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ABSTRACT

From Inbreeding to Admixture: how the Diverse Consequences of Gene Flow Shape

Evolutionary Dynamics and Population Viability

by

Amy L. Springer, Doctor of Philosophy

Utah State University, 2024

Major Professor: Zachariah Gompert, Ph.D.
Department: Biology

Gene flow is the evolutionary process whereby genetic material from one population is
spread to another. Gene flow—or the absence thereof—can critically affect the evolutionary
trajectory of a population. While a severe lack of gene flow can increase extinction risk via
the deleterious effects of inbreeding, gene flow across divergent populations (i.e. admixture)
can have diverse consequences spanning the spectrum from outbreeding depression to evo-
lutionary rescue. Given the wide variety of potential consequences, the study of gene flow
remains central to advancing our understanding of evolutionary dynamics and conservation.
But gaps remain in our understanding of how patterns of gene flow alter the evolutionary
dynamics of r-selected, highly-fecund organisms like insects. To help address these knowl-
edge gaps, in this dissertation I investigated how ecological factors, population dynamics,
and gene flow jointly affect evolutionary outcomes and conservation risk in insects. Specif-
ically, I showed that (1) the combination of heat and host stress interact non-additively to
increase the severity of inbreeding depression in seed beetles (Callosobruchus maculatus),
(2) both isolation by distance and isolation by resistance have shaped patterns of genetic
structure diversity in the endemic Hayden’s ringlet butterfly (Coenonympha haydenii), and

(3) admixture among divergent populations of seed beetles both facilitates adaptation to
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a novel, stressful food source and alters the predictability of evolutionary change during

evolutionary rescue.

(183 pages)



PUBLIC ABSTRACT

From Inbreeding to Admixture: how the Diverse Consequences of Gene Flow Shape
Evolutionary Dynamics and Population Viability

Amy L. Springer

When Homo sapiens traveled out of Africa and interbred with the Neanderthals of
Furope, human genes spread into the Neanderthal population. Likewise, genes from Nean-
derthals spread into the human genome—genes humans still carry to this day. The process
whereby genetic material from one population is spread to another is known as gene flow.
Gene flow—or the absence thereof—can have critical consequences for a population’s health
and survival. On one hand, if no gene flow occurs, mating among close relatives can lead
to high levels of inbreeding. Inbreeding can have devastating consequences for the health
of populations, in some cases even leading to extinction. On the other extreme, gene flow
between distantly-related populations or species can result in hybridization, also known
as admixture. The evolutionary consequences of admixture vary widely. While some ad-
mixture events have negative consequences and result in an evolutionary dead end (i.e.
crossing a horse and a donkey to produce a sterile mule), other admixture events improve
population health and survival (i.e. when mixed-breed dogs show greater genetic health
than their purebred parents, an outcome colloquially known as “hybrid vigor”). Under-
standing the varied effects of gene flow is critical to understanding evolution: patterns of
gene flow can affect a population’s extinction risk, determine whether or not a population
will successfully adapt to a changing environment, and can even alter how well we can
predict evolutionary change. In this dissertation, I explored how inbreeding, environmental
stress, barriers to gene flow, and admixture affect evolutionary outcomes and conservation
risk in insects. Specifically, I showed that (1) the combination of heat stress and a poor
food source interact non-additively to increase the severity of inbreeding depression in seed

beetles (Callosobruchus maculatus), (2) barriers to gene flow (i.e. rivers, mountains) have
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shaped patterns of genetic structure and genetic health in the endemic Hayden’s ringlet
butterfly (Coenonympha haydenii), and (3) admixture among populations of seed beetles
alters both their ability to survive and adapt to a novel, poor food source and our ability

to predict evolutionary change at a genomic level.
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CHAPTER 1
INTRODUCTION

Gene flow is a fundamental evolutionary process, and the presence of gene flow—or
lack thereof—can have a profound impact on the evolutionary trajectory of a population.
A severe lack of gene flow can result in inbreeding depression, whereby mating with close
relatives causes a decrease in fitness, which over time can increase a population’s risk of
extinction [Frankham, 1995, O’Grady et al., 2006]. Conversely, gene flow between differ-
ent species or highly divergent populations can lead to outbreeding depression, whereby
hybrid incompatibilities or the breakdown of adaptive gene complexes decreases the fitness
of admixed individuals [Bhargav et al., 2022, Calvo-Baltanés et al., 2021, Kim et al., 2018,
Turissini and Matute, 2017, Verhoeven et al., 2011]. Given the vast variety of evolution-
ary outcomes that can arise from different patterns of gene flow, the study of this process
remains central to furthering our understanding of evolutionary dynamics and conservation.

Insects are one of the most abundant and diverse groups of organisms on earth, and
they provide a vast array of vital ecosystem services [Cardoso et al., 2011, Hallmann et al.,
2017]. However, insects are declining at troubling rates across the globe [Forister et al.,
2011, Hallmann et al., 2017]. In light of this fact, there is a critical need to advance un-
derstanding of how environmental change will affect insects, and how gene flow might alter
evolutionary dynamics in these species. Unfortunately, despite their crucial role in ecosys-
tems, insects are largely ignored in conservation policy, and conservation efforts remain
underfunded [Cardoso et al., 2011]. Furthermore, while conservation genetic strategies are
well-developed for terrestrial vertebrate species, gaps remain in our understanding of how
processes like inbreeding will alter the evolutionary dynamics of rapidly-reproducing, high-
fecundity organisms like insects. Indeed, evidence suggests that evolution can be extremely
rapid in highly fecund species with short generation times, a fact that could significantly

alter conservation outcomes for these species [Christie et al., 2012].
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To help address these gaps in our knowledge, in this dissertation I investigate how eco-
logical factors and population dynamics, especially small population size and hybridization,
jointly influence population viability in insects. In particular, I consider the variable im-
pacts of gene flow on population viability in two insect species: seed beetles ( Callosobruchus
maculatus), and the Hayden’s ringlet butterfly (Coenonympha haydenii).

In my second chapter, I investigate how environmental stress impacts the degree of
inbreeding depression (i.e. a decline in fitness caused by inbreeding, or mating among close
relatives due to a severe lack of gene flow) in seed beetles, C. maculatus. Environmental
stress can have a profound effect on the magnitude of inbreeding depression a population
experiences [Armbruster and Reed, 2005, Fox and Reed, 2011, Joubert and Bijlsma, 2010,
Liao and Reed, 2009]. Quantifying this effect is crucial to better understand the viabil-
ity of threatened populations, which are often simultaneously subject to both inbreeding
and environmental stress. But the degree to which inbreeding-stress interactions vary across
populations within a species or between closely related species remains relatively understud-
ied [Fox et al., 2007]. In this chapter, I assess the magnitude of inbreeding-stress interactions
in three populations of seed beetles, Callosobruchus maculatus. In particular, I asked 1) to
what degree do environmental stressors—and interactions among environmental stressors—
affect the magnitude of inbreeding depression?, 2) to what degree do individual stressors
(inbreeding and environmental stress) vs. interactions among those stressors impact overall
fitness? and 3) To what degree do these effects vary by lineage?

In my third chapter, I address the impact of barriers to gene flow on patterns of genetic
structure in the endemic Hayden’s ringlet butterfly, Coenonympha haydenii. Genetic struc-
ture, or the organization of genetic diversity across geographic space, is a key evolutionary
pattern. The study of genetic structure can reveal migratory routes [e.g., Gompert et al.,
2021, Hemstrom et al., 2022], ecological specialization [e.g., Chaturvedi et al., 2018, Ferrari
et al., 2012, Michell et al., 2023, Nosil et al., 2008], or even the genesis of speciation [Avise
et al., 2000, Harvey et al., 2017, Mayr, 1942], all of which are critical for understanding the

evolutionary viability of a population. The development of genetic structure is driven by a
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combination of genetic drift, gene flow, and natural selection [Wright, 1931], but how severe
range restriction (i.e. endemism) impacts the processes that dominate the development of
genetic structure remains unclear. In this study, I explored patterns of genetic diversity and
structure in the Hayden’s ringlet butterfly, a species found only in the greater Yellowstone
area. Specifically, 1 asked to what degree genetic structure in the Hayden’s ringlet can
be explained by barriers to gene flow related to (a) geographic distance and genetic drift
alone (isolation by distance), (b) geographic or ecological barriers to gene flow (isolation by
environment), and/or (c) local adaptation to larval host plants among sites (isolation by
adaptation).

In my fourth chapter, I address to what degree admixture (i.e. gene flow between
genetically divergent lineages) facilitates adaptation to a novel, stressful environment in
cowpea seed beetles, Callosobruchus maculatus. I further address how admixture combined
with environmental stress jointly impact the predictability of evolutionary change. Admix-
ture is common in nature [Mallet, 2005], and can be a vital source of adaptive potential
[Lewontin and Birch, 1966, Pereira et al., 2014, Rieseberg et al., 1999]. Admixture can gen-
erate extreme phenotypes (transgressive segregation), transfer globally beneficial alleles (i.e.
adaptive introgression) and reverse inbreeding depression (masking of the genetic load), all
of which could increase the adaptive potential of hybrids in novel or marginal environments
[Buerkle et al., 2000, Crow, 1948, De Carvalho et al., 2010, Durkee et al., 2023, Gompert
et al., 2006, Oziolor et al., 2019]. Conversely, hybrid incompatibilities could decrease the
adaptive potential of hybrids [Bhargav et al., 2022, Calvo-Baltands et al., 2021, Kim et al.,
2018, Turissini and Matute, 2017, Verhoeven et al., 2011]. In this experiment, I assessed
the impact of admixture on patterns of evolutionary rescue and parallelism in cowpea seed
beetles (Callosobruchus maculatus) during adaptation to lentil, a novel, stressful host plant.
Specifically, T asked (1) if admixture facilitates adaptation to lentil, (2) if parallelism was
higher in admixed or non-admixed lineages, and (3) to what degree parallelism in admixed
lineages was associated with selection on globally adaptive alleles, epistatic effects, and/or

hybrid incompatibilities.
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Finally, in my fifth chapter I summarize and the results of my three research projects

(found in chapters 2, 3, and 4), and address the overall impact of my findings.
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CHAPTER 2
MEASURING THE EFFECT OF ENVIRONMENTAL STRESS ON INBREEDING
DEPRESSION ALONE OBSCURES THE RELATIVE IMPORTANCE OF
INBREEDING - STRESS INTERACTIONS ON OVERALL FITNESS IN
CALLOSOBRUCHUS MACULATUS

Abstract

Environmental stress can have a profound effect on inbreeding depression. Quantifying
this effect is of particular importance in threatened populations, which are often simulta-
neously subject to both inbreeding and environmental stress. But while the prevalence of
inbreeding-stress interactions is well known, the importance and broader applicability of
such interactions in conservation are not clearly understood. We used seed beetles, Cal-
losobruchus maculatus, as a model system to quantify how environmental stressors (here
host quality and temperature stress) interact with inbreeding as measured by changes in
the magnitude of inbreeding depression, 8, as well as the relative importance of inbreeding-
stress interactions to overall fitness. We found that while both environmental stressors
caused substantial inbreeding-stress interactions as measured by change in J, the relative
importance of these interactions to overall survival was modest. This suggests that assess-
ing inbreeding-stress interactions within the framework of § alone may give an inaccurate
representation of the relevance of interactions to population persistence. Furthermore, we
found that the effect of environmental stress on fitness, but not inbreeding depression, varied
strongly among populations. These results suggest that the outcomes of inbreeding-stress
interactions are not easily generalized, an important consideration in conservation settings.
Keywords: inbreeding depression, environmental stress, Callosobruchus macu-

latus, hierarchical Bayesian models, population management
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Introduction

It is now widely recognized that environmental stress can have a profound effect on
the magnitude of inbreeding depression that a population experiences [Armbruster and
Reed, 2005, Fox and Reed, 2011, Joubert and Bijlsma, 2010, Liao and Reed, 2009]. But
the relationship between environmental stress and inbreeding depression, while generally
positive, has also been found to vary widely across systems [Armbruster and Reed, 2005].
Many systems show a synergistic interaction between inbreeding depression and environ-
mental stress, while others show no relationship, and still others suggest that environmental
stress can actually decrease the magnitude of inbreeding depression [e.g., Armbruster and
Reed, 2005, Dahlgaard and Hoffmann, 2000, Fox and Reed, 2011, Miller, 1994]. For exam-
ple, environmental stress appeared to decrease the magnitude of inbreeding depression in
bladder campion plants and certain root parasites [Sandner and Matthies, 2016a,b]. This
high degree of variation in the response to inbreeding-stress combinations suggests that
inbreeding-environment interactions may not be easily generalizable across populations or
species. Variable outcomes might be explained by differences in population history (e.g.,
purging history), or other causes [Hedrick and Garcia-Dorado, 2016, Sandner and Matthies,
2016a]. Knowing whether information regarding the effect of inbreeding-environment in-
teractions in one threatened population can be dependably applied to other populations is
of critical importance in the application of conservation policy. But the degree to which
inbreeding depression varies across populations within a species or between closely related
species remains relatively understudied [Fox et al., 2007].

Whereas inbreeding-stress interactions have been well-studied within the framework of
changes in inbreeding depression (i.e. studies assessing changes in the magnitude of inbreed-
ing depression under benign vs. stressful conditions, see, e.g. Armbruster and Reed 2005,
Fox and Reed 2011), studies comparing the relative importance of inbreeding-stress interac-
tions vs. additive effects on a population’s overall fitness are less common. For threatened
and endangered populations, which are likely to experience both inbreeding depression and

environmental stress simultaneously, understanding the relative impact of inbreeding-stress
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interactions vs. additive effects is of particular importance. If inbreeding-stress interactions
have a far greater impact on fitness than the additive effects of individual stressors, failing
to account for the interaction term could cause conservationists to underestimate a popu-
lation’s risk of extinction. Indeed, simulations conducted by Liao and Reed [2009] suggest
that synergistic interactions between inbreeding and environmental stress could decrease
the time for a population to go extinct by as much as 28.5%. In contrast, if the interaction
term is negligible as compared to the additive effects of inbreeding or environmental stress,
spending time and resources trying to minimize inbreeding-stress interactions could lead
to a costly misallocation of conservation efforts. As such, understanding how inbreeding,
environmental stressors, and their interactions compare in their relative effects on fitness—
as well as how much this varies among populations or species—is crucial for conservation
efforts [Armbruster and Reed, 2005, Kristensen et al., 2008, 2003, Pray et al., 1994, Reed
et al., 2002, 2012].

In this study, we used the cowpea seed beetle, Callosobruchus maculatus, as a model
organism to assess the effect of two environmental stressors on both the magnitude of
inbreeding depression and overall fitness across lineages. Callosobruchus maculatus is a
widspread pest of stored legumes. Originally a pest of cowpea (Vigna unguiculata) in sub-
Saharan Africa, C. maculatus is now found in warm climates across the globe where it
feeds on various species of grain legumes, especially from the tribe Phaseoleae [e.g., mung
bean, adzuki bean, and cowpea; Kébé et al., 2017, Tuda et al., 2006]. Adults lay eggs the on
surface of host seeds, and upon hatching, larvae burrow into a single seed where they remain
for the entirety of their development. Under standard laboratory conditions emerging adults
do not feed, meaning beetles obtain all resources from a single seed. Thus, the “natural”
habitat of C. maculatus populations infesting legume crop stores can be easily and precisely
replicated under laboratory conditions [Messina, 1991, Tuda et al., 2014]. Because larvae
spend their entire life inside a single seed, host quality and temperature are the two primary
environmental variables juvenile beetles experience. These life history characteristics make

C. maculatus ideal for realistically manipulating ecological conditions.
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Fox and Reed [2011] examined the degree to which inbreeding depression increases
along two axes of stress (temperature and host) and across two populations of cowpea bee-
tle (South India, SI, and Burkina Faso, BF). They found that inbreeding depression (as
measured by haploid lethal equivalents, HLE) increased in a roughly linear fashion with
the magnitude of environmental stress, but the overall effect of environmental stress on the
magnitude of inbreeding depression varied across populations of C. maculatus. Specifically,
they found that inbreeding depression in the BF lineage was less sensitive to changes in
temperature stress than it was the SI lineage. We expand here on the work of Fox and
Reed [2011] by using an additional cowpea beetle lineage to further our understanding of
the generalizability of inbreeding-stress interactions. We also use a more stressful host
species, green pea (average survival from hatched egg to adulthood on green pea, Pisum
sativum, is around 30-50 percentage points lower than survival on either cowpea, Vigna
unguiculata, or mung bean, Vigna radiata; see Messina et al., 2018), to more clearly as-
sess two-way vs. three-way interactions among stressors. Finally, we contrast the effect
of inbreeding-stress interactions as measured by inbreeding depression with the effect of
inbreeding-stress interactions on overall fitness. This dual perspective allows us to more
clearly assess the conservation implications of interactions between environmental stress
and inbreeding. In particular, we addressed the following questions: 1) to what degree do
environmental stressors—and interactions among environmental stressors—affect the mag-
nitude of inbreeding depression?, 2) to what degree do individual stressors (inbreeding and
environmental stress) vs. interactions among those stressors impact overall fitness? and 3)

To what degree do these effects vary by lineage?

Materials and Methods

Experimental Design
We used three lineages of Callosobruchus maculatus for this experiment. The South
India (SI) lineage was collected from mung bean (Vigna radiata) in Tirunelveli, India in

1979 [Messina, 1991, Mitchell, 1991], and has been maintained in captivity for in excess
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of 450 generations assuming an average generation time of 30 days. Two cowpea-adapted
lineages were obtained from Dr. Charles Fox at the University of Kentucky [Messina et al.,
2018]. Each was originally collected from infested cowpeas and have been maintained in the
laboratory on this host continuously since their intial collection. The Burkina Faso (BF)
lineage was collected from cowpea (V. unguiculata) pods in a field in Ouagadougou, Burkina
Faso in 1989 [Messina, 1993], and is estimated to have been maintained in captivity for in
excess of 325 generations. The North American lineage was collected from California (CA)
and was originally maintained by Dr. Peter Credland at the University of London [Tuda
et al., 2014]. The CA lineage is estimated to have been maintained in laboratory culture for
at least 100 generations. After all three lineages were obtained, cultures were maintained
at Utah State University at 25°C in 2 L jars containing 750 g beans for approximately 75
generations (BF and CA) or >100 generations (SI). New generations were founded approx-
imately every 25 days by transferring ~2000 (estimated by volume) newly-emerged beetles
to new 2 L culture jars. Recent genomic analyses have shown that the mung-adapted lin-
eage (SI) used in this experiment has a variance effective population size of (Ne) = 1149.6
individuals (95% CI = 1077.4-1229.8), indicating that significant bottlenecks or purging are
unlikely to have occurred in the recent demographic history of this lineage [Gompert and
Messina, 2016]. The effective population sizes of CA and BF are expected to be similar or
higher than that of SI given their extensive shared culturing history.

We used a full-factorial experimental design to assess the effect of two external stressors
(host and temperature) and one internal stressor (inbreeding) on two fitness components
(adult female weight and survival) across three populations of Callosobruchus maculatus (SI,
BF and CA) (Fig. 2.1). This design gives us eight distinct treatment groups: one control
treatment, three single-stress treatments, three double-stress treatments, and one triple-
stress treatment. These eight combinations of stressors allow us to consider the importance
of both two-way and three-way non-additive effects of stressors on overall fitness.

To equalize the genetic contribution of all families to each treatment group and thereby

control for family effects, we used the block design developed by Roff [1998] and used by
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Fox and Reed [2011]. In this block design, full-sibling offspring from two unrelated families
are paired in four distinct crosses: two full-sibling inbred crosses (one for each family), and
two reciprocal outcrosses (i.e., a male from family A paired with a female from family B
and a female from family A paired with a male from family B, see Fig. 2.1). This design
ensures equal contribution of alleles across treatment groups. Using reciprocal outcrosses
helps account for family-specific maternal/paternal effects. In addition, in this experiment
we introduced a split-brood design by dividing the eggs laid by each pair of beetles evenly
across the eight treatment groups, further controlling for family-specific effects.

To create blocks, we first took 54 random pairs of virgin beetles from each population
and allowed them to lay eggs. Single-egg seeds from these founding pairs were then isolated
in 48-well tissue-culture plates in order to obtain 54 full-sibling families of up to 24 virgin
beetles each. Successful full-sibling families were randomly paired to form up to 26 blocks
per population (where each block comprised two unique, unrelated full-sibling families).

We conducted four types of crosses within each block: matings within each of the two
full-sibling families (inbreeding treatment, offspring inbreeding coefficient of F' = 0.25), and
reciprocal outcrosses between the two full-sibling families (outbreeding treatment, F' = 0)
(Fig. 2.1). We created up to five replicates of each cross type within each block (for example,
by conducting five full-sibling crosses from ten members of a single full-sibling family) to
increase sample sizes and to account for within-family variation in inbreeding depression.

We chose to use green pea, Pisum sativum, as the novel host for this experiment
because peas impose a moderate level of stress as compared to the relatively high-quality
hosts (cowpea and mung bean) used in Fox and Reed [2011]. Messina et al. [2018] found
that in all cases, survival in green pea was well below the >90% survival seen in cowpea
or mung, with survival on green pea ranging from ~40% to 72% dependent upon lineage.
Thus, green pea can be viewed as not just a novel host, but a truly stressful host. All host
seeds used in this experiment were organically grown and ordered in bulk to ensure uniform
host quality. We acquired both cowpea and mung beans from Azure Standard (Dufur, OR),

and green peas from Sun Organic Farm (San Marcos, CA).
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All pairs of beetles from the above blocks were randomly assigned either their natural
host (control; mung bean for SI, cowpea for BF and CA) or green pea (stressful host) as
their first oviposition substrate. After 24 hours, if more than 8 eggs had been laid by a
given pair, the pair was transferred to a fresh petri dish with the alternate host. If fewer
than 8 eggs had been laid, pair was left in the same petri dish for one additional day. Pairs
were then transferred daily between the stressful host and the native host. This design was
used to account for the possiblity that 1) younger beetles lay more viable eggs (see, e.g., Fox
et al. 2003, Fox and Reed 2010), and 2) females may preferentially lay larger, or otherwise
more fit, eggs on their native host. This split-brood design allowed us to compare the effect
of all experimental treatments within each full-sibling family.

After 5-7 days, all seeds from each petri dish bearing a single egg were divided equally
into two plastic bags, which were left partially unsealed to provide adequate air exchange,
and placed into the heat stress treatment (37°C) or the control temperature treatment
(27°C). Thus, the temperature exposure treatment in our study was from egg hatch to
adult emergence. All beetles were reared in Percival incubators (model Nos. AR-22L and
I-36 VL for heat and control temperature treatments respectively) under a 12 hr light:12 hr
dark light cycle.

We measured performance in terms of survival (in all lines) and female adult mass (in
BF and SI). Adult female mass was chosen as one of our fitness components because female
size is often good proxy for fecundity in insects, including in Callosobruchus [Credland
et al., 1986, Messina, 1993]. After 15 days, bags were checked daily for emergence of adult
beetles. Adult beetles were removed from the bags once every 24 hours and stored at -20°C
in 48-well tissue-culture plates for subsequent mass measurements. Forty-five days after
the date the parental pairs (F1) were formed, the bags were removed from incubator and
frozen to prevent the development of the next generation (F3). Development time for seed
beetles at 25°C is generally less than 35 days on suitable hosts [Fox, 1993, Fox et al., 2011,
Messina, 1991, Messina and Durham, 2013]. Thus, we measured survival for each treatment

as emergence to 45 days. For any given bag, survival to adulthood was measured as the
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number of beans with exit holes divided by the total number of beans. We collected mass
data from frozen female BF and CA beetles using a Mettler Toledo mass balance (model

XPE105) with a precision of £0.01 mg.

Statistical Analysis

We fit Bayesian generalized linear models to quantify the individual and combined
effects of inbreeding and the two environmental stressors (i.e., low quality host and high
temperature) on C. maculatus survival and female mass (an approximation of fecundity).
The output of a Bayesian model is a posterior probability distribution for model parameters
of interest (in this case, the effect of environmental stressors, and the derived parameters
d, and HLE) based on experimental data, our mathematical model, and prior assumptions.
To increase the efficiency of the computational model fitting process, we fit our model to
each lineage separately. This is mathematically equivalent to fitting a single model for all
three lineages and including population as a factor with a non-hierarchical prior (Kruschke
2014). The resulting posteriors from these separate analyses can be directly compared
and summarized across lineages, allowing us to make statistical inferences about differences
among populations. Generating multiple summaries of a posterior distribution in a Bayesian
analysis does not result in an increased risk of type I errors, and is not subject to the problem

of multiple testing as seen in conventional frequentist analysis (Kruschke 2014).

