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Species are fundamental units of study in evolutionary
biology, ecology, and conservation research. Inaccurate
understanding of species diversity may lead to
errors in analyses that use species as units (e.g.,
phylogenetic community structure analyses), and may
hinder conservation efforts (Wiens 2007). However,
the question of what deﬁnes a species is contentious,
as evident by the large number of species concepts
invoked by evolutionary biologists (summarized in
de Queiroz 2007). Although multiple types of data can
be used for species delimitation (e.g., morphology,
ecology, behavior, etc.), multilocus genetic data are
increasingly easy to gather for nonmodel taxa.
Additionally, genetic data provide potential evidence
of divergence at an early stage of diversiﬁcation; this
evidence is contained within the shared ancestral
polymorphisms and allows species to be delimited
before individual loci acquire monophyly (Knowles and
Carstens 2007). This approach to species delimitation
is founded upon coalescent theory (Kingman 1982;
Hudson 1991), where probabilistic expectations for
the sorting of alleles can be generated, and proceeds
under the general lineage concept, which deﬁnes
species as independently evolving lineages (see de
Queiroz 2007). Coalescent-based methods for species
delimitation model lineage divergence using species
tree inference (e.g., Edwards 2009), and several studies
have delimited species using this approach (Carstens
and Dewey 2010; Leaché and Fujita 2010; Kubatko et
al. 2011; Niemiller et al. 2012; Carstens and Satler 2013).
Notably, many of these studies have investigated systems
where preexisting taxonomic divisions were present

(e.g., described subspecies or allopatric populations).
Species delimitation using species trees is more difﬁcult
when empirical systems lack clear preexisting divisions
(see O’Meara 2010), due to the immensity of tree space
with an unspeciﬁed number of species.
The distinction between species delimitation with and
without a priori groupings is particularly important
when investigating lesser-known groups such as
arthropods, where the potential lack of morphological
differentiation precludes a priori hypotheses of species
groupings. In fact, evidence from genetic data has led to
the detection of cryptic lineage diversity across the tree
of life (Sáez and Lozano 2009; Bickford et al. 2007), with
multiple approaches available for objectively deﬁning
species boundaries (Fujita et al. 2012). However, in such
taxa where a priori knowledge about potential species
groupings is not available, species discovery approaches
that proceed without the prior partitioning of data are
likely to be useful (see Ence and Carstens 2011). Another
approach would utilize independent lines of evidence
to generate a priori groupings necessary for validation
approaches. Although simulation studies have been
conducted for a variety of discovery (O’Meara 2010;
Rittmeyer and Austin 2012) or validation (Ence and
Carstens 2011; Camargo et al. 2012) methods, it is difﬁcult
to predict which of these general approaches will be most
applicable in a given empirical system. Here we explore
this question in a species complex of mygalomorph
spiders from California.
The spider infraorder Mygalomorphae contains over
2600 described species (Raven 1985; Hedin and Bond
2006; Bond et al. 2012), and includes such taxa as
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Abstract.—Species are a fundamental unit for biological studies, yet no uniform guidelines exist for determining species
limits in an objective manner. Given the large number of species concepts available, deﬁning species can be both highly
subjective and biased. Although morphology has been commonly used to determine species boundaries, the availability
and prevalence of genetic data has allowed researchers to use such data to make inferences regarding species limits. Genetic
data also have been used in the detection of cryptic species, where other lines of evidence (morphology in particular)
may underestimate species diversity. In this study, we investigate species limits in a complex of morphologically conserved
trapdoor spiders (Mygalomorphae, Antrodiaetidae, Aliatypus) from California. Multiple approaches were used to determine
species boundaries in this highly genetically fragmented group, including both multilocus discovery and validation
approaches (plus a chimeric approach). Additionally, we introduce a novel tree-based discovery approach using species
trees. Results suggest that this complex includes multiple cryptic species, with two groupings consistently recovered across
analyses. Due to incongruence across analyses for the remaining samples, we take a conservative approach and recognize
a three species complex, and formally describe two new species (Aliatypus roxxiae, sp. nov. and Aliatypus starretti, sp. nov.).
This study helps to clarify species limits in a genetically fragmented group and provides a framework for identifying and
deﬁning the cryptic lineage diversity that prevails in many organismal groups. [California; cryptic species; multispecies
coalescent model; mygalomorph spiders; species delimitation.]
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tarantulas, trapdoor spiders, purseweb spiders and kin.
The majority of mygalomorph species are grounddwelling spiders that live in subterranean burrows;
females rarely leave their burrows, whereas males
generally only leave burrows in search of a mate after
reaching adulthood. Male dispersal is likely limited
to short distances, and “ballooning,” a long-range
dispersal technique used by many immature “true”
spiders (Infraorder Araneomorphae), has rarely been
observed in mygalomorph species (Coyle 1983). Due
to their burrow ﬁdelity and limited dispersal abilities,
mygalomorph populations are typically clustered in
isolated aggregations (Bond et al. 2006). As predicted
for any species with such life history traits, specieslevel investigations of mygalomorphs typically reveal
extensive population genetic structure (Starrett and
Hedin 2007; Bond and Stockman 2008; Hedin et al. 2013).
Mygalomorph spiders also tend to be morphologically
conserved at shallow phylogenetic levels, leading several
authors to recognize previously undiscovered species
diversity in this clade (Bond et al. 2001; Arnedo and
Ferrandez 2007; Hendrixson and Bond 2007; Starrett
and Hedin 2007; Satler et al. 2011; Hedin et al. 2013).
Cryptic species in mygalomorphs have generally been
discovered through the use of a single gene marker
(e.g., mitochondrial DNA), or through the concatenation
of a handful of gene regions (Hendrixson and Bond
2005; Starrett and Hedin 2007; Satler et al. 2011;
Hendrixson et al. 2013). In addition, molecular data
have been combined with ecological niche modeling
for species delimitation, identifying lineages that are
both genetically and ecological distinct (Stockman and
Bond 2007; Bond and Stockman 2008; Hendrixson et al.
2013).
To date, studies assessing species limits in
mygalomophs have not adopted species tree-based
approaches for species delimitation. As such, many
previous investigations into mygalomorphs have relied
on gene tree monophyly as a principle criterion for
assessing species limits, but this criterion can be
problematic. Extensive population-level structure leads
to the presence of a high number of “micro-clades”
in mtDNA gene trees, which could result in splitting
each nominal mygalomorph species into dozens of new
species that are both geographically distinct and contain
diagnostic haplotypes (but see Bond and Stockman
2008). Whereas our work is focused on delimitation
within mygalomorph spiders, similar issues are possible
with any dispersal-limited taxon where single locus
studies reveal extensive population-level structure.
A potential solution is to collect data from multiple
autosomal nuclear markers, which should not be
biased by sex-biased gene ﬂow (Brito and Edwards
2009), generally have a lower mutation rate, and on
average retain ancestral polymorphisms longer than
mitochondrial genes.
The California Floristic Providence is a biodiversity
hotspot (Myers et al. 2000; Calsbeek et al. 2003), and
is home to a high diversity of trapdoor spiders (e.g.,
Starrett and Hedin 2007; Stockman and Bond 2007;
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Bond and Stockman 2008, Satler et al. 2011; Bond 2012;
Hedin et al. 2013). The genus Aliatypus (Mygalomorphae,
Antrodiaetidae) includes 12 described species, 11 of
which are endemic to California, with one species (A.
isolatus) distributed in Arizona (Coyle 1974; Hedin and
Carlson 2011; Satler et al. 2011). Aliatypus thompsoni
is distributed throughout the Transverse Ranges of
southern California, and includes two distributional
“arms,” one extending northwest into the south
Coast Ranges, and the other extending northeast
into the southern Sierra Nevada Mountains (Fig. 1).
Through a thorough statistical analysis of morphological
traits, Coyle (1974) recognized A. thompsoni under a
morphological species concept, identifying multiple
diagnostic characters (including a thoracic groove that
is either absent or very shallow and posterior sigilla that
are large, faint, and close together) unique to this species.
However, it was also noted that morphological variation
in some traits was present throughout the species’
distribution. Recently, Satler et al. (2011) suggested
the possibility of cryptic species within A. thompsoni
(based upon a phylogenetic species concept, with the
consistent recovery of three genetic clades that are both
geographically cohesive and isolated). This hypothesis
is consistent with the reputation of the region as
a known diversiﬁcation hotspot reﬂected in areas of
endemism and phylogeographic breaks (Jockusch and
Wake 2002; Chatzimanolis and Caterino 2007; Davis et
al. 2008; Parham and Papenfuss 2009; Polihronakis and
Caterino 2010; Jockusch et al. 2012). Here we analyze
data from 6 gene regions to test for cryptic specieslevel lineage diversity within A. thompsoni. We apply
several methods for species delimitation, including
both discovery and validation approaches, as well as a
chimeric approach following Leaché and Fujita (2010).
In addition, we introduce a novel species tree-based
discovery approach.

