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abstract: Idealized ring species, with approximately continuous
gene flow around a geographic barrier but singular reproductive iso-
lation at a ring terminus, are rare in nature. A broken ring species
model preserves the geographic setting and fundamental features of
an idealized model but accommodates varying degrees of gene flow
restriction over complex landscapes through evolutionary time. Here
we examine broken ring species dynamics in Calisoga spiders, which,
like the classic ring species Ensatina salamanders, are distributed
around the Central Valley of California. Using nuclear and mitogenomic
data, we test key predictions of common ancestry, ringlike biogeog-
raphy, biogeographic timing, population connectivity, and terminal
overlap. We show that a ring complex of populations shares a single
common ancestor, and from an ancestral area in the Sierra Nevada
mountains, two distributional and phylogenomic arms encircle the
Central Valley. Isolation by distance occurs along these distributional
arms, although gene flow restriction is also evident. Where divergent
lineages meet in the South Coast Ranges, we find rare lineage sym-
patry, without evidence for nuclear gene flow and with clear evidence
for morphological and ecological divergence. We discuss general in-
sights provided by broken ring species and how such a model could
be explored and extended in other systems and future studies.

Keywords: biogeography, evolutionary persistence, gene flow, isolation
by distance, parapatry.

Introduction

In “idealized” ring speciation, an ancestral population dis-
perses around a central geographic barrier, creating an ap-
proximately continuous chain of populations interconnected
by genetic exchange (Mayr 1942; Stebbins 1949; Irwin et al.
2001; Cacho and Baum 2012; Irwin and Wake 2016; Kuchta
and Wake 2016). When populations meet at the barrier
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terminus, they have accumulated enough genetic and phe-
notypic differences to prevent substantial gene flow, result-
ing in two distinct species under a classic biological species
concept. Ring species are interesting to evolutionary biol-
ogists in illustrating a link between micro- and macroevo-
lution, with geographic space serving as a proxy for evolu-
tionary time. Ring species also provide insight into divergence
with gene flow and showcase speciation completion dynamics
at a ring terminus (Irwin et al. 2001; Pereira et al. 2011; Al-
caide et al. 2014; Irwin and Wake 2016; Kuchta and Wake
2016). Finally, ring species provide system-specific biogeo-
graphic details but also general insight into the nature of
dispersal corridors and barriers to dispersal (Monahan et al.
2012).
Idealized ring species are extremely rare and, with con-

tinued genomic scrutiny or strict definitions, perhaps do not
exist in nature. Continuous gene flow throughout an entire
lineage history is difficult to achieve, dependent on organ-
ismal biology (population sizes, dispersal abilities), habitat
continuity, climatic variation through time, and local pop-
ulation extinction (Irwin et al. 2001; Alcaide et al. 2014;
Irwin and Wake 2016; Kuchta and Wake 2016). Also, ter-
minal contact may not have been discovered, may not exist
(Irwin et al. 2001; Rubinoff et al. 2021), or may allow for
extensive gene flow (Alcaide et al. 2014; Bouzid et al. 2022).
Simulation studies support the contention that idealized
ring species should be rare in nature, requiring a specific
combination of evolutionary age, dispersal rate, carrying ca-
pacity, and geographic configuration (Martins et al. 2013).
These empirical and theoretical challenges do not dimin-

ish the importance or interest in ringlike dynamics (Kuchta
and Wake 2016). The key processes of a ring model (diver-
gence with gene flow, space as a surrogate for time, ring
terminus interactions) may still exist in different spatial
regions of a ring complex or may have existed historically,
even if not achieved simultaneously at present. Recognizing
hicago. All rights reserved. Published by The University of Chicago Press for
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that an idealized model is empirically unrealistic, Irwin
and Wake (2016) and Kuchta and Wake (2016) present
arguments for less restrictive ring speciation models. These
allow for varying degrees of population fragmentation, dif-
ferentiation, and secondary contact while still maintaining
key aspects of a ring model. Hereafter, we refer to such
models as “broken” ring models (see Alcaide et al. 2014),
with genetic, phenotypic, and/or distributional discontinuities
(“gaps”) to various degrees.
Monahan et al. (2012) examined the spatial features of

ringlike barriers worldwide and predicted that additional
examples of ring dynamics might occur around the Cali-
fornia Central Valley. This valley, now essentially completely
converted to agricultural production, historically included
marine seaways and subsequent freshwater lakes (Dupre
1990; Hall 2002), both of which formed barriers to ter-
restrial taxa.When emergent, theCentral Valley acts as a rela-
tively xeric, topography-free lowland barrier to topography-
dependent upland taxa. A classic, but debated, example of
broken ring speciation exists in Ensatina salamanders, where
the valley acts as a barrier to upland salamander popula-
tions (Stebbins 1949; Moritz et al. 1992; Kuchta et al. 2009;
Pereira et al. 2011; Kuchta and Wake 2016).
Here we explore ring speciation in the California endemic

spider genus Calisoga Chamberlin, 1937. Calisoga is a my-
galomorph, a clade that includes sedentary taxa such as ta-
rantulas, trapdoor spiders, and relatives (reviewed in Bond
et al. 2006; Harvey et al. 2015; Rix et al. 2017). Calisoga are
relatively large spiders (adult female carapace lengths range
from 0.5 to 1.5 cm) that live in subterranean burrows with
simple open entrances. According to morphological study,
Bentzien (1976) hypothesized that there are only two spe-
cies of Calisoga, including a common, widespread C. lon-
gitarsis and the smaller, rare C. theveneti. Bentzien (1976)
hinted that C. theveneti are potentially early-maturing C.
longitarsis, and many arachnologists refer to all Califor-
nian nemesiids as C. longitarsis (e.g., Ubick and Ledford
2005). A multigenic phylogenetic study confirmed conser-
vative phenotypic evolution in Calisoga (particularly in
male secondary sexual characteristics) but revealed high lev-
els of genetic divergence, suggesting cryptic speciation with
a distribution that mostly encircles the Central Valley (Lea-
vitt et al. 2015).
The population genomic and phylogeographic history

