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Abstract

Species introductions often bring together genetically divergent source populations, resulting in
genetic admixture. This geographic reshuffling of diversity has the potential to generate
favorable new genetic combinations, facilitating the establishment and invasive spread of
introduced populations. Observational support for the superior performance of admixed
introductions has been mixed, however, and the broad importance of admixture to invasion
questioned. Under most underlying mechanisms, admixture’s benefits should be expected to
increase with greater divergence among and lower genetic diversity within source populations,
though these effects have not been quantified in invaders. We experimentally crossed source
populations differing in divergence in the invasive plant Centaurea solstitialis. Crosses resulted
in many positive (heterotic) interactions, but fitness benefits declined and were ultimately
negative at high source divergence, with patterns suggesting cyto-nuclear epistasis. We explored
the literature to assess whether such negative epistatic interactions might be impeding admixture
at high source population divergence. Admixed introductions reported for plants came from
sources with a wide range of genetic variation, but were disproportionately absent where there
was high genetic divergence among native populations. We conclude that while admixture is
common in species introductions and often happens under conditions expected to be beneficial
to invaders, these conditions may be constrained by predictable negative genetic interactions,
potentially explaining conflicting evidence for admixture's benefits to invasion.
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Introduction

Introduced non-native species are now a common feature of ecosystems on Earth, and they are
recognized as being one of the dominant sources of biodiversity change in the Anthropocene
(Ellis et al. 2012; Vellend et al. 2013). While many factors will shape the success of species
introductions and their ecological interactions with recipient environments (Sakai ef al. 2001),
there is increasing evidence that genetic factors can play a role in this process (Baker & Stebbins
1965; Ellstrand & Schierenbeck 2000; Lee 2002; Cox 2004; Colautti & Barrett 2013; Rius &
Darling 2014; Whitney & Gering 2015; Mesgaran et al. 2016). Understanding when, where, and
how genetic changes influence the outcomes of colonization is likely to be crucial to resolving
broader questions about when species introductions will lead to establishment and invasive
spread (Hufbauer 2008, 2017; Lee & Gelembiuk 2008; Forsman 2014; Rius & Darling 2014;
Sziics et al. 2014, 2017a; Bock et al. 2015; Colautti & Lau 2015; Dlugosch et al. 2015a;
Williams et al. 2016; Ochocki & Miller 2017; Weiss-Lehman et al. 2017).

In particular, successful introductions often result from admixture between divergent genotypes
originating from different source populations (Dlugosch & Parker 2008a; Uller & Leimu 2011;
Dlugosch et al. 2015a). Admixture has the potential to facilitate species invasions by creating
unique opportunities for positive genetic interactions among previously isolated alleles and for
adaptive evolution of novel genotypes, which could increase the fitness of admixed populations
(Kolbe et al. 2004; Lavergne & Molofsky 2007; Keller & Taylor 2010; Wagner et al. 2017).
These same mechanisms are known to have contributed directly to non-native species
establishment and the rise of particularly invasive novel genotypes in cases involving
hybridization between species, and the potential for similar benefits of admixture within species
appears widespread (Ellstrand & Schierenbeck 2000; Drake 2006; Hovick & Whitney 2014).
Consequently, there is intensifying interest in the potential for genetic admixture to provide a
general mechanism by which many non-native species are able to establish and develop into
invaders (Frankham 2005; Hufbauer 2008, 2017; Verhoeven et al. 2011; Molofsky et al. 2014;
Rius & Darling 2014; Bock ef al. 2015; Dlugosch et al. 2015a).

Given that introduced species are often derived from multiple source populations, genetic
admixture could be a frequent path to the evolution of invasiveness, but only if its fitness effects
are typically positive under conditions commonly experienced during introductions. Positive
correlations between fitness traits and evidence of admixture have been identified in some
invasions (Keller et al. 2014; Rius & Darling 2014), and experimental admixtures have
performed better in several studies (Turgeon ef al. 2011; van Kleunen et al. 2015; Wagner ef al.
2017). On the other hand, studies that have found no association between admixture and
increased invasiveness have called into question whether mixing of divergent populations can
realistically be expected to contribute to increased fitness and introduction success across many
invaders (Wolfe et al. 2007; Dutech et al. 2012; Chapple et al. 2013). These conflicting results
are not necessarily surprising given that studies of native species have long demonstrated that
mating across different populations can have fitness effects ranging from positive to detrimental,
depending upon the mechanisms underlying the interactions between genotypes and their fitness
effects (Price & Waser 1979; Lynch 1991; Edmands 1999; Keller & Waller 2002; Reed &
Frankham 2003; Birchler et al. 2010; Frankham et al. 2011; Chen 2013).
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There are several non-mutually-exclusive mechanisms that could generate positive fitness
effects as a consequence of either the genetic interactions that can result from bringing together
new combinations of alleles within individuals or the increase in genetic diversity that should
result from combining divergent populations (Lynch 1991; Dlugosch et al. 2015a; Hufbauer
2017):

1. Genetic Rescue. Also known as ‘directional dominance’ (Birchler ef al. 2010; Chen
2013), genetic rescue refers to the rescue of deleterious inbred (homozygous) loci by
outbreeding with a divergent population (Tallmon et al. 2004). Homozygous loci in
introduced populations can be derived from both historic genetic load already present in
native source population, and additional fixation of deleterious variants during founding
events (Excoffier et al. 2009). Multiple introductions from divergent sources can
therefore provide genetic rescue to an establishing population by contributing/restoring
superior alleles that increase the fitness of introduced genotypes, potentially resulting in
superior genotypes that transgress the fitness of both parental populations (Ellstrand &
Schierenbeck 2000; Hufbauer 2008; Keller & Taylor 2010; Rius & Darling 2014; van
Kleunen et al. 2015). Genetic rescue should benefit invasions when diversity within
founding populations is low and there is significant genetic load to rescue (Lynch et al.
1995; Lohr & Haag 2015). The fitness benefits should occur in the first generation of
admixture and scale positively with divergence between source populations, until all loci
are rescued and fitness gains plateau (Lynch 1991).

2. Overdominance. Also known as ‘heterozygote advantage’, overdominance occurs when
heterozygous allele combinations have higher fitness than any homozygous genotype
(Birchler et al. 2010; Chen 2013). These effects are expected to manifest primarily in the
first (F1) generation of an admixture event, but decay quickly due to the increase in
homozygosity that occurs over subsequent generations, unless heterozygosity can be
preserved by asexual propagation, polyploidy, or other means (Ellstrand & Schierenbeck
2000; Drake 2006; Facon et al. 2008). These effects should be strongest when
opportunities for novel heterozygosity in admixed progeny are highest, i.e. when there
are greater numbers of fixed differences between source populations.

3. Epistasis. Epistasis occurs when alleles at different loci interact (Phillips 2008). Epistatic
interactions that arise from admixture are predicted to have increasing effects on fitness
as divergence among source populations increases, due to natural selection for locally co-
adapted allele combinations and/or to the build up of Bateson-Dobzhansky-Muller
incompatibilities from genetic drift, acting separately in each source population (Lynch
& Walsh 1998; Moyle & Nakazato 2010). The fitness effects of epistatic interactions in
the first generation can be positive (heterotic) but will become increasingly negative with
greater genetic distance between parents, particularly in later generations when co-
adapted multi-locus genotypes are broken apart by recombination (i.e. 'hybrid
breakdown' and ‘outbreeding depression’; Lynch 1991; Orr & Turelli 2001; Bomblies et
al. 2007; Frankham ef al. 2011). Negative epistatic effects are thought to be one of the
most important paths to reproductive isolation and speciation, and could impede
admixture of divergent sources during multiple introductions, though the influence of
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these effects on species invasions is rarely discussed and largely unknown (Carroll et al.
2003; Dlugosch et al. 2015a).

4. Complementarity. As diversity increases within a population, different genotypes may
occupy somewhat different and complementary niches, sometimes increasing the mean
fitness across the population as a whole (Crawford & Whitney 2010; Chen et al. 2015).
Complementarity will occur immediately under multiple introductions, even before
interbreeding. It should be most beneficial at low genetic diversity within a focal
population, where niche diversity among genotypes is low, and become increasingly
likely as divergence between admixing populations increases and greater numbers of
genotypes are combined (Wang ef al. 2012; Le Roux et al. 2014), though this effect may
plateau with diversity after niches are exhausted (Ellers ef al. 2011).

5. Evolutionary Rescue. Finally, across multiple generations and longer timescales,
populations that will go extinct or fail to spread because they lack adaptation to local
conditions could be rescued by inputs of additional genetic variation, a scenario known
as ‘evolutionary rescue’ (Carlson et al. 2014). For introduced species in particular,
additional inputs of genetic diversity could facilitate both adaptation to the novel
environment of introduction and adaptation in traits that facilitate colonization in general,
such as increased dispersal ability (Thompson 1998; Cox 2004; Holt et al. 2005; Phillips
et al. 2006; Prentis et al. 2008; Weiss-Lehman et al. 2017). Evolutionary rescue should
be most likely in populations with low genetic diversity (such that adaptive variation is
limiting), and increasingly impactful as the divergence between admixing populations
increases and combines a greater numbers of unique alleles (Rieseberg et al. 2007,
Wagner et al. 2017; Ochocki & Miller 2017; Sziics et al. 2017).

