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Reproductive strategies and their consequences for divergence,
gene flow, and genetic diversity in three taxa of Clarkia
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Differences in reproductive strategies can have important implications for macro- and micro-evolutionary processes. We used a
comparative approach through a population genetics lens to evaluate how three distinct reproductive strategies shape patterns of
divergence among as well as gene flow and genetic diversity within three closely related taxa in the genus Clarkia. One taxon is a
predominantly autonomous self-fertilizer and the other two taxa are predominantly outcrossing but vary in the primary pollinator
they attract. In genotyping populations using genotyping-by-sequencing and comparing loci shared across taxa, our results suggest
that differences in reproductive strategies in part promote evolutionary divergence among these closely related taxa. Contrary to
expectations, we found that the selfing taxon had the highest levels of heterozygosity but a low rate of polymorphism. The high
levels of fixed heterozygosity for a subset of loci suggests this pattern is driven by the presence of structural rearrangements in
chromosomes common in other Clarkia taxa. In evaluating patterns within taxa, we found a complex interplay between
reproductive strategy and geographic distribution. Differences in the mobility of primary pollinators did not translate to a difference
in rates of genetic diversity and gene flow within taxa — a pattern likely due to one taxon having a patchier distribution and a less
temporally and spatially reliable pollinator. Taken together, this work advances our understanding of the factors that shape gene

flow and the distribution of genetic diversity within and among closely related taxa.

Heredlity (2023) 131:338-349; https://doi.org/10.1038/541437-023-00649-y

INTRODUCTION

Plant reproductive strategies partially shape patterns of gene flow
and genetic diversity within and among closely related plant taxa.
The evolution of disparate reproductive strategies often aligns with
broader diversification processes in that closely related taxa with
different reproductive strategies frequently co-occur in distinct
niches across a heterogenous landscape (Van der Niet and Johnson
2012; Anacker and Strauss 2014; Lancaster and Kay 2013;
Grossenbacher et al. 2014). Ecological differences between micro-
habitats, such as distinct pollinator communities, can lead to
divergent selection acting on reproductive strategies (Schemske
and Bradshaw 1999; Campbell 2008), which may include (1) a shift
to predominately autonomous self-pollination or (2) variation in
floral traits that attracts distinct primary pollinators. Differences
between reproductive strategies are likely to influence patterns of
genetic exchange within taxa and may ultimately promote
reproductive isolation and divergence between taxa (Hamrick and
Godt 1996; Wright et al. 2013; Krauss et al. 2017; Gamba and
Muchhala 2020; 2022; Wessinger 2020; Dellinger et al. 2022).
Despite the range of characteristics that reproductive strategies can
encompass, relatively few studies examine how reproductive
strategies among more than two taxa influence population genetic
parameters. As a result, developing a nuanced understanding of

how reproductive strategies influence patterns of divergence,
genetic diversity, and gene flow within and between closely related
taxa would provide insight into the ecological drivers of speciation
and the contemporary maintenance of genetic diversity.
Differences in reproductive strategies can accelerate divergence
and isolation among closely related taxa. For example, the
expansion of taxa into areas that have decreased pollinator or
mate availability can create a selective advantage for self-
fertilization (Stebbins 1970; Lloyd 1992; Moeller and Gerber
2005; Peterson and Kay 2015), which is often accompanied by a
divestment in floral traits associated with pollinator visits (Levin
2010; Johnson et al. 2010) and an increase in autogamy (Goldblatt
and Manning 2006; Cisternas-Fuentes et al. 2022). Over time, the
restricted gene pool of a self-pollinating population can promote
divergence even when there are overlapping ranges (Pettengill
and Moeller 2012). Alternatively, if the colonization of a novel
habitat is associated with a change in the pollination community,
the floral phenotype may shift to increase pollinator efficiency of
the new pollinator leading to reproductive isolation (Miller et al.
2014) and limiting hybridization between populations (Goldblatt
and Manning 2006; Kay and Sargent 2009; Phillips et al. 2020).
Disentangling how distinct reproductive strategies promote
genetic divergence and reproductive isolation among closely
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related taxa will lend important insight into the processes that
generate species-level diversity in heterogeneous landscapes.