of Calisoga was examined to test a broken ring model. We
tested the following key predictions (see also Irwin and
Wake 2016; Kuchta and Wake 2016), with parallels to pre-
dictions for an idealized model but allowing for genetic,
phenotypic, and/or distributional breaks in a known low-
dispersal system: (1) evidence for a single common ancestor
for populations involved in the ring complex; (2) a ring-
like biogeography, with directionality inferred by phylo-
genomic patterns and formal biogeographic reconstruction
(e.g., Kuchta et al. 2009; Cacho and Baum 2012); (3) diver-
sification timing consistent with known California geology
(e.g., populations not older than available landscapes);
(4) evidence for gene flow at some point in the evolution-
ary history of populations, including evidence for isola-
tion by distance (IBD), but allowing for population struc-
turing to various degrees; and (5) evidence for a lack of
gene flow and/or phenotypic differentiation at a ring ter-
minus. We stress additional key attributes of a broken ring
model in “Discussion” (e.g., persistence on the landscape,
slowly evolving reproductive isolation), but we did not
explicitly measure or test these variables here. Overall,
we find strong evidence for all five tested predictions in
Calisoga. We highlight the many parallels between Caligosa
and Ensatina, hypothesize other California examples, and
discuss more generally how a broken ring model contrib-
utes to speciation process knowledge.
Methods

Specimen Sampling

Calisoga were sampled from across their known distri-
bution, including 149 spiders from 115 localities previously
collected by Leavitt et al. (2015). To fill minor sampling
gaps, we collected 32 spiders from 18 additional localities
(table S1; tables S1–S4 are available online). We also sam-
pled 28 individuals from nine localities from near the hy-
pothesized ring terminus, including a location with lineage
sympatry. Phylogenomic analyses using out-groups included
Mediterranean nemesiid genera Amblyocarenum and Neme-
sia, recovered as sister to Calisoga in Opatova et al. (2020);
one analysis also included more distant mygalomorph gen-
era. Voucher specimens are deposited in the San Diego
State University Terrestrial Arthropods Collection (SDSU
TAC) and/or the University of California, Davis, Bohart
Museum of Entomology (BME).
For most methods summarized below, we provide a

brief overview, referring the reader to the supplemental
PDF for further details. Analyses and scripts can be ac-
cessed in the Dryad Digital Repository (https://doi.org
/10.5061/dryad.70rxwdc47; Monjaraz-Ruedas et al. 2024).
Data processing was performed on the Mesxuuyan high-
performance computing cluster at SDSU.
UCEs, Mitochondrial Data, Nuclear SNPs

Nuclear ultraconserved element (UCE) data were processed
using a pipeline that included software packages Trimmo-
matic (Bolger et al. 2014), SPAdes (Prjibelski et al. 2020),
PHYLUCE (Faircloth 2016), MAFFT (Katoh et al. 2009),
Gblocks (Castresana 2000), CIAlign (Tumescheit et al.
2022), and FUSe (https://github.com/rmonjaraz/FUSe). Raw
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UCE data are deposited under BioProject PRJNA1073270
in the GenBank Sequence Read Archive repository.
Mitochondrial protein coding loci were captured as UCE

bycatch using custom scripts (mtdna_byCatch.sh, Dryad
Digital Repository [https://doi.org/10.5061/dryad.70rxwdc47;
Monjaraz-Ruedas et al. 2024]) and methods detailed in the
supplemental PDF. A concatenated mitochondrial matrix
including out-group nemesiid genera was analyzed using
maximum likelihood (ML) with IQ-TREE 2 (Minh et al.
2020b). Selection of the best partition (loci as different par-
titions) and fitting of the best substitution model were per-
formed with ModelFinder using the Bayesian information
criterion (Kalyaanamoorthy et al. 2017), with branch sup-
port assessed with 1,000 replicates of ultrafast bootstrap
(Hoang et al. 2018).
We extracted single-nucleotide polymorphism (SNP)

data from UCE alignments following Zarza et al. (2018)
and the PHYLUCE (ver. 1.7.1) mapping workflow (snps
_calling.sh, Dryad Digital Repository [https://doi.org/10.5061
/dryad.70rxwdc47; Monjaraz-Ruedas et al. 2024]). We used
UCE final alignments after the “per sample” filtering process
as a pseudoreference, minimizing possible paralogs and/
or sequencing errors. SNP variants were called using BWA
(Li 2013) and BCFtools (ver. 1.11; Danecek et al. 2021) and
filtered using VCFtools (ver. 0.1.16; Danecek et al. 2011;
see also the supplemental PDF). Using a custom perl script
(randSnps.pl, Dryad Digital Repository [https://doi.org/10
.5061/dryad.70rxwdc47; Monjaraz-Ruedas et al. 2024]), the
resulting VCF file was subsampled retaining one random
SNP per locus (retrieving unlinked SNPs).
Prediction 1: Ring Complex Common Ancestry

Phylogenomic and biogeographic analyses were conducted
to confirm a monophyletic ring complex, with popula-
tions surrounding a central barrier. Multiple UCE matri-
ces were created for these analyses (table S2). An 80% oc-
cupancy out-group matrix included two more samples
(183 samples, 1,244 UCEs) than a matrix including only Cali-
soga specimens (in-groupmatrix: 181 samples, 1,246 UCEs).
Smaller in-group matrices were created corresponding to
recovered North and South clades, subsampling loci with
the highest ratio of parsimony-informative sites (Northma-
trix: 200 UCEs, 73 samples; South matrix: 200 UCEs, 93
samples).
ML analyses as above were conducted using the out-

group and in-group matrices. Variation in ML tree topol-
ogies was assessed using gene and site concordance factors
(Minh et al. 2020a; Lanfear and Hahn 2024). A species tree
was estimated under a quartet summary method using
ASTRAL (ver. 5.7.7; Mirarab and Warnow 2015; Zhang et al.
2018; Rabiee et al. 2019) with both out-group and in-
group matrices. Input ASTRAL gene trees were estimated
usingMLas described above and treated as unrooted. Inter-
nal branch lengths were estimated in coalescent units,
with branch support measured as local posterior probab-
ility values (Sayyari and Mirarab 2016); topological varia-
tion was assessed using quartet scores (Lanfear and Hahn
2024).
Predictions 2 and 3: Divergence Time Estimation
and Biogeographic Reconstruction