Based on these mechanisms, fitness benefits from admixture should be expected to vary in
predictable ways (Fig. 1a,b). As divergence between sources increases, opportunities for rescue
of genetic load, the creation of overdominant heterozygotes, epistatic interactions among loci,
complementarity, and evolutionary rescue should all increase. These interactions should all be
positive for fitness at low divergence, though benefits of most effects should ultimately plateau,
and epistatic interactions will become increasingly negative, with increasing divergence (Fig.
l1a). Benefits of all mechanisms other than epistasis should also be strongest where founding
populations harbor low within-population diversity (Fig. 1b), especially to the extent that this
represents fixation of deleterious alleles (Lohr & Haag 2015) [with the caveat that species with a
history of inbreeding may have purged genetic load (Crnokrak & Barrett 2002) and therefore
stand to benefit only from evolutionary rescue, complementarity, and/or overdominance when at
low genetic variation]. Thus the fitness effects of admixture are expected to vary in magnitude
under different scenarios, but to be either positive or neutral under most mechanisms other than
epistasis (Lynch 1991; Dlugosch et al. 2015a; Hufbauer 2017), consistent with the idea that
admixture could be almost universally beneficial to invaders (Frankham 2005; Hutbauer 2008,
2017; Verhoeven et al. 2011; Rius & Darling 2014).

With these considerations in mind, where do admixture events and their benefits to introduced
species fall in the parameter space of divergence among source populations and genetic variation
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within founding populations? To date there has been little study of the divergence among
potentially admixing populations during species introductions (Dlugosch ef al. 2015a). The
question of how much genetic diversity is available in introduced populations has received
considerably more attention. Previous studies have shown that introduced populations generally
do not experience large reductions in diversity relative to native populations (though certainly
many exceptions exist) and that low levels of marker diversity do not prevent adaptation
(Dlugosch & Parker 2008a; b; Uller & Leimu 2011; Sziics et al. 2017a). Nevertheless, a lack of
strong founder/bottleneck effects does not preclude the presence of historical genetic load and/or
low diversity derived from source populations. Manipulations of genetic diversity have shown a
range of effects on the performance of experimental invading populations, and the potential
benefits of admixture in this regard remain an active area of research (Crawford & Whitney
2010; Sziics et al. 2014, 2017a; Williams et al. 2016; Hutbauer 2017; Wagner et al. 2017;
Ochocki & Miller 2017; Weiss-Lehman ef al. 2017).

Species introductions might thus create particularly abundant opportunities for genetic
interactions (mechanisms 1-3 above) which can provide immediate fitness benefits in the first
generation of admixture and will be especially relevant to establishing admixed populations.

In this study, we experimentally test for fitness effects of genetic interactions in controlled
crosses of Centaurea solstitialis L. ('yellow starthistle'; Asteraceae), a highly invasive annual
plant in the Americas. We cross native populations that span a range of genetic divergence and
diversity to test for associations between the fitness of admixed progeny and these factors, which
are expected to shape the outcome of genetic interactions that will be manifest in early
generations of admixed mating. We ask whether fitness benefits increase as expected. We then
explore the literature to put our results into a broader context by asking whether reported cases
of admixture in introduced plants are being realized under conditions in which we might expect
admixture to be favorable for many invaders, and whether there might be limits on these benefits
due to negative genetic interactions. We interpret our findings with respect to the likelihood that
admixture is a general mechanism promoting the invasiveness of introduced species.

Materials and Methods

Study System

We experimentally tested for genetic interactions in controlled crosses among native populations
of C. solstitialis spanning a range of genetic diversity and divergence. This species was
introduced in large numbers to the Americas as a seed contaminant of alfalfa stock imported
from the Old World, where it escaped agricultural fields and became a major pest of grasslands
(Gerlach 1997). A lineage in western Europe appears to be the product of ancient admixture
between populations from eastern Europe and Asia, and has served as a bridgehead for invasions
in the Americas (Barker et al. 2017). Several invading populations show evidence of additional
recent admixture with other native populations (Dlugosch ef al. 2013; Eriksen et al. 2014;
Barker et al. 2017). Phenotypic studies have revealed evolutionary increases in plant size during
this range expansion, which is associated with higher fitness (Widmer ef al. 2007; Eriksen et al.
2012; Dlugosch et al. 2015b). Experimental crosses in C. solstitialis provide an opportunity to
better understand how admixture might be influencing the success of invading lineages.

Collections
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Genotypes of C. solstitialis were collected from 21 native sites (Supporting Information Table
S1) spanning multiple potential source regions across western and eastern Europe, Asia, and
southern Greece (Gerlach 1997; Tutin et al. 2010; Barker ef al. 2017). Seeds were collected
from wild plants during August—September 2008, from each of 9-22 maternal plants located at
least 1 m apart along a linear transect at each site. In Asia, seeds of mothers at each site were
combined into bulk collections by site. The species was identified by the authors according to
the Flora Europaea (Tutin et al. 2010) and vouchers from each sampling site are available at the
University of Arizona herbarium (ARIZ, accession numbers in Supporting Information Table
S1).

Genetic variation within and divergence among native populations

We previously identified four geographically-structured, genetically-divergent populations in the
native range (Fig. 2a) using population genomic analyses of double-digest Restriction site
Associated Sequences (ddRADseq; Barker et al. 2017). Here we use single nucleotide
polymorphism (SNP) information from these ddRADseq reads to quantify genome-wide
sequence divergence among genotypes from these four populations (N = 155 individuals;
Supporting Information Table S1; NCBI sequence read archive BioProject PRINA275986)).
Detailed methods for sequencing and SNP generation are described in Barker ef al. (2017).
Briefly, total genomic DNA was isolated using a CTAB/PVP DNA extraction protocol (Webb &
Knapp 1990), and digested with enzymes Pst/ and Msel to create fragments for ddRADseq
(Peterson et al. 2012). Unique combinations of individual P1 and P2 barcoded adapters were
annealed to each sample, and resulting libraries size selected for fragments 350—650 bp. Size-
selected libraries were enriched using 14 PCR cycles and sequenced on an Illumina HiSeq 2000
or 2500 to generate 100 bp paired-end reads. Reads were quality-filtered and de-multiplexed
using SNoWHITE 2.0.2 (Dlugosch et al. 2013). R1 reads were trimmed to a uniform length of 76
bp for final SNP analysis. The denovo_map.pl pipeline program in STACKS 1.20 (Catchen ef al.
2011, 2013) was used to merge identical reads into 'stacks', identify polymorphic sites, create a
catalog of loci across individuals, and determine the allelic state at each locus in each individual
(Barker et al. 2017). Here the ‘populations’ module in STACKS was used to export
polymorphisms for our focal populations, and a locus was required to be genotyped in at least
70% of the samples in each population (-r 0.7), and have a minimum stack depth (-m) of ten.
This resulted in 1585 polymorphic ddRADseq SNPs (Dryad doi:## ###/dryad #####). To
quantify genetic variation, we calculated intrapopulation nucleotide diversity (7) as the average
number of nucleotide differences among alleles (including invariant sites) for each ddRADseq
locus using the ‘populations’ module in STACKS. To quantify divergence between two
populations, we calculated pairwise interpopulation  (i.e. Dyy) between alleles at the same locus
from each population. A custom script was used to combine polymorphism data from all loci to
obtain m across the total length of all sequence tags.

Experimental crosses

Experimental crosses were conducted to compare the performance of matings within and among
the four native populations, using parents reared in a common environment (Supporting
Information Fig. S1). We reared parents to flowering in a glasshouse at the University of
Arizona (as in Dlugosch et al. 2015b). Between 9 and 22 parents / site were reared from seeds of
different field mothers, or from bulk collections at Asian sites (N = 332; Supporting Information
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Table S1). Flowering heads (capitula) were covered with fine mesh bags while in bud, and hand
pollinated using a single pollen donor when a large fraction of florets were receptive. Strong
self-incompatibility in this species was verified by manual self-pollination and by bagging
unmanipulated capitula (yielding 0% seed set). Seeds were collected at maturity from a total of
349 successtul crosses within and among populations (Dryad doi:##.###/dryad ###H##).

Progeny (N = 523, including 1-3 per cross) were reared for growth measurements in the
common glasshouse environment. Increased growth is a fundamental metric of heterosis in
experimental crosses (Birchler et al. 2010; Chen 2013), and it is a key trait whose evolution is
associated with increased fitness in invasions of C. solstitialis (Eriksen et al. 2012; Dlugosch et
al. 2015b). All size measurements of both ‘source’ genotypes (produced by within-population
crosses) and ‘admixed’ genotypes (produced by among population crosses) were made in the
same experiment, at both 4 and 5 weeks of age (Supporting Information Fig. S1). Size at both
timepoints was measured using a non-destructive size index [(maximum leaf length * maximum
leaf width)!2 * leaf number] that has been shown to have a strong linear correlation with total
biomass under glasshouse conditions in this species (Dlugosch et al. 2015b). Exponential growth
rates between these two measurements for each plant were compared using REML Analyses of
Variance (ANOVA) with fixed effects of 1) the source population of crossed genotypes; 2)
observer (the person measuring the plants); and nested effects of 3) cross direction (the source
population of the maternal vs. paternal genotype) and 4) individual parental combination. Least
squares means (LSM) and standard errors were extracted from these models for use in analyses
below.