Linear Model

We assumed that the number of beetles that survived to the adult stage for each
block (j) and treatment (k) was described by a binomial sampling distribution, that is
Yjk ~ binomial(p;, n;i), where pjj, is the survival probability and njj is the total sample size
for the block and treatment. We further assumed that the logit probability of survival for
block j and treatment k£ (denoted pji) was a linear function of a block and treatment specific
error term (€;) and eight treatment covariates: an intercept, the three individual stress
treatments (inbreeding, host, and temperature), three two-way interactions (inbreeding

X host, inbreeding x temperature, and host x temperature), and the single three-way
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interaction (inbreeding x host X temperature), such that

Pjk
og (T2 ) = 5+ 811+ 80 Tk 517
J

BIXT]IJI-,:T—f—,BHXTﬂﬁXT—f-ﬁIXHXT]l]I-?HXT—|—6jk

Here I, H and T superscripts denote inbreeding, host and temperature stress treat-
ments and the 1 are binary indicator variables set to 1 when the all of the relevant stress
treatments apply. We included the error terms (e;;) to allow for over-dispersion among
blocks (i.e. treatment-specific block effects) relative to simple binomial sampling expecta-
tions. Specifically, €;;, allows for a random effect for each block x treatment combination
to account for the fact that individual pairings within a family block are not independent.
We placed minimally-informative priors on the eight regression coefficients, such that g ~
Normal(p = 0, 7 = 1e~6). Here 7 is the precision of the prior (1 = %). We modeled the €;p,
terms hierarchically by assuming normal priors with means of zero and treatment-specific
precision parameters. Minimally-informative priors were placed on the eight precision pa-
rameters, 7. ~ gamma(0.1,0.01).

We fit a similar model for female mass data, but instead assumed a normal sampling
distribution and the identity link function. We included the same eight covariates, that
is, the intercept (3¢), the three individual stress treatments (inbreeding, host, and tem-
perature), three two-way interactions (inbreeding x host, inbreeding x temperature, and
host x temperature), and the single three-way interaction (inbreeding x host x tempera-
ture). We likewise placed the same minimally-informative normal priors on the regression
coefficients (the 8 parameters), and assumed a minimally-informative gamma prior for the
precision parameter of the normal sampling distribution, that is 7 ~ gamma(0.1,0.01). We
estimated a separate precision parameter for each block and treatment, and included the
random effect term ¢, for each block x treatment combination.

We fit the models via Markov chain Monte Carlo (MCMC) using the rjags (version 4-8)



18

interface with JAGS (version 4.2.0) [Plummer, 2003, 2013]. For each model (i.e., lineage and
performance metric), we ran three chains, each with a burn-in period of 2000 iterations, a
thinning interval of 100 (survival) or 50 (mass), and 200,000 (survival) or 50,000 (mass) post-
burn-in iterations. We evaluated convergence to the posterior distribution by examining
sample history plots, calculating parameter effective sample sizes, and by calculating the
Gelman-Rubin scale reduction factor [Gelman and Rubin, 1992].

We focused our inferences on Bayesian point estimates (posterior medians) and 95%
credible intervals (Cls, specifically, equal-tail probability intervals) of the regression coef-
ficients, and several derived parameters. Specifically, from the posterior samples, we cal-
culated posterior probability distributions for expected survival probabilities and mass for

each treatment (across blocks) and differences in expectations between treatments.

Calculation of Inbreeding Depression

Within each model, we also calculated the coefficient of inbreeding depression from
the posterior distributions for each of the four inbred-outbred treatment pairs: oubred vs.
inbred, outbred-host stress vs. inbred-host stress, outbred-temperature stress vs. inbred-
temperature stress, and outbred-host and temperature stress vs. inbred-host and tempera-
ture stress. The coefficient of inbreeding depression, §, is defined as

W, - W,

0
Wo

(2.1)

where W, and W; denote relative fitnesses of outbred (o) and inbred () lines, and ¢ thus
represents the percent change in fitness attributable to inbreeding. ¢ is bounded between
zero and 1, where 1 represents a 100% decline in fitness (i.e. survival or mass) due to
inbreeding and 0 represents the case where no inbreeding depression occurred. In the
context of our Bayesian model, § was calculated as a derived parameter by subtracting the
posterior samples (MCMC output) for fitness in the inbred group from the posterior samples
for fitness in the outbred group, then dividing the result by posterior samples for fitness

in the outbred group. The output of this calculation is a posterior distribution for § for
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each environmental treatment group. We likewise calculated the number of haploid lethal

equivalents (HLE) over the posterior for each outbred vs. inbred treatment comparison as

HLE = log (va

) /0.25. (2.2)
0

Here, 0.25 denotes the inbreeding coefficient, F, or the probability that an individual received
two identical copies of an allele from same ancestor. Because our inbreeding treatment
included solely the offspring of full-sibling matings, all beetles in our inbred treatment
groups will have an inbreeding coefficient of F = 0.25. As with 4, HLE was calculated
as a derived parameter using the posterior distributions from our Bayesian linear models.
Haploid lethal equivalents (HLE) can be interpreted as the number of lethal loci required
to produce the observed drop in fitness associated with inbreeding in a haploid population.
Thus, if HLE = 4, it would indicate that this population carries the equivalent of four
lethal alleles, though in reality the population may carry a different number of deleterious

alleles of lesser effect. Finally, we calculated the effect of environmental stress on the

5stress 5control

magnitude of inbreeding depression as the posterior differences between and
(ie. 67 — 6¢ and §H — (50), and the two-way interaction between heat and temperature

stress on inbreeding depression as 67+7 — §H — 5T 4 §¢.

Results

We mated 200, 254, and 358 pairs of virgin beetles each from the CA, BF and SI
lineages respectively to produce a total of 17, 20, and 23 complete blocks. A block was
considered complete if each of the four distinct cross types (inbred pairs from two families
and their reciprocal outcrosses) are represented by at least one replicate pair within that
block. From these pairs, we collected a total of 31,239 single-egg seeds (CA = 7,464 beans,
BF = 10,077 beans, SI = 13,698 beans). After excluding data showing evidence of F1
beetles having mated and produced a second generation, we were left with survival data for
30,746 single-egg seeds (CA = 7,316 beans, BF = 9,932 beans, SI = 13,498 beans), which

we used in our analysis. On average, each treatment group contained survival data from
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1,281 beans.

Survival

Host stress, temperature stress, and the combination of both all substantially increased
the magnitude of inbreeding depression (as captured by d) for survival in Callosobruchus
maculatus (posterior probabilities [p.p.] 677 > ¢e°ntrol > (.99, 0.99, 0.99; p.p. 67 > geontrol —
0.99, 0.99, 0.98; p.p. 67+T > geontrol — (. 91, 0.99, 0.99 for SI, CA, and BF lineages respec-
tively) (see Table 2.2). In the benign environment, inbreeding depression decreased survival
by 12.7-14.0%, while under host stress it decreased survival by 45.4-48.7% across lineages
(see Fig. 2.2a). Temperature stress had a more variable effect on inbreeding depression,
decreasing survival by 42.3%, 66.6%, and 74.4% for BF, SI, and CA lineages respectively.
Finally, inbreeding depression decreased survival by 74.8-100% percent across lineages when
both environmental stressors (temperature and host) were present (Fig. 2.2a). Analogous
results in terms of haploid lethal equivalents (HLE) are shown in in Fig. 2.2a.

Although inbreeding depression increased substantially under the combination of tem-
perature and host stress relative to the control (5H *T was 5.6x, 7.1x, and 5.7x greater
than §c°! for SI, CA and BF respectively), the magnitude of this increase was equal or
less than additive relative to the effects of the individual stressors. Specifically, we saw a
modest trend towards a negative interaction between host and temperature stress on in-
breeding depression (p.p. 6777 < 0 = 0.81, 0.73, and 0.55 for SI, CA, and BF respectively,
see Table 2.2). In other words, the combination of host and temperature stress on inbreeding
depression had an effect equal to or less severe than the sum of their separate effects.

All stress treatments—inbreeding, host, temperature, and every combination thereof—
decreased C. maculatus survival to adulthood (p.p. for reduced survival relative to the
control > 0.99 for all stress treatments) (Figs. 2.3a and 2.4a). Across lineages, survival to
adulthood under host stress was 36.7-57.5 percentage points lower than under benign con-
ditions, while under temperature stress survival decreased by 27.5—66.3 percentage points
(see Fig. 2.3a). Inbreeding depression had less of an impact on survival (8.9-11.0 percentage

point decrease) than either host or temperature stress, and showed less variation across lin-
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eages. Across all lineages, adding inbreeding stress to environmental stress lowered survival
by an additional 8.1-18.1 percentage points compared to the environmental stress treatment
alone (compare I4+H to H and I4+T to T in Fig. 2.3a). Finally, both the combination of
temperature and host stress and the combination of all three stressors (inbreeding, temper-
ature, and host) imposed such severe stress that survival dropped to less than 2% across
lineages.

In contrast to our results for inbreeding depression (§), the reduction in fitness un-
der combinations of two stressors showed a trend for being greater than additive (p.p.
for Brxg < 0 = 0.84-0.99, Srxr < 0 = 0.90-0.99, Buxr < 0 > 0.99) (Fig. 2.4a). How-
ever, the only combination of stressors that showed a consistent non-additive impact on
survival to adulthood was hostxtemperature (see Fig. 2.4a). While the 95% CIs for the
host xinbreeding and temperature xinbreeding treatments overlapped zero for most lineages,
there were credible interactions between host and inbreeding in BF and between temper-
ature and inbreeding in CA (p.p. frxg < 0 = 0.99 for BF and p.p. Brxr < 0 = 0.99
for CA). Three-way interactions showed considerable uncertainty and were not credibly
different from zero.

Finally, there were no credible differences in the magnitude of inbreeding depression
across any of our populations (see Table 2.3). In contrast, the effect of host stress varied
credibly across all three populations (Table 2.3). In particular, survival both temperature
and host stress had a credibly lower impact on survival in BF than in either SI or CA
(Table 2.3). This trend was particularly pronounced for temperature stress, where CA and
ST survival was 30 percentage points lower than in BF (95% CI = 0.18-0.43%). Moreover,
survival in BF was affected more by host than temperature (S — fr = -0.39, 95%CI =
-0.90-0.13, p.p. < 0 = 0.93), while survival in CA and SI was affected more by temperature
than host (CA, Sy — fr = 0.65, 95% CI = 0.23-1.13, p.p. > 0 > 0.99; SI, Sy — fr = 1.01,
95% CI = 0.56-1.53, p.p. > 0 > 0.99).

Similarly, in the double-stress (I4+H, I4+T, and H+T) treatments, the CA and SI lin-

eages showed credibly lower survival than BF (a 21 percentage point decrease; 95% CI =
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0.15-1.27%, see Table 2.3). The effect of host stress on survival was also credibly different
across all population pairs (p.p. that the absolute value of the difference in 37 > 0 > 0.99
for all three population pairs). The effect of temperature stress was credibly less severe
than in either CA or BF (p.p. that 87gr — B ca and BTpr — Bs1 > 0 > 0.99). How-
ever, no credible differences between populations were observed for interaction terms (i.e.
Brxm, BrxT, and Brgxr), indicating that the differences across populations in our double-
stress groups are largely due to differences in the additive effects of each stressor across
populations rather than differences in the magnitude of interactions across populations. No
credible differences were observed between populations were observed in the triple-stress (in-
breeding + host + temperature) treatment or for the three-way interaction term (Brxgx7).
Similar results were observed for the effects of external stressors on inbreeding depression

(6) (Fig. 2.2a).

Female Mass

Under benign conditions, we saw inbreeding depression with respect to female mass only
in the CA lineage, where inbreeding decreased mass by 7.4% (95% CI = 2.0-12.5%, see Fig.
2.3b). In the single-stress treatments, we saw a trend for inbreeding depression under host
stress in BF (p.p. 6" > 0 = 0.901), and under temperature stress in CA (p.p. §*™P > 0 =
0.929). However, evidence that either of these treatments increased inbreeding depression
more than in the control treatment was moderate to marginal (p.p. 6"t > geontrol — (. 770
for BF; p.p. 6*¢mP > geontrol — 0 615 for CA, see Table 2.2). Analogous results in terms of
haploid lethal equivalents (HLE) are shown in in Fig. 2.2b.

We were unable to obtain female mass data for the CA host-temperature combination
stress treatment because survival was too low. However, the two-way combination of tem-
perature and host stress showed a strong trend for increasing the magnitude of inbreeding
depression in BF (Fig. 2.2b). Inbred BF beetles from the temperature plus host treatments
were 49.2% (95% CI = -16.5-94.8%) smaller by mass than non-inbred BF beetles subjected
to those same environmental stressors (as compared to 2.02%, 6.53%, and 3.24% for §eontrol,

§host and §%™P respectively). Furthermore, the trend for the magnitude of this increase
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in inbreeding depression was more than additive: inbreeding depression increased by 41.7
percentage points more than expected by simply summing the effects of temperature and
host stress (95% CI = -13.7-87.8 percentage points; p.p. 67+1 > 67 + 67 — §¢ = 0.96).
In contrast to our results for survival (where we saw a modest negative trend), here the
trend for an interaction between host and temperature stress on inbreeding depression was
strongly positive (Fig. 2.2b and Table 2.2).

There was a highly credible difference in female mass across lineages: under benign
conditions, average mass for the BF lineage was 11% greater than for CA (CA, mean mass
= 2.67 mg, 95% CI 2.57-2.78 mg; BF, mean mass = 3.00 mg, 95% CI 2.85-3.14 mg for BF,
see Fig. 2.3b and Table 2.3). While inbreeding decreased female mass in both lineages, only
CA showed a credible effect (BF, p.p. #/ < 0 = 0.72; CA, p.p. B/ <0 > 0.99) (Figs. 2.3b
and 2.4b). As with survival, there were no credible differences in the effect of inbreeding
depression () on female mass across populations. However, the effect of host stress on
female mass was considerably more severe in BF than in CA (p.p. ¥ for BF < g for CA
> 0.99). In the BF lineage, host stress decreased female mass at adulthood by 0.578 mg
(95% CI = 0.357 to 0.801 mg decrease) as compared to the control group. While host stress
showed no measurable effect on mass in CA, temperature stress decreased CA mass from
2.67 mg to 2.26 mg (a 0.41 mg drop; p.p. mass'®™ > mass®™°! > 0.99) (Fig. 2.3b). In
contrast, the effect of temperature stress on CA was considerably more severe in CA than
in BF (p.p. 87 for CA < g7 for BF = 0.99, see Fig. 2.4b).

We found no credible evidence of two-way interactions between stressors on mass in
either BF or CA (Fig. 2.4b), and we saw no credible differences in the interaction terms
("M and pT*T) across populations. As for survival, this indicates that the credible differ-
ences in female mass we saw in the double-stress treatment groups (i.e. I+H and I+T, see
Table 2.3) can be attributed mainly differences in baseline female mass and the differen-
tial effects of additive stressors across populations rather than differences in the magnitude
of interactions across populations. That said, we did find a strong positive trend for an

interaction among all three stressors combined (inbreeding, host, and temperature stress)
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on mass in BF (p.p. B7XT < 0 = 0.96), such that beetles exposed to all three stressors
were smaller than expected from the effects of the individual stressors. Due to exceedingly
low survival in the host plus temperature treatment and in the inbreeding plus host plus

temperature treatments, we were unable to collect mass data for CA (Table 2.1).

Discussion

The prevalence of interactions between inbreeding and environmental stress has become
clear in recent years, garnering interest in what consequences this might hold for conserva-
tion [Armbruster and Reed, 2005, Fox and Reed, 2011, Kristensen et al., 2008, 2003, Liao
and Reed, 2009, Pray et al., 1994, Reed et al., 2012]. But the significance and consistency of
this phenomenon remain unclear. In this study we sought to shed light on these questions
by approaching analyses from two different perspectives: first, we looked at the degree to
which environmental stress (and interactions among stressors), resulted in inbreeding-stress
interactions as measured by the magnitude of inbreeding depression (¢). Second, we looked
at the degree to which interactions among each combination of our three stressors (inbreed-
ing, host, and temperature) impacted overall fitness, as measured by survival and female
mass. By comparing the effect of inbreeding-stress interactions as measured by the effect of
environmental stressors on inbreeding depression vs. the effect of inbreeding-stress interac-
tions on fitness, we sought to determine whether a substantial inbreeding-stress interaction
as measured by ¢ implies that the effect of that interaction on overall fitness will be relevant
for conservation. We used C. maculatus lineages from three different continents (CA from
North America, BF from Africa, and SI from southwest Asia) to determine the degree of

consistency in stress responses across lineages.

The magnitude of inbreeding-stress interactions as measured by inbreeding de-
pression vs. overall fitness are not interchangeable

Both environmental stressors we used (host and temperature stress) had a strong effect
on the magnitude of inbreeding depression, §, for survival in our lineages. This is consis-

tent with the general literature consensus that environmental stress generally increases the
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severity of inbreeding depression [Armbruster and Reed, 2005, Fox and Reed, 2011]. Sim-
ilarly, we found that each stressor individually (inbreeding, temperature, and host) had a
strong impact on C. maculatus survival. Our environmental stressors (temperature and
poor host quality) caused a greater reduction in survival in C. maculatus than did inbreed-
ing. That said, under our experimental design beetles were subjected to only one generation
of inbreeding (inbreeding coefficient F = 0.25). In the wild (or in captive breeding), popu-
lations may instead be subjected to prolonged bouts of inbreeding. Thus, the current study
may underestimate the impact of inbreeding depression in wild or captive-bred populations.
Conversely, in cases where inbreeding has been so prolonged that purging has occurred [see
Bijlsma et al., 1999], our study may instead overestimate the impact of inbreeding depres-
sion.

Despite finding clear evidence that both environmental stressors produced an inbreeding

stress interaction as measured by their effect on §, the survival model showed an inbreeding-
stress interaction in only two treatment groups: inbreeding x host in BF and inbreeding x
temperature in CA. This discrepancy illustrates that inbreeding-stress interactions showing
credible effects within the context of relative fitness (i.e. outbred vs. inbred fitess) may
show marginal effects within the context of overall fitness. Instead, the decline in survival
in our treatment groups can be attributed largely to the individual, additive effects of each
stressor rather than inbreeding-stress interactions. Thus, even in cases where the effect of
an inbreeding-stress interaction as measured by inbreeding depression (i.e. § or HLE) is
substantial, we cannot assume that the importance of those interactions vs. additive effects
of individual stressors on overall fitness will be similarly important. For example, if under
benign conditions, inbreeding decreased survival from 100% to 90%, while under stressful
conditions, inbreeding decreased survival from 2% to 1%, ¢ would increase from 0.1 to 0.5,
indicating that a substantial inbreeding-stress interaction exists. But concluding from this
change in 0 that inbreeding-stress interactions have a substantial effect on population fit-
ness would be false, as in this hypothetical scenario the additive effects of environmental

stress alone caused a 98% drop in survival, rendering the effect of the inbreeding-stress in-
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teraction negligible by comparison. Thus, using § as the sole measure of the importance of
inbreeding-stress interactions may give a false impression regarding the relative importance
of inbreeding-stress interactions to overall fitness. Our findings highlight the importance
of carefully parsing the effect of inbreeding-stress interactions as measured by inbreeding
depression vs. the effect of inbreeding-stress interactions as measured by overall fitness—

relevance in the first case may not imply relevance in the second.

Strength of interactions depends on the severity of the stressors

Because our study expands upon the work of Fox and Reed [2011], some of our results
can be compared. Overall, Fox and Reed [2011] saw higher baseline survival and more se-
vere inbreeding depression than we did (6°°™*° = 0.31 for BF and 0.19 for SI, as compared
to 0.13 and 0.14 in our study). We also saw a drastically different response to temperature
stress in the SI lineage. Whereas Fox and Reed [2011] found that temperature stress de-
creased survival in SI by only 13 percentage points (88% survival in the control vs. 75%
under temperature stress), we found that temperature stress decreased survival in SI by
63 percentage points (75.5% survival in the control vs. 12.1% under temperature stress).
These differences may reflect the impact of confounding variables such as humidity, host
seed quality, differences in rearing setup, and oxygen availability. Alternatively, there may
have been significant changes in the genetic composition of the SI population between the
earlier study and ours. Under most temperature regimes, seed beetles have a generation
time of approximately 30 days or less [Fox et al., 2011]. Consequently the SI and BF lin-
eages would have had over 75 generations in which to evolve differences between the Fox
and Reed [2011] experiment and our own. Fricke and Arnqvist [2004] demonstrated that
replicate populations of the same seed-beetle strain can rapidly diverge in mating behavior
and reproduction under different laboratory conditions. Both local adaptation and genetic
drift could cause substantial change in a population’s response to both environmental stress
and inbreeding. Accounting for the potential of evolutionary rescue may an important con-
sideration to avoid over-generalizing the effect of inbreeding-stress interactions both across

populations and over time [Carlson et al., 2014, Gonzalez et al., 2013].
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The consensus of our study, Fox et al. [2011], and Fox and Reed [2011] suggest that the
severity of an individual stressor may be critical to determining its potential for interactions
with other stressors or with inbreeding. Fox et al. [2011], used mild stressors and found
marginal evidence for interactions among stressors. The authors suggested that the range
of stressors used were so mild that either a) the interactions between stressors were too
small to detect, or b) stressors must reach a certain severity threshold before interactions
occur between them. Fox and Reed [2011] used moderate stressors (e.g., survival in the
most stressful treatment group was 33%) and found clear evidence for relevant interactions
among them. In this study, we used combinations of stressors that in some cases severely
limited survival, with three treatment groups showing survival of less than 2% (I4+T, H4T,
and I+H+T). Thus, our study expands upon Fox et al. [2011] and Fox and Reed [2011]
to represent the far end of the spectrum: the effect of interactions when stressors are
severe. In our most severe stress combinations, we found little evidence of interactions. This
result provides strong support for the trend that Schou et al. [2015] found in their study
of inbreeding-stress interactions in Drosophila: under severe stress, the rate of increase in
inbreeding-stress interactions falls short of linear. In other words, the higher the stress level,
the smaller the increase in inbreeding-stress interactions becomes.

Taken together, these trends illustrate that although the strength of interactions may
increase with the severity of stress imposed when stressors are mild to moderate, there
will be a point at which the interaction between two biological stressors will necessarily be
less than additive due to limiting bounds on the values a trait can assume. For example,
inbreeding depression, §, has a maximum upper bound of 1, which would indicate that
inbreeding decreased fitness by 100%. Consider inbreeding depression for survival in the
CA lineage in our study: under a purely additive model, we would predict that 67+7
should decrease survival by 108.8% (baseline § plus additional effect of temperature and
host = 14% + 60.1% + 34.7%, see 2.2), which of course is impossible. Thus, when assessing
the relevance of potential interactions in a conservation context, it may be helpful to first

consider the magnitude of each stressor on its own.
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Interactions vary with the fitness component measured

Our study also showed that effects of inbreeding and stress depend on fitness measure.
We saw clear evidence of inbreeding depression and the impact of individual stressors on §
for survival, but these effects were less clear for adult female mass. The effect of interactions
between environmental stressors also varied by fitness component. Using female mass as
our measure of fitness, we found a strong trend for a positive interaction between host
and temperature stress on inbreeding depression. This is consistent with Fox and Reed
[2011] and with studies showing increased inbreeding depression under stressful conditions
[e.g., Armbruster and Reed, 2005, Liao and Reed, 2009]. But we saw precisely the opposite
when survival was the fitness measure: the interaction between temperature and host was
negative (see Fig. 2.2). Hence, for survival, the effect of temperature plus host stress was
less severe than the sum of their separate effects. Similarly, we did not see evidence for
a three-way inbreedingxhost xtemperature interaction for survival, but there was a strong
trend for a three-way interaction for mass.

The consistent differences between our survival vs. mass results underscore the fact
that not all components of fitness will respond the same way to inbreeding or environmental
stress This point was noted previously by Armbruster and Reed [2005] and Charlesworth
and Charlesworth [1987] in their reviews of inbreeding literature. In our case, the differences
in the stress response of mass vs. survival may have arisen in part because beetles with
low mass were less likely to survive to adult emergence. Thus, the mean weight of beetles
that emerged successfully may be higher than would have been observed had all beetles
survived to emergence. In other cases, such for the three-way stress interaction on survival,
the lack of effect might have occurred because the two-way stress treatment (temperature
+ host) alone decreased survival to less than 2%, a value too low to allow us to detect a
more-than-additive three-way interaction. We note that our results closely parallel those
of Schou et al. [2015], who also found that the magnitude of inbreeding depression was
lower when measured using mass rather than survival in Drosophila, suggesting that this

trend may be generalizable in certain cases. These results also reinforce the notion that
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fitness components are not always directly comparable, and it would be advisable to avoid
generalizing the results of a single fitness component. In addition, our results suggest that
it is important to think carefully about which fitness measure (or combination of fitness

components) is most relevant for the particular organism under study.

Effect of environmental stress differs across lineages

We found little evidence for variation in the magnitude of inbreeding depression among
lineages. In wild populations that have undergone drastic bottlenecks or other significant
demographic changes (as might be expected in endangered populations), population-specific
responses may be more common. As the variance effective population size (N,) for the the
least-fecund lineage in our experiment was equal to N, = 1149.6, it is unlikely that drastic
bottlenecks have occurred in our beetle lineages’ recent history [Gompert and Messina,
2016]. That said, the beetle lineages we used have been maintained in captivity for in excess
of 100 generations (and over 450 generations in the case of SI), meaning that substantial
levels of genetic drift and adaptation to captivity are likely to have occurred in our lineages.

