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Abstract—Distinguishing between populations with strong genetic structure and unique species is a common challenge in systematics,
especially for taxa occurring in fragmented habitats where allopatric speciation may be widespread and distinct groups may be morphologi-
cally similar. Such is often the case with species complexes across sky island environments. In these scenarios, biogeography may help to
explain the taxonomic relations between species complex members, and restriction site-associated DNA (RAD) sequencing methods are com-
monly used to compare closely related taxa across thousands of loci. Here we use RADseq to clarify the boundaries separating the geographi-
cally distinct but morphologically similar varieties of the Primula cusickiana species complex, and to contextualize past findings of strong genetic
structure among populations within varieties. Our genetic analyses demonstrate pronounced separation between isolated populations of this
Great Basin endemic, indicating that the current varietal classification of complex members is inaccurate, and emphasizing their conservation
importance. We discuss how these results correspond to recent biogeographical models used to describe the distribution of other sky island taxa
in western North America. Our findings also fit into a wider trend observed for alpine Primula species complexes, and we consider how edaphic
specialization and heterostylous breeding systems may be contributing to frequent diversification via allopatric speciation in this genus.

Keywords—Allopatry, biogeography, cryptic speciation, edaphic endemism, heterostyly, Primula, RADseq, sky island.

A canonical driver of biological diversification is allopatry,
whereby geographic barriers lead to population isolation and,
eventually, speciation. Sky islands are places where sharp
changes in elevation lead to pronounced ecological differences
over relatively short distances, providing the types of barriers
required for allopatric speciation. Historically, climatic fluctu-
ations have determined the presence and distribution of sky
island environments for mountain ranges across the world,
and this in turn is reflected by the genetic patterns seen in
montane species today (Hewitt 1996). However, in this bio-
geographic context, distinguishing between closely related
species and genetically structured populations may prove
challenging (Huang 2020), especially if similar niches across
mountain ranges maintain phenotypic similarities (e.g. Yang
et al. 2019). Additionally, in the short-term, genetic patterns
will be influenced by particular aspects of a species’ biology,
such as dispersal and breeding systems, which may facilitate
or hinder reproductive isolation between genetically distinct
entities. Here, we examine the genetic relations between the
sky island populations of members of the Primula cusickiana
species complex, a group of plants endemic to the Great Basin
region of the western United States.
The Primula cusickiana species complex (Holmgren and Kelso

2001) is a group of herbaceous, perennial plants that fall within
Primula section Parryi (Wright Smith and Fletcher 1949). When
including the phylogenetically nested Dionysia Fenzl., Dodeca-
theon L., and Cortusa L. (Trift et al. 2002; Schmidt-Lebuhn et al.
2012), the genus is composed of roughly 500 species, distrib-
uted worldwide but largely found in temperate and montane
habitats in the northern hemisphere, with the Himalayas as the
center of diversity (Richards 2003). Primula section Parryi (five
species, eight taxa; Kelso et al. 2009) is one of 37 sections of the
genus (Richards 2003) and one of three parts of Primula subge-
nus Auriculastrum Schott (Schott 1852), which also includes
Primula sections Auricula Duby and Auneifolia Balfour (Zhang

and Kadereit 2004), as well as Dodecatheon L. (Mast and Reveal
2007) and Primula suffrutescens (Gray 1888). Primula subgenus
Auriculastrum makes up many of the Primula taxa endemic to
western North America, with Primula section Parryi consisting
of those found in the Intermountain West, the region between
the Sierra Nevada range to the west and the Rocky Mountains
to the east. The members of Primula section Parryi are largely
found in alpine to subalpine habitats, but while species Primula
parryi and P. rusbyi Green are widely distributed within their
respective mountain ranges, P. angustifolia Torrey, P. capillaris
(Holmgren and Holmgren 1974), and members of the P. cusicki-
ana species complex (P. cusickiana varieties maguirei, domensis,
nevadensis, and cusickiana (see Fig. 1)) are more restricted to
patches of anomalously cool habitat in otherwise xeric environ-
ments. For the P. cusickiana species complex, this is particularly
true of P. cusickiana var. maguirei (Williams 1936), found grow-
ing on cliffs and small ledges of dolomitic limestone substrates
in a 20 km stretch of Logan Canyon within the Bear River
Range in northern Utah. Primula cusickiana varieties domensis
(Kass and Welsh 1985) and nevadensis (Holmgren 1967) also
occur in very small pockets on limestone substrates, but at
higher elevations past treeline, with P. cusickiana var. domensis
being found in the House Range (west central Utah) and P.
cusickiana var. nevadensis having documented populations in
the Snake Range (just west of the House Range) and the Grant
Range of Nevada. Finally, P. cusickiana var. cusickiana (Gray
1888) is more widespread, found in cool, wet microsites at rela-
tively low elevations along the Snake River Plain in Idaho, but
with documented populations as far west as eastern Oregon
(on the Owyhee High Desert Plain) and as far south as the Cou-
gar Mountains (near Jarbidge) of northeastern Nevada (Mans-
field 2010).
The geographic separation and ecological differences of

