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Abstract The resolution of cryptic diversity is essential for understanding the evolutionary diversification of lineages and establishing
conservation priorities. We examine relationships in Eriogoneae (Polygonaceae), a diverse lineage in western North America. We ask
whether Eriogonum umbellatum, a morphologically and ecologically diverse species, is monophyletic and whether its varieties repre-
sent evolutionary lineages. We use genotyping-by-sequencing to assemble a SNP dataset for 51 species in the genera Chorizanthe,
Eriogonum and Sidotheca. We report a hierarchical phylogenetic analysis using maximum likelihood to estimate the evolutionary his-
tory of Eriogoneae. We illustrate admixture components for 21 populations of E. umbellatum, representing four varieties, and test for
lineage structure using TreeMix. We identify strongly supported clades within Eriogoneae. Many relationships in the Eucycla + Ore-
gonium and Latifolia clades are supported, while most relationships within the Eriogonum subg. Oligogonum clade and a clade with
most Chorizanthe remain unresolved. Eriogonum congdonii resolves within the main E. umbellatum clade, while populations of three
varieties of E. umbellatum are closely related to E. ursinum and are associated with serpentine soils. ADmixture and TreeMix analyses
suggest E. umbellatum varieties represent evolutionary lineages. These results from SNP data are largely consistent with previous phy-
logenetic studies of Eriogoneae based on sequence variation. Structure within Oligogonum suggests consistent environmental associ-
ation and radiation after initial colonization of serpentine. Morphology is unreliable for the infraspecific taxonomy of E. umbellatum.
Additional molecular studies are needed to resolve the evolutionary relationships and ecological diversification within this species, in
Oligogonum, and in Eriogoneae.

Keywords cryptic species; endangered plants; species circumscription; sulphur flower; taxon limits; taxonomic uncertainty;
within-species diversity; wild buckwheat

Supporting information may be found online in the Supporting Information section at the end of the article.

■ INTRODUCTION

Understanding taxon limits, evolutionary relationships and
within-species diversity is essential for planning for the conser-
vation of biological diversity. Accurate species-level taxonomy
is crucial because much of conservation planning and legislation
for biodiversity protection is based on lists of species in potential
reserves and management areas (Mace, 2004; Costello & al.,
2015). Similarly, understanding of lineage structure and geo-
graphic distribution of intraspecific diversity is important

because focusing on the level of species alone likely misses
biological variation that is important to the conservation of
species and ecological systems (Rojas, 1992; Pearman, 2001).
Intraspecific genetic variation can underlie plant functional di-
versity (Medrano & al., 2014), and impact plant community
structure and ecological processes (Whitlock, 2014). Functional
variation among diverging intraspecific lineages suggests the
importance of incorporating lineage identity in efforts to model
climate impacts on species and on taxa below the species level
(A.B. Smith & al., 2019). When lineage structure remains
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unidentified, prediction of climate change impacts may be com-
promised, in turnmisleading efforts to develop conservation pol-
icy (Pauls & al., 2013). This is notably true of cryptic variation
that is associated with environmental variability (Theodoridis
& al., 2019). Such cryptic variation can arise from lineage diver-
gence, potentially followed by plasticity, parallel evolution
during local adaptation (Trucchi & al., 2017), or through mor-
phological convergence of closely related species to similar
environments (Kostikova & al., 2014). Unfortunately, our un-
derstanding of the occurrence of cryptic diversity in many gen-
era and within species of conservation interest is often lacking.

One plant group that is the subject of substantial system-
atic and conservation interest is Polygonaceae tribe Eriogoneae
(sensu Reveal, 2005, excluding Pterostegieae), a New World
and primarily western North American lineage of 340 currently
recognized species and 548 minimum-rank taxa (varieties, sub-
species). Most of the 18 genera within the tribe are small, with
1–3 species, whereas 93% of the species are placed in Eriogo-
num (252 spp.) or Chorizanthe (63 spp.). In fact, Eriogonum
(wild buckwheat) is one of the largest genera in North America,
where it is broadly distributed across a wide range of elevations,
soil types, and plant communities. As of December, 2020,
16 Eriogoneae taxa appear listed under the United States Endan-
gered Species Act, including the genera Eriogonum (two spe-
cies, five additional varieties), Chorizanthe (three species, four
varieties), Dodecahema (one species) and Oxytheca (one vari-
ety; U.S. Fish & Wildlife Service, 2020). Numerous species
and varieties of Eriogoneae appear in state, regional and
U.S. government agencywatch lists of sensitive species and taxa
of conservation concern (e.g., Anonymous, 2017; California
Native Plant Society Rare Plant Program, 2020; California Nat-
ural Diversity Database, 2020; Nevada Division of Natural
Heritage, 2021). However, aspects of the taxonomy of Eriogo-
neae, based almost entirely on comparative morphology, and
its evolution have come into question with analyses of DNA se-
quence data, which reveal that neither Eriogonum nor Chori-
zanthe is monophyletic (Sanchez & Kron, 2008). Further, in
the most densely sampled phylogenetic estimate of the tribe to
date (Kempton, 2012), based on three markers (ITS and two
chloroplast loci) and representing all 18 genera and 146 (43%)
species, only one subgenus having two or more samples within
Eriogonum and Chorizanthe appears as monophyletic (C. subg.
Chorizanthe).

Eriogoneae exhibit morphological convergence when in
similar climates (Kostikova & al., 2014), which suggests that
morphological similarity due to adaptation or phenotypic plas-
ticity may obscure species-level variation, hinder development
of an accurate taxonomy, and complicate the discovery of in-
traspecific lineages. For example, assessment based on mor-
phological characters has resulted in relegating some species
to the varietal rank within Eriogonum umbellatum, a morpho-
logically and ecologically diverse species with 41 currently
recognized varieties (Reveal, 1968, 2005). Some varieties of
this species are distinguished partially based on geography,
suggesting it may be a catchall taxon for morphologically sim-
ilar ecotypes and lineages. We consider the morphology-based

classification of varieties as a hypothesis for lineage structure
within the species, the monophyly of which has not been
tested. Further, restricted ecological distribution and narrow
geographic endemicity of varieties may be insufficient to alert
conservationists to potentially important variability in this spe-
cies and other Eriogoneae in the absence of genetic evidence
(e.g., Reveal, 1981). These observations indicate a need for ex-
pandedmolecular analysis to clarify evolutionary relationships
and support conservation needs in Eriogoneae in general, and
especially in taxa with high morphological and ecological di-
versity, such as E. umbellatum.

Sequence-based phylogenies of Eriogoneae have been
complemented by studies of population genetic structure of some
species of conservation concern. Variation at allozyme loci has
not provided a genetic basis to distinguish rare and widely dis-
tributed varieties of Eriogonum ovalifolium (Archibald & al.,
2001). In contrast, allozyme and morphological data indicate
that E. robustum is a species and not a variety of E. lobbii
(Kuyper & al., 1997). Grady & Reveal (2011) and Grady (2012)
suggest that one variety of E. ochrocephalum represents a
species-level lineage (E. calcareum). Nonetheless, inter simple
sequence repeat (ISSR) variation does not support designation
of rare and common varieties of E. shockleyi, despite substantial
morphological differences (J.F. Smith & Bateman, 2002). In
comparison, plastid and nuclear sequence variation provide ev-
idence of negligible levels of gene flow among endemic Erio-
gonum populations on the California Channel Islands (Riley
& al., 2016), and analysis of microsatellite variation indicates
low genetic variation and population bottlenecks in a variety
of E. giganteum on one of these islands (Riley & al., 2019).
These results suggest that population genetic variation from
several kinds of data do not consistently support the existence
of evolutionary lineages that coincide with recognized taxa. It
remains unclear whether morphology in Eriogoneae is an
indicator of lineage structure at the varietal level, althoughmor-
phologically similar species of other taxa can often be distin-
guished with sequence data from multiple loci (Yang &
Rannala, 2010). With the exception of Lemon & Wolf (2018;
see below), the kinds of loci principally employed so far in
the study of Eriogoneae may be unable to resolve genetic vari-
ation among varieties whenvarietal variation inmorphology in-
volves little genetic divergence and incomplete lineage sorting.

