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a b s t r a c t
Cryptic species, which are an important component of biodiversity, have rarely been studied in South
China karst. We investigated cryptic diversity in the cave species complex Telema cucurbitina, which
has a narrow niche but widespread distribution among multiple caves. We sampled another 15 populations (caves) in addition to the population from the type locality. Phylogenetic results indicated that individuals from the same cave constituted well-supported clades. Species diversity within this species
complex was assessed in a coalescent framework, ﬁrst with a Bayesian extension of the general mixed
Yule coalescent (bGMYC) model and a Bayesian species delimitation method (BPP). Both species delimitation methods identiﬁed each cave population as a separate species. We propose that each cave population within this species complex was a separate evolving lineage and therefore 16 OTUs were recovered
based on our molecular data despite their high morphological similarities. We also propose that the
unrecognized organism’s diversity within South China caves might be extremely large considering our
case. Furthermore, our work reveals that species discovery of cave organisms by morphological data
has a high probability of underestimating hidden diversity. Our work also highlights the need for conservation strategies to protect this largely neglected diversity of cave organisms.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
Biodiversity is a central topic of ecological theory and conservation biology. Besides its academic interest, biodiversity affects
those properties of ecosystems necessary for humans to survive
and thrive (Diaz et al., 2006). However, we are now facing a biodiversity crisis owing to the increasing destruction and disturbance
of natural ecosystems (Hoekstra et al., 2005). This may result in
the extinction of numerous species even before they were known
to us (Wilson, 2003; Thomas et al., 2004; Brooks et al., 2006).
Therefore, cataloguing the world’s species should be undertaken
ahead of biodiversity assessment, conservation management, and
speciation and evolutionary studies (Isaac et al., 2004). The need
to discover organisms exhibiting similar morphology is even more
urgent since cryptic species are hard to detect, and many of them
may have disappeared before they were recognized as being distinct from each other (Stuart et al., 2006; Arlyza et al., 2013).
Caves are considered arks of biodiversity (Clements et al., 2006).
Karst terrain covers large areas in all continents, accounts for about
15% of the world’s land area, and is home to around 1 billion people
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(17% of the world’s population) (Xiao and Weng, 2007). Cave systems, which are present in karstiﬁed limestone regions
(Juberthie, 2000), provide unique habitats for a multitude of organisms. Within caves, the environment is characterized by nearly
constant temperature and humidity, permanent darkness and
scarce energy sources, which is quite different from surface conditions (Poulson and White, 1969). High endemism is usually
reported within cave systems, which harbor numerous organisms,
especially animals favored by a dark, humid and constant environment (Racovitza, 1907; Jeannel, 1943; Barr and Holsinger, 1985;
García-Machado et al., 2011; Zhang and Li, 2013).
Unlike terrestrial vertebrates and aquatic animals, which usually have high dispersal capabilities, terrestrial cave invertebrates
are usually conﬁned to a small geographic area, and are regarded
to make up the majority of a cave’s faunas (Clements et al.,
2006). With the increasing use of molecular data, the discovery
of high cryptic diversity is particularly prevalent for cave animals
(Flot et al., 2010; Niemiller et al., 2012) mainly due to morphological stasis under extreme environmental conditions, which might
impose stabilizing selection on morphology, reducing or eliminating morphological change that can accompany speciation (Bickford
et al., 2007; Zaksek et al., 2009). Therefore, a widely distributed
cave species, especially a terrestrial invertebrate, should be viewed
with caution as this species may contain cryptic diversity.
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A representative of numerous terrestrial cave invertebrates is the
telemid spider (Telemidae), which favors humid microhabitats
such as leaf litter, and under rocks, especially in caves. Telemids
are a group of haplogyne spiders whose external genitalia lack
structure, which is the main diagnostic character for identifying
species.
In this paper, we investigated cryptic diversity within a widespread cave spider species, Telema cucurbitina (Wang and Li,
2010), for which morphology has provided little diagnostic information. Within all sampled populations females have a ‘‘gourdshaped’’ spermatheca, and males a ‘‘short, beak-shaped embolus’’
on the palp bulb, and small body size (less than 2 mm) (see
Wang and Li, 2010 for original description). We found their presence in another 15 caves around its single reported type locality.
Their presence in geographically distant caves contradicts the
well-acknowledged weak dispersal ability of terrestrial cave invertebrates. Therefore, we sampled multiple individuals per cave to
examine the connectivity between cave populations, and whether
they contain cryptic diversity under a coalescent framework. We
also attempted to understand the evolutionary diversity of cave
faunas and addressed the conservation implications of our work.