Mid-parent trait values

Source populations can be genetically divergent from one another in growth rate due to local
adaptation or genetic drift, so we tested for evidence of non-additive genetic interactions during
admixture by comparing admixed genotypes to mid-parent expectations that assume additivity in
the trait (Dlugosch et al. 2015b). To calculate these expectations, both parental and admixed
genotypes must be products of crosses conducted in a common environment, to minimize
transgenerational plasticity effects on the traits of interest. Moreover, it is essential to compare
measurements of parental and admixed genotypes at the same life stage within the same
experiment, because growth rate is highly sensitive to experimental conditions. To accomplish
this for C. solstitialis, we generated a distribution of pseudo-mid-parent values by randomly
drawing combinations of ‘source’ growth phenotypes from the progeny of within-population
crosses (i.e. representatives of parental lineages, produced by crosses in the common glasshouse
environment, as described above) that were reared and measured at the same time as admixed
genotypes (Supporting Information Fig. S1). Pseudo-parental combinations with observer effects
removed were drawn with replacement 1000 times, and their average (mid-parent) growth rates
calculated to create a distribution of pseudo-mid-parent values that were compared to growth
rates of admixed genotypes using two-tailed t-tests.

Relationship between progeny performance and parental population diversity and divergence
To examine the relationship between growth rates in our experimental crosses and both genetic
variation within source populations and genetic divergence between source populations, we used
a linear model to explain deviation of growth patterns from mid-parent expectations (Y,,,). The
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model included fixed effects in the form:
Ymﬂ: D +7Tm+7tp+7tmp+gm+gp+emp

where 7,, and 7, are maternal and paternal source intrapopulation 7 respectively, which are
predicted to scale negatively with growth deviation due to the benefits of admixture at low
within-population variation; 7, is interpopulation © between parental source populations,
predicted to influence growth deviation positively where genetic load is increasingly rescued,
and negatively where there are epistatic incompatibilities accumulating at high divergence; g,
and g, are respectively maternal and paternal source population LSM growth rate phenotype
(‘source’ lineages grown in the same experiment as admixed progeny, as described above),
predicted to correlate with growth deviation positively where there are transgenerational
plasticity/epigenetic effects; and e,,, is the residual error. All interaction terms were non-
significant (P > 0.1) and are not shown. All non-significant terms were removed from the final
model.

Literature Survey

We explored the literature to ask whether reported cases of admixture are being realized under
conditions in which we might expect admixture to be favorable to many invaders, and whether
there might be limits on these benefits due to negative genetic interactions. Using papers that
reported the distribution of molecular genetic variation in native populations and in populations
introduced from the native range to new areas (i.e. ‘primary’ introductions), we extracted
metrics of genetic variation and divergence for native populations and recorded whether
admixture was reported in the introduced populations. We analyzed an older dataset of this type
(Dlugosch et al. 2015a) to identify the effects of study design on reports of admixture
(Supplemental Methods). Based on this information, we focused our survey on microsattelite-
based studies and controlled for the number of sites surveyed in the native range (see
Supplemental Methods and Results). We examined the relationship between reports of
admixture and metrics of genetic divergence and within-population genetic variation across
native sites using logistic regressions with the number of sites sampled as a covariate (In
transformed). We quantified potential source population divergence using Fgr and related
metrics (¢st, Gsr) reported among all native populations in a study We quantified genetic
variation as the mean across all native sampling sites and loci (within a single type of genetic
marker) of expected heterozygosity (Hg) and observed heterozygosity (Hp). All statistical tests
were performed in JMP 11 (SAS Institute, Cary, USA).

Results

Experimental Crosses in C. solstitialis

Nucleotide diversity (w) varied within and across native C. solstitialis populations, and was
consistently higher between pairs of populations than within populations (Fig. 2).
Intrapopulation n ranged from 0.004 to 0.005 average SNPs/site, with the highest value in
western Europe and the lowest in Asia. Interpopulation 7 increased to 0.005—0.008 average
SNPs/site. The largest values of interpopulation © occurred in comparisons of alleles from
southern Greece to those from other populations, consistent with our previous observation of a
highly differentiated lineage occupying the Apennine-Balkan Peninsulas (Barker et al. 2017).

Barker et al. - Admixture, epistasis, and species invasions 9
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Growth rates differed significantly among different admixture combinations of parental source
populations (ANOVA Fs;; = 3.59, P =0.005), spanning an order of magnitude in exponential
growth rates (Supporting Information Fig. S2). Of the 12 combinations of crosses between
genotypes from different maternal and paternal source populations, we found that seven deviated
significantly from pseudo-mid-parent expectations, and all but one of these were in the positive
(heterotic) direction (Fig. 3). Progeny of the maternal source population from western Europe
experienced multiple heterotic interactions with those from other populations. The single
negative interaction occurred in crosses with a maternal genotype originating from eastern
Europe and a paternal genotype originating from the highly divergent population in southern
Greece. In contrast, maternal genotypes originating from southern Greece showed positive
genetic interactions with paternal genotypes from other regions, including those from eastern
Europe.

Holding maternal source population constant, crosses to increasingly divergent paternal source
populations showed a wide variety of trends in growth performance (Fig. 3), including positive
(Asia), negative (eastern Europe), and curvilinear relationships (peaking at intermediate values;
western Europe and southern Greece). Using data from all crosses, the deviations of admixed
progeny from additive expectations were not predicted by parental source population divergence
(interpopulation 1), parental source intrapopulation &, or parental lineage phenotypes in a linear
model (model P = 0.24). Removing the extreme heterotic datapoint in the cross of Asia x
southern Greece (see Fig. 3a, Supporting Information Fig. S3), however, yielded a highly
significant model, strongly predicting growth deviation (1%, = 0.92; F4 1 = 28.6, P = 0.005), in
which the direction of main effects were most consistent with epistatic interactions among loci
(Fig. 1c,d). In particular, deviations in growth were negatively associated with divergence
between parental source populations (Fig. Ic; m,, effect P =0.006), and positively associated
with maternal source intrapopulation &, such that high genetic variation in the maternal source
population made heterotic interactions stronger (Fig. 1d; x,, effect P = 0.0007).

Progeny performance depended significantly on the source of the maternal vs. the paternal
genotype in the cross (Fig. 4a; ANOVA of progeny performance with nested effect of cross
direction: F¢5 = 0.014, P = 0.02). This result could suggest that transgenerational maternal
effects influenced the growth of progeny, in which case a positive relationship would be
predicted between maternal lineage phenotype and progeny deviation from mid-parent
expectations. Yet, maternal lineage growth rate negatively predicted deviation from mid-parent
expectations (Fig. 4b; g, effect P <0.0001), and its interaction with genetic divergence was also
negative (7,,, * g, effect P =0.0009). This result is not consistent with maternal effects, but
could be explained by non-additive genetic interactions between the maternally-inherited
cytoplasmic genome and the bi-parentally inherited nuclear genome.

Literature Survey

In total, we acquired data from introductions of 34 species (Dryad doi:##.###/dryad. ####H),
including reports of admixture in 15 (44%) of these. We found no monotonic relationships
between admixture and either genetic divergence (In transformed values: N = 26, y>, =0.42, P =
0.81), or within-population diversity measured as Hg (N = 29, y%, = 2.56, P = 0.28; Fig. 1f) or
Ho (N =24, y%, = 0.03, P = 0.98), which was also the case in the older dataset of 167 plant and
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non-plant species (Supplemental Results). Inspection of the data revealed a strong curvilinear
relationship between admixture and genetic divergence (Fig. 11).

Discussion

Introduced species have opportunities to gain fitness advantages from increases in genetic
diversity and novel genetic combinations that are associated with admixture (Frankham 2005;
Hufbauer 2008; Rius & Darling 2014; Dlugosch et al. 2015a). The fitness benefits of admixture
are expected to grow as the divergence between source populations increases and as the genetic
variation within source populations decreases, under a variety of mechanisms (Lynch 1991;
Dlugosch et al. 2015a; Hufbauer 2017). We found significant genetic interactions in over 50%
of our controlled crosses among native C. solstitialis populations, and all but one were positive
(heterotic) in the first generation. Heterotic effects declined in magnitude as divergence among
populations increased, however, in a manner consistent with epistatic cytonuclear interactions.
Such interactions could limit the benefits of admixture for invaders generally. We found that
while admixture has been frequently reported in the literature, it is disproportionately lacking
from systems with high genetic divergence among potential source populations. Our findings are
consistent with the idea that admixture might often occur under conditions that are likely to be
favorable for introduced species, but also that these conditions should be bounded by negative
epistatic interactions at high levels of divergence.

Epistasis is unique in its potential to generate both positive and negative interactions during
admixture. Any positive interactions are expected to diminish and become negative in later
generations, as recombination breaks up co-adapted allele combinations (Lynch 1991). Thus
benefits from epistasis during admixture are expected to be transient over time. Experiments
with first generation crosses should generally demonstrate the maximum benefit of epistasis, and
will be conservative with respect to identifying negative interactions that might ultimately
constrain interbreeding of divergent populations (see Introduction 3. Epistasis). Importantly,
transient increases in fitness can be highly beneficial when founding populations are struggling
to establish (i.e. the ‘catapult effect’; Drake 2006). Further, negative epistatic interactions from
hybrid breakdown in later generations can also be avoided by backcrossing with resident
parental populations (Dlugosch et al. 2015b), and high fitness of early generation admixed
genotypes can be maintained through clonal propagation or polyploidy in some cases (e.g. Facon
et al. 2008). Indeed, clonal or polyploid spread of hybrids have provided some of our best
examples to date of the evolution of invasiveness (Ellstrand & Schierenbeck 2000; Hufbauer
2008).