We did observe, however, that the response to environmental stressors, but not their
interactions with inbreeding depression, varied strongly across populations. Specifically,
we found that the Burkina Faso (BF) lineage was less susceptible to environmental stress
overall, and in particular showed far greater tolerance to temperature stress. In contrast,
the South India (SI) and California (CA) populations were more susceptible to temperature
stress than to host stress. In addition to differences in the mean effect of environmental
stress, the variance in response to environmental stress seen in BF was also far higher than
in the South India (SI) and California (CA) populations (see Fig. 2.3a). While we saw
no credible differences in inbreeding-stress interactions across populations, we did see a
modest trend for the host x temperature interaction being greater in BF than CA (see
Fig.2.4a). Differences in response to temperature stress across populations (both mean
and variance) may reflect local adaptation in each lineage to different stressors in their
native environments, but given the differences in results between Fox and Reed [2011]

and our study, it seems likely that divergent assay conditions and prior laboratory evo-



30

lution (adaptation to captivity and/or drift) may have played a role. Nevertheless, these
differences suggest that the effect of environmental stress may not generalize well across
populations. Inbreeding-stress interactions, however, were more consistent, suggesting that
the magnitude of inbreeding-stress interactions may be somewhat more generalizable across

populations within a single species than are the effects of individual stressors.

Conservation implications and future directions

In conclusion, we found that the magnitude and relevance of individual stressors and
their interactions varied with 1) analysis perspective (i.e. measuring inbreeding-stress inter-
actions in the context of inbreeding depression vs. fitness) 2) fitness component, 3) stressor
severity, and 4) population. In all, our results suggest that inbreeding-stress interactions
are both variable and complex. Critically assessing the aforementioned factors may help
better clarify under which circumstances inbreeding-stress interactions are relevant for ap-
plied conservation. In particular, our results suggest that § or HLE may be more sensitive
measures for assessing the presence of inbreeding-stress interactions as they are based on
relative rather than absolute fitness (specifically, inbred relative to outbred fitness). Thus,
in situations where the goal is to determine the presence of an inbreeding-stress interaction,
no matter how small, § or HLE may prove more effective. However, in the context of con-
servation, it is arguably more important to understand not whether an inbreeding-stress
interaction exists, but whether interactions effects are large enough to warrant conserva-
tion concern. Measures such as 6 and HLE are not necessarily the most effective way to
determine the relative importance of interactions vs. the additive effects of stressors. Thus,
we suggest that placing inbreeding-stress interactions within the context of overall fitness
(i.e. comparing additive vs. interactive effects directly) will yield more informative results
regarding the conservation relevance of inbreeding-stress interactions than will looking at
inbreeding-stress interactions in terms of é or HLE alone.

In addition to exercising caution when interpreting the relevance of inbreeding-stress
interactions within the framework of & alone, our study showed that the magnitude of

inbreeding-stress interactions varied with both fitness component and degree of stress im-
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posed. This is consistent with previous research ([Armbruster and Reed, 2005, Charlesworth
and Charlesworth, 1987, Schou et al., 2015]), and underscores the inbreeding-stress inter-
actions can vary widely depending on the severity of stress a population experiences and
which fitness measure is used. Future studies exploring the relationship between the mag-
nitude of stressors and the resulting interaction between them could help explain some of
this variation, and shed further light on how broadly inbreeding-stress interactions can be
generalized. For conservation purposes, fitness measures of direct relevance to population
persistence or management (in particular survival and fecundity) may be of greater value
than fitness measures with less obvious connections to population persistence.

Finally, investigating the role of local adaptation and population demographic history
(in particular the effects of small population size or bottlenecks) may help us better explain
and predict variation in inbreeding-stress interactions across populations. While we know
that inbreeding-stress interactions are a widespread phenomenon, how such interactions
may change under adaptive evolution, evolutionary rescue, or purging is unclear. While
our study did not show substantial differences in inbreeding depression or inbreeding-stress
interactions across populations, we did see large differences in how populations responded
to environmental stress. Furthermore, our results contrasted sharply with those of Fox
et al. [2011], raising the question of whether stress responses may not only generalize poorly
across populations, but across time as well. In light of these results, we suggest that for
management purposes, generalizations about the effects of inbreeding-stress interactions
across space (i.e. geography) and time (i.e. across many generations in a single population,
especially when evolutionary rescue or purging is thought to be occurring) be approached
with caution.

In summary, research over the past two decades has revealed substantial variation in
magnitude and direction of inbreeding-stress interactions populations experience. Elucidat-
ing the various causes of such variation may help us not only to better predict a population’s
conservation risk, but to develop a deeper understanding of eco-evolutionary dynamics as

a whole. Until then, carefully considering the many nuances that can affect the magnitude
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and relevance of inbreeding-stress interactions may help us make sound judgements with

regard to conservation.
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Tables and Figures

Table 2.1: Mass sample sizes by lineage and treatment

Control Inbred (I) Host (H) Temp (T) I+H I4+T H+T I4+H+T

BF 371 349 200 241 94 139 9 3
CA 291 237 71 49 49 19 0 0

Table 2.2: Point estimates and 95% credible intervals for the effect of host stress, tem-
perature stress, and host-temperature stress interactions (HxT) on inbreeding depression,
d, using both survival and mass and fitness measures. Values greater than zero represent
treatments or interactions that increased the severity of inbreeding depression, while values
less than zero represent those that decreased the severity of inbreeding depression. Host-
temperature interactions were cacluated as 67*T = §H+T _ §H _ §T 4 5C

Host (67 —§¢)  Temp (67 — ) HxT
Survival SI  0.32 (0.19, 0.43)  0.53 (0.23, 0.70) -0.18 (-1.77, 0.21)
BF  0.35 (0.20, 0.48)  0.30 (0.01, 0.49) -0.03 (-0.58, 0.38)
CA 0.35(0.16, 0.51)  0.60 (0.35, 0.76) -0.08 (-0.31, 0.21)
Mass ~ BF  0.04 (-0.07, 0.16) 0.01 (-0.09, 0.11)  0.42 (-0.14, 0.88)
CA  -0.06 (-0.19, 0.06) 0.02 (-0.12, 0.15)
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Fig. 2.1: Flow chart showing how beetles were assigned to treatment groups within a block.
We used a split-brood design in order to divide the offspring of each beetle pair across all
temperature-host treatment combinations. Red-shaded boxes indicate stressful treatments,
while white boxes indicate benign conditions. This experimental design was implemented
for all blocks across all lineages (BF, CA, and SI).
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(a) Inbreeding depression, 9, for survival of C. maculatus
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Fig. 2.2: Model posterior summaries for inbreeding depression (4) and haploid lethal equiv-
alents (HLE) using (a) survival and (b) mass as the measure of fitness. Points represent the
median value of the posterior for each treatment-lineage combination, while vertical bars
denote the 95% credible interval. Values of § range from 0 to 1, with zero indicating no
inbreeding depression, and 1 indicating that inbreeding reduced fitness by 100%. HLE is
represented on a log scale, with the power of 10 increasing by 0.1 with each hash mark.
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(a) Survival of C. maculatus to adulthood by treatment
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Fig. 2.3: Model posterior summaries for (a) percent survival and (b) female mass by treat-
ment group and lineage. Points represent the median value of the posterior for a given
treatment-lineage combination, and vertical bars denote the 95% credible interval. Hori-
zontal lines in (b) represent the median mass for the control treatment by lineage.
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Fig. 2.4: Model posterior summaries for regression coefficients () for each of the seven

treatment covariates from the linear models for (a) survival and (b) mass.

Regression

coefficients are presented on a logit scale where points indicate the median value of 8 from
the posterior and vertical bars indicate 95% credible intervals. The horizontal gray bar
indicates the line y = 0. Regression coefficients falling below zero indicate variables which
decreased survival or mass as compared to the control, while those above zero increased

survival or mass.
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Table 2.3: Point estimates and 95% credible intervals for differences between populations
by treatment group for both survival and mass data. Differences between population pairs
were calculated as derived parameters by taking the difference between the posterior samples
for the first population and the second, then summarizing the output. Negative estimates
indicate that the second population had a higher survival or mass value than the first, while
positive estimates indicate that the second population had a lower survival or mass value
than the first. Credible differences between populations (in either direction) are shown in

bold.
Control Inbred Host
Survival BF-CA -0.08 (-0.14, -0.03) -0.06 (-0.12, 0.00) 0.13 (0.07, 0.18)
BF-SI  -0.05 (-0.10, -0.01)  -0.04 (-0.09, 0.01) 0.06 (0.01, 0.11)
CA-SI 0.03 (-0.01, 0.07) 0.02 (-0.03, 0.08)  -0.07 (-0.10, -0.02)
Mass BF-CA  0.32 (0.14, 0.51) 0.46 (0.31, 0.61) -0.16 (-0.40, 0.07)
Temperature I+H I+T
Survival BF-CA  0.30 (0.19, 0.43) 0.07 (0.03, 0.11) 0.21 (0.16, 0.27)
BF-SI 0.30 (0.18, 0.43) 0.03 (-0.02, 0.07) 0.21 (0.15, 0.26)
CA-SI 0.00 (-0.07, 0.06)  -0.04 (-0.08, -0.01) -0.01 (-0.03, 0.02)
Mass BF-CA  0.73 (0.48, 0.97)  -0.28 (-0.55, -0.01) 0.84 (0.59, 1.09)
H+T I+H+T
Survival BF-CA  0.02 (0.01, 0.03) 0.00 (0.00, 0.01)
BF-SI 0.01 (0.00, 0.03) 0.00 (0.00, 0.01)
CA-SI  0.00 ( -0.01, 0.00) 0.00 (0.00, 0.00)
Mass BF-CA — —




CHAPTER 3
CONSIDERABLE GENETIC DIVERSITY AND STRUCTURE DESPITE NARROW
ENDEMISM AND LIMITED ECOLOGICAL SPECIALIZATION IN THE HAYDEN’S
RINGLET, COENONYMPHA HAYDENII

Abstract

Understanding he processes that underlie the development of population genetic struc-
ture is central to the study of evolution. Patterns of genetic structure, in turn, can reveal
signatures of isolation by distance, barriers to gene flow, or even the genesis of specia-
tion. However, it is unclear how severe range restriction might impact the processes that
dominate the development of genetic structure. In narrow endemic species, is population
structure likely to be adaptive in nature, or rather the result of genetic drift? In this study,
we investigated patterns of genetic diversity and structure in the narrow endemic Hayden’s
ringlet butterfly. Specifically, we asked to what degree genetic structure in the Hayden’s
ringlet can be explained by isolation by distance, isolation by resistance (in the form of
geographic or ecological barriers to migration between populations), and isolation by envi-
ronment (in the form of differences in host plant availability and preference). We employed
a genotyping-by-sequencing (GBS) approach coupled with host preference assays, Bayesian
modeling, and population genomic analyses to answer these questions. Our results suggest
that despite their restricted range, levels of genetic diversity in the Hayden’s ringlet are
comparable to those seen in more widespread butterfly species. Hayden’s ringlets showed a
strong preference for feeding on grasses relative to sedges, but neither larval preference nor
potential host availability at sampling sites correlated with genetic structure. We conclude
that geography, in the form of isolation by resistance and simple isolation by distance, was

the major driver of contemporary patterns of differentiation in this narrow endemic species.
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Introduction

Determining the evolutionary processes underlying the development of population ge-
netic structure can provide important insights into the causes and potential consequences
of evolution. Patterns of genetic structure, or the organization of genetic diversity across
geographic space, can help reveal contemporary gene flow and migratory routes [e.g., Gom-
pert et al., 2021, Hemstrom et al., 2022], ecological specialization [e.g., Chaturvedi et al.,
2018, Ferrari et al., 2012, Michell et al., 2023, Nosil et al., 2008], patterns of admixture
[e.g., Priifer et al., 2014], or even the initial stages of speciation [Avise et al., 2000, Harvey
et al., 2017, Mayr, 1942]. The development of genetic structure is driven by three major
evolutionary processes: genetic drift, gene flow, and natural selection [Wright, 1931]. But
the degree to which each of these processes dominate—and what patterns of structure might
arise as a result—depends heavily on geographic, ecological, and demographic conditions.

Narrow endemism (restriction of a species’ range to a limited geographic area relative
to dispersal capacity) is a condition that would, at first glance, appear to limit the potential
for genetic structure to develop. Historically, it was predicted that narrow endemic species
should show low levels of genetic diversity [Frankham, 1997, Soltis and Soltis, 1991]. At
small population sizes, genetic drift will more readily drive alleles to fixation, leading to loss
of diversity over time [Gillespie, 2001, Montgomery et al., 2000, Rivera-Ortiz et al., 2015,
Wright, 1931]. Low levels of genetic diversity coupled with a narrowly limited geographic
range (relative to dispersal capacity and habitat heterogeneticy) would seem to leave little
genetic or geographic potential for differentiation to arise among populations. But a grow-
ing body of evidence suggests that endemic species—particularly plants—can show both
high levels of genetic diversity [Forrest et al., 2017, Medrano and Herrera, 2008] as well
as substantial genetic structure [Hobbs et al., 2013, Jiménez-Mejias et al., 2015, Turchetto
et al., 2016]. But is genetic structure in endemic species likely to be adaptive in nature [see

Robitzch et al., 2023], or simply the result of limited gene flow and drift?
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To help tease apart the processes driving the development of genetic structure, we
can categorize the patterns of structure into three major cases. These three cases are not
mutually exclusive; the question is the degree to which each case contributes to overall
patterns of structure. In the simplest case, population genetic structure can arise from a
combination of geographic distance and genetic drift alone [Wright, 1943]. This pattern is
known as isolation by distance (IBD), and occurs when intrinsic limitations to dispersal lead
to non-random mating and the accumulation of genetic differences across space via genetic
drift, even in a perfectly uniform environment [Slatkin, 1993, Wright, 1943]. If narrow
endemic species experience a greater degree of genetic drift due population size limitations,
then it might be predicted that IBD should more often be a key driver of patterns of
structure in such species.

In cases where the environment connecting populations is not uniform, geographic or
ecological barriers (e.g., mountains, rivers, low host availability) can reduce rates of gene
flow among populations. Reduced rates of gene flow, in turn, can drive differentiation
among isolated populations via genetic drift [Rivera-Ortiz et al., 2015]. Geographically or
ecologically favorable conditions, on the other hand, can create corridors of increased gene
flow, homogenizing populations [Sharma et al., 2013, Slatkin, 1987]. These conditions can
result in patterns of genetic differentiation correlated with functional connectivity (i.e., het-
erogeneity in resistance of the landscape to gene flow) rather than physical distances (i.e.
isolation by resistance, or IBR [McRae, 2006, Moreno-Contreras et al., 2023, Thomas et al.,
2015]. Because narrow endemics occur within a limited geographic range, in some cases
there simply may not be enough environmental variation within a narrow endemic’s range
to result in substantial patterns of IBR. However, in many cases narrow endemic species are
associated with ecologically unique environments and may be ecological specialists [for ex-
ample, species endemic to white sands or serpentine soils; see Anacker, 2014, Anacker et al.,
2011, Lavergne et al., 2004, Metzler, 2014, Nery et al., 2023]. If narrow endemism is coupled
with niche specialization, then narrow endemic species might be more likely to experience

habitat fragmentation—especially if they also exhibit limited dispersal capacity—allowing
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isolation by resistance to develop even on a fine geographic scale.

Finally, if individual populations occupy ecologically divergent environments (as op-
posed to geographic or environmental barriers existing between two or more equivalent envi-
ronments), natural selection can drive population divergence via local adaptation, resulting
in a pattern known as isolation by environment (which subsumes isolation by adaptation)
[Driscoe et al., 2019, Funk et al., 2011, Luna et al., 2023, Nosil et al., 2008, 2009, Orsini
et al., 2013, Wang and Bradburd, 2014]. Isolation by environment is specifically character-
ized genetic differentiation increasing with environmental differences between populations
that are independent of geographic distances [Sexton et al., 2014, Wang and Bradburd,
2014]. This can occur as a result of direct selection at loci affecting fitness, as well as in-
direct selection at neutral loci [Nosil et al., 2008, 2009]. Thus, this pattern is the result of
divergent selection coupled with reduced effective rates of gene flow (either via increased
immigrant mortality or reduced hybrid fitness) increasing the potential for genetic hitchhik-
ing, as well as limiting the extent to which gene flow erases the effects of natural selection
[Nosil et al., 2008,7, 2009, Wang and Bradburd, 2014]. Natural selection is more likely to
overcome the effects of genetic drift when effective population sizes are large, and higher
levels of standing genetic variation provide more raw material upon which natural selection
can act. While narrow endemism implies that a species occurs over a limited geographic
range, it does not imply that population sizes and genetic diversity levels are necessarily low.
To the contrary, depending on various factors such as body size and local carrying capacity,
small geographic ranges (from a human perspective) can support large, viable populations
of some species. Moreover, the degree to which genetic diversity—particularly adaptive
genetic diversity—decreases with range size reduction is predicted to be initially slow, with
major reductions in diversity occurring only after the majority of a species’ range has been
eliminated [Exposito-Alonso et al., 2022]. As narrow endemic species have increasingly been
shown to harbor unexpectedly high levels of genetic diversity [Forrest et al., 2017, Medrano
and Herrera, 2008], there is a possibility that patterns of genetic structure in such species

could be adaptive in nature.
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As narrow endemism is associated with increased extinction risk [Frankham, 1998, Pit-
man and Jgrgensen, 2002], determining the degree to which genetic structure in narrow
endemic species reflects patterns of local adaptation vs. genetic drift could have vital con-
sequences for conservation. In species where genetic structure has arisen largely as a result
of anthropogenic habitat fragmentation and drift [Johansson et al., 2007, Ripperger et al.,
2013], populations might be better managed as a single unit. On the other hand, popu-
lations showing patterns of local adaptation might harbor vital adaptive variation, as well
as show an increased risk for outbreeding depression due to high immigrant mortality or
low hybrid fitness if not managed separately [Frankham et al., 2011]. More broadly, under-
standing the nature of genetic structure in narrow endemic species could help shed light on
the degree to which range size might influence the processes that dominate the development
of genetic structure.

In this study, we characterize patterns of genetic diversity and structure in the nar-
row endemic Hayden’s ringlet butterfly. The Hayden’s ringlet, Coenonympha haydenii, is
a brown Satyrid butterfly found only in mountain meadows and forest clearings of south-
western Montana, southeastern Idaho, and western Wyoming (i.e., the Greater Yellowstone
Ecosystem) [Debinski and Pritchard, 2002, Howe and Bauer, 1975, Pyle, 1981, Scott, 1992].
Known for both high local abundances [Caruthers and Debinski, 2006] and weak flying abil-
ity [Glassberg, 2001, Kaufman and Brock, 2003], it is possible that enough genetic variation
and dispersal limitations could exist in this species to result in population genetic structure
even at small spatial scales. Larvae of C. haydenii are thought to feed on one or more
species of grasses (family Poaceae) or sedges (family Cyperaceae) [Debinski and Pritchard,
2002, Feltwell, 1993, Glassberg, 2001, Pyle, 1981]. Female Hayden’s ringlets are associated
with moist, hydric meadows or bogs [Pyle, 1981, Scott, 1992], and population sizes decline
during periods of drought [Debinski et al., 2013]. This is consistent with the possibility that
C. haydenii could be specialized on one or more endemic Yellowstone wetland species like
sedges. Conversely, the congeneric and sympatric common ringlet (Coenonympha tullia)

is known to be a broad generalist, even feeding successfully on introduced species such as
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Kentucky bluegrass [Debinski and Pritchard, 2002]. If the Hayden’s ringlet is also able to
utilize multiple host plants, it is possible natural selection could be driving local adaptation
to host plant use across its range, particularly in disrupted environments where novel, in-
vasive grass species dominate. These factors make the Hayden’s ringlet an ideal system for
investigating the processes driving patterns of genetic structure in narrow endemic species.
Specifically, in this study we asked the following questions: (1) how much genetic diversity
and structure exists within the Hayden’s ringlet, and (2) to what degree is the develop-
ment of genetic structure in this narrow endemic species associated with (a) geographic
distance and genetic drift alone (isolation by distance), (b) geographic or ecological barriers
to dispersal between populations (isolation by resistance), and/or (c) ecological differences
and local adaptation to larval host plants among sites (isolation by environment). This
will provide much-needed data regarding host use and population connectivity in an iconic
Yellowstone butterfly, as well as contribute another example of how genetic structure can

develop in a narrow endemic species.

Materials and Methods

Butterfly Sample Collection

Over the course of two years, we collected adult C. haydenii specimens of both sexes
from 14 sampling sites across the species’ range (see Fig. 3.1a). We surveyed for C. haydenii
presence at two additional locations in the Yellowstone Plateau region (AVP and GLR, see
Table S1) and along approximately 10 miles of trail on the John D. Rockefeller Jr. Memorial
Parkway, but we only observed a single Hayden’s ringlet across this entire region. Due to low
abundance between Yellowstone National Park and Grand Teton National Park, we were
unable to collect butterflies from this area. At each of the 14 sites where Hadyen’s ringlet
populations were abundant, we collected an average of 27 butterflies per location (see Table
S4 for specific sample sizes). Male butterflies were immediately frozen to preserve tissue
for subsequent DNA extraction, while females were maintained temporarily in the lab for

egg collection and oviposition preference assays and frozen afterwards. Butterfly specimens
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sampled within Yellowstone and Grand Teton National Parks were collected under permits
YELL-2018-SCI-8064, YELL-2019-SCI-8064, GRTE-2018-SCI-0041, and GRTE-2019-SCI-
0055.

DNA Sequencing, Alignment, and Variant Calling

We used Qiagen DNeasy 96 Blood and Tissue Kits to extract DNA from the thoracic
tissue of 287 butterfly specimens representing 14 sampling locations (see Fig. 3.1 and Table
S4). When available, an equal number of male and female specimens were chosen for
sequencing from each site. Reduced-representation restriction-fragment based DNA libraries
were prepared for genotyping-by-sequencing (GBS) following methods similar to those in
Gompert et al. [2014a]. Briefly, whole-genome DNA was digested using Msel and EcoR1
enzymes, ligated to custom barcode sequences, and amplified via PCR. Barcoded DNA
fragments were then pooled across samples, purified, and size-selected using a BluePippin.
DNA fragments between 300-450 bp were selected for sequencing. The resulting DNA
fragment libraries were sequenced on the University of Texas [llumina HiSeq 4000 sequencing
platform. The resulting DNA sequences were first filtered to remove PhiX sequences and
poly-G tails. PhiX is a bacterial sequence introduced during HiSeq sequencing as an internal
control. We used SAMtools version 1.10 and custom scripts to find and remove all reads
that aligned to the PhiX reference genome, leaving 347,375,794 individual reads. Barcode
sequences were then removed from these remaining reads using custom Perl scripts, allowing
us to match each DNA sequence to the individual butterfly from which it came.

To date, no reference genome has been published for the Hayden’s ringlet. In the
absence of a full reference genome, we constructed a de novo set of reference contigs for
Coenonympha haydenii using the program CD-hit version 4.8.1 [Li and Godzik, 2006]. See
the Supplemental Information for further details regarding our construction of the reference
contig set. Reads that were aligned to this reference contig set using BWA version 0.7.17-
r1188 [Li and Durbin, 2009]. We used the BWA aln algorithm, with the total number of
mismatches allowed per read (-n) set to 5, or approximately 6% of each read. We set seed

length (-1) equal to 20 bp, and the maximum allowed mismatches in the seed sequence (-k)
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equal to 2.

We identified sites with single nucleotide polymorphisms (SNPs) in our genomic data
using samtools and bcftools version 1.9 [Li et al., 2009]. We used the original consensus
caller (-¢) to call variants, and set the threshold probability (-p) for accepting variants to
0.01 (i.e., we only called variants if the posterior probability the nucleotide was invariant
was less than 0.01). Variants were then filtered for quality using custom Perl scripts. We
retained variable sites for which there were at least 2x more reads than the number of
individuals we sequenced (i.e., mean coverage per >2x), contained a minimum of 10 reads
for the alternative allele (to filter out possible sequencing errors), and had a phred-scaled
mapping quality >30. We removed variant sites with base-quality rank-sum test, mapping-
quality rank-sum test, and read-position rank-sum test p-values less than 0.001, 0.0001, and
0.001 respectively. We also removed any variable sites missing data for 20% or more of the
individuals we sequenced. We set a maximum read depth of 8000 (3 standard deviations
greater than the mean coverage level across loci) to remove possible paralogs/gene families,
and removed all SNPs located less than 2 bps apart along a contig. After quality filtering,

we were left with a total of 9313 SNPs for downstream analysis.

Assessing Patterns of Genetic Diversity and Structure

To measure overall levels of genetic diversity in the Hayden’s ringlet, we calculated both
Watterson’s 6 (Ay) and nucleotide diversity (7). We estimated both diversity statistics and
their 95% block bootstrap intervals using the program ANGSD version 0.933-71-g604ela4
[Korneliussen et al., 2014], which uses the full set of aligned contigs (not our quality-filtered
SNP set) to account for uncertainty in the number of segregating sites present. We then
calculated per-base-pair values of both 0y and 7 based on the estimated number of bases
sequenced from ANGSD using R version 4.2.2 [R Core Team, 2022].