2. Material and methods
2.1. Sampling and morphology
During ﬁeldwork, we found another 15 populations (caves)
around the type locality of T. cucurbitina in Guangxi Province
(Fig. 1). All sampled localities were numbered from Cave 1 to Cave
16. Cave 1 was from the type locality of T. cucurbitina. We examined the morphology of male palps and female epigyna, which
were the basis of spider species identiﬁcation. Photos of male palps
and female genitalia were taken with an Olympus C7070 wide
zoom digital camera (7.1 megapixels) mounted on an Olympus
SZX12 stereomicroscope after they were dissected from the spiders’ bodies (Fig. 2).
Two to six individuals per cave were sequenced depending on
the abundance of specimens, and our ﬁnal analyses contained 86
individuals. Type species of the genera Telema (T. tenella Simon,

1882) and Usoﬁla (U. paciﬁca Banks, 1894) plus Telema renalis
(Wang and Li, 2010) distributed in this area were selected as outgroups. Locality information and GenBank accession numbers
(KJ471030–KJ471468) are provided in Table S1.
2.2. Sequence analyses
Genomic DNA was extracted from legs and thoracic tissue using
a standard phenol: chloroform method. We sequenced two mitochondrial and three nuclear fragments: the 50 end of mitochondrial
cytochrome c oxidase subunit 1 (cox1); the mitochondrial 16S ribosomal RNA (rRNA) genes; partial 18S rRNA, internal transcribed
spacer 1 (ITS1) and partial 5.8S rRNA (short for ITS1); fragments
of the large (28S, internal fragment) and small (18S, internal
fragment) nuclear rRNA. Primers are provided in Table S2 in the
Supporting Information. PCR reactions were conducted in an
Eppendorf thermal cycler (Hamburg, Germany) as follows: 5 min
initial denaturation at 94 °C followed by 35 cycles of denaturation
at 94 °C for 30 s, annealing at 45–50 °C for 30 s according to different primers, and extension at 72 °C for 30 s, with a ﬁnal 5 min
extension at 72 °C. Puriﬁed PCR products were sequenced in both
directions on an ABI 377 sequencer (Applied Biosystems, Foster
City, CA, USA) with the BigDye terminator cycle sequencing ready
reaction kit (Applied Biosystems).
Sequences were edited using BioEdit (Hall, 1999). Protein-coding gene sequences (cox1) were aligned in Clustal X v. 2.0 (Larkin
et al., 2007) with visual inspection and translation to avoid alignment error. The other sequences were aligned in MAFFT (http://
mafft.cbrc.jp/alignment/server/) using the L-INS-i strategy to
increase accuracy (Kathoh et al., 2009). Models of DNA sequence
evolution for each gene were selected using jModelTest2 (Darriba
et al., 2012) under the Akaike information criterion.
2.3. Phylogenetic analysis
Bayesian inference (BI) and maximum likelihood (ML) were
implemented for a concatenated dataset of all loci as well as for concatenated mitochondrial and nuclear sequences separately. Maximum likelihood analyses were conducted in RAxML (Stamatakis,
2006) using the GTRGAMMA model for all genes. One hundred replicate ML inferences were performed to determine the optimal likelihood tree, initiated with a random starting tree and employing the
default rapid hill climbing algorithm. Clade conﬁdence was assessed
with a rapid bootstrap of 1000 replicates. Bayesian inference was
performed with Mrbayes 3.1.2 (Ronquist and Huelsenbeck, 2003).
Parameters were set according to the result of a jModelTest2. Four
Monte Carlo Markov chains (MCMCs) with default heating parameters were performed for 20,000,000 generations to ensure that the
average standard deviation of split frequencies was less than 0.01.
The Markov chains were sampled every 1000 generations with the
ﬁrst 25% of sampled trees discarded as burn-in. The 50% majority
rule consensus trees with posterior probabilities were constructed
from the remaining post-burn-in samples.
We also calculated the mean within- and among-cave divergence using uncorrected p-distances of the cox1 and ITS1
sequences in MEGA5 (Tamura et al., 2011). Gaps within the ITS1
sequences were deleted pair-wisely.
2.4. Species delimitation

