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ABSTRACT 

A CASE OF INCIPIENT BUDDING SPECIATION IN THE CALIFORNIA 
FLORISTIC PROVINCE, INFRASPECIFIC DIVERGENCE IN ABRONIA VILLOSA 

 

Eli Allen 

 

Physical barriers to gene flow are the traditional evidence for species divergence. 

Conversely, there has been increasing acknowledgment of speciation in the face of gene 

flow as an evolutionary process. Budding speciation involves peripheral populations 

adapting to local ecological conditions, thereby budding off from a widespread progenitor 

species. Budding speciation is distinguished by ecological divergence and is generally 

evidenced by asymmetrical range size and nested phylogenetic relationships of sister 

species. The narrow endemic Abronia villosa var. aurita is adapted to montane sandy 

washes adjacent to its widespread sister variety, the desert dwelling var. villosa. Here, I 

tested the hypothesis that A. villosa var. aurita is derived from its sister variety via 

budding divergence. My investigation employed phylogenomic and genetic structure 

analyses of a clade comprised of A. villosa and its close allies, A.umbellata and A. 

gracilis. My results reveal that Abronia villosa var. aurita is a recently budded taxon, 

phylogenetically nested within its sister variety yet still showing unique genetic structure. 

Unexpectedly, I found evidence that var. aurita comprises two reciprocally monophyletic 

subclades, separated by an elevational gradient. I also confirmed Tillet’s 1967 hypothesis 

that A. villosa would hybridize with the coastal A. umbellata in the localities where they 
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are sympatric. Ultimately, my study shows a recent but complex history of divergence 

and subsequent post-divergence processes, illustrating the importance of capturing 

nuanced snapshots of microevolutionary mechanisms as they occur.  
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INTRODUCTION 

Speciation and the maintenance of species boundaries between closely related 

taxa has been a contentious but integral component to understanding diversification 

across the tree of life (Rieseberg and Brouillet, 1994, Gottleib, 2004, Kay, 2006, Butlin et 

al., 2008, Hörandl and Stuessy, 2010, Bock, 2023). Allopatric speciation, divergence due 

to geographic barriers preventing gene flow between populations, has been considered 

the most common driver of species divergence in sexual organisms (Mayr, 1942, 1970, 

Dobzhansky, 1970, Coyn and Orr, 2004), making physical barriers that restrict gene flow 

the traditional evidence for speciation. The rationale for allopatric speciation is 

straightforward; if gene exchange between populations is blocked for sufficient time, 

recombination is prevented and species divergence occurs (Grant, 1981, Coyn & Orr, 

2004). By this same reasoning, it was long held that sympatric speciation (divergence 

within overlapping ranges lacking spatial barriers) was highly unlikely, as gene flow 

would prevent the process of reproductive isolation to the point where divergence was 

impossible (Jordan, 1905, 1908, Mayr, 1942, 1959, 1963). However, increasing evidence 

that speciation with ongoing gene flow occurs has led to a rethinking of how species, 

particularly plant species, diverge across the landscape (Crawford, 2010, Otero et al., 

2022, Ivey et al., 2023, Bock et al., 2023). Comparative investigations of plants, fungi 

and animals indicate that sympatric speciation has a significant role in the genesis of 

biodiversity (Fitzpatrick et al., 2008, 2009, Hernández-Hernández, et al., 2021). 

Sympatric speciation events due to polyploidization and hybridization are known to be 
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widespread in plants, but recently, instances of sympatric speciation with gene flow have 

been increasingly gaining attention (Bock et al., 2023). In the same vein, parapatric 

speciation (divergence of adjacent populations along environmental gradients), which is 

the intermediate between allopatric and sympatric speciation, is highly common in plants 

(Otero et al., 2022, Harrison 2012).  

 In sympatric and parapatric speciation, testing for ecological (vs. geographic) 

divergence has been reemphasized as a major goal of evolutionary biology (Gottlieb, 

2004, Crawford, 2010, Bock et al., 2023). Hence, the language of species divergence has 

transitioned in the 21st century, with a departure from emphasis on the classic triumvirate 

(allopatric, parapatric, and sympatric) models of speciation, in favor of “ecological 

speciation” (Rundle and Nosil, 2005). Ecological speciation is distinguished by its focus 

on ecologically driven divergent natural selection, paired with continued gene flow 

during, or even after, divergence (Schluter, 2009, Harrison, 2010). A recent study of 

Mimulus glaucescens (Phrymaceae) showed that while ecologically and morphologically 

distinct from its sister species, M. guttatus, they maintain extensive gene flow, especially 

in sympatry (Ivey et al., 2023). Evidence of a particular type of ecological speciation, 

“budding speciation,” has been shown to be common in vertebrates, invertebrates, and 

especially plants (Barraclough and Vogler, 2000, Malay and Paulay, 2010, Claremont et 

al., 2012, Anacker and Strauss, 2014, Grossenbacher, et al., 2014). In budding speciation 

small populations within or on the periphery of the range of a larger “progenitor” species 

adapts, locally producing a “derivative” species (Stebbins and Major, 1965, Rieseberg 

and Brouillet, 1994, Baldwin, 2005, Schluter, 2009, Crawford, 2010, Sianta and Kay, 



3 
 

  

2022). Studies on budding speciation in plants have focused on comparing sister pair 

taxa, searching for highly asymmetrical range sizes and divergence in ecological traits 

(Harrison, 2012, Anacker and Strauss, 2014, Grossenbacher, et al., 2014, Otero et al., 

2022, Ivey et al., 2023). While early studies on budding speciation were 

macroevolutionary, often sampling only a single individual per taxon (Fitzpatrick and 

Turelli, 2006, Anacker and Strauss, 2014, Grossenbacher, et al., 2014), recent 

microevolutionary studies are providing nuanced insight into the ecological and genetic 

mechanisms underlying the process of “budding off” (Vargas et al., 2020, Otero et al., 

2022, Sianta and Kay, 2022, Ivey et al., 2023). These studies not only confirm the 

presence of budding speciation, but also capture an evolutionary snapshot of how budded 

sister pairs continue to evolve. 

