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Abstract

San Fernando Valley spineflower (Chorizanthe parryi var. fernandina [S. Watson] Jeps.) (Polygonaceae) is an herbaceous
annual plant, endemic to California, and until rediscovered in 1999 had been thought to be extinct for almost seven decades.
Historically documented at 10 locations, it currently persists at 2, separated by approximately 27 km. State listed as endan-
gered, a description of its genetic diversity and structure is of conservation interest. After determining a lack of variation in
ploidy, we examined genetic variation from samples within both populations: a common garden study for potentially adap-
tive genetic variation in selected growth and phenological traits and analysis of single nucleotide polymorphisms identified
through restriction-site associated DNA sequencing. Both measures indicated that this highly restricted taxon nevertheless
harbors substantial levels of genetic diversity and has significant between- and within-population genetic structure. Com-
bining approaches from population genomics and common garden studies provided more insight into the patterns and basis
of genetic diversity than is typical for studies of non-model species. Although local adaptation was not specifically studied
(i.e., via reciprocal transplant studies), the differences determined from these two independent lines of evidence indicate
that mixing gene pools between populations is not recommended at this time. Further, with significant differences revealed
among subpopulations, we caution against mixing genotypes across subpopulations for the most part, and without much
more evidence that this would not pose a risk of outbreeding depression. The importance of supporting pollinator health
and diversity is highlighted. With genetic diversity—particularly with an annual species—being dynamic, fluctuating with
the usual processes and with contributions from the soil seedbank, we recommend periodic resampling to monitor genetic
diversity and structure. Climate change is anticipated to contribute to this variability.
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Introduction

The effects of rapid climate change manifesting as increased
variability in the amount, duration, and seasonal distribu-
tion of precipitation and increasing changes in temperature
profiles and extremes (Diffenbaugh et al 2015; IPCC 2022),
heightens the importance of genetic diversity for providing
a means of adjusting to environmental change (Savolainen
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One species-rich taxonomic grouping that may be highly
dependent for persistence on the availability of appropriate
genetic diversity in the face of rapid climate change is Chori-
zanthe—a New World genus within the buckwheat family
(Polygonaceae). Chorizanthe is composed of approximately
10 perennial and 41 annual species, with most annuals found
in western North America and mainly in California (Reveal
and Hardham 1989). Many of the species are narrowly
restricted and seven species (or varieties) are currently state
and/or federally listed as threatened or endangered (CNDDB
2022b).

Chorizanthe parryi var. fernandina (S. Watson) Jeps.
(San Fernando Valley Spineflower, SFVS, spineflower) is an
herbaceous annual, endemic to California and known from
ten historical and two current locations (CNPS 2022). After
not having been seen since 1929, the taxon was considered
extinct for almost seven decades (Hickman 1993; CNPS
2022). SFVS was rediscovered at two locations between
1999 and 2000—at the Ahmanson Ranch in Ventura County
(now the Upper Las Virgenes Canyon Open Space Preserve,
ULVC) and 27 km (17 mi) north at the Newhall Ranch in
Los Angeles County (CNDDB 2022a) (Fig. 1). Following

its rediscovery, the U.S. Fish and Wildlife Service (USFWS)
designated Chorizanthe parryi var. fernandina (S. Watson)
Jeps. as a candidate species for listing (USFWS 1999) and
the California Department of Fish and Wildlife (CDFW, for-
merly California Department of Fish and Game) listed it as
endangered under the California Endangered Species Act in
2001 (CDFG 2002). The subsequent inclusion of the Ventura
County population as part of the Upper Las Virgenes Canyon
Open Space Preserve and mitigation actions that resulted
in perpetual protection from development for most of the
Newhall population (Dudek 2010) have since reduced habi-
tat conversion as a threat to the taxon.

Although protected from development, SFVS was consid-
ered sufficiently vulnerable to extinction to be proposed for
listing as threatened under the federal Endangered Species
Act (USFWS 2016). Among the ongoing threats described
in this rule were competition with non-native invasive
plants, climate change, the potential loss of the native pol-
linator and seed disperser community due to competition
with and predation by the non-native Argentine ant (Line-
pithema humile), vulnerability due to the small number of
populations and their disjunct nature, and lack of genetic
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Fig. 1 General location of historic and extant occurrences (inset) and detailed map of the 14 Chorizanthe parryi var. fernandina subpopulations

studied in this experiment
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information. This study was undertaken, in part, to provide
information on the genetic status of SFVS, the vulnerabil-
ity or robustness of the two populations relative to genetic
diversity, and recommendations for genetic management.
Further, the intent to establish new populations (or subpop-
ulations) using genetic materials from the Newhall Ranch
population would benefit from genetic information on the
source population.

The two locales that host these two extant populations,
ULVC and Newhall Ranch, comprise approximately 18 ha
of occupied habitat, although the actual occupied area, as
well as numbers of plants, varies annually (USFWS 2004).
Within the two known extant populations, SFVS plants
occur in patches of several hundred to thousands of plants,
typically identified as occurrences (CNDDB 2022a).

Historic collection records of SFVS include specimens
from 10 locations in Los Angeles and Orange County rang-
ing from 15 to 1012 m in elevation (CNDDB 2022a; Fig. 1).
Within the extant locales, occurrences are found at eleva-
tions 370-430 m (ULVC; CNDDB 2022a) and 292-417 m
(Newhall; Dudek 2010). Plants at these locations occur on
south-facing slopes at dry, sandy, and sparsely vegetated
areas within coastal sage scrub and grasslands, and at the

transition zone between these two communities (Fig. 2A-D).
Soils at extant sites are associated with a variety of soil units
but the locales are similar in that soils are poorly developed
and are primarily loams or silty clay loams, and to a lesser
extent, sandy loams. Many of these locations have few other
native or non-native plants, suggesting that C. parryi var.
fernandina (S. Watson) Jeps. is locally adapted to these con-
ditions and might be limited by competition with native and
non-native plants elsewhere (Sapphos 2001; Dudek 2010).
There is evidence that SFVS possesses a mixed mat-
ing strategy—it is visited by a variety of pollinators and
while protandrous, is a facultative self-pollinator (Jones
et al. 2009). Flowers are visited by a diversity of potential
pollinators, both aerial (e.g., Apis mellifera) and terrestrial
(i.e., native ants), which are associated with the surround-
ing coastal sage scrub community, indicating that SFVS has
adopted a generalist pollination strategy (Jones et al. 2009).
Seed set is abundant “in the wild” (i.e., in situ and absent
manipulations) although both fruit set and seed viability are
lower for self-pollinated plants (Jones et al. 2009, 2010). The
small seeds, which remain in the involucre after the plant
disarticulates, lack morphological modifications to facilitate
wind or animal dispersal and are largely dispersed by native