Fig. 1. The 16 sampling sites of T. cucurbitina species complex. The habitus of
spiders (dorsal view) and major cities in this area were shown.

To discover species boundaries in this species complex, we
applied the general mixed Yule coalescent (GMYC) approach, which
identiﬁes species boundaries as a shift in branching rates on a phylogenetic tree containing multiple species and populations (Pons
et al., 2006; Monaghan et al., 2009). A Bayesian implementation of
this model (bGMYC) was used instead of the original likelihood
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Fig. 2. Photographs of spider’s external genitalia including female genitalia (left half) and male palps (right half).

version since it accounts for uncertainty in phylogeny estimation
and in model parameters (Reid and Carstens, 2012). BGMYC analyses were conducted using SPLITS (Species Limits by Threshold
Statistics) (Ezard et al., 2009) (http://r-forge.r-project.org/projects/
splits) in R v. 3.0.1 (R Foundation for Statistical Computing, Vienna,
Austria). For this analysis, we generated the ultrametric cox1 gene
tree in BEAST 1.7.5 (Drummond et al., 2012) under a strict clock
model. Repeated haplotypes were removed. Markov chains were
run for 50 million generations, sampling every 5000 generations
and we discarded the ﬁrst 40% as burn-in. The 100 input gene trees
for bGMYC analysis were evenly sampled from the posterior distribution of BEAST. We ran each tree for 50,000 generations, discarding
the ﬁrst 40,000 generations as burn-in and using thinning intervals
of 100 generations (as recommended by the authors). All other
parameters were default values.
We also applied a species validation method. A multilocus coalescent species delimitation analysis was conducted using the program BPP (Rannala and Yang, 2003; Yang and Rannala, 2010) with
a reversible-jump Markov chain Monte Carlo (MCMC) method to
estimate the posterior distribution for different species delimitation models. According to the gene tree and species tree, we tested
the species status of each cave population for clade of Caves 4 and
6, Caves 7 and 12, and Caves 1, 3, 11, 14 and 16, whose within clade
divergence were shallower than the rest of the clades. If BPP validated these shallow divergent lineages, the rest of the deep divergent lineages must also be supported considering the fact that
caves were isolated from each other. The species tree generated
with *BEAST was used as the guide tree for BPP analyses. We also
considered the topology of the concatenated gene tree as the guide
tree for the BPP analyses.
We used the multispecies coalescent model implemented in the
*
BEAST procedure (Heled and Drummond, 2010) to construct a

