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High-stakes species delimitation in eyeless cave spiders
(Cicurina, Dictynidae, Araneae) from central Texas
MARSHAL HEDIN
Department of Biology, San Diego State University, San Diego, CA 92182, USA

Abstract
A remarkable radiation of completely eyeless, cave-obligate spider species (Cicurina)
has been described from limestone caves of Texas. This radiation includes over 50
described species, with a large number of hypothesized single-cave endemics, and four
species listed as US Federally Endangered. Because of this conservation importance,
species delimitation in the group is ‘high-stakes’– it is imperative that species hypotheses are data rich, objective, and robust. This study focuses on a complex of four cavedwelling Cicurina distributed on the northwestern edge of Austin, Texas. Several of
the existing species hypotheses in this complex are weak, based on morphological
comparisons of small samples of adult female specimens; one species description (for
C. wartoni) is based on a single adult specimen. Species limits in this group were
newly assessed using morphological, mitochondrial and nuclear DNA sequence data
evidence, analysed using a variety of approaches. All data support a clear lineage separation between C. buwata versus the C. travisae complex (including C. travisae,
C. wartoni and C. reddelli). Observed congruence across multiple analyses indicate that
the C. travisae complex represents a single species, and the formal species synonymy
presented here has important conservation implications. The integrative framework
utilized in this study serves as a potential model for other Texas cave Cicurina, including US Federally Endangered species. More generally, this study illustrates how and
why taxon-focused conservation efforts must prioritize modern species delimitation
research (if the existing taxonomy is weak), before devoting precious downstream
resources to conservation efforts. The study also highlights the issue of taxonomic type
II error that diversity biologists increasingly face as species delimitation moves into
the genomics era.
Keywords: Bayesian phylogenetics & phylogeography, conservation biology, endangered
species, population structure, species delimitation, species synonymy
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Introduction
Species delimitation is the process whereby systematists
or evolutionary biologists combine specimens, specimen
data and data analyses to delimit species taxa while
working under an explicit species concept. Species
delimitation is an original and fundamental goal of systematic biology (Wiens 2007; Camargo & Sites 2013).
For some researchers, this process has changed dramatically over the past 10–20 years, these changes paralleling
Correspondence: Marshal Hedin, Fax: (619) 594 5676; E-mail:
mhedin@mail.sdsu.edu

a flood of DNA sequence data and the development of
new analytical delimitation tools for both molecules
and morphology (Fujita et al. 2012; Camargo & Sites
2013; Carstens et al. 2013). However, these changes have
not been universally adopted, as the majority of new
species are still delimited and described under a qualitative ‘distinct morphological groups’ sorting process
(Pante et al. 2015).
In principle, it could be claimed that all species
delimitations are ‘high-stakes’ hypotheses, following
familiar arguments that species are fundamental units
of evolutionary biology, ecology, etc. More realistically,
however, most initial species hypotheses have never
© 2014 John Wiley & Sons Ltd
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been subsequently tested, and in fact, species hypotheses do not even exist for a majority of Earth’s biodiversity (e.g. Mora et al. 2011). That said, certain species
delimitations are particularly important for political,
economic, and/or applied reasons. Examples include
species complexes that include disease vectors, venomous taxa, and taxa of conservation concern. With respect
to taxon-focused conservation efforts, it is fundamentally important to rigorously and accurately delimit conservation units (at or below the species level) before
dedicating finite conservation resources (Paquin et al.
2008; Weisrock et al. 2010; Niemiller et al. 2012, 2013;
Malaney & Cook 2013; McCormack & Maley 2015).
Taxa restricted to cave habitats present special challenges for species delimitation. Complexes of cavedwelling populations/taxa are often distributed in strict
allopatry, such that cases of sympatry (and natural tests
of reproductive isolation) are rare or nonexistent. Similar selective pressures across spatially isolated cave habitats promote morphological stasis or homoplasy
(Derkarabetian et al. 2010; Bendik et al. 2013; Derkarabetian & Hedin 2014), and many studies have now shown
that hypothesized widespread cave species often consist
of multiple, morphologically similar or cryptic species
(Juan et al. 2010; Niemiller et al. 2012, 2013; Derkarabetian & Hedin 2014). In contrast, constrained gene flow
among isolated cave habitats often leads to extreme
population genetic structuring (e.g. Hedin 1997; Chiari
et al. 2012). If only single gene data are available (e.g.
mtDNA only), population genetic structure can be difficult (or impossible) to distinguish from population
divergence and speciation. For example, the single-locus
generalized mixed Yule coalescent method (Pons et al.
2006; Fujisawa & Barraclough 2013), commonly applied
in modern species delimitation, is susceptible to oversplitting species diversity in the face of strong population structure (Lohse 2009; Keith & Hedin 2012; Satler
et al. 2013; Hamilton et al. 2014). Likewise, population
structure in the nuclear genome presents potential problems for newer multispecies coalescent methods (O’Meara 2010; Camargo & Sites 2013). An example is
Bayesian phylogenetics and phylogeography (BPP;
Yang & Rannala 2010; Rannala & Yang 2013), a method
that assumes panmixia within species, but has been
suggested to potentially oversplit diversity in dispersallimited taxa (e.g. Niemiller et al. 2012; Barley et al. 2013;
Carstens & Satler 2013; McKay et al. 2013).
A remarkable radiation of completely eyeless, caveobligate spider species has been described from limestone cave habitats of Texas. The subgenus Cicurella
(genus Cicurina) includes about 80 species, over 50 of
which are eyeless and restricted to Texas caves (Gertsch
1992; Paquin & Duperre 2009); available evidence suggests monophyly of this group (Paquin & Hedin 2004;
© 2014 John Wiley & Sons Ltd