Fig.2 A, B San Fernando Valley spineflower (Chorizanthe parryi var. fernandina) inflorescence; C, D Landscape and habitat
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ants and small mammals (Sapphos 2001; USFWS 2016).
Germination occurs following the onset of seasonal rains
and different cohorts emerge from the seed bank though the
growing season (Dudek 2010).

Although the life history traits of this taxon have not been
thoroughly researched, its characterization as a small stat-
ure, annual, endemic plant species with evidence of selfing
would suggest that it is likely to exhibit modest within-spe-
cies genetic diversity and significant population structure
(Hamrick and Godt 1989). The geographic distance between
the two populations (27 km) is such that gene flow between
them seems highly unlikely, expressed as isolation by dis-
tance (IBD) (Wright 1943). Any gene flow would be further
impeded by the intervening (low) mountainous landscape
comprised of the Simi Hills and the Santa Susana Moun-
tains. Apparent or cryptic differences in environmental vari-
ables among subpopulations and between populations could
have generated genetic differences (isolation by environment
[IBE]), including potential local adaptation.

In this study—the first to examine genetic diversity in
this taxon—we secured both foliar and seed samples from
the two extant populations and employed flow cytometry,
restriction site-associated DNA sequencing, and com-
mon garden studies to elucidate the nature and structure of
genetic diversity. The utility of genetic diversity for provid-
ing resilience to rapid climate change may be a function of
both the amount and structure of within-species diversity.
Further, the nature of genetic diversity—as the extent to
which it provides for adaptive response—informs its utility
for this purpose. Specifically, our objectives were to: (1)
look for evidence of intraspecific ploidy variation, as ploidy

levels of known to vary within and between species of the
genus Chorizanthe (Hardham 1989); (2) characterize levels
of genetic variation and how it is distributed between and
within the two extant populations; (3) evaluate the presence
of potentially adaptive genetic differences between and
within populations; and (4) further characterize the breed-
ing system.

Methods
Study site selection and sample collection

The two extant locations for this spineflower were desig-
nated as ‘populations’ for sampling purposes and documen-
tation: Newhall Ranch in Los Angeles County and Upper
Las Virgenes Canyon Open Space Preserve (ULVC, Las
Virgenes) in Ventura County (Fig. 1, Table 1). Sites were
then selected within each population to test for within-pop-
ulation substructure, designating these sites as ‘subpopu-
lations’. ULVC subpopulations were disjunct occurrences
located within the full observable extent of that population
(approximately 1.6 km); those subpopulations were simply
named one through six, from west to east. Distances between
adjacent subpopulations ranged from 0.25 to 0.6 km—with
the largest distance being between the eastern-most sub-
populations (LV5 and LV6). For the Newhall Ranch popu-
lation, eight subpopulations were selected based on earlier
monitoring data that indicated consistent spineflower pres-
ence and diversity among sampling sites (e.g., soils, vegeta-
tive associates, elevation, and latitude/longitude) (McGraw

Table 1 Description of subpopulations sampled for Newhall Ranch (Newhall) and Upper Las Virgenes Canyon Open Space Preserve (Las

Virgenes) spineflower foliage and seed collections

Population Subpopulation (acronym) Latitude Longitude Elevation (m) Total N N
Las Virgenes LVI 34.17749 N 118.69106 W 391 20 14
Las Virgenes LV2 34.17536 N 118.69009 W 390 20 14
Las Virgenes LV3 34.17666 N 118.68429 W 409 23 16
Las Virgenes Lv4 34.17393 N 118.68386 W 417 20 15
Las Virgenes LV5 34.17215N 118.67986 W 419 20 15
Las Virgenes LV6 34.17384 N 118.67347 W 386 20 16
Newhall Entrada (EN) 3441817 N 118.58857 W 367 16 11
Newhall Airport Mesa (AM) 3442673 N 118.60557 W 345 15 12
Newhall Valencia Commerce Center (VCC) 3444230 N 118.61962 W 329 15 11
Newhall Lion Canyon (LiC) 34.41667 N 118.62238 W 340 14 11
Newhall Grapevine Mesa Preserve (GM) 3441417 N 118.63118 W 338 17 12
Newhall Long Canyon (LC) 34.40695 N 118.64300 W 327 16 12
Newhall Potrero Mesa (PM) 34.40087 N 118.67593 W 336 16 12
Newhall San Martinez Grande Preserve (SM) 3441605 N 118.67405 W 367 15 11

N is number of foliar samples collected for genetic analysis. Total N indicates the number of foliar samples collected for genetic analysis and N

the number of samples included in genetic analyses
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2018). During previous monitoring activities, subpopula-
tions were assigned unique names, which we used in this
study for consistency. For the Newhall population, distances
between adjacent subpopulations used in this study ranged
from 0.8 to 3.1 km, across a distance of approximately 8 km
for the entire sampling area. Locality information, including
latitude and longitude (NAD 83), elevation, and certain soil,
slope, vegetative composition, or other defining characteris-
tics are presented for each subpopulation in Table 1.