MATERIALS AND METHODS
Taxon Sampling
Specimens were collected from 83 localities
throughout the known geographic distribution of
A. thompsoni. In addition, our sampling includes a
substantial range extension to the northwest in the
south Coast Ranges (sites 37–42; Fig. 1). A sampling
gap is present in the Tehachapi Mountains, as we
were unable to collect spiders from the large and
privately owned Tejon Ranch (between d and e; Fig.
1). At each locality we attempted to collect between
2 and 4 adult spiders, although some collecting sites
included either a single individual or only immature
spiders. Dense geographic sampling throughout the
species distribution, combined with essentially no
genetic variation within sampled localities (see Results),
informed our decision to only collect a handful of
individuals per sampling site. Adult and immature
spiders were identiﬁed as A. thompsoni based on somatic
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FIGURE 1. Map of southern California showing A. thompsoni sampling localities, with province designations [following Bailey and Jahns
(1954) and Buwalda (1954)] highlighted with letters and regions highlighted with shading. Localities used in multilocus species delimitation
analyses highlighted with white circles (see Table 1). Detailed collection information for all localities can be found in Supplemental Table 1.

morphology following Coyle (1974). Specimens in this
study have been assigned a unique specimen number
(MY or GMY; see Supplemental Table 1, available from
the Dryad data repository, doi:10.5061/dryad.68s40).
Following phylogenetic hypotheses of Coyle (1994) and
Satler et al. (2011), sequences from out-group taxa were
used to root phylogenetic trees.

Molecular Data
Genomic DNA was extracted from ethanol-preserved
leg tissue using a DNeasy kit (Qiagen). Six separate
gene fragments were PCR-ampliﬁed, including 1
mitochondrial and 5 nuclear genes (cytochrome
oxidase I (COI) mtDNA, 28S rRNA, 18S rRNA, EF-1
nDNA, Mid1 nDNA, Anonymous nDNA). Specimens
from all localities were sampled for COI (including
multiple specimens from each locality when possible);
a subsample of individuals was sequenced for all
nuclear genes, with individuals selected to maximize
geographical coverage (27 localities; see Fig. 1). PCR and
sequencing protocols followed Satler et al. (2011). Marker
development details for Mid1 and Anonymous are
included in the Supplemental Material. PCR amplicons
were sequenced in both directions, with sequences
edited and assembled in Sequencher v4.5 (Gene Codes
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Corporation, MI). Nuclear gene sequences containing
multiple heterozygous sites were further analyzed in
PHASE v2.1 (Stephens et al. 2001; Stephens and Donnelly
2003) to resolve gametic phase. Allelic combinations
phased with 0.90 pp (posterior probability) or higher
were retained; standard ambiguity codes were used for
heterozygous sites below that threshold. Recombination
was tested for with TOPALi v2.5 (Milne et al. 2004;
Milne et al. 2009), implementing the DSS (Difference
of Sums of Squares) method with default program
settings. Matrices for COI mtDNA, EF-1 nDNA, and
Mid1 nDNA were manually aligned in MacClade v4.08a
(Maddison and Maddison 2005) based on protein
translation; a lack of indels allowed for conﬁdence in the
alignments. Length variable data (28S and 18S rRNA)
were aligned with the program MAFFT (Katoh et al.
2005) using the G_INS-i alignment algorithm, or by
using the MAFFT Geneious Pro plug-in (Drummond
et al. 2011) with default settings (Anonymous nDNA).
The program Gblocks (Castresana 2000) was used to
remove alignment ambiguous regions in the 28S rRNA
alignment, reducing the matrix from 1278 to 1052
positions under a “less stringent” criterion (minimum
number of sequences for a conserved position and
ﬂanking regions: 28; maximum number of contiguous
non-conserved positions: 8; minimum length of a block:
5; allowed gap positions: with half).
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Individual Gene Tree Analyses
Models of DNA sequence evolution were estimated
with jModelTest v0.1.1 (Guindon and Gascuel 2003;
Posada 2008) using the Akaike Information Criterion
(AIC). Redundant COI sequences from the same locality
were combined into haplotypes. Individual gene trees
were estimated using maximum likelihood in RAxML
v7.2.8 (Stamatakis 2006; Stamatakis et al. 2008). Due
to restrictions in model choice in RAxML, gene trees
were estimated under a GTRGAMMA model, with
COI further partitioned by codon position. Nodal
support was assessed with 1000 bootstrap replicates.
Gene trees estimated with Bayesian inference (for
species tree analysis; see below) and non-RAxML
maximum likelihood programs used models estimated
with jModelTest.

Tests of Species Limits
Understanding species limits in any given taxonomic
group can be both highly complex and subject
to researcher bias. Furthermore, identifying cryptic
lineage diversity in an objective manner, where
morphological differences are either absent or not
immediately apparent, can be challenging. Here we
provide a framework for the discovery of cryptic lineage
diversity, exploring both genetic clustering and treebased approaches. As the ﬁelds of phylogenetics and
population genetics merge at this shallow phylogenetic
level, both approaches have merit and are expected to
provide relevant information. As it is our contention that
robust evidence is required to recognize cryptic species,
we work under the assumption that if cryptic lineage
diversity is present, consistent signal will emerge across
multiple species delimitation approaches.
Aliatypus thompsoni was described as a single species
based upon a morphological species concept (Coyle
1974), but molecular evidence (see Satler et al. 2011)
suggests that this species may be composed of multiple
cryptic lineages. Several preliminary analyses were
conducted prior to delimitation. First, we conducted
an analysis of molecular variance (AMOVA; Excofﬁer
et al. 1992) using the program Geno found within
GeneticStudio v131 (Dyer 2009). Genetic data were
partitioned in a hierarchical manner, with data
partitioned both within three major regions (e.g.,
south Coast Ranges (CR), Transverse Ranges (TR) and
southern Sierra Nevadas (SN); see Fig. 1), and then
further partitioned within each geologic province (see
below). All 6 loci were used, and null distributions
were generated with 10,000 permutations to test for
signiﬁcance. In addition to an AMOVA, we conducted
a Mantel Test in Geno on all 6 loci (combined) to test
for isolation by distance (IBD). A matrix of the covariate
distance among individuals was calculated from locality
data (latitude/longitude).
Validation approaches to species delimitation require
a priori partitioning of samples. In other studies, these
partitions have been deﬁned using existing taxonomy
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(e.g., Carstens and Dewey 2010), morphology (e.g.,
Barrett and Freudenstein 2011), and/or geography
(e.g., Camargo et al. 2012). Because A. thompsoni
lacks taxonomic or morphological divisions, we
used geological data to help inform our initial
species hypotheses. The mountains of southern to
central California constitute a heterogeneous landscape
impacted by episodes of mountain orogeny, marine
embayments, and the action of multiple fault lines (Hill
and Dibblee 1953; Wakabayashi and Sawyer 2001; Hall
2002). The distribution of A. thompsoni partially overlaps
three primary mountain ranges, including the south
CR, the TR, and the southern SN. Several well-deﬁned
topographic and geologic units have been identiﬁed
within these ranges, deﬁned by both structural features
and spatial separation by narrow to broad valleys (Bailey
and Jahns 1954; Buwalda 1954; see Fig. 1).
Essentially
all
population-level
studies
of
mygalomorphs recover high levels of population
genetic structure with phylogeographic groupings
that are geographically cohesive; these results are
attributed to the limited dispersal abilities and strong
philopatric tendencies of these spiders (see references
above). Based on this information, we hypothesize
that spiders found in the same area and within
regions with shared geological history are likely to
be genetically closely related, and use this criterion to
determine our initial species hypotheses. We take a
hierarchical approach by ﬁrst testing the relatedness of
a priori groupings recovered within the three primary
geological groupings (CR, TR, SN; Table 1), and then test
relatedness of the retained lineages among the lineages
recovered within these regions. This hierarchical
approach was required due to computational limits of
the delimitation methods (see below). Brieﬂy, the 27
sampling localities create an excessively large number
of permutations (>4.9 × 1019 ) and thus cannot be
exhaustively explored in spedeSTEM (which is limited
to 8 putative lineages/4140 permutations) or with
Bayesian Phylogenetics & Phylogeography (BPP, which
requires ≤19 initial lineages).
Two validation approaches were used—spedeSTEM
v1.0 (Ence and Carstens 2011) and BPP v2.1 (Rannala
and Yang 2003; Yang and Rannala 2010). The former
calculates the probability of different models of lineage
composition using maximum likelihood and evaluates
these models using information theory (Burnham and
Anderson 2002). As spedeSTEM requires all terminals
to be represented across loci, Anonymous nDNA data
were removed (due to missing specimen data) resulting
in a 5 locus data set for this analysis. As most
individuals were homozygous across all loci, a single
allele was sampled per individual, with the removal
of redundant alleles improving the calculation of
likelihood values (see Supplemental Material for details
regarding subsampling). Analyses consisted of gene
tree estimation using the tree bisection-reconnection
search strategy, DNA substitution models selected
in jModelTest, and  = 4Ne  values estimated using
Migrate-n v3.2.7 (Beerli and Felsenstein 1999; Beerli
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Sampling locality information