Differences in reproductive strategies are also likely to impact
patterns of pollen dispersal and therefore the distribution of
genetic diversity within taxa. In autonomously selfing species, the
effective population size and homozygosity are often reduced,
which can severely dampen genetic diversity when compared
with outcrossing taxa (Charlesworth et al. 2003; Shimizu et al.
2004; Sweigart and Willis 2003; Eschmann-Grupe et al. 2004). A
decrease in the effective population size coupled with limited
pollen movement will increase inbreeding and result in genetic
drift becoming the dominant evolutionary mechanism, thereby
increasing genetic differentiation between populations (Nordborg
2000; Pettengill et al. 2016). Although when selfing is associated
with structural chromosomal changes (Rieseberg 2001; Lowry
et al. 2008), a taxon may experience an increase in allelic diversity,
and even fixed heterozygosity, especially in the case of
allopolyploidization (Otto and Whitton 2000) or chromosomal
translocations (Holsinger and Ellstrand 1984; Heiser and Shaw
2006). By contrast when there is a shift in primary pollinators,
differences in the foraging behaviors of the pollen dispersers will
determine patterns of gene flow (Castellanos et al. 2007; Diaz-
Martin and Karubian 2021; Dellinger et al. 2022). Highly mobile
pollinators can promote gene flow among populations, resulting
in low genetic differentiation (Phillips et al. 2014; Krauss et al.
2017; Gamba and Muchhala 2020) and greater effective popula-
tion size (Serbezov et al. 2012), which will reduce the effects of
drift and isolation by distance (Kramer et al. 2011). Conversely,
differences in how pollinators move between flowers and the
degree of pollen carryover will determine rates of geitonogamy
and biparental inbreeding within plant populations (Castellanos
et al. 2007; Wessinger 2020; Steinecke et al. 2022). Resolving how
shifts in reproductive strategies impact gene flow and genetic
diversity among closely related taxa is an important step in
understanding how ecological relationships inform evolutionary
change over short and long time scales.

Here, we use a comparative approach to evaluate population
genetic parameters within and between three closely related taxa
that vary in their reproductive strategies in the genus Clarkia, section
Eucharidium. Our three study taxa are C. concinna subsp. automixa,
an autonomous selfing taxon, and two mixed mating taxa, C
concinna subsp. concinna, which is primarily pollinated by long-
tongued flies and bees, and C. breweri, which is primarily pollinated
by hawkmoths (Table 1). Numerous pollination studies in these taxa
provide a rich foundation for exploring predictions focused at
microevolutionary scales that can inform macroevolutionary pro-
cesses (MacSwain et al. 1973; Groom 1998; Miller et al. 2014). Using
single nucleotide polymorphisms (SNPs) generated from genotyping-
by-sequencing (GBS) we first evaluate the extent of genetic
divergence and the diversity of loci shared among the three taxa.
Although previous work has shown that these taxa can hybridize in
controlled conditions, we predict that these taxa will be genetically
divergent in situ, with no evidence of hybridization, due to their
geographic separation in the wild and differences in reproductive
systems. We then filter data to identify the most variable loci within
each taxon, to compare levels of inbreeding and genetic diversity
within taxa and the gene flow and isolation by distance between
populations for each taxon. We predict that in the predominantly
selfing taxon, populations of C. concinna subsp. automixa, will have
high levels of inbreeding, high genetic differentiation, and low levels
of genetic diversity. As the hawkmoth pollinators of C. breweri are
highly mobile, we expect this taxon to exhibit the highest amount of
genetic diversity and the lowest levels of inbreeding and genetic
differentiation and anticipate C. concinna subsp. concinna will have
intermediate values of genetic diversity, inbreeding, and differentia-
tion. By leveraging the three distinct reproductive strategies of
closely related taxa, our work links ecological variation and associated
changes in reproductive strategies to contemporary patterns of gene
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flow and genetic diversity as well as deeper evolutionary trends that
influence plant diversification.

METHODS

Study system

The genus Clarkia comprises ~40 taxa native to the western United States
and one species in South America. We focused on three of the four taxa in
section Eucharidium. Clarkia concinna subsp. concinna is a common taxon
that is widely distributed from northern California to the central coast and
is found in the understory of mesic mixed evergreen forests and oak/pine
woodlands (Fig. 1; Goff et al. 2021). Clarkia concinna subsp. automixa
occurs in similar habitats in a relatively small area at the southern edge of
the range of C. concinna subsp. concinna (Fig. 1; Allen et al. 1990; Kay et al.
2019). Clarkia breweri is found in xeric, rocky woodlands and chaparral in
the inner coast range mountains of central California (Fig. 1; Goff et al.
2021). The range of C. breweri is smaller than that of C. concinna subsp.
concinna and this taxon is relatively uncommon (Goff et al. 2021) but is also
parapatric with C. concinna subsp. automixa, with some populations
separated by less than tens of meters. All three taxa are self-compatible
annuals and C. concinna subsp. concinna and C. breweri are known diploids
(Gottlieb and Weeden 1979; Pichersky and Gottlieb 1983).