Primula cusickiana varieties maguirei, nevadensis, and cusickiana
contributed to their original classification as unique species
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(i.e. P. maguirei, P. nevadensis, and P. cusickiana) upon initial
description. The discovery and publication of P. domensis in
1985, along with the continued collection of the other varie-
ties, began to cast doubt on the species distinction for each
complex member. Morphologically, the differences among
the four varieties are subtle: P. cusickiana vars. maguirei and
cusickiana are entirely glabrous, and distinguished from one
another by relative calyx length, while in P. cusickiana vars.
nevadensis and domensis, plants are pubescent, with P. cusicki-
ana var. nevadensis having a shorter corolla tube length than
P. cusickiana var. domensis (Holmgren et al. 2005). A review in
2001 considered these morphological distinctions “meager at
best,” and concluded that “recognition at the varietal level
would be most appropriate” (Holmgren and Kelso 2001).
At the time of this shift, no genetic data was available to

justify classification at the variety level. However, a 1997
analysis of P. cusickiana var. maguirei used allozyme marker
genes to uncover a significant degree of genetic structure
between the relatively proximate (�10 km) populations (Wolf
and Sinclair 1997) within this one taxon. A later analysis of
the same populations using amplified fragment length poly-
morphism (AFLP) loci confirmed this finding, and found sim-
ilar levels of polymorphism between the upper and lower
canyon groups, suggesting this genetic structure is not the

result of a past bottleneck event (Bjerregaard and Wolf 2008).
A further analysis of AFLP and chloroplast DNA from mem-
bers of Primula section Parryi showed P. cusickiana var.
maguirei and the other P. cusickiana complex members as
being monophyletic, but relationships within the complex
were incongruent, with only weak support of a clade contain-
ing P. cusickiana vars. nevadensis and domensis being sister to a
clade made up of P. cusickiana vars. maguirei and cusickiana
(Kelso et al. 2009). To better resolve the relationships between
varieties, the authors suggested an analysis utilizing more
populations from across the range of this species complex.
Restriction site-associated DNA sequencing (RADseq) meth-
ods available today, with their ability to generate reads over
many sequence regions of closely related individuals, are
well-suited to provide the data required for such an analysis.
In addition to clarifying the genetic relations between geo-

graphically distinct varieties, a more detailed analysis of the
P. cusickiana species complex can meaningfully contribute to
ongoing conservation efforts. Primula cusickiana var. maguirei
was listed as Threatened in 1985, due to its unique habitat in
Logan Canyon and threats of habitat loss due to development
(US Fish and Wildlife Service 1985). Given the strong genetic
structure between P. cusickiana var. maguirei’s populations,
either population may be more closely related to populations

FIG. 1. Four members of the Primula cusickiana species complex. A. P. c. var. maguirei, in Right Hand Fork of Logan Canyon. B. P. c. var. cusickiana, near
Cougar Point in Jarbidge, Nevada. C. P. c. var. domensis, at Notch Peak in the House Range, Utah. D. P. c. var. nevadensis, onMountWashington in the Snake
Range (Great Basin National Park), in Nevada.
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of a different complex variety than the neighboring Logan
Canyon population, a finding which would have significant
implications for the protection of this variety. More broadly,
an understanding of the genetic relations in this species com-
plex will determine whether the varietal classification prop-
erly reflects the extent of divergence of each complex member,
and thus the extent of unique evolutionary history. This
understanding can direct management of the narrow-range
endemics included in this species complex, such as P. cusicki-
ana var. maguirei, but also P. cusickiana vars. nevadensis and
domensis, and also inform the identification of potential evolu-
tionarily significant units (Coates et al. 2018).
We sought to clarify the relatedness of the P. cusickiana

complex members by using a RADseq approach to genotype
all four varieties located at distinct populations scattered
throughout the Great Basin. In addition to contextualizing
the genetic structure between the upper and lower Logan
Canyon P. cusickiana var. maguirei populations, this analysis
provides insights into the biogeographic history of this spe-
cies complex, and could have important conservation impli-
cations for this rare endemic plant.

MATERIALS AND METHODS

Sampling—Samples from all four P. cusickiana species complex mem-
bers were gathered in the field. Additionally, we collected samples from
P. parryi, a species outside of the P. cusickiana species complex, in order to
compare genetic differences among complex members to those extending
outside of the complex. Finally, because past research has shown variable
relations between P. capillaris and the P. cusickiana species complex (Kelso
et al. 2009), we also tried to collect P. capillaris in the field. However, we
were unable to locate any wild P. capillaris individuals in the Ruby Moun-
tains: at one location suggested by past herbaria data, a population of
P. parryiwas found instead. To compensate, two P. capillaris samples were
sourced from herbaria (see Appendix 1). By sampling all four species
complex varieties, P. capillaris, and P. parryi, we captured 75% of the taxa
in the Primula section Parryi. The number of collected samples for each
population of each variety, as well as P. parryi, along with population
coordinates, are provided in Table 1. Sampling sites were determined by
examining all populations documented through specimens in herbaria
across the United States, and selecting the populations of each variety that
would maximize the geographic extent of our genetic survey. For
P. cusickiana vars. maguirei, domensis, and nevadensis, this meant collecting
from previously documented locations within each variety’s mountain
ranges. For P. cusickiana var. cusickiana, we collected from populations

documented at the most westerly (Craters of the Moon National Monu-
ment), northerly (Bear, Idaho), southerly (Jarbidge, Nevada), and easterly
(Owyhee High Desert, Oregon) extent of the variety’s known range.

At each population location, an individual plant was removed as
completely as possible as a voucher specimen. For DNA samples, two leaves
from each of ten plants were removed and placed in labeled paper enve-
lopes, which were stored on silica crystals to keep samples dry. Vouchers
were deposited at the Intermountain Herbarium (UTC); P. cusickiana var.
nevadensis voucher specimens collected from Mt. Washington were addi-
tionally deposited at the Great Basin National Park herbarium.