The complexity of these outcomes from epistasis alone argues that we should expect admixture
to vary in its contribution to the establishment and invasion of introduced populations, and early
generation crosses should be particularly useful for gauging its most powerful effects on fitness.
Notably, some of the strongest evidence of heterotic interactions in our crosses of C. solstitialis
(with some of the highest resulting plant growth rates) occurred when the western European
population served as the maternal parent. This lineage appears to be a primary contributor of
invasions into the Americas (Eriksen ef al. 2014; Barker ef al. 2017). Strong heterotic
interactions in this lineage suggest that a possible contributor to its success as an invasion
‘bridgehead’, (an invasion which initiates many subsequent invasions; Lombaert et al. 2011),
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could be its propensity to foster beneficial admixture events (e.g. Turgeon et al. 2011).

Both the identity of the maternal parent population of origin and genetic diversity within the
maternal population were important to the performance of C. solstitialis crosses, which strongly
suggests that the divergence of maternal (cytoplasmic) DNA from the paternal nuclear genome
is the underlying cause of the interactions that we observed. There is increasing evidence that
cyto-nuclear interactions within species are common and can have important phenotypic effects
in both animals and plants (Ballard & Melvin 2010; Bock et al. 2014). The additional effect of
genetic diversity within the maternal population would seem to suggest that maternal
heterozygosity in some way reflected the potential for positive interactions between maternally
inherited cytoplasmic genes and nuclear genes from a divergent paternal population. We are not
aware of an established mechanism that could account for this pattern, though it seems plausible
that a recent evolutionary history with a greater diversity of nuclear backgrounds might
predispose the maternal cytotype to have favorable interactions with novel paternal genotypes.
Intriguingly, crosses between maternal genotypes from the invaded range in California (USA)
and paternal genotypes from the invasion’s origin in Spain showed reduced seed set in a
previous study (Montesinos ef al. 2012). Compared to other populations across the species
range, those from western Europe and California have some of the lowest levels of genetic
divergence between them, but the highest phenotypic divergence (Barker ef al. 2017), suggesting
that adaptation might be driving the accumulation of negative epistatic interactions in this case.

Negative epistatic interactions are expected to have increasing fitness costs as populations
diverge, ultimately resulting in reproductive isolation and speciation (Orr & Turelli 2001). Given
multiple introductions of divergent material, pre- or post-zygotic isolation among particularly
divergent source populations could prevent the formation and establishment of admixed
genotypes (Rius & Darling 2014). The only significant negative interaction among our crosses
occurred when eastern European maternal genotypes were crossed with paternal genotypes
originating from an adjacent area in southern Greece. The population in southern Greece is
particularly divergent from other populations, and might belong to a distinct subspecies (Barker
et al. 2017). The geographic boundary separating southern Greece and eastern European
populations could be a region in which early speciation dynamics might fruitfully be studied.
These particular interactions raise questions about whether particular lineages are serving as the
maternal parents in admixture events between differentiated populations in the native range and
in the invasions of C. solstitialis.

Epistasis has rarely been discussed as a mechanism of major importance to admixture’s role in
invasions, and there have been few previous tests for epistatic interactions in introduced species.
A small number of empirical studies have found evidence of epistasis underlying both negative
and positive interactions. Keller and colleagues (Keller ef al. 2000) crossed native populations of
three widespread agricultural weeds and found evidence of negative epistatic interactions in
either the first generation (F1) cross or the backcross (F2) in each. Johansen-Morris and Latta
(Johansen-Morris & Latta 2006) crossed two invading genotypes of Avena barbata in their
introduced range and found evidence for epistasis underlying both hybrid vigor in early
generation hybrids (F2) and reduced fitness in later (F6) generations. Notably, later generations
were highly variable and some individual lines showed potential for outperforming parental
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genotypes, revealing rare opportunities for beneficial admixture even when there is an overall
pattern of deleterious hybrid breakdown.

Other authors have pointed out that admixed progeny might also suffer from the loss of local
adaptation to the introduced range, due to introgression of a divergent source that is not as well
adapted to local conditions (Verhoeven ef al. 2011). This has been demonstrated in Mimulus
guttatus, where first generation crosses among and between native and invading populations are
generally heterotic (though with reduced benefits in the F2; van Kleunen ef al. 2015; Li et al.
2018) , but crosses between ranges are maladapted to the invaded environment (Pantoja et al.
2018). In general, negative epistasis could contribute to such outbreeding depression, as a result
of divergence due to both local adaptation and genetic drift. In the absence of negative epistatic
interactions, it becomes much more likely that natural selection will favor admixed progeny that
retain locally adapted alleles, and introgression at some level will occur. Invaders might also be
uniquely poised to avoid problems with loss of local adaptation from the native range during
natural admixture events, given that they occupy a novel environment (Rius & Darling 2014).

Our survey of the literature revealed that while admixture is commonly reported in
phylogeographic studies of invaders, it is disproportionately observed at intermediate values of
divergence. At low values of divergence, admixture might not be particularly favorable, given
that the fitness benefits of introgression increase with divergence under all proposed underlying
mechanisms (Fig. 1a,b). Perhaps more importantly, admixture is also likely to be underestimated
at low levels of divergence due to low power to identify multiple source populations (Dlugosch
et al. 2015a), and indeed we found evidence for a variety of study design effects that suggest
power is an important issue (see Supplemental Results). In contrast, the decline in observations
of admixture at the highest levels of divergence, where the ability to detect sources of admixture
should be strong, suggests that introgression between increasingly divergent sources is less
likely.

A disproportionate lack of admixture at high levels of divergence could be due either to poor
establishment of admixture events, as we have argued should be expected under epistasis, or to a
lack of opportunity for admixture events to occur between highly divergent sources in the first
place. How the sources of introduced species are distributed across the native range, particularly
as a function of the genetic divergence of those sources, has not been investigated to our
knowledge. If introductions tend not to be sampled from across geographic barriers that are also
barriers to gene flow, this could result in (a lack of vectors) a lack of admixture at high genetic
divergence among native population, though multiple introductions from different parts of the
native range appear to be frequent within species introductions (Dlugosch & Parker 2008a; Uller
& Leimu 2011). This possibility could be studied given knowledge of specific source
populations for both failed and successful multiple introductions, as well as the geographic
distribution of genetic variation within the native range. Such datasets might be available (or
possible to accumulate) for groups with particularly well-documented introduction attempts,
such as birds (e.g. Maitner et al. 2012).

Finally, we note that the fitness effects of admixture are also expected to be affected by genetic
diversity and genetic load within the admixing populations. In our experimental crosses, we
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found that genetic diversity in the maternal lineage was positively associated with heterosis,
opposite of our predictions, and there was no effect of diversity in the paternal lineage on
performance. We also found that admixture was not identified more often in the literature for
species with lower levels of heterozygosity. Several factors may obscure our ability to interpret
whether introduced species are often in a situation to benefit from an increase in genetic
diversity. Heterozygosity and haplotype diversity are less sensitive measures of genetic variation
than metrics that better capture rare alleles, such as allelic richness. On the other hand,
heterozygosity should reflect the history of standing variation in a population (Lohr & Haag
2015), and rare alleles, by virtue of being rare, will not strongly influence most of the
mechanisms that underlie the effects of admixture (with the notable exception of Evolutionary
Rescue).

We also emphasize that we have measured diversity in potential source populations rather than
in founding populations that would have experienced admixture, but this information is
unattainable for already admixed populations. Previous surveys have indicated that genetic
bottlenecks are not typically severe during founding events, such that founder population genetic
diversity largely resembles native population diversity, though this is not be true for all invaders
and expansion fronts (Dlugosch & Parker 2008a; Excoffier et al. 2009; Uller & Leimu 2011;
Dlugosch et al. 2015a). For example, several studies have found evidence consistent with
inbreeding depression in natural invading populations and its rescue by admixture (e.g. Bailey &
McCauley 2006; Nolte ef al. 2009; Mullarkey et al. 2013; Keller ef al. 2014; Rius & Darling
2014; van Kleunen et al. 2015). It may be that founding populations with particularly low
genetic variation and high genetic load, which would be predicted to benefit most from
admixture, are relatively rare across species introductions as a whole, although admixture could
provide substantial benefits to founding populations when severe genetic bottlenecks do occur,
and these benefits may be realized over evolutionary time, which is not readily observed in
experimental crosses (Sziics et al. 2014, 2017a; b; Wagner et al. 2017).

Conclusions

Early discussions of admixture in species introductions recognized its potential to provide
genetic and evolutionary rescue, and favorable genetic interactions (Novak & Mack 1993;
Ellstrand & Schierenbeck 2000). These benefits were hailed as the resolution to what has been
called the ‘genetic paradox’ of invasions, wherein invaders are somehow successful despite
experiencing founding events that are expected to have unfavorable effects on genetic diversity
and fitness (Allendorf & Lundquist 2003; Kolbe et al. 2004; Hufbauer 2008). Particularly given
that multiple introductions seemed to be common in successful invasions (Dlugosch ef al.
2015a), admixture offered the potential to resolve the genetic paradox for many if not most
invaders. We now know that introduced species do not often suffer from large reductions in
genetic diversity during founding events (Dlugosch & Parker 2008a; Uller & Leimu 2011;
Dlugosch et al. 2015a). Admixture will still be beneficial to introduced species under a variety
of mechanisms (Ellstrand & Schierenbeck 2000; Frankham 2005; Drake 2006; Facon et al.
2008), but there should be limits to these benefits, particularly at high divergence among source
populations due to negative epistasis. This pattern is a general prediction of epistatic interactions
among loci that have been diverging among populations (Carroll ef al. 2003; Phillips 2008),
though epistasis is rarely mentioned in the context of invasions (Rius & Darling 2014). Here we
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observed increased performance of experimentally admixed progeny which diminished and
became negative as divergence between parental populations increased, consistent with epistasis.
Additional experimental investigations across many taxa will be essential to understanding the
mechanisms shaping the fitness effects of admixture in natural systems. Also needed are studies
of systems with known introduction attempts, wherein it is possible to identify opportunities for
admixture, whether those opportunities have been realized, and whether the prevalence of
admixture is associated with the degree of fitness benefits. In general, our analyses argue that it
may be possible to resolve conflicting evidence for the benefits of admixture during invasion by
examining genetic divergence between and diversity within source populations. If the different
outcomes of admixture are generally predictable, it will be possible to clarify whether we should
realistically expect that admixture is a general mechanism for the success of introduced species.