Paquin & Duperre 2009). Species delimitation in eyeless
Cicurina is challenging for several reasons beyond the
generalities discussed above. Adult specimens are rare,
with an estimated ratio of immature/adult female/
adult male specimens of 100/10/1 (Paquin & Duperre
2009). Most araneomorph spider species are described
based on a combination of both male and female adult
morphology, but male-based evidence is essentially
lacking in eyeless Cicurina. Female somatic morphology
is highly conserved among eyeless Cicurina species,
while female genitalic morphology often varies within
species, blurring the distinction between geographic
variation and species-level divergence (Paquin &
Duperre 2009). Finally, access to Texas caves can be
challenging, leading to geographic sampling gaps that
can impact genealogical interpretations (Lohse 2009;
Niemiller et al. 2012). Despite these several difficulties,
species delimitation in the group is ‘high-stakes,’ with
over 35 blind Texas Cicurina species known only from
their respective type localities (Paquin & Duperre 2009),
and four cave taxa listed as US Federally Endangered
Species (Longacre 2000). Because of this obvious conservation and political importance, it is imperative that
species hypotheses in the group are robust.
This study focuses on a complex of four eyeless species (Cicurina wartoni, C. reddelli, C. travisae and C. buwata) restricted to caves in Travis and Williamson
Counties, Texas. Existing species hypotheses in this
complex are not data rich; for example, the taxonomic
description of C. wartoni is based on a single adult
female specimen, which remains the only adult specimen known for this taxon (Gertsch 1992; Paquin &
Duperre 2009). Cicurina reddelli is likewise known only
from the type locality. Cicurina travisae and C. buwata
are known from females for a larger number of caves
(>7 caves per taxon), but adult males have never been
described for these species. Taking into account intraspecific variation, female genital morphologies for
members of this complex are highly similar (Paquin &
Duperre 2009; fig. 131), suggesting the possibility that
these four species actually comprise a single taxon. Species delimitation in this complex is particularly important because of the rarity and apparent endemicity of
contained taxa in a region impacted by development on
the northwestern edge of Austin. For example, the only
known location for C. wartoni is a small, shallow cave
with many threats (e.g. fire ants, pollution, trash dumping, etc.), and this species has been a candidate for listing as a US Federally Endangered Species (U.S. Fish &
Wildlife Service 2010).
The research summarized here seeks to clarify the
evolutionary independence of species in this complex,
with an emphasis on the distinctiveness of C. wartoni.
Because any single data source or analytical method is
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(A)

Fig. 1 (A) Map of Texas with counties,
Travis and Williamson counties highlighted. (B) Adult female Cicurina buwata
from Lakeline Cave (G2001). (C) Map
showing geographic distribution of
sampled cave populations – locations
approximate, to protect location anonymity. Specimens allocated into five primary
a priori groups based on consideration of
morphology, geographic location and/or
genetic affiliation. Colours used to designate taxa (amber = C. buwata, blue =
C. travisae, green = C. reddelli, red =
C. wartoni, black boxes = ‘western undetermined’, black circles = ‘eastern undetermined’; see text for details).
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susceptible to error, most modern species delimitation
analyses now include both independent lines of evidence (e.g. mtDNA data, nuclear data, morphology,
etc.) and comparisons of multiple analyses (Fujita et al.
2012; Carstens et al. 2013; Satler et al. 2013; Derkarabetian & Hedin 2014). This integrative approach to the
species delimitation problem was used in this research.

Materials and methods
Specimen sampling
Specimens were available from 27 regional caves (Fig. 1,
Appendix 1), with one to three spiders sampled from
each cave. A priori specimen identification was based
on geographic location and/or genetic affiliation as follows: Cicurina buwata – sample including eyeless immature specimens from three caves (Buttercup Creek Cave,
Marigold Cave, and Testudo Tube) that are known loca-

tions for C. buwata (Paquin & Duperre 2009). Eyeless
immature and/or adult specimens from eight additional
caves were identified as C. buwata based on consistent
placement into a C. buwata genetic clade (see Results);
C. wartoni – three eyeless immature specimens from the
type locality (Pickle Pit) were tentatively identified as
this species, as no other eyeless Cicurina have been
recorded from this cave; C. travisae – sample including
eyeless immature and/or adult specimens from five
caves (McDonald Cave, Amber Cave, Kretschmarr Double Pit, North Root Cave, Tooth Cave = type locality)
that are known locations for C. travisae (Paquin &
Duperre 2009); C. reddelli – an adult female and immature male specimen from Cotterell Cave, the type and
only known locality for C. reddelli; A priori unidentified –
both immature and adult specimens from nine caves
geographically situated between Cotterell Cave and
McDonald Cave (Fig. 1, Appendix 1) are genetic members of the clade of interest (see Results), but are from
© 2014 John Wiley & Sons Ltd
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caves without previous records for adult Cicurina. Adult
females are available from some of these caves, but
because C. travisae, C. reddelli and C. wartoni have very
similar female epigynal morphologies (Paquin &
Duperre 2009, fig. 131), these specimens were not identified to species a priori.