Single nucleotide polymorphisms (SNPs) at many loci
are advantageous for examining evolutionary relationships
and lineage structure (Brumfield & al., 2003) because they
provide a larger number of markers than do microsatellite loci,
and are subject to lower error rates (Ball & al., 2010; Gompert
& Buerkle, 2013; Jeffries & al., 2016). In non-model groups
with no genomic resources, like Eriogoneae, thousands of
SNPs can be obtainedwith reduced representation sequencing,
such as restriction site-associated DNA sequencing (RADseq)
and genotyping-by-sequencing (GBS; Andrews & al., 2016).
These markers provide useful information for constructing
species phylogenies (Cariou & al., 2013) and studying intro-
gression and intraspecific lineage structure in plants (Lexer
& al., 2014; Kim & al., 2018). GBS data and phylogenetic
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analyses can resolve taxonomic uncertainties among currently
recognized species, investigate population structure within
species, and identify loci that are associated with environmen-
tal gradients and may be targets for local adaptation (Klimova
& al., 2018). Recent work reports the use of ddRADseq to ex-
amine levels of genetic diversity and admixture in two closely
related Eriogonum species, confirming their species status
(Lemon & Wolf, 2018).

The main objectives of this project are to (1) assess the
utility of GBS for phylogenetics at different scales within
Eriogoneae—tribe, genus, species, and variety; (2) test the
monophyly of the widespread, variable Eriogonum umbella-
tum; and (3) reveal the pattern of intraspecific genetic variation
for a large sample of E. umbellatum varieties and populations
and determine whether the pattern coincides with the current
varietal delimitations. We report analysis of GBS data for a
sample of species within the genera Eriogonum and Chori-
zanthe fromCalifornia, Nevada and Oregon.We use these data
in phylogeny estimation and identification of ancestral groups
and admixture of lineages.We find further support for existing
phylogenetic hypotheses demonstrating the non-monophyly
of Eriogonum and Chorizanthe. We also identify samples re-
presenting three varieties of E. umbellatum that resolve apart
from the other varieties and likely represent distinct species,
and we provide evidence for additional cryptic variation within
E. umbellatum.

■MATERIALS AND METHODS

Tissue collecting, sequencing, and bioinformatics. —
Plant leaf tissue was collected in the course of targeted sam-
pling during September and October 2014 and June and July
2015. Two of us (PBP, JTC) identified the likely location of
populations of Eriogonum umbellatum using georeferenced
herbarium records. We concentrated collecting in the states
of California, Nevada and Oregon because of the large num-
ber of varieties of E. umbellatum and other Eriogoneae in this
combined area. Several initial attempts to use occurrence data
lacking original GPS coordinates (i.e., retrospectively geore-
ferenced) presented difficulties for finding small, spatially re-
stricted populations. Thus, we focused on locating populations
of E. umbellatum from records that had at least 30 arc sec pre-
cision. From each plant we collected approximately 0.5 g green
leaves into number 1manila “coin” envelopes, sealed these, and
placed them immediately into tripled plastic zip-closure bags
with silica desiccant. These bags were kept in a cooler on ice
for 48 h. We collected E. umbellatum leaves from 30 plants
along an informal transect through each population, oriented
through the longest dimension of the population and starting
with a plant at an arbitrary population edge.We sampled subse-
quent plants that were at least 2 m apart, unless populations
were so small as to make this infeasible. In this case, neighbors
were omitted from collection whenever possible to reduce the
collection of siblings and better span the extent of the popula-
tion. At each site we noted whether the soil appeared to be

serpentine, relying on soil color, exposed parent material,
sparse vegetation, and serpentine indicator species (Brady
& al., 2005). While we may have misclassified soil with little
serpentine character, serpentine soils are widely distributed
in northern California, and the associated vegetation differs
distinctly from that on non-serpentine areas (Damschen &
al., 2011). We sampled as many varieties of E. umbellatum as
possible. We collected tissue from single individuals of addi-
tional Eriogoneae species as they were encountered, especially
E. subg.Oligogonum, in whichE. umbellatum is classified. For
each population we pressed specimens to serve as vouchers
and deposited these in the herbarium (RSA) of the California
Botanic Garden, Claremont, California, U.S.A. Additional
desiccated samples and voucher specimens were contributed
ad hoc by additional botanists. All samples of Eriogoneae
were determined to species and variety by JTC, and several
species and most varieties were not sampled in previous stud-
ies. The taxon names, samples, localities, and vouchers are
provided in Appendix 1 and supplementary Appendix S1.

Whole genomic DNAwas isolated with the DNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) by SGIker genomic ser-
vices at the University of the Basque Country, Leioa, Spain.
Samples were first homogenized using 1.4 mm ceramic beads
in a Percellys 24 (Bertin Instruments, Montigny-le-Breton-
neux, France) and then extracted following kit instructions.
Libraries for GBS (Elshire & al., 2011) were prepared at the
Centro Nacional de d-Anàlisi Genòmica (CNAG, Barcelona,
Spain). A single restriction enzyme, ApeKI, was used to cut ge-
nomic DNA during library construction. ApeKI recognizes a
5-base pair degenerative sequence (GCWGC). Barcodes were
designed to allow for two sequencing errors without confusion
of samples. Paired-end sequencing of 678 samples representing
the genera Eriogonum, Chorizanthe and Sidotheca was con-
ducted on Illumina HiSeq machines with a read length of 101
base-pairs.

Sequences from each run were parsed based on presence
of the enzyme remnant cut site and in-line barcodes with
GBS-SNP-CROP v.4.0 (Melo & al., 2016), and trimming
based on quality and adapters was performed with GBS-
SNP-CROP and Trimmomatic v.0.36 (Bolger & al., 2000).
We accepted reads with a minimum Phred quality score of
20. These parsed and quality-filtered reads were demulti-
plexed according to their in-line barcode, and a pair of FASTQ
files were produced for each samplewith GBS-SNP-CROP. A
mock reference was built with a de novo assembly method
based on sequence similarity using Pear v.0.9.6 and Vsearch
v.1.1.3 (Zhang & al., 2014; Rognes & al., 2016). Reads were
aligned against this reference using BWA-MEM v.0.7.12 and
mapped reads were filtered with SAMtools v.1.2 (Li &
Durbin, 2009; Li & al., 2009). The properly paired, primary
aligned reads were kept to produce an mpileup file for each
sample. Variant calling was done using GBS-SNP-CROP
pipeline, including a series of filters. We discarded SNPs with
more than two alleles and all loci with read depths less than
6 and greater than 100 (to reduce the potential for confounding
of non-orthologous loci). The resulting data on 699,331 SNPs
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and 678 samples were exported to PLINK v.1.9 (Chang &
al., 2015) files for further filtering. SNPs with greater than
50% missingness across samples were removed, as were indi-
viduals with greater than 50%missing genotype data at the re-
maining SNPs. Data from reduced representation sequencing,
such as GBS and RADseq, display increasing rates of missing
homologous loci (dropout) as the phylogenetic distance among
samples increases (Pante & al., 2015). In order to mitigate this
effect, we subsequently filtered SNP datasets for each analysis
separately.