Prior to sampling, permission was obtained from The
Newhall Land and Farming Company, a wholly owned sub-
sidiary of FivePoint Holdings, LLC (now Fivepoint)}—owner
of the Newhall Ranch population area, and Santa Monica
Mountains Conservancy (owner of the Las Virgenes popu-
lation area). Leaf and foliar samples were collected under
California Department of Fish and Wildlife 2081 permits
(CDFW 2014a; b).

Both seeds (common garden study) and foliage (genomic
analysis and ploidy determination) were collected from all
selected subpopulations at appropriate times based on plant
phenology in 2014 and 2015. For seed collections, 15-20
individual plants were sampled from each of the 14 sub-
populations. Collections were avoided from immediately
adjacent plants and we maintained a three-meter distance
among donor plants where possible to minimize likelihood
of close genetic relationship. One involucral cluster was
collected from individual plants and packaged separately
by plant. These packages were kept in cool, dry conditions
until transported to the nursery (California Botanic Garden
facilities) for processing.

Seeds were cleaned using a combination of sieves, seed
aspirators, and hand sorting to remove chaff and other inert
material. Identity by maternal line (seed parent plant) was
strictly maintained. Prior to initiating the common garden
study, germination tests were conducted to determine an
effective protocol. Based on those results, 40 seeds randomly
selected from each subpopulation were placed on agar plates
with a 0.5% agar solution and treated with a two-week cold,
moist stratification period after which they were transferred
to a germination chamber maintained at 11 h light cycle
at 20 °C and 13 h dark cycle at 12 °C. All seedlings with
cotyledons above the agar surface were sown directly into
two-inch pots in a soil mixture of peat moss, cement sand,
perlite, and osmocote (slow-release fertilizer).

Foliar samples were collected at the same 14 subpopula-
tions earlier in the season to acquire fresh tissue. Foliage
was collected from 20 plants per subpopulation; in some
cases, several additional plants were sampled to allow a
buffer or for protocol development. Similar to the sampling
protocol for the seed collections, donor plants were at least
three meters apart to the extent possible. A sample of the
leaves on each donor plant were harvested and placed into
a plant-specific and identified paper envelope and then into

a cooler. Samples were kept cool and dry and delivered to
the laboratory facility within a few days, at which point they
were transferred to an ultralow freezer.

A previous unpublished pilot study testing the feasibility
of using microsatellite loci for population genetic analyses
of SFVS included C. staticoides, Turkish rugging—the only
sympatric congener with SFVS. Significant genetic differ-
entiation between Turkish rugging and SFVS was found
(USDA Forest Service 2016). The two species are read-
ily identified in the field as well; consequently, we did not
include Turkish rugging samples for comparison.

Flow cytometry

Flow cytometry was used to check for evidence of ploidy
variation in SFVS (USDA FS 2016). A consistent amount of
leaf tissue (approximately 2.5 cm in length from leaves with
oblanceolate to narrowly oblong shape) from ten individuals
from each subpopulation was minced using double-edged
safety razor blades in 1.5 mL Cystain UV Ploidy (DAPI)
buffer (Sysmex-Partec, Gorlitz, Germany) until the buffer
solution took on a green hue. Samples were incubated in
the dark at room temperature for 2.5 min before filtration
though a 10 um black CellTrics filter (Sysmex-Partec, Gor-
litz, Germany). A commercial variety of wheat was used
as an internal standard to provide a relative measure and
improve comparisons between spineflower assays. Wheat
tissue was prepared and stained separately following the
above protocol and 0.5 mL of wheat cell suspension was
added to spineflower samples immediately prior to analy-
sis. Samples were analyzed on a Partec PA Ploidy Analyzer
(Sysmex-Partec, Gorlitz, Germany), on the natural log scale
(lower limit=10, speed = 10, gain =300). Because we were
only interested in whether multiple ploidies were present,
relative DNA content was estimated by quantifying the mean
fluorescence of each sample and standardizing to the wheat
mean fluorescence ([spineflower/wheat] X 100). Differences
in ploidy were interpreted from the distribution of standard-
ized relative DNA content values.

Common garden study

All potted seedlings (2438 per subpopulation) were main-
tained in an outdoor shaded environment. Due to unusually
high spring and summer temperatures, considerable seedling
mortality occurred. However, seedlings from 13 of the 14
subpopulations survived (the Entrada subpopulation from
Newhall Ranch had no survivors and was not included in
the common garden study). In late May, 5-30 potted seed-
lings per subpopulation, based on survival, were randomly
arranged on benches in the outdoor shaded environment.
Measurements of specific growth and phenological traits
were made from then until plants stopped growing. Some
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growth measurements were taken at two times: an early and
late measurement (Table 2). When growth had ceased, all
plants were cut at the soil surface and above-ground bio-
mass fresh weight was measured. Dry weight was obtained
by wrapping the plant material loosely in punctured foil,
baking at 225 °C for four hours, and then weighing again.
Seed production was not measured because this would have
reasonably been influenced by the position of the plants on
the bench (i.e., outcrossing with neighbors) and thus would
have reflected environmental conditions as much or more
than genetics.

Population genomics study
DNA extraction and RAD-seq library preparation

DNA was extracted from leaf tissue using the Qiagen
DNEasy-96 (Qiagen, Venlo, Netherlands) Plant Kit follow-
ing the liquid N protocol. We followed the manufacturer’s
instructions but added a digestion with 80 mg of protein-
ase K for 30 min at 55 °C after the lysis incubation. DNA
extracts were quantified with Fujifilm FLA 5100 fluorimager
(Fujifilm Life Sciences, Tokyo, Japan).

Previous attempts to develop microsatellite markers for
SFVS were unsuccessful (data not shown) so we performed
restriction-site associated DNA sequencing (RAD-seq) to
identify single nucleotide polymorphisms (SNPs) for popu-
lation genetic analysis. RAD-seq libraries were prepared for

247 foliar samples following the protocol of Ali et al. (2016).
Briefly, DNA was digested with the restriction enzyme Sbf1,
which has an eight base pair recognition sequence. We
ligated a unique barcode adapter to DNA from each sample
which allowed us to combine multiple samples into a single
Illumina HiSeq 4000 sequencing lane. Two libraries were
submitted for a single lane of 100 bp paired end sequencing
at the UC Davis DNA Technologies and Expression Analy-
sis Core. Individuals from all sites were included in each
sequencing lane to avoid lane effects.