To summarize patterns of genetic structure in the Hayden’s ringlet, we first used the
program ENTROPY version 2.0 to estimate admixture proportions [Gompert et al., 2014b,
Shastry et al., 2021]. ENTROPY is a program similar to the admixture model in STRUCTURE,

but has the added feature of accounting for uncertainty in genotypes as captured by geno-
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type likelihoods. It uses a Bayesian framework to co-estimate genotypes and the proportion
of a particular individual’s genome that would be derived from each of K hypothetical
source populations. The purpose of this in our case was not to estimate the optimal value
of K, but rather to assess patterns of coarse vs. fine-scale substructure within the species.
To this end, we ran ENTROPY for all K-values between two and seven using our 9313-SNP
set as input. For each value of K, we ran 10 Markov chain Monte Carlo (MCMC) chains
with a 10,000-step burn-in period, 20,000 sampling iterations, a thinning interval of 5, and a
Dirichlet initialization value of 50. As an additional summary of genetic structure, we then
conducted a PCA in R using the (unscaled) posterior genotype estimates from ENTROPY.
We used Nei’s Fgp [Nei, 1973] to quantify the magnitude of the genetic differentiation
among the sampled populations. To calculate this, we first used estpEM version 0.1 [Soria-
Carrasco et al., 2014] to obtain a maximum likelihood estimate of allele frequencies for
each SNP (N = 9313) for each population (N = 14) of Hayden’s ringlets we sampled.
The program estpEM uses an expectation-maximization (EM) algorithm to account for
uncertainty in genotypes arising from finite coverage and sequencing error [Soria-Carrasco
et al., 2014]. We set the tolerance level for EM convergence to 0.001, the maximum number
of EM iterations to 20, and used our filtered genotype likelihood files split by population
as input. With the allele frequency estimates for each population generated by estpEM,
we then calculated pairwise Nei’s Fgr values for each combination of populations, as well
as overall Fgp across all populations. Briefly, we calculated the mean Fgr across all 9313
loci using the formula Fgp = Y Ll/zL:ZLz::th(TH_T];S )

for the total population (i.e. across all subpopulation), Hg is the average of the expected

where Hp is the expected heterozygosity

heterozygosities within each subpopulation, and L is the number of loci [Lucek et al., 2019].

These calculations were completed in R.

Tests for Isolation by Distance and Resistance
To determine the degree to which patterns of genetic structure in the Hayden’s ringlet
correlate to the geographic distances among sites (i.e. isolation by distance), we first con-

ducted a Mantel test. We used the logit of pairwise Fsp and the natural log of euclidean
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distances among sites to produce our genetic and geographic distance matrices for compar-
ison. The Mantel test was conducted in R version 4.2.2 using the package vegan version
2.6-4 [Oksanen et al., 2022, R Core Team, 2022]. We used the Pearson correlation method,
and ran the test for 999 permutations.

To identify geographic or ecological barriers to dispersal (i.e. isolation by resistance)
separating C. haydenii sites, we used the statistical method Estimating Effective Migration
Surfaces (EEMS), developed by Petkova et al. [2016]. EEMS is based on the stepping-stone
model of migration, and estimates effective migration rates by comparing the actual degree
of genetic differentiation found among sites to the expectation under a null isolation-by-
distance model. The model uses a resistance distance, which is a distance from circuit
theory, to integrate over all possible dispersal paths between pairs of populations [Petkova
et al., 2016]. In contrast to some other circuit-theory based approaches [e.g., McRae, 2006,
McRae et al., 2008], resistance distances are not defined a priori based on habitat features,
but instead inferred from the data as part of model fitting [Petkova et al., 2016]. This
allows the identification of geographic regions among sites that might be serving as either
environmental or geographic barriers or conduits to gene flow. We ran EEMS using a grid
density of N-demes = 50, 100, and 150 demes. The number of demes corresponds to the
number of nodes EEMS produces in the triangular grid to which individual samples can be
assigned. For each grid density level, we ran three MCMC chains of 4,000,000 steps each,

a burn-in of 2,000,000 steps, and thinning interval of 9999.

Tests for Ecological Divergence Among Localities and Populations

We collected potential host plant specimens from 9 of our 14 sampling sites and species
presence data from 12 of our 14 sampling sites as a measure of community assemblage. These
data were collected to assess whether ecological differences among sampling sites correlate
with genetic structure in the Hayden’s ringlet (i.e. isolation by environment/adaptation).
We additionally collected these data to serve as a record of potential host plants likely to be
encountered by Hayden’s ringlet populations across their range, and to inform which plant

species would make the strongest candidates for oviposition and larval preference assays.
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The larvae of the Hayden’s ringlet are suggested to feed generally on grasses [Debinski and
Pritchard, 2002, Glassberg, 2001, Kaufman and Brock, 2003], at least some of which may
overlap with the host genera used by the closely-related common ringlet butterfly, C. tullia.
As such, we collected voucher specimens of each unique species of Poa, Stipa, and Melica
grasses found in sampling site meadows where Hayden’s ringlets were observed. All three
of these grass genera are known to be suitable hosts for the congeneric and often sympatric
common ringlet butterfly (Coenonympha tullia). It has also been suggested that Hayden’s
ringlets may be able to feed on sedges (family Cyperaceae) [Feltwell, 1993, Pyle, 1981],
so we collected voucher specimens of all species of Carer sedges we found as well. After
collection, plant specimens from different sites were classified by morphotype (or species
where possible), and differences in community assemblage among sites were assessed using
the Sgrensen index. The Sgrensen index measures the number of species shared between
two sites as compared to the total number of species present across both sites, with greater
weight given to shared than to non-shared species [Hao et al., 2019].

As a second test for potential host use differences among populations of Hayden’s
ringlets, we conducted both female preference and larval preference assays and assessed
differences in preference among populations. Since the preferred host(s) of the Hayden’s
ringlet are unknown, these assays were also conducted to determine whether this species
is generally more likely to use grasses (Poaceae) or sedges (Cyperaceae) as their larval
host. For these assays, we chose to compare preference for Hood’s sedge (Carex hoodii) vs.
Kentucky bluegrass (Poa pratensis). Both species are abundant throughout C. haydenii’s
range, and represent the two plant families Hayden’s ringlets are hypothesized to feed
upon: sedges (Cyperaceae) and grasses (Poaceae). Furthermore, the results of our plant
community assemblage surveys showed that these species were the most well-represented
members of their genus across our sampling sites, with Carex hoodii being observed at 10
out of 12 meadows and Poa pratensis being observed at 7 out of 12 meadows we collected
Hayden’s ringlets from.

Whereas feral Kentucky bluegrass was the most common species of Poa we found at
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our sampling sites for this study, it is also a non-native species. Kentucky bluegrass was
introduced to the Great Plains and Rocky Mountain region as a forage crop for domestic
livestock [McArthur et al., 1995]. It is now one of the most abundant and widespread feral
exotic plants in the region [Kauffman et al., 2023, Kay, 2001, McArthur et al., 1995], of-
ten reaching very high densities in meadows [Kay, 2001] and representing up to 40-50% of
the vegetation cover in certain riparian regions across Yellowstone and the Grand Tetons
[Kauffman et al., 2023]. Feral Kentucky bluegrass is especially prevalent in meadows over-
grazed by bison and elk [Kauffman et al., 2023, Kay, 2001], and now represents one of the
dominant grass species in the Lamar Valley of Yellowstone National Park [Hunter et al.,
2018].

Due to the high abundance of this exotic species throughout the range of the Hayden’s
ringlet and its propensity to alter the ecology and community structure of meadows it
invades [Sanderson et al., 2017], the presence of Kentucky bluegrass could impose a strong
selective pressure on Hayden’s ringlet populations, setting the stage for local adaptation.
The response of butterfly species to the presence of novel, exotic plant species is both well-
documented and varied, with non-native species in some cases creating an ecological trap
[for example, if adult butterflies preferentially lay their eggs on an unsuitable, exotic host,
e.g. Davis and Cipollini, 2014], and in other cases providing a lifeline for endangered species
whose native host has gone extinct [Braga, 2023, Graves and Shapiro, 2003]. In either case,
the invasion of exotic plant species can have a substantial ecological and evolutionary impact
on butterfly populations, even in remote areas. Indeed, in another Yellowstone area butterfly
(genus Lycaeides), certain local populations have adapted to feed on feral roadside alfalfa
(Medicago sativa), with alfalfa-adapted populations showing reduced oviposition preference
for their native hosts [Chaturvedi et al., 2018, Forister et al., 2020]. Similarly, the congener of
the Hayden’s ringlet, Coenonympha tullia, is both found in the greater Yellowstone area and
known to successfully utilize Kentucky bluegrass as a larval host [Debinski and Pritchard,
2002]). Unlike the Hayden’s ringlet, the common ringlet has rapidly expanded its range

across the United States over the past 60 years [Wiernasz, 1983, 1989]. It is possible the
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ability to feed on exotic species like Kentucky bluegrass could have played a role in this
range expansion. Together, this makes Kentucky bluegrass both an ecologically relevant
species to test as a potential host for the Hayden’s ringlet, as well as a plant species with
reasonable potential to be correlated with patterns of local adaptation in this species.

Finally, we chose harebell (Campanula rotundifolia) as a control group because it is a
common herbaceous flower in the area [Craighead, 2005]. Harebell is often found growing
in meadows in association with grassland communities [Stevens et al., 2012], and thus may
realistically be encountered by C. haydenii larvae in the wild. Harebell stem leaves are also
long and narrow like those of grasses and sedges [Craighead, 2005, McGhan, 2023], which
allowed us to control for leaf shape and size during our larval preference assays.

We conducted oviposition preference assays following standard procedures described
in Forister et al. [2009], and assessed differences in preference across populations using a
hierarchical Bayesian model. Briefly, we collected adult female butterflies from eight of
our sampling sites (see Table S4) and placed them individually in plastic cups containing
three plant samples each: Hood’s sedge (Carez hoodi), Kentucky bluegrass (Poa pratensis),
and harebell (Campanula rotundifolia). All plant specimens used for these assays (from all
three species) were collected from a meadow in greater Yellowstone area where Hayden’s
ringlets were abundant. Females were maintained in these cups for 72 hours, after which
we counted the number of eggs adhered by each butterfly to each species of plant. Since
female butterflies were given the choice of three plant species for oviposition, we modeled
the number of eggs laid on each host plant multinomially. Specifically, we assumed the
number of eggs laid on each host to follow the distribution multinomial(P;.3,n), where P;.3
are the probabilities of oviposition on each host of the three host plants, and n is the total
number of eggs laid. Each butterfly population was allowed its own oviposition probability
values to account for potential differences in preference across populations. The oviposition
probabilities (P1.3) from each population were assigned a Dirichlet prior with v = 7 % S.
Here, the vector 7 represents the global probability of oviposition on each host plant across

all populations and S is a scaling factor that describes that variability in preference among
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populations. Finally, 7 was assigned a Dirichlet hyperprior with @ = 1, and S a uniform
hyperprior with lower and upper bounds of 1 and 200, respectively. We fit our model
using rjags version 4.3.1 [Plummer, 2003, 2013]. We ran three MCMC chains of 80,0000
sampling steps each, with a burn-in of 10,000 steps and thinning interval of 50. We checked
convergence of the MCMC chains using the Gelman diagnostic [Gelman and Rubin, 1992].

After female oviposition preference assays were complete, all eggs laid in the oviposition
cups were gently removed from their substrate and stored in vented petri dishes under am-
bient temperature and light conditions until they hatched (approximately 10 days). Within
one day of hatching, we performed larval preference assays following standard protocols
[Gamberale-Stille et al., 2014, Gémez Jiménez et al., 2014, Gu and Walter, 1999, Wang
et al., 2017] to assess differences in larval feeding preferences across populations. We tested
up to 40 neonate larvae each from 10 of our sampling sites (see Table S4). Larvae were
placed in the center of petri dishes equidistant from three 1-cm long leaf segments repre-
senting each of our test species (Kentucky bluegrass, Hood’s sedge, and harebell). We took
pictures of the leaf tissue flattened between glass slides both before and after the 72 hour
herbivory trial with a Canon EOS M6 camera. We used the program ImageJ version 1.52A
[Schneider et al., 2012] to trace outlines around each leaf image and calculate leaf surface
area both before and after herbivory. The surface area lost by each leaf was calculated
as the surface area before herbivory minus the surface area after herbivory (measured in
cm?). In addition, each leaf was manually assigned a binary value indicating whether signs
of herbivory (i.e. jagged leaf margins) were observed (see the Supplemental Information for
more details about our ImageJ protocol).

We estimated larval preferences among populations using a hierarchical Bayesian model.
In our model, we assumed leaf area lost during the herbivory assays could be attributed to
two main causes: (1) larval feeding, and (2) shrinkage of the leaf tissue due to moisture loss
over time. We assumed total leaf area loss to follow a normal distribution with a mean and

standard deviation as follows:
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total leaf area lost ~ N(shrinkage 4 herbivory * 1, 07,ss)-

Here, 1 is a binary indicator set equal to 1 if herbivory was observed, and equal to 0
if no herbivory was observed. Thus, in cases where herbivory was observed, mean leaf area
lost was defined as the sum of shrinkage plus larval herbivory. If no herbivory was observed,
mean leaf area lost was defined as shrinkage only. We defined herbivory as following a
normal distribution where the mean (uper) and standard deviation (operp) were allowed
to vary by each unique plant species x butterfly population combination. Shrinkage was
defined as following a normal distribution where the mean (jusp,ink) and standard deviation
(0shrink) were allowed to vary by host plant only since the population each caterpillar was
obtained from should have no effect on the amount of moisture lost by each leaf over time.
The standard deviation parameters oo , Oshrink, and opery Were all assigned gamma priors
with parameters k = 2 and 6 = 0.1, while pispink Was assigned a normal prior with 4 = 0 and
o = 2. Meanwhile, pperp was defined as the sum of population and host effects multiplied
by the probability of the caterpillar eating (P). The host effect was distributed normally
with a mean of uj.s and standard deviation of 0.5, with pp.s assigned a normal prior of
N(0,20). A normal prior was also placed on the population effect, but with a sum-to-zero
constraint for model indentifiability and a gamma prior for the standard deviation (k = 2,
6 = 0.1). For each host plant species x butterfly population combination, the total number
of trials where larvae consumed leaf tissue was assigned to a binomial distribution with n
= number of trials and p = the probability of a larva eating. We wrote this model in the
language STAN [Stan Development Team, 2022b] and implemented it using the R-interface
RStan version 2.21.5 [Stan Development Team, 2022a]. We used a warm-up period of 15,000

steps and ran the model for 30,000 Hamiltonian Monte Carlo (HMC) steps.

Tests for Isolation by Environment
We quantified the degree to which patterns of genetic structure in the Hayden’s ringlet

are explained by geographic distance (i.e. isolation by distance) vs. ecological distance (i.e.
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ecological differences between the sites themselves, isolation by environment) using three
different metrics of ecological distance: (i) the potential host plants available, (ii) oviposition
preference distances, and (iii) larval herbivory preference distances. Each ecological distance
was analyzed separately. For this, we used a Bayesian linear mixed model introduced by
Gompert et al. [2014a], which extends a similar maximum-likelihood model from Clarke
et al. [2002]. This model accounts for the lack of independence among sampling site pairs
(i.e. the genetic distance between populations A vs. B is not independent from the genetic
distance between populations A vs. C because both comparisons include population A)
[Gompert et al., 2014a]. We modeled the effect of geographic and ecological distance on

logit Fgr as follows:

IOgit (FSTij) = BO + BgeoX{qjeo + /BecoX%co + Az + >\j'

Where Xigjeo is the geographic distance (calculated as Euclidean distances) between
each pair of sites and X7 is either (i) the potential host plant community dissimilarity
(as measured by the Sgrensen index), (ii) the median difference in oviposition preference
for Kentucky bluegrass (Poa pratensis), or (iii) the median difference in larval preference
for Kentucky bluegrass (Poa pratensis) for each pairwise combination of populations. Pop-
ulation random effects are represented by A; and A;. All distances were centered and
standardized prior to running the model to account for differences in unit scale. We fit this
model in R using rjags version 4.3.1 [Plummer, 2003, 2013]. We ran 3 MCMC chains of
5000 sampling steps each, with a burn-in of 2000 steps and thinning interval of 5. We fit
the full model shown above, along with sub-models including only geographic distance, only
ecological distance, or neither distance (i.e. a null model). Deviance information criterion
was used to compare the relative performance of the full model and sub-models for each

ecological variable.

Results
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Moderate genetic diversity and population structure exist in Hayden’s Ringlet
Estimates of nucleotide diversity across populations of the Hayden’s ringlet varied from
m = 0.00284 at JSM (95% bootstrap interval 0.00281-0.00288) to = = 0.00344 at USL (95%
bootstrap interval 0.00342-0.00347) (see Table 3.2). Estimates of 6y were similar, ranging
from a low of 0.00280 (95% bootstrap interval 0.00277-0.00282) at JSM to a high of 0.00360
(95% bootstrap interval 0.00359-0.00362) at BNP (see Table 3.2). Genetic structure across
sites was moderate but notable, with an overall Fgp of 0.10. Pairwise Fsp comparisons
(see Table 3.3) ranged from 0.0181 to 0.1191. The population pairs that showed the highest
degree of genetic differentiation were USL vs. JSM (Fgr = 0.1191) and USL vs. PSP (Fsr
= 0.1071). Meanwhile, the least-differentiated population pairs were TRL vs. BNP (Fgp =
0.0181) and HRP vs. MRF (Fsp = 0.0186). JSM and SKI, which are located very closely in
geographic space (~5 km apart, see Fig. 3.1a and Table 3.3) nevertheless showed a degree of
differentiation comparable to population pairs much further apart in geographic space (Fsr
= 0.0609). Principal component analysis (PCA) shows individuals clustering by sampling
site (see Fig. 3.1b). In particular, we saw that PC 1 separates the northern Hayden’s ringlet
populations from southern populations, while PC 2 separates the southern populations of
Hayden’s ringlets along a NE to SW gradient. The PCA does not perfectly mirror the map
of our sampling locations, but is nevertheless suggestive of isolation by distance.
Admixture analysis (Fig. 3.2) showed the presence of meaningful structure across pop-
ulations of Hayden’s ringlets across multiple levels of K. The most prominent pattern was
a clinal split between the northern and southern populations of Hayden’s ringlets at K=2.
Higher values of K revealed additional substructure within the species. At K = 3, ENTROPY
split the southern populations of Hayden’s ringlets along a North-South axis. In particu-
lar, we saw the southernmost population of Hayden’s ringlets, PSP, being separated from
the remainder of the populations. Similarly, K = 4 split the northern populations across
a roughly West-East axis, separating northern populations east of the Gallatin mountain
range (BNP, HNV, TRL) from those west of this range (GNP, WTC). Higher levels of

K continued to refine the northeast-to-southwest clinal pattern seen across the southern
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populations of Hayden’s ringlets. A small number of individual butterflies (specifically
from BCR, MRF, GNP, and HNV) showed ancestry values that differed considerably from
both the typical values of their own population, as well as those of other populations we
surveyed. This suggests that these individuals could be migrants or of mixed ancestry.
Overall, our admixture analysis suggests that the greatest degree of genetic differentiation
in the Hayden’s ringlet exists between northern and southern populations, with additional

substructure occurring within those geographic regions.

Isolation by distance and resistance both contribute to population structure in
C. haydenii

We saw a strong signal for isolation by distance (see Fig. 3.4), with the Mantel test
showing a significant and strong correlation between geographic and genetic distance in
the Hayden’s ringlet (R = 0.7, P = 0.001). In addition to isolation by distance (IBD),
EEMS analysis showed several geographic areas with credibly increased or reduced relative
migration rates (see Fig. 1c and 1d). Results for each of the three chains for grid sizes of
50, 100, and 150 were similar (see Fig. S1). There were several geographic areas within C.
haydenii’s range where genetic differentiation among populations was either lower (low re-
sistance) or higher (high resistance) than expected under a null IBD model alone, a pattern
consistent with isolation by resistance. In particular, we saw a region of credibly reduced
relative migration rates separating the northern and southern populations in our study,
consistent with results from PC1 of the PCA (see Fig. 1d and 1b). This geographic region
of credibly reduced gene flow produced by the EEMS model corresponds to the location of
the Yellowstone plateau, roughly following the southern edge of the geothermally active
Yellowstone volcanic area (see Fig. 3.1a). There was also a region of credibly increased
relative migration connecting the majority of the southern populations of Hayden’s ringlets
with the exception of PSP, the southernmost population. This region of increased connec-
tivity among southern Hayden’s ringlet populations follows the river valley region known as
Jackson hole, a low-elevation region between the Teton and Gros Ventre mountain regions

(see Fig. 3.1a). The southernmost population (PSP)—which showed credibly lower levels of
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gene flow with the remaining ringlet populations than expected under a null IBD model—is

separated from the Jackson hole valley region by the Wyoming mountain range.

C. haydenii shows strong preference for grass host, but limited evidence for
isolation by environment

All populations of C. haydenii we assessed laid credibly more eggs on Kentucky blue-
grass than expected if females had no oviposition host preference (posterior probability
[p.p.] for percent oviposition on P. pratensis > 33% > 0.98 for all, see Fig. S5). Ovipo-
sition rates on Kentucky bluegrass varied from a low of 51% (95% CI 33-65%) to a high
of 74% (95% CI 61-87%) across populations. The median global preference for oviposition
on Kentucky bluegrass across populations was 57% (95% CI 47-67%; p.p. percent oviposi-
tion on P. pratensis > 33% > 0.99), while the global preference for oviposition on Hood’s
sedge, Carex hoodii, was only 24% (95% CI 17-35%; p.p. percent oviposition on C. hoodii
< 33% = 0.96). Median global preference for oviposition on harebell, our control species,
was the lowest at only 17% (95% CI 10-26%; p.p. preference for C. rotundifolia < 0.33 >
0.99), 16 percentage points lower than expected if butterflies distributed their eggs equally
across available substrates. The strength of oviposition preference varied credibly between
several Hayden’s ringlet population pairs, with both TRL and BTB showing credibly higher
rates of oviposition on Poa pratensis than PIN, HRP, and WTC (p.p. > 0.99 for all six
comparisons).

As with oviposition, Hadyen’s ringlet larvae showed a strong preference for Kentucky
bluegrass, Poa pratensis. The species-level preference for Kentucky bluegrass produced by
the Bayesian model was 71% (95% CI 64%-79%), meaning we would expect 71% of the
leaf tissue consumed by a randomly sampled group of Hayden’s ringlet larvae to be from
Kentucky bluegrass when given a choice of Kentucky bluegrass, Hood’s sedge, and harebell.
Unlike in the female oviposition assays, no harebell herbivory was observed from any of
the larvae we assayed. All populations we assayed showed a trend toward consuming more
grass (Poa pratensis) than sedge (Carex hoodii), with every population consuming credibly

more grass than sedge (p.p. consumed more grass than sedge > 0.99) except SKI (p.p. SKI
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consumed more grass than sedge = 0.85).

The proportion of each host plant species eaten by larvae varied considerably by pop-
ulation. BCR and HRP showed the greatest preference for Poa pratensis, consuming 100%
grass (95% CI 87-100% and 75-100% respectively) and 0% Carex hoodii sedge (95% CI
0-13% and 0-25% respectively). SKI, meanwhile, showed the lowest degree of herbivory
preference, consuming 56.4% Poa pratensis grass (95% CI 44-71%) vs. 44% Carex hoodii
sedge (95% CI 29-56%). Due to differences in total leaf tissue consumption across popu-
lations (25 out of 45 population pairs showed credible differences), we assessed differences
in host preference across populations as differences in the proportion of grass vs. sedge leaf
tissue consumed (see the Supplemental Information for details). We saw credible differences
in the proportion of grass vs. sedge leaf tissue consumed for 21 out of 45 pairwise popula-
tion comparisons. The pairs with the greatest differences in preference were BCR vs. SKI
and HRP vs. TRL, with BCR and HRP consuming 42.1 (95% CI 27-55) and 41.9 (95% CI
17-55) percentage points more Poa pratensis grass and 42.1 (95% CI 27-55) and 41.9 (95%
CI 17-55) percentage points less Carer hoodii than SKI and TRL respectively.

Despite finding credible differences in larval feeding and oviposition preferences across
populations, we found no evidence that these differences correlated with genetic distances
among Hayden’s ringlet populations. The credible intervals for both the effect of larval
preference and oviposition preference on logit(Fsr) overlapped zero (p.p. Bpers > 0 = 22%;
P-P- Bovipos > 0 = 36%, see Fig. 3.4c-d). This suggests that there is no measurable correla-
tion between either larval host preference or oviposition preference for Kentucky bluegrass
and genetic distances among Hayden’s ringlet populations. The deviance information cri-
terion (DIC) values for sub-models testing only the effect of larval preference (mean DIC =
-21.65) or oviposition preference (mean DIC = -16) on genetic distance were substantially
greater than for models and sub-models that included geographic distance as a variable
(mean DIC ranged from -66 to -60). This suggests that our geographic distance models
(both sub-models and the full models) better predict genetic distances in the Hayden’s

ringlet than models including oviposition or larval preference alone. Similarly, we found
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no measurable effect of potential host community distance (as measured by the Sgrensen
index) on degree of genetic differentiation in the Hayden’s ringlet (see Fig. 3.4b). The cred-
ible interval for Seomm overlapped zero (p.p. Beomm > 0 = 73%), indicating there was no
credible effect of the availability of Poa, Stipa, Melica, and Carex species across sites on
genetic differentiation in the Hayden’s ringlet. The DIC value for the sub-model including
only host community as a variable was 15, while the sub-model and full model including
geographic distance ranged from -63 to -62, again suggesting that the sub-model including
only host community information was less predictive than models containing geographic
distance information. Taken together, our data suggest that isolation by adaptation to the
host plant communities we measured (a form of isolation by environment) is unlikely to be

a driver of patterns of contemporary genetic structure in the Hayden’s ringlet.