Phylogenetic analysis. — We conducted a hierarchical
phylogenetic analysis of GBS SNP data in order to (1) compare
Eriogoneae phylogenetic estimates made from a small number
of loci in previous studies to those from many GBS loci in this
study, (2) determine whether any of the sampled varieties of
Eriogonum umbellatum resolve elsewhere in the phylogeny,
and (3) determinewhether any closely related species inE. subg.
Oligogonum resolve as sister to E. umbellatum. All trees were
constructed with the maximum likelihood (ML) algorithm
RAxML v.8.2.12 (Stamatakis, 2014), using generalized time re-
versible (GTR) substitution with gamma distributed substitution
rates and correction for the removal of invariant sites (ascertain-
ment bias). In each case we assessed node support with 1000
bootstrapped trees and generated a bestML tree. At the broadest
phylogenetic level, we included 53 samples representing 50
ingroup species in Eriogonum and Chorizanthe in a SNP
alignment. Eight samples represented Eriogonum species not
previously included in phylogenetic analyses, which were
E. callistum, E. douglasii, E. gracillimum, E. incanum, E. latens,
E. libertini, E. nervulosum, and E. polypodum. Two varieties
of E. umbellatum were represented and two samples of
E. caespitosumwere also included because of taxonomic uncer-
tainty. We included one sample of Sidotheca trilobata as the
outgroup. This dataset was filtered to remove SNPs with
greater than 50% missing genotypes across sites, as well as
SNPs with minor allele frequency (MAF) less than 0.05.
Subsequently, all heterozygous genotypes were converted
to missing because this has little effect on estimation of
topology and we were not estimating divergence times
(Lischer & al., 2014). TheVCF filewas converted to PHYLIP
format with a python script (Oritz, 2019), removing invariant
sites.

With a goal of identifying the sister clade to Eriogonum um-
bellatum, we then constructed a second SNP alignment with only
those species forming a strongly supported clade in the previous
analysis and corresponding tomembers ofE. subg.Oligogonum.
Again we included the two E. umbellatum samples, and used
E. wrightii from E. subg. Eucycla as the outgroup. This align-
ment contained 16 ingroup samples, representing 15 species.
We generated a PHYLIP format file and the ML tree with
RAxML as above. Finally, we constructed a third ML tree to fur-
ther test the monophyly of E. umbellatum. We expanded the
previous analysis to include all 23 samples of E. umbellatum, re-
presenting 18 recognized varieties and 10 additional species, and
again used E. wrightii as the outgroup. We filtered for missing-
ness, heterozygosity and invariant sites, as above.

Varietal delimitation and admixture. — After examin-
ing the monophyly of Eriogonum umbellatum, we sought to
address the genetic relationships among the varieties that were
represented by the populations we collected of this species,
constituting potentially as many as 580 sequenced samples, 10
per population. We removed samples that resolved outside of
E. umbellatum in the previous phylogenetic analyses.We then fil-
tered the data to remove SNPs with over 50% missingness and
then imported the PLINK file into R (R Core Team, 2020) with
BEDMatrix v.2.0.1 and assigned genotype values of 1 or 0 to
represent genotype presence or absence. We conducted principal
coordinates analysis (PCoA, Legendre&Legendre, 1998) on this
matrix using the functions “dist” and “cmdscale”. Because we
observed structure in plots of individuals on the first three PCoA
axes, we clustered the samples with “Mclust” in the mclust R
package v.5.4.7 (Scrucca & al., 2016) and determined the most-
supported number of clusters with the Bayesian information
criterion (BIC).We selected 21 populations with eight or more
individuals in the largest cluster for population-level analysis
of varieties, using genotypes at all SNPs from all 10 sequenced
individuals in these populations. Once reduced to only these
individuals, the PLINK filewas filtered to remove invariant sites,
SNPs with MAF <5%, and ones with >50% missingness. We
chose one SNP per locus at random for further analysis.We used
the programADmixture v.1.3.0 (Alexander& al., 2009) to iden-
tify groups of populations with common ancestry and identify
the degree of genetic admixture among varieties. By using a sam-
ple of 10 individuals from all populations, we avoided admixture
groups that may be called due to differences in sample sizes
among populations (Kalinowski, 2011). We employed TreeMix
v.1.13 (Pickrell & Pritchard, 2012) to obtain an ML estimate of
relationships among populations, identify putative migration
events, and provide an analysis for comparison with population
admixture. Preliminary TreeMix runs with 1 to 30 migration
events indicated that tree topology did not change substantially
with five or more migration events, so we chose this number of
migrations to produce a tree and conduct 100 bootstrap replicates
in order to examine support for the final topology and putative
geneflow. The SNP datasets for the phylogenetic analysis, and
the ADmixture and TreeMix analyses can be downloaded from
Dryad (https://doi.org/10.5061/dryad.7h44j0zs7).

■ RESULTS

Overall the mean number of reads per sample is 1.48 × 106

(s.d. = 6.35 × 105) and themean yield is 0.292 gigabases/sample
(s.d. = 0.124 gigabases). A total of 16,647 biallelic SNPs have
rates of missingness less than 0.5 and are retained. A total of
581 samples have missingness rates less than 0.5 for the retained
SNPs and are included in the initial VCF file. Samples for further
analysis come from this file and sets of re-filtered SNPs. The
number of species and varieties varies among the hierarchical
levels of the phylogenetic analyses.

Phylogenetic analysis.— Filtering of the SNP matrix for
the 53 samples representing 50 ingroup species and 1 outgroup
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Fig. 1. Best maximum likelihood tree produced with RAxML for 51 taxa in Eriogonum and Chorizanthe, with Sidotheca trilobata as the outgroup.
A matrix of 2062 SNPs was used. Bootstrap support values are shown and are based on 1000 trees assembled with the rapid bootstrap option in
RAxML. Clade names correspond to those in Kempton (2012).
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species (suppl. Appendix S1) results in 2062 SNPs available for
analysis after filtering SNPs for less than 50% missing geno-
types and to remove heterozygous genotypes and invariant
sites. Clade support is mixed (Fig. 1). As discussed below, the
topology is largely consistent with previous studies, with no
hard conflicts involving well-supported clades. To facili-
tate comparisons, we employ the provisional names used
by Kempton (2012) to identify major lineages within Erio-
goneae. The Nemacaulis clade, including E. microtheca
(Applequist, 2014: 1370) and three additional species, is
well supported and sister to a strongly supported clade com-
prising the remaining sampled species of Eriogonum and
Chorizanthe. This clade comprises four strongly supported
clades and two Chorizanthe species whose interrelation-
ships, however, are uncertain (i.e., low bootstrap support):
(a) Chorizanthe + Fasciculata + Elata clade, (b) Eucycla/
Oregonium + Latifolia clade (these two clades in turn are
strongly supported as sister), (c) Chorizanthe membrana-
cea, (d) Chorizanthe watsonii, and (e) Oligogonum clade.
Of these, the Oligogonum clade stands out by having many
short branches and little internal support. In this analysis,
the only well-supported relationships within Oligogonum
are among E. libertini, E. nervulosum, and E. ursinum.