Site

Site acronym

Region

Province

Locality

1
2
3
4
10
14
16
17
19
20
21
22
23
25
26
27
29
30
36
44
51
59
74
75
78
37
39

EGlenville
PosoFlatRd
SierraWay
LakeIsabella
Highway178
RollingOaksRd
CalCreekRd
WoodfordTehRd
TehachapiMtnParkCG
ClearCreekRd
ComanchePointRd
DigierRd
LebecOaksRd
Highway5
FrazierPark
LakeviewDr
MtPinosRd
CuddyValleyRd
SantaBarbaraCynRd
ParadiseRd
LakeCasitas
GrimesCynRd
NESantaClarita
TujungaCynRd
EatonCyn
OldSierraMadreRd
RedHillRd

SN
SN
SN
SN
SN
SN
SN
SN
SN
SN
SN
TR
TR
TR
TR
TR
TR
TR
TR
TR
TR
TR
TR
TR
TR
CR
CR

Sierra (a)
Sierra (a)
Sierra (a)
Sierra (a)
Breckenridge (b)
Piute (c)
Piute (c)
Tehachapi (d)
Tehachapi (d)
Tehachapi (d)
Tehachapi (d)
San Emigdio (e)
San Emigdio (e)
Frazier (f)
Frazier (f)
Frazier (f)
Frazier (f)
Frazier (f)
San Rafael (g)
Santa Barbara (h)
Santa Barbara (h)
LA Basin (j)
Sierra Pelona (l)
San Gabriel (m)
San Gabriel (m)
South Santa Lucia (o)
North Santa Lucia (p)

CA: Kern Co., E Glenville
CA: Kern Co., Poso Flat Rd.
CA: Kern Co., Sierra Way
CA: Kern Co., Lake Isabella
CA: Kern Co., Highway 178
CA: Kern Co., Rolling Oaks Rd.
CA: Kern Co., Cal Creek Road
CA: Kern Co., Woodford Tehachapi Rd.
CA: Kern Co, Tehachapi Mtn Park CG
CA: Kern Co., Clear Creek Rd.
CA: Kern Co., Comanche Point Rd.
CA: Kern Co., Digier Rd.
CA: Kern Co., Lebec Oaks Rd.
CA: Kern Co., Highway 5
CA: Kern Co., ∼ Frazier Park
CA: Kern Co., Lakeview Dr.
CA: Kern Co., Mt. Pinos Rd.
CA: Kern Co., Cuddy Valley Rd.
CA: Santa Barbara Co., Santa Barbara Canyon Rd.
CA: Santa Barbara Co., Paradise Rd.
CA: Ventura Co., Lake Casitas (E side)
CA: Ventura Co., Grimes Canyon Rd.
CA: Los Angeles Co., NE Santa Clarita
CA: Los Angeles Co., Tujunga Canyon Rd.
CA: Los Angeles Co., Eaton Cyn.
CA: Santa Barbara Co., Old Sierra Madre Rd.
CA: San Luis Obispo Co., Red Hill Rd.

Notes: Information for sampling localities used in multilocus species delimitation analyses. Regions are abbreviated.

and Felsenstein 2001). Each analysis included 500
replicates.
We also used the Bayesian species delimitation
analysis, BPP, which requires an input guide tree
representing the species phylogeny with all possible
species. BPP evaluates speciation models using a reversal
jump Markov Chain Monte Carlo (rjMCMC) algorithm
to determine whether to collapse or retain nodes
throughout the phylogeny. Since the selection of an
accurate guide tree is critical to delimitation accuracy
(see Leaché and Fujita 2010), we estimated the input
phylogeny using *BEAST v1.6.1 (Heled and Drummond
2010). Multiple analyses with varying priors ( and ; see
Leaché and Fujita 2010) were run to discern how varying
the ancestral population sizes and root ages inﬂuenced
results. A conservative approach was used for the BPP
analysis; we required strong support (pp ≥ 0.95) across
all runs to retain a given node (i.e., indicating lineage
splitting). Analyses included all 6 loci, with a single allele
sampled at random per individual. The settings for BPP
were as follows: species delimitation was set to 1, the
algorithm was set to 0, and the ﬁne-tune parameter (ε)
was set to 10. Analyses were run for 500,000 generations
(ﬁrst 10,000 were burn-in), with a sampling interval of 5.
Each analysis was repeated twice using different starting
seeds to conﬁrm consistency between runs.
The two validation approaches discussed above
require operational taxonomic units (OTUs) to be
designated a priori, and may mislead delimitation
inferences if these groupings are inaccurate. Thus,
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we also utilized several species discovery approaches,
where data are analyzed without assignment into a
priori groupings. The ﬁrst approach involved the use
of Structure (Pritchard et al. 2000), a genetic clustering
algorithm that attempts to infer population structure
through the use of allele frequencies and identiﬁes
genetic clusters in both Hardy–Weinberg and linkage
equilibrium. Structure runs were conducted assuming
between 1 and 27 populations (K = 1 through K = 27),
with each K step replicated 5 times. Analyses used an
admixture model, were conducted with a burn-in of
1 ×105 steps (with 1 × 106 Markov Chain Monte Carlo
(MCMC) steps after burn-in), and allele frequencies
were considered independent among populations. The
optimal K was selected using the Evanno method
(Evanno et al. 2005) estimated in Structure Harvester
(Earl and vonHoldt 2011), and the data were summarized
with CLUMPP (Jakobsson and Rosenberg 2007) using
the FullSearch algorithm and visualized with DISTRUCT
(Rosenberg 2004).
Whereas recent simulations suggest that genetic
clustering algorithms can produce accurate species
delimitations (Rittmeyer and Austin 2012), empirical
studies have also observed incongruence between
the hierarchical pattern of lineage divergence and
the pattern of population clustering across varying
levels of K (e.g., Jackson and Austin 2010). Therefore,
we utilized additional discovery approaches that coestimate species limits and relationships. The ﬁrst
approach used was Brownie (O’Meara 2010), a
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nonparametric method that recovers species groupings
by minimizing the amount of incongruence on
interspeciﬁc branches, while maximizing incongruence
on intraspeciﬁc branches (i.e., limiting population
structure). Brownie is based on the assumption that the
most probable gene tree is congruent with the species
tree, and aims to quantify the amount of gene tree conﬂict
by minimizing intraspeciﬁc genetic structure. Five loci
were used for this analysis (excluding Anonymous
nDNA due to missing data), and a single allele was
randomly selected from individuals representing all 27
localities (see Niemiller et al. 2012). For input, maximum
likelihood gene trees (from RAxML) were converted
into ultrametric trees using PAUP* v4.0 (Swofford 2002).
Analyses were run under default settings using a
heuristic search, and replicated 10,000 times. Species
limits hypotheses were summarized from the replicates,
with probabilities assigned to lineage compositions that
were recovered in at least one run (calculated as their
frequency over the total number of replicates). Because
the parameter space explored by the Brownie heuristic
algorithm is much smaller than the number of possible
species trees for a given number of tips, it is difﬁcult to
assess how well the heuristic search is performing (see
O’Meara 2010). Therefore, we developed an additional
discovery approach that does not rely on a heuristic
search of this parameter space.
Most species delimitation analyses that incorporate
species trees compare the probability of trees with
fewer or greater numbers of OTUs to identify optimal
partitions of the data (e.g., spedeSTEM, BPP). We
extended this strategy to its maximum extent by
beginning at the level of the individual sample site,
and calculated the probability of the phylogeny that
treats individual samples as putative lineages. We then
collapsed the two samples (or multiple samples if
represented as a polytomy) that were most closely
related, as measured by multilocus branch length, into a
single lineage and recalculated the probability of the new
phylogeny. This process of collapse and recalculation
was continued until all members of the nominal species
were collapsed, and information theory (Burnham and
Anderson 2002) was used to identify the optimal model
of lineage composition. STEM v2.0 (Kubatko et al. 2009)
was used to calculate the probability of the species tree
given the gene trees [ST | GT], using the settings and
gene trees estimated above. Because STEM computes
the maximum likelihood species tree that maximizes the
probability of a given set of gene trees under the model
(i.e., sample partitioning scheme), our method will
necessarily compare the optimal trees for each level of
assumed lineage composition. The log likelihoods of the
data given the models were evaluated using information
theory following Carstens and Dewey (2010). We also
repeated this general approach in a Bayesian framework,
using the Maximum Clade Credibility (MCC) species
tree estimated from *BEAST and all samples, combined
with BPP as above.
In addition to the multilocus discovery approaches
summarized above, we employed a single locus
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discovery method using the GMYC model (Pons et
al. 2006) applied to the COI data. The GMYC model
seeks to identify the point in the phylogeny where
coalescent branching events within species transition
to those corresponding to species level divergence.
However, rather than using the likelihood version of this
model, we used a Bayesian implementation (bGMYC;
Reid and Carstens 2012) that incorporates gene tree
uncertainty by sampling over the posterior distribution
of sampled gene trees. For the bGMYC runs, ultrametric
gene trees were estimated in BEAST v1.6.1 (Drummond
and Rambaut 2007) under a strict clock model using
a MCMC run of 5 × 107 generations with sampling
every 5 × 103 generations. Following a 40% burn-in, the
posterior distributions were further trimmed to 100 trees
(evenly sampled throughout the posterior), and used as
input for bGMYC. Default settings were used, although
the parameter py2 was set to 1.2 (recommended by the
authors), and the starting number of species was set to
half the total number of tips. This analysis was run on the
full (all sampled localities) and geographically reduced
(localities with all genes sequenced) data sets. For both
analyses, bGMYC was run for 20,000 generations, with a
burn-in of 10,000 generations, and sampled every 200th
generation.
Finally, we followed Leaché and Fujita (2010) in
applying a chimeric approach that uses a combination
of discovery and validation methods. Rather than
using external information to inform our initial species
hypotheses (as above with geological information), a
discovery approach was ﬁrst applied to generate an
estimate of the optimal genetic partitioning, and then
a validation approach was used to assess the support
for these groupings. Similar approaches to delimitation
have combined Structurama with BPP (Leaché and Fujita
(2010)) and Brownie with BPP (Niemiller et al. 2012). We
used Structure to partition the individuals based upon
recovered genetic clusters (see above), and then further
analyzed these partitions with BPP; analyses for each
were conducted as summarized above.