Acknowledgements

We thank MS Barker and A Guggisberg for seed collections; K Gibson, C Patterson, and SW
Smith for assistance with plant propagation and measurements; LK Honeker and S Tran for
assistance with genotyping; A Zeeger for greenhouse logistics; and reviewers for helpful
comments on drafts of this manuscript. This study was supported by the National Institute of
General Medical Sciences of the National Institutes of Health under Award #K12GM000708
through the Center for Insect Science at UA to BSB, USDA ELI Fellowship #2017-67011-
26034 to JEB, USDA grant #2015-67013-23000 and NSF grant #1750280 to KMD. The content
is solely the responsibility of the authors and does not necessarily represent the official views of
the National Institutes of Health.

References

Allendorf FW, Lundquist LL (2003) Introduction: population biology, evolution, and control of
invasive species. Conservation Biology, 17, 24-30.

Barker et al. - Admixture, epistasis, and species invasions 15


http://paperpile.com/b/EMNvHm/haAMu
http://paperpile.com/b/EMNvHm/haAMu

640

645

650

655

660

665

670

675

680

Molecular Ecology Page 16 of 26

Bailey MF, McCauley DE (2006) The effects of inbreeding, outbreeding and long-distance gene
flow on survivorship in North American populations of Silene vulgaris. Journal of Ecology,
94, 98—109.

Baker HG, Stebbins GL (Eds.) (1965) The Genetics of Colonizing Species. Academic Press, New
York.

Ballard JWO, Melvin RG (2010) Linking the mitochondrial genotype to the organismal
phenotype. Molecular Ecology, 19, 1523—1539.

Barker BS, Andonian K, Swope SM, Luster DG, Dlugosch KM (2017) Population genomic
analyses reveal a history of range expansion and trait evolution across the native and
invaded range of yellow starthistle (Centaurea solstitialis). Molecular Ecology, 26, 1131—
1147.

Birchler JA, Yao H, Chudalayandi S, Vaiman D, Veitia RA (2010) Heterosis. The Plant Cell, 22,
2105-2112.

Bock DG, Andrew RL, Rieseberg LH (2014) On the adaptive value of cytoplasmic genomes in
plants. Molecular Ecology, 23, 4899-4911.

Bock DG, Caseys C, Cousens RG et al. (2015) What we still don’t know about invasion
genetics. Molecular Ecology, 24, 2277-2297.

Bomblies K, Lempe J, Epple P et al. (2007) Autoimmune response as a mechanism for a
Dobzhansky-Muller-type incompatibility syndrome in plants. PLoS Biology, S, €236.

Carlson SM, Cunningham CJ, Westley PAH (2014) Evolutionary rescue in a changing world.
Trends in Ecology & Evolution, 29, 521-530.

Carroll SP, Dingle H, Famula TR (2003) Rapid appearance of epistasis during adaptive
divergence following colonization. Proceedings of the Royal Society B, 270 Suppl , S80—
S8&3.

Catchen JM, Amores A, Hohenlohe P, Cresko W, Postlethwait JH (2011) Stacks: building and
genotyping loci de novo from short-read sequences. G3, 1, 171-182.

Catchen J, Hohenlohe PA, Bassham S, Amores A, Cresko WA (2013) Stacks: an analysis tool
set for population genomics. Molecular Ecology, 22, 3124-3140.

Chapple DG, Miller K a., Kraus F, Thompson MB (2013) Divergent introduction histories
among invasive populations of the delicate skink (Lampropholis delicata): has the
importance of genetic admixture in the success of biological invasions been
overemphasized? Diversity and Distributions, 19, 134—146.

Chen ZJ (2013) Genomic and epigenetic insights into the molecular bases of heterosis. Nature
Reviews Genetics, 14, 471-482.

Chen X-Y, Wang X-Y, Jiao J, Schmid B (2015) Complementarity effects do not necessarily
result in significant transgressive over-performance in mixtures. Biological Invasions, 17,
529-535.

Colautti RI, Barrett SCH (2013) Rapid adaptation to climate facilitates range expansion of an
invasive plant. Science, 342, 364-366.

Colautti RI, Lau JA (2015) Contemporary evolution during invasion: evidence for
differentiation, natural selection, and local adaptation. Molecular Ecology, 24, 1999-2017.

Cox GW (2004) Alien Species and Evolution: The Evolutionary Ecology of Exotic Plants,
Animals, Microbes, and Interacting Native Species. Island Press, Washington.

Crawford KM, Whitney KD (2010) Population genetic diversity influences colonization success.
Molecular Ecology, 19, 1253—-1263.

Barker et al. - Admixture, epistasis, and species invasions 16


http://paperpile.com/b/EMNvHm/hyNNT
http://paperpile.com/b/EMNvHm/hyNNT
http://paperpile.com/b/EMNvHm/hyNNT
http://paperpile.com/b/EMNvHm/76TJX
http://paperpile.com/b/EMNvHm/76TJX
http://paperpile.com/b/EMNvHm/Nlk7G
http://paperpile.com/b/EMNvHm/Nlk7G
http://paperpile.com/b/EMNvHm/jrhhL
http://paperpile.com/b/EMNvHm/jrhhL
http://paperpile.com/b/EMNvHm/jrhhL
http://paperpile.com/b/EMNvHm/jrhhL
http://paperpile.com/b/EMNvHm/aG8r4
http://paperpile.com/b/EMNvHm/aG8r4
http://paperpile.com/b/EMNvHm/xRb3Z
http://paperpile.com/b/EMNvHm/xRb3Z
http://paperpile.com/b/EMNvHm/9Cd1
http://paperpile.com/b/EMNvHm/9Cd1
http://paperpile.com/b/EMNvHm/lWxO
http://paperpile.com/b/EMNvHm/lWxO
http://paperpile.com/b/EMNvHm/R1quN
http://paperpile.com/b/EMNvHm/R1quN
http://paperpile.com/b/EMNvHm/f1nKW
http://paperpile.com/b/EMNvHm/f1nKW
http://paperpile.com/b/EMNvHm/f1nKW
http://paperpile.com/b/EMNvHm/2hfyL
http://paperpile.com/b/EMNvHm/2hfyL
http://paperpile.com/b/EMNvHm/jul2S
http://paperpile.com/b/EMNvHm/jul2S
http://paperpile.com/b/EMNvHm/ij9fd
http://paperpile.com/b/EMNvHm/ij9fd
http://paperpile.com/b/EMNvHm/ij9fd
http://paperpile.com/b/EMNvHm/ij9fd
http://paperpile.com/b/EMNvHm/vZDJu
http://paperpile.com/b/EMNvHm/vZDJu
http://paperpile.com/b/EMNvHm/JJTVt
http://paperpile.com/b/EMNvHm/JJTVt
http://paperpile.com/b/EMNvHm/JJTVt
http://paperpile.com/b/EMNvHm/EZGnZ
http://paperpile.com/b/EMNvHm/EZGnZ
http://paperpile.com/b/EMNvHm/aL1He
http://paperpile.com/b/EMNvHm/aL1He
http://paperpile.com/b/EMNvHm/bNN7O
http://paperpile.com/b/EMNvHm/bNN7O
http://paperpile.com/b/EMNvHm/E5TAW
http://paperpile.com/b/EMNvHm/E5TAW

Page 17 of 26

685

690

695

700

705

710

715

720

725

Molecular Ecology

Cristescu ME (2015) Genetic reconstructions of invasion history. Molecular Ecology, 24, 2212—
2225.

Crnokrak P, Barrett SCH (2002) Perspective: purging the genetic load: a review of the
experimental evidence. Evolution, 56, 2347-2358.

Dlugosch KM, Anderson SR, Braasch J, Cang FA, Gillette HD (2015a) The devil is in the
details: genetic variation in introduced populations and its contributions to invasion.
Molecular Ecology, 24, 2095-2111.

Dlugosch KM, Cang FA, Barker BS et al. (2015b) Evolution of invasiveness through increased
resource use in a vacant niche. Nature Plants, 1, 15066.

Dlugosch KM, Lai Z, Bonin A, Hierro J, Rieseberg LH (2013) Allele identification for
transcriptome-based population genomics in the invasive plant Centaurea solstitialis. G3, 3,
359-367.

Dlugosch KM, Parker IM (2008a) Founding events in species invasions: genetic variation,
adaptive evolution, and the role of multiple introductions. Molecular Ecology, 17, 431-449.

Dlugosch KM, Parker IM (2008b) Invading populations of an ornamental shrub show rapid life
history evolution despite genetic bottlenecks. Ecology Letters, 11, 701-709.

Drake JM (2006) Heterosis, the catapult effect and establishment success of a colonizing bird.
Biology letters, 2, 304-307.

Dutech C, BarrEs B, Bridier J et al. (2012) The chestnut blight fungus world tour: successive
introduction events from diverse origins in an invasive plant fungal pathogen. Molecular
Ecology, 21, 3931-3946.