Reduction of the original dataset to focus exclusively
on 16 samples of 15 species in the Oligogonum clade, with

Eriogonum wrightii as the outgroup, and re-filtering for geno-
type missingness less than 50% and invariant sites, yields
1522 SNPs available for analysis (suppl. Appendix S1). The
resulting tree (Fig. 2) is better supported than the larger-scale
analysis (Fig. 1), but many relationships remain uncertain.
However, in addition to the E. libertini + E. nervulosum +
E. ursinum clade, the dioecious species E. diclinum, E. inca-
num, and E. marifolium are strongly supported as a clade,
and supported as sister to this clade is E. polypodum. Marginal
support exists for the placement of E. congdonii within
E. umbellatum.

Expanding the analysis of the Oligogonum clade to include
at least one representative of each sampled variety of Eriogo-
num umbellatum, and filtering out invariant sites and those
withmissing genotypes greater than 50%, provides an alignment
of 1503 SNPs with 33 ingroup samples representing 31 taxa
(Fig. 3, suppl. Appendix S1). Most samples of E. umbellatum
form a strongly supported clade. The exceptions are the samples
representing E. umbellatum var. glaberrimum and var. good-
manii, and one of the two samples of var. argus. These three
samples form a clade that is strongly supported as sister to
E. ursinum + E. nervulosum + E. libertini. Also, as forecast by
the prior analyses (Figs. 1, 2), E. congdonii resolves in the main
E. umbellatum clade. Besides the foregoing relationships, the
only other relationship garnering high bootstrap support is that

Fig. 2.Maximum likelihood tree for the sampled taxa in the Oligogonum clade, using Eriogonumwrightii as the outgroup. Bootstrap support values
are based on 1000 trees produced by the rapid bootstrap algorithm in RAxML. A clade with E. umbellatum samples is weakly supported.
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betweenE. umbellatum var.minus and var.munzii, both distrib-
uted in the mountains of southern California.

Varietal delimitation and admixture in E. umbellatum.—
Principal coordinates analysis resolves the structure in miss-
ingness of genotypes in a SNP matrix with 560 Eriogonum
umbellatum samples, representing 56 populations and 16
varieties. Subsequent clustering of the first 100 PCoA eigen-
vectors with the “Mclust” function reveals that four clusters
of populations receive maximal support under the BIC criterion.
Of these populations, 21 have eight or more samples included
in the largest cluster (suppl. Appendix S2). We focus on these
21 populations because differing patterns of missingness ren-
ders incorporation of samples frommultiplemclust groups sus-
ceptible to artifactual results. The 21 populations represent four
named varieties. Filtering the SNP dataset to include only these

Fig. 3. Maximum likelihood tree of sampled taxa in Eriogonum umbellatum, rooted with E. wrightii, showing non-monophyly of E. umbellatum,
including E. congdonii positioned in the main E. umbellatum clade. Samples representing three varieties of E. umbellatum fall outside of the highly
supported E. umbellatum clade. “S” indicates sample was collected from serpentine or strongly ultramafic soils; “NA”, no soil data, “*”, reported
from serpentine elsewhere in the literature.

Fig. 4. Cross-validation error as a function of inferred number of ances-
tral groups in analysis with ADmixture.
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samples, then filtering SNPs as described above, with addi-
tional reduction of SNPs to only one per locus, produces a
dataset with 3608 SNPs and no missing genotypes for the
210 samples.

Pairwise Wier-Cockerham Fst values among the 21 popu-
lations average 0.196 (s.e. = 0.00416, max = 0.349, min =
0.0356). ADmixture analysis and comparison of cross-vali-
dation error indicate that the 21 populations represent four to
five putative ancestral populations (Figs. 4, 5). When K = 5,
four of the five groups coincide with the varietal assignment
of the sample and fully 15 populations show less than 10% ad-
mixture with other varieties. Populations that were identified as
Eriogonum umbellatum var. nevadense based on morphology
tended to have higher levels of admixture than did the other va-
rieties (Fig. 5). Two populations that were determined based on
morphology as E. umbellatum var. furcosum arise from a dis-
tinct ancestral population when K = 5. These two populations
were collected from serpentine soils, while the other samples

of E. umbellatum var. furcosum were found on granitic soils.
We refer to these as E. umbellatum var. furcosum 1 (from non-
serpentine soils) and var. furcosum 2 (from serpentine soils).

A TreeMix analysis (Fig. 6) nests the two populations
of Eriogonum umbellatum var. furcosum 2 as a clade within
E. umbellatum var. nevadense. Most TreeMix trees with in-
creasing numbers of migration events also resolve the var. fur-
cosum 2 clade within var. nevadense (suppl. Fig. S1). Bootstrap
values within the var. nevadense clade are generally low, with
the exception of the var. furcosum 2 clade and one clade of
two var. nevadense populations. The position of the var. furco-
sum 2 clade within var. nevadense is not strongly supported.
The other populations form three well-supported clades that
correspond to varietal designations (Fig. 6). However, no par-
ticular relationship among these varieties is supported. Further,
there is no bootstrap support for particular migration events.
Computational demand prevented us from conducting boot-
strapping of trees with higher numbers of migration events.

Fig. 5.Admixture diagram of ancestral groups for 21 populations of Eriogonum umbellatum as produced with the programADmixture, for the num-
ber of groups shown byK. Each population is represented by 10 individuals. “S” indicates populations found on serpentine soils. Two populations of
E. umbellatum var. furcosum, designated with “2”, are distinct from other populations of this variety (“1”), and were collected from serpentine soils.
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■DISCUSSION

General patterns. — In the present study, SNP data from
GBS prove useful in resolving evolutionary relationships within
Eriogoneae at different scales, from relationships among more
distantly related species to those among populations of a single
species, Eriogonum umbellatum. Phylogenetic analyses of these
data are largely consistent with lineages identified in previous
molecular phylogenies (Grady, 2012;Kempton, 2012;Kostikova
& al., 2013, 2014). Our data and analysis with ADmixture
provide evidence that genetic differences among populations of
E. umbellatum partially coincide with published taxonomic des-
ignations (Reveal, 2005a, 2012). Phylogenetic analysis, however,
provides little support for most relationships among varieties
within E. umbellatum. Nonetheless, within E. umbellatum, we
observe a well-supported relationship involving a taxon that
has previously been considered a distinct species (E. congdonii).
Aswell, samples representing three varieties (E. umbellatum var.
argus, var. glaberrimum, var. goodmanii) resolve apart from the
other samples of E. umbellatum. The results also suggest that
additional intraspecific variation may exist within this species.
(e.g., in E. umbellatum var. furcosum).