Formal Species Descriptions
Specimens were imaged using a Visionary Digital
BK plus system (http://www.visionarydigital.com),
including a Canon 40D digital camera, Inﬁnity Optics
Long Distance Microscope, P-51 camera controller,
and FX2 lighting system. Individual images were
combined into a composite image using Zerene Stacker
V1.04 software, which was then edited using Adobe
Photoshop CS3. Seminal receptacles (=spermathecae)
were dissected from adult female specimens using ﬁne
forceps, immersed for 2–5 min in BioQuip specimen
clearing ﬂuid (www.bioquip.com) on a depression slide,
then imaged directly in this ﬂuid on slides. Other images
were taken with specimens immersed in ﬁltered 70%
EtOH, using KY jelly or ﬁne sand to secure specimens.
Specimen measurements were taken from digital images
using a calibrated ruler tool in Photoshop CS3. All
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Gene information for multilocus analyses

Locus

bp

Sequences

k

S

PI

Model

COI mtDNA

969

27

25

289

213

28S rRNA
18S rRNA
EF-1 nDNA
Mid1 nDNA
Anonymous nDNA

1052
754
642
739
1023

54
54
54
54
42

21
8
21
13
24

278
55
24
16
182

265
45
22
12
132

GTR + gamma (pos 1)
GTR + gamma (pos 2)
GTR + gamma (pos 3)
GTR + gamma
GTR + I
GTR + I
K80 + I
GTR + gamma

Note: Locus information includes name of locus, length (in base pairs), number of sequences, number of unique alleles, number of segregating
sites, number of parsimony informative sites, and model of DNA sequence evolution.

appendage measurements were recorded from the left
appendage, unless otherwise indicated. Measurements
mirrored those of Coyle (1974), and only brief character
descriptions are provided here. The reader is referred
to Coyle (1974, ﬁgs. 2–7) for more thorough character
deﬁnitions: CL, CW—carapace length and width, PCL—
length of pars cephalica; IFL, ITL, IML, ITarL—
lengths of leg I segments (except for patella), viewed
retrolaterally; IVFL, IVTL, IVML, IVTarL—lengths of leg
IV segments (except for patella), viewed retrolaterally;
PFL, PPL, PTL—lengths of male pedipalp segments,
viewed retrolaterally; PTT—maximum depth of male
pedipalp; PTX—length of male pedipalp at maximum
depth; PED—distance of base of embolus to tip of
conductor; PCA—distance from PED line to edge
of outer conductor sclerite; SL, SW—sternum length
and width; PSS—minimum distance between posterior
sigilla; PSL—maximum diameter of right posterior
sigilla. All measurements are reported in millimeters
(mm).

RESULTS
Molecular Data
GenBank accession numbers for newly generated
sequences are provided in Supplemental Table 1,
augmenting those published in Satler et al.
(2011). Data matrices and trees used for species
delimitation analysis have been uploaded to TreeBase
(http://purl.org/phylo/treebase/phylows/study/
TB2:S14119). General information for all gene fragments
can be found in Table 2 (e.g., alignment length, number
of parsimony informative sites, etc.). Results from
TOPALi indicate possible recombination within the 28S
rRNA gene, but this is likely an artifact of high amongsite rate variation (McGuire et al. 1997). The full COI data
set includes 103 individuals from 82 localities; reduced
data sets include all 6 gene regions representing 27
localities (5 for a small number of locations). Extensive
geographic structure characterizes the mitochondrial
DNA data, and individuals from essentially all distinct
geographic locations possess haplotypes that are not
shared among sampling localities (only two haplotypes
are shared across localities; sites 22–24 share a haplotype
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TABLE 3.

AMOVA results

Source

df

SS

MS

Among region
Among province
Error
Total
Parameter
RT
PR
PT

2
10
14
26
Value
0.0915
0.3157
0.3783

34.0648
105.0040
76.8571
215.9259
P
0.0001
0.0001
0.0001

17.0324
10.5004
5.4898

Notes: AMOVA results based on all six 6 loci (combined). Samples
are partitioned into three regions and thirteen provinces (see Table 1
for details). For each level, degrees of freedom (df), sum of squares
(SS), and mean of squares (MS) are shown. Null distributions were
generated with 10,000 permutations to test for signiﬁcance.

and sites 29–30 share another haplotype). This extreme
sampling-level divergence is reﬂected in COI genetic
distances, where the average pairwise genetic distance
between locales is 9.46% (GTR model), with a maximum
of 15.92% (between sites 3 and 21). Results from the
AMOVA conﬁrmed extensive levels of population
structure, with data being signiﬁcantly partitioned
among regions and provinces (Table 3). Results from the
Mantel test are also signiﬁcant for isolation by distance
on the combined data set (P = 0.008). Maximum
likelihood gene trees derived from autosomal loci are
less phylogenetically structured than the COI gene
tree, but still include many strongly supported nodes
(Supplemental Fig. 1).

Tests of Species Limits
Species limits were tested using multiple approaches,
including validation, discovery and a chimeric
approach. We derived a priori partitions from geological
data, and validated the species limits implied by these
partitions using spedeSTEM and BPP. In the south CR,
both provinces were collapsed into a single lineage with
strong support (wi = 0.73 for spedeSTEM, see Table 4;
pp = 0.91 for BPP; Supplemental Fig. 2a,b). In the TR,
the model with the highest probability (wi = 0.08) in
spedeSTEM recovers Frazier (f) as a distinct lineage, and
collapses the remaining provinces (e, g, h, j, l, m) into a
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TABLE 4.

spedeSTEM validation results

Region

Model

k

AICc

i

Model-likelihood

wi

CR

o_p
o, p
f, e_g_h_j_l_m
f, e_j_m, g_h_l
a, b_c_d
a, b_c, d
a, f, b_c_d_o_p, e_g_h_j_l_m
a, f, b_c_d, e_g_h_j_l_m_o_p

1
1
2
3
2
3
4
4

1240.1033
1242.1000
1298.1117
1298.6167
1015.3145
1017.3106
2482.9302
2488.8738

0
1.9967041
0
0.5050049
0
1.9960938
0
5.9436035

1
0.3684862
1
0.77685434
1
0.36859867
1
0.05121096

0.73073447
0.26926556
0.08322176
0.06465119
0.5324434
0.19625793
0.9329383
0.04777667

TR
SN
Total

Note: Results from spedeSTEM validation approach show model, number of free parameters (k), AICc score, AICc differences (i), likelihood
of the model, and probability of the model (wi ).

a) spedeSTEM

b) BPP
A. coylei

A. coylei
a_Sierra

a_Sierra
1.0

f_Frazier

*
f_Frazier
b_Breckenridge
c_Piute
d_Tehachapi
o_South Santa Lucia
p_North Santa Lucia
0.2

e_San Emigdio
g_San Rafael
h_Santa Barbara
j_LA Basin
l_Sierra Pelona
m_San Gabriel

0.79

*

e_San Emigdio
0.63
1.0

*
0.0005

b_Breckenridge
c_Piute
d_Tehachapi

*
1.0

*

o_South Santa Lucia
p_North Santa Lucia
g_San Rafael
h_Santa Barbara
j_LA Basin
l_Sierra Pelona
m_San Gabriel

FIGURE 2. Species delimitations estimated with validation approaches. Results show ﬁnal analysis with combined data. a) Results from
spedeSTEM, represented on species trees estimated with STEM. Scale bar is in units of 2Ne generations. b) Results from BPP, represented on
species tree estimated with *BEAST. Numerical values above nodes represent pp values; asterisks below nodes denote presence of split in BPP
analyses. Scale bar represents substitutions per site.