Morphology
Genitalic structures (female epigyna, male pedipalps)
for all adult specimens used in genetic analyses were
digitally imaged. Specimens were imaged using a
Visionary Digital BK Plus system (http://www.visionarydigital.com), including a Canon 5D 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 (http://www.zerenesystems.com/); this
composite image was then edited using Adobe Photoshop CS6. Female epigyna were dissected from specimens using fine forceps, immersed for 2–5 min in
BioQuip specimen clearing fluid (http://www.bioquip.com) on a depression slide and then imaged in
this fluid on slides.

Mitochondrial analyses
Mitochondrial cytochrome oxidase I (COI) data were
gathered for 46 specimens from 26 caves (Appendix 1),
using PCR and genomic DNA extracted from leg tissues. Amplified PCR products were purified using Millipore plates and Sanger-sequenced in both directions at
Macrogen USA. DNA sequences were edited using GENEIOUS PRO R7 software (http://www.geneious.com/) and
trimmed to exclude primer sequences. Original
sequences were supplemented with transcriptomederived COI data for C. vibora (see below) and published data for other Texas cave- and surface-dwelling
Cicurina (Paquin & Hedin 2004).
A COI gene tree was reconstructed using maximum
likelihood, using RAXML searches (Stamatakis 2006, 2014)
as implemented in RAXMLGUI 1.31 (Silvestro & Michalak
2012). This analysis included a thorough bootstrap
analysis (1000 bootstrap replicates) followed by multiple
inferences (100) on an alignment with redundant haplotypes collapsed, using a GTR_Γ model for separate
codon partitions. A mitochondrial gene tree was also
reconstructed using Bayesian inference in the BEAST
v1.7.2 package (Drummond et al. 2012). BEAST analyses
were conducted using an uncorrelated lognormal
relaxed clock model (Drummond et al. 2006), implementing best-fit models of molecular evolution chosen
using default parameters in PARTITIONFINDER v1.1.1 (Lanfear et al. 2012). Two replicate MCMC chains were run
© 2014 John Wiley & Sons Ltd

for 50 million generations, with sampling every 1000
generations, using the ‘auto optimize’ operators option,
and a Speciation: Yule Process tree prior. The consistency of parameter estimates across replicate runs was
assessed using Tracer (Drummond et al. 2012), and
results of replicate runs were combined such that ESS
values exceeded 200 for all parameters. LOGCOMBINER
was
used
to
combine
separate
tree
files
(burnin = 20 000), with a reduced resample frequency
of 25 000. From this reduced tree sample, TREEANNOTATOR
was used to reconstruct a maximum clade credibility
(mcc) tree.
The RAxML gene tree was used as input in a Bayesian Poisson Tree Processes (bPTP) analysis, as implemented on the bPTP server (http://species.h-its.org/
ptp/; Zhang et al. 2013). PTP is a single-locus species
delimitation method using only nucleotide substitution
information, implementing a model assuming gene tree
branch lengths generated by two independent Poisson
process classes (within- and among-species substitution
events). The bPTP analysis was run using 100 000
MCMC generations, with a thinning of 100 and burn-in
of 0.1. In addition, the relaxed clock BEAST mcc tree was
used as input in single- and multiple-threshold GMYC
analyses (http://species.h-its.org/gmyc/). Available
simulation studies suggest that PTP outperforms GMYC
(Pons et al. 2006; Fujisawa & Barraclough 2013) for single-locus species delimitations (Zhang et al. 2013), without requiring an ultrametric tree.