Leaf tissue from 89 samples (87 silica-dried field collections represent-
ing all sample sites, and two herbarium specimens of P. capillaris) were
placed into Qiagen Collection Microtubes (catalog number 19560) and
sent to the University of Wisconsin-Madison Biotechnology Center, for
DNA extraction, library prep, and DNA sequencing (described below).
Seven replicate samples were also included to assess the quality of
sequencing results, and were distributed across all four P. cusickiana varie-
ties, as well as P. parryi.

DNA Extraction—DNA was extracted using the Qiagen Dneasy meri-
con 96 QIAcube HT kit. DNA was then quantified using the Quant-iTTM

PicoGreenR© dsDNA kit (Life Technologies, Grand Island, New York).
Library Preparation and Sequencing—Libraries were prepared fol-

lowing Elshire et al. (2011). ApekI (New England Biolabs, Ipswich, Massa-
chusetts) was used to digest 100 ng of DNA. Following digestion,
Illumina adapter barcodes were ligated onto DNA fragments using T4
ligase (New England Biolabs, Ipswich, Massachusetts). Size selection was
run on a PippinHT (Sage Science, Inc., Beverly, Massachusetts) to subset
samples down to 300–450 bp fragments, after which samples were puri-
fied using a SPRI bead cleanup. To generate quantities required for
sequencing, adapter-ligated samples were pooled and then amplified,
and a post-amplification SPRI bead cleanup step was run to remove
adapter dimers. Final library qualities were assessed using the Agilent
2100 Bioanalyzer and High Sensitivity Chip (Agilent Technologies, Inc.,
Santa Clara, California), and concentrations were determined using the
Qubit© dsDNA HS Assay Kit (Life Technologies, Grand Island, New
York). Libraries were sequenced on an Illumina NovaSeq 6000, generating
paired-end data for fragments of approximately 150 bp in length.

Data Processing—Raw FASTQ data files were demultiplexed and
processed using steps 1–7 of the ipyrad software, v. 0.9.31 (Eaton and Over-
cast 2020). Single nucleotide polymorphisms (SNPs) recognized by ipyrad
were used as the basis for variation between individuals for downstream
analyses, and assemblies were generated de novo. All ipyrad and STRUC-
TURE parameter files, as well as R scripts used for analysis and data visuali-
zation, can be found in the Supplementary Materials available on Dryad
(Koontz et al. 2022), as well as on GitHub (github.com/akoontz11/Prim-
ula/). Raw, demultiplexed sequencing data can also be accessed on the
NCBI Sequence Read Archive (SRA; accession number PRJNA705310).

COMPLEX-WIDE GENETIC SURVEY—For our complex-wide genetic
survey, we ran ipyrad twice: we used the results from our initial run to con-
firm sequencing consistency for replicate samples, and to identify samples
with low coverage. For both runs, demultiplexed sequences were paired

TABLE 1. Number of samples and locations per taxon.

Variety Site Description
Number

of Samples Coordinates Elevation

Primula cusickiana
var. cusickiana

Bogus Basin, Boise, Ada County, Idaho 5 N 43�41.079, W 116�11.279 1093 m
South of Bear, Adams County, Idaho 8 N 44�58.879, W 116�40.89 1297 m
Lazy K10 Ranch, Camas Prairie, Elmore County, Idaho 6 N 43�18.659, W 115�5.479 1587 m
Tom Cat Hill, Craters of the Moon National Monument, Butte County,

Idaho
5 N 43�24.469, W 113�37.609 1757 m

North of Cougar Point, Jarbidge, Elko County, Nevada 5 N 41�57.519, W 115�18.969 2045 m
5 miles south of Jackson Summit, Owyhee High Desert, Malheur County,

Oregon
5 N 42�10.209, W 117�36.939 1939 m

Primula cusickiana
var. maguirei

Second Practice Wall, Logan Canyon, Cache County, Utah 5 N 41�44.739, W 111�45.149 1534 m
Greenhouse Wall, Logan Canyon, Cache County, Utah 3 N 41�44.569, W 111�45.709 1496 m
Right Hand Fork of the Logan River, Logan Canyon, Cache County, Utah 5 N 41�46.629, W 111�37.979 1865 m
Wood Camp (Seed Source), Logan Canyon, Cache County, Utah 5 N 41�47.909, W 111�38.559 1655 m

Primula cusickiana
var. domensis

Sawtooth Canyon, House Range, Millard County, Utah 5 N 39�8.479, W 113�23.279 2467 m
Notch Peak trail, House Range, Millard County, Utah 5 N 39�8.059, W 113�23.729 2438 m
Notch Peak summit, House Range, Millard County, Utah 5 N 39�8.579, W 113�24.349 2814 m

Primula cusickiana
var. nevadensis

Mt. Washington summit, Snake Range, Great Basin National Park, White
Pine County, Nevada

5 N 38�54.749, W 114�18.529 3489 m

Troy Peak summit, Grant Range, Nye County, Nevada 4 N 38�19.329, W 115�29.879 3272 m
Primula parryi Thomas Creek headwaters, Ruby Mountains, Elko County, Nevada 5 N 40�36.619, W 115�24.369 2966 m
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and merged, and low quality bases, adapters, and primers were filtered
prior to SNP calling. Default values were used for the ipyrad parameters in
these steps, as well as for the clustering threshold (clust_threshold; 0.85) and
minimum sequencing depth (mindepth_statistical; 6) parameters.

For our initial run, we specified a minimum number of samples per
locus (min_samples_locus) parameter of 10, in order to obtain loci shared
between two to three sample locations for any taxa. Using the results
from this run, we used a Python script (vcf2Jaccard.py) to compare sam-
ples with replicates by calculating the mean Jaccard similarity coefficients
between all samples. We found that all replicates matched highly with
their corresponding samples (Fig. S1, Koontz et al. 2022).