Discussion

In this study, we assessed patterns of genetic diversity and structure in the narrow en-
demic Hayden’s ringlet. We also assessed patterns of oviposition and larval host preference,
and used Bayesian methods and EEMS modeling to assess the role of isolation by distance,
barriers to disperal (i.e. isolation by resistance), and potential host availability and prefer-
ence (i.e. isolation by environment) contribute to population structure in this species. Our
results indicate that despite range restriction, the Hayden’s ringlet shows genetic diversity
levels comparable to other more widely-distributed species. The Hayden’s ringlet also ap-
pears to consistently prefer grass (Poa pratensis) over sedge (Carex hoodii), but this host
association is unlikely to be driving patterns of population structure. Instead, we found
that both isolation by distance and barriers to dispersal were most closely associated with
genetic distances in this species. We discuss the implications of these results in more detail

below.

Narrow endemism not associated with notable genetic diversity reduction in
the Hayden’s ringlet

Despite its restricted distribution, the Hayden’s ringlet showed levels of genetic diversity
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comparable to more widely-distributed butterfly species. The average nucleotide diversity
across Hayden’s ringlet populations we sampled was m = 0.003, while nucleotide diversity
in Leptidea sp., Lycaeides melissa, and Parnassius mnemosyne (all widely-distributed, non-
migratory butterfly species) ranged from 7= = 0.001 to 7 = 0.005 [Gompert et al., 2014b,
Talla et al., 2019, 2023]. In contrast, both migratory monarchs (Danaeus plexippus) and
non-migratory Heliconius sp. showed comparatively high nucleotide diversity (7 = 0.01-
0.06 and 0.020-0.28, respectively [Hemstrom et al., 2022, Kryvokhyzha, 2014, Martin et al.,
2016, Talla et al., 2020]. Migratory butterfly species have been shown to harbor higher
levels of genetic diversity than non-migratory species in general, possibly due to greater
population sizes and connectivity [Garcia-Berro et al., 2023], so the substantial difference in
nucleotide diversity between monarchs and Hayden’s ringlets is not unexpected. However,
Heliconius species are both non-migratory and have low dispersal ability [Kronforst and
Fleming, 2001], so why this species group shows far higher genetic diversity levels than
reported in other non-migratory species is unclear.

Many butterfly species have wide distributions, but are locally rare. The Hayden’s
ringlet, by contrast, is narrowly restricted in range, but locally prolific. Within their range,
Hayden’s ringlets are often so abundant they are the most common butterfly species sur-
veyed [Caruthers and Debinski, 2006]. High local abundances in the Hayden’s ringlet could
be one factor contributing to the maintenance of genetic diversity in this species. Conversely,
poor dispersal (as seen in Lycaeides melissa and Parnassius mnemosyne) [Gompert et al.,
2010, Gorbach and Kabanen, 2010, Talla et al., 2019] or poor connectivity among popu-
lations could lead to high levels of genetic drift, reducing nucleotide diversity estimates in
more widespread butterfly species. In particular, the widely-distributed Lycaeides melissa
is known for low local population sizes, patchy distributions and metapopulation dynamics
(Gompert et al. 2010, 2012, Scott 1992; but also see Guiney et al. 2010). While even low
levels of gene flow can be enough to maintain nucleotide diversity across populations—even
in the face of low effective population sizes for individual demes and substantial genetic

drift [Gompert et al., 2021, Whitlock and Barton, 1997]-the more widespread a species
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is, the more likely it is that insurmountable geographic barriers to gene flow (even if this
barrier is distance alone) might exist within their distribution. This could cause widespread
species to behave more similarly to multiple, smaller demes with no gene flow amongst
them than a single, panmictic population. Thus, the genetic diversity levels maintained
in widely-distributed butterfly species might be expected to be more similar to those of
geographically restricted species than global census sizes alone would suggest [Gompert
et al., 2010]. This could help explain why genetic diversity levels in non-migratory butter-
fly species do not appear to scale linearly with population size in nature (i.e. Lewontin’s
paradox) [Charlesworth and Jensen, 2022, Gompert et al., 2021, Lewontin et al., 1974].

In all, the similarity in diversity levels between the Hayden’s ringlet vs. widely-distributed
butterfly species suggest this is yet another case where narrow endemism is not associated
with a notable reduction in genetic diversity. This adds to a growing body of research show-
ing that even narrow endemic species can still harbor substantial genetic diversity [Forrest
et al., 2017, Hobbs et al., 2013, Jiménez-Mejias et al., 2015, Medrano and Herrera, 2008,
Robitzch et al., 2023]. That said, nucleotide diversity amongst eukaryotes ranges from ap-
proximately = = 0.001 to 7 = 0.15 [Charlesworth and Jensen, 2022], placing the Hayden’s
ringlet firmly on the low end for eukaryotes as a whole. Other butterfly species with sim-
ilar nucleotide diversity levels to the Hayden’s ringlet have been targeted for conservation
efforts [Talla et al., 2023]. But neutral diversity should not be conflated with adaptive
genetic diversity. Simulations suggest that loss of adaptive genetic diversity is likely to
proceed more slowly than loss of neutral genetic diversity [Exposito-Alonso et al., 2022], so
one must be cautious in presuming that species with low nucleotide diversity and a limited
distribution necessarily lack adaptive genetic potential. Nucleotide diversity levels alone are
not sufficient to interpret whether or not the Hayden’s ringlet is a species of conservation
concern. While its narrow distribution put the Hayden’s ringlet at greater risk of extirpa-
tion due to natural disasters (e.g., catastrophic fires or volcanic activity across the entire
Yellowstone area), high local abundances coupled with genetic diversity levels comparable

to more widely-distributed butterfly species suggests that the Hayden’s ringlet is not nec-
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essarily at higher conservation risk due to genetic factors [i.e. inbreeding depression, etc.;
see Frankham, 2005] than many other non-migratory, geographically widespread butterfly

species.

Geography informs patterns of population genetic structure in the Hayden’s
ringlet

We saw clear evidence of population structure across the range of the Hayden’s ringlet.
The strongest signal of genetic differentiation was a geographic split between northern and
southern populations of C. haydenii, with additional genetic substructure occurring within
each of these groups.

The correlation between geographic and genetic distances in the Hayden’s ringlet was
R = 0.7, substantially higher than correlations seen in many other non-migratory but-
terfly species. Specifically, correlations between geographic and genetic distance for the
Langue’s metalmark (Apodemia mormo langei), heath fritillaries (Melitaea athalia and
Melitaea celadussa), and checkerspots (FEuphydryas aurinia and Euphydryas editha) ranged
between R = 0.39 and R= 0.53 [Dupuis et al., 2018, Mikheyev et al., 2013, Tahami et al.,
2021]. This suggests that isolation by distance is able to explain a greater degree of the
population structure observed in the Hayden’s ringlet than in other non-migratory butter-
fly species. The high correlation between genetic and geographic distances in the Hayden’s
ringlet suggests much of the population structure observed in this narrow endemic species
can be attributed to genetic drift and limited dispersal.

Despite the clear patterns of genetic structure present in this species, Fgt values be-
tween populations of Hayden’s ringlets were low to moderate. The scale of differentiation
we observed is consistent with fine- to moderate-scale genetic population structure (Fgr
between 0.01-0.2) seen in other non-migratory butterfly species [Hinojosa et al., 2023, Per-
toldi et al., 2021, Talla et al., 2019, 2023], and on average greater than in migratory species
like monarchs (Fgr = 0.0001) [Talla et al., 2020]. While the Fgr values we observed may
be considered low in other groups of organisms, in many cases Fgt values between nominal

species of butterflies are not considerably greater than what we found within populations of
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the Hayden’s ringlet [i.e. Tahami et al., 2021, Talla et al., 2019], and in some cases variation
within butterfly species is higher than that observed between species. For example, in the
El Segundo blue (Euphilotes battoides allyni), Fsr among populations of the same species
ranged from 0.1 to 0.5 [Dupuis et al., 2020], while in heath fritillaries, Fgr between two
nominal species (Melitaea celadussa and Melitaea athalia) was only 0.1-0.2 [Tahami et al.,
2021]. Thus, our results are clearly in-line with results from other butterfly species, and
consistent with expectations for a non-migratory species with limited dispersal ability.

We saw several geographic regions with credibly increased or reduced relative migration
rates in the Hayden’s ringlet. The largest of these was a wide region of credibly reduced
relative gene flow between northern and southern C. haydenii populations corresponding
to the southern border of the Yellowstone plateau and John D. Rockefeller, Jr. Memorial
Parkway. Despite having visited two additional sites (Avalanche Peak AVP, Grassy Lake
Reservoir GLR; see Table S1 for coordinates) and surveyed approximately 10 miles of trail
in this region, we found no viable populations of Hayden’s ringlets connecting our northern
and southern sampling sites. Much of the habitat in this region consisted of dense lodgepole
pine monocultures and previous burn sites [Parmenter et al., 2003, Rothermel, 1994, Turner
and Simard, 2017]. Hayden’s ringlets prefer open grassy meadows and sunny forest edges
[Debinski and Pritchard, 2002, Kaufman and Brock, 2003], so this densely-forested region
could present an ecological barrier to migration. Regardless, the fact that our field obser-
vations are consistent with the results from our EEMS model suggests that this geographic
region presents a true barrier to gene flow for the Hayden’s ringlet, and that isolation by
resistance contributes to patterns of genetic structure in this species. Interestingly, the geo-
graphic split we found between northern and southern C. haydenii populations corresponds
to a similar boundary observed between northern Lycaeides idas populations and southern,
admixed Lycaeides [Gompert et al., 2010, 2012]. This suggests that a combination of geo-
graphic (elevation; mountain ranges) and ecological (forest type) conditions present in the
John D. Rockefeller, Jr. Memorial Parkway may present a barrier to gene flow more gen-

erally, and could apply to other non-migratory butterfly species in the greater Yellowstone
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ecosystem as well.

Despite being a non-migratory species known for poor flight [Glassberg, 2001, Kaufman
and Brock, 2003], we nevertheless saw evidence of long-distance dispersal in C. haydenii.
Several individuals in our admixture analysis matched neither the population from which
they were sampled, nor any other population we sampled. In particular, one individual each
from MRF, GNP, and HNV in our admixture plots did not match the admixture proportions
of any other butterflies we sampled. These individuals appear to be either of mixed origin
or migrants from an area we did not sample. One individual from BCR, on the other hand,
appears to be a migrant from PSP (or near PSP). The distance between PSP and BCR
is over 65 km, indicating that long-distance dispersal does occur in C. haydenii at least
occasionally. Hayden’s ringlets are notoriously poor fliers [Glassberg, 2001, Kaufman and
Brock, 2003], so we expect typical dispersal distances in the Hayden’s ringlet to be similar
to those reported for other poor dispersers like Lycaeides melissa, Parnassius sp., and
Heliconius sp. [Gompert et al., 2010, Gorbach and Kabanen, 2010, Kronforst and Fleming,
2001], which rarely disperse further than 2 km during their lifetime. We suggest that the
instances of long-distance dispersal we report here are likely a result of rare gene flow events
such as butterflies being blown long distances during adverse weather conditions. But as
even small amounts of gene flow are sufficient to erase patterns of genetic differentiation,
these occasional long-distance dispersal events likely still play a role in determining the

magnitude of population genetic structure present in this species.

Strong preference for grass host, but no evidence of isolation by environment
in the Hayden’s ringlet

We observed strong oviposition and larval herbivory preference for Kentucky bluegrass
(Poa pratensis) over Hood’s sedge (Carex hoodii) in C. haydenii. Preference for grass was
both strong and remarkably consistent, with all populations showing a credible preference
for Poa in both oviposition and herbivory assays with the exception of SKI. While it has
been previously suggested that Hayden’s ringlets might feed on sedges due to their associ-

ation with bogs and hydric habitats [Pyle, 1981, Scott, 1992], our evidence overwhelmingly
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points to grasses as being the preferred host of the Hayden’s ringlet. However, the fact
that larvae did often feed on both the sedge and grass host, while completely refusing the
control host, suggests that Hayden’s ringlets may accept more than one host, and are more
likely generalist feeders like their congener the common ringlet, C. tullia, than narrow host-
specialists [Debinski and Pritchard, 2002, Scott, 1992]. This is consistent with preliminary
host acceptance data we collected which showed that Hayden’s ringlet larvae will consume
tissue from many genera of grasses and sedges including Stipa, Carex, Poa, Phleum, and
Elymus when given no other choice. Anecdotal evidence also suggests that Hayden’s ringlet
larvae can be reared to adulthood on Carez species [Stout, 2017], which would indeed sug-
gest that the Hayden’s ringlet is a broad generalist given their strong preference for Poa.
That said, our study only compared only a single species of sedge with a single species of
grass. It is possible these species alone are not sufficient to provide a full picture of C.
haydenii’s preference for grasses vs. sedges. Additional work is needed to further elucidate
the degree of host specificity and preference in C. haydenii.

While the degree of preference for Poa varied credibly across populations, we saw no
evidence of host-associated genetic differentiation across populations in the Hayden’s ringlet.
Neither potential host community differences nor differences in larval herbivory preference
were predictive of genetic distances among Hayden’s ringlet populations in our study. If
the Hayden’s ringlet is in fact a generalist feeder, and host use does not substantially
impact larval fitness, then the composition and abundance of potential host species may
have a limited effect on genetic differentiation. This could explain the absence of host-
associated population structure we observed in this species. But how then do we interpret
the phenotypic variation in host preference among populations we observed? It is possible
the variation we saw reflects true variation for preference that exists among Hayden’s ringlet
populations in the wild. However, laboratory experiments must always be interpreted with
caution with regard to their applicability in the field. In this case, we note that the Hayden’s
ringlet populations that showed the highest degree of herbivory preference also happened

to be the populations that consumed the least total amount of plant material. Because
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our preference measure was scaled by total tissue consumed, the lower the total level of
consumption, the more sensitive (and stochastic) our preference measure will be to small
differences in herbivory. In other words, when total consumption is low, each bite of tissue
a larva consumes will have a proportionally larger impact on preference than that same bite
of tissue in a case where total consumption is high. Thus, in cases where total herbivory
was low, herbivory preferences have the potential to appear exaggerated compared to cases
where larvae ate a greater amount of total leaf tissue.

If the Hayden’s ringlet is not limited to feeding on a narrow endemic Yellowstone-area
plant species, what might be driving current patterns of range restriction in the Hayden’s
ringlet? Since we only assayed two species of potential hosts, one of which is an inva-
sive species, we cannot definitively say that host specialization is not a driver of genetic
differentiation and narrow endemism in the Hayden’s ringlet. But preliminary work we
conducted on larval performance showed that Hayden’s ringlet larvae can survive on Ken-
tucky bluegrass through at least the 4th instar, at which point our larvae entered—and
did not survive—diapause (likely due to mold and resultant fungal infection). Kentucky
bluegrass, Poa pratensis, is one of the most widespread turf grass species in the United
States [Huff et al., 2003]. It is ubiquitous along roadsides and in lawns, occurs in all 50
states, and is highly invasive across the northern Great Plains and Yellowstone region,
forming high-density feral populations throughout Yellowstone and the Grand Teton Na-
tional Parks [DeKeyser et al., 2015, Hunter et al., 2018, Kauffman et al., 2023, Kay, 2001,
McArthur et al., 1995]. Counter to what might be expected if the presence of this novel,
exotic species were exerting a strong selective pressure on Hayden’s ringlet populations due
to its unsuitability as a host, we saw no evidence that any of the populations we surveyed
have developed a strong preference against feeding or ovipositing on this species. If Ken-
tucky bluegrass is in fact a viable host for the Hayden’s ringlet, it would strongly suggest
that host specialization is not the key factor preventing contemporary range expansion in
the Hayden’s ringlet. Instead, other environmental factors not considered in this study,

such as site elevation, temperature, rainfall, or forest cover, could play a greater role. In



71

particular, the fact that populations of Hayden’s ringlets decline during periods of drought
[Debinski et al., 2013] suggest that the Hayden’s ringlet might be restricted to wetter habi-
tats. Perhaps a factor other than host plant use could be driving C. haydenii’s association
with wetland areas. Hayden’s ringlets overwinter as larvae, so it is possible moisture levels
could have an effect on larval survival through winter diapause. On the other hand, it
has also been suggested that the Hayden’s ringlet could be a narrow endemic today simply
because it is a remnant species left behind from a larger, pre-glaciation distribution, and
it’s range simply has not yet returned to its former size [Pyle, 1981]. Unlike the Hayden’s
ringlet, the range of the common ringlet (Coenonympa tullia) is both able to use Kentucky
bluegrass as a larval host and has expanded rapidly over the past 60 years [Debinski and
Pritchard, 2002, Wiernasz, 1983, 1989]. This expansion is thought to have been driven in
part by a shift from univolitinism to multivoltinism [Wiernasz, 1983, 1989]. Whether the
Hayden’s ringlet is univoltine or multivoltine does not appear to have been documented.
If the Hayden’s ringlet is obligately univoltine, this could help explain why the Hayden’s
ringlet has remained endemic, while its congener has become widespread in distribution.
More exploration of the life history and ecological requirements of the Hayden’s ringlet are
necessary to more fully understand the causes of genetic structure and narrow endemism in

this species.

Conclusions

Despite their restricted range, we found that the Hayden’s ringlet harbors genetic diver-
sity levels comparable to geographically widespread, non-migratory butterfly species with
similar dispersal ability. We found strong evidence that the Hayden’s ringlet prefers grasses
(Poa) over sedges (Carex) as a larval host, but work to determine the degree of host speci-
ficity in this species remains to be done. Geography, specifically isolation by distance and
isolation by resistance (i.e. barriers to dispersal such as mountain ranges and/or regions
of poor habitat) appear to be the driving factors producing patterns of population struc-
ture in the Hayden’s ringlet. We found no evidence that either host preferences or host

availability were correlated with genetic divergence, and it does not appear that isolation
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by environment is driving population divergence in this narrow endemic species. Instead,
population structure in this species has likely developed largely via genetic drift, suggesting
that the Hayden’s ringlet would not necessarily benefit from being managed as more than
one unit. That said, it is always possible that local adaptation to ecological factors we did
not measure could be contributing to genetic structure in this species. Questions remain as
to how evolutionary processes unfold in the face of narrow endemism, but in some cases at
least, it appears that patterns of genetic diversity and structure in restricted vs. widespread

species may not differ as greatly as one might initially suspect.
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Tables and Figures

Table 3.1: Collection locations and sample sizes for the total number of adult butterflies
collected from each site, the total number of specimens from which DNA was extracted and
sequenced, the number of female butterflies for which oviposition preference assays were
conducted, the number of female butterflies that produced offspring for the larval herbivory
assays, and the total number of larvae for which herbivory assays were conducted.

Latitude Longitude Butterflies DNA Oviposition Mothers Larval

collected  sequenced pref. of larvae  pref.
BCR  43.3007 -110.5530 30 24 0 6 28
BNP  44.9337 -110.7212 30 24 0 0 0
BTB  43.6382 -110.6820 10 10 9 7 40
GNP  45.4323 -111.2245 35 24 2 2 5
HNV  44.6823 -110.4945 30 23 0 0 0
HRP  43.8957 -110.6427 26 25 9 5 21
JSM  43.5107 -110.9862 5 5 0 0 0
MRF  43.8547 -110.3918 36 24 0 7 40
PIN 43.7398  -109.9762 33 24 12 7 40
PSP 42.7483  -110.8398 26 23 0 0 0
SKI 43.5094  -110.9227 48 24 12 3 16
TRL  44.9019 -110.1291 30 24 13 7 40
USL 43.5829  -110.3328 9 9 2 1 11
WTC 44.7849  -111.3088 31 24 7 6 40
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(a) Collection sites (b) Principal component analysis
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Fig. 3.1: (a) Map of butterfly sampling locations. Each sampling site is depicted as a colored
point, the corresponding key for which is shown in panel (b). Elevation contours (in meters)
are shown in gray, and major mountain ranges and valley regions within C. haydenii’s range
are labeled where they occur. (b) Principal component analysis of genotype estimates from
ENTROPY for the 9313 SNPs. (c¢) Map of relative migration rates across C. haydenii’s
range as estimated by EEMS from SNP data. Areas with estimated migration rates lower
than expected under isolation by distance (IBD) alone are shown in orange, and those with
migration rates higher than expected under IBD are shown in blue. Because EEMS assigns
individuals to the nearest vertex on a triangular grid, the locations of populations in the
EEMS model do not correspond perfectly to the sampling locations on the geographic map
shown in panel (a). (d) Geographic regions with relative migration rates credibly greater
or less than zero.
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Fig. 3.2: Estimated admixture proportions assuming individuals were sampled from K =
2 through K = 6 hypothetical source populations. Each vertical segment on the barplot
represents the estimated ancestry of an individual butterfly, with the proportion of each
color in the segment representing the proportion of that butterfly’s genome estimated to
have been inherited from each of the K putative source populations. Individuals are grouped
along the x-axis by population, with populations demarcated by vertical black bars.
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Fig. 3.3: (a) Oviposition preference for female C. haydenii from 8 of our sampling sites. (b)
Differences in larval herbivory across hosts for each population assayed. The expected total
leaf tissue consumption for a caterpillar from a given population is shown on the y-axis.

Leaves offered to larvae during the hervivory assays had a mean surface area of 15.7 mm~.
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Fig. 3.4: (a) shows the linear relationship between genetic distance (as logit Fgr) vs. ge-
ographic distance (In[meters]) modeled from each pairwise combination of source popula-
tions except BTB and JSM. The color of each point on the scatter plot corresponds to
the potential host community distance between each pair of sites, with lighter points corre-
sponding to more similar host communities between sites, and darker points corresponding
to more disparate host communities among sites. (b-d) show the posterior distributions
for the regression coefficients in our Bayesian models estimating the degree to which geo-
graphic distance and either potential host community distance, larval herbivory preference,
or oviposition preference for Kentucky bluegrass predict genetic distance (logit Fgr). Pos-
terior distributions are presented in centered and standardized units for ease of comparison
across regression coefficients.
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Table 3.2: Watterson’s 6 (fy) and nucleotide diversity (7) with 95% bootstrap confidence

intervals.

Population O T
BCR 0.00348 (0.00347, 0.00349) 0.00333 (0.00331, 0.00334)
BNP 0.00360 (0.00359, 0.00362) 0.00332 (0.00329, 0.00334)
BTB 0.00311 (0.00310, 0.00313) 0.00312 (0.00309, 0.00314)
GNP 0.00347 (0.00345, 0.00348) 0.00327 (0.00325, 0.00329)
HNV 0.00301 (0.00299, 0.00302) 0.00298 (0.00296, 0.00300)
HRP 0.00335 (0.00334, 0.00337) 0.00323 (0.00321, 0.00325)
JSM 0.00280 (0.00277, 0.00283) 0.00284 (0.00281, 0.00288)
MRF 0.00353 (0.00351, 0.00354) 0.00338 (0.00336, 0.00340)
PIN 0.00330 (0.00329, 0.00331) 0.00327 (0.00325, 0.00329)
PSP 0.00327 (0.00326, 0.00329) 0.00319 (0.00317, 0.00321)
SKI 0.00339 (0.00338, 0.00341) 0.00313 (0.00311, 0.00315)
TRL 0.00349 (0.00348, 0.00350) 0.00321 (0.00319, 0.00322)
USL 0.00324 (0.00322, 0.00326) 0.00344 (0.00342, 0.00347)
WTC 0.00330 (0.00329, 0.00331) 0.00308 (0.00306, 0.00310)
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Table 3.3: Pairwise Fgr values calculated from EEMS genotype estimates and geographic
distances between sampling locations. Pairwise Fgr values are shown in the lower triangle,
while geographic distances between sampling locations are shown in the upper triangle in

units of km.