Budding speciation may be an important process that leads to species richness in 

biodiversity hotspots. A strong signal of budding speciation in plants has been found in 

the California Floristic Province (CFP), one of only two biodiversity hotspots in the U.S. 

(Gottleib, 2004, Baldwin 2005, Grossenbacher, et al., 2014, Harrison and Noss, 2017, 

Ivey et al., 2023). A phylogenetic comparative meta-analysis of 71 CFP sister pairs from 

12 families found signatures of the “progenitor – derivative” relationship in 80% of the 

sister pairs analyzed (Anacker and Strauss, 2014). This high signal for budding speciation 

could be attributed at the CFP’s climatic, geologic, topographic, and soil heterogeneity, 

potentially promoting ample microhabitats ideal for local ecological specialization, 

resulting in derivate neo-endemic species from widespread progenitor species (Raven and 

Axelrod, 1978, Thorne et al., 2009, Kraft et al., 2010). The high level of CFP plant 
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endemism – 42% (Burge et al., 2016) match the expected proportion of narrow endemics: 

if 80% of sister pairs diverged via budding speciation (Anacker and Strauss, 2014), then 

half of this percentage, 40%, would be derivative species. Understanding the linkage 

between budding speciation and endemism will reveal much about the evolution and 

assemblage of flora in biodiverse hotspots. 

Abronia villosa var. aurita (Abrams) Jeps. is a Californian narrow endemic that 

shows signs of being a recently budded taxon derived from its sister variety, the 

widespread A. villosa var. villosa S. Watson (American Society of Naturalists, 1883, 

Abrams, 1905, Jepson, 1914). The two varieties show strong range asymmetry, with the 

rare var. aurita having a much smaller range on the periphery of the more common var. 

villosa (Fig. 1A, 1B). Where their ranges abut, the two varieties are separated by stark 

elevational differences, their only range overlap being a long mountain canyon 

connecting their adjacent populations (Fig. 1D). The two varieties have also long been 

thought to differ ecologically, with var. aurita being considered a montane variety (200-

2000 m) compared to var. villosa which is mostly found on the low desert floor (0-1000 

m) (Curtis, 1977, Galloway, 2003). However, towards the coast – farther west than var. 

villosa occurs in CA – var. aurita is found in sandy washes and river-valleys at 

increasingly lower elevations as it moves westward, with one of these populations 

reaching the Pacific Ocean (Fig. 1C). Range asymmetry and ecological divergence 

between sister pair taxa are both indicators of budding speciation (Anacker and Strauss, 

2014, Sianta and Kay, 2022). Since both are taxonomically ranked as varieties of the 

same species, this case could be hypothesized as a case of budding speciation in an early 
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phase (hereafter “budding divergence”). In Nyctaginaceae, as with many North American 

plant families, the rank of variety is used entirely in lieu of subspecies even though 

variety is taxonomically nested within subspecies. (Hamilton and Reichard, 1992). The 

two varieties of A. villosa offer an ideal system to test and study budding divergence at a 

microevolutionary scale. 
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FIGURE 1 Geographic distributions of Abronia villosa, Abronia umbellata, and their 
varieties (a) across the California, (b) Southern California, (c) the Santa Margarita River 
Valley, and (d) Coyote Canyon connecting Borrego Springs to the Peninsular Ranges. 
Mapped using occurrence data from GBIF and CCH2 repositories in R using GGPLOT. 

  

Although range asymmetry and ecological divergence between sister pair taxa are 

indicators of budding divergence, they are not conclusive evidence of it (Sianta and Kay, 

2023). Progenitor-derivative sister pair relationships are most definitively detected with a 

phylogenetic analysis (Crawford, 2010), and evidence of budding divergence will result 
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in a nested phylogenetic relationship, with the derivative species being monophyletic and 

nested within the progenitor, causing the progenitor to be paraphyletic (Rieseberg and 

Brouillet, 1994, Baldwin, 2005). The goal of this study is to test for a signal of budding 

divergence within Abronia villosa, with the hypothesis that A. villosa var. aurita is 

derivative from of A. villosa var. villosa. I predict that A. villosa var. aurita is 

phylogenetically nested within A. villosa var. villosa and I expect to detect signals of 

ecological divergence between the two.  
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METHODS 

Study System 

The genus Abronia Juss., commonly known as sand verbenas, comprises 20 

species of xerophytic plants adapted to coastal dunes and arid, sandy environments that 

spread across western North America (Jussieu, 1789, Wilson, 1972, 1975, Galloway, 

1975, ITIS.gov). There are eight species native to California, five of which are 

considered rare or contain rare varieties (Wilson, 1972, Jepson Eflora, 2024). A. villosa 

var. aurita, a rare variety with a complicated taxonomic history (see Discussion), is one 

of only two Abronia taxa endemic to California (Wilson, 1972, Murdock, 2012). The two 

varieties of Abronia villosa are distinct ecotypes that differ in both elevational range and 

morphology (Curtis, 1977, Murdock, 2012). Curtis (1977) delineated the ecotypes of var. 

villosa and var. aurita as respectively desert and non-desert and distinguished the 

morphology of var. aurita as having distinctly larger floral characters (perianth tube and 

limb), more flowers per umbel, and a significantly longer peduncle than its sister variety. 