To test for diversification timing consistent with Cali-
fornia landscape availability, particularly South Coast Range
habitat availability, we calculated divergence times using a
multispecies coalescent model implemented in the BEAST2
package SNAPPER (Stoltz et al. 2021). We subsampled
the out-group matrix to 70 specimens (representing all pri-
mary phylogeographic lineages; see “Results”) and called
SNPs without missing data, resulting in 413 unlinked bial-
lelic SNPs. To convert coalescent units into time-calibrated
branch lengths, we followed Stange et al. (2018), using sec-
ondary calibrations from Opatova et al. (2020). Input files
were generated using the script snapp_prep.rb (https://github
.com/ForBioPhylogenomics/tutorials/tree/main/divergence
_time_estimation_with_snp_data). We set all 70 individuals
as separate species, using ASTRAL trees as a starting point
(flag -s). Absolute time calibration details are provided in the
supplemental PDF.
Analyses of biogeographic directionality and ancestral range

estimation were conducted using the dispersal-extinction-
cladogenesis (DEC) model (Ree and Smith 2008), imple-
mented in BioGeoBEARS (Matzke 2014). The SNAPPER
maximum clade credibility tree was used as input, col-
lapsed to represent primary phylogeographic lineages as
terminal taxa. Geographic ranges as states were scored in
a presence/absence matrix following well-recognized phy-
togeographic subdivisions for California (Burge et al. 2016;
Baldwin et al. 2017). Analyses were run with default param-
eters setting the range number to four, maximum range
number to two, and maximum range size to two, without
dispersal or time constraints.
Prediction 4: Population Structure
and Nuclear Gene Flow

Population units for population structure and gene flow
analyses were inferred using tree-based (phylogenomic)
and SNP-clustering approaches. For the tree-based approach,
we defined “primary phylogeographic lineages” as geograph-
ically cohesive clades recovered consistently across nuclear
analyses, with high support or topological concordance mea-
sured in multiple ways (bootstrap, posterior probability, site
concordance factors). We are unaware of a consensus defi-
nition for “phylogeographic lineage.” Our phylogeographic
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lineages are more subdivided than “populations,” as inferred
from cluster analyses (see below), but less subdivided than
other possible phylogenetic definitions. We used the
Bayesian phylogenetics and phylogeography program
(BPP; Yang and Rannala 2010, 2014; Flouri et al. 2020)
to validate phylogeographic lineages, following the argu-
ment that multispecies coalescent methods are efficient at
delineating Wright-Fisher populations (Sukumaran and
Knowles 2017).
Algorithmic genetic clustering was implemented us-

ing sparse nonnegative matrix factorization (sNMF) in the
R package LEA (Frichot et al. 2014; Frichot and François
2015), using the unlinked SNPs dataset. Ten runs with
1#105 iterations and a p 10 were performed for K val-
ues ranging from 1 to 15; a cross-entropy validation method
was used to select an optimal K value. We also assessed
genetic clustering using TESS3 (Caye et al. 2016), which
estimates genetic ancestry coefficients taking geography
into consideration. Input data included unlinked SNPs for
K 1–20 groups using a projected.ls method with 10 repli-
cates and 10,000 iterations, using the R package tess3r (Caye
et al. 2016).
A ring species model predicts IBD at nonterminal

parts of the ring (Irwin et al. 2001; Irwin and Wake
2016; Kuchta and Wake 2016). We tested for IBD using
individual pairwise Euclidean genetic (from all SNPs)
and geographic distances, assessing significance with a
Mantel test with 1,000 bootstrap replicates. Analyses were
conducted in the R packages adegenet and dartR (Jombart
2008; Jombart and Ahmed 2011; Gruber et al. 2018). We
grouped individuals into primary phylogeographic line-
ages, sNMF genetic clusters at optimal K values, and
broaderNorth versus South clades. Because the latter anal-
ysis involved geographic distance comparisons across the
Central Valley, we created a custom conductance raster to
penalize straight-line distances directly spanning the valley
(see the supplemental PDF).
The FST values were calculated among primary phylo-

geographic lineages using dartR; data were imported into a
genlight object using the package vcfR (Knaus and Grün-
wald 2017). Gene flow between primary phylogeographic
lineages was measured using ABBA-BABA tests (Patterson
et al. 2012; Malinsky et al. 2021), implemented in Dsuite
(Malinsky et al. 2021). We computed all combinations of
trios using the full SNP dataset, assigning the Sacramento
lineage as the out-group (see “Results”). The P values were
adjusted using the p.adjust function in R using the Benjamini-
Hochberg correction (Benjamini and Hochberg 1995). The
F4-ratio and F-branch plots were plotted using Dsuite ac-
companying scripts, using the ASTRAL topology as a ref-
erence tree.
FEEMS (ver. 1.0; Marcus et al. 2021) was used to iden-

tify geographic regions with gene flow restriction. FEEMS
estimates migration parameters using a penalized-likelihood
framework, using a fast quasi-Newton optimization algo-
rithm (Marcus et al. 2021). We used the full SNP dataset,
converted from vcf to bed format using plink2 (Chang
et al. 2015). In this method, l is a tuning parameter used
to penalize the strength of migration; we selected the l

that minimized cross-validation error by running 20 values
of l from 1e26 to 1e22.
Prediction 5: Contact at Ring Terminus

To test for a lack of gene flow at the ring terminus, we
assembled a contact zone matrix (1,119 UCEs, 12 Bay
and 16 South samples) including 15 additional specimens
from a syntopy location (Coalinga Road) first reported by
Leavitt et al. (2015). Geographically adjacent Bay and South
specimens were included for broader geographic context
(table S1). We conducted ML analyses as above and also
extracted unlinked SNPs and used sNMF with K ranging
from 1 to 6.
Morphological differentiation at the ring terminus was

examined by measuring adult female voucher specimens
available for the contact zone matrix (n p 10). A series
of linear measurements for 12 continuous variables was
taken (table S3). To place morphological differentiation
at ring contact into a broader context, we also took mea-
surements of adult female voucher specimens for the en-
tire in-group matrix (n p 159). A multidimensional scal-
ing (MDS) analysis was performed using the R package
stats, function dist() and cmdscale(), computing Euclidean
distances and decomposing the data to a maximum of two
dimensions (k p 2). We also conducted a principal com-
ponents analysis (PCA) using the R package FactoMineR
(Lê et al, 2008) and used PC1 scores to calculate average
pairwise Euclidean distances between specimens grouped
by primary phylogeographic lineage. Finally, we used PC1
Euclidean distances to examine the relationship between
morphological and geographic individual pairwise distances
for groupings of North and South clades, excluding syntopy
specimens. Significance was assessed using a Mantel test
with 1,000 bootstrap replicates.