Data analysis
Common garden study

Differences in phenotypic traits between populations and
subpopulations were assessed using analysis of variance
(ANOVA) with Tukey’s HSD tests for post-hoc pairwise
comparisons. Prior to analyses, each trait was examined
to verify the distributional assumptions of ANOVA. Two
variables (DAYS2FLR and NUMFLE) did not meet these
assumptions and were analyzed using Kruskal-Wallis non-
parametric rank-based test with Dunn’s tests for post-hoc
comparisons among subpopulations (p-values adjusted with
the Benjamin-Hochberg method). Log-transformations were
applied to normalize distributions and/or reduce heterosce-
dasticity as appropriate (DAYS2FL, HEIGHTE, LENGTHL,
NUMFLE, WIDTHE, WIDTHL). To confirm that the

Table 2 Measurements of 14 Chorizanthe parryi var. fernandina recorded during the 2017 Common Garden Experiment with their descriptions

and the date(s) recorded

Date(s) recorded

The number of days from the date the
seeds were sown to the first date flowers

The total number of open flowers

The number of stems at the most proximal

The distance along the longest horizontal
axis from the tip of one inflorescence to
the tip of the opposite inflorescence

The distance along the axis perpendicular
to the length measurement from the tip
of one inflorescence to the tip of the

The vertical distance from the soil surface

The fresh weight of the plant cut at the

Measurement Variable name Description
Days to first flower DAYS2FL

were recorded
Number of flowers* NUMFL(E/L)
Number of stems® NUMSTEM(E/L)

node
Plant length (cm)? LENGTH(E/L)
Plant width (cm)? WIDTH(E/L)

opposite inflorescence
Plant height (cm)* HEIGHT(E/L)

to the apical tip
Total above-ground wet biomass (g) MASSWET

soil surface
Total above-ground dry biomass (g MASSDRY

The dry weight of the plant cut at the soil
surface and dried in an oven at 225°F
for 4 h

Recorded based on monitoring 3 times/
week from June 26-July 17 until all
plants had flowered

July 10 (early), July 25 and July 26 (late)
June 26 (early), July 25 (late)

June 26 (early), July 25 (late)

June 26 (early), July 25 (late)

June 26 (early), July 25 (late)

July 31

August 2

*Measurements for these variables were recorded twice, once during early development (variable name + “E”) and once during late development

(variable name + “L”)
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position of plants during growth had no effects, variation in
each trait was compared to flat and greenhouse position; we
found no significant associations for either trait variable (all
p-values > 0.05) and removed these from further considera-
tion. Several datapoints represented “negative growth” and
were removed from the final datasets for LENGTHL (n=5),
WIDTHL (n=11), and HEIGHTL (n=72), as these were
assumed to represent measurement errors (€.g., some plants
bent with growth thus reducing their dimensions). All analy-
ses were performed in R v4.2.0 (R Core Team 2022) using
the stats and FSA packages.

Population genomic analysis

De novo reference assembly and alignment Sequence data
were de-multiplexed and adapter sequences trimmed using
custom scripts (0001_Demultiplex.sh). Reads from sam-
ples sequenced in more than one library were combined
and the total number of reads enumerated (Table S1). A de
novo assembly was generated with STACKS version 2.53
(Catchen et al. 2011, 2013) using 100 foliar samples that
were neither extremely low nor extremely high in terms of
read counts (0003_Stacks.sh). In brief, the STACKS pro-
gram process_radtags was used to clean the sequence data,
and ustacks was run on each sample to assemble loci for
each individual. A catalog of available loci was generated
with cstacks and samples matched back to the catalog with
sstacks. To create a reference assembly, we used tsv2bam
followed by gstacks. Reads were aligned to the resulting de
novo assembly with the Burrows-Wheeler Aligner and the
“mem” algorithm (bwa-mem version 0.7.17-r1188) (Li and
Durban 2009) and filtered in SAMtools version 1.13 (Li et al.
2009) for proper pairing and PCR duplicates were removed
(0004_Align.sh). Because some congenerics are known to
be polyploid (e.g. C. orcuttiana; Hardham 1989), we identi-
fied paralogous loci that could bias population genetic anal-
yses by subsampling alignments to approximately 60,000
reads each for even coverage and then using ANGSD ver-
sion 0.930 (Korneliussen et al. 2014) and ngsParalog ver-
sion 1.3.0 (0005_Subsample.sh, 0006_FindParalogs.sh).
The output from realSFS was filtered based on an adjusted
p-value generated by Bonferroni correction as suggested by
the program author (0007_IdentifyingParalogs.Rmd). Any
RAD locus containing paralogous sites was removed from
subsequent analyses.

Population genomic analyses We used ANGSD to call
genotypes generating a PLINK-formatted file which was
then converted to a variant call file (VCF). We used the
following options with ANGSD: -doPlink 2 -doMajorMi-
nor 1 -doMaf 1 -SNP_pval le-6 -minMapQ 10 -minQ 20
-minMaf 0.05 -doGeno 4 -doPost 1 -postCutoff 0.9. We
also used the —minInd flag to require a SNP to be present

in 90% of individuals and used the non-paralogous regions
previously identified as a region file. The PLINK formatted
file was converted to a VCF with PLINK version 1.90b6.14
(Purcell et al. 2007) and headings were changed to sample
names with BCFtools version 1.10.1 (Danecek and McCa-
rthy 2017).