Clarification of interspecific evolutionary relationships
and detection of intraspecific lineage structure have been pos-
sible using single SNP datasets produced using GBS and

RADseq. For example, Schilling & al. (2018) report GBS an-
alyses to clarify evolutionary relationships among the six spe-
cies of the Boechera puberula complex (Brassicaceae) that are
distributed broadly across western North America and have
undergone hybridization and admixture. They find evidence
for monophyly of this group and lineage structure at the sub-
specific level within B. puberula. Similarly, in a case study of
California oaks, Kim & al. (2018) examine phylogenetic rela-
tionships and population history, finding directional introgres-
sion that varies in two tree oak species. In the current study,
Eriogoneae present challenges for discerning evolutionary rela-
tionships and lineage structure without genetic data because
many species-level and infraspecific taxa are distinguished on
fine morphological differences and divergent geographic distri-
butions. The analysis of GBS data here improves our understand-
ing of both inter- and intraspecific relationships in Eriogoneae.

Phylogeny and taxonomy. — That neither of the large
genera Eriogonum and Chorizanthe is monophyletic first ap-
pears in analyses of sequences from three chloroplast regions
and the nuclear gene LEAFY (Sanchez & Kron, 2008). This
finding is supported in a larger study of Eriogoneae (Kempton,
2012) based on variation at one nuclear region (ITS) and two
chloroplast loci. The lack of concordance between generic de-
limitation and phylogeny also holds true at the rank of subge-
nus, where all eight subgenera of Eriogonum except for one

Fig. 6.TreeMix diagram showing relationships and five putativemigration events among 21 populations of Eriogonum umbellatum of five varieties,
plus E. umbellatum var. glaberrimum as an outgroup. Bootstrap support out of 100 replicates is shown for nodes and migration events. Varieties are
supported, with the exception of E. umbellatum var. nevadense, which here is paraphyletic and includes a serpentine lineage.
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monotypic subgenus do not resolve as monophyletic, as is the
case for the largest subgenus (C. subg. Amphietes) of four (two
monotypic) in Chorizanthe (Kempton, 2012). In the Kempton
study, the 15 sampled species of E. subg. Oligogonum form a
strongly supported clade with E. tomentosum (E. subg. Eriogo-
num), but poor resolution and branch support within the clade
leave open the possibility that E. subg. Oligogonum may be
monophyletic. In general, many morphological characters that
have been used to delimit genera and subgenera appear to be un-
reliable based on the phylogenetic estimates.

In addition to Kempton (2012), three other molecular phy-
logenetic studies of Eriogoneae—Grady (2012) and Kostikova
& al. (2013, 2014)—overlap sufficiently with our taxon sample
to allow for comparison. Although we have sampled far fewer
species across the Eriogoneae phylogeny compared to Kemp-
ton (2012), and eight species in our study are not sampled by
Kempton or others, our results are largely consistent with previ-
ous findings while also offering new insights. The major clades
resulting from our analysis of GBS data are well supported and
employ Kempton’s (2012) provisional clade names (Fig. 1). In
addition to Kempton, these clades appear in Grady’s (2012)
trees based on sequences from three chloroplast and two nu-
clear loci. Most but not all of these clades are recovered in
Kostikova & al.’s (2013, 2014) analyses of sequences from a
combined five chloroplast and two nuclear loci. In Kostikova
& al. (2013), the four sampled species of E. subg. Oligogonum
do not form a clade (E. jamesii resolves elsewhere), and
E. fasciculatum resolves outside of the Chorizanthe + Fascicu-
lata + Elata clade. InKostikova& al. (2014), the Eucycla +Orego-
nium clade is not consistent with their earlier study in that, for
example, E. gracile resolves elsewhere. Comparing all five
studies and taking taxon sampling into account, the position
of the major lineages is consistent with regard to the Nemacau-
lis clade except in Kostikova& al. (2014), where it forms a clade
with Chorizanthe spinosa and Sidotheca emarginata. As well,
the Latifolia clade (plus E. eastwoodianum in Kempton, 2012)
is sister to the Eucycla + Oregonium clade in all studies except
Kostikova & al. (2014). Differences in taxon sampling among
the studies and often poor resolution and clade support limit
further insights into relationships among the major lineages.
However, it is noteworthy that the Oligogonum clade is strongly
supported as sister to the Latifolia and Eucycla + Oregonium
clades in Grady (2012) and Kostikova & al. (2014). Also deser-
ving mention is that the relationships of Chorizanthe membra-
nacea and C. watsonii are uncertain in our study (Fig. 1). These
species, currently classified in different subgenera, resolve apart
and outside a clade of seven other species of Chorizanthe, and
neither species forms a well-supported sister relationship with
other lineages. This result mirrors Kempton (2012). However,
C. watsonii forms a poorly supported clade with Hollisteria
lanata (not sampled in our study) inKempton (2012), a relation-
ship that is strongly supported in Kostikova & al. (2014).

We turn now to examining interspecific relationships
within each of the major clades. Relationships in our sparse-
ly sampled Nemacaulis clade (Fig. 1) are consistent with oth-
er studies. We sample for the first time the annual species

Eriogonum gracillimum (E. subg. Ganysma); its position in
the Nemacaulis clade is not surprising as most sampled spe-
cies of E. subg. Ganysma resolve there (Kempton, 2012).
The small Latifolium clade allows for direct comparison, as
perennials E. latifolium, E. nudum, and E. parvifolium were
all sampled in the foregoing studies except Grady (2012;
E. latifolium unsampled). In our study, the coastal species
E. latifolium and E. parvifolium are strongly supported as sis-
ters, and this clade in turn receives strong support as being sister
to the widespread E. nudum (Fig. 1). The species form a polyt-
omy in Kempton (2012). The topology is the same as ours in
Kostikova & al. (2013, 2014), although the sister relationship
between the coastal species is here well supported.

Sister to the Latifolium clade in most studies, including
ours but not Kostikova & al. (2014), is the Eucycla + Orego-
nium clade. In this clade, except in Kostikova & al. (2014),
the annuals Eriogonum nidularium and/or E. palmerianum
(both sampled by us and Grady, 2012) are sister to the remain-
ing species. Another area of consensus is the clade containing
the perennials E. elongatum, E. kennedyi, and E. wrightii, sam-
pled in each study. As in Kempton (2012), the annual E. evani-
dum is also a member of the clade in our study, where it
receives strong support as being sister to the clade of perennial
species (Fig. 1). A clade of morphologically similar annuals in
E. subg. Oregonium, represented here by E. baileyi and its sis-
ter clade of four species (Fig. 1), is also recovered in Kemp-
ton (2012; seven species) and Grady (2012; three species).
This conflicts, however, with Kostikova & al. (2013), wherein
two perennial species in E. subg. Eucycla also resolve in the
clade, including E. saxatile, which we sample as do Kemp-
ton (2012) and Grady (2012). As well, these annual species
do not form a clade in Kostikova & al. (2014).