Edmands S (1999) Heterosis and outbreeding depression in interpopulation crosses spanning a
wide range of divergence. Evolution, 53, 1757-1768.

Ellers J, Rog S, Braam C, Berg MP (2011) Genotypic richness and phenotypic dissimilarity
enhance population performance. Ecology, 92, 1605-1615.

Ellis EC, Antill EC, Kreft H (2012) All is not loss: plant biodiversity in the anthropocene. PLoS
One, 7, e30535.

Ellstrand NC, Schierenbeck KA (2000) Hybridization as a stimulus for the evolution of
invasiveness in plants? Proceedings of the National Academy of Sciences, 97, 7043—7050.

Eriksen RL, Desronvil T, Hierro JL, Kesseli R (2012) Morphological differentiation in a
common garden experiment among native and non-native specimens of the invasive weed
yellow starthistle (Centaurea solstitialis). Biological Invasions, 14, 1459-1467.

Eriksen RL, Hierro JL, Eren O et al. (2014) Dispersal pathways and genetic differentiation
among worldwide populations of the invasive weed Centaurea solstitialis L. (Asteraceae).
PLoS One, 9, €114786.

Excoffier L, Foll M, Petit RJ (2009) Genetic consequences of range expansions. Annual Review
of Ecology, Evolution, and Systematics, 40, 481-501.

Facon B, Pointier J-P, Jarne P, Sarda V, David P (2008) High genetic variance in life-history
strategies within invasive populations by way of multiple introductions. Current biology:
CB, 18, 363-367.

Falush D, van Dorp L, Lawson D (2016) A tutorial on how (not) to over-interpret
STRUCTURE/ADMIXTURE bar plots. bioRxiv, 06643 1.

Forsman A (2014) Effects of genotypic and phenotypic variation on establishment are important
for conservation, invasion, and infection biology. Proceedings of the National Academy of
Sciences of the United States of America, 111, 302-307.

Barker et al. - Admixture, epistasis, and species invasions 17


http://paperpile.com/b/EMNvHm/7wPZA
http://paperpile.com/b/EMNvHm/7wPZA
http://paperpile.com/b/EMNvHm/pyPd7
http://paperpile.com/b/EMNvHm/pyPd7
http://paperpile.com/b/EMNvHm/ig8j
http://paperpile.com/b/EMNvHm/ig8j
http://paperpile.com/b/EMNvHm/ig8j
http://paperpile.com/b/EMNvHm/x3kPd
http://paperpile.com/b/EMNvHm/x3kPd
http://paperpile.com/b/EMNvHm/QxcB9
http://paperpile.com/b/EMNvHm/QxcB9
http://paperpile.com/b/EMNvHm/QxcB9
http://paperpile.com/b/EMNvHm/tM6R
http://paperpile.com/b/EMNvHm/tM6R
http://paperpile.com/b/EMNvHm/OlGHB
http://paperpile.com/b/EMNvHm/OlGHB
http://paperpile.com/b/EMNvHm/X3R7
http://paperpile.com/b/EMNvHm/X3R7
http://paperpile.com/b/EMNvHm/YvlqA
http://paperpile.com/b/EMNvHm/YvlqA
http://paperpile.com/b/EMNvHm/YvlqA
http://paperpile.com/b/EMNvHm/hjhdX
http://paperpile.com/b/EMNvHm/hjhdX
http://paperpile.com/b/EMNvHm/ZLDWZ
http://paperpile.com/b/EMNvHm/ZLDWZ
http://paperpile.com/b/EMNvHm/xslBB
http://paperpile.com/b/EMNvHm/xslBB
http://paperpile.com/b/EMNvHm/dAtn
http://paperpile.com/b/EMNvHm/dAtn
http://paperpile.com/b/EMNvHm/MOUYM
http://paperpile.com/b/EMNvHm/MOUYM
http://paperpile.com/b/EMNvHm/MOUYM
http://paperpile.com/b/EMNvHm/fpni8
http://paperpile.com/b/EMNvHm/fpni8
http://paperpile.com/b/EMNvHm/fpni8
http://paperpile.com/b/EMNvHm/psxMd
http://paperpile.com/b/EMNvHm/psxMd
http://paperpile.com/b/EMNvHm/8UiS
http://paperpile.com/b/EMNvHm/8UiS
http://paperpile.com/b/EMNvHm/8UiS
http://paperpile.com/b/EMNvHm/Tr3Kb
http://paperpile.com/b/EMNvHm/Tr3Kb
http://paperpile.com/b/EMNvHm/Q56P1
http://paperpile.com/b/EMNvHm/Q56P1
http://paperpile.com/b/EMNvHm/Q56P1

730

735

740

745

750

755

760

765

770

Molecular Ecology Page 18 of 26

Frankham R (2005) Resolving the genetic paradox in invasive species. Heredity, 94, 385.

Frankham R, Ballou JD, Eldridge MDB ef al. (2011) Predicting the probability of outbreeding
depression. Conservation Biology, 25, 465-475.

Gerlach JD (1997) How the West was lost: reconstructing the invasion dynamics of yellow
starthistle and other plant invaders of western rangelands and natural areas. California
Exotic Pest Plant Council Symposium Proceedings, 3, 67-72.

Holt RD, Barfield M, Gomulkiewicz R (2005) Theories of niche conservatism and evolution:
could exotic species be potential tests. In: Species Invasions: Insights into Ecology,
Evolution, and Biogeography (eds Sax DF, Stachowicz JJ, Gaines SD), pp. 259-290.
Sinauer Associates Inc, Sunderland, MA.

Hovick SM, Whitney KD (2014) Hybridisation is associated with increased fecundity and size in
invasive taxa: meta-analytic support for the hybridisation-invasion hypothesis. Ecology
Letters, 17, 1464—1477.

Hufbauer RA (2008) Biological invasions: paradox lost and paradise gained. Current Biology,
18, R246-7.

Hufbauer RA (2017) Admixture is a driver rather than a passenger in experimental invasions.
Journal of Animal Ecology, 86, 4—6.

Johansen-Morris a. D, Latta RG (2006) Fitness consequences of hybridization between ecotypes
of Avena barbata: hybrid breakdown, hybrid vigor, and transgressive segregation. Evolution,
60, 1585-1595.

Keller SR, Fields PD, Berardi AE, Taylor DR (2014) Recent admixture generates
heterozygosity-fitness correlations during the range expansion of an invading species.
Journal of Evolutionary Biology, 27, 616—627.

Keller M, Kollmann J, Edwards PJ (2000) Genetic introgression from distant provenances
reduces fitness in local weed populations. Journal of Applied Ecology, 37, 647—659.

Keller SR, Taylor DR (2010) Genomic admixture increases fitness during a biological invasion.
Journal of Evolutionary Biology, 23, 1720-1731.

Keller LF, Waller DM (2002) Inbreeding effects in wild populations. Trends in Ecology &
Evolution, 17, 230-241.

van Kleunen M, Rockle M, Stift M (2015) Admixture between native and invasive populations
may increase invasiveness of Mimulus guttatus. Proceedings. Biological sciences / The
Royal Society, 282,20151487.

Kolbe JJ, Glor RE, Rodriguez Schettino L et al. (2004) Genetic variation increases during
biological invasion by a Cuban lizard. Nature, 431, 177—-181.

Lavergne S, Molofsky J (2007) Increased genetic variation and evolutionary potential drive the
success of an invasive grass. Proceedings of the National Academy of Sciences of the United
States of America, 104, 3883—-3888.

Lee CE (2002) Evolutionary genetics of invasive species. Trends in Ecology & Evolution, 17,
386-391.

Lee CE, Gelembiuk GW (2008) Evolutionary origins of invasive populations. Evolutionary
Applications, 1, 427-448.

Le Roux JJ, Blignaut M, Gildenhuys E, Mavengere N, Berthouly-Salazar C (2014) The
molecular ecology of biological invasions: what do we know about non-additive genotypic
effects and invasion success? Biological Invasions, 16, 997—1001.

LiY, Stift M, van Kleunen M (2018) Admixture increases performance of an invasive plant

Barker et al. - Admixture, epistasis, and species invasions 18


http://paperpile.com/b/EMNvHm/3wOd
http://paperpile.com/b/EMNvHm/u21d
http://paperpile.com/b/EMNvHm/u21d
http://paperpile.com/b/EMNvHm/nRgzb
http://paperpile.com/b/EMNvHm/nRgzb
http://paperpile.com/b/EMNvHm/nRgzb
http://paperpile.com/b/EMNvHm/t2YTe
http://paperpile.com/b/EMNvHm/t2YTe
http://paperpile.com/b/EMNvHm/t2YTe
http://paperpile.com/b/EMNvHm/t2YTe
http://paperpile.com/b/EMNvHm/19Mqe
http://paperpile.com/b/EMNvHm/19Mqe
http://paperpile.com/b/EMNvHm/19Mqe
http://paperpile.com/b/EMNvHm/7E8E
http://paperpile.com/b/EMNvHm/7E8E
http://paperpile.com/b/EMNvHm/yrZG
http://paperpile.com/b/EMNvHm/yrZG
http://paperpile.com/b/EMNvHm/43p84
http://paperpile.com/b/EMNvHm/43p84
http://paperpile.com/b/EMNvHm/43p84
http://paperpile.com/b/EMNvHm/VAEWH
http://paperpile.com/b/EMNvHm/VAEWH
http://paperpile.com/b/EMNvHm/VAEWH
http://paperpile.com/b/EMNvHm/E8a2p
http://paperpile.com/b/EMNvHm/E8a2p
http://paperpile.com/b/EMNvHm/kit1v
http://paperpile.com/b/EMNvHm/kit1v
http://paperpile.com/b/EMNvHm/gIjsP
http://paperpile.com/b/EMNvHm/gIjsP
http://paperpile.com/b/EMNvHm/e9fy
http://paperpile.com/b/EMNvHm/e9fy
http://paperpile.com/b/EMNvHm/e9fy
http://paperpile.com/b/EMNvHm/CDDgV
http://paperpile.com/b/EMNvHm/CDDgV
http://paperpile.com/b/EMNvHm/k3BIX
http://paperpile.com/b/EMNvHm/k3BIX
http://paperpile.com/b/EMNvHm/k3BIX
http://paperpile.com/b/EMNvHm/ZbI9T
http://paperpile.com/b/EMNvHm/ZbI9T
http://paperpile.com/b/EMNvHm/MfHUh
http://paperpile.com/b/EMNvHm/MfHUh
http://paperpile.com/b/EMNvHm/newEn
http://paperpile.com/b/EMNvHm/newEn
http://paperpile.com/b/EMNvHm/newEn
http://paperpile.com/b/EMNvHm/XGjr

Page 19 of 26

775

780

785

790

795

800

805

810

815

Molecular Ecology

beyond first-generation heterosis (S Bonser, Ed,). The Journal of ecology, 106, 1595—-1606.