Because SFVS exists in fragmented populations, is insect
pollinated and self-fertilizes to varying degrees (Jones et al.
2009), inbreeding and selfing may arise at differing levels
across populations. To test for the presence of inbreeding
() in different populations of San Fernando Valley spine-
flower, identity disequilibrium was calculated as a proxy for
f with the g2 statistic with the inbreedR package version
0.3.3 (Hoffman et al. 2014). The g2 statistic is robust to het-
erozygosity deficits due to factors other than inbreeding/self-
ing, such as genotyping errors or partial dominance (David
et al. 2007). Nonetheless, the inbreedR authors advise that
the most complete set of SNPs be used, unlinked SNPs may
be preferable, genetically distinct populations be analyzed
separately, and care be used in the inclusion of low minor
allele frequency (MAF) SNPs (Stoffel et al. 2016). For the
calculations of g2, we pruned the called SNP data set with
BCFtools +prune (-1 0.9 -w 10,000) and to a proportion of
missing data < 0.05. This pruned set of SNPS was filtered
for each calculation of g2 to SNPs with a MAF>0.1 and a
proportion of missing data <0.05. With the g2_snps function
of inbreedR we specified 100 permutations and 100 boot-
straps using other default settings of the function. From each
mean and median value of g2 calculated, selfing (s), was
calculated following (David et al. 2007). We calculated g2
and selfing (s) by pooling samples by population (ULVC and
Newhall Ranch) and subpopulation.

We examined population genetic structure by first con-
ducting a Principal Component (PC) analysis on the geno-
type calls within R. The VCF of genotypes was imported
into R and converted to a genind object with the read.vcfR
and vcfR2genind functions of the vcfR package version
1.13.0 (Knaus and Griinwald 2017). The genind object was
converted to a matrix of allele data with the tab function
of the adegenet package version 2.1.8, with missing data
filled using mean values. We then used the dudi.pca function
of the ade4 package version 1.7-20 for the PC analysis of
genetic data. The first three axes of variation were retained
to describe the largest patterns of genetic variation in SFVS.

To obtain an objective number of population genetic clus-
ters (K), we conducted discriminant analysis of principal
components (DAPC) on the genotype calls. Using the genind
object previously generated, we used the find.clusters func-
tion of adegenet to find an optimal K based on the Bayesian
information criterion (BIC). The genetic data were trans-
formed into principal components and successive K-means
clustering was conducted with increasing K. For each model,
BIC was calculated to assess goodness of fit. A range of K
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values was examined using the default settings of find.clus-
ters that is approximately the number of individuals divided
by 10 (18 in this case).

To obtain pairwise Fgp and subpopulation nucleotide
diversity (x) measurements, we excluded sites exhibiting sig-
natures of inbreeding with PCAngsd version 0.982 (Meisner
and Albrechtsen 2018, 2019). As PCAngsd uses genotype
likelihoods (GLs), we created a Beagle-formatted file with
ANGSD using the same specifications as the genotype calls
except specifying that a GL file should be created (-doGlf
2) and major allele frequency was calculated (-doMaf 2).
The resulting Beagle file was supplied to PCAngsd and a
likelihood ratio test for inbred sites conducted (-inbreed-
Sites and -minMaf 0.05 options used). Sites not exhibiting
inbreeding were identified based on a threshold of 0.01 and
saved for downstream analyses (commands in 0009-kinship-
pca-admix.Rmd). For each subpopulation we generated site
frequency spectra (SFS) with ANGSD and the realSFS sub-
program (see script series 0011). The realSFS subprogram
was then used to create 2-dimensional SFS and weighted Fgp
measurements between each possible pair of subpopulations.
Nucleotide diversity estimates for each contig were gener-
ated by using the realSFS saf2theta option followed by the
thetaStat subprogram do_stat option.

Results
Flow cytometry

Flow cytometry was conducted successfully on 4-11 indi-
viduals per sampling site (N=101). No evidence of ploidy
variation was found among individuals or sites. All SFVS
samples had a sample: wheat fluorescence ratio near 8.0.

Common garden study

At the population-level, all measures of reproductive-asso-
ciated traits showed highly significant differences includ-
ing DAYS2FLR (Xz(l):5.438, p=0.0197), NUMFLE
(Xz(n =14.162, p<0.001), and NUMFLL (F;,=36.769,
p<0.001) (Fig. 3). The two populations also differed
in regard to measurements of HEIGHTE (F(l)z 10.170,
p=0.0017), LENGTHL (F;,=3.929, p=0.0493), NUM-
STEML (F,,=4.945, p=0.0276), and MASSDRY
(F1,=6.935, p=0.00935). The Las Virgenes population
tended to flower sooner and more vigorously than Newhall
and overall had greater biomass. There were no signifi-
cant differences between populations in measurements of
HEIGHTL, LENGTHE, NUMSTEME, or MASSWET
(Table S2).

At the subpopulation-level, there were more traits that
showed evidence of significant variation (p < 0.05) among
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the Las Virgenes subpopulations than among the Newhall
Ranch subpopulations (7 traits vs. 4 traits, respectively)
(Table S2). Within the Newhall Ranch population, traits
that showed significant differences between subpopulations
included NUMFLE, LENGTHE, WIDTHE, MASSDRY
(p<0.001 for all; Fig. 4). Within the Las Virgenes popu-
lation, traits that showed significant differences between
subpopulations included DAYS2FL, NUMFLE, NUM-
STEME, LENGTHE, WIDTHE, MASSWET, and MASS-
DRY (p<0.001 for all; Fig. 5).

Population genetic analysis
De novo reference assembly and alignment

The de novo reference contained 13,234 contigs and 182
spineflower samples aligned with greater than 79,000 reads
after removal of PCR duplicates (Tables 1, S1). Forty-one
samples were removed from the study due to an insufficient
number of filtered reads. After screening for the presence
of paralogs, 239 contigs were excluded for a total of 12,995
contigs with a mean length of 374 bp.

Population genetic analyses

A total of 10,073 SNPs were genotyped in the 182 spine-
flower samples. Evaluation of the g2 statistic (Table S3)
indicated the presence of low to moderate selfing across
subpopulations (Fig. 5). Newhall Ranch (3246 loci) and its
subpopulations generally had higher estimates of selfing
than ULVC (2864 loci) and its subpopulations (Figs. 5, 6).
Selfing rates were variable among subpopulations at each
location. LV 1 and 4 had higher selfing rates within ULVC
while Entrada, Lion Canyon, and Valencia exhibited ele-
vated selfing (s) in Newhall.