In our study, the Chorizanthe + Fasciculata + Elata clade
includes the remaining seven sampled species ofChorizanthe,
which form a clade lacking bootstrap support, and six species
of Eriogonum (Fig. 1). We include two previously unsampled
species, E. callistum and E. latens. Reveal (2006) speculates
that E. callistum may be most closely related to E. latifolium,
which is not supported by our analysis (Fig. 1). As for E. la-
tens, Reveal (2005) places the species in E. subg.Oligogonum,
which is also not supported here (Fig. 1). Unlike the other spe-
cies of E. subg.Oligogonumwe sample, the flowers of E. latens
we examined lack a conspicuously attenuate (stipe-like) base,
a character that has been used to circumscribe the subgenus.
However, owing to low clade support, the position of these
two newly sampled species in the clade is uncertain. Most of
the species we sample are included in Kempton (2012) and,
considering clade support, our results do not conflict with hers.
Comparison with Grady (2012) is problematic because only
three of the six species that appear in this clade in his trees
are common to ours, including only one of four Chorizanthe
species. Likewise, comparison with Kostikova & al. (2013) is
limited to Chorizanthe because, as noted above, in their study
E. fasciculatum resolves outside the main Chorizanthe clade,
as do all other species of Eriogonum. However, in Kostikova
&al. (2014), threeEriogonum species, includingE. fasciculatum,
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resolve in the clade, and we sample all three. The position of
these three species conflicts in the studies: E. giganteum and
E. molle are sisters in our tree (Fig. 1), whereas E. molle and
E. fasciculatum are sisters in Kostikova& al. (2014), both with
strong support. InChorizanthe, our study andKempton (2012)
each have a (C. fimbriata (C. staticoides + C. xanti)) clade,
and in our treeC. obovata and C. palmeri form a strongly sup-
ported clade that in Kempton (2012) also includes C. biloba,
sampled neither here nor in Kostikova & al. (2013, 2014). In
the Kostikova & al. (2014) analyses the relationships differ:
(C. fimbriata (C. palmeri (C. staticoides (C. xanti + C. lep-
totheca)))). Neither we nor Kempton (2012) sample C. lep-
totheca, so the conflict involves the position of C. palmeri.

Collectively, 25 of the 37 species in Eriogonum subg.
Oligogonum have been sampled for molecular phylogenetics.
Here we sample 16 species, including 6 not previously sam-
pled. In all studies besides Kostikova & al. (2014), which
sampled only 3 species, E. subg. Oligogonum is not mono-
phyletic. The presence of E. tomentosum (E. subg. Eriogonum)
in the Oligogonum clade in Kempton (2012) and Grady (2012)
renders E. subg. Oligogonum paraphyletic, although poor
branch support leaves open the possibility that E. subg. Erio-
gonum and subg. Oligogonum could be sisters. Likewise, the
position of E. jamesii in the Kostikova & al. (2013) tree and
the position of E. latens (Latifolia clade) in our study (Fig. 1)
render the subgenus non-monophyletic. Despite multiple
studies and the number of E. subg. Oligogonum species sam-
pled, a characteristic of all these studies is uncertain relation-
ships owing to poor branch support. In Kempton (2012),
where 15 species are included, the sole relationship that is
strongly supported is that between E. congdonii and E. sis-
kiyouense, the latter of which is unsampled in other studies in-
cluding ours. Eight species are reported in Grady (2012), and
there is moderate to strong support for the following relation-
ships: ((E. lobbii + E. robustum) (E. caespitosum (E. diclinum
+ E. umbellatum))). Of these species, E. robustum is not sam-
pled in our study. Two papers, Kostikova & al. (2013, 2014),
sampled only a few E. subg. Oligogonum species, four and
three respectively. As noted above, E. subg. Oligogonum is
not monophyletic in their 2013 study, wherein E. jamesii does
not form a clade with the other three species. Nonetheless,
these three species resolve with support as follows: (E. flavum
(E. marifolium + E. umbellatum)). Relationships in Kostikova
& al. (2014) lack support. As seen in Fig. 2, a few clades in our
study receive strong support, including a clade of three dioecious
species (E. diclinum, E. incanum, E. marifolium) and three spe-
cies that grow on serpentine soils (E. libertini, E. nervulosum,
E. ursinum). Because sampling among the studies differs appre-
ciably and clade support is limited, there are no supported con-
flicts among the topologies.

By expanding the representation of E. umbellatum varie-
ties in the E. subg. Oligogonum phylogeny, our analysis also
clarifies several relationships in regard to E. umbellatum.
Our results for several varieties of this species suggest that
most samples form a clade even though E. umbellatum is not
monophyletic due to the placement of E. congdonii (Figs. 2, 3).

This must be considered preliminary as we include only 18 of
41 currently recognized varieties. Aswell, several specimens, re-
presentingE. umbellatum var. goodmanii, var. glaberrimum, and
a sample of var. argus, fall outside of this species and are more
closely related to E. libertini, E. nervulosum, and E. ursinum
(hereafter the E. ursinum clade; Figs. 2, 3). With the exception
of E. umbellatum var. glaberrimum, these taxa grow on ser-
pentine soils, as observed by us and others (Fig. 3; Safford &
al., 2005; Safford & Miller, 2020), which suggests that these
varieties are not products of independent radiations to ser-
pentine conditions. Eriogonum umbellatum var. glaberrimum,
originally described as a distinct species (Gandoger, 1906), has
been considered conspecific with E. umbellatum beginning
with Reveal (1968). Our GBS SNP data support Gando-
ger’s (1906) classification. On the other hand, E. umbellatum
var. goodmanii, which grows on serpentine soils (Reveal,
1989), has never been treated as a distinct species. Indeed, this
variety may constitute a species distinct from E. umbellatum
(Fig. 3). Additional study is needed to determinewhether addi-
tional E. umbellatum varieties that are typical of serpentine
soils are, in fact,E. umbellatum. Thiswill help to clarify the evo-
lution of serpentine affinity in Eriogoneae.

Emerging patterns involving soil and geography. —
Reveal (1989) describes Eriogonum umbellatum var. argus as
“mainly” occurring on serpentine soils and being a northerly
“expression” of the E. umbellatum var. stellatum complex, the
Sierra Nevada expression of which is E. umbellatum var. fur-
cosum. We find that one E. umbellatum var. argus sample
(PBP96) from ultramafic soil groupswith the E. ursinum clade,
while a sample fromanother population (PBP93), determined as
“var. cf. argus”, resolves in the main E. umbellatum clade
(Fig. 3).Notably, this latter specimen comes fromapopulation
on granitic soils and has simple umbels, unlike the compound
umbels that Reveal (1989) describes. Similarly, we find that
some populations from serpentine soils that are morpho-
logically indistinguishable from E. umbellatum var. furcosum
are distinguishable genetically from var. furcosum populations
fromgranitic soils (Figs. 5, 6), a pattern that doesnot arise inana-
lyses of single samples (Fig. 3). The internal structure of the
E. umbellatum clade, while not strongly supported, does reflect
both ecological andgeographic similarities.With the exception
of E. umbellatum var. humistratum, the taxa from the northern
portion of the species range are generally or exclusively on
serpentine (E. umbellatum var. smallianum, var. nelsoniorium,
three undetermined samples, and E. congdonii) and form a
clade, and pairs of varieties from theWhite Mountains (E. um-
bellatum var. versicolor and var. dichrocephalum) and Trans-
verse Ranges (E. umbellatum var. munzii and var. minus) are
placed as sisters (Fig. 3). Overall, these results suggest the
hypothesis that ecological and geographic factors have influ-
enced the diversification of E. umbellatum lineages, and that
additional cryptic variation at the varietal and species levels
may exist within this taxon.