single lineage (Supplemental Fig. 2c). BPP recovers three
lineages (pp = 0.07) in the TR—Frazier (f), San Emigdio
(e), and a lineage comprising the remaining provinces
(h, j, l, m; Supplemental Fig. 2d). In the southern SN,
two lineages were recovered—one consisting of Sierra
(a) and a second lineage consisting of the remaining
provinces (b–d) (wi = 0.53 for spedeSTEM; pp = 0.69 for
BPP; Supplemental Fig. 2e,f). After recovering the within
region lineages, spedeSTEM and BPP analyses were
extended to the remaining lineages to further evaluate
species diversity. One model in spedeSTEM gathered
nearly all of the support (wi = 0.93), and included four
lineages (see Fig. 2a): Sierra (a), Frazier (f), and the
recovered Transverse Range lineage (e, g, h, j, l, m) were
retained, while the lineage consisting of provinces b-d
(in the Tehachapi and Piute Mountains) was combined
with the south CR (o–p). All six lineages recovered with
BPP within regions were retained (pp = 0.99; see Fig. 2b)
in the combined BPP analysis (Sierra (a), Frazier (f), San
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Emigdio (e), (b–d), (h, j, l, m), and the south CR (o–p)).
Thus, validation approaches with spedeSTEM and BPP
suggest 4 and 6 lineages, respectively.
The validation results could be misleading if the
history of A. thompsoni does not reﬂect landscape
features, or if our interpretation of the geological
literature or the boundaries delineated in the geological
literature are inaccurate. Consequently, we utilized
several species discovery approaches that do not require
a priori groupings. Results from Structure suggest three
genetic partitions, with K = 3 containing the largest K
(155.539) as estimated with the Evanno method. The K =
3 partitioning scheme combines Sierra (a) and Frazier
(f) into a single group, samples from the Tehachapi
and Piute mountains (b–d) into a single group, and
the remaining samples into a third group (Fig. 3).
Brownie analyses resulted in 10,536 trees due to some
runs containing multiple trees with equally high scores.
Of the trees recovered, 53 unique lineage groupings
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A. coylei

0.87

0.88
1.0
0.71

r

0.74

ie

0.0004

25_Highway5
26_FrazierPark
27_LakeviewDr
29_MtPinosRd
30_CuddyValleyRd

az
Fr

1.0

1_EGlenville
2_PosoFlatRd
3_SierraWay
4_LakeIsabella

ra
er

0.99

Si

1.0

59_GrimesCynRd
74_NESantaClarita
75_TujungaCynRd
78_EatonCyn
10_Highway178
14_RollingOaksRd
16_CalCreekRd
17_WoodfordTehRd
19_TehachapiMtnParkCG
20_ClearCreekRd
21_ComanchePointRd
22_DigierRd
23_LebecOaksRd
36_SantaBarbaraCynRd
37_OldSierraMadreRd
39_RedHillRd
44_ParadiseRd
51_LakeCasitas

FIGURE 3. Species delimitations estimated with discovery approaches. Brownie results are represented on a species tree estimated with
*BEAST. Values above terminal branches indicate frequency that grouping was recovered in Brownie; nodal support corresponds to pp values
estimated with *BEAST. Values on terminal branches correspond to percentage of Brownie runs where grouping was recovered (out of 10,536
ﬁnal trees; see Supplemental Table 2). Scale bar is in units of substitutions per site. Structure plot shows genetic clustering of individuals, with
K = 3 (Sierra and Frazier are highlighted on terminal branches).

were found, with four partitions recovered in over 70%
of trees (Fig. 3; Supplemental Table 2); all sampling
locales were assigned to 1 of the 4 groups. Notably,
a group consisting of the Sierra locales (a) occurred
at a frequency of 0.99, and a group consisting of the
Frazier locales (f) with a frequency of 0.87. The remaining
samples are separated into two groups, with three
Transverse Range samples (j, l, m) grouped together
(frequency = 0.88), and the remaining samples grouped
with frequency of 0.70. Overall, the Structure and
Brownie results suggest 3 and 4 independent lineages,
respectively.
Using our novel STEM discovery approach, collapsing
of nodes tended to increase the probability of the model
(although some iterations stayed the same or dropped
slightly; see Fig. 4, Supplemental Table 3), until all
samples were collapsed into three lineages. This threelineage model was overwhelmingly favored with the
highest support (wi = 0.99), recovers Sierra (a) and
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Frazier (f) as distinct, and combines the remaining
samples into a single lineage. Although three lineages
are inferred using this approach, the composition differs
from the three partitions found using Structure (see
above). Results from the Bayesian implementation of
this approach were more difﬁcult to interpret. We found
that the maximum number of OTUs that could be
analyzed using BPP was 19, so we subdivided the
guide tree estimated in *BEAST into three major clades
by dividing from the deepest node toward the tips
until all samples within a clade could be analyzed.
We then adopted a hierarchical approach and analyzed
each selected clade independently before conducting
a combined analysis. The three clades tested included
the Sierra locales (a), the Frazier locales (f), and the
remaining locales (see Supplemental Fig. 3). Sierra
(a) and Frazier (f) were each collapsed into a single
lineage, with the remaining samples partitioned into
ﬁve lineages as follows—Tehachapi and Piute Mountains
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FIGURE 4. Likelihood plots from discovery STEM approach. X-axis is number of lineages, y-axis is log likelihood values. Each iteration is
represented by the calculated phylogeny. An asterisk denotes the iteration with the most likely species delimitatation, representing 3 lineages.
Out-group data have been removed for visual purposes.

(b-d), San Emigdio (e), south CR (o–p), (g–h), and (j, l, m).
The combined analysis further collapses the south CR
(o–p), (g–h), and (j, l, m) into a single lineage, and
retains all remaining lineages, suggesting a 5 lineage
complex (Supplemental Fig. 3). It is important to note
that lineages that were retained in the initial hierarchical
analysis (o–p; g–h; j, l, m) were combined in the ﬁnal
analysis.
Results using single locus data (COI) with bGMYC
detected many more putative lineages than other
approaches. Analysis of the full COI data set suggests an
average of 69 coalescent units (mean = 68.98), with a 95%
conﬁdence interval (CI) between 61 and 79 coalescent
units (Fig. 5). For the recovered units, 48 are found in
greater than 95% of the posterior distribution, suggesting
strong support for these groupings. Analysis of the
geographically reduced data set recovers 12 coalescent
units (mean = 12.0108), with a 95% CI between 2
and 23 coalescent units (Supplemental Fig. 4). None
of the recovered groupings are found in greater than
95% of the posterior distribution (highest is 0.8464),
suggesting that the reduced data set lacks statistical
power, perhaps because of extreme COI divergence
and/or an overdispersed geographic sample.
For the chimeric approach, the three genetic clusters
from Structure were further analyzed for lineage
distinctness with BPP. Analyses across all runs recovered
all three lineages as distinct, with pp values of 1.0 for all
nodes. Thus, the chimeric approach suggests a complex
consisting of 3 lineages.
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Survey of Morphology
Morphological character states that are most useful
in distinguishing different Aliatypus species elsewhere
in the genus (e.g., conﬁguration of female sperm
storage structures, shape of male palpal bulb [used
for sperm transfer], spination of male ﬁrst leg [used
during copulation]) are conserved in the A. thompsoni
species group (see Appendix, Supplemental Figs. 5–10).
Although Coyle (1974) noted geographic morphological
variation in A. thompsoni (e.g., variation in female
spermathecal morphology, number of trichobothria on
metatarsus IV), his sample in fact did not include spiders
within the range of either the Sierra (a) or Frazier (f)
lineages. However, although subtle variation is detected
(e.g., see Supplemental Figs. 7 and 8), no discrete
groupings are recovered, with our qualitative analysis of
morphology indicating conservative evolution in the A.
thompsoni species group, consistent with the hypothesis
of cryptic speciation.

DISCUSSION
Variation in Species Delimitation Across Methods
Accuracy in species delimitation is a function of both
the data collected and the appropriateness of choices
made by the researcher during the course of analysis.
Because it is not clear which approach is most
appropriate in the A. thompsoni complex, we utilized

Page: 814

805–823

2013

815

SATLER ET AL.—SPECIES DELIMITATION IN TRAPDOOR SPIDERS

a)

0.88

*

0.93

*

*

pp > 0.95

ra
er
Si

0.55

*
*

**

*
*

*

*

0.95 > pp > 0.70
0.70 > pp > 0.50
pp < 0.50

*

0.89

0.03

*
*

0.10

b)

*

0.08
0.04

0.06

*

0.00

0.02

Density

*
* *

50

60

70

Coalescent Units

80

90

er

*

0.93

i
az
Fr

*

A. coylei
25
26
26
27
27
28
29_30
2
2
1
3
4
4
6
5
5
22_23_24
18
19
14
17
15
16
9
7
8
11
12
10
13
20
20
21
21
64
50
48
48
60
63
61
62
61
49
34
36
47
47
51
52
52
53
54
46
45
44
44
32
33
35
31
31
82
41
38
38
37
42
43
39
40
78
79
80
81
72
71
71
70
59
65
66
73
74
74
75
77
76
76
56
67
68
68
55
55
69
57
58