The three study taxa differ in floral traits and pollinator visitation and
efficiency. Flowers of C. concinna subsp. automixa are smaller than those of C.
concinna subsp. conncina and the stigma becomes receptive before the bud
opens, resulting in self-fertilization in the bud (Bowman 1987; Kay et al. 2019),
although infrequent visits by hoverflies and bees have been observed (RA.
Raguso and K.M. Kay, personal observations). Compared to C. concinna, the
flowers of C. breweri are paler in color and have longer stigmas, anthers and
hypanthia, and wider hypanthium openings, produce more nectar with a
higher mean sucrose to hexose ratio, and have a larger distance between the
nectar reward and anthers (Miller et al. 2014; Kay et al. 2019). Clarkia breweri is
the only species in the genus with flowers that open in the evening and
produce a strong, sweet fragrance (MacSwain et al. 1973; Raguso and
Pichersky 1995), and is visited most commonly by nocturnal moths (primarily
hawkmoths, such as Hyles lineata and Sphinx perelegans) and hummingbirds,
and to a lesser extent by less-mobile pollinators (bees, long-tongued-flies,
butterflies and noctuid moths; MacSwain et al. 1973; Miller et al. 2014; Kay
et al. 2019; Table 1; Fig. S1). Hawkmoths were found to be the most effective
pollinators of C. breweri (Miller et al. 2014). Clarkia concinna subsp. concinna is
visited most often by diurnal bees and long-tongued bombyliid flies and to a
lesser extent small bees and butterflies (MacSwain et al. 1973; Groom 1998;
Miller et al. 2014; Kay et al. 2019; Table 1; Figure S1). Diurnal pollinators (long-
tongued flies, bees, and diurnal lepidopterans) have been shown to be more
effective visitors to C. concinna subsp. concinna. Using the floral traits and
pollinator efficiency information (described above and in Table 1) for each
taxon, we categorized C. concinna subsp. concinna as pollinated by long-
tongued flies and bees; C. concinna subsp. automixa as autogamous; and C.
breweri as pollinated by hawkmoths.

Field methods

Genetic sample collection. To evaluate how reproductive strategies
influence the patterns of divergence and genetic diversity, we sampled leaf
tissue from 14-16 individuals per population from four populations of C.
concinna subsp. concinna (n =60 total), two populations from C. concinna
subsp. automixa (n = 31 total), and six populations of C. breweri (n =91 total)
for a total of 12 sampled populations (n =182 individuals; Fig. 1; Table 1).
Although we did not sample the complete range of C. concinna subsp.
concinna, the extent of the sampling for this taxon was equivalent to that of C.
breweri. Specifically, the maximum distance between sampled populations of
C. concinna subsp. concinna is ~ 150 km, the sampling area is ~27,800 ha, and
the maximum distance between all known populations is ~425km. The
maximum distance between sampled populations of C. breweri is ~170 km
and the sampling area is ~29,700 ha. Because we controlled geographic area
in this sampling approach, we can directly compare measures of genetic
diversity and gene flow between the two outcrossing taxa without
introducing a confounding variable of distance. Two of our study populations
(C. breweri — BM2 and C. concinna subsp. automixa — CM2) were within meters
of each other on opposing slopes of a ravine, with C. breweri on north-facing
slopes and C. concinna subsp. automixa on south-facing slopes (Mt. Hamilton,
Santa Clara Co., CA), but we suspected little to no gene flow between
individuals as the flowers of C. concinna subsp. automixa self-pollinate in bud
before the flowers open. Leaf tissue was collected in individually labeled coin
envelopes, dried with silica gel, and stored at —20 °C until DNA extraction.
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Pollinator observation data are provided in Figure S1 or summarized from Miller et al. 2014. Adjacent rows with the same shading are from populations that are within 15 km of one another.

270-100% of all visits.

£10-29% of all visits.
*98-100% of visits were made by the pollinator functional group(s).
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Genetic analyses

Ploidy analysis. We determined the ploidy of Clarkia concinna subsp.
automixa using a control sample of Clarkia concinna subsp. concinna (known
diploid) collected from a wild population of Chiles Pope Valley Road in Napa
County. A test sample of C. ¢. subsp. automixa was collected from Blue Oak
Ranch Reserve in Santa Clara County. Ploidy analysis was performed by
Lifeasible (Shirley, NY) using a BD FACS Calibur flow cytometer, 20-mW laser
illumination at 488 NM, FL-2 585/40-nm bandpass filter.