A. villosa var. villosa has a range spanning southern CA, at least two other states in the 

southwestern United States (NZ, AZ, and minimally in UT), as well as parts of Mexico 

and Baja California (Galloway, 1975), and is found in most arid parts of the Sonoran, 

Colorado and Mojave deserts (Fig. 1A) (Wilson, 1972, 1976). Abronia villosa var. aurita 

is endemic to Riverside and San Diego Counties and is a mostly montane species found 

in the San Jacinto Mountains, however, part of its range has spread eastward to the 
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Pacific Ocean in annually flooded sandy washes of the Santa Margarita River Valley 

(Fig. 1B) (Curtis, 1977, Murdock, 2012). Although Curtis thought var. aurita to be 

geographically isolated from nearby populations of var. villosa by the San Jacinto and 

Santa Rosa Mountain ranges (Peninsular Ranges), he did not inspect Coyote Canyon, a 

canyon network connecting the desert floor of the Anza-Borrego to the mountain town of 

Anza (Fig. 1D). Coyote Canyon has an elevational gain of almost 1000 m and contains 

the populations of var. villosa geographically closest to var. aurita. This series of canyons 

may have been the avenue of range expansion for Abronia villosa to reach montane 

elevations where it began diverging and it may still be facilitating gene flow between the 

two varieties where their ranges abut. Gene flow could also be maintained by long 

distance pollinators like the generalist hawkmoth, Hyles lineata (Sphingidae), a known 

pollinator for A. villosa that abundantly visits both varieties (Tillet, 1967, E.F. LoPresti, 

T. Chester, personal communication, E.J. Allen, personal observation).  

A range extension of A. villosa var. aurita along the Santa Margarita River Valley 

– which stretches from Temecula, CA to Oceanside, CA – includes the only populations 

of var. aurita that reach the Pacific Ocean (Fig. 1C). The Santa Margarita populations are 

separated from the rest of the range of var. aurita both geographically and elevationally, 

with populations reaching the coast at the outlet of the Santa Margarita River. At this 

outlet, var. aurita has significant range overlap with its coastal congener Abronia 

umbellata var. umbellata Lam., which has been found to hybridize anytime it occurs 

sympatrically with a congener (Lamarck, 1791, Tillett 1967, Van Natto, 2020). 

Morphological similarities have led to the hypothesis that A. villosa and A. umbellata are 
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closely related, likely comprising a monophyletic group with the inclusion of the Baja 

California species Abronia gracilis Benth. (Bentham, 1844, Tillet, 1967, Galloway, 

1975). Multiple unpublished phylogenies of Abronia have supported the hypothesis that 

A. villosa, A. umbellata, and A. gracilis form a monophyletic group (Nosratinia, 2013, 

E.F Lopresti et. al, S. Price et al., personal communication).  

Taxon Sampling 

I used a total of 50 individual samples (Appendix A) of A. villosa var. aurita, its 

allies (A. villosa var. villosa, A. umbellata, and A. gracilis), and Abronia latifolia 

Eschsch. as an outgroup (Memoirs of the Imperial Academy of Sciences of St. 

Petersburg, 1826). Three of my A. umbellata samples belong to the autogamous variety 

A. umbellata var. breviflora (Standl.) L.A. Galloway, while the rest belong to the 

outcrossing var. umbellata (Spellenberg and Poole, 2003, Samis & Eckert 2007, Darling 

2008). Two samples were collected from the potential hybrid zone between A. villosa var. 

aurita and A. umbellata var. umbellata (Fig. 1B). Most samples were collected in the 

field and dried in silica gel for DNA extraction, however, two were grown from field-

collected seed in a greenhouse (E.L. Lopresti), four were from herbarium specimens (J. 

Rebman, San Diego Natural History Museum), and three were obtained as raw reads 

from collaborators who used the same target sequencing baits (S. Price and M. Johnson). 

Specimen vouchers for every locality visited in the field were placed in the HSC 

herbarium. A record for each sample collected was uploaded to the iNaturalist platform 
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(www.inaturalist.org), and all 47 individuals that were sequenced by me personally will 

have their raw reads uploaded to GenBank (Appendix A). 

DNA Extraction and Sequencing 

DNA was extracted from dried plant tissue of field, greenhouse, and herbarium 

samples using the NucleoSpin® Plant II kit (Macherey-Nagel, Düren, Germany) 

following the manufacturer’s protocol, with 5 μL proteinase K (20 mg/mL) added to the 

digestion step. DNA extractions were quantified with Qubit Fluorometric Quantification 

(Thermo-Fisher), and DNA quality was visualized via gel electrophoresis. Library 

preparation and sequencing was performed by Rapid Genomics (Gainesville, FL) using 

the universal Angiosperms353 target capture probe set (Johnson et al., 2019). 

Alignment with CAPTUS 

Raw reads were cleaned, assembled, extracted, and aligned with the CAPTUS 

v0.9.89 pipeline (Ortiz et al., 2023). Trimming and quality filtering of raw reads were 

performed using the CAPTUS “clean” function with default settings, utilizing BBDUK from 

the BBTOOLS suite (Bushnell et al., 2017). De novo assembly of paired reads into contigs 

was performed using the CAPTUS “assemble” function with the default settings, via 

MEGAHIT v1.2.9 (Li et al., 2015). Target genes were extracted using a custom reference 

dataset for Abronia and Mirabilis (M. Johnson) compatible with the Angiosperms353 

probe set (Johnson et. al, 2019). Targets were extracted using the CAPTUS “extract” 

function with a minimum nuclear identity threshold of 90% (--nuc_min_identity 90), and 
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Abronia latifolia as the outgroup (--out), matching the assembled contigs to the Abronia 

and Mirabilis custom references (-n angiosperms353.abronia.fasta), via SCIPIO v1.4 

(Keller et al., 2008). Extracted markers were aligned using the CAPTUS “align” function, 

with flanking regions included (-f ALL), via MAFFT v7.505 (Katoh et al., 2002) and then 

trimmed via CLIPKIT v1.3.0 (Steenwyk et al., 2020) with CAPTUS default settings. 