Population BCR  BNP BTB GNP HNV  HRP JSM
BCR 181.9 38.9 242.8 153.6 66.5 42.1
BNP 0.0501 144.0 68.1 33.2 1155  159.5
BTB 0.0453 0.0556 204.0 117.0 28.8 28.4
GNP 0.053  0.0353 0.0605 101.3  176.9 2144
HNV 0.0644 0.0282 0.072 0.0525 88.2 136.0
HRP 0.0412 0.0483 0.0384 0.0544 0.0651 51.0
JSM 0.0705 0.0869 0.0849 0.0889 0.1047 0.0787

MRF 0.0426 0.0481 0.0385 0.0532 0.0645 0.0186 0.0815
PIN 0.0381 0.0458 0.0433 0.0518 0.0594 0.0327 0.0829
PSP 0.0575 0.0665 0.0734 0.0691 0.0822 0.0674 0.0795
SKI 0.0253 0.0483 0.0421 0.0513 0.0635 0.0398 0.0609
TRL 0.0532 0.0181 0.0629 0.043 0.0284 0.0547 0.0926
USL 0.0752 0.0797 0.075 0.0864 0.0985 0.0642 0.1191
WTC 0.0508 0.0393 0.0565 0.0363 0.0567 0.0451 0.0865

Table 3: (continued)

Population MRF PIN PSP SKI TRL USL WTC
BCR 62.9 67.5 65.7 37.9 181.1 36.1 175.7
BNP 1227 1454 243.0 159.1 46.9 153.3 49.3
BTB 33.5 58.0 99.7 24.1 147.2 28.9 136.9
GNP 187.3 2126  299.8 215.0 1044 2174 72.3
HNV 92.3 112.6  216.7 134.8 37.8 122.8 65.5
HRP 20.7 56.3 128.5 48.5 119.1 42.8 112.2
JSM 61.3 85.4 85.5 5.1 169.1 53.4 143.9
MRF 35.8 128.2 57.5 118.2 30.6 126.6
PIN 0.0308 130.6 80.6 129.7 33.6 157.5
PSP 0.0678 0.0682 84.8 246.0 1015 2294
SKI 0.0432 0.0431 0.0508 167.2 48.4 145.1
TRL 0.0517 0.0509 0.0713 0.0528 147.5 94.2
USL 0.0627 0.0615 0.1071 0.0772 0.0866 154.7
WTC 0.0459 0.0477 0.0698 0.0513 0.047 0.0819
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Supplemental Methods

Analyzing leaf images for herbivory with imagelJ

We used ImageJ version 1.52A [Schneider et al., 2012] to analyze leaf photographs
from our larval herbivory trials. Specifically, we analyzed images taken before and after
the herbivory trials to determine the total surface area of each leaf consumed during the
herbivory trial.

To calculate leaf surface areas, we first set the scale in each image using the straight
tool in for drawing straight lines. A line was drawn across exactly two blue horizontal grid
marks of the graph paper in each image, which corresponds to the known distance of 1.27
cm. To set this known distance as the scale, we used the commands analyze—set scale,
set the parameter known distance to 1.27, and the parameter unit of length to ”"cm”.
We then used the polygon tool to draw a polygon around only the leaves and grid paper
within the image, excluding any writing or any parts of the image beyond the grid paper
on which the leaves were placed. The region within the polygon was then duplicated using
the the commands image—duplicate.

Color and contrast were adjusted within the duplicated image using the commands
image—type—8-bit to transform the image to grayscale, followed by image—adjust—threshold
to transform the image to black and white such that the leaf surfaces were shaded entirely
in black and the background was shaded entirely with white. The threshold (bottom sliding
bar) was adjusted manually to ensure that the edges of the leaves were precisely highlighted,
but no other parts of the image were.

Finally, the area of each leaf was analyzed using the commands analyze—analyze
particles. We set the parameter particle size to a range of 0.01-Infinity to remove
noise from the analysis (i.e. particles too small to be leaves were removed). We selected
outlines from the show dropdown menu, which produces an image with the outlines of each
particle analyzed in order to double-check that the particles being captured by the analysis
corresponded to the shape and location of the leaves in each image. The boxes exclude

on edges, display results, record starts, and include holes were checked. These
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parameters serve to exclude any particles touching the edge of the image (as all leaves in
our images were centered so particles along edges caould not be leaves), record the starting
position (x-y location) of each leaf so it can be located and verified on the original image,
and ensure that any areas within leaves that were not shaded black during the threshold
transformation were still included in area calculations. The result of this analysis is a list

2 corresponding to the surface areas of the three leaves in each

of three area values in cm
image we analyzed. Leaves in each image were always placed in the same order from left to
right as follows: Carex hoodii, Campanula rotundifolia, and Poa pratensis.

All leaf images were also manually assessed for signs of herbivory. Specifically, because
Hayden’s ringlets feed from the margins of leaves rather than skeletonizing tissue from the
center, we assessed the margins of each leaf before and after herbivory for jagged edges.
Leaves used in the herbivory assays were cut into 1-cm long rectangles prior to herbivory
assays so images could be easily coded as either (1) herbivory observed (leaf margins jagged
and rectangle sides no longer straight lines) or (0) no herbivory observed (leaf margins
intact and no jagged marks present). This manual coding allowed us to isolate changes in

leaf surface area due to moisture loss in the leaf tissue over time (i.e. shrinkage) vs. larval

herbivory.

Construction of the reference contig set with CD-hit

Because no reference genome has been constructed for the Hayden’s ringlet to date, we
constructed a de novo set of reference contigs to align our GBS reads to using the program
CD-hit version 4.8.1 [Li and Godzik, 2006].

We started with the full set of 347,375,794 demultiplexed reads with poly-G tails re-
moved that remained after filtering to remove PhiX reads. For processing efficiency, we first
sorted these reads by individual. This resulted in a single file for each individual containing
all the reads that came from that particular individual. We then used CD-hit to run a
clustering step at 100% match for each individual’s set of reads. The result of this step
was 287 files containing a list of all unique reads belonging to each individual butterfly.

The purpose of this step was to remove reads that were perfect duplicates of one another,



96

thereby reducing file size and processing time downstream.

If we concatenated the files of unique reads from each individual produced above to
produce a single file for clustering with CD-hit as-is, we would run the risk that CD-hit
would use solely sequences from the first alphabetically-ordered individual as seed sequences
to align other reads to, introducing bias. Instead, we first split the files of unique reads
from each individual into approximately 20 files each (70,000 lines or 17,500 reads each).
We then concatenated all of the first files split from each individual, followed by all of the
second files split from each individual, etc. all the way through the tenth files split from each
individual. This ensured that reads from all individual butterflies should be represented in
seed sequences during the next clustering step.

To test the sensitivity of percentage match on clustering for our data set, we used a
concatenated file containing just the first files split from each individual (approximately 5%
of the full concatenated data set). We tested clustering at 80, 90, and 95% match levels.
This resulted in 226,668, 349,754, and 419,676 clusters, respectively. We then repeated
this sensitivity test using a concatenated file containing the first four files split from each
individual (approximately 25% of the full concatenated data set) for 88, 90, and 92% match
levels. This resulted in 797,035, 901,765, and 1,006,900 clusters, respectively. We chose to
use clustering at 90% match on the full concatenated data set (the first 10 files split from
each individual) for our actual clustering to be used in downstream analysis. Any reads
that did not cluster at 90% match were then removed from the data set.

Finally, we completed one additional clustering step using only those reads that clus-
tered at 90% match. We clustered these reads again at 80% match and removed all reads
that clustered at this level. Reads from the 90% match cluster set that clustered with one
another at an 80% match rate or greater were removed because these clusters may represent
gene families or duplicated genes. The result of this was a set of 614,359 reference contigs

used for alignments in downstream analysis.

Calculating the proportion of grass vs. sedge consumed by larvae

Because the total amount of leaf tissue consumed by larvae varied substantially across
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populations, we assessed differences in host preference across populations as differences in
the proportion of grass vs. sedge leaf tissue consumed. For these calculations, we set any
negative values in the MCMC chains to zero (as negative herbivory is not a realistic as-
sumption) and removed any NAs that resulted during the proportion calculations. Because
no herbivory was observed on the control host, C. rotundifolia, we calculated the proportion

2

of grass (or sedge) consumed as simply the total grass (or sedge) tissue consumed, in mm?,

divided by the sum of grass plus sedge tissue consumed.
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Supplemental Tables and Figures

Table S4: Locations of sites that were assessed for the presence of Hayden’s ringlets but did
not harbor population sizes large enough to sample. Shown are the latitude and longitude
of each site, as well as the number of Hayden’s ringlets that were observed at each site.

Latitude® Longitude® N butterflies observed

AVP  44.4860 -110.1307 1
GLR  44.1023 -110.7483 0
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Fig. S5: Effect of grid size on EEMS results. Two chains each are shown for grid sizes of
50, 100, and 150. Results were highly consistent between chains, and showed an area of
reduced relative migration rates between northern and southern populations of Hayden’s
ringlets across all grid sizes tested.



CHAPTER 4
THE EFFECT OF ADMIXTURE ON THE PREDICTABILITY OF EVOLUTION
DURING ADAPTATION IN CALLOSOBRUCHUS MACULATUS

Abstract

Admixture is common in nature, and can serve as a crucial source of adaptive potential
through the generation of novel phenotypes (i.e. transgressive segregation). Conversely,
the presence of hybrid incompatibilities can decrease the fitness of hybrids. Due to the
pervasiveness of admixture in nature and its potential role in facilitating adaptation, un-
derstanding how admixture affects the predictability of evolution is key to furthering our
understanding of evolutionary dynamics. However, few studies have assessed how patterns
of evolutionary parallelism (i.e. repeated independent occurrences of evolutionary change
at the same locus or loci in response to a selective pressure) in admixed lineages are affected
by the presence of strong ecological pressure. In this experiment, we assessed patterns of
parallelism across admixed vs. non-admixed cowpea seed beetles (Callosobruchus macula-
tus) during adaptation to a novel, stressful host: lentil. Specifically, we asked whether (1)
admixture facilitates adaptation to lentil, (2) parallelism was higher in admixed or non-
admixed lineages, and (3) to what degree parallelism in admixed lineages was associated
with selection on globally adaptive alleles, epistatic effects, or hybrid incompatibilities. We
found that admixture facilitated adaptation to lentil, and evolutionary rescue occurred in
all lineages. The degree of evolutionary parallelism was highest in two purebred lineages,
but still notable in admixed lineages. Adaptation to lentil appeared to be driven by selec-
tion on alleles that were globally adaptive. Finally, even during evolutionary rescue in a
marginal environment, the purging of hybrid incompatibilities still appeared to contribute

substantially to evolutionary parallelism in admixed lineages.
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Introduction

Admixture is increasingly being recognized as a major driver of evolutionary dynam-
ics, as well as a potentially critical source of adaptive potential. Admixture, the process
whereby genetic material is shared across genetically divergent populations or species, is
a widespread phenomenon occurring in at least 10% of animal and 25% of plant species
[Mallet, 2005]. A substantial portion of many species’ genomes—including our own—are
derived from hybrid origins [Edwards et al., 2011, Meier et al., 2017, Sankararaman et al.,
2016, Schumer et al., 2016, Short and Streisfeld, 2023]. By bringing together new combina-
tions of alleles from previously isolated parental populations, admixture can unlock novel
phenotypic variation (i.e. transgressive segregation) and serve as a vital source of evolu-
tionary novelty [Lewontin and Birch, 1966, Pereira et al., 2014, Rieseberg et al., 1999]. The
extreme phenotypes generated by admixture coupled with the transfer of globally beneficial
alleles (i.e. adaptive introgression) and the genetic benefits of outbreeding (e.g. hetero-
sis and/or masking of deleterious recessive alleles) can increase the adaptive potential of
admixed populations, particularly in novel or marginal environments [Buerkle et al., 2000,
Crow, 1948, De Carvalho et al., 2010, Durkee et al., 2023, Gompert et al., 2006, Oziolor
et al., 2019]. Conversely, the presence of Dobzhansky-Muller incompatibilities [Dobzhan-
sky, 1982] and the breakdown of adaptive gene complexes can reduce fitness in admixed
individuals (i.e. outbreeding depression), leading to selective pressure against hybridization
[Bhargav et al., 2022, Calvo-Baltangs et al., 2021, Kim et al., 2018, Turissini and Matute,
2017, Verhoeven et al., 2011]. Because admixed populations are subject to multiple con-
flicting evolutionary pressures, the evolutionary outcomes of admixture vary widely [Rius
and Darling, 2014, Springer and Gompert, 2020]. As such, determining the degree to which
evolution in admixed populations is repeatable—and therefore predictable—is of particular
interest to understand how deterministic processes (e.g. natural selection imposed by the

environment) and intrinsic evolutionary constraints imposed by admixture interact to shape
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patterns of genomic change. Admixture events can result in the transfer of just a few alle-
les from one population to another (i.e. adaptive introgression) [Enard and Petrov, 2018,
Nanaei et al., 2023, Oziolor et al., 2019], the reinforcement of species boundaries [Bewick
and Dyer, 2014, Bhargav et al., 2022, Turissini and Matute, 2017], or in some cases, genome
stabilization and the formation of stable mosaic hybrid species (i.e. ancestry at a local level
is no longer variable: at any given location in the genome, ancestry has become fixed for
one parental species or the other) [Gompert et al., 2006, Mallet, 2007, Sun et al., 2020].
Due to the pervasiveness of admixture in nature and the complicated nature of admixture’s
effects on the genome, delineating the factors influencing the predictability of evolution in
admixed populations is key to our understanding of evolutionary dynamics as a whole.
The degree of repeatability in genome evolution post-admixture depends on many
factors, including demographic history, the degree of genetic divergence between parental
populations, recombination landscapes across the genome, and how far from the phenotypic
optimum each parental population is in the environment where admixture occurs [McFarlane
et al., 2022, Moran et al., 2021, Schumer et al., 2018]. A few general principles have
already emerged regarding the repeatability of evolution at a genomic level post-admixture,
including the purging of ancestry derived from the minor parental population (i.e. the
parental population which initially contributed the least amount of ancestry to the hybrid
genome) [Langdon et al., 2022, Moran et al., 2021, Schumer et al., 2018]. When Dobzhanksy-
Muller incompatibilities (i.e. when an allele in population A becomes deleterious when
present in combination with an allele found a different locus in population B) are present
or intermediate hybrid phenotypes are ecologically unsuitable for the environment, purging
ancestry from the minor parent is the fastest (and therefore most likely) evolutionary route
for admixed populations to increase fitness[Langdon et al., 2022]. Purging of minor parent
ancestry may even be repeatable across hybrids formed from different species pairs [Langdon
et al., 2022]. Similarly, when one parental population has lower effective population sizes
than the other (i.e. island vs. mainland populations, see Matute et al. [2020]), mildly

deleterious alleles that accumulated and fixed in the smaller population via genetic drift can
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result in strong selection against ancestry from that population [Harris and Nielsen, 2016,
Juric et al., 2016]. Selective pressure against this hybridization load can lead to purging of
entire blocks of local ancestry inherited from the smaller, more inbred population, especially
at sites with low recombination rates [Matute et al., 2020, Nouhaud et al., 2022].
However, while a considerable amount of work has been done to determine factors shap-
ing the repeatability of evolution in admixed populations in an organism’s native habitat
[Chaturvedi et al., 2020, Langdon et al., 2022, Nouhaud et al., 2022, Schumer et al., 2018]
or under benign laboratory conditions [Matute et al., 2020], few studies explicitly address
the impact of strong directional selection imposed by stressful ecological conditions on pat-
terns of evolutionary repeatability in admixed populations. Given the strong potential for
admixture to facilitate adaptation and evolutionary rescue under stressful environmental
conditions via the expression of transgressive phenotypes and transfer of globally adaptive
alleles [De Carvalho et al., 2010, Durkee et al., 2023, Gompert et al., 2006, Lewontin and
Birch, 1966, Ogziolor et al., 2019, Pereira et al., 2014, Stelkens et al., 2014, Vedder et al.,
2022], this remains a critical gap in our understanding of the predictability of evolution
in admixed populations. In the face of unprecedented anthropogenic change, determin-
ing how strong ecological selection alters the genomic consequences of admixture is also
of critical relevance for determining the effect of admixture on adaptive potential and the
predictability of evolution. While intrinsic hybrid incompatibilities commonly drive pat-
terns of repeatability during the evolution of admixed populations [Chaturvedi et al., 2020,
Langdon et al., 2022, Matute et al., 2020, Nouhaud et al., 2022], the severe population
bottlenecks that occur during evolutionary rescue could drastically increase the degree of
stochasticity experienced during adaptation, potentially reducing repeatability [see McFar-
lane et al., 2022]. Conversely, when populations begin far from the phenotypic optimum,
rapid adaptation during evolutionary rescue may be initially driven by selective sweeps of
just a few major-effect loci (rather than many small-effect loci) [Alexander et al., 2014, Orr,
2005]. Hard selective sweeps during bouts of rapid adaptation could potentially increase the

predictability of evolution during evolutionary rescue, but how the influx of novel stand-
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ing genetic variation plus intrinsic incompatibilities introduced via admixture might alter
patterns of soft vs. hard selective sweeps during evolutionary rescue is unclear.

In this study, we used experimental evolution to assess how admixture affects pat-
terns of evolutionary rescue and parallelism in cowpea seed beetles, Callosobruchus macu-
latus, during adaptation to a novel, stressful host. Callosobruchus maculatus is a globally-
distributed pest of stored legumes from the tribe Phaseoleae [e.g., mung bean, adzuki bean,
and cowpea; Kébé et al., 2017, Tuda et al., 2006]. Because cowpea seed beetles have been
associated with human crop stores for thousands of years and their larvae spend the en-
tirety of their development within a single seed, laboratory conditions closely approximate
the "natural” habitat of C. maculatus [Kébé et al., 2017, Messina, 1991, Tuda et al., 2014].
Populations from different geographic locations vary substantially in fitness traits, including
larval competitiveness, body size, oviposition preference, and fecundity [Credland and Dick,
1987, Messina, 1991, 1993, Messina et al., 2018]. Lentil (Lens culinaris, tribe Fabeae) is a
particularly poor host for C. maculatus [Messina et al., 2009a]. Initial survival on lentil is
often less than 3%, and experimental attempts to establish C. maculatus populations on
lentil often result in extinction [Messina et al., 2009a, 2020]. Despite this, C. maculatus
lineages on lentil that do not go extinct have been found to rapidly rebound, with percent
survival rising to over 80% within 20 generations [Messina et al., 2009a]. Previous ecological
studies have shown that admixture likely facilitates adaptation to lentil in the cowpea seed
beetle [Messina et al., 2020], and previous genomic studies have found a modest degree
of parallelism at a genomic level across non-admixed lineages during adaptation to lentil
[Régo et al., 2019]. However, to date no studies have assessed how both admixture and en-
vironmental stress combined affect the repeatability of genomic change during adaptation
a novel, stressful host.

Here, we assessed how admixture affects the degree of evolutionary parallelism during
adaptation to lentil in C. maculatus. Specifically we asked the following questions: (1) to
what degree does admixture facilitate adaptation to lentil, (2) is evolution more repeatable

in admixed or non-admixed lineages during evolutionary rescue, and (3) to what degree
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is repeatability during evolutionary rescue in admixed lineages driven by (a) selection on
globally-adaptive alleles (i.e. a shared genetic basis for adaptation to lentil across admixed
vs. non-admixed lineages) vs. (b) epistatic effects in hybrid lineages and the purging of

hybrid incompatibilities?

Materials and Methods

Colony foundation and experimental design

We used cowpea-adapted lineages of Callosobruchus maculatus from three different
continents for this experiment: Burkina Faso (Africa), Brazil (South America), and Califor-
nia (North America). These lineages all originally utilized cowpea, Vigna unguiculata, as
their native host, have non-competitive larvae, and show low initial survival rates on lentil
[Messina et al., 2020]. All lineages were obtained from Dr. Charles Fox at the University of
Kentucky [Messina et al., 2018], but were originally collected from infested cowpeas in the
field or in markets across the world. Cultures from all three lineages were maintained con-
tinuously in the laboratory on cowpea after their initial collection. The Burkina Faso (BF)
lineage was collected from a field of cowpeas (V. unguiculata) in Ouagadougou, Burkina
Faso by Dr J. Huignard at the University of Tours in 1989 [Messina, 1993, Messina et al.,
2018]. The Brazil population (BZ) was collected from Campinas, Brazil in 1975 [Tran and
Credland, 1995] and later maintained by Dr Robert Smith at the University of Leicester
[Dowling et al., 2007a, Guedes et al., 2003]. The North American lineage was collected
from California (CA) and later maintained by Dr. Peter Credland at the University of
London [Dowling et al., 2007b, Tuda et al., 2014]. All lineages are estimated to have been
maintained under standard laboratory conditions in excess of 300 generations at the time of
our experiment. Phyloeographical analyses suggest that ancestral seed beetle populations
in Africa began expanding into Asia as long as several thousand years ago, indicating that
phylogenetic splits among certain seed beetle population pairs have the potential to be quite
deep [Kébé et al., 2017]

We began our experiment with a single stock colony each from the BF, BZ, and CA
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lineages (3 jars total). These colonies had been maintained in the laboratory at Utah State
University in excess of 100 generations at the time of this experiment. Colonies were kept
in 2 L glass jars containing approximately 750 g of cowpeas. New generations were founded
by transferring ~2000 newly-emerged adult beetles (estimated by volume using an insect
aspirator) to fresh culture jars once every 25-30 days (hereafter referred to as ”standard
culture”). Another seed beetle lineage, South India (SI), has been found to have a variance
effective population size of (Ne) = 1149.6 individuals (95% CI = 1077.4-1229.8) [Gompert
and Messina, 2016a]. The effective population sizes of the BF, BZ, and CA are expected
to be similar or higher than that of SI given their extensive shared culturing history. As
a result, seed beetle colonies kept under standard culture conditions are expected to show
high genetic diversity levels and little to no inbreeding. Indeed, previous experiments show
that evolutionary rescue in purebred lineages of C. maculatus is driven by selection on
standing genetic variation [Gompert and Messina, 2016b, Régo et al., 2020, 2019]. During
this experiment, all colonies were housed at 27°C with a 14/10 day cycle in one of two
Percival incubators (model Nos. 1-36VL and a similar model). Due to the large amount
of metabolic water produced by growing beetle larvae, we installed a dehumidifier in each
incubator to try and reduce humidity levels to between 15-50%. While under standard
culture conditions only 2000 adult beetles per generation are transferred, each jar will
produce far more than 2000 adult beetles each generation. This allows us to split any given
jar of beetles into multiple daughter colonies each month without imposing a population
bottleneck on the original colony. To found the colonies for our experiment, each month
from our stock colonies we removed (1) 2000 adult beetles to found the next generation
of the stock colony, (2) 2000 adult beetles to found the purebred control colonies for that
month’s replicates, and (3) approximately 1000 pupae-containing beans to use for that
month’s admixed replicates.

To form our admixed lineages, we produced true F1 hybrids with a founding population
size of 1000 parental beetles each. To accomplish this, one to three days before the beetles’

expected emergence date we randomly sampled 1000 pupae-containing beans from each of
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our parental stock colonies. These beans were isolated in individual cellulose pill capsules
and maintained in the incubator under standard conditions. Twice daily, emerging virgin
beetles were tallied and sorted into petri dishes by population and sex. This process was
continued until we had collected four dishes of 250 virgin beetles each from each stock
colony: two all-male and two all-female dishes from each parental population (BF, BZ, and
CA). Reciprocal crosses were then performed for each combination of parental populations.
In other words, we placed 250 virgin males from the first parental population in a jar with
250 virgin females from the second, and vice versa in a second jar. After 10 days (at which
point most or all of the purebred adults had died), we combined each male x female jar
with its reciprocal female x male pair to found a single admixed colony composed of the
true F1 offspring of the 1000 purebred founding beetles. This method ensured we were
producing admixed lineages with equal genetic contribution from both sexes from each
parental populations. To found our purebred control colonies, we simply transferred 1000
beetles (as measured by volume) from each purebred stock colony to fresh culture jars. We
produced two full replicates every month, where each replicate consisted of three purebred
(BF, BZ, CA) and three admixed (BF x BZ, BF x CA, BZ x CA) cowpea colonies each, for
a total of 66 cowpea colonies with a founding population size of 1000 beetles per jar.
After maintaining both our purebred and admixed colonies on their native host (cow-
pea) for two successive generations post-admixture, we split each of our 66 cowpea colonies
to form 66 additional colonies on our novel, stressful host: lentil. To do so, we removed
a total of 4000 adult beetles (as measured by volume) from each our our 66 F2 cowpea
colonies and transferred 2000 to fresh lentil culture jars and 2000 to fresh cowpea culture
jars to lay eggs. Thus, the first generation of beetle larvae to feed on the novel food source
in our experiment was the F3 generation. This left us with a total of 132 beetle colonies
and 12 lineages per replicate: three admixed and three non-admixed lineages on cowpea,
and three admixed and three non-admixed lineages on lentil. This full factorial experimen-
tal design allows us to compare the evolution and performance of admixed lineages across

environments (stressful vs. benign), as well as compare evolution and performance of of
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admixed vs. purebred lineages within each of those environments. We chose not to conduct
the host shift onto lentil until the F2 generation because F1 hybrids are typically pheno-
typically uniform and thus will not reflect the adaptive potential that could emerge after
recombination breaks down ancestry blocks and generates novel genotypic combinations
(i.e. transgressive segregation). All 132 colonies were maintained for at least 20 generations
post-admixture (at least 17 generations post-host shift). After the end of the experiment,
all remaining colonies were placed at -20 °C for seven days to ensure all beetles would be

dead prior to disposal.

Population Growth Assays

During the first 400 days after the host shift onto lentil (or until enough beetles emerged
to move the colony into standard culture), we removed all dead adult beetles produced by
each of the 66 lentil colonies. This was done to assess the rate of adaptation to lentil in each
colony. Every 20 days, beetles from each lentil colony were separated from the beans using
a soil sieve. All live beetles were aspirated from the upper edge of the sieve and returned to
the culture jar to continue laying eggs. This was done to ensure that we were not artificially
altering population sizes by removing live adults with further reproductive potential from
colonies. All dead beetles remaining at the bottom of the sieve were removed and stored in
zip-lock bags at -80 C until image analysis. Thus, each bag of beetles removed represents the
number of adult beetles that died during the previous 20-day period, providing an accurate
estimate of the population size of each colony during the 20 days prior.