Morphological similarity of some plant traits in Eriogoneae,
including leaf length, width, and rosette diameter (Kostikova
& al., 2014), may converge as a function of shared climate.
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However, substantial morphological variability, consistent with
varietal-level variation, can exist among neighboring popula-
tions of Eriogonum umbellatum at serpentine sites (L. Janeway,
pers. comm.; J.T. Columbus, pers. obs.). Other edaphic special-
ist Eriogonum species can demonstrate substantial morpho-
logical variation across edaphic gradients (McClinton & al.,
2020). Extensive hybridization and introgression can occur be-
tween congeners of other families on serpentine soils, and
among their sympatric populations, and be detected in SNP da-
tasets (Kay & al., 2018). This might also occur among co-
occurring varieties, since reproductive isolation is likely weaker
than at the species level. Further study that takes advantage of a
large number of SNP polymorphisms is needed to determine
howmorphology and occurrence on serpentine soilsmaps to lin-
eage diversity within E. umbellatum and to resolve uncertainties
at the species level.

Intraspecific variation and conservation. — Ancestral
group analysis with ADmixture shows ancestral groups largely
coincide with varietal designation (Fig. 5), but suggests that
additional varietal-level variation may exist within Eriogonum
umbellatum. This analysis, the TreeMix analysis (Fig. 6), and
previous observations (Reveal, 1989) indicate that varietal
variation may coincide with edaphic characteristics, similar to
the repeated evolution of ecotypes of Heliosperma pusillum
on distinct soils (Trucchi & al., 2017) and the association of
varieties of E. calcareum with edaphic variation (Brown &
Mansfield, 2017). However, particular patterns of divergence
and subsequent geneflow in E. umbellatum are not supported
here (Fig. 6). This may be because the populations most influ-
enced by such geneflow are not represented in our samples.
The low support for particular relationships among popula-
tions ofE. umbellatum var. nevadense (Fig. 6) is consistentwith
generally higher levels of admixture in this variety (Fig. 5).
Both admixture, resulting from incomplete lineage sorting,
and subsequent hybridization and introgression can blur the
boundaries between recognized species-level taxa (Eaton &
al., 2015), and such lack of resolution is even more likely
among recently diverged intraspecific lineages. The relative
contributions of these two processes may be clarified with de-
velopment of new SNP datasets that can be used to analyze a
larger sample of E. umbellatum var. nevadense populations,
as well as populations of additional varieties.

A clear understanding of the extent and structure of ge-
netic variation, and a stable taxonomy that reflects it, are key
components for developing effective policy for biodiversity
conservation (Samper, 2004). We observed genetic structure
in Eriogonum umbellatum that is not recognized in the current
taxonomy of the species (Figs. 3, 5). Other narrowly restricted
varieties of the species have not been recognized as having
conservation importance (Reveal, 1981), but study of genetic
variation at the level of variety within Eriogoneae is generally
lacking. One exception is the support for designated varieties
within E. corymbosum that is provided by AFLP loci (Ellis
& al., 2009). Other genetic analyses have revealed low genetic
variation in narrowly restricted varieties of some Eriogo-
num species, suggesting special conservation measures may be

necessary (Riley & al., 2019). The greater sensitivity attained
with thousands of SNP loci compared to other marker sys-
tems may also provide resolution of lineage structure where
work with other markers has not, as with the lack of clear ge-
netic support for lineage structure among morphologically
distinguishable varieties in two species, E. ovalifolium and
E. shockleyi (Archibald & al., 2001; J.F. Smith & Bateman,
2002). Further, molecular data support the species status of
E. calcareum, previously a variety within E. ochrocephalum
(Grady & Reveal, 2011). Additional varietal variation within
E. calcareum is supported by differences in ecology and dis-
tribution (Brown & Mansfield, 2017), which depending on
the level of threat and genetic diversity within those popula-
tions could also have conservation ramifications.

Kempton (2012) finds Eriogonum congdonii strongly sup-
ported as a species that is closely related to E. siskiyouense.
Nonetheless, in that work the placement of these taxa in relation-
ship to E. umbellatum is unclear. In our phylogenetic estimate,
E.congdoniiappearsstronglysupportedas intraspecificvariation
within E. umbellatum (Figs. 1–3). This leaves open the question
as to whether E. siskiyouense also constitutes variation within
E. umbellatum, as we were unable to include this species in our
analysis.While awealthofmethodologies areavailable todelimit
morphologically similar species, it is better to err on the conser-
vative side to avoid delimiting as species entities that are not prin-
cipally distinct evolutionary lineages (Carstens & al., 2013).
Nonetheless,narrowly restrictedvarietieswithinEriogonum spe-
cies can also attract substantial conservation interest and should
be supported by genetic evidence.

Identification of species-level and intraspecific variation,
and accurate taxonomy are important because of the use of
lists of taxa in the development of conservation priorities
(Mace, 2004). Accurate identification of lineage structure
within species is also important for management planning in
the light of ongoing climate change. The inclusion of environ-
mental preferences and geographic variation among intraspe-
cific lineages can influence niche quantification and models
of the potential impacts of ongoing climate change on the
future distributions of species (Oney & al., 2013; A.B. Smith
& al., 2019). In Eriogonum, niche optimum tends to evolve
more quickly in lineages of Eriogonum with annual species
while niche breadth tends to evolve more rapidly in perennial
lineages (Kostikova & al., 2013). Further, some perennial
Eriogoneae species have broad niches and dozens of varieties,
many of which are locally distributed or narrowly endemic,
and some evidence for climate change impacts on Eriogonum
species exists (Kopp & Cleland, 2014). Incorporation of accu-
rate lineage structure could improvemodels of potential climate
impacts on Eriogonum species, helping to refine analyses of
taxa in need of focused conservation action.

■ CONCLUSIONS

Eriogoneae species constitute one of the most diverse
groups in western North America, yet our understanding of
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their evolutionary relationships is still a work in progress.
Cryptic variation likely remainswithinwidely distributed Erio-
goneae species, and probably consists of both species-level and
varietal variation. Our analysis of SNP datasets derived from
GBS sequencing substantiates the non-monophyly of Eriogo-
num and Chorizanthe, and suggests the need for a new classi-
fication of Eriogoneae. Our results suggest that E. umbellatum
is not monophyletic but that most samples resolve in the core
E. umbellatum clade. Most relationships among the varieties
of E. umbellatum remain unclear, although E. umbellatum
var. minus and var. munzii are closely related. The GBS data
support both the placement of E. congdonii within E. umbella-
tum, and the assessment that at least three varieties of E. umbel-
latum represent lineages more closely related to the E. ursinum
clade, composed of three serpentine specialists. Expanded sam-
pling of these varieties andE. congdonii is necessary to confirm
their phylogenetic positions andmake taxonomic recommenda-
tions. Recognition of some E. umbellatum varieties as repre-
senting species-level variation likely will have conservation
implications. Additional development of SNP datasets with
reduced representation sequencing and other approaches, and
construction of additional genetic resources, would help clarify
evolutionary relationships and entities for conservation prioriti-
zation among the Eriogoneae taxa.
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Appendix 1. Specimen information for samples included in the present study.

Taxon name, collection country (state), collector and collection number. All specimens housed in RSA. Data for all specimens were generated newly for this
study. Additional specimen data can be found in supplementary Appendix S1.