Nuclear marker development and analysis
Cicurina-specific nuclear phylogenetic markers were
developed from comparative transcriptome data (summarized in Appendix S1, Supporting information). After
preliminary PCR primer testing and sequencing, eight
nuclear gene regions were chosen for comprehensive
specimen sampling (primers, PCR conditions and transcript annotations are provided in Appendix S2, Supporting information). Collection of nuclear gene data
specifically targeted the four focal species from 26
regional caves (Appendix 1). This focused sampling follows from COI gene tree results, which indicate the
monophyly of this species complex (see below). Also,
although eyeless Cicurina occur in the karst landscapes
to the north and south of the focal region (e.g. C. vibora,
C. bandida), these taxa are both morphologically (Paquin
& Duperre 2009) and genetically distinct (see Results)
from the focal species.
Nuclear PCR products were purified, Sangersequenced and edited as summarized above for mitochondrial sequences. The C. travisae transcriptome
data were not used for downstream phylogenetic
analyses since heterozygosity could not be assessed
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(transcriptomes derived from two individuals; Appendix
S1). Only one of the nuclear matrices included indels –
for the B2_F10F11 matrix, a three-amino-acid indel
restricted to C. buwata specimens was recoded as a twostate nucleotide transition. Heterozygous nuclear
sequences were bioinformatically phased to alleles. SEQPHASE (Flot 2010) was used to convert matrices for input
into PHASE 2.1.1 (Stephens et al. 2001; Stephens & Donnelly 2003) using default settings (phase threshold = 90%,
100 iterations, thinning interval = 1, burn-in = 100). Gene
trees for individual nuclear genes were reconstructed
using RAxML searches (as above), applying a single
GTR_Γ model to each gene region. Gene trees included
data for focal taxa, rooted with orthologous sequences
from the C. vibora transcriptome (Appendix S1).
Multigenic nuclear genetic distances among individuals were calculated using POFAD v1.03 (Joly & Bruneau
2006). Uncorrected p-distances for each locus were calculated in PAUP v4.0b10 (Swofford 2002), and because all
nuclear matrices are similar in aligned length and levels
of variation, individual matrices were standardized to
have the same weight (standardized weights option).
Analyses using nonstandardized distances gave very
similar results (results not shown). POFAD distances
were used to reconstruct a NeighborNet network in
SPLITSTREE4 (Huson & Bryant 2006). To eliminate the
potentially confounding influence of female-based population structure, mitochondrial data were not included
in POFAD analyses. Also, more distant outgroups (i.e.
C. vibora) were excluded from this analysis. This
‘nuclear + ingroup only’ data set was also used for
Bayesian clustering and BPP analyses summarized
below.
Bayesian genetic clustering analyses were conducted
using STRUCTURAMA 2.0 (Huelsenbeck et al. 2011) and
STRUCTURE (Pritchard et al. 2000, 2010). Structurama treats
the number of populations (K = number of distinct
genetic clusters) as a random variable following a Dirichlet process prior (Pella & Masuda 2006; Huelsenbeck & Andolfatto 2007; Huelsenbeck et al. 2011), while
STRUCTURE requires multiple analyses at different fixed K
values, and the use of ad hoc statistics to choose an
optimal K value. For both analyses, SNAP Map (Price &
Carbone 2005; Aylor et al. 2006) was used to convert
phased nuclear DNA sequences to numbered unique
alleles (haplotypes). Both Structurama and STRUCTURE
have been used to discover the number of distinct
genetic clusters in other species delimitation studies
(e.g. Leache & Fujita 2010; Weisrock et al. 2010; Carstens
& Satler 2013; Satler et al. 2013).
Structurama settings were as follows: model numpops=rv, admixture=no, concparmprior=gamma(0.1,10),
mcmc ngen=1 000, 000, samplefreq=100, printfreq=1000,
calcmarginal likelihood burnin=1000. Runs with differ-

ent alpha values (shape and scale values of gamma distribution) were conducted as follows: (1,1) (1,5) (1,10)
(0.1,1) (0.1,5) (0.1,10). STRUCTURE runs were conducted
assuming between 1 and 6 genetic clusters (K = 1–6),
with analyses for each K value replicated three times.
Analyses used an admixture model with a burn-in of
100 000 (one million MCMC steps after burn-in), and
allele frequencies were considered independent among
populations. Both the maximum value of the log probability of the data given K (L(K)) and DK (= rate of
change in log probability between successive K values,
Evanno et al. 2005) were used to identify an optimal K
value. Estimates from multiple replicates for multiple K
values were calculated in STRUCTURE HARVESTER (Earl &
vonHoldt 2012), and data were summarized using the
FullSearch algorithm of CLUMPP (Jakobsson & Rosenberg
2007) and visualized with DISTRUCT (Rosenberg 2004).
The Bayesian phylogenetics and phylogeography
method (BPP, Yang & Rannala 2010; Rannala & Yang
2013) was used with the multilocus nuclear data to calculate the posterior probabilities of different species
delimitation models. The rjMCMC species delimitation
method was used with algorithm 1 (a value = 2, m value
= 1), ambiguous data columns were not removed (cleandata =0), and the analysis was set for automatic fine-tune
adjustments. Two different combinations for population
size (theta, h) gamma priors were used, including a large
theta prior G(alpha = 1, beta = 10) and a more diffuse
(uninformative) theta prior G(alpha = 2, beta = 100). For
both analyses, a diffuse tau (s) gamma prior of G(alpha
= 2, beta = 1000) was used for the age of the root (tau0),
while the other divergence time parameters were
assigned the Dirichlet prior (Yang & Rannala 2010). Each
prior combination was run twice to check for convergence and proper mixing. Analyses were run for 100 000
generations, sampling every five generations with 10 000
burnin. Species tree nodes with posterior probability values >0.95 were considered supported species delimitations; values below 0.95 were considered as evidence for
collapsing a species tree node.
Bayesian phylogenetics and phylogeography analyses
require a priori specimen allocation and an input guide
tree – two alternatives were considered. First, a conservative analysis was conducted in which only specimens
from known cave locations were included (see Fig. 1).
The guide tree used was as follows: (C. buwata sister to
(C. travisae, (C. reddelli + C. wartoni)), which is a topology consistent with POFAD, STRUCTURE (K = 3) and
Structurama results (see below). Second, following
results of POFAD, STRUCTURE (K = 3) and Structurama,
and geography (Fig. 1), four ‘undetermined’ cave populations in the vicinity of C. travisae (Two Trunks Cave,
Gallifer Cave, Geode Cave, Stovepipe Cave) were
allocated to C. travisae, and five eastern ‘undetermined’
© 2014 John Wiley & Sons Ltd
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populations (Spider Cave, Ken Butler Pit, Jester Estates
Cave, Jest John Cave, Beard Ranch Cave) were allocated
to C. reddelli. The same guide tree as above was used.