To assess the number of adult beetles produced by each colony during every 20 days
post host-shift, we used the program ImageJ version 1.52A [Schneider et al., 2012]. Beetle
specimens from each sample bag were spread onto a clean, white sheet and photographed
using Canon EOS M6 camera. Photographs were first prepared for analysis using the
program Adobe Photoshop Elements 2020 Editor to correct uneven lighting and ensure the
background color was uniform across the entire image. This was necessary to ensure that
ImageJ could accurately differentiate between the color of beetles vs. the background sheet.

We then used the analyze particles function in ImageJ to count the number of beetles
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in each image. The result of this analysis was a count of the total number of beetles that
died during every 20-day period in each colony post host-shift. As we collected every dead
beetle produced by each jar during each 20 day interval between 60 and 400 days post host
shift (unless the colony was moved into standard culture prior to 400 days post host shift),
these population counts represent a complete count of the total number of beetles produced
by each colony during early adaptation to lentil.

We analyzed population growth in both admixed and non-admixed lines using a Bayesian

generalized linear model. Cumulative count data at a given time point were assumed to

count count

follow a normal distribution with y = pu and o = o . Mean cumulative population
count (u“™) was assumed to follow a second order polynomial relationship with respect

to the number of days post host shift such that for non-admixed lineages:

Hcount — (5110017 + o/l"ep)days + ( gop + agep)days2

where (7 and B are the effects of time (calculated as the standardized but not
centered number of days post host-shift) on the mean cumulative number of beetles that
emerged for each non-admixed population, pop is the particular non-admixed population
being considered (BF, BZ, or CA), days is the number of days post host-shift, and o] and
ay® are random effects of replicate for each 3-term (data from replicates 2 through 10 were
used for this analysis). Replicate effects were transformed with a sum-to-zero constraint

count was

to ensure all parameters in the model were identifiable. For admixed lineages,
assumed to follow the same polynomial relationship shown above except that each slope (51
and () for admixed populations was assumed to equal the average slope from each parental

lineage plus an additional effect of admixture, such that:

Pl | aP2
15

dmsi re 51 + 552
Hecount = ( 9 + ﬁ% m + o p)days + (7

5 +6§zdmix + agep)day82

where B terms are the effects of time on cumulative beetles emerged in the first
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parental lineage, 372 terms are the effects of time on cumulative beetles emerged in the
second parental lineage, and $%™i* terms are the additional effects of admixture on the
cumulative beetles emerged. Thus, our model included six 51 and six 2 parameters (one
slope parameter for each of the three parental lineages, and one admixture effect parameter
for each of the three admixed lineages). Both the 8 and [y parameters were assigned a
normal prior with ¢ = 0 and ¢ = 100. Raw (not sum-to-zero transformed) random replicate
effects (i.e. a; and ao parameters) were assigned normal priors with p = 0 and o = of

(ot o and 0f) were assigned

and 0§ respectively. Finally, all three sigma parameters
gamma, priors with parameters £k = 0.1 and 6 = 0.01. This model was written in the
language STAN [Stan Development Team, 2022b] and implemented with the R-interface

RStan version 2.21.5 [Stan Development Team, 2022a]. We ran 5 chains with a burn-in

period of 1,500 steps and 3,000 Hamiltonian Monte Carlo (HMC) sampling steps.

DNA Sequencing, Alignment, and Variant Calling

DNA Extractions

We extracted DNA from between 19-20 beetle specimens each from 78 unique lineage
x replicate x host x generation combinations, for a total of 1536 individuals. As cowpea
seed beetles have an XY sex chromosome system and the Y-chromosome is significantly
reduced in size [Angus et al., 2011], we chose to sequence only female beetles to achieve
better coverage of the X-chromosome. We sequenced DNA from three time points during
our experiment: generation 1 (F1; pre-adaptation), generation 7 (F7; early adaptation), and
generation 20 (F20; late adaptation). From the F1 generation, we sequenced only purebred
parental cowpea lineages (BF, BZ, and CA) from replicate 1. Because our admixed lineages
were true F1 hybrids of our parental cowpea lineages, the initial allele frequencies of our
first generation hybrid lines could be inferred from the allele frequencies of these original
parental lines. From the early adaptation (F7) generation we sequenced all cowpea- and
lentil-adapted admixed lineages (BF x BZ, BF x CA, and BZ x CA) from replicates 1:5

for a total of 30-F7 experimental groups. From our late adaptation time point (F20) we
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again sequenced beetles from all admixed lineages (both cowpea- and lentil-adapted) from
replicates 1:5, as well as all purebred lentil-adapted populations from replicates 1:5 for a
total of 45-F20 experimental groups. This sampling scheme allowed us to assess evolution
in purebred lines during adaptation to lentil, evolution in admixed lineages during early
and late adaptation to lentil, as well as evolution during early and late generation admixed
lineages not exposed to a novel host.

To extract DNA from beetle specimens, we used Qiagen DNeasy 96 Blood and Tissue
Kits. To minimize cross-contamination of DNA, all beetle specimens were washed prior to
DNA extraction (see supplement for details). For any specimens collected and frozen live
rather than 10 days post-emergence, eggs were dissected out of the females’ abdomens and
their abdominal cavities brushed clean with 95% ethanol to minimize the presence of male
DNA contained in sperm. Because seed beetles lay most or all of their eggs within 10 days
of emergence (CITE), this abdominal dissection step was skipped for specimens collected
10 days or more post-emergence (i.e. specimens collected after death).

Reduced-representation restriction-fragment-based DNA libraries were then prepared
from extracted DNA using methods similar to those in Gompert et al. [2014]. Briefly, whole-
genome DNA was first digested with Msel and EcoR1 enzymes, then ligated to custom
barcode sequences and amplified via PCR. Barcoded and amplified DNA fragments were
pooled, purified, and size-selected on a BluePippin. We selected DNA fragments between
250-350 bp for sequencing. Our DNA fragment libraries were sequenced using two lanes on
the University of Texas Illumina NovaSeq S1 sequencing platform.

Sequencing resulted in a total of 4,381,945,291 individual reads. We first filtered each
of the Fastq files to remove PhiX sequences. PhiX is a bacterial sequence introduced as
an internal control on certain sequencing platforms. We then used SAMtools version 1.10
and custom scripts to find and remove all reads that aligned to the PhiX reference genome.
Barcode sequences were then removed from the remaining reads using custom perl scripts,
and each read was tagged with the ID of the beetle from which it came. After the removal

of PhiX reads, we were left with a total of 3,539,264,296 reads for alignment.



113

For alignment, we used the genome assembly from the April 2023 version of the Calloso-
bruchus maculatus whole genome shotgun project (NCBI accession number CASHZR020000000)
as our reference genome. We aligned DNA reads from our experiment to this reference
genome using the bwa aln algorithm using a maximum number of mismatches allowed per
sequence (-n) of 5. For our data, this meant if greater than 5% of the read did not match
the reference sequence, it was not retained as an alignment. Seed length (-1) was set to 20,
and the maximum mismatches allowed in the seed sequence (k) was set to 2.

To identify sites with single nucleotide polymorphisms (SNPs), we conducted variant
calling using the program bcftools version 1.16. We used the original consensus caller (-c)
and called only variants for which the posterior probability of the SNP being invariant was
less than 0.01 (-p = 0.01). Variable sites were filtered for quality using custom perl scripts.
In particular, we retained only variable sites with a phred-scale mapping quality greater than
30, a coverage level equal to or greater than 3072 reads (2x the number of individuals we
sequenced), a minimum of 10 reads for the alternative allele (to filter out possible errors
in sequencing), and representing 80% or more of the individuals we sequenced. Variable
sites with base quality rank sum, mapping quality rank sum, or read position rank sum
test p-values less than 0.001, 0.0001, and 0.001 respectively were not retained. After this
initial filtering step, SNPs were further filtered to a max read depth of 48,000, 3 standard
deviations greater than the mean read depth across loci. This was done to remove possible
paralogs/gene families from our filtered SNP set. Variable sites located less than 2 BP apart
along a contig were also removed. After quality filtering, we were left with 79,079 SNPs for

downstream analysis.

Statistical Analyses

In order to assess patterns of admixture and generate global ancestry estimates, we
used the program ENTROPY version 2.0 [Gompert et al., 2014, Shastry et al., 2021]. The
program ENTROPY is comparable to the admixture model in STRUCTURE, but with the ad-
ditional feature of accounting for uncertainty in genotypes. Because our experiment used

three known parental populations for the production of admixed lineages, we ran entropy
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only for K = 3. We ran 20 MCMC chains with 2000 burn-in steps and 2500 sampling steps
each, a Dirichlet initialization value of 50, and a thinning interval of 5. Ancestry proportion
estimates generated by the ENTROPY program were used to determine to what degree an-
cestry proportions shifted over time (for example, if ancestry from one parental lineage was
selected against due to incompatibilities or ecological selection). The genotype estimates
generated by the ENTROPY program were used to construct a PCA to visualize patterns of
genetic structure among our parental and admixed lineages. This PCA was constructed
in R version from centered but unscaled genotype estimates using R version 4.2.2 [R Core
Team, 2022].

To estimate allele frequencies within each unique hybrid x replicate x generation x
host group, we used the program estpEM. We used convergence tolerance of 0.001 and max
iterations of 20. estpEM accounts for differences in quality scores among SNPs during allele
frequency estimation. F1 allele frequency estimates from estpEM were used to calculate
Nei’s Fgp between each pairwise combination of purebred parental lineages (i.e BF, BZ,
and CA cowpea lineages) to determine the degree of genetic differentiation among our
parental lineages. We then computed standardized allele frequency change for all of our
sequenced experimental groups. Standardized allele frequency change, or Ap, was calculated
as Ap = (pt —po)/+/2poqo where p; is the frequency of allele p at timepoint ¢, and py and g
are the initial frequencies of alleles p and ¢. We standardized allele frequency change by the
initial expected heterozygosity (2poqo) at a given locus due to the fact that a given absolute
change in frequency of a rare allele (i.e. initial heterozygosity is low) would represent a
proportionally greater change in frequency than the same amount of absolute change in a
more common allele (i.e. a site where heterozygosity approaches 0.5).

After calculating standardized allele frequency change at all 79,079 SNPs for all se-
quenced treatment groups (F7 and F20 admixed lineages on both cowpea and lentil and
F20 purebred lineages on lentil), we quantified what percentage of the loci showing the
greatest magnitude of allele frequency change (i.e. those most likely to be under selec-

tion) were shared across treatment groups as a measure of evolutionary parallelism. We
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assessed the degree of parallelism both across replicates within a single experimental treat-
ment group, as well as across treatment groups to test the degree to which SNPs associated
with adaptation to lentil in purebred, parental lineages were also associated with adaptation
to lentil in admixed lineages. We calculated the percentage of SNPs shared across groups
for only those loci whose standardized allele frequency change estimates were in the top 5th
percentile or above (i.e. those loci suspected to be under either direct or indirect selection).
We also generated a null expectation for the percentage of SNPs shared across groups by
randomly sampling 5% of the SNPs from each pair of treatment groups and calculating the
percentage of SNPs shared among the randomly sampled pairs. Percentage overlap val-
ues were first calculated for each pairwise combination of replicates, then averaged across
replicates to estimate the overall percentage of SNPs that were shared between each pair of
treatments. We visualized the SNPs associated with adaptation by constructing Manhattan
plots from just the SNPs from the 10 largest scaffolds that showed allele frequency changes
greater or equal to 95% of the other variable loci in that treatment group.

We then used the program varne and the allele frequencies generated by estpEM to
obtain unbiased estimates of variance IV, using a model similar to those used in Gompert
and Messina [2016b], Jorde and Ryman [2007], Régo et al. [2019]. This allowed us to
estimate the severity of population bottlenecks experienced by both admixed vs. non-
admixed and cowpea vs. lentil lineages during adaptation. Because we formed true F1
hybrids to establish our admixed populations, the initial allele frequencies of our admixed
lineages should be a simple average of the allele frequencies of the parent populations. As
such, we estimated the allele frequencies of our F1 hybrid lineages by taking the average
of the allele frequencies of their parental lineages. We estimated variance N, for between
generation F1 and generation F20, and ran all varne runs with an initial census size (-n)
of 2000 beetles and 1000 Bayesian bootstrap replicates (-x).

Finally, we used the program popanc version 0.1 [Gompert, 2016] to estimate local
ancestry proportions along scaffolds for each treatment group. This was done to visualize

differences in the breakdown of ancestry blocks across groups over the course of adaptation
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and compare patterns of local ancestry across treatment groups. This program uses a
continuous correlated beta process model for inferring ancestry, and is particularly well-
suited for inferring ancestry in hybrid populations that do not experience ongoing gene flow
with parental populations and for which genome stabilization is not yet complete [Gompert,
2016, Gompert and Buerkle, 2013]. We ran popanc using the genotype estimates generated
by ENTROPY for each admixed treatment group, and only included those SNPs located on the
10 largest scaffolds and for which the absolute difference in initial allele frequencies between
each parental population pair (BF vs. BZ, BF vs. CA, or BZ vs. CA) was greater than
0.2. This was done to ensure that only the loci that were most informative of population
ancestry were used for local ancestry analysis. We chose to have popanc estimate the scale
parameter for the beta process model (-s). Finally, we set a maximum locus distance (-d) of
50 bp and the maximum number of SNPs per locus (-n) to 15, and ran 1000 burn-in steps

and 10,000 sampling steps with a thinning interval (-t) of 5.

Results

Clear population structure between African and American lineages of C. mac-
ulatus

Our cowpea-adapted beetle lineages from Burkina Faso (BF), Brazil (BZ), and Califor-
nia (CA) showed a moderate to strong degree of genetic differentiation from one another.
The degree of genetic differentiation between our African population and our two American
populations (Fsr between BF vs. BZ and BF vs. CA were both 0.20) was twice as high as
the degree of differentiation between the two American populations (Fsr between BZ vs.
CA = 0.09). This result was recapitulated in our PCA (see Fig. 4.2, with PC1 separating
the BF lineage from the BZ and CA lineages, and PC2 separating the BZ and CA lineages.
Our three admixed lineages (BF x BZ, BF x CA, and BZ x CA) clustered directly between
their two parental populations, as expected since early-generation hybrid genotypes will be
intermediate to those of their parents. One of our lentil-adapted BF colonies, BF replicate 5

generation 20, clustered with the BF x BZ admixed lineages rather than with the BF pure-
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bred lineages, indicating that this BF replicate was contaminated with BZ beetles at some
point during the experiment and underwent admixture. As such, this single BF replicate
was removed from all downstream analyses.

Admixed lineages also showed clear evidence of mixed ancestry consistent with expec-
tations based on their hybrid ancestries (see Fig. 4.3. Comparison between F7 vs. F20
generation lentil-adapted hybrids from the BF x BZ and BF x CA lineages showed that
after adaptation to lentil, global BF ancestry declined. While F1 hybrids would have have
received exactly 50% of their genome from each parental lineage, the mean BF ancestry in
F20 admixed lentil lineages ranged between 38-45%, a 5-12 percentage point decline in BF
ancestry over the course of adaptation to lentil. The F20 admixed cowpea lineages, in con-
trast, showed mean BF ancestry values between 52-55%. This indicates possible selection

against BF ancestry during adaptation to lentil.

Admixture increases cumulative population growth rates on lentil, but effective
population sizes low in all lentil-adapted populations

Despite poor initial survival, 64 out of our 66 experimental lentil lineages successfully
adapted to this novel, stressful host. The two lineages that did not adapt to lentil were BF
replicate 6 and BF replicate 7. The BF lineage showed notably slower population growth
on lentil than did the other populations (see Fig. 4.1 and Table 4.1). The BF lineage
showed the slowest cumulative growth rate, while the BF x CA admixed lineage showed the
highest (see (2 values in Table 4.1). We also saw a strong incubator effect, with replicates
2 through 5, which were housed in the first incubator, experiencing more rapid cumulative
growth than replicates 6 through 11, which were housed in the second incubator (see Fig.
4.1). Overall, we found that admixture appears to facilitate adaptation to lentil, with higher
cumulative growth rates occurring in admixed than non-admixed lineages.

Results from our Bayesian second-degree polynomial model for cumulative population
growth showed a strong signal for evolutionary rescue in all our lentil-adapted lineages.
Values of §; indicate the slope of the cumulative growth curve at time ¢ = 0. Thus, 5

values can be interpreted as an estimate of the average reproductive rate of each lineage at
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time t = zero. The higher the value of 31, the higher the initial reproductive rate on lentil.
The credible intervals for 51 for the BF, BZ, and BF x BZ population all overlapped zero
(see Table 4.1). This suggests that at time ¢ = 0, the reproductive rate (as measured by
the average number of adult offspring produced per day) in these populations was not high
enough to ensure population persistence on lentil.

Alternatively, 81 values could also be interpreted as a measure of how long it would
take for a given founding population of parent beetles to produce enough offspring to fully
replace itself, assuming a parental death rate of zero and non-overlapping generations (i.e.
generation time). For the CA, BF x CA, and BZ x CA lineages, f; ranged from 4.7 and 8.6,
suggesting that the average reproductive rate at time ¢ = 0 in these lineages was between
4.7 and 8.6 adult offspring per day (see Table 4.1). At this reproductive rate, it would
hypothetically take between 200 to 500 days for our founding populations of 2000 adult
beetles to produce 2000 adult offspring. This, of course, would not be possible in reality
as adult seed beetles have limited adult lifespans (less than 10 days) and the majority of
first-generation offspring surviving on lentil expected to emerge within 100 days [Messina
et al., 2020, 2009b]. Thus, even for the three lineages with 1 values credibly greater than
zero, the initial reproductive rate estimated by our model was not high enough to suggest
that these populations would produce enough offspring to prevent an initial population
decline. Our model results for £ indicate that on average, all three admixed and all three
non-admixed lineages were expected to undergo an initial demographic decline, consistent
with the first stage of evolutionary rescue.

The second slope parameter from our Bayesian model, s, is a measure of growth rate.
A (5 value of zero indicates that population size will remain constant with respect to time
(in other words, the population size is stable and no growth occurs), while any value of o
greater than zero indicates exponential growth, meaning population size will increase with
time. A negative value of B2, meanwhile, indicates that population size will decrease with
time. Values of 83 in admixed populations were calculated as the average of 2 values for

each parental lineage plus an effect of admixture (S245). B24p values of zero would indicate
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that the cumulative growth rate in admixed populations was simply the mean of the parental
populations’ cumulative growth rates. In other words, a Seag of zero indicates that the
cumulative growth rate of admixed populations falls directly between those of its parents.
The effect of admixture for B2 in our linear model was credibly greater than zero for all
admixed lineages (see Table 4.1), suggesting that cumulative growth rates in all three of our
admixed lineages were credibly greater than than the average of their parents’ cumulative
growth rates. Notably, values of 85 were credibly greater than zero for all populations, both
admixed and non-admixed, indicating that all six populations on average were expected to
rebound from their initial demographic decline on lentil.

However, while admixture did appear to facilitate adaptation to lentil, we did not see
a major effect of admixture on the severity of genetic bottlenecks experienced during adap-
tation. Variance effective population sizes (N¢) estimated from the F1 to F20 generations
varied from a minimum of 16.2 (95% CI 16.1-16.4) in BF replicate 5 on lentil to a maximum
of 285.4 (95% CI 277.2-294.4) in BZ x CA replicate 2 on cowpea (see Table 4.2). All N,
estimates were considerably lower than the founding population size of the colonies in our
experiment (1000 beetles per colony), and varied considerably both across hosts and across

replicates within a given treatment group.

Evolutionary rescue in two out of three non-admixed lineages more repeatable
than for admixed lineages

To quantify the overall degree of parallelism in allele frequency change across treatment
groups, we calculated the proportion of overlap in top SNP quantiles (i.e. those SNPs
that changed the most during the course of adaptation) across treatment groups. The
SNPs whose standardized allele frequencies changed the most are those most likely to be
associated with adaptation (i.e. allele frequency change is being driven by natural selection
rather than drift alone). If none of the SNPs whose frequencies changed the most were
shared between treatment groups, it would indicate that completely different SNPs were
associated with adaptation in each group (i.e. the evolutionary basis of adaptation was

not shared across comparison groups). In contrast, if 100% of the SNPs that changed the
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most in frequency were shared between between groups, it would indicate that evolutionary
change was repeatable, with the same regions of the genome being involved in adaptation
in both groups (i.e. the underlying basis of adaptation was the same in both groups). All
treatment groups we compared showed proportion overlap values considerably higher than
expected by chance, suggesting that evolution was moderately parallel (a) across replicates
within treatment groups, (b) across admixed vs. parental lineages, and (c) across admixed
cowpea vs. lentil lineages (see Table 4.3).

To answer the question of whether admixed vs. non-admixed lineages show a greater
degree of evolutionary parallelism during adaptation to lentil, we compared the proportion
of the SNPs whose allele frequencies changed the most that were shared across replicates.
With the exception of the BF lineage, we found that evolution was more predictable in
non-admixed than in admixed lineages. Proportion overlap values across replicates for
admixed treatment groups (BF x BZ, BF x CA, and BZ x CA) ranged from 0.28 to 0.35,
as compared to a null expectation of 0.05. This indicates that 5.6x to 7x more of SNPs
associated with adaptation were shared across replicates than expected by chance. By
comparison, the proportion overlap values across lentil-adapted replicates for two of the
parental lineages (BZ and CA) were 8x to 8.4x greater than expected by chance, modestly
greater than across lentil-adapted admixed replicates (see Table 4.3. This suggests that
the degree of evolutionary parallelism was higher in purebred Brazil and California lineages
than in admixed lineages during adaptation to lentil. The Burkina Faso (BF), meanwhile,
showed a lower degree of parallelism (proportion overlap = 0.27) than admixed lineages.

Differences in the degree of parallelism during adaptation in admixed vs. non-admixed
lineages were less clear for local ancestry estimates. Both cowpea- and lentil-adapted ad-
mixed lineages showed a moderate degree of parallelism across replicates for local ancestry
along the 10 largest scaffolds (see Figs. 4.6 and 4.7). The 10 scaffolds presented in Fig. 4.6
and Fig. 4.7 correspond to each of the 10 chromosomes present in the C. maculatus genome.
Patterns of local ancestry across scaffolds for our three cowpea-adapted admixed lineages

(BF x BZ F20 C, BF x CA F20 C, and BZ x CA F20 C) were very similar across repli-
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cates, consistent with a moderate degree of parallel evolution in these lineages. Patterns
of local ancestry were also similar across replicates for the three lentil-adapted admixed
lineages (BF x BZ F20 L, BF x CA F20 L, and BZ x CA F20 L), but several scaffolds
showed notable deviations across replicates. In particular, replicates 2 and 3 from the BF
x BZ lentil-adapted line (see Fig. 4.7a) showed a notable decrease in BF ancestry, while
replicates 1, 4, and 5 showed local ancestry values for BF closer to 0.5. This pattern of
divergent ancestry across replicates also occurred for replicate 2 on scaffold 3, as well as for

replicate 4 on scaffold 1 in the BZ x CA lentil lineage (see Fig. 4.7c).

Adaptation to lentil driven by globally adaptive alleles across both admixed and
non-admixed lineages

Plots of allele frequency change across scaffolds revealed several regions across the
genome strongly associated with adaptation to lentil. In particular, a large region along
scaffold 1 showed a wide peak where allele frequency change was greater than across other
scaffolds. This peak was present in both admixed and purebred lineages after 20 generations
on lentil (see Fig. 4.4), but notably absent from cowpea-adapted lines (see Fig. 4.5, strongly
suggesting this region is associated with adaptation to lentil. The fact that this peak was
present in both purebred and admixed lentil-adapted lineages suggests that some of the
same regions of the genome involved in adaptation to lentil in purebred lineages were also
adaptive in admixed lineages, indicating a shared evolutionary basis for adaptation. That
said, the magnitude of this peak on scaffold 1 varied considerably across replicates and
across lineages. While BZ x CA replicate 4 showed a large peak on scaffold 1 (see Fig.
4.5¢), none of the other BZ x CA replicates on lentil showed appreciable peaks in allele
frequency change in this region. Similarly, BF x BZ replicate 3 showed a larger peak on
scaffold 1 than the other replicates from this hybrid type (see Fig. 4.5a).

To assess the degree to which the evolutionary basis of adaptation to lentil in admixed
vs. non-admixed lineages was shared, we calculated proportion overlap values between
lentil-adapted hybrid lineages and each of their parental populations (see Table 4.3). Over-

lap values ranged from 0.18 and 0.20, 3.6x to 5x higher than expected by chance. This
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suggests that evolutionary basis of adaptation to lentil is at least partially driven by glob-
ally adaptive alleles (i.e. additive genetic variation) shared between parental vs. admixed
lineages. However, the degree of parallelism between admixed vs. non-admixed lineages
was lower than across replicates within a given treatment group, which could indicate (a)
that hybrid incompatibilities present in admixed but not in parental populations are driving
down the degree of evolutionary parallelism between these groups, or (b) that epistatic in-
teractions are partially responsible for adaptation in admixed lineages, again driving down
the degree of evolutionary parallelism between parental vs. hybrid lineages.