After merging replicates and removing low coverage (generally, less
than 30 loci in the final assembly) samples from the dataset, 82 of our 87
original samples remained for our complex-wide analysis. We reran
ipyrad (steps 1–7) using these 82 samples to select for loci specific to this
subset. We used a min_samples_locus parameter of 32 for this second
run, to cluster using loci shared across the species complex; ipyrad default
values were used otherwise. Because very low numbers of loci were
retrieved for both herbarium specimens of P. capillaris (possibly due to the
age of these specimens), we were unable to include P. capillaris in down-
stream clustering analyses.

VARIETY SPECIFIC CLUSTERING—In addition to our complex-wide survey,
we were interested in exploring population structure within P. cusickiana
var. maguirei which could not be resolved using loci shared across all spe-
cies complex members. To do so, we ran ipyrad on just the 18 P. cusickiana
var.maguirei samples used in our complex-wide survey. Because five sam-
ples from each of the upper Logan canyon sampling sites were included
in our ipyrad assembly, we specified a min_samples_locus parameter of
5; ipyrad default parameter values were used otherwise.

Population Analyses—STRUCTURE—To visualize relations between
complex members across their geographic range, and to determine the
number of identifiable genetic clusters within the complex, we used the
program STRUCTURE v. 2.3 (Pritchard et al. 2000). STRUCTURE uses
Bayesian clustering analysis to probabilistically assign individuals to one
or more of K source populations, where the loci within each population
are assumed to be in Hardy-Weinberg proportions and linkage equilib-
rium. While the presence of an outgroup is not required for the STRUC-
TURE software, our preliminary findings suggested that including
P. parryi did not significantly alter our clustering results, and we chose to
include this species for this and our other population level analyses (see
below). For all STRUCTURE runs, we used a burn-in length of 50,000, and
100,000 MCMC reps after burn-in. For our complex-wide survey, we ran
STRUCTURE for K values of 2–16, with 50 replicates per K value. For our
P. cusickiana var.maguirei-only analyses, we ran STRUCTURE for K values
of 2–6, with 50 replicates per K value. We used the CLUMPAK server
(Kopelman et al. 2015) to summarize results across replicates for each
K value, and to build STRUCTURE plots.

For all of our STRUCTURE analyses, we used two different methods to
determine the “optimal” K value: the method described in the STRUC-
TURE manual (Pritchard et al. 2000), which identifies the K value with the
greatest likelihood (the natural logarithm of the posterior probability of
the genetic data at a specific K value); and the method described in
Evanno et al. (2005), which measures the second order rate of change in
the posterior probability of the genetic data between successive K values
(DK). While the DK method described by Evanno was designed to better
accommodate scenarios in which unequal migration is occurring between
putative source populations, it is worth noting that both techniques are ad
hoc and require interpretation (as described by their authors). Further-
more, there is an inherent difficulty in inferring an unambiguous number
of genetic clusters from any given set of populations (Novembre 2016).
Therefore, following recommendations in the original STRUCTURE man-
ual (Pritchard et al. 2000; Novembre 2016), we generated STRUCTURE
outputs within a range of K values, and examined how relationships
changed or remained constant across values. Because robust species
boundaries consider genetic data in concert with other types of data
(Carstens et al. 2013), we took the geographic distribution of each popula-
tion into consideration when determining a biologically reasonable value
of source populations. We were particularly interested in visualizing the
extent of genetic differences between geographically distinct populations
within varieties across K values, and how different values of K illustrated
the extent of admixture (as indicated by individuals having portions of
their genomes assigned to different sources) between adjacent popula-
tions. Finally, given evidence for strong genetic structure between the
populations of P. cusickiana var. maguirei (Wolf and Sinclair 1997; Bjerre-
gaard and Wolf 2008), we were interested to see if either P. cusickiana var.
maguirei population in Logan Canyon was more closely related to another

species complex population than it was to the neighboring Logan Canyon
population.

SPLITSTREE—In addition to our STRUCTURE analysis, we used the
NeighborNet split network algorithm (Bryant and Moulton 2002) to visu-
alize the taxa sampled in this survey using a phylogenetic network.
NeighborNet works by iteratively grouping pairs of taxa together based
on similarities, in the same way that a neighbor joining tree is built. How-
ever, rather than a tree, the end result is a split network, in which splits in
the taxa are represented by parallel lines, and conflicting signals in rela-
tions of taxa are represented by boxes. The ability to represent different
phylogenetic hypotheses simultaneously allows this method to accommo-
date processes which undermine traditional phylogenetic analyses, such
as scenarios involving recombination and hybridization. This makes the
NeighborNet algorithm useful for summarizing RADseq data, where pat-
terns of loci across individuals may imply different genealogies. For our
complex-wide survey, we passed the output from our ipyrad de novo
assembly to the software SplitsTree v. 4.17.1 (Huson and Bryant 2006),
which we used to construct the NeighborNet split network.

DISCRIMINANT ANALYSIS OF PRINCIPAL COMPONENTS—In addition to STRUC-
TURE and the NeighborNet algorithm, we analyzed the results of our
complex-wide survey using Discriminant Analysis of Principal Components
(DAPC; Jombart et al. 2010) in the package adegenet in R v. 3.6.3 (R Core
Team 2020). DAPC is a statistical technique designed to accommodate the
size of genomic data sets and capable of differentiating within-group varia-
tion from between-group variation. SNP data is first transformed using a
principal components analysis (PCA), and then k-means clustering is run to
generate models and likelihoods corresponding to each number of popula-
tion clusters. The best-fitting model, and so the best-supported number of
populations, is assessed using the models’ Bayesian Information Criterion
(BIC) scores. We chose to utilize DAPC to visualize population clusters in a
PCA format, and to determine whether the supported number of clusters
was congruent with our STRUCTURE and SplitsTree results, indicating a
more robust determination of the number of unique taxa contained within
the complex (Carstens et al. 2013).