Results
Morphology
Although formal quantitative analyses were not conducted because of small sample sizes, consideration of
(A)

(D)

(B)

(C)

(F)

(E)

(G)

(H)

(J)

(K)

patterns of qualitative variation provided important
information. The epigynal morphology of available
female specimens is consistent with that reported for
the focal species of interest (compare Fig. 2 to Paquin &
Duperre 2009; fig. 131). However, defining ‘diagnostic’
epigynal features for different species in this complex is
very challenging, since epigynal variation within a species (or cave population) sometimes exceeds variation
between hypothesized species (e.g. Tooth Cave specimens G1958, G2014; Fig. 2; see also fig. 5b of Paquin

(I)

(L)
(M)

(N)
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(O)

Fig. 2 Epigynal (ventral view) and palpal
(left palp, ventral view) morphologies for
adult specimens used in this study. (A–
E), Cicurina buwata females: (A) Broken
Arrow Cave, G1961; (B) Broken Arrow
Cave, G1959; (C) Babe Cave, G2011; (D)
Buttercup Creek Cave, G2007; (E) Apple
Riata, G1997; Specimen determinations
for C. buwata based primarily on phylogenetic placement in DNA analyses,
except for Buttercup Creek Cave (known
location for C. buwata). (F) C. reddelli
female, Cotterell Cave, G 1960 (type
locality for C. reddelli). (G–J) C. travisae
females: G) North Root Cave, G1970; (H)
Tooth Cave, G1958; (I) Tooth Cave,
G2014; (J) Kretschmarr Double Pit,
G1966; all known localities for C. travisae,
including type locality (Tooth Cave). (K)
‘eastern undetermined’ female, Jester
Estates Cave, G 1985. (L–O) adult males:
(L) Spider Cave, G1981; (M) Jester Estates
Cave, G 1986; (N) Stovepipe Cave,
G1977; (O) Amber Cave, G 1998; Amber
Cave is a known locality for C. travisae,
although adult males for this species
have never been described. Colours and
symbols used to designate populations as
in Fig. 1.
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et al. 2008). Four adult male specimens were also available for study and imaged (Fig. 2). Because male specimens have never been described for any of the focal
species (Paquin & Duperre 2009), there is no basis for
formal species-level comparison. It is notable, however,
that all male specimens have essentially identical palp
morphologies.

Mitochondrial analyses
New mitochondrial sequences have been submitted to
GenBank (Appendix 1); GenBank numbers for previously published sequences are provided in Fig. 3.
Maximum-likelihood and Bayesian analyses (Fig. 3) of
mitochondrial sequences result in generally similar
gene tree topologies, with two minor differences.
First, the C. bandida/C. puentecilla clade (outside the
focal group) differs in position, but this position is
weakly supported in both analyses. Second, RAxML
analyses suggest a different root placement within
C. buwata, with eastern populations (No Rent, Apple
Riata, Weldon, McNeil Bat; Fig. 3) forming a grade
leading to western populations. Both Bayesian and
maximum-likelihood trees recover a well-supported
clade (bootstrap proportion values >70, posterior probability values >0.95) that includes the focal taxa, and
a primary separation between C. buwata versus
C. reddelli/C. travisae/C. wartoni (hereafter called the
C. travisae complex). The hypothesis of Gertsch (1992)
that C. buwata occurs in the southern Cotterell and
Gallifer Caves (see fig. 131 of Paquin & Duperre
2009) is not supported by mitochondrial or nuclear
evidence (see below).
Mitochondrial species delimitation results (bPTP
and GMYC) are summarized on Fig. 3. Outside the
focal group, there is a high degree of congruence
between bPTP groups and morphologically described
species. Within the focal group, C. buwata forms a
single bPTP group, and the three members of the
C. travisae complex together form a single bPTP
group. This result is consistent with the hypothesis
that members of the C. travisae complex represent a
single species, rather than three distinct species. The
single-threshold GMYC model also recovers C. buwata
and members of the C. travisae complex as separate
individual groups, but seems overly conservative in
that other single GMYC clusters (outside the focal
group) include described species that are clearly morphologically distinct and occupy highly disjunct geographic distributions (e.g. C. vibora, C. troglobia,
C. hoodensis). The multiple-threshold GMYC model
appears biologically unrealistic, fragmenting most
described species into several individual clusters
(Fig. 3).