guide tree. Each cave was treated as an operational taxonomic unit
in *BEAST analyses according to the gene tree. Nucleotide substitution models and molecular clock models were unlinked for all the
loci, and tree models were unlinked for all nuclear genes but linked
for the two mitochondrial genes. We ran two independent analyses
for 50 million generations, sampling every 5000 generations, and
excluded the ﬁrst 20% as burn-in. Convergence was assessed by
examining likelihood plots through time using TRACER v. 1.4.1
(Rambaut and Drummond, 2004).
Algorithms 0 or 1 with different ﬁne-tuning parameters did not
affect speciation probabilities signiﬁcantly (results not shown),
therefore we only applied algorithm 0 with the ﬁne-tuning parameter e = 5. Each analysis was run at least twice to conﬁrm consistency. Analyses were run for 100,000 generations and sampled
every ﬁve generations, with a burn-in of 50,000. We set both h
and s to a gamma distribution, with (1) G(a, b)  G(1, 10) for both
h and s, assuming relatively large ancestral populations and deep
divergences; (2) G(2, 2000) for both h and s, assuming relatively
small ancestral populations and shallow divergences among species, favoring conservative models; or (3) G(2, 1000) for h and
G(1, 10) for s, assuming small ancestral populations and relatively
deep divergences among species. Other divergence time parameters were assigned the Dirichlet prior. With this approach, the
validity of a speciation event is strongly supported by a posterior
probability of P P 0.95 (Leache and Fujita, 2010).
3. Results
3.1. Morphology
The 16 populations sampled from caves were highly similar to
each other and ﬁt the description of T. cucurbitina (Wang and Li,
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2010). Although some features, including the difference between
the shape of female spermatheca of Cave 2, 8, 12, 13 and 16 and
T. cucurbitina, the incision on the embolus of male palp of Cave 5,
8 and 9 might indicated that they were distinct from T. cucurbitina
(Fig. 2), morphological information was quite limited for species
identiﬁcation. Overall, their high morphological similarity and
widespread distribution led us to suspicious about the delimitation
of them as one species and therefore species delimitation by
molecular data was needed.
3.2. Sequence analysis
All loci were successfully sequenced for all individuals. All sites
were retained since each resulting alignment contained no highly
variable regions, therefore we obtained a concatenated alignment
of 3151 bp (cox1, 603 bp; 16S, 409 bp; ITS1, 512 bp; 18S, 762 bp;
28S, 865 bp), in which 2343 characters were constant, 177 were
parsimony-uninformative, and 631 were parsimony-informative.
Best-ﬁt models selected by jModelTest2 were GTR + I + G for
cox1, TIM2 + G for 16S, TVM + I for ITS1, TIM2 + I + G for 28S, and
TPM2 + I for 18S under the Akaike information criterion.
3.3. Phylogenetic analyses
The mitochondrial and nuclear gene tree suggested that individuals from the same cave constituted a well-supported clade.
However, relationships among cave clades were largely unresolved
and inconsistent among gene trees, especially at deeper phylogenetic levels (see Fig. S1 in the supporting information). The concatenated gene tree only enhanced the support values to a moderate
level for some deeper nodes. The ML and BI tree did not support the
topology consistently (Fig. 3), probably because of conﬂict signals
provided by mitochondrial and nuclear sequences. Each cave population was represented by one or several less-variable haplotypes,
indicated by ‘‘comb-like’’ lineages at shallow divergence levels, and
no haplotype was shared among populations. The only exception
was that the recently diverged populations Cave 1 and Cave 3
shared some nuclear haplotypes, and therefore collapsed as one
clade in the nuclear gene tree (Fig. S1).
Mean p-distances for within-cave and pairwise among-cave
variation are presented in Table S3. The p-distances between caves
were large (5.4–17.3% for cox1 and 1.4–9.2% for ITS1). In contrast,
the within-cave divergence was extremely low (0–0.4% for cox1
and 0–0.1% for ITS1).
3.4. Species delimitation
The bGMYC analysis of the mitochondrial cox1 identiﬁed 16
cave clades containing species-level probabilities > 0.95 (Fig. 4).
The 16 tentative species or operational taxonomic units (OTUs)
recognized by this method corresponded to major clades in the
phylogenetic trees.
The species tree constructed with *BEAST was topologically different from the concatenated gene tree at deeper phylogenetic levels, and it not only resolved well-supported cave clades, but also
the relationships among caves with 100% posterior values
(Fig. 4). According to the *BEAST guide tree, we chose seven relatively shallow internodes to test whether they represented speciation events, therefore internodes within Clade A, B, and C were
tested (Fig. 4). Although all nodes for Clade C in the species tree
were supported with 100% conﬁdence, therefore ruling out the
possibility of other plausible topologies, we still tested Clade C
with the concatenated gene tree topologies, since the topology of
the guide tree was suggested as having a great impact on the
results (Leache and Fujita, 2010). BPP validated all the nodes we
chose and found consistent speciation events under each of the