Chorizanthe brevicornu Torr. var. brevicornu, U.S.A. (California),N.J. Jensen, 3653;Chorizanthe fimbriataNutt. var. fimbriata, U.S.A. (California),N.J. Jen-
sen, 3796; Chorizanthe membranacea Benth., U.S.A. (California), J.L. Steele, 419; Chorizanthe obovata Goodman, U.S.A. (California), N.J. Jensen, 3668;
Chorizanthe palmeri S.Watson, U.S.A. (California), N.J. Jensen, 3670; Chorizanthe robusta Parry, U.S.A. (California), J.L. Steele, 425; Chorizanthe stati-
coides Benth., U.S.A. (California), N.J. Jensen, 3679; Chorizanthe watsonii Torr. & A.Gray, U.S.A. (California), N.J. Jensen, 4209; Chorizanthe xanti S.Wat-
son, U.S.A. (California), N.J. Jensen, 4165; Eriogonum baileyi S.Watson, U.S.A. (California), J.L. Steele, 421; Eriogonum caespitosum Nutt.,
U.S.A. (California), N.J. Jensen, 3826; U.S.A. (Nevada), P.B. Pearman, 70; Eriogonum cithariforme var. agninum (Greene) Reveal, U.S.A. (California),
J.L. Steele, 414; Eriogonum compositum Benth. var. compositum, U.S.A. (California), P.B. Pearman, 33; Eriogonum congdonii (S.Stokes) Reveal,
U.S.A. (California), P.B. Pearman, 31; Eriogonum diclinum Reveal, U.S.A. (California), J.L. Steele, 436; Eriogonum douglasii Benth., U.S.A. (California),
J.L. Steele, 433; Eriogonum elatum Benth. var. elatum, U.S.A. (California), N.J. Jensen, 3816; Eriogonum elatum Douglas ex Benth, U.S.A. (California),
N.J. Jensen, 497; Eriogonum elongatum Benth. var. elongatum, U.S.A. (California), N.J. Jensen, 3672; Eriogonum evanidum Reveal, U.S.A. (California),
P.B. Pearman, 7; Eriogonum fasciculatum var. polifolium (Benth.) Torr. & A.Gray, U.S.A. (California), N.J. Jensen, 3669; Eriogonum giganteum S.Watson,
U.S.A. (California), J.L. Steele, 423; Eriogonum gracile Benth. var. gracile, U.S.A. (California), P.B. Pearman, 11; Eriogonum gracillimum S.Watson,
U.S.A. (California), J.L. Steele, 417;EriogonumheracleoidesNutt. var. heracleoides, U.S.A. (Nevada),P.B. Pearman, 71;Eriogonum incanumTorr. &A.Gray,
U.S.A. (California), P.B. Pearman, 55; Eriogonum inflatum Torr. & Frém., U.S.A. (California), N.J. Jensen, 3656; Eriogonum kennedyi var. purpusii
(Brandegee) Reveal, U.S.A. (California), N.J. Jensen, 3828; Eriogonum latens Jeps., U.S.A. (California), J.T. Columbus, 6060; Eriogonum latifolium Sm.,
U.S.A. (California), P.B. Pearman, 17; Eriogonum libertini Reveal, U.S.A. (California), J.L. Steele, 430; Eriogonum lobbii Torr. & A.Gray,
U.S.A. (California), J.T. Columbus, 6054; Eriogonum luteolum M.E.Jones, U.S.A. (California), J.L. Steele, 431; Eriogonum marifolium (Torr.) A.Gray var.
marifolium, U.S.A. (California), P.B. Pearman, 94; Eriogonum microtheca var. ambiguum (M.E.Jones) Reveal, U.S.A. (California), P.B. Pearman, 53; Erio-
gonum molle Green, U.S.A. (California), N.J. Jensen, 4562; Eriogonum nervulosum (S.Stokes) Reveal, U.S.A. (California), J.L. Steele, 428; Eriogonum ni-
dularium Coville, U.S.A. (California), N.J. Jensen, 3655; Eriogonum nudum Douglas ex Benth., U.S.A. (California), J.L. Steele, 427; Eriogonum
ochrocephalum S.Watson var. ochrocephalum, U.S.A. (California), P.B. Pearman, 51; Eriogonum palmerianum Reveal, U.S.A. (California), P.B. Pearman,
67; Eriogonum parvifolium Sm., U.S.A. (California), P.B. Pearman, 16; Eriogonum polypodum Small, U.S.A. (California), J.T. Columbus, 6058; Eriogonum
roseum Durand & Hilg., U.S.A. (California), J.L. Steele, 418; Eriogonum saxatile S.Watson, U.S.A. (California), P.B. Pearman, 10; Eriogonum
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Appendix 1. Continued.

sphaerocephalum var. halimioides (Gand.) S.Stokes, U.S.A. (California), P.B. Pearman, 26; Eriogonum strictum var. greenei (A.Gray) Reveal,
U.S.A. (California), P.B. Pearman, 45; Eriogonum umbellatum var. argus Reveal, U.S.A. (California), P.B. Pearman, 96; Eriogonum umbellatum var.
cf. argus Reveal, U.S.A. (California), P.B. Pearman, 93; Eriogonum umbellatum var. bahiiforme (Torr. & A.Gray) Jeps., U.S.A. (California), P.B. Pearman,
21; Eriogonum umbellatum var. chlorothamnus Reveal, U.S.A. (California), P.B. Pearman, 128; Eriogonum umbellatum var. dichrocephalum Gand.,
U.S.A. (California), P.B. Pearman, 125; Eriogonum umbellatum var. dumosum Reveal, U.S.A. (California), P.B. Pearman, 37; Eriogonum umbellatum var.
furcosum Reveal, U.S.A. (California), J.T. Columbus, 6056, P.B. Pearman 22, 23, 24, 49, 114, 122; Eriogonum umbellatum var. glaberrinum (Gand.) Reveal,
U.S.A. (California), P.B. Pearman, 86; Eriogonum umbellatum var. cf. goodmanii Reveal, U.S.A. (California), P.B. Pearman, 35; Eriogonum umbellatum var.
humistratum Reveal, U.S.A. (California), P.B. Pearman, 34; Eriogonum umbellatum var. indet., U.S.A. (California), P.B. Pearman, 36, 40, 41; Eriogonum
umbellatum var. juniporinum Reveal, U.S.A. (California), P.B. Pearman, 64; Eriogonum umbellatum var. minus I.M.Johnst., U.S.A. (California), P.B. Pear-
man, 12; Eriogonum umbellatum var. cf. modocense (Greene) S.Stokes, U.S.A. (California), P.B. Pearman, 25; Eriogonum umbellatum var. munzii Reveal,
U.S.A. (California), P.B. Pearman, 1, 4, 8; Eriogonum umbellatum var. ?munzii Reveal, U.S.A. (California), P.B. Pearman, 15; Eriogonum umbellatum
var. cf. nelsoniorum Reveal, U.S.A. (California), P.B. Pearman, 48; Eriogonum umbellatum var. nevadense Gand., U.S.A. (California), P.B. Pearman, 56,
58, 111, 115, 120, 123; U.S.A. (Nevada), P.B. Pearman, 74, 75, 77; Eriogonum umbellatum var. smallianum (A.Heller) S.Stokes, U.S.A. (California), P.B.
Pearman, 99, 103;Eriogonumumbellatum var. subaridum S.Stokes, U.S.A. (California), P.B. Pearman, 127;Eriogonumumbellatum var. versicolor S.Stokes,
U.S.A. (California), P.B. Pearman, 124;Eriogonumursinum S.Watson var. ursinum, U.S.A. (California), P.B. Pearman, 50;Eriogonumwrightii var.membra-
naceum Jeps., U.S.A. (California), P.B. Pearman, 3; Sidotheca trilobata (A.Gray) Reveal, U.S.A. (California), N.J. Jensen, 4202.
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