Trimming and Subsetting 

The alignments from CAPTUS were further trimmed to remove gaps with TRIMAL 

v1.2 (Capella-Gutiérrez et al., 2009), removing positions from alignments when 50% or 

more of sequences contain a gap (TRIMAL ‘-gt 0.5’). Visual inspection of the matrices 

revealed several problematics regions in the alignments along with outlier sequences. For 

further trimming and filtering, alignments were categorized into three groups based on a 

visual assessment of the problematic regions: bad = matrices with multiple problematic 

regions, questionable = matrices with few problematic regions, and good = matrices with 

no problematic regions. 218 were marked as good, 61 as questionable, and 66 as bad. 

Good alignments were not trimmed further. Questionable and bad alignments were 

further trimmed using the TRIMAL option -automated1. Bad alignments were again 

further trimmed by removing positions with a similarity score lower than 0.005 the 

(TRIMAL ‘-st 0.005’), removing columns in the alignments with doubtful homology 

among samples. On both questionable and bad alignments, the extra trimming steps 

caused some samples (rows) to become entirely gaps; these samples were fully excluded 

from those alignments (TRIMAL ‘-resoverlap 0.20 -seqoverlap 20’).  
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Phylogenetic Analysis 

Species trees were inferred using both concatenated and coalescent-consistent 

methods. Gene trees were produced for each trimmed alignment using IQ-TREE v2.2.2.6 

(Nguyen et al., 2015) with an independent GTR+G model and 1000 ultrafast bootstraps. 

Outlier long branches were identified and trimmed from resulting gene trees using 

TREESHRINK v1.3.9 (Mai and Mirarab, 2018), with the alpha setting ‘-q 0.30’. Four gene 

trees (from alignments that recovered very few taxa) contained only long branches, 

indicating outlier samples. Long branch taxa identified with TREESHRINK were then 

removed from the original Captus alignments using a script modified from 

remove_long_branched_taxa_from_fasta_005.py (Vargas et al. 2020). Alignments with 

long branch samples removed were then used to infer a concatenated tree using IQ-TREE 

v2.2.2.6 (Nguyen et al., 2015), using the “-p” option. For my coalescent-consistent 

approach, new gene trees were generated from alignments with long branch taxa removed 

(again with a GTR+G model and 1000 ultrafast bootstraps), and the output trees were 

used to calculate a coalescent-consistent tree in ASTRAL v.5.7.1(Mirarab et al., 2014). 

Genetic Structure Analysis 

To explore the genetic structure of Abronia villosa var. aurita and its allies, we 

created a matrix of single nucleotide polymorphisms (SNPs) using BWA v0.7.17 (Li and 

Durbin, 2009), PICARD TOOLKIT v3.1.1 (Broad Institute, 2019), GENOME ANALYSIS 

TOOLKIT (GATK) v4.4.0.0 (McKenna et al., 2010), and PLINK (Purcell et al., 2007). Two 
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taxa were excluded from this analysis: A. latifolia because it is an outgroup, and Abronia 

gracilis due to low sampling and isolation from focal taxa by geographic distance. First, a 

custom reference assembly of 345 target loci with a total of 477,308 bp was created from 

the longest Abronia villosa var. aurita sequence in each of my 345 trimmed CAPTUS 

alignments (S1). My cleaned paired reads (CAPTUS ‘clean’) were mapped to the custom 

reference with BWA ‘mem,’ duplicate reads were marked and removed with PICARD 

TOOLS. SNPs were then called for each sample using GATK ‘HaplotypeCaller.’ SNPs for 

all samples were combined into a single dataset using GATK ‘CombineGVCFs,’ from 

which variants were jointly genotyped using GATK ‘GenotypeGVCFs.’ Genotyped 

variants were selected to include SNPs and exclude any non-variants using GATK 

‘SelectVariants.’ PLINK was then used to filter SNPs, removing individuals missing 

genotype data for more than 20% of their genotyped markers, removing variants with an 

allele frequency less than 10%, and accounting for linkage equilibrium using a window 

size of 50 kb, a variant count of 5, and a linkage threshold of 0.1, finalizing the SNP 

matrix for downstream analyses. 

Relationships and genetic structure were assessed with FASTSTRUCTURE v1.0 (Raj 

and Pritchard, 2014), with STRUCTURE_THREADER v1.3.11 (Pina‐Martins et al., 2017) 

used to automate and parallelize different runs of K. Taxa were grouped into five groups 

using STRUCTURE_THREADER ‘--ind’; this was aesthetic and did not affect clustering. The 

most likely number of genetic clusters (K) was determined after assessing values of K 

ranging from 1 to 10 with the FASTSTRUCTURE function, chooseK.py. Plots were 

visualized using STRUCTURE_THREADER. To further visualize genetic distance between 
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species and varieties, a principal component analysis (PCA) was calculated. PLINK was 

used to prune the GATK SNP dataset accounting for linkage disequilibrium with a 

window size of 50 kb, a variant count of 10, and a linkage threshold of 0.1, and calculate 

a PCA from the pruned SNP dataset. The PCA was visualized in R v4.3.2 (R Core Team, 

2021) using the TIDYVERSE package (Wickham et al., 2019).  
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RESULTS 

Sequencing and Alignment 

My raw sequences yielded roughly 206 million reads consisting of 31 million 

kbp, and after trimming and filtering via CAPTUS ‘clean’ there were 197 million reads. De 

novo assembly via CAPTUS ‘assemble’ produced a total of 245,182 contigs consisting of 

126 million bp. A total of 16,301 target regions were extracted from contigs with CAPTUS 

‘extract’, averaging 326 target regions per sample. CAPTUS ‘align’ produced a total of 

345 alignments from extracted target regions. After subsetting and extensive trimming of 

with TRIMAL, alignments had a remaining 14,840 target regions (averaging 297 per 

sample) consisting of 21.1 million bp. 