DNA extraction and sequencing. We extracted genomic DNA following a
modified cetyltrimethylammonium (CTAB) developed by Doyle and Doyle
(1987). We used single nucleotide polymorphisms (SNPs) generated from
genotyping-by-sequencing libraries which were prepared following Elshire
et al. (2011) and using the restriction enzyme ApeKl to fragment the
genome. To avoid any batch effect, half the individuals from each
population were split between the two genomic libraries of 96. Each
polymerase chain reaction (PCR) was carried out independently for all
samples, and each library was then quantified using High sensitivity
Qubit™ (dsDNA HS Assay Kit, Thermo Fisher Scientific) and then pooled in
the final step before sequencing to assure an equivalent amount of each
sample was present in the final genomic library. Sequencing was
performed using Illlumina HiSeq, 150 bp Paired-End reads at the Center
for Genetic Medicine at Northwestern Medicine.

Calling single nucleotide polymorphisms (SNPs). We used STACKS v 2.2
(Catchen et al. 2011, 2013) to call single nucleotide polymorphisms (SNPs) to
generate four distinct datasets. We generated a combined set to compare
measures of genetic diversity and divergence among taxa, and one dataset
per taxon for comparisons between populations within taxa. To evaluate
divergence among C. concinna subsp. automixa, C. concinna subsp. concinna,
and C. breweri, we called SNPs that were shared among at least two taxa (i.e.,
the combined dataset). Because the combined dataset resulted in many loci
being monomorphic within one taxon but polymorphic in the others, it was
necessary to call SNPs for each taxon separately to assess genetic diversity,
inbreeding, and population structure within taxa. For the combined and
separate datasets, the parameters -m, -M, -n, -max-locus-stacks, and -bound-
high were optimized using four samples from each population run across
lanes and changing one parameter at a time. The ‘best’ parameters were
those that maximize the number of SNPs while minimizing genetic distance
between samples from the same populations as generated in a metric multi-
dimensional scaling (MDS) plot using PLINK 2 (Purcell et al. 2007; Mastretta-
Yanes et al. 2015) - the parameters used to call SNPs varied for each dataset
(Appendix A, Fig. S2-5, Table S1a, b).

For the combined dataset, we built a catalog using all samples and labeled
them by taxonomic assignment (C. concinna subsp. automixa, C. concinna subsp.
concinng, and C. breweri) for the population map. We ran the ‘populations’
command in STACKS and only called loci that were present in at least two of the
three taxa (-p 2), in at least 50% of individuals in a taxon (r —0.5), and with a minor
allele frequency greater than 0.05 (-maf 0.05), and one SNP per sequence. For the
three datasets where SNPs were called separately for C. concinna subsp.
automixa, C. concinna subsp. concinna, and C. breweri, we built catalogs with five
samples from each population and included samples that had high numbers of
reads and were collected across the population and sequenced on different
plates. For the ‘populations’ command, we specified that loci needed to be in at
least 80% of individuals (-r 0.80), the minor allele frequency needed to be greater
than 0.05 (as suggested by Paris et al. 2017), and one SNP per sequence was
allowed. All datasets were then quality filtered for read depth, missing data, and
Hardy-Weinberg Equilibrium (Appendix A). In total 16 individuals failed to pass
quality filtering leaving a total sample size of 166 individuals, with 52 individuals
of C. concinna subsp. concinna, 29 individuals of C. concinna subsp. automixa and
84 individuals of C. breweri.

Statistical analyses

Among taxa - genetic divergence and diversity. We used the combined
dataset to determine the amount of divergence among taxa with distinct
mating systems. We used the program ADMIXTURE 1.3.0 (Alexander et al.
2009) to evaluate population genetic structure among taxa by considering
genetic clusters, or K, from 1-10 and employing a cross-validation
procedure. We considered the most appropriate number of K to be the
one with the lowest cross-validation score or the K at the ‘knee’ of the
cross-validation plot. We then used ADMIXTURE to calculate pairwise Fsr
between the genetic clusters. In addition, we evaluated the divergence
among groups by using the first two axes of a scaled and centered
principal components analysis (PCA) generated with the program
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Clgrkia co’“cinna Clarkia concinna
subsp.Jauiomig, 4 subsp. cofcinna