Results

Data

Input, log, and output files are available in the Dryad Dig-
ital Repository (https://doi.org/10.5061/dryad.70rxwdc47;
Monjaraz-Ruedas et al. 2024). We recovered an average
of 1,345 UCEs per sample with a mean length of 950 bp
without filtering or trimming. The in-group matrix in-
cluded 1,246 UCEs and a concatenated length of about
800 kbp. The filtered VCF file included 5,941 biallelic SNPs
for 176 samples, including 983 unlinked SNPs. We recovered
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15 mitochondrial genes for 192 samples, including
9 samples not included in nuclear analyses (table S4). Ma-
trix details are found in table S2.
Prediction 1: Ring Complex Common Ancestry

Nuclear phylogenomic analyses agreed in recovering a mono-
phyletic Calisoga, with well-supported Sacramento, North,
and South subclades (figs. 1A, S1–S3, S6; figs. S1–S13 are
available online). Analyses including nemesiid out-groups
place a Sacramento lineage as sister to a monophyletic ring
complex (North 1 South) in three of four analyses (con-
catenated, SNAPPER, mitogenomic). In the ASTRAL out-
group analysis, Sacramento is placed inside the ring com-
plex, sister to North, but with low support (0.85 posterior
probability; fig. S1). An ASTRAL analysis with a larger sam-
pling of mygalomorph taxa recovers Sacramento as sis-
ter to a monophyletic ring complex with strong support
(fig. S2). We hereafter treat the Sacramento lineage as a
closely related sister species to the ring complex and exclude
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Sacramento samples from population genomic analyses fo-
cused on ring speciation dynamics.
Six and eight primary phylogeographic lineages were

recovered within North and South clades of the ring com-
plex, respectively (fig. 1; table S1). Primary phylogeographic
lineages were validated with BPP, all recovered with a pos-
terior probability of 1. Phylogeographic lineages and line-
age interrelationships are generally well supported using
bootstrap and posterior probabilities (figs. 1A, S1, S3); rel-
evant branches also show less topological variation, as as-
sessed by quartet scores and site concordance factors (figs. 1A,
S1, S3). Mitogenomic analyses with nemesiid out-groups
recover a Sacramento lineage sister to a monophyletic ring
complex, and within North and South clades, relationships
are broadly similar (but not identical) to those found in
nuclear analyses (fig. S4).
North and South clades have approximately parallel in-

ternal phylogenomic structuring, with a high-elevation clade
in the west-central Sierra Nevada sister to remaining lin-
eages, which themselves show well-supported east-to-west
paraphyly (figs. 1, S1, S3, S4). In the North this includes
spider populations in the northern Sierra Nevada foothills,
with derived populations in the North Coast Ranges, in-
cluding the Bay Area. The South clade includes spiders in
the central and southern Sierra Nevada foothills, with de-
rived populations in the South Coast Ranges (figs. 1, S1,
S3, S4). Along Coalinga Road in the South Coast Ranges,
northern spiders are sympatric with southern spiders near
the ring terminus (see below).
Predictions 2 and 3: Divergence Time Estimation
and Biogeographic Reconstruction

Analyses based on nuclear SNPs estimate a divergence of
Calisoga from other nemesiid genera around 83 million
years (myr) ago (78.8–86.7 95% highest posterior density
[HPD]), with a most recent common ancestor (MRCA) of
Sacramento plus the ring complex in the Late Miocene (7.5–
12.7 95% HPD; figs. 2, S6). Divergence of the MRCA of the
ring complex is estimated at 9 myr ago, with the MRCA
of individual North and South clades estimated at 7 and
8 myr ago, respectively (figs. 2, S6). Importantly for the ring
species hypothesis, western South clade members share an
estimated common ancestor 4.5 myr ago, when emergent
terrestrial habitats would have been available in this geo-
graphic region (Hall 2002). Upland habitats in the Sierra
Nevada and North Coast Ranges were also available from
5 to 7 myr ago (Harden 1998; Furlong and Schwartz 2004;
Schierenbeck 2014).
DEC analyses indicate the Sierra Nevada region as the

most probable ancestral range for the MRCA of the ring
complex, with a ML probability 175% for Sierra Nevada
and a lower probability for the northwestern and Sierra
Nevada regions (NW 1 SN in fig. 2). In both North and
South clades, ancestral range reconstructions transition from
the Sierra Nevada to Coast Ranges, in both the north (north-
western and central western regions; NW1 CW) and the
south (CW).
Prediction 4: Population Structure
and Nuclear Gene Flow

Genetic population clusters are consistent with, but gen-
erally more conservative than, primary phylogeographic
lineages (figs. 3, S7). The value K p 5 corresponds to the
best cross-validation value (fig. 3B, 3C), but we also show
K p 14 to compare directly with recovered phylogeo-
graphic lineages. Multiple possible admixed specimens were
observed at K p 5, principally in Sierra and Calaveras lin-
eages. This possible admixture mostly disappears when in-
creasing K to 14 (fig. 3B, bottom). Monterey was recovered
as part of the same genetic cluster as SoCoast, even when
increasing K values. TESS3 analyses agree with sNMF in
finding five clusters when considering landscape context,
with the same subdivision into North and South clades
(fig. 4A). This clustering scheme is again conservative with
respect to primary phylogeographic lineages.
Analysis of IBD with individual samples grouped into