FST ESTIMATES—Because we wanted to measure the extent of genetic var-
iance within the groups analyzed, we used the VCFtools software (Dane-
cek et al. 2011) to generate weighted FST estimates (Weir and Cockerham
1984). We generated an FST estimate for our complex-wide analysis (across
all populations of all P. cusickiana varieties, excluding P. parryi) as well as
for the samples included in our P. cusickiana var.maguirei-only analysis.

RESULTS

Complex-Wide Genetic Survey—We retrieved, on average,
2.04 3 106 reads per sample, and our complex-wide ipyrad
run identified 1277 loci that were used in our subsequent
STRUCTURE analysis. Using the Evanno et al. (2005) method
yielded an optimal K value of K 5 5; using the method
described in the STRUCTURE manual (Pritchard et al. 2000)
identified the K value with the greatest likelihood as K 5 14
(Fig. 2). Given the limited differentiation between the
makeup of individuals for K values beyond K 5 7 (demon-
strated by the addition of minor genetic proportions in indi-
viduals composed largely of a single genetic group), we felt
K 5 14 was too large a number of source populations to
describe these taxa, and that distinctions at this level of clus-
tering were observable at much lower values of K. While the
value recommended by the Evanno method provides a more
conservative hypothesis, in that it recommends a lower num-
ber of putative source populations, this level of clustering
fails to illustrate the genetic distinction between the geo-
graphically separated Nevada (Jarbidge) and Oregon (Owy-
hee) populations of P. cusickiana var. cusickiana, which is
illustrated at values greater than K5 5. Similarly, we felt that
the clustering at K 5 6 failed to properly distinguish the dis-
tinct populations of P. cusickiana var. nevadensis in Great Basin
National Park (GRBA) and the Grant Range (Troy), a distinc-
tion which is quite notable at higher values of K. Therefore,
following the recommendations provided in Pritchard et al.
(2000) by examining how relationships between our sampled
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populations change across K values ranging from K 5 2 to
K5 16 (Figs. S2–S4, Koontz et al. 2022), we determined K5 7
to be the most biologically relevant value to describe this
group of plants. This level of source populations best cap-
tures the geographic isolation of all sampled populations,
with P. cusickiana vars. domensis and maguirei being clearly
delineated, P. cusickiana var. nevadensis showing distinctions
between its two populations, and P. cusickiana var. cusickiana
split into three groups composed of populations from the
Snake River Plain in Idaho (SRP), Nevada (Jarbidge), and
Oregon (Owyhee). Since higher K values emphasize the divi-
sions seen at this level, and further subdivide isolated popu-
lations of P. cusickiana vars. cusickiana and nevadensis, K5 7 is
an estimate which reflects the strong divisions within this
complex while allowing for more nuanced groupings of
unique populations to be made in light of future evidence.
Our NeighborNet split network analysis supports this clus-

tering value, and divisions seen in our STRUCTURE analysis
are similarly reflected in this split network (Fig. 3). Primula
cusickiana var. maguirei is separated from all other varieties,
while P. cusickiana var. domensis and the Great Basin National
Park population (GRBA) of P. cusickiana var. nevadensis group
together, and separately from the Grant Range population of
P. cusickiana var. nevadensis (Troy). Finally, P. cusickiana var.
cusickiana is split into the same three groups shown in our
STRUCTURE analysis: populations from the Snake River
Plain in Idaho (SRP), Nevada (Jarbidge), and Oregon (Owy-
hee), with the last population splitting from a branch shared
with P. parryi. Our DAPC analysis, however, revealed that
the greatest supported number of clusters (i.e. the value with
the lowest BIC score) was eleven (data not shown), a value
incongruent with our SplitsTree and STRUCTURE results,
suggesting that boundaries within this complex are elaborate.
At this level of genetic clusters, several groups were quite
small (consisting of only one or two samples), and groupings
were incoherent with the spatial distribution of populations.
To provide a clearer comparison to our STRUCTURE results,
and to examine relations strictly within the species complex,

we removed P. parryi outgroup samples from our dataset and
ran our DAPC with a specification of six clusters (Fig. S5,
Koontz et al. 2022). At this level of clustering, the population
of P. cusickiana var. nevadensis in the Snake Range of Great
Basin National Park (GRBA) is shown as a unique cluster,
while the P. cusickiana var. nevadensis population further
south in the Grant Range groups with the P. cusickiana var.
cusickiana population sampled from Oregon (Owyhee). Prim-
ula cusickiana var. domensis is a unique cluster which groups
closely to both of these. Thus, while our population level
analyses do not point to an unambiguous number of “true”
genetic clusters, some patterns are shared across techniques.
The extreme level of divergence between the sky island

populations in this species complex is reflected not only in our
population level analyses, but also in our relatively large FST
estimate across all complex populations, which was 0.72. Fig-
ure 4 illustrates proportions of sample membership to clusters
based on our STRUCTURE analysis at K 5 7 for all popula-
tions in their geographic context across the Great Basin.
Variety Specific Clustering—In our complex-wide analy-