**
* *
*
*
*
* *

FIGURE 5. Results from bGMYC analysis on complete COI data set. a) COI gene tree. Nodal support corresponds to pp values from BEAST
analysis, with an asterisk signifying >0.95 value. Terminal numbers correspond to sample site. Colors next to numbers correspond with pp for
recovered coalescent unit. b) Histogram represents recovered species distribution in bGMYC, reﬂecting range of uncertainty in coalescent unit
estimates.
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multiple approaches for species delimitation, including
validation, discovery, and a chimeric approach. Our
results consistently indicate that there are multiple
cryptic lineages within A. thompsoni, but differ in
how such lineages are delimited across approaches.
Some of the approaches used are likely inappropriate
given our data; for example, we view single locus
approaches as fundamentally unsuitable in this system
(see below).
Validation approaches appear promising for species
delimitation but require samples to be partitioned prior
to analysis, a constraint that can be problematic. In
order to satisfy this requirement, our initial partitions
were developed by dividing samples based on geologic
criteria. These validation approaches recovered between
4 and 6 lineages, and for the most part, our results
seem biologically plausible. One grouping that is
not recovered in any other analysis is the joining
of spiders from the Tehachapi and Piute Mountains
(b–d) with spiders from the south CR (o–p) in the
spedeSTEM analysis. However, the validation analyses
make several assumptions, including that species limits
in A. thompsoni reﬂect landscape features and that the
three regions can be tested in a hierarchical manner (due
to too many models with the full data set; see Materials
and Methods). We also assume that the geological
data and our interpretation of these data are accurate,
but this assumption is difﬁcult for spider biologists
and geneticists to verify. In addition, the geologic
units are adjacent and generally lack obvious extrinsic
barriers, such that samples from the edges of deﬁned
units might be potentially misplaced. For example,
data from mtDNA (as well as 18S rRNA; see Satler
2011) supports locality 28 to be grouped with Frazier
(f), yet this location was grouped with San Emigdio
(e) based on geologic criteria. In short, validation
approaches are computationally more efﬁcient but
potentially misleading, and should be conducted in
concert with discovery approaches. It is also important
to note that deﬁning a priori partitions based on other
types of data, such as morphology or taxonomy, can
suffer from the same issues, where a priori partitioning
of the samples could be incorrect (e.g., via convergence
in morphology, inaccurate taxonomic subdivisions, etc.).
Given the lack of preexisting divisions in A. thompsoni,
discovery approaches seem essential. The four
multilocus discovery approaches used in this study
recovered between 3 and 5 lineages; two of the
groupings are recovered in three of the approaches,
with incongruence seen regarding the partitioning of
remaining samples. We attribute these differences to
characteristics of the individual methods. For example,
both Brownie and STEM use single gene trees as
input, and thus do not integrate over the uncertainty
in gene tree space as does the Bayesian method BPP.
However, the latter approach does not account for
rate heterogeneity within or across loci, and does
not allow for more parameter-rich DNA substitution
models (the user is restricted to a Jukes–Cantor model),
thus representing a less accurate representation of the
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gene tree distribution. In the case of the A. thompsoni
data, gene tree estimates appear to be reasonably well
supported (based upon nodal support values; see
Supplemental Fig. 1). A more important factor may
involve the exploration of tree space with varying
species limits. Brownie uses a heuristic search because
tree space incorporating uncertainty in species limits
(i.e., varying OTU compositions) is exceedingly large.
Nevertheless, a majority of the sampled Brownie trees
recover four groupings (Fig. 3, Supplemental Table 2),
and these groupings are generally consistent with the
geographical divisions of the samples (Fig. 1).
We observed that BPP consistently recovers the
highest number of partitions as compared with
other methods in both the discovery and validation
approaches. One explanation for this result might be that
BPP does not integrate over the species tree parameter
space. Whereas a species tree is required as an input
guide tree, previous work has shown that an incorrectly
speciﬁed species tree can produce false positives and
thus result in oversplitting (see Leaché and Fujita 2010).
Although simulations demonstrate the efﬁcacy of this
approach (Yang and Rannala 2010; Zhang et al. 2011;
Camargo et al. 2012) given an accurate guide tree, the
simulated scenarios are much simpler than the complex
scenario we face in this system. More generally, species
trees can never be known with certainty in empirical
systems. For our analysis, we assume that the accuracy
of our estimates of individual gene trees are easier to
verify than our species tree estimates, because the latter
necessarily include species delimitations.
We also used a genetic clustering algorithm
implemented in Structure to partition the data;
simulation studies show that these algorithms may
work well for species delimitation (Rittmeyer and
Austin 2012). The Structure results recover three groups
as do several other approaches, but Structure uniquely
groups Sierra (a) and Frazier (f) into a single lineage.
These two groups are also clustered in the second
ranked model (K = 2; K = 111.037), but are recovered as
distinct in the third ranked model (K = 4; K = 32.869).
Our determination of three partitions was based on
the popular Evanno method, but visual assessment of
the Structure plot (Fig. 3) suggests differing genetic
compositions between the two groups, highlighting
the potential difﬁculty in summarizing the optimal K
value from a Structure analysis. Although Structure
has been widely used for investigations of population
structure, the isolation by distance signal in our data
suggest that it may not be well suited to our system, and
may be a contributing factor (among potentially others)
driving this possibly spurious grouping (Pritchard et
al. 2000; Pritchard et al. 2010). Given that the grouping
of Sierra (a) and Frazier (f) together was not supported
by any other analysis, this can certainly be problematic
if these partitions are used for downstream analyses.
For example, this incompatibility may invalidate the
chimeric approach (Structure/BPP) that has been
utilized in other investigations. Each of the partitions
recovered using Structure were validated with BPP
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FIGURE 6. Summarized results from all species delimitation analyses, represented on *BEAST tree resulting from analysis of all sampling
locales. Colors correspond to recovered groupings, with each partition represented by a unique color. Colored bars above phylogeny represent
hypothesized species groupings based on multiple analyses. Insert image of an adult male Aliatypus starretti, sp. nov. (Kern Co., Poso Flat Road).

(pp = 1.0 for all nodes across all runs). It seems possible
that such chimeric approaches could validate incorrect
partitions (given that validation approaches cannot split
initial groupings) and mislead the researcher regarding
species limits, either directly or via errors in species tree
estimation, when a method that requires a guide tree is
used (e.g., BPP).
Our lack of satisfaction with existing approaches led
us to develop a novel approach to species discovery using
species trees. This STEM approach is implemented in the
same manner as spedeSTEM, but operates by working
backwards from the individual sample (in our case,
sample sites) rather than by validating a priori partitions.
Species divergence is estimated during the process of
calculating the P (ST | GT) for a given partition, and

[15:20 30/9/2013 Sysbio-syt041.tex]

the only assumption is that members of a particular
lineage (i.e., either a single or group of samples) will
be more closely related genetically than they will to
members of other lineages. Starting with a species tree
that treats each individual sample as an OTU, our novel
discovery method works backwards by collapsing the
tips of the species tree that are most similar. At each
level of clustering STEM is used to calculate the ML
tree given the data. Both Sierra (a) and Frazier (f) are
recovered as distinct lineages, a result which is found
across essentially all other methods. All other sampling
localities are collapsed into a single lineage, as opposed
to dividing these into various additional groups as
seen in the other discovery, validation and chimeric
approaches (see Fig. 6).
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Challenges of Species Delimitation in Genetically
Fragmented Systems
Mygalomorph spiders, and genetically fragmented
systems in general, are challenging groups for species
delimitation. Previous studies investigating these
spiders with genetic data ﬁnd extensive population
structure, with the presence of numerous “microallopatric” populations within species (e.g., Bond et
al. 2001; Starrett and Hedin 2007; Bond and Stockman
2008; Hedin et al. 2013). The potential to oversplit
diversity is high in such systems. For example, we
used an implementation of the GMYC model that takes
into account gene tree uncertainty (i.e., bGMYC) in
a single locus data set. Although the GMYC model
has previously been used to delimit arthropod species
(Papadopoulou et al. 2008; Hamilton et al. 2011; Pons et
al. 2011; Keith and Hedin 2012), it relies upon a single
locus and is subject to the potential errors associated
with such data (e.g., selection, incomplete lineage
sorting, gene tree estimation error). The GMYC model
appears to be most accurate if a “barcode gap” is present
(Pons et al. 2006), because coalescent events within the
gene tree are expected to reside in units with little to
no genetic structure (i.e., recovered coalescent units are
assumed to be panmictic). However, the pronounced
population structure within our system (and most
mygalomorph spiders) is likely to bias the GMYC model
by shifting the transition of coalescent to divergence
processes toward the present, therefore potentially
recognizing a very high number of species (Lohse 2009;
Hamilton et al. 2011). This highlights a potential major
ﬂaw with the GMYC model, which is the confounding
of population-level structure with species boundaries in
taxa containing limited dispersal abilities. We suspect
that our results reﬂect this bias (see Figs.5 and 6),
and doubt that dozens of cryptic species are present
within A. thompsoni. Rather, what is being detected
is the signature of female life history traits, where
individual females display minimal dispersal abilities
and exist in isolated “micro-allopatric” populations.
Because only males are expected to display appreciable
dispersal behavior (and thereby move alleles across
the landscape), it is clear that the inclusion of multiple
nuclear markers is necessary for understanding species
limits within this group, and the many other organismal
groups with similar natural histories.
Another important consideration in genetically
fragmented groups is geographic sampling, and the
problem of sampling gaps. In the A. thompsoni complex,
the region between the central TR and Tehachapi
Mountains is the large, privately owned Tejon Ranch,
which we were unable to access for this study (see Fig. 1).
Are Tehachapi and Piute Mountains spiders genetically
distinct from spiders in the central TR (see Fig. 6) because
of true genealogical breaks, or is this distinctiveness an
artifact of a sampling gap? Because incomplete sampling
can lead to perceived phylogenetic breaks (Irwin 2002),
we cannot be certain that this is not the case here. If a
pattern of isolation by distance is present within this
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group, we might expect that the inclusion of samples
from the Tejon sampling gap could potentially collapse
the lineages detected within the remaining samples.
Alternatively, genetic breaks detected by these species
delimitation methods may be evolutionary breaks, and
the inclusion of more samples would only reinforce
these ﬁndings and provide greater detail on where the
phylogenetic breaks occur. Given the results from the
Mantel Test, a signature of isolation by distance is present
in this system, suggesting that this sampling gap may be
a driving force behind analyses splitting the samples (see
Jackman and Wake 1994). This uncertainty highlights
the need for dense geographic sampling when trying
to understand species limits in genetically fragmented
systems (e.g., Weisrock et al. 2010; Jockusch et al. 2012;
Niemiller et al. 2012; Hedin et al. 2013).