Principal component analysis of the variation present
in the 10,073 SNPs shows a separation of Newhall Ranch,
Las Virgenes (except LV6), and LV6 along PC 1 (3.66%
of variance) (Fig. 7). Principal Component 2 aligns with
separation within Las Virgenes (2.85% of variance) and
PC 3 indicates separation within the Newhall Ranch sub-
populations, with Entrada and Lion Canyon at the extremes
(2.49% of variance). Successive K-means clustering while
conducting DAPC using 150 PCs indicates a best fit of K=3
based on BIC (Fig. 8A). These three clusters comprise (1)
Newhall Ranch subpopulations, (2) Las Virgenes subpopula-
tions excluding LV6, and (3) LV6 (Fig. 8B). Mean posterior
probability assignments for each group are 1.00.

Pairwise Fgp ranged from 0.05 to 0.25 with a mean of
0.14 (Figs. 8C, S2). Patterns of pairwise Fq; demonstrate
the elevated distinctiveness of LV6 as well as the Entrada
and Lion Canyon subpopulations. Median nucleotide
diversity (m) is lowest in Lion Canyon, Entrada and Long
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Canyon (0.66, 0.727 and 0.785 respectively) (Fig. 8D).
Highest median = is present in LV5, LV1 and Airport Mesa
(0.961, 0.917 and 0.906 respectively).

Discussion

While the large number of rare and endangered plant spe-
cies precludes the investment of focused genetic study
afforded in model and agricultural species, well-designed
studies with diverse methodologies can be efficient and
effective tools in elucidating genetic information of con-
servation value. For example, combining approaches from
population genomics and common garden studies can
provide independent insights into the possibility of local
adaptation scenarios (de Villemereuil et al. 2008). In this
study, we used multiple approaches to evaluate the genetic
status of the endangered San Fernando Valley spineflower.
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or Dunn’s test; a=0.05)

We confirmed with flow cytometry analysis that, although
several spineflower congeners exhibit intraspecific chro-
mosome count variation, the two remaining SFVS popula-
tions exhibit a single ploidy level. Intraspecific variation
in chromosome number is an important consideration
in rare plant management, particularly augmentation or
reintroduction planning, because the progeny of inter-
ploid crosses often exhibit reduced F1 fertility (Ramsey
and Schemske 1998). Chromosome counts are known for
few listed species and even when known, those data aren’t
often incorporated into recovery planning (Severns and
Liston 2008).

We detected substantial levels of genetic diversity and
low to moderate selfing rates that varied across subpopula-
tions and that supports a mixed mating strategy. Significant
genetic differentiation was estimated within and among
populations using 10,073 SNP loci, and significant differ-
ences of phenotypic traits were observed between and within
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populations in our common garden experiment, which sug-
gests that local adaptation may have occurred. This between-
population structure is not unexpected given geographic
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distance and an intervening (although low) mountainous

landscape with attendant impacts on pollinator distances.
The existence of significant genetic differentiation

among populations and subpopulations (Figs. 7, 8) and
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median nucleotide diversity (xr) values ranging from 0.660
to 0.961 (Fig. 8D) indicates that SFVS still retains sub-
stantial levels of genetic diversity, despite rarity and highly
fluctuating population sizes. One contributing factor for
observed levels of genetic diversity is the buffering effects
of a persistent seed bank which can increase a subpopu-
lation’s effective population size and allow multigenera-
tional gene flow, reducing the rate of genetic drift (Honnay
et al. 2008; Bradbury et al. 2016). Plue et al. (2017) found
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that a Campanula rotundifolia seed bank retained 80% of
above-ground genetic diversity, as well as contained rare
private alleles. In Clarkia springvillensis, a rare, narrowly
endemic California annual plant, the seedbank contained
higher genetic diversity than germinated plants (McCue
and Holtsford 1998). Thus, the genetic diversity levels we
report for SFVS likely represent an underestimate of stand-
ing variation in the taxon.



Conservation Genetics

A

1345 1
O 1344
1343 1

13424

VCC -
SM -
PM -
Fst

LC - 0.25
GM - 0.20
AM -

0.15
LV6 -

0.10

Lv1
Lv2
Lv3
Lv4
Lv5
Lv6
EN .
AM
vcC
LiC
GM
LC
PM
SM

Theta Pi

R ICNCNONONCRONC N

N [

Inferred Group

Fig.8 Population genetic diversity of San Fernando Valley spine-
flower. A Successive K-means clustering while conducting DAPC
using 150 PCs, B Three clusters comprise (1) Newhall Ranch sub-

Interpreting the amount of genetic diversity in SFVS for
conservation purposes would ideally be conducted in a con-
text informed by genetic information from “comparable”
species, including more common congeners if possible, and
using similar genetic tools. In this case, we discovered little
genetic information for congeneric species and few studies
in rare, annual herbaceous plants using SNP loci.

A review of allozyme studies of 653 plant taxa that repre-
sented 449 species and 165 genera (Hamrick and Godt 1989)
revealed that endemic species had less than half the genetic
diversity of widespread species; annual species had lower
genetic diversity than long-lived perennials.

Similarly, genetic diversity within populations showed
some significant patterns—with selfing species and
endemics being correlated with much lower levels of

populations, (2) ULVC subpopulations excluding LV6, and (3) LV6,
C Pairwise Fg excluding inbred SNPs, D Nucleotide diversity () is
lowest in Lion Canyon, Entrada and LV6

within-population genetic diversity than wind-pollinated and
widespread species, respectively (Hamrick and Godt 1989).
As an annual and with an apparently mixed mating system
and highly restricted geographic range, SFVS may not be
expected to have a high level of genetic diversity at the spe-
cies or population levels—suggesting our study results are
surprising. However, SNP data from other species, with
both similar and differing life histories, would be required to
determine whether levels of SVFS genetic diversity revealed
here are consistent with the expectations of Hamrick and
Godt (1989). Further, the expectation of lower genetic diver-
sity in rare species may be a myth or at least an overly broad
generalization. Gitzendanner and Soltis (2000) hypothesized
that this relationship may be confounded by evolutionary
history and, using a meta-analysis, demonstrated that neither
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genetic partitioning nor total levels of genetic diversity dif-
fered between rare and widespread congeners.