North and South clades, K p 5 sNMF clusters, and pri-
mary phylogeographic lineages revealed a significant pos-
itive result for all (figs. 3D, 3E, S8). Significant results are
also found for North and South geographic distance com-
parisons corrected for distances across the Central Valley
(fig. 3D). However, these significant results at all levels of
clustering conceal important differences among IBD anal-
yses. In particular, as groupings become more inclusive,
IBD slopes in general become less steep (figs. 3D, 3E, S8).
The FST values indicate high population differentiation

among primary phylogeographic lineages, ranging from
0.37 to 0.83 (fig. 4B). A pattern of increasing pairwise val-
ues with increasing geographic distance is observed in the
North clade (e.g., SierHigh vs. other populations; fig. 4B),
but this stepwise pattern is not observed in the South clade.
Instead, FST values are consistently high in the South clade,
both across lineages in the Sierra Nevada and for com-
parisons across the Central Valley (fig. 4B).
ABBA-BABA results indicate limited gene flow among

primary phylogeographic lineages (fig. 4D). Although these
tests cannot measure gene flow between sister lineages,
given the Calisoga tree structure, this pertains only to three
sister lineage comparisons; most tested comparisons are
across nonsisters, even when lineages are geographically
adjacent. Evidence for gene flow within the South clade
is present in lineages of the Sierra Nevada. Evidence for
gene flow within the North clade is found between adja-
cent high-elevation (SierHigh) and low-elevation (noSier)
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lineages. Gene flow was also detected between the North
and South clades (fig. 4D). Here, patterns of gene flow from
one population repeated in multiple different populations
are interpreted as ancestral gene flow (Malinsky et al. 2021),
in this case between SierHigh and noSier in the North clade
with the ancestor of the South clade. The F-branch results
(fig. S9) are congruent with the above but slightly more
conservative (less significant).
FEEMS analysis at best-fit l p 100 shows high gene

flow resistance across the Central Valley and at terminal
contact (fig. 4C). Different values of l revealed areas with
high gene flow resistance in agreement with phylogeo-
graphic lineages within North and South clades and fur-
ther suggest that gene flow is more restricted in the an-
cestral ranges of the Sierra Nevada and less restricted
in western locations, except at the ring terminus (e.g.,
l p 0:8 or l p 14; fig. S10).
Prediction 5: Contact at Ring Terminus

Phylogenomic analysis of a subsample of Bay and South
specimens from in and near the syntopy site along Coa-
linga Road (contact zone matrix) resulted in reciprocally
monophyletic groups (fig. 5A), with k p 2 sNMF clusters
(fig. S11). Bay and South spiders from the syntopy site
show no signs of genetic admixture (fig. 5B), even when
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collected from burrows only 10 m apart (fig. 5C). Possible
admixture was observed for a single spider not from the
syntopy site (MY4581; fig. 5), but this might be an artifact
of this sample being more related to unsampled eastern
individuals (fig. 3B).
MDS analysis recovered high morphological similarity

among Calisoga samples (goodness of fit p 0:93), with
phylogeographic lineages and major clades (North, South)
overlapping in Euclidean distance space (fig. 6A). PC-
derived morphological distances between major clades
generally exceed those within clades (fig. 6C). Morpho-
logical IBD is nonsignificant in both North and South
clades (fig. S13).
Samples from Bay and SoCoast lineages in syntopy at

Coalinga Road show pronounced morphological differ-
entiation (fig. 6B). Average pairwise Euclidean distances
from PC1 scores were 3.03, 2.97, and 5.35 between members
of North versus South clades, Bay versus SoCoast lineages
−121.0 −120.9 −120.8 −120.7
36

.3
36

.4
36

.5

0 5 10
kmB

1

2 3
4

5

6

7
8

90.005

73

39

100

99

99

52

100

34

70

73

99
98

100

94

64

100

35

30

97

100

99

98

100

38

100

100

MY1698_CoalingaRd_W_Hernandez_Rsvr

MY5331_CoalingaRd_W_Hernandez_Rsvr

MY1692_LonoakRd_SulphurSprings

MY5326_CoalingaRd_W_Hernandez_Rsvr

MY5324_CoalingaRd_BeaverDam

MY5339_CoalingaRd_W_BeaverDam

MY4907_CondonPeak_CG

MY5335_CoalingaRd_W_Hernandez_Rsvr

MY1695_CoalingaRd_W_Hernandez_Rsvr

MY5330_CoalingaRd_W_Hernandez_Rsvr

MY5333_CoalingaRd_W_Hernandez_Rsvr

MY5327_CoalingaRd_W_Hernandez_Rsvr

MY5340_CoalingaRd_W_BeaverDam

MY5325_CoalingaRd_BeaverDam

MY5334_CoalingaRd_W_Hernandez_Rsvr

MY5338_CoalingaRd_ShortFence_trailhead

MY5323_CoalingaRd_BeaverDam

MY1696_CoalingaRd_W_Hernandez_Rsvr

MY5337_CoalingaRd_ShortFence_trailhead

MY4581_CoalingaRd_SE_Hernandez_Rsvr

MY4908_LosGatosRd_San_Benito_River

MY5329_CoalingaRd_W_Hernandez_Rsvr

MY1697_CoalingaRd_W_Hernandez_Rsvr

MY5336_CoalingaRd_W_Hernandez_Rsvr

MY1693_LonoakRd_SulphurSprings

MY1694_CoalingaRd_W_Hernandez_Rsvr

MY5328_CoalingaRd_W_Hernandez_Rsvr

MY4441_LosGatosRd_W_CountyPark

(4)

(2)

(3)

(4)

(5)

(6)

(7)

(9)

(8)

(4)
(4)
(4)
(4)
(4)
(4)
(4)

(1)
(1)

(4)

(4)
(3)
(4)
(4)
(4)

(2)
(5)

(4)
(3)

A

Figure 5: Terminal contact patterns in Calisoga. A, Maximum likelihood phylogeny showing relationships for the contact zone matrix.
Branch labels indicate bootstrap support values, with some branches trimmed for visual purposes. Shown to the right of the tree are sparse
nonnegative matrix factorization (sNMF) ancestry coefficients at K p 2. Location numbers (in parentheses) to the left of ancestry coefficients
match locations shown in B. B, Detailed map of the South Coast Ranges showing sampling locations and their respective sNMF ancestry
coefficients. Location 4 corresponds to the original sympatry location (MCH 09_042, along Coalinga Road, west of Hernandez Reservoir).
C, Microgeographic distribution of specimens at the sympatry location. Darker greens (north facing) are dominated by oak trees, and lighter
browns (south facing) are dominated by chamise.