Nuclear analyses
Data were collected and phased for eight nuclear genes;
unphased sequences have been submitted to GenBank
(Appendix 1), and alignments of phased data are available on Dryad (doi:10.5061/dryad.qc3s0). All nuclear
sequences correspond to exons, and PCR-amplified Sanger data match transcriptome data. Final matrices
include very little missing data (8 nuclear gene matrices
X 34 individuals per matrix – 7 total missing
sequences), and no single specimen is missing data for
more than one nuclear gene (Appendix 1). Gene regions
are similar in aligned length, and all include phylogenetic information (Table 1).
Each nuclear gene tree is topologically unique
(Appendix S3, Supporting information), but general patterns are apparent. Members of the C. travisae complex
are recovered as a clade separate from a C. buwata clade
in seven of eight gene trees, and these clades are
strongly supported (maximum-likelihood bootstrap
>70). Within the C. travisae complex, genetic relationships vary from gene to gene, and sequences from individual hypothesized species do not cluster together –
instead, sequences from different hypothesized species
within the C. travisae complex are intermixed on nuclear
gene trees. Sequences from C. wartoni specimens never
form an exclusive group on nuclear gene trees, but
instead are always intermixed with other members of
the C. travisae complex (Appendix S3).
The POFAD network shows an obvious division
between C. buwata and members of the C. travisae complex (Fig. 4A). Within the C. travisae complex, C. wartoni
specimens are not grouped together on the network.
Specimen (and population) placement on the network
coincides roughly with geographic position (western
populations basal, eastern populations derived; Fig. 4B,
C). A group of populations including C. reddelli from
Cotterell Cave, five eastern ‘undetermined’ cave populations (Beard Ranch Cave, Jest John Cave, Jester Estates
Cave, Ken Butler Pit, Spider Cave) and two specimens
of C. wartoni cluster together – this genetic association
mirrors that recovered by STRUCTURE K = 3 and Structurama (see below).
STRUCTURE results suggest two genetic partitions, with
K = 2 including the largest DK (461.86) as estimated
using the Evanno method (Fig. 5A). The two genetic
clusters correspond to C. buwata and the C. travisae
complex, consistent with the hypothesis that members
of the C. travisae complex represent a single species.
Although K = 2 (mean LnP(K) = 1165.2) is optimal
under the Evanno method, other K values were considered, allowing for the possibility that the Evanno
method is underestimating species diversity in this
complex. In particular, a K = 3 (mean LnP
© 2014 John Wiley & Sons Ltd
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Fig. 3 Bayesian inference mitochondrial gene tree with posterior probability and RAxML bootstrap values (for primary lineages),
plus bPTP and GMYC results. Arrow denotes alternative RAxML phylogenetic placement for Cicurina puentecilla/C. bandida clade.
Redundant haplotypes not shown include CbuwataTestudoTube = CbuwataBroken ArrowCave_G1959_G1962 + CbuwataMarigoldCave_G2004, CbuwataWeldonCave_G1992 = CbuwataNoRentCave_G1994, TwoTrunksCave_G1967_G1968 = GalliferCave_G1975. Colours and symbols used to designate focal populations as in Fig. 1.
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Table 1 Nuclear gene data summary

Primer
Names

Aligned
length

No.
Ingroup
Sequences

Parsimony
Informative
Sites

Nucleotide
Diversity

B1_B11B12
B1_C9C10
B1_E1E2
B1_G5G6
B1_G11G12
B2_D2D3
B2_F10F11
B2_H6H7

662
706
667
827
840
560
677
647

47
39
45
35
44
48
47
53

33
11
12
14
14
20
25
22

0.018
0.006
0.007
0.008
0.005
0.012
0.011
0.007

Diversity statistics calculated using
2013), ingroup data only.

MEGA

6.06 (Tamura et al.

(K) = 1046.4) hypothesis was considered – this genetic
clustering implies three separate genetic groups corresponding to C. buwata, C. travisae (plus western undetermined) and C. reddelli + plus eastern undetermined +
C. wartoni (Fig. 5B). Structurama analyses, using a no
admixture model with multiple prior alpha values, also
support this same K = 3 hypothesis (Table 2). Analyses
under certain alpha values include a low posterior
probability for K = 4 (e.g. alpha 1,1, pp = 0.21; Table 2),
but the fourth genetic cluster does not consistently
include the same set of individuals.
Bayesian phylogenetics and phylogeography analyses
provide strong support for a node separating C. buwata
versus the C. travisae complex, but fail to support further subdivisions within the C. travisae complex (Fig. 6).
Again, these results are consistent with the hypothesis
that members of the C. travisae complex represent a single species.

Discussion
The Cicurina travisae species complex
The approach to species delimitation used here relied
upon multiple lines of independent evidence, included
analyses with different analytical assumptions and integrated results via observed congruence. When congruence was not observed (e.g. K = 2 versus K = 3, K = 2
STRUCTURE versus STRUCTURAMA), additional analyses were
conducted to explore this incongruence. Taken together,
multiple lines of evidence support a clear distinction
between northern C. buwata and a southern C. travisae
complex that currently includes three described species.
As shown here and elsewhere (Paquin & Duperre
2009), different members of the C. travisae complex have
extremely similar female epigynal morphologies
(Fig. 2). Male specimens are not available from all cave
populations in the complex, but those available