Selfing Bee Long-Tongued Hawkmoth
Fly

Fig. 1 Distribution, sampling, and reproductive strategy for the three study taxon of Clarkia collected from twelve populations across
California. Shown is A a map of study area for collections across California, B C. concinna subsp. automixa (blue), C C. concinna subsp. concinna
(green), and D C. breweri (yellow). Sampled populations are denoted as diamonds and occurrence data for populations of each taxon are
circles. Below each taxon is an icon(s) representing the reproductive strategy. Bee and hawkmoth icons by T. Jogesh and the long-tongued fly
icon was obtained from www.divulgare.net.
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remaining 148 loci, 100 were not found in C. concinna subsp.
automixa, while 40 were absent in C. concinna subsp. concinna, but
none were absent from C. breweri, which was not surprising given
that this taxon included the most individuals in the SNP calling
pipeline (Table 2). When evaluating population structure of all taxa
together, we found K = 3 to be near the 'knee’ of the cross-validation
plot and most biologically meaningful, representing the optimal
number of genetic clusters (Figure S7a). Each taxon was represented
by a distinct genetic cluster with little admixture (Fig. 2A), which was
also supported by the first two components of the principal
components analysis (Fig. 2B). We observed high genetic divergence
among taxa, with the highest Fst value between C. breweri and C.
concinna subsp. automixa (0.34). Fsy values between the two
subspecies C. concinna subsp. automixa and C. concinna subsp.
concinna (0.27) were higher than those between species, C. concinna
subsp. concinna and C. breweri (0.20).

The combined dataset also showed that C. concinna subsp.
concinna had the highest proportion of polymorphic loci (73%),
followed by C. breweri (68%), with C. concinna subsp. automixa having
the fewest polymorphic loci (50%) (Table 2). This pattern was
reflected in measures of expected heterozygosity, with C. concinna
subsp. automixa, having the lowest expected heterozygosity (Hg =
0.08) compared with the other two taxa with mixed mating systems,
which had two to three-fold greater measures (Hg=0.17 and
He = 0.24 for C. breweri and C. concinna subsp. concinna, respectively)
(Table 2). In contrast, when evaluating the proportion heterozygous
loci (PHt) within an individual, we observed the opposite pattern,
with heterozygosity in C. concinna subsp. automixa being significantly
higher (average =0.18 £ 0.05) than the other two taxa (p <0.0001)
(Fig. 2Q). This was despite 50% of loci in C. concinna subsp. automixa
being monomorphic (i.e, fixed for homozygosity), which was
considerably higher than the 32% of fixed loci in C. breweri and
27% of fixed loci in C. concinna subsp. concinna. On closer inspection,
the elevated PHt in C. concinna subsp. automixa was found to be
driven by several loci showing fixed heterozygosity in all individuals.
We generated a histogram of heterozygosity values for all loci and
found a bimodal distribution of heterozygosity in C. concinna subsp.
automixa, which was not observed in either of the other taxa (Figure
S8). The first peak at O suggests that 50% of variable loci in C
concinna subsp. automixa are fixed for homozygosity, while the
second peak at 1 suggests that all individuals are fixed heterozygous
for 11% of loci, which represents 23% of the variable loci (Figure S8).
By comparison, both C. concinna subsp. concinna and C. breweri did
not have any loci that showed fixed heterozygosity (Figure S8). We
also found that PHt was significantly higher in C. concinna subsp.
concinna  (average=0.14+0.04) than in C breweri
(average = 0.12 + 0.04; p = 0.0038) (Fig. 2¢).

Within taxa - Genetic diversity, inbreeding, effective
population size, and differentiation

Using the datasets for SNPs called for each taxon separately, our
results for within taxa measures of genetic diversity and
inbreeding did not match our predictions. We found that within
taxa measures of the proportion of heterozygous loci in
individuals (PHt) and inbreeding (F) was consistent among taxa
(Fig. 3A, B; Table 2) and were not significantly different (p =1 for
all pairs; Figure S9; Table S3). However, we observed substantial
variation in PHt and F among populations of C. concinna subsp.
automixa and to a lesser extent in C. breweri (Fig. 3AB). The
effective population size (Ngg) was significantly higher in C
concinna subsp. concinna (average =13.25+£9.99) than in C
breweri (average = 4.28 + 2.42) (Fig. 3¢; Table S3) and was lowest
for C. concinna subsp. automixa (average = 3.65 + 0.63).

