosity from the two studies that genotyped both the F, and F3 generations (Schluter et al., 2021;

Rennison et al., 2019). The means do not differ between generations in either study.
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Figure F.2: Heterozygosity does not differ between studies involving Paxton Lake benthic x limnetic
hybrids. The means of all three studies are statistically indistinguishable.
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Figure F.3: Estimates of excess heterozygosity for individuals and loci across ‘replicates’. We consider
a replicate to be a unique bi-parental cross for aquarium studies, and a unique pond for pond studies. Mean
excess heterozygosity is shown for each such replicate for both individuals (upper) and loci (lower). In each
panel the horizontal line indicates no excess heterozygosity. Red points are ‘lab’ replicates, and blue points
are ‘pond’ replicates.

194



environment

AlIsobAzolalay
Ansaoue panlasqo

lab pond
environment

0 O
~ 0 A
o O O
AlsobAzolaray
Ansaoue panlasqo

195



lab pond

1.00 1

0.75 1

0.50 1

Xg

0.25 1

heterozygosity
=
o o
o o

0.75 1

0.50 1

34X

0.25 1

0.00 1

000 025 050 075 100000 025 050 075  1.00
hybrid index

Figure F.5: de Finetti ternary diagrams for genotyped individuals in each of the bi-parental crosses.
Each point represents an individual F, hybrid shows each individual’s hybrid index (frequency of benthic
alleles in its genome) and its mean heterozygosity. Loci with significant deviations from Hardy-Weinberg
equilibrium (x2-test) are shown in blue.

196



lab

pond

1.00 1

0.75 1

0.50 1

0.25 1

xXg

'‘AB' frequency

0.75 1

0.50 1

0.25 1

0.00 1

XN

000 025 050

0.75 100000 025 050 075  1.00
frequency of 'A" ancestry

Figure F.6: de Finetti ternary diagrams for genotyped loci in each of the bi-parental crosses. Each plot
shows relative frequency of benthic and limnetic alleles along the x-axis and of heterozygotes on the y-axis.
Loci with significant deviations from Hardy-Weinberg equilibrium (?-test) are shown in blue.
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Figure F.7: No relationship between individual mean heterozygosity and growth (standard length)
in the aquarium-raised biparental benthic-limnetic F, hybrids. Results are residuals from visreg
(Breheny and Burchett, 2017). Each point is an individual F, hybrid. The interaction between lake-of-origin
mean heterozygosity was non-significant so I plot the main effect across both lakes-of-origin (Paxton and
Priest). Mean heterozygosity was not significantly associated with standard length (8 = 0.46 + 2.75 [SE],
F1’175 = 0028, P= 086)
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Figure F.8: No relationship between estimated directional selection at each locus and its mean excess
heterozygosity in ponds. Results are residuals from visreg (Breheny and Burchett, 2017). Each point is
an individual locus genotyped in F, hybrids in ponds. The left panel shows benthic-limnetic hybrids and the
right panel shows marine-freshwater hybrids. Directional selection was calculated as the absolute difference
in the frequency of both homozygotes. Both relationships are non-significant.
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