Phylogenetic Analysis 

The concatenated tree shows 100% bootstrap support for each species of Abronia 

being monophyletic (Fig. 2). The coalescent-consistent tree likewise shows strong 

posterior probability support (1) for monophyly of each species (Appendix B). At the 

variety level there is 100% bootstrap support and strong posterior probability (1.0) for 

monophyly of both A. villosa var. aurita and A. umbellata var. breviflora. In both trees A. 

villosa var. aurita is phylogenetically nested with A. villosa var. villosa, making var. 

villosa a paraphyletic group – strong evidence that var. aurita is a derivate of var. villosa. 

Abronia villosa var. aurita also comprises two reciprocally monophyletic subclades that 
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align with the respective geographic isolation of the localities of samples in each 

subclade; one subclade represents higher elevation montane populations (475 - 1500 m, 

San Jacinto Mountains and Hemet) and the other subclade consists of lower elevation 

coastal populations (6 - 350 m, Santa Margarita River Valley) (Fig. 1B, 1C). The 

auotgamous variety A. umbellata var. breviflora is likewise phylogenetically nested 

within A. umbellata var. umbellata, producing a similar pattern of paraphyly for the latter 

variety. One of the samples from the hypothesized hybrid zone between A. villosa var. 

aurita and A. umbellata var. umbellata had conflicting placement in both trees, either 

being sister to A. villosa or a clade comprising A. umbellata and A. gracilis. 
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FIGURE 2 Phylogeny inferred from concatenated supermatrix of 345 genes for Abronia 
villosa, Abronia umbellata, their varieties, Abronia gracilis, and Abronia latifolia as an 
outgroup. Node values indicate bootstrap support. Branch lengths that were shortened to 
save space are indicated with double slash marks, ‘//.’Terminal clades are color coded by 
taxon. 
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Genetic Structure Analysis 

 The SNP matrix initially recovered 59,542 variant sites from 340 loci in 47 

samples (after excluding two samples of A. gracilis and the outgroup A. latifolia), and 

after filtering with Plink 559 SNP variants remained. The genetic structure of A. villosa 

and A. umbellata inferred by FASTSTRUCTURE that best explained the data was three 

genetic clusters (K = 3), at this value of K, the varieties of A. villosa show as two distinct 

genetic clusters, with A. umbellata making up the third (Fig. 3). Filtering for PCA with 

PLINK produced 707 variant SNPS from the same initial SNP Matrix and shows similar 

clustering to the FASTSTRUCTURE analysis (Fig. 4). Both PCA and FASTSTRUCTURE show 

evidence of hybridization of A. villosa var. aurita and A. umbellata var. umbellata for 

two samples thought to be part of a hybrid zone. 
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FIGURE 3 Genetic structure (K = 3) of all samples excluding Abronia gracilis and 
Abronia latifolia. Bar colors indicate ancestral clustering of individual samples inferred 
by FASTSTRUCTURE from 559 SNP variants. Samples are each labeled with a unique 
taxon code. Numbers indicate taxon groups: (1) A. umbellata var. breviflora, (2) A. 
umbellata var. umbellata, (3) A. villosa × umbellata, (4) A. villosa var. aurita, (5) A. 
villosa var. aurita. 
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FIGURE 4 First two principal components of 707 SNP variants called across all samples 
excluding Abronia gracilis and Abronia latifolia. SNP data was filtered and used to 
generate eigenvectors and eigenvalues with PLINK and visualized in R with GGPLOT. 
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DISCUSSION 

Budding divergence produces a paraphyletic pattern in Abronia villosa 

 My study found strong signals of budding divergence within the species Abronia 

villosa, with evidence supporting the hypothesis that var. aurita is a derivate of var. 

villosa. My topology shows A. villosa var. aurita to be monophyletic and nested within A. 

villosa var. villosa, causing the latter to be paraphyletic (Fig 2, Fig S1). This nested 

pattern is a well-documented signal for budding divergence, as is the range asymmetry 

and the geographic peripherality of var. aurita to var. villosa (Rieseberg and Brouillet, 

1994, Baldwin, 2005, Anacker and Strauss, 2014). These findings suggests that var. 

aurita budded off into montane elevations from populations of the widespread desert var. 

villosa as it expanded up canyon washes. It is highly unlikely that this divergence was 

instead caused by the uplift of the San Jacinto mountains, as its upheaval predates the 

diversification of Abronia by at least 10 million years (Spotila et al., 2020, Cuna Neto et 

al., 2022). Budding speciation results in progenitor-derivative sister pairs, a phenomenon 

thought to be common in plants (Rieseberg and Brouillet, 1994; Baldwin, 2005, 

Crawford, 2010; Anacker and Strauss, 2014; Grossenbacher et al., 2014). While most 

studies have focused on budding speciation as a macroevolutionary process, there has 

been increasing interest at microevolutionary scales (Vargas et al., 2020, Sianta and Kay, 

2022, Ivey et al., 2023), however, few studies have been at infraspecific levels (Otero et 
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al., 2022). This study adds more evidence to the hypothesis that budding speciation might 

be pivotal in the assemblage of biodiverse hotspots. 

 My genetic structure SNP analysis showed both var. aurita and var. villosa cluster 

separately from each other (Fig. 3, Fig. 4), evidence of divergence and support for their 

classification as distinct varieties (Abram, 1905, Jepson, 1914, Curtis, 1977). The 

implications of having one sister variety phylogenetically nested within another, while 

also having enough genetic structure to cluster separately, is highly relevant in the 

context of budding speciation. There has not been enough intravarietal gene flow to erase 

the paraphyletic signal (Rieseberg and Brouillet, 1994, Baldwin, 2005,), yet enough 

lineage sorting has occurred to differentiate the varieties structurally. This supports the 

increasing evidence that speciation in the face of gene flow is not just possible, but highly 

probable in plants, and that the process of budding speciation through ecological 

divergence contributes to the genesis of neo-endemics and species diversity in California 

(Gottleib, 2004, Baldwin 2005, Anacker and Strauss, 2014, Grossenbacher, et al., 2014, 

Ivey et al., 2023). Nested phylogenetic patterns will disappear on evolutionary time 

scales, eventually becoming reciprocally monophyletic (Rieseberg and Brouillet, 1994, 

Hörandl and Stuessy, 2010), but taxa in the process of diverging provide a unique 

opportunity to understand how microevolutionary processes generate biodiversity. 