Patterns of population genetic structure and differentiation within
each species also differed from expectations. We found the cross-
validation score to be lowest for K= 3 for C. concinna subsp. automixa,
K= 2 for C. concinna subsp. concinna, and K =4 for C. breweri (Figure
S7b-d). Despite their proximity ( < 3 km), each population of C. concinna
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subsp. automixa formed a distinct genetic cluster moderately diverged
from the other (pairwise Fst = 0.15) with a third cluster spanning both
populations that was highly diverged from each population (Fig. 4b;
Table S4a). Upon further investigation, we found that the individuals
with ancestry assignment to this third genetic cluster were those that
exhibited high rate of PHt and low inbreeding (Table S5). Genetic
structure was distributed geographically for C. concinna subsp.
concinna, splitting the populations along the California coastal
mountain range into eastern and western clusters (Fig. 4a; Table
S4b). Genetic differentiation varied from low to high among
populations of C. concinna subsp. concinna (range = 0.07-0.25) with
an average population pairwise Fsr of 0.17 (+0.08; Table S6a). The
population pairs with the largest Fsr values always included the
comparison between eastern and western populations. Similarly, C.
breweri populations showed a geographic pattern with populations
split into northern, eastern, western, and southern genetic clusters (Fig.
4c; Table S4c). Population pairwise Fs for C. breweri varied from low to
high (range = 0.04-0.25) with an average of 0.17 (£ 0.07; Table Séb).
Given the large spread in values, there was no significant difference in
average pairwise Fst between C. concinna subsp. concinna and C
breweri (W =42, p > 0.05). We found a significant effect of isolation by
distance for C. breweri (observation = 0.66, p = 0.006), but not for C.
concinna subsp. concinna (observation = —0.14, p = 0.29).

DISCUSSION

By evaluating realized mating events in three well-studied and
closely related taxa, we gained insight into the roles that
reproductive strategies play in shaping patterns of divergence,
genetic diversity, and gene flow among and within taxa. We found
support for our prediction that our three study taxa with different
reproductive strategies would be genetically distinct and suggest
that differences in pollinator availability and effectiveness in part
limit genetic exchange within this group. In line with our
predictions, we found that populations of Clarkia concinna subsp.
automixa had the lowest percentage of polymorphic loci and
genetic diversity (Hg) and fewer shared polymorphic loci compared
to the two outcrossing taxa. Surprisingly, we also observed that C.
concinna subsp. automixa had a large portion of loci fixed for
heterozygosity and that measures of inbreeding and the proportion
of heterozygous loci were highly variable in this taxon. Together,
these patterns observed in C. concinna subsp. automixa suggest
structural rearrangements to chromosomes in this taxon. Contrary
to our predictions, we did not detect significant differences in levels
of genetic diversity, inbreeding, or gene flow between the two
outcrossing taxa, which may be attributed to differences in the
distribution and abundance of populations of these taxa. While our
limited sampling and replication at the level of mating system
prevents broad generalizations, we show that in addition to
reproductive strategy, variation in other biotic and abiotic factors
influence patterns of divergence, gene flow, and genetic diversity
within and among taxa. Taken together, this work provides insight
into the ecological processes shaping patterns of genetic diversity
and gene flow in closely related taxa.

Among taxa - Genetic divergence and diversity

Our results support the idea that divergence among C. concinna
subsp. automixa, C. concinna subsp. concinna, and C. breweri is in
part facilitated by differences in reproductive systems that limit
genetic exchange between them. Autogamy likely promoted the
evolution of C. concinna subsp. automixa from C. concinna subsp.
concinna and may have been driven and reinforced by differences
in chromosomal structures (see below) (see Wright et al. 2013; Hu
2015). In addition, a transition to a predominantly self-fertilizing
mating system commonly ensures reproduction when pollinators
are scarce (Stebbins 1970; Lloyd 1992; Moeller and Geber 2005). It
is believed that C. breweri is derived from a C. concinna-like
ancestor (Lewis and Lewis 1955; Sytsma et al. 1990) and our data
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show that pairwise Fst was lowest between these two outcrossing
species, suggesting there remains some genetic overlap between
them, which can either be the result of historic introgression or
incomplete divergence due to recent isolation (Nelson et al. 2021).
Indeed, both C. concinna subsp. concinna and C. breweri have the
same number of chromosomes and can produce viable advanced
generation hybrids in controlled lab settings (Raguso and
Pichersky 1995; 1999). However, we documented very little
genetic exchange between all three taxa, likely due to their
parapatric ranges, distinct habitats, and floral isolation. For
example, the range of C. concinna subsp. concinna is limited to
regions with relatively high water availability (Goff et al. 2021),
while that of C. breweri is thought to be limited by biotic factors, as
it inhabits bare, rocky, xeric and open habitats with low
competition (Goff et al. 2021). Together, the interplay between
different mating systems with various biotic (e.g., pollination
communities, competitive environments) and abiotic (e.g., habitat
and climate characteristics) factors likely serves to increase
isolation between taxa and, if maintained, should continue to
increase genetic divergence over time.