Genetic structure (among populations) has also been
shown to be highly correlated with several traits, most nota-
bly breeding system and life form (Hamrick and Godt 1989).
Selfing species showed much more population structure than
did wind-pollinated, outcrossed species and annual species
much more than long-lived woody perennials. These pat-
terns may provide an expectation of considerable genetic
structure for the SFVS, which indeed was the case—both
between and within populations.

Evidence of population genetic differences and signifi-
cant phenotypic differences between the Newhall and ULVC
populations suggests both genetic drift and local adaptation
are probably contributing to population structure within this
taxon. Contemporary gene flow between Newhall and Las
Virgenes was expected to be minimal given the distance
between them (27 km), the intervening (low) mountain land-
scape, and land use conversion that has occurred in inter-
vening habitat. Low landscape suitability can be a bigger
driver of reduced gene flow and dispersal than geographic
distance (Grasty et al. 2020; Hellwig et al. 2022). These
factors would support genetic drift. Selective forces are also
likely and local adaptation is common in plants (Oduor et al.
2016; Bucharova et al. 2019), even at fine geographic scales
(Linhart and Grant 1996). In addition to the physical dis-
tance between the two populations—that can be a proxy for
other environmental attributes—elevation for Las Virgenes
subpopulations is generally higher than that at Newhall. Dif-
ferent selection pressures between locations were evidenced
by the significantly larger size of Las Virgenes spineflower at
several measures in the common garden experiment (Fig. 3).
Current culture—monitoring and management activities at
Newhall; relatively unmanaged landscape context at Las
Virgenes—may also have an effect, currently or in the future.
Determining the relative contributions of (neutral) genetic
drift and natural selection to the observed population differ-
ences is challenging and not attempted.

Our study provided genetic evidence for a mixed mating
strategy in San Fernando Valley spineflower. Selfing rates
will influence how genetic diversity is partitioned within and
among populations and subpopulations of this spineflower.
Greater rates of selfing increase homozygosity and genetic
drift and could accelerate a subpopulation’s genetic differen-
tiation from other subpopulations (Glémin et al. 2006). Not
unexpectedly, selfing rates were variable among subpopu-
lations (Whitehead et al. 2018) and generally were lower
within Las Virgenes than within most of the Newhall sub-
populations. Within populations, Entrada and Lion Canyon,
two subpopulations with relatively high genetic divergence
from other Newhall Ranch subpopulations, have high self-
ing values (s), but Valencia, which also has a high s, is less
genetically distinct. LV6 at Las Virgenes has a moderate
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selfing (s) value despite strong genetic divergence from all
other subpopulations. Selfing rates can vary over time within
and among subpopulations and it is possible that Valencia
and LV6 exhibit higher selfing rates under different eco-
logical or environmental conditions than those present in the
year samples were collected (Whitehead et al. 2018). Selfing
rates would need to be monitored across years to under-
stand the role of selfing in genetic differentiation among
spineflower populations. Additional research is needed to
determine whether selfing or inbreeding negatively affects
the fitness of individual plants.

Smaller geographic distances between subpopulations
should increase the opportunity for gene flow but the exist-
ence of within-population genetic differentiation suggests
genetic drift and/or local adaptation is occurring. Drift could
result from isolation due to pollinator limitations and/or
temporal variability in population size due to interannual
variability in precipitation. In a study of pollinator visits to
SFVS, it was observed that two ant species accounted for
approximately 40% of all visits, with just three other species
(European honey bees and two species of beetles) compro-
mising another 35% of visits. Further, the four native pol-
linators tended to visit flowers on the same plant or nearby
neighbors (Jones et al. 2009). Wingless pollinators and local
pollination behavior would tend to limit gene flow.

Significant differences among subpopulations at pheno-
typic traits measured in our common garden experiment
provide some evidence of local adaptation, but patterns of
phenotypic variability didn’t always correspond to genetic
differentiation. For example, the Lion Canyon subpopula-
tion within Newhall was genetically divergent at SNP loci
but was not significantly different at any measured pheno-
typic trait, while other subpopulations at Newhall and Las
Virgenes with no strong genetic differentiation did differ
significantly from others at one or more phenotypes. These
results suggest that either our SNP set did not cover areas of
the genome contributing to the phenotypic traits measured in
the common garden study or that the basis of the trait varia-
tion is epigenetic or the result of maternal effects.