(spanning much of the range of the C. travisae complex)
have essentially indistinguishable pedipalps (Fig. 2).
Although mitochondrial data indicate high levels of
female-based genetic structuring (e.g. exclusive mitochondrial clades that correspond to single-cave populations), single-locus species delimitation analyses (bPTP,
single-threshold GMYC) recover members of this complex as a single lineage. This result provides a general
illustration as to why simple phylogenetic patterns
observed on single gene trees (e.g. genealogical exclusivity for single caves) should not be overinterpreted as
evidence for species status.
The multigenic nuclear perspective shows that
sequences from C. wartoni, C. travisae and C. reddelli are
intermixed on nuclear gene trees. There is some signal
for east to west geographic structuring in the nuclearonly POFAD network, mirrored in K = 3 STRUCTURE and
STRUCTURAMA analyses, as might be expected in a system
where populations are restricted to caves. However, this
geographic structure is not supported as species-level
divergence in BPP validation analyses, which instead
support the C. travisae complex as a single genetic lineage. This result is consistent with the K = 2 STRUCTURE
results, POFAD analyses and the above summarized
morphological and mitochondrial results.
It is important for researchers to complete taxonomic
actions implied by robust results, be this species synonymy or new species description (e.g., Fujita & Leache
2010; Satler et al. 2013; Derkarabetian & Hedin 2014). To
this end, the species C. wartoni, C. travisae and C. reddelli are formally synonymized below. The species concept
used here corresponds to a general lineage concept (de
Queiroz 2007), with species viewed as separately evolving metapopulation lineages, thus allowing for some
internal genetic structuring (i.e. connected subpopulations). Multiple lines of congruent evidence were used
to operationally recognize this metapopulation lineage,
with both population genetic and multispecies coalescent evidence from the nuclear genome emphasized.
Family DICTYNIDAE O. Pickard-Cambridge 1871
[urn:lsid:nmbe.ch:spiderfam:0042]
Genus Cicurina Menge 1871 [urn:lsid:nmbe.ch:spidergen:01972]
Subgenus Cicurella Chamberlin & Ivie 1940
Cicurina (Cicurella) travisae Gertsch 1992 [urn:lsid:
nmbe.ch:spidersp:022224]; FIGS 1-6
Cicurina travisae Gertsch 1992: 101, figs 63–70.
Cicurina travisae Paquin et al. 2008: 147, fig. 5b.
Cicurina travisae Paquin & Duperre 2009: 47, figs 106107, fig. 131.
Cicurina reddelli Gertsch 1992: 105, figs 77–78; new
synonymy.
Cicurina reddelli Paquin & Duperre 2009: 40, figs 86–
87, 131.
© 2014 John Wiley & Sons Ltd
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(A) C_buwata

Fig. 4 NeighborNet
network
reconstructed using standardized POFAD
nuclear distances. (A) Entire network,
showing primary division between Cicurina buwata and the C. travisae complex.
(B) POFAD network for C. travisae complex. Colours and symbols as in Fig. 1.
(C) Map inset, colours and symbols used
to designate populations as in Fig. 1.
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Cicurina wartoni Paquin & Duperre 2009:55, figs. 122–
123, 131.

Taxonomic type II error and the ‘burden of proof’
Like all species hypotheses, the synonymy hypothesis
proposed above remains falsifiable. It is possible that
the combination of species criterion, data analyses and
data type utilized has failed to detect a species-level difference that actually exists, resulting in a so-called taxo© 2014 John Wiley & Sons Ltd

nomic type II error (Padial et al. 2010; Miralles &
Vences 2013; McCormack & Maley 2015). For example,
until diversity biologists employ complete genomic data
for large, theoretically sufficient samples, it will always
be possible to speculate about the proverbial data needle (or needles) in the haystack. Although such arguments are frankly difficult to counter, several are made
here for the case of Cicurina travisae.
First, there are clear indications that many genetic
species delimitation approaches are inflationist in naturally fragmented systems – if population structure
exists, there is an apparent analytical bias towards
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K = 2, mean LnP(K) = –1165.2
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Fig. 5 STRUCTURE graphics (resulting from DISTRUCT) for K = 2
(A) and K = 3 (B). Each column represents a specimen,
grouped by cave population of origin. Different colours represent different genetic clusters (K); estimated membership coefficients are proportional to bar colour height.

oversplitting (type I error; e.g. Hey 2009; Camargo &
Sites 2013). For example, both single-threshold GMYC
(Keith & Hedin 2012; Satler et al. 2013; Hamilton et al.
2014) and BPP (Barley et al. 2013; Carstens & Satler