The Difﬁcult but Importance Task of Formally Describing
Cryptic Species
We hypothesize that A. thompsoni is a species complex,
and recommend the elevation of Sierra (a) and Frazier
(f) lineages to species status under criteria of the
general lineage concept (de Queiroz 2007). Below (see
Appendix) we provide formal species descriptions for
the Sierra (a) and Frazier (f) lineages. In light of the
incongruence among methods regarding species limits
for the remaining samples in the A. thompsoni complex,
we advocate a conservative approach and consider
these samples as belonging to a single species. Because
these remaining samples include the type locality, they
retain the name A. thompsoni. In addition, although the
multigenic approach adopted in our research does not
require reciprocal monophyly for any single gene region
for any putative group, both the Sierra (a) and Frazier (f)
lineages in fact meet these criteria (see Supplemental Fig.
1). The Frazier (f) lineage is recovered as a clade on all
sampled gene trees, typically with strong support. The
Sierra (a) lineage is recovered as a clade on 4 of 5 sampled
gene trees (only a single population was sampled for
Anonymous). We calculated the probability of such a
high degree of genealogical congruence occurring by
chance using the multigenic Yule process model of
Rosenberg (2007, equation 6). For both lineages, very low
probabilities (Frazier = 1.23 × 10−28 , Sierra = 2.80 × 10−15 ;
see Supplemental Material) provide strong additional
support for the evolutionary and genetic distinctiveness
of these groups.
Our survey of morphology suggests that both male
and female spiders in the Sierra (a) and Frazier (f)
lineages retain conserved character states shared across
the entire A. thompsoni species group. However, we
are not arguing that morphological differences do
not exist in this complex—different methods of study
or quantitative analyses may indeed uncover such
differences in future studies. We also emphasize that
although male secondary reproductive structures are
commonly used in mygalomorph spider systematics, the
few adult male specimens available for study (one male
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from each new species) precludes a thorough statistical
analysis at this time. This rarity of specimens partially
reﬂects the difﬁculty in collecting adult male Aliatypus,
which after molting to adulthood, seek mates for brief
periods of time prior to death (Coyle and Icenogle 1994).
Morphologically cryptic species pose problems for
traditional animal taxonomy, which is founded on
the discovery of morphologically diagnosable groups
for both species delimitation and description. The
infusion of molecular data in systematics has seen
a proliferation of the “discovery” of morphologically
cryptic species, but most (a majority?) of these putative
taxa await formal description. There are many possible
reasons for this mismatch between species discovery
and description, including less taxonomic training in
systematics, conservative researchers waiting for the
accumulation of additional data, and the difﬁculty of
describing species with nontraditional characters under
the traditional paradigm (Fujita and Leaché 2010). This
last problem is particularly acute for morphologically
cryptic species, where diagnostic morphological features
are few to absent, thus forcing a reliance on diagnostic
DNA characters. Such diagnostic DNA characters are
numerous in the A. thompsoni complex (see Appendix),
but will not always be available, and their recognition
is perhaps inconsistent with a multispecies coalescent
perspective (Fujita and Leaché 2010). Despite these
difﬁculties, we view the disconnect between “discovery”
and formal description as fundamentally problematic.
The process of species delimitation will continue to
become a more data-rich process, and these data need to
be applied to both species delimitation and description.
Species are fundamental units of evolutionary and
conservation biology, and formal species description
must be an important tenet of systematic biology.