Lohr JN, Haag CR (2015) Genetic load, inbreeding depression, and hybrid vigor covary with
population size: an empirical evaluation of theoretical predictions. Evolution, 69, 3109—
3122.

Lombaert E, Guillemaud T, Thomas CE et al. (2011) Inferring the origin of populations
introduced from a genetically structured native range by approximate Bayesian computation:
case study of the invasive ladybird Harmonia axyridis. Molecular Ecology, 20, 4654-4670.

Lynch M (1991) The genetic interpretation of inbreeding depression and outbreeding depression.
Evolution, 45, 622-629.

Lynch M, Conery J, Burger R (1995) Mutation accumulation and the extinction of small
populations. The American Naturalist, 146, 489-518.

Lynch M, Walsh B (1998) Genetics and Analysis of Quantitative Traits. Sinauer Associates Inc.,
Sunderland.

Maitner BS, Rudgers JA, Dunham AE, Whitney KD (2012) Patterns of bird invasion are
consistent with environmental filtering. Ecography, 35, 614-623.

McKay JK, Latta RG (2002) Adaptive population divergence: markers, QTL and traits. Trends in
Ecology & Evolution, 17, 285-291.

Mesgaran MB, Lewis MA, Ades PK et al. (2016) Hybridization can facilitate species invasions,
even without enhancing local adaptation. Proceedings of the National Academy of Sciences
of the United States of America, 113, 10210-10214.

Molofsky J, Keller SR, Lavergne S, Kaproth MA, Eppinga MB (2014) Human-aided admixture
may fuel ecosystem transformation during biological invasions: theoretical and experimental
evidence. Ecology and Evolution, 4, 899-910.

Montesinos D, Santiago G, Callaway RM (2012) Neo-allopatry and rapid reproductive isolation.
The American Naturalist, 180, 529-533.

Moyle LC, Nakazato T (2010) Hybrid incompatibility “snowballs” between Solanum species.
Science, 329, 1521-1523.

Mullarkey AA, Byers DL, Anderson RC (2013) Inbreeding depression and partitioning of
genetic load in the invasive biennial A/liaria petiolata (Brassicaceae). American Journal of
Botany, 100, 509-518.

Nolte AW, Gompert Z, Buerkle CA (2009) Variable patterns of introgression in two sculpin
hybrid zones suggest that genomic isolation differs among populations. Molecular Ecology,
18, 2615-2627.

Novak SJ, Mack RN (1993) Genetic variation in Bromus tectorum (Poaceae): comparison
between native and introduced populations. Heredity, 71, 167-176.

Novembre J (2016) Pritchard, Stephens, and Donnelly on population structure. Genetics, 204,
391-393.

Ochocki BM, Miller TEX (2017) Rapid evolution of dispersal ability makes biological invasions
faster and more variable. Nature Communications, 8, 14315.

Orr HA, Turelli M (2001) The evolution of postzygositc isolation: accumulating Dobzhansky-
Muller incompatabilities. Evolution, 55, 1085—-1094.

Pantoja PO, Timothy Paine CE, Vallejo-Marin M (2018) Natural selection and outbreeding
depression suggest adaptive differentiation in the invasive range of a clonal plant. Proc. R.
Soc. B, 285,20181091.

Peterson BK, Weber JN, Kay EH, Fisher HS, Hoekstra HE (2012) Double digest RADseq: an

Barker et al. - Admixture, epistasis, and species invasions 19


http://paperpile.com/b/EMNvHm/XGjr
http://paperpile.com/b/EMNvHm/POPMT
http://paperpile.com/b/EMNvHm/POPMT
http://paperpile.com/b/EMNvHm/POPMT
http://paperpile.com/b/EMNvHm/yTPnP
http://paperpile.com/b/EMNvHm/yTPnP
http://paperpile.com/b/EMNvHm/yTPnP
http://paperpile.com/b/EMNvHm/2BlJ
http://paperpile.com/b/EMNvHm/2BlJ
http://paperpile.com/b/EMNvHm/XOqYF
http://paperpile.com/b/EMNvHm/XOqYF
http://paperpile.com/b/EMNvHm/d6dqy
http://paperpile.com/b/EMNvHm/d6dqy
http://paperpile.com/b/EMNvHm/Apps8
http://paperpile.com/b/EMNvHm/Apps8
http://paperpile.com/b/EMNvHm/toBKn
http://paperpile.com/b/EMNvHm/toBKn
http://paperpile.com/b/EMNvHm/5zplM
http://paperpile.com/b/EMNvHm/5zplM
http://paperpile.com/b/EMNvHm/5zplM
http://paperpile.com/b/EMNvHm/elYN
http://paperpile.com/b/EMNvHm/elYN
http://paperpile.com/b/EMNvHm/elYN
http://paperpile.com/b/EMNvHm/4JYbI
http://paperpile.com/b/EMNvHm/4JYbI
http://paperpile.com/b/EMNvHm/9cARJ
http://paperpile.com/b/EMNvHm/9cARJ
http://paperpile.com/b/EMNvHm/o07l1
http://paperpile.com/b/EMNvHm/o07l1
http://paperpile.com/b/EMNvHm/o07l1
http://paperpile.com/b/EMNvHm/Woxvr
http://paperpile.com/b/EMNvHm/Woxvr
http://paperpile.com/b/EMNvHm/Woxvr
http://paperpile.com/b/EMNvHm/vcwC6
http://paperpile.com/b/EMNvHm/vcwC6
http://paperpile.com/b/EMNvHm/RDOef
http://paperpile.com/b/EMNvHm/RDOef
http://paperpile.com/b/EMNvHm/QZsIi
http://paperpile.com/b/EMNvHm/QZsIi
http://paperpile.com/b/EMNvHm/JHkm
http://paperpile.com/b/EMNvHm/JHkm
http://paperpile.com/b/EMNvHm/9NOS
http://paperpile.com/b/EMNvHm/9NOS
http://paperpile.com/b/EMNvHm/9NOS
http://paperpile.com/b/EMNvHm/h2gLb

820

825

830

835

840

845

850

855

860

Molecular Ecology

inexpensive method for de novo SNP discovery and genotyping in model and non-model
species. PloS One, 7, €37135.

Phillips PC (2008) Epistasis--the essential role of gene interactions in the structure and evolution
of genetic systems. Nature Reviews Genetics, 9, 855-867.

Phillips BL, Brown GP, Webb JK, Shine R (2006) Invasion and the evolution of speed in toads.
Nature, 439, 803.

Prentis PJ, Wilson JRU, Dormontt EE, Richardson DM, Lowe AJ (2008) Adaptive evolution in
invasive species. Trends in Plant Science, 13, 288-294.

Price MV, Waser NM (1979) Pollen dispersal and optimal outcrossing in Delphinium nelsoni.
Nature, 277, 294-297.

Reed DH, Frankham R (2003) Correlation between fitness and genetic diversity. Conservation
Biology, 17, 230-237.

Rieseberg LH, Kim S-C, Randell RA ef al. (2007) Hybridization and the colonization of novel
habitats by annual sunflowers. Genetica, 129, 149-165.

Rius M, Darling JA (2014) How important is intraspecific genetic admixture to the success of
colonising populations? Trends in Ecology & Evolution, 29, 233-242.

Roman J, Darling JA (2007) Paradox lost: genetic diversity and the success of aquatic invasions.
Trends in Ecology & Evolution, 22, 454—464.

Sakai AK, Allendorf FW, Holt JS ef al. (2001) The population biology of invasive species.
Annual Review of Ecology and Systematics, 32, 305-332.

Sziics M, Melbourne BA, Tuff T, Hufbauer RA (2014) The roles of demography and genetics in
the early stages of colonization. Proceedings. Biological sciences / The Royal Society, 281,
20141073—.

Sziics M, Melbourne BA, Tuff T, Weiss-Lehman C, Hufbauer RA (2017a) Genetic and
demographic founder effects have long-term fitness consequences for colonising
populations. Ecology Letters, 20, 436—444.

Szlics M, Vahsen ML, Melbourne BA et al. (2017b) Rapid adaptive evolution in novel
environments acts as an architect of population range expansion. Proceedings of the
National Academy of Sciences of the United States of America, 114, 13501-13506.