2013; McKay et al. 2013; Miralles & Vences 2013; Satler
et al. 2013) have been suggested to oversplit in naturally
fragmented systems. These methods, however, support
a single species hypothesis for C. travisae. Second, for
nuclear analyses that support a more finely subdivided
taxonomy (e.g. STRUCTURE K = 3, Structurama), the smaller units correspond to arrays of multiple adjacent populations (e.g. eastern versus western cave populations,
Figs 4 and 5). None of the nuclear analyses conducted
support single cave populations as species. Third,
although genomic-scale data were not technically used
here (e.g. genome-wide SNP data, Leache et al. 2014),
considerable resources were devoted towards the development of Cicurina-specific ‘rapidly evolving’ nuclear
markers. If speciation in Cicurina proceeds via an ‘isolation plus drift’ model as expected, then nucleotide differences observed in a subset of the nuclear genome
should reflect overall genomic divergence (Feder et al.
2012). If Cicurina speciation instead corresponds to a
‘genomic islands of divergence’ model, then speciation
would be potentially missed if selectively important loci
were not sampled, but this model of speciation is considered unlikely here. Finally, populations from Pickle
Pit (type for ‘C. wartoni’) and Cotterell Cave (type for
‘C. reddelli’) correspond to ‘evolutionary significant
units’, if monophyly for mitochondrial alleles is used as
the criteria for such units (Moritz 1994). As such, these
cave populations retain conservation importance, just
not as distinct species.
Genomics-scale species delimitation for all taxa on
Earth seems unrealistic and prohibitively expensive,
particularly given the enormity of the current task faced
by diversity biologists (i.e. most existing species
hypotheses never tested, millions of species remain
undescribed). However, for ‘high-stakes’ research on
conservation-relevant taxa (e.g., hypothesized single site
endemics), we might expect such data sets to become
the norm, or even the expectation (McCormack & Maley 2015). Such data sets, however, do not imply an
easy resolution to the species delimitation problem, as
both the genomic architecture of speciation and population subdivision continue to present analytical challenges for most currently available methods.

Table 2 Structurama results
K
Marginal likelihood
Model Prob (# pops)

1
2
3
4
5

Alpha 1,1

Alpha 1,5

Alpha 1,10

Alpha 0.1,1

Alpha 0.1,5

Alpha 0.1,10

516.32

517.41

518.98

517.31

517.31

516.67

0
0
0.76
0.21
0.02

0
0
0.88
0.12
0.01

0
0
0.91
0.09
0

0
0
0.81
0.18
0.01

0
0
0.91
0.09
0

0
0
0.94
0.06
0
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Fig. 6 Summary of Bayesian phylogenetics and phylogeography analyses. (A and
B) Undetermined cave populations not
included in analysis, guide tree = Cicurina buwata sister to (C. travisae, (C. reddelli
+ C. wartoni)) – A) G (alpha = 2, beta =
100) theta prior, (B) G (alpha = 1, beta =
10) theta prior. (C and D) Western ‘undetermined’ cave populations allocated to
C. travisae, eastern ‘undetermined’ populations (Spider Cave, Ken Butler Pit, Jester Estates Cave, Jest John Cave, Beard
Ranch Cave) allocated to C. reddelli.
Guide tree = C. buwata sister to (C. travisae, (C. reddelli + C. wartoni)) – (C) G
(alpha = 2, beta = 100) theta prior, (D) G
(alpha = 1, beta = 10) theta prior.
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The importance or robust species hypotheses in
conservation biology
This study has relevance to systematic studies of other
Texas cave Cicurina, including species currently listed
as US Federally Endangered (Longacre 2000; U.S. Fish
& Wildlife Service 2008). First, the mitochondrial delimitation results presented suggest the possible synonymy
of certain taxa (e.g. C. madla and C. vespera, C. mixmaster/C. caliga/C. hoodensis, etc.; Fig. 3). This issue of synonymy, and the idea that many Texas cave Cicurina
may not be as highly endemic as indicated by the current taxonomy, has been mentioned elsewhere multiple
times (Paquin & Hedin 2004; Paquin et al. 2008). Indeed,
Paquin & Duperre (2009) called species synonymy a
‘generalized problem’ in Texas cave Cicurina. The revisionary work of Ledford et al. (2012) on Texas cave leptonetid spiders suggests a similar pattern, with a new
integrative taxonomy indicating fewer, more widespread species than a prior taxonomy, suggesting a
higher number of more narrowly endemic species.
More generally, the integrative framework applied here
(or something akin to this framework, e.g. Satler et al.
2013; Derkarabetian & Hedin 2014; etc.) should be
applied elsewhere in Texas cave Cicurina. Of the four
federally listed taxa (C. baronia, C. madla, C. venii, C. vespera), three species are single site endemics, two species
hypotheses are based on single female specimens
© 2014 John Wiley & Sons Ltd

(Paquin & Duperre 2009), and only one species has
been studied using molecular evidence (mitochondrial
only, Paquin & Hedin 2004). A major hurdle in the
study of cave Cicurina species limits has been specimen
rarity and availability – new sequencing technologies
potentially allow for the collection of massive quantities
of DNA sequence data from museum specimens (Bi
et al. 2013), perhaps overcoming this hurdle.
The Draft Recovery Plan for listed Cicurina taxa (U.S.
Fish & Wildlife Service 2008) does not include ‘conduct
integrative taxonomy’ as a suggested research need.
Although the existing species delimitations may be
accurate, hypotheses with such obvious conservation,
political and economic importance need to be more data
rich [arguments echoed by Paquin & Duperre (2009)],
and conducting modern integrative taxonomy must be
a fundamental and primary research need. If the conservation action is taxon focused, then this same argument applies to all taxa where the existing taxonomy is
arguably weak, whether these taxa are new candidates
for conservation action, or taxa that are already protected. Taxon-focused conservation biology is expensive
(e.g. McCarthy et al. 2012), financial resources are limited, and downstream resource allocations flow from
the most fundamental question – is the taxonomic unit
evolutionarily distinct? This question needs to be
answered first.
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