 In the case of A. villosa, some gene flow may be maintained through the 

proximity of var. villosa populations in Coyote Canyon to nearby montane populations of 

var. aurita, but overall, gene flow is likely facilitated by long range nocturnal pollinators. 

Like most Nyctaginaceae species, many Abronia have nocturnal moths as their primary 
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pollinator (Grant and Grant, 1983, Williamson et al., 1994, Williamson and Werth, 1999, 

Saunders and Sipes, 2006), including Abronia villosa and its close relatives, Abronia 

umbellata and Abronia gracilis (Tillet, 1967, Doubleday et al. 2013). A particularly 

prolific, long range, and generalist hawkmoth, Hyles lineata (Sphingidae) is known to 

frequently visit Abronia villosa and is commonly seen pollinating both the desert and 

montane varieties (Tillet, 1967, E.F. LoPresti, T. Chester, E.J. Allen, personal 

observation). Moth pollinators have been shown to travel incredibly long distances with 

pollen loads, potentially contributing to gene flow (Schmitt, 1980, Courtney, 1982, 

Barthelmess et al., 2006), and Hyles lineata is known to pollinate the narrow mountain 

endemic, Abronia alpina at 8800-9000m in the Sierra Nevada Mountains (Jabis et al., 

2011).  

Mountains are known generators of biodiversity and species richness in plants 

(Madriñán et al., 2013, Wen et al., 2014, Bouchenak-Khelladi et al., 2015, Vargas et al., 

2023), and upslope divergences leading to the emergence of sister taxa are common 

(Nürk et al., 2018, Vargas et al., 2020, Juárez et al., 2023, Carruthers et al., 2024). 

Mountains are known drivers of allopatric divergence through strong geographic 

isolation, yet also induce ecological divergences due to habitat heterogeneity. However, 

even in allopatric divergences there is evidence of gene flow across montane geographic 

barriers at inter- and infraspecific levels (Wu et al., 2022). A study in the Loess Plateau 

of China found evidence of subspecific divergence with gene flow between populations 

of Buddleja alternifolia (Scrophulariaceae) on either side of a mountain barrier (Ma et al., 

2021). Widespread lowland taxa are known to ecologically diverge into montane 
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environments (Ma et al., 2022), often with attributes that are consistent with budding 

speciation (Juárez et al., 2023). Progenitor-derivative relationships often start with a 

widespread progenitor, as they have stable enough population structure to maintain their 

ancestral ecology in the face of gene flow with ecologically diverged sister taxa 

(Baldwin, 2005, Hörandl and Stuessy, 2010, Kisel and Barraclough, 2010, Sianta and 

Kay 2022). Gene flow between widespread progenitors and montane derivates can even 

persist along evolutionary time scales. In the Qinghai–Tibet Plateau, the montane species 

Populus rotundifolia (Salicaceae) was found to be derivate of the widespread lowland 

Populus davidiana, with continued gene flow and hybridization between adjacent 

populations since their divergence in the Pleistocene (Li et al., 2021). 

On the reciprocal monophyly of A. villosa var. aurita subclades 

 Although firmly nested within Abronia villosa var. villosa, finding that var. aurita 

comprises two reciprocally monophyletic clades was a novel discovery (Fig. 2, Appendix 

B). These two clades show a degree of geographic and ecological isolation, with the more 

montane populations (475 - 1500 m) from the San Jacinto Mountains and Hemet, CA 

forming one clade (Fig. 1B), and the lower elevation populations (6 - 350 m) found in 

sandy washes along the Santa Margarita River Valley comprising a second clade (Fig. 

1C). While not shown in the best K (K= 3) of the FASTSTRUCTURE analysis (Fig. 3), all 

values of K from 4 to 10 showed these two clades clustering separately to some degree 

(Appendix C). The expansion of var. aurita into the Peninsular Ranges may have 

facilitated access to lower elevation niches on the western side of the mountains, a large 



26 
 

  

geographic area that var. villosa does not occupy. Abronia villosa seeds are known to be 

transported long distances by flash floods (Curtis, 1977, Wilson, 1976, Murdock, 2012), 

therefore expansion into lower elevations was likely via downstream seed transportation 

along seasonally flooding sandy washes. Downstream dispersal is a common long-

distance mechanism for plant migration and has been shown to increase species richness 

in riparian communities (Honnay et al., 2001, Jansson et al., 2005).  

The monophyly and structural clustering of lower elevation populations of var. 

aurita may be evidence of early divergence due to downstream migration. Elevational 

gradients can strongly affect the timing of flowering, and differences in reproductive 

phenology are known to drive divergent selection (Savolainen, 2006, Givnish, 2010, Frei 

eta al., 2014). Snowpack can further emphasize elevational phenology gradients (Asam et 

al., 2018), and snow has been observed delaying the emergence and bloom time of 

mountain populations of A villosa var. aurita (T. Chester, personal communication), 

which may have played a role in divergence in recent evolutionary time.  

Topographic complexity in mountain associated environments can lead to 

infraspecific divergences in geographically close populations (Leles et al., 2015). The 

topographic heterogeneity of California is known to drive the genesis of new species 

(Raven and Axelrod, 1978, Thorne et al., 2009, Kraft et al., 2010), and the lower 

elevational niches occupied by var. aurita may be ecologically different enough to 

eventually lead to divergence. Another contributor to this potential divergence may be 

anthropogenic disturbance, which is responsible for rampant habitat fragmentation in 

Southern CA (Soulé eat al., 1992, Schwartz et al., 2006, Girvetz, 2008, Loarie, 2008). 
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Loss of sandy riparian areas may have disrupted habitat connectivity, limiting genetic 

exchange between montane and low elevation populations of var. aurita. On the other 

hand, anthropogenic dispersal may also be at play and disentangling the past 

anthropogenic and environmental influences on endemic plants can be difficult (Fois et 

al., 2017). However, there is evidence of human disruption of sandy habitats negatively 

affecting var. aurita in the recent past. Populations of var. aurita once occurred along the 

Santa Ana River in Orange County, but its conversion from a sandy river to a series of 

manmade concrete channels has led to its extirpation, with no observations in Orange 

County since 1935 (CCH2, 2024). Further research is needed to identify whether the two 

subclades of var. aurita are in the process of divergence, and to understand the 

mechanisms driving their reciprocal monophyly and unique genetic clustering since the 

derivation of var. aurita from var. villosa. 