Tallmon DA, Luikart G, Waples RS (2004) The alluring simplicity and complex reality of
genetic rescue. Trends in Ecology & Evolution, 19, 489—496.

Thompson JN (1998) Rapid evolution as an ecological process. Trends in Ecology & Evolution,
13, 329-332.

Turgeon J, Tayeh A, Facon B et al. (2011) Experimental evidence for the phenotypic impact of
admixture between wild and biocontrol Asian ladybird (Harmonia axyridis) involved in the
European invasion. Journal of Evolutionary Biology, 24, 1044—-1052.

Tutin TG, Heywood VH, Burges NA et al. (Eds.) (2010) Flora Europaea. Cambridge University
Press, Cambridge.

Uller T, Leimu R (2011) Founder events predict changes in genetic diversity during human-
mediated range expansions. Global Change Biology, 17, 3478-3485.

Vellend M, Baeten L, Myers-Smith [H ef al. (2013) Global meta-analysis reveals no net change
in local-scale plant biodiversity over time. Proceedings of the National Academy of Sciences
of the United States of America, 110, 19456—19459.

Verhoeven KJF, Macel M, Wolfe LM, Biere A (2011) Population admixture, biological
invasions and the balance between local adaptation and inbreeding depression. Proceedings

Barker et al. - Admixture, epistasis, and species invasions 20

Page 20 of 26


http://paperpile.com/b/EMNvHm/h2gLb
http://paperpile.com/b/EMNvHm/h2gLb
http://paperpile.com/b/EMNvHm/PwSed
http://paperpile.com/b/EMNvHm/PwSed
http://paperpile.com/b/EMNvHm/y0O6G
http://paperpile.com/b/EMNvHm/y0O6G
http://paperpile.com/b/EMNvHm/pCpbX
http://paperpile.com/b/EMNvHm/pCpbX
http://paperpile.com/b/EMNvHm/VcLCm
http://paperpile.com/b/EMNvHm/VcLCm
http://paperpile.com/b/EMNvHm/JxcdC
http://paperpile.com/b/EMNvHm/JxcdC
http://paperpile.com/b/EMNvHm/lmXaq
http://paperpile.com/b/EMNvHm/lmXaq
http://paperpile.com/b/EMNvHm/vcXl
http://paperpile.com/b/EMNvHm/vcXl
http://paperpile.com/b/EMNvHm/Vu9Vt
http://paperpile.com/b/EMNvHm/Vu9Vt
http://paperpile.com/b/EMNvHm/iVorW
http://paperpile.com/b/EMNvHm/iVorW
http://paperpile.com/b/EMNvHm/Lxgd
http://paperpile.com/b/EMNvHm/Lxgd
http://paperpile.com/b/EMNvHm/Lxgd
http://paperpile.com/b/EMNvHm/jaou
http://paperpile.com/b/EMNvHm/jaou
http://paperpile.com/b/EMNvHm/jaou
http://paperpile.com/b/EMNvHm/dFvl
http://paperpile.com/b/EMNvHm/dFvl
http://paperpile.com/b/EMNvHm/dFvl
http://paperpile.com/b/EMNvHm/euhi9
http://paperpile.com/b/EMNvHm/euhi9
http://paperpile.com/b/EMNvHm/4fTel
http://paperpile.com/b/EMNvHm/4fTel
http://paperpile.com/b/EMNvHm/udCXY
http://paperpile.com/b/EMNvHm/udCXY
http://paperpile.com/b/EMNvHm/udCXY
http://paperpile.com/b/EMNvHm/sJF73
http://paperpile.com/b/EMNvHm/sJF73
http://paperpile.com/b/EMNvHm/872W
http://paperpile.com/b/EMNvHm/872W
http://paperpile.com/b/EMNvHm/vz55l
http://paperpile.com/b/EMNvHm/vz55l
http://paperpile.com/b/EMNvHm/vz55l
http://paperpile.com/b/EMNvHm/62kT
http://paperpile.com/b/EMNvHm/62kT

Page 21 of 26

865

870

875

880

885

890

895

900

905

Molecular Ecology

of the Royal Society B-Biological Sciences, 278, 2-8.

Wagner NK, Ochocki BM, Crawford KM, Compagnoni A, Miller TEX (2017) Genetic mixture
of multiple source populations accelerates invasive range expansion. The Journal of Animal
Ecology, 86, 21-34.

Wang J (2017) The computer program structure for assigning individuals to populations: easy to
use but easier to misuse. Molecular Ecology Resources, 17, 981-990.

Wang XY, Shen DW, Jiao J et al. (2012) Genotypic diversity enhances invasive ability of
Spartina alterniflora. Molecular Ecology, 21, 2542-2551.

Webb DM, Knapp SJ (1990) DNA extraction from a previously recalcitrant plant genus. Plant
Molecular Biology Reporter, 8, 180—185.

Weiss-Lehman C, Hufbauer RA, Melbourne BA (2017) Rapid trait evolution drives increased
speed and variance in experimental range expansions. Nature Communications, 8, 14303.

Whitney KD, Gering E (2015) Five decades of invasion genetics. New Phytologist, 205, 472—
475.

Widmer TL, Guermache F, Dolgovskaia MY, Reznik SY (2007) Enhanced growth and seed
properties in introduced vs. native populations of yellow starthistle (Centaurea solstitialis).
Weed Science, 55, 465-473.

Williams JL, Kendall BE, Levine JM (2016) Rapid evolution accelerates plant population spread
in fragmented experimental landscapes. Science, 353, 482—485.

Wolfe LM, Blair AC, Penna BM (2007) Does intraspecific hybridization contribute to the
evolution of invasiveness? an experimental test. Biological Invasions, 9, 515-521.

Data Accessibility
e Original sequence data are available at NCBI sequence read archive BioProject
PRINA275986.

e ddRADseq polymorphism data are available at Dryad doi:##.###/dryad. #####
e Data from experimental crosses are available at Dryad doi:## ###/dryad #####
e Data from the literature survey are available at Dryad doi:##.###/dryad #####

Author Contributions

KMD conceived the study. SRA, JEB, FAC, HDG, and KMD performed the literature review.
BSB performed the genomic analyses. JEC performed the experimental crosses. BSB and KMD
analyzed the data and wrote the manuscript, which was edited by all authors.

Figure Legends

Fig 1. Identifying the conditions under which admixture might be most favorable during
invasions. Shown are predicted relationships for the performance of admixed populations as a
function of (a) the genetic divergence between their source populations and (b) the genetic
variation within their initial founding populations, under different genetic and evolutionary
mechanisms. In a linear model of progeny performance in experimental crosses the invasive
plant C. solstitialis (excluding heterotic outlier [Asia x southern Greece]), genetic divergence
(interpopulation m) had a significant negative effect (c, P < 0.01) and genetic variation
(intrapopulation 1) in maternal populations had a significant positive effect (d, P <0.001) on the
deviation of progeny from mid-parent genotype expectations. Data points in (c,d) show progeny
deviation from mid-parent as partial residuals after taking into account all other effects in the
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model. In the literature, genetic admixture in introduced plant populations is reported more often
at intermediate genetic divergence (Fsr and related metrics for microsatellite markers) among
potential source populations in the native range (¢), and shows no relationship with average
genetic variation (Hg) within native populations (f).

Fig 2. Sampling sites and sequence variation in the native range of C. solstitialis. (a) Sampling
sites for this study (large dots) span genetically divergent populations in western Europe (WE,
blue), eastern Europe (EE, purple), southern Greece (SG, red), and Asia (AS, green) as
previously identified from population genomic analyses (previous sampling indicated by large
and small dots; Barker ef al. 2017). (b) Average intrapopulation nucleotide diversity (7) across
the total length of all ddRADseq reads within each sampling site (dots) and for all individuals
pooled within a region (bars). (c) Average interpopulation 7 in pairwise comparisons between
individuals from different populations.

Fig 3. For each maternal region, panels (a—d) show growth rates of C. solstitialis progeny from
experimental crosses to fathers from other regions and the mid-parent expectations for each
cross. Growth rates are shown versus average pairwise nucleotide diversity (m) between parental
populations. Color codes for each cross are as in Fig 2. Within-region crosses are indicated by
solid colors, and between-region crosses by paternal region color outlined by maternal region
color. Mid-parent expectations are shown as means (black bars) +/- s.e.m. (gray bars). Growth
rates are least squares means +/- s.e.m., and significant deviations from mid-parent distributions
are indicated as: *** P <(0.0001; ** P <0.001; * P <0.05.

Fig 4. (a) Growth rates of C. solstitialis progeny from experimental crosses with all possible
combinations of mother and father population-of-origin. Color codes for each cross indicate
maternal and paternal population as in Fig 2, with paternal region color outlined by maternal
region color. Growth rates are least squares means +/- s.e.m., and significant differences
between reciprocal crosses of the same parental populations are indicated * P < 0.05. (b) In a
linear model of progeny performance (excluding heterotic outlier [Asia x southern Greece]),
growth rate of genotypes from the maternal region had a significant negative relationship (P <
0.0001) with the deviation of progeny from mid-parent expectations. Data in (b) show progeny
deviation from mid-parent as partial residuals after taking into account all other effects in the
model.

Supporting Information
Supporting information is provided as a single PDF document.

Barker et al. - Admixture, epistasis, and species invasions 22

Page 22 of 26



Page 23 of 26 Molecular Ecology

PREDICTIONS: Under what conditions do we expect admixture to have the greatest benefits to fitness?
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