Calisoga Ring Species 000
(excluding syntopy site specimens), and syntopy site spec-
imens, respectively (fig. 6C). On average, the morpholog-
ical distance between specimens in the contact zone is
higher than average values across phylogeographic lineages
or larger clades; these distances in fact exceed all other
pairwise distances in the ring complex (fig. 6C). In syn-
topy there is no overlap between specimens in carapace
length or in cheliceral microteeth (table S3). Althoughmicro-
habitat was not formally quantified, small-bodied SoCoast
spiders occupied burrows on more open ground near or
under chamise, while large-bodied Bay spiders preferred
shaded oak woodland with thicker leaf litter (figs. 5C, 6D;
M. Hedin, personal observation). This microhabitat parti-
tioning was essentially perfect at the syntopy site, in a het-
erogeneous habitat including adjacent north-facing (oak-
dominated) and south-facing (chamise-dominated) plant
communities (fig. 5C).
Discussion

Idealized ring species remain to be discovered or per-
haps do not exist in nature (Joseph et al. 2008; Mon-
ahan et al. 2012; Alcaide et al. 2014; Wang et al. 2021),
prompting Kuchta and Wake (2016) and Irwin and Wake
(2016) to summarize more realistic empirical conditions
and examples of broken ring species. We similarly contend
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that a broken ring model should be the default, re-
taining key aspects while being closer to empirical real-
ity. Below, we return to the five predictions set forth in
the introduction, highlighting strong evidence for all in
Calisoga.
Common Ancestry, Ringlike Biogeography,
and Timing

The slopes of the Sierra Nevada are reconstructed as the
ancestral area for the ring complex, with parallel phylo-
genomic and distributional arms extending from east to
west around the Central Valley (figs. 1, 2) and timing con-
sistent with landscape availability. Estimated diversification
times for lower-elevation lineages within both North and
South clades also approximately correspond to the onset
of a Mediterranean climate in California around 5 myr ago
(Ackerly 2009; Lancaster and Kay 2013).
Our data support the Sacramento lineage (fig. 1B) as

sister to the Calisoga ring complex. Although the Sacra-
mento lineage occupies the northern Central Valley and
appears to naturally form the northern part of a ring dis-
tribution (fig. 1B), we instead hypothesize a “truncated”
northern transvalley distribution for the ring complex. It
remains possible that ecological interactions with the Sac-
ramento lineage have impacted the northern distribu-
tion of the ring complex, but these populations lie evo-
lutionarily outside of the ring complex proper.
Although almost all of the Calisoga records are from

upland habitats (to various degrees), these spiders can in-
frequently occupy low-elevation valley habitats, as shown
by Bay lineage Jepson Prairie collections (at 2–8 m asl).
Although we (and others) have framed the valley as a
“long-term barrier,” woodland or chaparral habitats have
constricted the valley latitudinally at both northern and
southern ends multiple times in the past, including dur-
ing the late Miocene to Pliocene (Axelrod 1973), provid-
ing possible dispersal opportunities for Calisoga. As such,
a contiguous ring may have existed for the Calisoga ring
complex but has since evaporated as dispersal corridors
have retracted. In the north we hypothesize a latitudinal
crossing near the current Sutter Buttes (fig. 1B). In the
south a late Miocene to Pliocene San Joaquin Basin ma-
rine embayment (Bowersox 2005, fig. 8) extended to the
Transverse Ranges. We hypothesize that southern trans-
valley dispersal was actually north of this barrier, at a lat-
itude consistent with the western Panoche lineage (fig. 1B).
It also remains possible that the southern distributional
gap is an artifact and that Calisoga are found in the south-
ern Transverse Ranges (fig. 1B), although we have never
encountered them here in our more than two decades of
California mygalomorph collecting. Overall, the broken
Calisoga ring is hypothesized to be truncated in compar-
ison to the full latitudinal extent of the modern Central
Valley.
Contrasting Pictures of Population Connectivity

Calisoga populations are genetically structured by geog-
raphy, and this genetic structuring is hierarchically orga-
nized. TESS3 and sNMF at optimal K suggest relatively
few genetic units (five), and these units appear to be con-
nected by higher amounts of gene flow (e.g., figs. 3B, 3C,
4A). Importantly, at these optimal K values, admixture
among geographically adjacent populations is gradual and
approximately continuous. Also, either sNMF clusters or
more inclusive North and South clades as population units
show evidence for positive and significant IBD (fig. 3D,
3E). Together, these multiple analyses are more consistent
with connectivity expectations of an idealized ring model,
with relatively few units connected by higher amounts of
genetic exchange over broader geographic regions.
Simultaneously, there are hierarchically nested phylogeo-

graphic lineages found within these broader genetic group-
ings, as revealed by phylogenomic and sNMF at K p 14
analyses (figs. 1, 3B). We conservatively defined primary
phylogeographic lineages with contiguous geographic dis-
tributions, which are consistent across nuclear analyses,
and recovered with high support for various metrics. Be-
cause our spatial sampling is fine-grained and extensive,
amassed over a decade of fieldwork, we contend that phylo-
genetic distinctions among primary phylogeographic lineages
are not an artifact of gappy sampling (Mason et al. 2020).
These lineages are genetically divergent, as shown by FST,
and when increasing the number of sNMF clusters to
K p 14, signs of individual admixture disappear (fig. 3B).
Overall, these analyses would paint a picture of less pop-
ulation connectivity, contra above.
Nested IBD analyses also reveal hierarchical population

structuring. Although IBD slopes are significantly positive
at all levels of nesting, slopes vary across analyses and be-
come less steep with more inclusive groupings (figs. 3D,
3E, S8). We hypothesize that this results from the lump-
ing of genetically divergent subpopulations, easily visual-
ized in several inclusive IBD plots that show distinct clouds
of points. These distinct clouds comprise the distance com-
parisons across individuals in divergent phylogeographic
lineages, which show higher genetic distances at compara-
ble geographic distances.
A fundamental issue regarding the conceptualization

and measurement of connectivity involves recognizing
units of evolution. Are population units defined by best-
fit sNMF, TESS3, and FEEMS too conservative? Are pri-
mary phylogeographic lineages too fine-grained, reflect-
ing artificial discontinuity in a relatively more continuous
system? We argue that both conservative and fine-grained
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patterns can exist simultaneously, reflecting fractal and hi-
erarchical structuring, as also found in Ensatina (summa-
rized below).
Terminal Contact