The behavior of primary pollinators is likely to impact
divergence between outcrossing taxa. Although flower-naive
hawkmoths (i.e, those that have never been exposed to any
Clarkia flowers) will visit all three Clarkia taxa when they are
presented together in experimental conditions, wild hawkmoths
have never been observed visiting C. concinna in natural
populations, despite their presence throughout the species’ range
(Miller et al. 2014; Kay et al. 2019). The lack of hawkmoth visitation
is likely because C. concinna do not produce the powerful, linalool-
and aromatic ester-dominated floral scent found in C. breweri,
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which likely attracts moths from a distance (Raguso and Pichersky
1995; Raguso and Willis 2005). In addition, diurnal bees and flies
that serve as the primary pollinators of C. concinna subsp.
concinna are less common in environments where C. breweri is
distributed (Miller et al. 2014). In experimental conditions, bees
and flies are relatively ineffective pollinators for C. breweri and
hawkmoths are similarly ineffective pollinators for C. concinna
subsp. concinna and C. concinna subsp. automixa (Miller et al.
2014; Kay et al. 2019). Our data and observations suggest that
gene flow between these closely related Clarkia species is likely
limited by differences in pollinator preferences and distinct floral
morphologies.

Our finding that C. concinna subsp. concinna exhibits the
highest rates of polymorphic loci shared among taxa can be
explained, in part, by differences in the geographic distribution of
each taxon. Species that are more abundant and occur across
larger geographic areas often have higher effective population
sizes and higher genetic diversity than those that occur more
sparsely across a smaller area (Hamrick and Godt 1996; Hoban
et al. 2021). Here, the range of C. concinna subsp. concinna is larger
than those of the other two taxa, its populations are more
abundant (Goff et al. 2021), and it has a larger effective population
size, all of which likely contribute to genetic diversity that results
in the highest amount of polymorphism across loci. On the other
hand, in addition to having an especially small range and
occurring in a few populations, the predominantly selfing mating
system of C. concinna subsp. automixa has an effective population
size half that of C. concinna subsp. concinna, leading to lower
genetic diversity (i.e., the lowest amount of polymorphism of the
three taxa) as predicted by theoretical studies (Charlesworth 2009;
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Nordborg 2000). Indeed, a reduction in effective population size
by a factor of two is common in selfing species compared with
outcrossing species (Nordborg 1997). C. breweri is intermediate in
both the extent of its distribution, degree of population
abundance (Goff et al. 2021), effective population size, and values
for observed rates of polymorphism among shared loci. Incorpor-
ating taxon distribution and abundance into our understanding of
genetic diversity among taxa provides a more comprehensive
view of the processes impacting population genetic parameters.
Interestingly we found that the predominantly selfing taxon, C.
concinna subsp. automixa, had the highest proportion of hetero-
zygous loci within an individual (PHt) for the shared loci, which was
unexpected for an autogamous species. The observed patterns of
fixed heterozygosity in this taxon might suggest an allopolyploid
origin, but as flow cytometry confirmed that the taxon is diploid, we
suspect the presence of chromosomal rearrangements or aneuploidy.
Although we are unaware of any cytological studies in C. concinna
subsp. automixa, there has been extensive cytological research in this
genus and family. Numerous studies have documented widespread
chromosomal rearrangements and aneuploidy in Onagraceae
(Johansen 1929; Bloom 1974, Raven 1979). Reciprocal translocations
are common (Golczyk et al. 2014) and have been documented in
several Clarkia species (Lewis 1953a, 1953b; Wedberg et al. 1968;
Gottlieb and Weeden 1979). These translocations result in the
formation of rings during meiosis made of two or more chromo-
somes (Holsinger and Ellstrand 1984). Given the prevalence of
translocations within the genus (Raven 1979), we suspect that the
fixed heterozygosity observed in C. concinna subsp. automixa is the
result of chromosome rings being formed during meiosis preventing
recombination and Mendelian segregation in some loci. If true, it
would be the first record of chromosomal rearrangement in Clarkia
section Eucharidium (Lewis 1953a, 1953b; Wedberg et al. 1968;
Gottlieb and Weeden 1979). However, these results should be
interpreted with caution given that only two populations were
sampled from a limited part of the geographic distribution. While
severe inbreeding depression and heterozygote advantage could
theoretically explain these patterns, it would necessitate both alleles
at a locus be lethal in order for fixed heterozygosity to be expressed in
a population and would result in a continuous, rather than bimodal,
distribution of heterozygosity. Future studies of C. concinna subsp.
automixa should involve a more complete population sampling,
meiotic chromosome squashes, and long read genome resequencing
to document the presence and prevalence of chromosome rings.