sis, all P. cusickiana var. maguirei samples grouped as a single
cluster, distinct from all other populations of all other varie-
ties, indicating that neither Logan Canyon population is more
closely related to any populations of another variety. Even at
values of K5 16, the upper and lower Logan Canyon popula-
tions of P. cusickiana var. maguirei were not resolved from
one another.
However, reducing our sample set to onlymaguirei samples

allowed us to retain loci informative to this variety but
unshared with other complex member populations. Our P.
cusickiana var. maguirei-only ipyrad run generated an assem-
bly with 68,492 loci, indicating a large number of loci specific
to P. cusickiana var. maguirei and not shared with the wider
species complex. To speed up processing times, we ran
STRUCTURE on a 17,988 loci subset of maguirei-specific
markers. Using the CLUMPAK server, we found optimal K val-
ues of K 5 4 (using the Evanno method) and K 5 3 (using the
likelihood method described in the STRUCTURE manual).

FIG. 2. Sample STRUCTURE plots at K5 5 (the optimal K value determined by the Evanno DK method), K5 7 (the recommended value of K based on
all STRUCTURE outputs), and K 5 14 (the value of K with the greatest likelihood). Bars and names on the bottom indicate populations grouped based on
K 5 7 clustering. While groupings remain largely coherent across K values, nevadensis individuals at Troy peak appear more admixed and less unique at
K5 5, while separation between cusickiana populations along the Snake River plain is more observable at K5 14.
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Figure 5 shows the STRUCTURE plot at K5 3, which resolves
similar groupings of maguirei populations supported in
(Bjerregaard and Wolf 2008), and the distinctions between
upper and lower canyon populations. We also estimated
an FST value of 0.33 among these three populations, which
is comparable to previous estimates in Bjerregaard and
Wolf (2008).

DISCUSSION

Our analysis of RADseq data from Primula cusickiana com-
plex members demonstrates that the disjunct geographical
distribution of populations across the Great Basin is reflected
by pronounced genetic divergences. While the results of our
clustering analyses largely coincide with the divisions of cur-
rent varietal classifications, there are notable exceptions. Dis-
tinctions between isolated populations within varieties, as
well as similarities between neighboring populations of dif-
ferent varieties, can be observed in our STRUCTURE plots of
low K values (i.e. ranging from 2–6; see Figs. S2–S4) and in
our split network analysis. For instance, we found Great

Basin National Park (GRBA) P. cusickiana var. nevadensis popu-
lations to be admixed, with genetic contributions coming from
P. cusickiana var. domensis to the east and (to a lesser extent)
Grant Range P. cusickiana var. nevadensis populations to the
south. This is in accordance with past analyses of AFLP and
chloroplast DNA from the Primula section Parryi, which found
these two varieties to be extremely close (Kelso et al. 2009).
Our results also suggest a more nuanced understanding of

P. cusickiana var. cusickiana. Populations of this variety are
split into distinct clusters in our analysis, with Jarbidge
(Nevada) and Owyhee (Oregon) populations appearing
unique from each other and the remaining Snake River Plain
(SRP) populations in Idaho. That these distinctions are seen
in our STRUCTURE and SplitsTree analyses imply the
robustness of this result. Given the relatively wide distribu-
tion of this variety (growing in moist soils at lower elevations
than other complex members), our findings of genetic diver-
gence between its populations are noteworthy, and support
past evidence of phenotypic differences in different portions
of its range. For instance, past morphological research of
Idaho P. cusickiana var. cusickiana populations has suggested
dividing this taxa into three unique species (Mansfield 1993),

FIG. 3. Split network analysis generated using the NeighborNet algorithm. Tips indicate individuals, and groups are labeled by variety and populations,
with coloration matching the groupings used in the K 5 7 clustering of Fig. 2. Splits between taxa are represented by parallel edges (lines), and the lengths
of edges are proportional to the weight of the associated split.
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with Owyhee populations being classified as P. wilcoxiana.
Interestingly, our SplitsTree analysis suggests this population
has a close and possible reticulated relationship with P. par-
ryi, perhaps belonging outside of the P. cusickiana species
complex entirely. While all interpretations of this group

implicate its distinction from the rest of P. cusickiana var.
cusickiana, a more detailed phylogenetic and morphological
description of the Owyhee populations of P. cusickiana var.
cusickiana would be required before species recognition is
warranted.

FIG. 4. Map of sample locations with cluster membership. Sampling locations are represented by pie charts indicating percentage of population membership
to clusters determined at K5 7 STRUCTURE clustering threshold. With exception to nevadensis, most samples fall almost entirely within a specified cluster.
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The separation between populations within P. cusickiana
var. cusickiana, as well as our support of past findings of sig-
nificant genetic distances between the proximate populations
of P. cusickiana var.maguirei, underscore our discovery of pro-
found genetic divergences between all members of this spe-
cies complex, despite their distribution over a relatively small
geographic area. This trend is reflected not only in our clus-
tering analyses, but also in our weighted FST estimate of 0.72
across complex populations, a high value compared to simi-
lar estimates for other plant taxa (for instance, the mean FST
for plant taxa in a meta-analysis by Leinonen et al. (2008) was
estimated to be 0.24). Our sampling sites were determined by

maximizing sampling across the known geographic distribu-
tion of all populations of P. cusickiana var. cusickiana, in addi-
tion to collecting from all documented populations of the
more geographically restricted varieties (P. cusickiana vars.
maguirei, nevadensis, and domensis). Therefore, short of the dis-
covery of new populations (e.g. in different sky island habi-
tats in the Great Basin, or outside P. cusickiana var. cusickiana’s
known locations), we believe this is an exhaustive geographic
survey of this complex. Although these results support the
historical designation of species for these complex members,
rather than variety, we restrain from asserting that designation
here, based on our reported population genetic comparisons