The distributions of North and South clades intertwine
in the northwest-trending valleys of the Diablo Range,
southeast of Monterey (figs. 1, 5), where northern indi-
viduals interact with distantly related southern spiders. We
consider this Diablo Range geographic region to represent
the approximate ring terminus. Focused sampling at Coa-
linga Road reveals no gene flow, despite intimate geographic
proximity of specimens (fig. 5A, 5B). Specimens from di-
vergent phylogenomic lineages at this location are clearly
both morphologically and ecologically distinct, with levels
of morphological difference that exceed allopatric parts of
the ring (fig. 6).
The sampled Diablo Range syntopy site is likely one of

many contact locations in this general region, although
no other such locations have been discovered. Discover-
ing close parapatry or syntopy is challenging in these bur-
rowing spiders, requiring microgeographic-scale sampling
and many return field visits. The paleogeographic history
of the Diablo Range region lends credence to this area as a
phylogeographic merging grounds (Kuchta and Tan 2006).
From approximately 8 to 2.2 myr ago, a large marine em-
bayment extended from just north of Monterey southeast-
ward, filling most of the southern San Joaquin Valley
(Dupre 1990; Hall 2002, plates 6–8; Bowersox 2005, fig. 8;
Powell et al. 2007). The transition from marine to fresh-
water 2.2 myr ago may have allowed Bay and SoCoast spi-
ders to move into contact, consistent with molecular clock
analyses (e.g., southern Bay populations MRCA less than
2 myr ago; fig. S6).
Parallels with Ensatina, Other Possible
California Ring Species

Ensatina salamanders represent one of the most well-cited
cases of ring speciation (summarized in Irwin and Wake
2016; Kuchta and Wake 2016), technically broken ring
speciation. Ensatina are sedentary animals with small home
ranges (e.g., Staub et al. 1995). Genetic studies of Ensatina
have found deep structuring, measured by nuclear allo-
zymes (Wake and Yanev 1986; Jackman and Wake 1994;
Wake 1997; Pereira and Wake 2009; Pereira et al. 2011)
and mitochondrial divergences (Moritz et al. 1992; Kuchta
et al. 2009). Moreover, this genetic structuring has been
characterized as “fractal,” or hierarchically organized, with
smaller units nested within larger units, as argued above
for Calisoga. Distributional gaps are found in Ensatina,
where local population extinction is hypothesized to have
occurred (Jackman and Wake 1994). Also, as for Calisoga,
the general spatial concordance between nuclear and mi-
tochondrial lineages suggests that the arrangement of dis-
tinct genetic lineages results from historical isolation rather
than from stochastic lineage breaks. Overall, in places other
than the terminus, Ensatina is a system with ubiquitous
genetic differentiation without absolute isolation (Pereira
and Wake 2009).
Although the Central Valley represents a geographic

barrier with long-term (evolutionary) persistence and to-
pographic features expected to promote ring speciation
(Monahan et al. 2012), few other documented examples
exist. Our detailed knowledge of California arthropods
leads us to anticipate additional, currently unexplored, ex-
amples in this fauna. Species or species groups with ring-
like geographic distributions include California night-stalking
tiger beetles (Omus californicus; Cazier 1942), Titiotus spi-
ders (Platnick and Ubick 2008), certain clades of Aliatypus
trapdoor spiders (Satler et al. 2013), and Gosodesmus
millipedes (Buckett and Gardner 1969). All of these taxa
would likely correspond to broken ring species, again be-
cause these are small-bodied, ground-dwelling, dispersal-
limited animals existing in a topographically complex land-
scape. We discuss other attributes below (e.g., extinction
resistance, slowly evolving reproductive isolation) that in
combination may promote ring speciation in dispersal-
limited animals.
Extending the Broken Ring Model

The empirical reality is that all ring species are expected
to be broken to various degrees. Species do not exist on a
blank homogeneous geographic canvas. The details and
complexities of landscape history are not nuisance param-
eters but rather are interesting to study in their own
right. Broken ring species provide such detailed biogeo-
graphic insight. But what else can we learn about specia-
tion from broken ring systems, and how can we extend the
model for further insight in future studies? We discuss
several possible avenues below.
Evolutionary dynamics at the center of origin of ring

species remain understudied (see also Kuchta and Wake
2016). Because ancestral area populations are by default
oldest in the system, standard biogeographic predictions
would include high genetic diversity and perhaps ances-
tral introgression, as in Calisoga (fig. 4D). In an example
of ephemeral ring species in Sceloporus lizards, Bouzid
et al. (2022) note high genetic diversity in the ancestral
area, reflecting longer-term stability. One might hypoth-
esize that increased ancestral genomic variation would im-
pact the genomic path of speciation (Pease et al. 2016; Mar-
ques et al. 2019), but to the best of our knowledge, this has
not been studied or modeled for ring situations. Phylogenetic
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predictions also remain unclear. One prediction might
be ancestral area paraphyly, resulting from the sorting
of ancestral genetic variation. Deep paraphyly is found
in the inferred ancestral ranges for both mariposa lilies
(Hernández et al. 2022) and in Ensatina. Alternatively,
a primary phylogenetic split might be most expected in
the ancestral area, as seen in Calisoga, although such a
model then (perhaps paradoxically) becomes a two-lineage
model. In slipper spurges, a primary phylogenetic split is
found in the inferred ancestral area of Mexico and Gua-
temala (Cacho and Baum 2012). We emphasize that a tree-
like model might be generally inappropriate for this an-
cestral area problem and that network methods might be
better suited.
We view evolutionary age, lineage persistence, dispersal