Other studies have shown that different methods of esti-
mating genetic parameters—e.g., molecular or phenotypic/
common garden—can reinforce patterns or provide contrast-
ing interpretations. Some have shown that local adaptation
can occur in the absence of genome-wide differentiation
(Krohn et al. 2019; Hellwig et al. 2022). Marker diversity
failed to provide evidence of genetic divergence that was
demonstrated in a common garden study for a rare peren-
nial herb, Arabis fecunda (McKay et al. 2001). Similarly,
employing multiple approaches to assessing genetic diver-
sity provided a more robust description of the amount and
patterns of genetic diversity in another endangered Califor-
nia annual, Acanthomintha ilicifolia (DeWoody et al. 2018).
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Subpopulation LV6 was an interesting outlier in our
study. It exhibited high genetic divergence from other sub-
populations, was identified as a separate genetic cluster by
DAPC, and exhibited high pairwise Fqr values. It also dif-
fered significantly in reproductive traits, flowering 5-10 days
earlier than other subpopulations at Las Virgenes and pos-
sessing more flowers early in the inflorescence season. In
combination, this evidence suggests that both drift and
adaptive processes have contributed to the uniqueness of
LV6. Earlier flowering time could limit gene flow between
LV6 and other subpopulations and promote inbreeding and/
or selfing, although the g2 and selfing (s) values for LV6
weren’t remarkable when compared to other subpopulations.
LV6 is at the eastern edge of SFVS’s current distribution in
Las Virgenes, and is the farthest from its nearest neighbor-
ing subpopulation (LV5—0.6 km) than any of the others.
Thus gene flow—if mainly mediated by short-distance pol-
linators—may be more limiting than among the other sub-
populations. If environmental conditions on the eastern edge
are less optimal, LV6 may germinate more intermittently,
temporally isolating it from other Las Virgenes subpopula-
tions. Temporal genetic structure was shown to exceed spa-
tial genetic structure in an allozyme study of the slender-
horned spineflower (Dodecahema leptoceras; Ferguson and
Ellstrand 1999). Also, LV6 is found on a wash that is at
lower elevation from other subpopulations, potentially limit-
ing pollinator access. Different soil type (San Andreas silty
loam) at LV6 relative to other sampled subpopulations could
be a selective factor. Finally, it is possible that LV6 rep-
resents the remnant of another spineflower population that
is geographically adjacent to but genetically distinct from
the other Las Virgenes subpopulations. Additional study of
SFVS in Las Virgenes Open Space Preserve is required to
determine the mechanisms driving divergence between LV6
and other subpopulations.

Conservation implications

With only two extant natural populations, conservation
measures for this endangered taxon include attempting to
establish new populations and managing the existing popu-
lations (USFWS and The Newhall Land and Farming Com-
pany 2017). The finding of significant genetic differences
in both quantitative traits and at molecular levels, as well
as known environmental differences, between Newhall and
Las Virgenes suggests that they should be managed as sepa-
rate populations. While some natural gene flow could still
occur between the populations, the short travel distances
associated with the most likely seed and pollinator dispers-
ers suggest that any gene flow could be easily swamped by
local adaptation.

When attempting to establish new populations, the
observed genetic structure suggests using seed from the

subpopulation with the closest match in environmental con-
ditions. Although the selective pressures driving potential
adaptive differences among subpopulations are unknown,
there is sufficient evidence of local adaptation to select
recipient sites not only for suitability at the taxon level,
but for the closest possible subpopulation site match. If the
recipient site for reintroduction or establishment has envi-
ronmental conditions that reflect more than one extant sub-
population, and as long as the recipient site is sufficiently
distant from extant subpopulations to avoid most gene flow,
regional admixture provenancing, or drawing seeds from two
or more subpopulations, might be considered (Bucharova
et al. 2019). The mixing of seeds/plants from multiple sub-
populations would capture higher levels of genetic diversity
than drawing from a single source and may increase the like-
lihood of the establishment of new subpopulations (Bucha-
rova et al. 2019; Hofner et al. 2022). Introducing individuals
from multiple subpopulations broadens the suite of pheno-
types on which natural selection at a site can act. Although
using admixtures is risky, and success (persistence) would
not be evident for a long time, greater risks can be assumed
in establishing new populations (that are well removed from
extant populations) than in measures that could genetically
impact extant populations.

Regarding genetic management of extant populations, we
found no evidence that they were genetically depauperate
and, as such, genetic interventions (such as direct seeding)
would not appear to be warranted. We also note that the soil
seed bank reasonably represents a genetic diversity reser-
voir. We recommend that managers support extant levels
of genetic diversity by maintaining existing mechanisms
of gene flow among and within subpopulations and natural
reproduction. The most obvious means to do so is by sup-
porting appropriate pollinator (and seed dispersing) popu-
lations including monitoring for and managing as needed,
invasive Argentine ants (Linepithema humile). This guid-
ance is further supported by a meta-analysis of relationships
among genetic diversity, fitness, and population size with
plant features including rarity and life history traits which
suggested that reduced pollinator activity generally contrib-
utes to reduced fitness of plants in small populations of rare
species (Leimu et al. 2006).

Genetic diversity and structure should be reassessed
periodically (e.g., decadal) to allow managers to identify
changes that may have management implications. Although
recommendations for genetic monitoring seem to focus on
translocated and/or mixed gene pool populations to reveal
effects, for example, from outbreeding depression and/or
natural selection (Van Rossum et al 2020; Albrecht and
Edwards 2020; Van Rossum and Hardy 2022), this is also a
prudent practice for small populations of a vulnerable taxon.
Further, management practices could affect genetic diver-
sity over time. In addition, understanding how long seeds
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are viable in the seed bank and how seeds move across the
landscape will help managers understand the likelihood of
extirpation and natural recolonization after repeated dry
years. Ferguson and Ellstrand (1999) reported that germi-
nation in the slender-horned spineflower can occur several
years after the most recent seed production but viability of
the seed bank over time has yet to be characterized in the
San Fernando Valley spineflower.

Small populations, such as individual San Fernando
Valley spineflower subpopulations, are susceptible to
genetic diversity loss and may not be able to adapt to rapid
climate change, although the annual life form is advanta-
geous for rapid adaptation. For example, this taxon exhib-
its variable germination rates with higher germination
in wet years than in drier years (Jones et al. 2009). The
increased frequency of drought in California may increase
temporal variation in subpopulation size and fitness and
this stochasticity may accelerate genetic drift. Maintain-
ing adequate levels of pollination and supporting pollina-
tors (both known pollinators and a diversity of species)
is essential towards maintaining genetic diversity. Over-
all, this taxon—based on one-time samples but multiple
lines of evidence—appears to harbor substantial levels of
genetic diversity with significant structuring that is sug-
gestive of local adaptation, accompanied by drift. Given
its undetected persistence across decades and soil seed
bank, this San Fernando Valley spineflower appears to
have an inherent robustness that may be best supported by
attempting to establish new populations while avoiding
anthropogenic influences on extant populations more so
than any direct intervention at this time.
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