FIG. 5. STRUCTURE plot for maguirei samples at a clustering threshold of K 5 3, with a map depicting the lower and upper canyon collection sites.
While maguirei clustered together in the complex-wide analysis,maguirei-only analysis was able to resolve divisions suggested in past studies.
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alone. In accordance with using several types of nongenetic
data, in addition to more standard genetic tests, to support spe-
cies definitions (Carstens et al. 2013), we believe more thorough
morphological and phylogenetic analyses (ideally including
both nuclear and cpDNA), as well as breeding surveys, are nec-
essary before unambiguous species designations can be made.
Strong genetic structure between groups, while typically indic-
ative of separate species, is not sufficient on its own for estab-
lishing species identification (Sukumaran and Knowles 2017),
especially given the potential for genetically separate groups to
generate fertile offspring, thereby violating the central criterion
of the biological species concept (Huang 2020). However, regard-
less of formal classification, these findings of strong genetic sepa-
ration are worthy of interest simply due to their environmental
and biogeographical context. Below, we consider how three phe-
nomena (biogeographical trends in the Great Basin, edaphic
endemism, and reproductive traits specific to Primula) may con-
tribute to the significant genetic divergence observed across this
species complex.
Great Basin Sky Island Biogeography—Members of the

P. cusickiana complex are found at relatively high (2000–3300
m) elevations throughout the Great Basin. Many of these are
sky island locations associated with strong ecological shifts as
habitat transitions from lower sagebrush steppe to cooler, more
forested regions dominated by pinyon and juniper. Now sepa-
rated by arid basins due to climatic warming in the Holocene,
these sky islands are understood to be the fragmented rem-
nants of a continuous region of cool, moist habitat which once
extended across the Great Basin (Thompson and Mead 1982).
This has led to their characterization as refugia for various taxa,
particularly mammals (Brown 1971; Badgley et al. 2014), but
also butterflies (Boggs and Murphy 1997) and plants (Harper
et al. 1978; Nowak et al. 1994; Charlet 2007).
However, research regarding the populations unique to

these sky island habitats has noted that many species distri-
bution patterns among Great Basin mountaintops do not fol-
low a strictly island biogeographical model (Lawlor 1998;
Fleishman et al. 2001), in that neither island surface area nor
proximity to “mainland” source populations (typically identi-
fied as the western Sierra Nevada or eastern Rocky Moun-
tains) is predictive of species abundance (Fleishman et al.
2001). And in some taxa, there is evidence for regular, mod-
ern dispersal between Great Basin ranges (Floyd et al. 2005).
An alternative scenario is that this complex has followed
what has been described as an “expanding-contracting
archipelago” (ECA) model, in response to Quaternary glacial
cycles (DeChaine and Martin 2005a). The ECA model has
been used to describe the divergence between Rocky Moun-
tain sky island plant taxa (Dechaine and Martin 2005b; Hodel
et al. 2021), and provides a framework for explaining the
genetic structure observed between isolated montane popula-
tions on a broad spatial scale. In this model, populations are
assumed to become fragmented as they contract up-slope
during warmer interglacials; during glacial periods, popula-
tions expand down-slope as moist, cool habitat becomes
widespread, leading to hybrid zones and possible admixture.
Given the degree of fragmentation between P. cusickiana’s
populations in today’s climate (which resembles past inter-
glacial periods), and the admixture between the relatively
proximate populations of P. cusickiana vars. domensis and
nevadensis revealed in our analysis, this model offers a viable
explanation for the trends observed in this species complex.
In addition to determining areas of refugia and secondary

contact between these varieties, Quaternary glacial cycles
may have influenced the colonization of the Intermountain
West region more broadly. In the late Tertiary, Primula sec-
tion Parryi is considered to have derived from an ancestral
lineage within the Auriculastrum clade in east Asia (Zhang
and Kadereit 2004; Zhang et al. 2004), with Primula parryi
being the first to diverge from a common North American
ancestor (Kelso et al. 2009). Given the prevalence and diversi-
fication of Primula in the Arctic (Kelso 1992), climatic fluctua-
tions have likely played a role in the north-south dispersal of
this genus across the North American continent.
Edaphic Endemism—In conjunction with climatic niche

preferences, complex P. cusickiana vars. maguirei, domensis,
and nevadensis are found on the cliffs and crevices of exclu-
sively limestone substrates. Edaphic endemism is known to
play a role in the diversification of plant species, both globally
(Rajakaruna 2018; Hulshof and Spasojevic 2020) and within
the Great Basin region specifically (De Queiroz et al. 2012;
Brown and Mansfield 2017), and we might consider whether
the trends uncovered in our genetic survey are a result of
edaphic preferences of these populations. Within Primula sec-
tion Parryi, the only species that is as narrowly restricted to
calcareous substrates is P. capillaris, which is endemic to the
Ruby Mountains of Nevada and has been shown to be closely
related to P. cusickiana complex members (Kelso et al. 2009).
P. rusbyi, which has a range from the southern Rocky Moun-
tains to northern Mexico, is also found in limestone soils, but
has been associated with granitic habitats as well. Given the
wider edaphic niches of members of Primula section Parryi
outside of the P. cusickiana species complex, it seems more
likely that the edaphic preferences of P. cusickiana vars.
maguirei, domensis, and nevadensis are the result of a tendency
towards moisture retaining substrates, rather than specific
mineral or pH constraints (Kelso et al. 2009). If so, we would
expect the available niche space of the populations within
this species complex to be contingent on the historical cli-
matic fluctuations of the Great Basin, as described above, and
not the edaphic heterogeneity of the region alone. Regardless
of the ultimate cause, allopatry across distinctive climatic and
edaphic niches seems to contribute to the genetic divergences
in P. cusickiana’s populations, a trend observed in other sec-
tions of Primulaceae, as well (Boucher et al. 2016).
Speciation and Heterostyly in Primula—Recent research