Hybrid zone between Abronia villosa and Abronia umbellata at Camp Pendleton 

 Abronia umbellata is a coastal species with a nearly one-dimensional geographic 

range along the West Coast of North America that has been found to hybridize anytime it 

occurs sympatrically with a congener – albeit in low percentages within populations 

(Tillet, 1967, Greer, 2016, Van Natto, 2020, Van Natto & Eckert, 2022). Tillet (1967) 

hypothesized that where Abronia villosa reached the Pacific Ocean via sandy riverways, 

it hybridizes with its coastal congener, A. umbellata, anytime they would overlap in 

range. Although Tillet specifically mentioned the Santa Ana River – where A. villosa var. 

aurita is likely locally extinct – this study has found multiple lines of evidence of a 
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hybrid zone between A. villosa var. aurita and A. umbellata var. umbellata at the outlet of 

the Santa Margarita River at Camp Pendleton, CA (Fig. 1C). Two samples were collected 

from a locality containing 19 individuals showing intermediate morphology between A. 

villosa and A. umbellata. One of the hybrid samples (EEA0075) had conflicting 

placements in the concatenated and coalescent-consistent trees (Fig. 2, Appendix B), 

alternatively being sister to all Abronia villosa or a clade comprising A. umbellata and A. 

gracilis. The other hybrid sample (EEA0074) was consistently sister to all of A. 

umbellata. Their conflicting placements and tendency to be sister to their parent clades is 

an indication that they are hybrid individuals. Evidence of hybridization is further 

supported by the genetic structure SNP analysis. In the FASTSTRUCTURE analysis the 

hybrid samples show mixed ancestry of A. umbellata and A. villosa var. aurita (Fig. 3), 

and in my PCA the hybrid samples are distributed intermediately between the clusters for 

A. umbellata var. umbellata and A. villosa var. aurita along the PC1 axis (Fig. 4). 

On the taxonomic history of Abronia villosa and its varieties 

The taxonomic history of A. villosa and its two varieties is complicated, leaving 

many errata in herbaria and occurrence data. A. villosa was first collected in Arizona 

during the G.M. Wheeler Survey (U.S. Army Corps of Engineers) and the type specimen 

was described by Watson in 1873 (Wheeler and Watson, 1874). In 1905 Abrams named 

two new Californian Abronia from herbarium specimens: A. aurita and A. pinetorum – 

collected by S.B. Parish (1896) and H.M. Hall (1901) respectively. Jepson (1914) then 

chose to lump A. pinetorum with A. aurita and rename them both as a variety of A. 
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villosa, making A. aurita the type specimen for A. villosa var. aurita. The locality for the 

type of A. pinetorum was Thomas Valley in the San Jacinto Mountains, where today there 

is still robust populations of its synonym, A. villosa var. aurita. However, Parish’s 

locality for A. aurita has caused some problems. It was described as “Palm Springs, 

(Agua Caliente), desert base of San Jacinto Mountain, alt. 500-700 feet,” with a date 

range of April 4th to April 13th, 1896. Parish collected many specimens during this 10-day 

expedition, all listing the exact same locality – an indication of its vagueness. Agua 

Caliente refers to the local indigenous tribe’s reservation, a checkerboard of property 

rights assigned in alternating 1-mile square blocks to indigenous and non-indigenous 

owners. This ‘checkerboard’ reservation encompasses much of Palm Springs and the 

eastern side of the San Jacinto Mountains, so the exact locality of the A. aurita type 

specimen is highly uncertain. Due to this early taxonomic confusion, most A. villosa 

collections in the greater metropolitan area of Palm Springs have been identified as var. 

aurita. This has proven problematic, as the current range of A. villosa var. aurita does not 

include Palm Springs, yet it does include Thomas Valley (also called Garner Valley), 

where Hall’s A. pinetorum was found.  
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CONCLUSIONS 

Taken together, my results indicate a strong signal of budding divergence 

consistent with the hypothesis that A. villosa var. aurita is derivate of A. villosa var. 

villosa, adding to the continually mounting evidence of the relative importance of 

budding speciation in the assemblage of biodiversity hotspots. The montane range of var. 

aurita is asymmetrically smaller and peripheral to the widespread desert range of var. 

villosa, suggesting an upslope ecological divergence into the Peninsular Ranges. I show 

that microevolutionary studies are necessary to properly test speciation dynamics, as 

macroevolutionary studies are often insufficiently granular to elucidate species 

divergences beyond strictly bifurcating events where a common ancestor neatly splits 

into two separate lineages. My study documents the attributes of microevolutionary 

patterns at play during the divergence process, showing the existence of paraphyletic taxa 

(Rieseberg and Brouillet, 1994, Gottleib, 2004, Hörandl and Stuessy) and highlighting 

alternative processes to allopatric speciation (i.e., budding speciation) as major players in 

diversification (Baldwin 2005, Gottleib, 2004, Malay and Paulay, 2010, Claremont et al., 

2012, Parins-Fukuchi, 2021, Otero et al., 2022). My study exemplifies how the 

confluence of phylogenomics, genetic structural analyses, and geographic data can 

provide nuance to the mechanisms of divergence with gene flow, which often start at 

infraspecific levels. Further works like this are warranted to shed light on paraphyletic 

species as natural taxonomic units in the process of diverging and show their relevance 

for capturing the complex microevolutionary history of species divergence. 
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APPENDICES 

Appendix A: Table of samples extracted for target sequencing, including two donated 
sets of raw reads extracted by the lab of Matt Johsnon (Eric F. Lopresti s.n, Leo A. 
Galloway 559). HSC: Cal Poly Humboldt Vascular Plant Herbarium, SD: SD Herbarium 
San Diego Natural History Museum, TTC: Texas Tech University, E. L. Reed 
Herbarium. 