limitation, parapatry, and slow rates of reproductive iso-
lation evolution as key and interconnected aspects of a
broken ring model. In combination, these parameters are
largely lacking from existing simulation studies of ring
speciation. On the surface this combination seems em-
pirically restrictive, but this cannot be more restrictive
than an idealized model (for which basically no empirical
examples exist) and might better be viewed as pointing
toward particular geographic areas and taxa in which to
further explore broken ring speciation. Taxa must have
existed on landscapes long enough to experience biogeo-
graphic barriers but simultaneously have not experienced
profound population extinction. For example, Calisoga
and many other ground-dwelling taxa have natural his-
tory attributes that enhance persistence on the landscape,
including constructing their own suitable microenviron-
ments in underground burrows. Other taxa are known to
have similar long-term evolutionary persistence (Mason
et al. 2018; Jockusch et al. 2020). Combined with the
above are dispersal distances that are small compared with
the size of the barrier, allowing for time for buildup of re-
productive isolation, which itself evolves relatively slowly.
Kuchta and Wake (2016) discuss slowly evolving repro-
ductive isolation in Ensatina, and we contend that this
might represent an important general aspect of broken ring
speciation.
Genetic clines are implicit in a ring species model, and

a broken ring composed of numerous lineages can still
lead to clinal variation. A key component of broken ring
species is that lineages are not strictly allopatric in their
distribution but have the potential over evolutionary time
to contact and interact. Combined with spatial persistence,
this geographical adjacency allows for sporadic gene flow
(even at low levels) after divergence. These interactions
are occurring at areas where neighboring lineages likely
occupy similar environments. Similar ecological require-
ments and postdivergence gene flow would together help
to inhibit ecological divergence among neighboring lin-
eages around the ring. Importantly, the adjacent lineages
at the terminus would have had no genetic interaction
since initial divergence, and combined with older evolu-
tionary ages and low dispersal, Dobzhansky-Muller in-
compatibilities (Orr and Turelli 2001) and/or other forms
of reproductive isolation could create more absolute bar-
riers at ring terminus. For example, given the age and dis-
persal limitation of Calisoga, by the time the two arms meet,
they have been genetically separated for multiple millions
of years.
Dynamics during long-term movements around the ring

are also of central importance. In a broken ring model,
ecological conditions near the origin may be similar for
two lineages, and ecological conditions at ring closure would
also be similar. But ecological conditions experienced along
the journey are expected to differ between the two arms.
These could include differences in predation pressures,
climate, soils, and competition, which certainly exist be-
tween the northern and southern arms of Calisoga. Char-
acter displacement may contribute to morphological di-
vergence of lineages in sympatry, but we hypothesize that
ecological divergence had to evolve prior in order for co-
existence. The difference in selective pressures along the
different distributional arms is key to the absolute closure
of the Calisoga system. In this sense, broken ring specia-
tion (and ring speciation more generally) is not merely
“speciation by distance” but rather depends on ecological
differences experienced over the colonization routes.
Also, with range expansion associated with ring closure,
serial founder events could promote independent popu-
lation bottlenecks and drift-driven divergence relative to
the center of origin. Together, both natural selection and
drift should contribute to the divergence of the two arms
as they travel along different routes. Although many of the
arguments above also apply to an idealized ring specia-
tion model (Mayr 1942; Stebbins 1949; Irwin et al. 2001),
key differences include the expected deeper evolutionary
history of a broken system (also dependent on evolution-
ary persistence), with more evolutionary time allowing for
ecological and landscape differences to accumulate.
Lineage adjacency and persistence also provide oppor-

tunities for studies of nonterminal contact, perhaps repli-
cated in different parts of a broken ring, and comparisons
with dynamics of terminal contact. This replication within
the same system could be more powerful than a standard
study of secondary contact, holding many variables con-
stant (same system) while allowing dissection of key alter-
native parameters, such as time alone or time plus ecolog-
ical divergence (Pereira and Wake 2009). Replication also
provides the possibility to explore an age series of contacts,
informing the pace of evolution of reproductive isolation
(Singhal and Moritz 2013). In Ensatina, contact zones span
a range of levels of reproductive isolation and showcase a
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continuum of evolutionary possibilities, from genetic mer-
ger of adjacent lineages to complete reproductive isolation
(Alexandrino et al. 2005; Pereira and Wake 2009; Pereira
et al. 2011). Greenish warblers (Phylloscopus) also reveal a
nonterminal contact with higher levels of genetic exchange
than seen at terminal contact, providing important context
for the latter (Alcaide et al. 2014). In Calisoga, Leavitt et al.
(2015) found two locations in the Sierra Nevada foothills
where limited sampling suggested lineage contact, in lin-
eage pairs that differ in levels of phylogenomic divergence
(Coulter vs. centSier within the South clade; Calaveras vs.
noSier, representing South vs. North clades). Morpholog-
ical differentiation between these lineage pairs is modest in
comparison to that seen at terminal overlap (fig. 6C); fu-
ture tests of gene flow at these locations, including focused
sampling and larger sample sizes, would be informative.
Conclusion

Ensatina and Calisoga are small, dispersal limited animals
living in an expansive landscape. Ensatina is perhaps twice
the evolutionary age of Calisoga and, as suggested by some
authors (Kuchta and Wake 2016), has likely been “broken
and reassembled” multiple times. Despite this age and ubiq-
uitous genetic fragmentation, Ensatina retains many fea-
tures of a broken ring model and is one of a handful of
textbook examples of this pattern and process. Our fun-
damental contention is that Calisoga can be characterized
as a broken ring species as well as Ensatina can. Calisoga
has high potential as a study model, and we hope that our
results spur more interest in this system and in further
theoretical and empirical exploration of a broken ring spe-
ciation model.
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