has shown several different alpine Primula species complexes
to contain previously undescribed cryptic species, in China
(Huang et al. 2019; Ren et al. 2020) and in Europe (Schorr et al.
2013; Theodoridis et al. 2019). Our findings on the P. cusickiana
species complex resonate with these trends, and raise the ques-
tion of what unique traits Primula possesses which might cause
such frequent diversification via allopatric speciation. In addi-
tion to edaphic preferences in this genus, it has been argued
that heterostyly, a widespread breeding system in angiosperms
to promote outcrossing, may be a driving force leading to
speciation in Primula (He et al. 2021). In heterostyly, “pin”
and “thrum” floral morphologies prevent self-fertilization
via insect pollination (Darwin 1877), and are associated
with a sporophytic-incompatibility system which follows a
Mendelian pattern of inheritance (Li et al. 2016). Changes in the
prevalence of heterostyly across populations could lead to the
divergence between distylous and homostylous populations,
and ultimately speciation. Within populations, the possible del-
eterious effects of reduced effective population size (due to
exclusive mating with individuals of the opposite morphology)
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seem to be counterbalanced by the genetic advantages of out-
crossing, leading to greater net diversification over evolution-
ary time (De Vos et al. 2014). While the extent of distyly within
populations has been well documented in P. cusickiana var.
maguirei (Davidson et al. 2014), observation of distylous morph
ratios in other species complex populations would be required
to determine if these dynamics are driving the divergences
seen at the species complex level.
Conclusion—The results of our genetic survey of Primula

cusickiana fit into a wider trend demonstrating abundant allo-
patric speciation despite little niche divergence in other alpine
Primula species complexes. Our findings support the historical
classification of each of these complex members as unique spe-
cies, rather than the varietal classification taken in (Holmgren
and Kelso 2001). Furthermore, these results warrant a more
detailed understanding of the isolated and genetically unique
populations in this complex (such as P. cusickiana var. cusickiana
populations in Nevada and Oregon), and of the admixture
observed in the populations of P. cusickiana var. nevadensis.
Similarly, updated morphological comparisons between vari-
eties, breeding experiments across the groups described in
this study, and observations into the levels of heterostyly in
disjunct populations, would offer a clearer understanding of
the mechanisms of speciation occurring within this complex.
Further genetic comparisons including P. capillaris would be
able to clarify the currently ambiguous relationship between
this species and the P. cusickiana species complex, and may
bolster or conflict with the trends of allopatry seen in our results.
Finally, the endemic species with narrow niches included in this
study, such as P. cusickiana var. maguirei, but also P. cusickiana
vars. nevadensis and domensis, and P. capillaris, warrant concern
of extinction, and more work needs to be done to better under-
stand the threats faced by each of these taxa in order to ensure
their survival in an increasingly arid Great Basin.
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APPENDIX 1. List of voucher specimens included in this study. Order
of data is as follows: Species, Voucher, Herbarium. Institutional barco-
des or accession numbers are included as parenthetical values follow-
ing the voucher, when available.

Ingroup: Primula cusickiana var. cusickiana, 25330978, Intermountain Her-
barium; Primula cusickiana var. cusickiana, 25330990, Intermountain Herbar-
ium; Primula cusickiana var. cusickiana, 25331045, Intermountain Herbarium;
Primula cusickiana var. cusickiana, 25331062, Intermountain Herbarium;
Primula cusickiana var. cusickiana, 25331021, Intermountain Herbarium;
Primula cusickiana var. cusickiana, 25331015, Intermountain Herbarium;
Primula cusickiana var. cusickiana, 25331018, Intermountain Herbarium;
Primula cusickiana var. cusickiana, 25331034, Intermountain Herbarium;
Primula cusickiana var. cusickiana, 25331004, Intermountain Herbarium;
Primula cusickiana var. cusickiana, 25330994, Intermountain Herbarium;
Primula cusickiana var. cusickiana, 25330991, Intermountain Herbarium;
Primula cusickiana var. maguirei, 25331026, Intermountain Herbarium; Prim-
ula cusickiana var. maguirei, 25331039, Intermountain Herbarium; Primula
cusickiana var. maguirei, 25331041, Intermountain Herbarium; Primula
cusickiana var. nevadensis, 25331101, Intermountain Herbarium; Primula
cusickiana var. nevadensis, 25331106, Intermountain Herbarium; Primula
cusickiana var. nevadensis, 25331092, Intermountain Herbarium; Primula
cusickiana var. domensis, 25331066, Intermountain Herbarium; Primula
cusickiana var. domensis, 25331070, Intermountain Herbarium; Primula
cusickiana var. domensis, 25331077, Intermountain Herbarium; Primula
cusickiana var. domensis, 25331083, Intermountain Herbarium.

Outgroups: Primula capillaris, 770850 (ASU0020421), Arizona State Uni-
versity Vascular Plant Herbarium; Primula capillaris, 3025822 (UTC00138833),
Intermountain Herbarium; Primula parryi, 25331110, Intermountain Her-
barium; Primula parryi, 25331112, Intermountain Herbarium.
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