Species Voucher Collection iNaturalist Code 
Abronia gracilis Benth. Rebman 

18418 
SD - EEA-

0117 
Abronia gracilis Benth. Riley 230 SD - EEA-

0054 
Abronia latifolia Eschsch. Eli Allen 55 HSC (sample 

only) 
- EEA-

0113 
Abronia umbellata var. breviflora 
(Standl.) L.A.Galloway 

Eli Allen 51 HSC 123637204 EEA-
0108 

Abronia umbellata var. breviflora 
(Standl.) L.A.Galloway 

Eli Allen 53 HSC 199763393 EEA-
0109 

Abronia umbellata var. breviflora 
(Standl.) L.A.Galloway 

Eric F. 
Lopresti 30 

OC - EFL0
030 

Abronia umbellata var. umbellata 
Lam. 

Eli Allen 2 HSC 118615246 EEA-
0070 

Abronia umbellata var. umbellata 
Lam. 

Eli Allen 3 HSC 118615247 EEA-
0071 

Abronia umbellata var. umbellata 
Lam. 

Eli Allen 5 HSC 118883977 EEA-
0072 

Abronia umbellata var. umbellata 
Lam. 

Eli Allen 6 HSC 118883978 EEA-
0073 

Abronia umbellata var. umbellata 
Lam. 

Eli Allen 9 HSC 118883982 EEA-
0076 

Abronia umbellata var. umbellata 
Lam. 

Eli Allen 10 HSC (sample 
only) 

119022374 EEA-
0012 

Abronia umbellata var. umbellata 
Lam. 

Eli Allen 11 HSC 118883983 EEA-
0078 

Abronia umbellata var. umbellata 
Lam. 

Eli Allen 12 HSC 118883986 EEA-
0079 
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Species Voucher Collection iNaturalist Code 
Abronia umbellata var. umbellata 
Lam. 

Eli Allen 49 HSC 123633008 EEA-
0106 

Abronia umbellata var. umbellata 
Lam. 

Eli Allen 50 HSC 123633010 EEA-
0107 

Abronia umbellata var. umbellata 
Lam. 

Gregory 3448 SD - EEA-
0116 

Abronia umbellata var. umbellata 
Lam. 

Leo A. 
Galloway 559 

TTC - LAG-
0559 

Abronia umbellata var. umbellata 
Lam. 

Rebman 
19264 

SD - EEA-
0115 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 13 HSC 118883987 EEA-
0080 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 14 HSC 118883989 EEA-
0081 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 15 HSC 118883992 EEA-
0082 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 16 HSC 118881959 EEA-
0083 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 17 HSC 118881965 EEA-
0023 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 18 HSC 118883993 EEA-
0085 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 19 HSC 119019952 EEA-
0086 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 21 HSC 119019954 EEA-
0087 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 24 HSC 119019958 EEA-
0088 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 29 HSC 122068884 EEA-
0093 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 30 HSC 119633892 EEA-
0094 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 31 HSC 119633893 EEA-
0095 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 32 HSC (sample 
only) 

119633905 EEA-
0096 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 33 HSC 119633917 EEA-
0097 
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Species Voucher Collection iNaturalist Code 
Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 34 HSC 119633925 EEA-
0098 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 41 HSC 120610615 EEA-
0101 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 42 HSC 120610610 EEA-
0102 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 45 HSC 122066401 EEA-
0103 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 46 HSC 122066404 EEA-
0104 

Abronia villosa var. aurita 
(Abrams) Jeps. 

Eli Allen 47 HSC 122066407 EEA-
0105 

Abronia villosa var. villosa S. 
Watson 

Eli Allen 25 HSC 119017579 EEA-
0089 

Abronia villosa var. villosa S. 
Watson 

Eli Allen 26 HSC 119017581 EEA-
0025 

Abronia villosa var. villosa S. 
Watson 

Eli Allen 27 HSC 119017587 EEA-
0026 

Abronia villosa var. villosa S. 
Watson 

Eli Allen 28 HSC 119017589 EEA-
0027 

Abronia villosa var. villosa S. 
Watson 

Eli Allen 37 HSC 120610585 EEA-
0099 

Abronia villosa var. villosa S. 
Watson 

Eli Allen 38 HSC 120610586 EEA-
0035 

Abronia villosa var. villosa S. 
Watson 

Sierra Jaeger 
s.n. 

Grown from 
collected seed 

- EEA-
0110 

Abronia villosa var. villosa S. 
Watson 

Sierra Jaeger 
s.n. 

Grown from 
collected seed 

- EEA-
0111 

Abronia villosa var. aurita 
(Abrams) Jeps. × umbellata var. 
umbellata Lam. 

Eli Allen 7 HSC 118883979 EEA-
0074 

Abronia villosa var. aurita 
(Abrams) Jeps. × umbellata var. 
umbellata Lam. 

Eli Allen 8 HSC 118883981 EEA-
0075 
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Appendix B: ASTRAL coalescent-consistent tree, values indicate posterior probability. 
Samples are each labeled with a unique taxon code. 
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Appendix C All other values of K, besides the best K (K = 3), of all samples excluding 
Abronia gracilis. Bar colors indicate ancestral clustering of individual samples inferred 
by FASTSTRUCTURE from 559 SNP variants. Samples are each labeled with a unique 
taxon code. 
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