Within taxa - Genetic diversity, inbreeding, effective
population size, and differentiation

We found that the interplay between pollinator behavior and plant
abundance and distribution is an important facet impacting realized
mating events within taxa. Compared to C. c¢. subsp. concinnag,
populations of C. breweri are less abundant, more isolated, and are
distributed across a smaller and less contiguous range (Goff et al.
2021). However, as hawkmoths have been shown to facilitate
extensive gene flow in other species in Onagraceae (Skogen et al.
2019), we expected to find higher within-taxa levels of genetic
diversity and lower levels of inbreeding and genetic structure in C.
breweri compared to C. ¢. concinna - patterns we did not detect in this
study. Hawkmoths are unreliable pollinators across both space and
time, which likely increases pollination by less effective floral visitors
when moths are scarce and may also explain the variability in
measures of genetic diversity and inbreeding between populations of
C. breweri (Willmott and Burquez 1996; Aldridge and Campbell 2007;
Artz et al. 2010; Table 1). In addition, we observed isolation by
distance in C. breweri suggesting that the low abundance of
populations of this taxon coupled with the variation in hawkmoth
visitation decreases connectivity between populations and increases
drift in this system. In contrast, Clarkia concinna subsp. concinna had
little variation in inbreeding and genetic diversity across populations.
The lack of isolation by distance and the high variation in Fst between
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populations of C. concinna subsp. concinna suggests that pollen
dispersal follows a leptokurtic probability distribution meaning that
while most dispersal occurs between neighboring plants, infrequent
long-distance dispersal occurs between populations (Nathan et al.
2012; Diaz-Martin et al. 2023). Taken together our results suggest that
in C. concinna subsp. concinna, larger bees and long-tongued flies
may be able to maintain genetic connectivity across part of this
taxon’s range (Kramer et al. 2011; Gamba and Muchhala 2022). In
addition, although bees and long-tongued flies are the most
common pollinators of C. concinna subsp. concinna, it is also visited
by a wide array of other pollinators such as diurnal moths, butterflies,
and hummingbirds (Miller et al. 2014), raising the possibility that the
high density of conspecific populations and the wide variety of
pollinators maintain gene flow in this species. We recommend future
work investigate the connection between the number and proximity
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of populations, variability in inbreeding and genetic diversity and
structure, and pollinator visitation to fully understand the causes and
consequences of reproductive strategies across the landscape.

In line with our expectations, we found strong population genetic
structure among populations of C. concinna subsp. automixa.
Limited pollen flow due to selfing likely exacerbated the effects of
limited seed dispersal between populations and resulted in high
genetic structuring between the two populations of C. concinna
subsp. automixa, despite their close geographic proximity (~2 km).
Indeed, outcrossing versus selfing has been shown to be a good
predictor of genetic structure, with selfers having higher structure
than outcrossing species (Hamrick and Godt 1996; Pettengill et al.
2016). Our work suggests that the lack of genetic exchange
between populations due to the self-fertilizing system increases
genetic differentiation within this taxon.
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Our work demonstrates how reproductive strategies in three
closely related taxa promote divergence among taxa, and shape
patterns of genetic diversity, inbreeding, and gene flow within taxa.
Along with specialization to areas with distinct abiotic, competitive,
and pollinator environments, differences in reproductive strategies
restrict gene flow to promote divergence among C. concinna subsp.
concinna, C. concinna subsp. automixa, and C. breweri. We also find
the first evidence suggesting chromosomal rearrangements fix
heterozygosity in the self-fertilizing C. concinna subsp. automixa,
but future studies are needed to evaluate the presence and any
potential adaptive advantage of these putative structural mutations.
In addition, we detected a complex interplay between pollinator
mobility, a taxon’s distribution and abundance, and the subsequent
patterns of gene flow and genetic diversity. Notably, the reliability of
the most effective primary pollinator(s) and the density of popula-
tions may be more important than pollination syndrome alone in
predicting patterns of genetic diversity. An important next step would
be to increase replication at both the level of populations within taxa
as well as reproductive strategies among taxa to better understand
the drivers of genetic diversity and gene flow. Taken together, our
work underscores how variation in reproductive strategies may be
associated with a variety of ecological factors that interact to impact
past diversification events as well as the current processes shaping
patterns of genetic diversity and gene flow.
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