CONCLUSIONS
This study provides a framework for the discovery
of cryptic lineage diversity that prevails in many
organismal groups. Here we show the importance
of taking a combined approach by exploring the
performance of both discovery and validation methods,
where groupings recovered across various approaches
provide a strong signal for the presence of distinct
species. In addition to currently available methods,
our novel species tree-based discovery approach with
STEM recovered a consensus three species model with
overwhelming support, suggesting that this method can
be effective in recovering species limits in genetically
fragmented systems. Our results also suggest that single
locus data sets may be unsuitable in such systems,
where available methods (e.g., GMYC model) are likely
to recover much higher levels of species diversity than
is actually present. This study further adds to our
speciﬁc knowledge of California mygalomorph diversity,
and generally increases our taxonomic knowledge in
this biodiversity hotspot. New tools for data collection
and analysis are allowing systematists to discover
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biodiversity like never before; we argue that this
discovery process must become more directly linked to
species descriptions and formal taxonomy.
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APPENDIX—SPECIES DESCRIPTIONS
Systematics
Family Antrodiaetidae Gertsch, in Comstock, 1940: 236
[urn:lsid:amnh.org:spiderfam:0002]
Genus Aliatypus Smith, 1908 [urn:lsid:amnh.org:
spidergen:00006]
Aliatypus thompsoni Species Group
Group of three closely related taxa, sharing the following
morphological characteristics which (in combination)
distinguish this group from all other described Aliatypus
species: Males possess large, closely spaced posterior
sternal sigilla, a relatively long leg I metatarsus,
short ventral ensiform macrosetae and sparse dorsal
macrosetae on leg I tibia and metatarsus, and an
inconspicuous thoracic groove. Females possess an
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inconspicuous thoracic groove, closely spaced posterior
sternal sigilla, few- to many-looped seminal receptacles
with medium-sized terminal bulbs, and a large number
of ensiform macrosetae on the retrolateral surface of the
palpal tarsus.
Aliatypus thompsoni Coyle 1974
Aliatypus thompsoni Coyle 1974: ﬁgs. 27–33, 40–44, 50–53,
60, 71–73, 86, 93, 111–113, 155–171; map 4.
For diagnosis and description see Coyle (1974). None
of the specimens examined by Coyle occur within the
geographic distribution of the two new species described
below, and as such, we attribute all such specimens to
A. thompsoni. A single possible exception is the female
examined by Coyle from the “Piute Mountains, S of
Kernville.” New records for A. thompsoni include all
populations examined for this study (see Supplemental
Table 1), except those from collecting sites 1–6 and 25–30
(see Fig. 1).
Aliatypus roxxiae Satler and Hedin, new species.
Figures 1 and 6, Supplemental Figures 5–8
Type material—male holotype from California, Kern
County, Mt Pinos Road, south of Mil Portrero Hwy.,
34.8276, -119.0872, collected 23 August, 2009, J. Starrett
& E. Floyd (voucher specimen MY4040). GenBank
number: KC787766. Female paratype from California,
Kern County, Cuddy Valley Road, 34.8168, -119.0765,
collected 21 May 2009, J. Satler (MY1742). GenBank
numbers: KC787767, KC787890, KC787731, KC787704,
KC787944, KC787916. Specimens deposited at the
California Academy of Sciences (CAS), San Francisco,
California.
Other Records—California, Kern County: near
Antelope Canyon, northwest corner of Antelope Valley,
34.8504, -118.6905, collected 26 July 2010, M. Hedin,
J. Satler, D. Carlson & L. Hedin (two females (F), one
immature (I)); east of Frazier Park, near I-5, 34.8138,
-118.8897, collected 17 January, 2003, M. Hedin & J.
Starrett (F, 2I); Lakeview Drive, Lake of the Woods,
34.8133, -119.0027, collected 20 May 2009, J. Satler (2I);
Mt Pinos Road, 34.8276, -119.0872, collected 23 August,
2009, J. Starrett & E. Floyd (2F, I); Cuddy Valley Road,
34.8168, -119.0765, collected 21 May, 2009, J. Satler (F, 2I).
Inclusion of specimens from site 28 (Kern County: west
of Frazier Park, 34.8254, -119.0115, collected 31 March
2010, J. Satler (2I)), based on COI gene tree data, plus
unpublished 18S data (Satler 2011).
Diagnosis—Corresponds to Frazier lineage (e.g., Fig.
6). Difﬁcult to distinguish morphologically from other
members of the A. thompsoni species group, sharing
species group features as deﬁned above. Some, but
not all populations of A. thompsoni include more than
one distal trichobothria on metatarsus IV (both sexes),
and fewer seminal receptacle loops (females), but these
character differences are not strictly diagnostic because
of geographic variation within A. thompsoni (see Coyle
1974). Morphologically very similar to A. starretti, sp. nov.
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Best distinguished from other members of the A.
thompsoni species group based on allopatric geographic
distribution (from collecting sites 25–30, Fig. 1), plus
diagnostic nucleotide changes for multiple gene regions.
The following subset of site changes are diagnostic
for the easily sequenced 18S gene region (positions
correspond to 18S alignments available on TreeBase): site
204 T (vs. C in remaining members of complex), site 633
G (vs. T), site 677 G (vs. T).
Holotype male (MY4040)—Carapace 5.0 long, 3.8
wide, pars cephalica 2.9 long. Thoracic groove a very
slight double longitudinal depression. Postocular setae
forming short narrow longitudinal row. Leg I IFL
5.4, ITL 3.2, IML 3.6, ITarL 1.5. Tibia and metatarsus
with conspicuous ventral ensiform macrosetae; a few
scattered attenuate macrosetae on dorsal tibia, but most
setae appressed. Leg IV IVFL 4.7, IVTL 3.0, IVML 4.5,
IVTarL 2.2. One trichobothrium dorsally on distal end of
metatarsus IV. Pedipalp PFL 5.3, PPL 3.1, PTL 3.5, PTX 2.7,
PTT 0.9, PED 1.1, PCA 0.5. Palpal tibia strongly swollen
ventrally near distal end, hirsute on ventral surface of
swelling. Conductor tip broad, with distal nipple-like
tip. Sternum SL 2.8, SW 2.3, posterior sternal sigilla close
(PSS 0.2), large (PSL 0.6), suboval. Abdomen Tergites I and
III much smaller than tergite II.
Paratype female (MY1742)—Carapace 6.2 long, 4.5
wide, pars cephalica 4.0 long. Thoracic groove essentially
absent. Postocular setae forming narrow longitudinal
row. Chelicerae with row of 4 retrolateral macroteeth,
7 prolateral macroteeth, 6 intermediate microteeth.
Leg I IFL 4.1, ITL 2.3, IML 1.8, ITarL 1.0. 14 ventral
ensiform macrosetae on metatarsus. Leg IV IVFL 3.8,
IVTL 2.1, IVML 3.0, IVTarL 1.2. One trichobothrium
dorsally on distal end of metatarsus IV. Pedipalp tarsus
with 6 ensiform macrosetae on both prolateral and
retrolateral surfaces. Sternum SL 4.0, SW 3.3, posterior
sternal sigilla close (PSS = 0.3), large (PSL = 0.7), faint,
oblong. Seminal receptacles stalks long, many-looped
(5–7 bends), with medium-sized terminal bulbs (relative
to stalk diameter).
Female variation—All other adult females available
(see records above) possess an inconspicuous to absent
thoracic groove, and spermathecal receptacles consistent
with the paratype female but with slightly fewer (4–6)
bends. With a single exception, all females possess a
single trichobothrium distally on metatarsus IV (one
specimen has two).
Etymology—Named after Roxxi, a favorite family dog
of the Satler family.
Distribution and natural history—Most populations
known from oak/pine woodlands on north side of
Frazier Mountain and Mt. Pinos, south of the San
Andreas Rift Zone. Easternmost known population
(lower Antelope Canyon) from northwest corner of
Antelope Valley, east of Tejon Pass. All collections
are from mesic microhabitats, particularly N-facing,
stabilized soil banks from beneath trees. Adult females
have been collected from burrows throughout the year;
an adult male was extracted from a burrow in late
August.
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Aliatypus starretti Satler and Hedin, new species.
Figures 1 and 6, Supplemental Figures 7–10
Type material—Male holotype from California, Kern
County, Poso Flat Road, south of Glenville, 35.6215,
-118.7077, collected 31 October 2009, J. Satler (MY4061).
Female paratype from California, Kern County, Hwy
155, east of Glenville, 35.7215, -118.6946, collected
30 March 2003, M. Hedin, J. Starrett, P. Paquin, S.
Lew (MY485). GenBank numbers: JN540748, JN540564,
JN540537, KC787700, KC787939, KC787911, KC787912.
Specimens deposited at the California Academy of
Sciences (CAS), San Francisco, California.
Other Records—California, Kern County: Hwy 155,
east of Glenville, 35.7215, -118.6946, collected 30 March
2003, M. Hedin, J. Starrett, P. Paquin, S. Lew (2F, I);
Poso Flat Road, 35.6215, -118.7077, collected 19 May, 2009,
J. Satler (2F, I); off Sierra Way, northeast of Kernville,
35.7605, -118.412, collected 19 May, 2009, J. Satler (I);
near Lake Isabella dam, off Keyesville Road, 35.6358,
-118.4963, collected 30 March 2003, M. Hedin, J. Starrett,
P. Paquin, S. Lew (F, 3I). Inclusion of specimens from
following sites based on COI gene tree data: California,
Kern County: Cook Peak Lookout Road, south of
Mountain Mesa, 35.6205, -118.4219, collected 30 March,
2010, J. Satler et al. (F, I); Erskine Creek Road, southeast
of Lake Isabella, 35.5869, -118.4383, collected 30 March
2010, J. Satler et al. (2I).
Diagnosis—Corresponds to Sierra lineage (Fig. 6).
Difﬁcult to distinguish morphologically from other
members of the A. thompsoni group, sharing species
group features as deﬁned above. Some, but not all
populations of A. thompsoni include more than one
distal trichobothria on metatarsus IV (both sexes), and
more seminal receptacle loops (females), but these
character differences are not strictly diagnostic because
of geographic variation within A. thompsoni (see Coyle
1974). Morphologically very similar to A. roxxiae.
Best distinguished from other members of the
A. thompsoni group based on allopatric geographic
distribution (from collecting sites 1–6, Fig. 1), plus
diagnostic nucleotide changes for multiple gene regions.
The following subset of site changes are diagnostic
for the easily-sequenced 18S gene region (positions
correspond to 18S alignment available on TreeBase): site
11 A (vs. T in remaining members of complex), site 18 G
(vs. A), site 133 T (vs. C), site 165 C (vs. A).
Holotype male (MY4061)—Carapace 4.6 long, 3.7
wide, pars cephalica 2.8 long. Thoracic groove a very
slight double longitudinal depression. Postocular setae
forming short narrow longitudinal row. Leg I IFL
5.5, ITL 3.4, IML 3.7, ITarL 1.7. Tibia and metatarsus
with conspicuous ventral ensiform macrosetae; a few
scattered attenuate macrosetae on dorsal tibia, but most
setae appressed. Leg IV IVFL 4.8, IVTL 3.2, IVML 5.3,
IVTarL 2.4. One trichobothrium dorsally on distal end of
metatarsus IV. Pedipalp PFL 5.4, PPL 3.5, PTL 3.8, PTX 3.0,
PTT 0.8, PED 0.9, PCA 0.5. Palpal tibia strongly swollen
ventrally near distal end, hirsute on ventral surface of
swelling. Conductor tip sharp, like knife blade. Sternum
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SL 2.7, SW 2.2, posterior sternal sigilla close (PSS 0.2),
large (PSL 0.6), suboval, mottled in appearance. Abdomen
Tergites I and III much smaller than tergite II.
Paratype female (MY485)—Carapace 5.3 long, 3.7 wide,
pars cephalica 3.4 long. Thoracic groove essentially
absent. Postocular setae forming narrow longitudinal
row. Chelicerae with row of 4 retrolateral macroteeth, 7
prolateral macroteeth, 8 intermediate microteeth. Leg I
IFL 3.1, ITL 1.9, IML 1.5, ITarL 0.8. 13 ensiform macrosetae
on metatarsus. Leg IV (right) IVFL 3.3, IVTL 2.1, IVML
2.7, IVTarL 1.0. One trichobothrium dorsally on distal
end of metatarsus IV. Pedipalp tarsus with 7 ensiform
macrosetae on both prolateral and retrolateral surfaces.
Sternum SL 3.1, SW 2.5, posterior sternal sigilla close (PSS
= 0.2), large (PSL = 0.8), faint, oblong. Seminal receptacles
stalks long, several loops (3–4 bends), with mediumsized terminal bulbs (relative to stalk diameter).
Variation—All other adult females available (see
records above) possess an inconspicuous to absent
thoracic groove, spermathecal receptacles consistent
with the paratype female (3–5 bends), and a single
trichobothrium distally on metatarsus IV.
Etymology—Named after Dr. James Starrett,
outstanding friend, student of mygalomorph spiders,
and collector of many Aliatypus specimens used in this
study.
Distribution and natural history—Most populations
from upper Kern River valley, in woodland habitats
surrounding Lake Isabella. Western populations occur
in intermediate elevation oak woodland habitats on
west side of Greenhorn Mountains near and south of
Glenville (see Fig. 1). Collections from N-facing mesic
microhabitats, including stabilized soil banks beneath
trees, shaded roadcuts, and from the base of large
boulders. Adult females have been collected from March
to May (but must be in burrows year-round after molting
to adulthood); an adult male was extracted from a
burrow in late October.
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