Finally, local ancestry analysis showed a notable decrease in BF ancestry in lentil-
adapted lineages. (compare Fig. 4.6a-b vs. Fig. 4.7a-b). This trend was not evident in
the BZ x CA lentil-adapted line, again suggesting selection against BF ancestry in lentil-
adapted hybrid lineages as seen previously in our admixture analysis (see Fig. 4.3. In
particular, we note a large decrease in BF ancestry on scaffold 9 in lentil-adapted lineages.
We also saw a region of SNPs with high magnitudes of allele frequency change on scaffold
9 in the non-admixed BF lineage during adaptation to lentil (see scaffold 9 in Fig. 4.4b)
compared to the other two parental lineages. Together, this evidence further suggests that
several regions of the Burkina Faso genome are globally maladaptive on lentil, leading to
parallel purging of BF ancestry during adaptation to lentil across both BF hybrid types
(BF x BZ and BF x CA).

Even during evolutionary rescue, hybrid incompatibilities contribute to evolu-
tionary repeatability

We did not see evidence for regions of hybrid incompatibilities with major effects in
either cowpea or lentil lineages. Compared to the large peak in allele frequency change
on scaffold 1 associated with adaptation to lentil, peaks in allele frequency change shared
between lentil vs. cowpea treatment groups were considerably smaller (see Fig. 4.5). How-
ever, there were several regions with smaller peaks in allele frequency change that were
shared across both cowpea and lentil treatments, including small peaks on scaffolds 1, 2,

6, and 9 in the BF x BZ lineage, the beginning of scaffold 9 in the BF x CA lineage, and
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on scaffolds 3 and 6 and 9 in the BZ x CA lineage. Two of these peaks (peaks on scaffold
6 and 9) appear to be shared across hybrid types, occurring in both BF x BZ cowpea and
lentil lineages as well as BZ x CA cowpea and lentil lineages.

To measure the degree to which hybrid incompatibilities vs. ecological selection drive
patterns of parallelism in admixed lineages during evolutionary rescue, we compared the
proportion overlap in top SNP quantiles for admixed lineages raised on lentil vs. cow-
pea. The proportion of top-quantile SNPs shared between cowpea vs. lentil treatment
groups ranged from 0.23 to 0.32 (4.6x to 6.4x greater than expected by chance). This is
not notably different than the degree of parallelism observed within replicates for a single
treatment group (5.6x to 7x greater than expected by chance). Thus, despite the strong
ecological selective pressure imposed by feeding on lentil, it appears that a large portion
of the evolutionary parallelism observed in admixed lineages can still be attributed to the

purging of hybrid incompatibilities.

Discussion

In this experiment, we assessed patterns of parallelism across admixed vs. non-admixed
cowpea seed beetles during adaptation to a novel, stressful host: lentil. We found that
admixture facilitated adaptation to lentil, with the Burkina Faso (BF) lineage showing
the slowest rate of cumulative population growth during adaptation to this novel host, but
evolutionary rescue occurred in almost all treatment groups. Genomic analyses revealed that
levels of parallelism were similar or slightly lower in admixed vs. non-admixed lineages. We
found a large spike of allele frequency change on scaffold 1 across lineages associated with
adaptation to lentil, suggesting that adaptation to this novel host is being driven at least
in part by selection on globally-adaptive alleles in both admixed and non-admixed lineages.
In other words, the genomic basis of adaptation to lentil is likely being driven in part by
selection on one or more major effect loci, and this genomic basis for adaptation is shared
across both admixed and non-admixed lineages. We further found evidence for selection
against BF ancestry on scaffold 9 across both hybrid lineages derived from BF parents

(BF x BZ and BF x CA), indicating that certain regions of the Burkina Faso genome are



124

likely globally maladaptive on lentil. This same region of scaffold 9 in the purebred BF
lineage showed a moderate spike in allele frequency change during adaptation to lentil,
again suggesting that certain alleles carried by the BF lineage are globally maladaptive on
lentil, regardless of admixture status. Finally, we found a moderate degree of parallelism
in evolutionary change between admixed lineages adapted to lentil vs. cowpea, suggesting
that even under extreme ecological selection, the purging of hybrid incompatibilities still
contributes to the degree of evolutionary parallelism observed in admixed lineages. We

discuss the implications of these results in greater detail below.

Admixture facilitates adaptation to lentil, but outcomes are strongly affected
by humidity

Interestingly, it appears that the African lineage (Burkina Faso or BF) showed the
poorest capacity to adapt to lentil. The Burkino Faso lineage is from the heart of the
purported ancestral range of cowpea seed beetles [Kébé et al., 2017], and as such might
be expected to harbor greater genetic diversity than American populations, which were
transported across the world via trade and may have undergone significant population
bottlenecks during establishment in new locations. Conversely, cowpea is a crop of particular
importance in Africa and is widely grown [Kpoviessi et al., 2019], meaning cowpea may have
been the only host encountered by the wild Burkina Faso seed beetle population. Cowpea
is less widely grown in the Americas, so it is possible that the two American lineages
(Brazil and California) had previous exposure to lentil or to other legume species more
commonly grown in these regions, potentially increasing their ability to adapt to novel hosts.
Alternatively, as all of our lineages have been reared in captivity for many generations, it is
possible the Burkina Faso lineage [which was originally collected in 1989; see Messina, 1993]
has simply lost some of its original diversity via genetic drift or adaptation to captivity, and
its poor adaptive capacity on lentil is simply a reflection of this laboratory history.

It is also possible that other environmental factors alter the adaptive capacity of differ-
ent lineages of seed beetles on lentil. Despite using very similar models of Percival incubators

for this experiment, maintaining the same temperature and day cycle in both, as well as
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running a dehumidifier full time in both incubators, we nevertheless saw substantial incu-
bator effects across our treatment groups. Replicates 1 through 5 were kept in our first
incubator, while replicates 6 through 11 were kept in the second. The first incubator was
prone to periods of higher humidity while the second stayed drier during the course of the
experiment. Adaptation proceeded much more rapidly in the first incubator (see Fig. 4.1,
and differences in the rate of adaptation across lineages were far less pronounced. Humidity
is strongly affected by the total number of colonies in each incubator due to the amount of
metabolic water produced by larvae [Bhattacharya et al., 2003], and our incubators were
especially prone to humidity spikes during the pupation stage. Humidity has a strong effect
on development time and survival in C. maculatus [Mainali et al., 2015, Umoetok Akpas-
sam et al., 2017] with the development being the fastest at humidities between 75-80%.
Higher humidity appears to increase survival on lentil, suggesting that perhaps differences
in adaptive capacity of our parental lineages on lentil could be related to not just the ability
to metabolize the novel host, but also their degree of adaptation to low-humidity environ-
ments. Further work is warranted to determine how these lineages differ in their survival
at various humidity levels, and how the environmental effects of humidity and host interact

to affect survival.

Hybrid incompatibilities contribute to parallelism even in the face of strong
ecological pressure

Despite the strong selective pressure imposed by lentil, the overall level of parallelism
between cowpea- and lentil-adapted lineages (as measured by the proportion of SNPs that
changed in frequency the most during the course of adaptation that were the same across
cowpea vs. lentil groups) was still reasonably high (5-6x higher than expected by chance),
and quite similar to the degree of parallelism observed within replicates from any given ad-
mixed treatment group. Shared peaks of allele frequency change between BF x BZ and BZ
x CA on both lentil and cowpea lineages suggest that there may be hybrid incompatibilities
associated with the Brazil lineage that are shared across hybrid types. Taken together, this

evidence suggests that even in the face of strong ecological stress, hybrid incompatibilities
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may still play a major role in driving evolutionary change in admixed populations. This is
consistent with results from other studies on admixed lineages in natural or neutral environ-
ments [Langdon et al., 2022, Matute et al., 2020]. However, peaks in allele frequency change
shared between cowpea- and lentil-adapted admixed lineages were considerably smaller than
those peaks shared across lentil-adapted lineages. This could indicate that parallelism is
being driven by selection on many hybrid incompatibilities of small effect size rather than
a few hybrid incompatibilities of large effect size. In contrast, the single large peak shared
across lentil-adapted lineages suggests that evolutionary parallelism across lentil-adapted
lines is being driven at least in part by selection on one or a few loci of large effect.

We also found that the degree of parallelism during adaptation to lentil across replicates
in the Brazil (BZ) and California (CA) purebred lineages was slightly higher than the level
of parallelism observed in admixed lineages on lentil. This could simply be a byproduct
of admixture itself: if transgressive segregation led to a greater variance in genotypes in
admixed populations, then it might be more likely that different genomic backgrounds
would survive the severe population bottleneck imposed by adaptation to lentil in different
replicates of admixed populations. This could lead to a decrease in the predictability of
evolution in admixed lineages during adaptation to extreme environments. However, that
the degree of parallelism in admixed lineages was very similar on both cowpea and lentil

suggests that this was likely not the case for our experiment.

Conclusions

In conclusion, we found that admixture facilitated adaptation to lentil, and that adap-
tation to lentil in cowpea seed beetles is driven in part by selection on globally adaptive
alleles in both admixed and non-admixed lineages. We also found evidence that certain re-
gions of genome from the African lineage (BF) appear to be globally maladaptive on lentil,
and this led to parallel selection against BF ancestry in lentil-adapted lineages across hy-
brid types. Finally, we saw a moderate degree of parallelism in evolutionary change between
admixed lineages adapted to lentil vs. cowpea, suggesting that even during evolutionary

rescue, the purging of hybrid incompatibilities may still be a major contributor to patterns
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of evolutionary parallelism observed in admixed lineages.
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Tables and Figures

Table 4.1: Slope values generated by the Bayesian linear model for cumulative population
growth. (1 parameters are the slopes for the first-order term in the polynomial model
(days), while [y parameters are the slopes for the second-order term in the polynomial
model (days?). Admixture effect (34x) parameters represent how much the values for 8; or
(B2 in admixed lineages deviated from the average of their parent lineages’ values. Values of
B1 and S for admixed lineages were calculated as fF1#F2 = (BFP1 4 gF2) /2 4 P1eP2 where
BPY and 572 are the slopes for each parental population and Bfgp 2 is the admixture effect
for that hybrid cross type. All values of 81 are reported in units of adult beetles emerged
per day and 2 and Sap terms in units of adult beetles emerged per day?. Values of 5
indicate the slope of the cumulative growth curve for each population at time ¢ = 0, and is
a measure of the average rate of reproduction (i.e. the average number of adult offspring
expected to emerge per day at time ¢t = 0). Values of 32 are a measure of population growth,
with 82 > 0 indicating population sizes increasing with time, 51 < 0 indicating population
size decreasing with time, and 82 = 0 indicating population sizes remain constant over time.
Finally, 54 values credibly greater than zero indicate a credible effect of admixture on 5y
and (9 values.

BF BZ CA

B 1.7 (-3.4,0.0) 1.0 (-0.7,2.7) 8.6 (7.0,10.3)
By 0.027 (0.02,0.035)  0.042 (0.034,0.049) 0.055 (0.048,0.063)

BF x BZ BF x CA BZ x CA

By 0.4 (-2.5,1.7) 4.7 (2.6,6.7) 5.9 (3.9,7.9)
By  0.089 (0.079,0.099) 0.121 (0.112,0.131)  0.07 (0.061,0.078)

Brag 0.1 (-1.9,1.8) 1.2 (-0.6,3.0) 1.1 (-0.8,2.9)
Boap  0.055 (0.046,0.064)  0.08 (0.072,0.087)  0.021 (0.014,0.028)
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Fig. 4.1: The cumulative number of beetles that emerged from each lentil colony over time
by lineage and replicate. Non-admixed lineages are shown in panels (a) through (c), and
admixed lineages are shown in panels (d) through (f). Each individual data point represents
the total number of beetles produced by a given colony between time ¢ = 0 and time ¢, not
the population size at time t. In other words, our plots represent cumulative growth, or
the integral of population growth. Thus, a linear relationship between cumulative growth
and time would represent a population whose size remains constant with respect to time,
while a concave up curve represents population growth over time, and a concave down
curve represents a population that is decreasing in size with time. Data points from each
individual replicate are represented by point shape. Replicates two through five (hollow
point shapes) were all maintained in one incubator, while replicates six trough eleven were
maintained in a second incubator at the same temperature and day cycle. The average
cumulative growth for each lineage fit by our Bayesian model are shown as black curves on
each panel.
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Fig. 4.2: Principal component analysis generated using centered but unscaled genotype
estimates from ENTROPY. Each individual point represents an individual beetle. Genotype
information from all 1536 beetles we sequenced are represented in this analysis. This in-
cludes F7 and F20 generation admixed beetles adapted to both lentil and cowpea from
replicates 1 through 5, as well as F1 generation non-admixed beetles adapted to cowpea
and F20 generation non-admixed beetles adapted to lentil from replicates 1 through 5. Each
unique lineage (BF, BZ, CA, BF x BZ, BF x CA, and BZ x CA) is represented by a unique
color x shape combination on the PCA. BF is shown in light orange circles, BZ in red tri-
angles, CA in purple stars, BF x BA in red-orange squares, BF x CA in brown diamonds,
and BZ x CA in fuchsia triangles.
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Table 4.2: Variance N, value estimates for each replicate x population x host combination
taken for the F1 to F20 generations (18 generations of adaptation to lentil in lentil-adapted
lines). Point estimates with 95% credible intervals are shown. Cowpea-adapted lineages
are denoted with a ”"C” while lentil-adapted lineages are denoted with an ”L” after the
population name. Average values of N, across replicates are also shown.

Rep. 1 Rep. 2 Rep. 3
BFL  23.1 (22.9,23.4) 20.6 (20.4,20.8) 54.7 (53.6,55.8)
BZ L 47.1 (46.5,47.8) 86.1 (84.3,87.9) 44.3 (43.7,44.9)
CA L 19.4 (19.2,19.7) 127.8 (123.9,131.6) 26.3 (26,26.6)
BF x BZ C 48.9 (48.4,49.5) 174.3 (171.4,177.4) 51.3 (50.6,52)
BFxBZL  97.4 (95.6,99.1) 63.6 (62.6,64.6) 74.1 (72.8,75.6)
BF xCAC 100.6 (99.4,102) 26.3 (25.9,26.6) 260.6 (252.3,269.2)
BF x CA L 25.1 (24.8,25.5) 120.7 (118.1,123.5) 46 (45.6,46.5)
BZx CAC 559 (55.2,56.6)  285.4 (277.2,294.4)  39.8 (39.3,40.4)
BZxCAL 42.3 (41.8,42.7) 33.1 (32.8,33.5) 46.2 (45.7,46.7)
Rep. 4 Rep. 5 Average
BF L 21.5 (21.2,21.7) 16.2 (16.1,16.4) 21.5 (16.2,55.3)
BZ L 39.8 (39.3,40.3) 40 (39.5,40.6) 44.3 (39.4,87.1)
CAL 126.3 (123,129.7) 42.3 (41.8,42.8) 42.3 (19.3,130.1)
BF x BZ C 161.9 (158.8,164.8)  47.9 (47.348.5)  51.3 (47.6,176.2)
BFxBZL  85.1 (83.8,86.7) 68.8 (67.8,69.7) 74.1 (63,98.4)
BF x CAC  26.3 (25.9,26.7) 26.1 (25.8,26.5)  26.4 (25.9,265.5)
BF x CA L 33.9 (33.5,34.3) 137.4 (133.7,140.7) 46 (24.9,139.2)
BZx CA C 37.3 (36.9,37.8) 45.4 (44.8,46.1) 45.3 (37,290.2)
BZxCAL 415 (41,42.1)  121.1 (118.2,124.2)  42.2 (32.9,122.8)
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Table 4.3: The proportion of the SNPs with the greatest magnitude of standardized allele
frequency change (top 5%) that were shared across comparison groups. Possible values for
proportions range from 0 and 1, with 0 indicating that none of the SNPs most closely asso-
ciated with adaptation were shared between the two comparison groups, and 1 indicating
that 100% of the SNPs most closely with adaptation were shared between the two compar-
ison groups. Thus, values closer to 1 indicate a higher degree of evolutionary parallelism
between comparison groups, while lower values indicate a lower degree of parallelism. The
null expectation for the proportion of SNPs shared for these calculations is 0.05. Proportion
overlap values greater than 0.05 indicate a higher degree of parallelism than expected by
chance, while proportion overlap values less than 0.05 indicate a lower degree of parallelism
than expected by chance. The first two rows of the table show the proportion of SNPs (av-
eraged across replicates) shared between lentil vs. cowpea admixed lineages at generation
F20. Rows three through five show the proportion of SNPs (averaged across replicates)
shared between lentil-adapted admixed lineages and each of their parental lineages at gen-
eration F20. Finally, rows six through ten show the average proportion of SNPs shared
among replicates within a particular treatment group. To calculate the average proportion
of SNPs shared across replicates within a given treatment group, we calculated the propor-
tion of SNPs shared for each pairwise replicate comparison (i.e 1 vs. 2, 1 vs. 3, etc.) then
averaged across these pairwise values.

BF xBZ BFx CA BZxCA

F7 Admixed: lentil vs. cowpea 0.28 0.32 0.28
F20 Admixed: lentil vs. cowpea 0.24 0.29 0.23
F20 Lentil: admixed vs. BF 0.18 0.18 -
F20 Lentil: admixed vs. BZ 0.18 - 0.19
F20 Lentil: admixed vs. CA - 0.21 0.20
F7 Cowpea: within replicates 0.29 0.31 0.28
F20 Cowpea: within replicates 0.29 0.32 0.28
F7 Lentil: within replicates 0.32 0.35 0.30
F20 Lentil: within replicates 0.28 0.33 0.26
BF BZ CA

F20 Lentil: within replicates 0.27 0.40 0.42
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Fig. 4.3: Admixture proportions for each individual generated by ENTROPY. Each vertical bar
represents global ancestry proportion values (i.e. the proportion of the genome estimated
to have been inherited from each of the k source populations) for each individual beetle
sequenced. Burkina Faso (BF) ancestry is shown in light orange, Brazil (BZ) ancestry
in red, and California (CA) ancestry in purple. Black vertical bars separate beetles from
each treatment group, and treatment group names are shown along the x-axis, with ”C”
representing cowpea-adapted lineages and ”L” representing lentil-adapted lineages.
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(a) BF x BZ Lentil Allele Freq. Change from Gens 1 to 20
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(c) BZ x CA Lentil Allele Freq. Change from Gens 1 to 20
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Fig. 4.4: Manhattan plots for admixed populations vs. their non-admixed parent popula-
tions. Absolute values for standardized allele frequency change over 20 generations for each
variable locus are shown above the x-axis for admixed populations, and below the x-axis
for non-admixed populations. In other words, values from admixed and non-admixed treat-
ment groups are presented mirror-image across the x-axis. The background color in each
plot (dark grey vs. light grey) denotes where each new scaffold begins. Only the 10 largest
scaffolds are shown, each one representing one of the cowpea seed beetle’s 10 chromosomes.
For admixed lineages, color represents replicate, while for non-admixed lineages, color rep-
resents which parent lineage the points belong to.
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(a) BF x BZ Allele Freq. Change from Gens 1 to 20 on Cowpea vs. Lentil
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(b) BF x CA Allele Freq. Change from Gens 1 to 20 on Cowpea vs. Lentil
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(c) BZ x CA Allele Freq. Change from Gens 1 to 20 on Cowpea vs. Lentil
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Fig. 4.5: Manhattan plots for admixed populations after adaptation to cowpea vs. lentil for
20 generations. Absolute values for standardized allele frequency change at each variable
locus are shown above the x-axis for lentil-adapted populations, and below the x-axis for
cowpea-adapted populations (i.e. cowpea lineages are presented mirror-image across the
x-axis to lentil lineages). The background color in each plot (dark grey vs. light grey)
denotes where each new scaffold begins. Only the 10 largest scaffolds are shown, each one
representing one of the cowpea seed beetle’s 10 chromosomes. Each of the five individual
replicates within each treatment group is plotted as a separate color and shape (see key).
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(a) Local Ancestry for BF x BZ F20 Cowpea Lines
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Fig. 4.6: Local ancestry proportion estimates along scaffolds for cowpea-adapted lineages
generated by popanc. The background color (light vs. dark grey) denotes the position of
scaffolds, one for each of the 10 chromosomes. Ancestry values range between 0 and 1, with
ancestry values closer to 0 indicating less ancestry from the first parental lineage and more
ancestry from the second parental lineage, while values closer to 1 indicating the opposite.
For panel (a), ancestry values greater than 0.5 indicate an excess of Brazil (BZ) ancestry,
while for panels (b) and (c), values greater than 0.5 indicate an excess of California (CA)
ancestry. Local ancestry values from each replicate within a given treatment group are
plotted as individual lines, with red = replicate 1, orange = 2, yellow = 3, lime green = 4,
and dark green = 5.



145

(a) Local Ancestry for BF x BZ F20 Lentil Lines
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(c) Local Ancestry for BZ x CA F20 Lentil Lines
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Fig. 4.7: Local ancestry proportion estimates along scaffolds for lentil-adapted lineages
generated by popanc. The background color (light vs. dark grey) denotes the position of
scaffolds, one for each of the 10 chromosomes. Ancestry values range between 0 and 1, with
ancestry values closer to 0 indicating less ancestry from the first parental lineage and more
ancestry from the second parental lineage, while values closer to 1 indicating the opposite.
For panel (a), ancestry values greater than 0.5 indicate an excess of Brazil (BZ) ancestry,
while for panels (b) and (c), values greater than 0.5 indicate an excess of California (CA)
ancestry. Local ancestry values from each replicate within a given treatment group are
plotted as individual lines, with red = replicate 1, orange = 2, yellow = 3, lime green = 4,
and dark green = 5. We averaged values across a sliding window to reduce noise, resulting
in the gaps at the edge of each scaffold.



CHAPTER 5
SUMMARY AND CONCLUSIONS

In this dissertation, I explored the varied impact of gene flow on the evolutionary viabil-
ity of insect populations. Specifically, I investigated how a lack of gene flow (i.e. inbreeding),
barriers to gene flow (i.e. isolation by distance, environment, and adaptation), and gene
flow across genetically disparate lineages (i.e. admixture) interact with environmental and
demographic conditions to influence population viability in insects.

In my second chapter, I investigated how interactions among environmental stressors
impact the magnitude of inbreeding depression in seed beetles, C. maculatus. I found that
while both environmental stressors I studied (temperature and host plant) increased the
magnitude of inbreeding depression, the relative importance of inbreeding-stress interactions
to overall survival was modest. This suggests that assessing the importance of inbreeding-
stress interactions by calculating the magnitude of inbreeding depression alone may give
an inaccurate representation of their relevance to population persistence. Rather, to best
understand the conservation implications of inbreeding-stress interactions, inbreeding-stress
interactions should be considered within the context of their effect on overall survival. In
all, my results suggest that the outcomes of inbreeding-stress interactions are not easily
generalized, an important consideration in conservation settings.

In my third chapter, I assessed the impact of barriers to gene flow on patterns of genetic
structure in the endemic Hayden’s ringlet butterfly, Coenonympha haydenii. Our results
suggest that despite their restricted range, levels of genetic diversity in the Hayden’s ringlet
are comparable to those seen in non-endemic, non-migratory butterfly species with similar
dispersal ability. I found that geography, in the form of isolation by environment and simple
isolation by distance (i.e. barriers to gene flow such as mountain ranges and/or regions of
poor habitat), was the major driver of contemporary patterns of genetic structure in this

endemic species, and that neither host preferences nor host availability were correlated
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with genetic divergence. Thus, it does not appear that barriers to gene flow related to local
adaptation (i.e. isolation by adaptation) is driving patterns of genetic structure in this
endemic species. Instead, population structure in this species has likely developed largely
via genetic drift, suggesting that the Hayden’s ringlet would not necessarily benefit from
being managed as more than one conservation unit.

In my fourth chapter, I assessed the degree to which gene flow across genetically di-
vergent populations (i.e. admixture) facilitated the ability of seed beetles, Callosobruchus
maculatus, to adapt to a novel, stressful host plant. I also investigated how admixture com-
bined with environmental stress jointly impact the predictability of evolutionary change.
I found that admixture did facilitate adaptation to lentil, and that adaptation to lentil in
seed beetles is driven in part by selection on alleles that are adaptive in both admixed and
non-admixed lineages. The degree of evolutionary parallelism was highest in the Brazil and
California non-admixed lineages, but admixed lineages nevertheless showed a considerable
degree of evolutionary parallelism. Finally, the purging of hybrid incompatibilities may be
a major contributor to patterns of evolutionary parallelism observed in admixed lineages.

Together, my research projects spanned the full spectrum of how gene flow can impact
evolutionary viability, from inbreeding to admixture. I found that while inbreeding-stress
interactions may often occur, the magnitude of inbreeding-stress interactions may not have a
significant enough impact on survival to be relevant for conservation and management. Sim-
ilarly, I found that despite severe range restriction, levels of genetic diversity and patterns
of gene flow in the endemic Hayden’s ringlet butterfly were comparable to those observed
in more widespread species. Finally, I found that admixture increased the ability of seed
beetles to adapt to an extremely stressful environment despite evidence for the existence of
hybrid incompatibilities.

Insects are an abundant and diverse group of organisms. While this group is being
increasingly threatened by anthropogenic change, insects are also remarkably resilient. Even
in the face of extreme environmental stress and demographic constraints, insects may more

adaptable than we presume.
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