Fig. 3. Concatenated gene tree. The phylogenetic tree was constructed with
Mrbayes. Posterior probabilities for BI and bootstrap values for ML were provided
beside nodes left to right. Bootstrap values below 0.5 are indicated with asterisks.
Clades (A, B and C) in color were selected as a guide topology for BPP analyses. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

three prior combinations with all posterior probabilities equaling
one. The different guide trees for Clade C also consistently supported the nodes as distinct species. These results were also consistent across runs, and in all cases, ESS values exceeded 200,
indicating convergence of the MCMC chains.

4. Discussion
4.1. Phylogenetic analyses
Cave organisms inhabiting geographically isolated caves were
usually considered relicts of formerly widespread epigean
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characterized by small, isolated populations. The uncorrected
p-distances between caves were much larger (5.4–17.3% for cox1
and 1.4–9.2% for ITS1); however, we would expect genetic divergence to be even larger when considering multiple substitutions
at the same site.

4.2. Candidate species delimitation
Our study revealed that 16 OTUs within T. cucurbitina species
complex should be considered as 15 cryptic candidate species plus
one T. cucurbitina type species. At present, we can only conclude
that each cave population represents an independent evolutionary
lineage and they are deeply diverged from each other based on our
data.
Most modern biologists agree fundamentally that species are
separately evolving lineages (Avise and Wollenberg, 1997;
Mayden, 1997; Wiens, 2004; de Queiroz, 2005), however, there
are controversies regarding the criteria for the identiﬁcation of lineages. No matter which criteria were applied, we will have more
conﬁdence to identify an evolutionarily independent biological
entity when this group satisﬁes greater number of species criteria
(de Queiroz, 2007; Reeves and Richard, 2011). To further conﬁrm
the species status of these 15 candidate species, more investigation
into these diverging populations’ phenotypic, ecological and
molecular variation is needed in the future.

4.3. High cryptic diversity in caves

Fig. 4. Species tree and species delimitation results. The *BEAST guide species tree
is shown in the upper part of the ﬁgure and posterior probabilities are labeled
beside nodes. The bGMYC clusters delimited with probabilities >0.95 are labeled
with a red square besides tips. Below the *beast species tree is another topology
from the concatenated gene tree we tested for the BPP analyses. Black dots show
nodes that are supported as speciation events for all three prior combinations in
BPP analyses. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

ancestors (Humphreys, 2000; Zhang and Li, 2013). Our results are
consistent with this view, and suggest that the cave spiders are
genetically isolated from each other despite their geographical
proximity and morphological similarities. Caves 1, 3, 11, 14 and
16 were near to each other, and Cave 1 and 3 belonged to the same
cave system. However, the spiders were genetically different,
which indicates that their ability to disperse between caves is very
restricted. It is also noticeable that genetic diversity within each
cave was extremely low since haplotypes of the same cave were
usually ﬁxed or less variable. To detect variation within caves,
more faster-evolving markers such as microsatellites would be
needed.
The species tree methods seem to be powerful when gene trees
show inconsistent topologies (Degnan and Rosenberg, 2009) since
the species tree resolved all the nodes with high support (Fig. 4). By
contrast, the concatenated gene tree was not fully resolved for deeper nodes since several short internal branches within the gene
tree increasing the potential for incomplete lineage sorting. Therefore, to reconstruct a fully resolved gene tree, more data is probably required to increase phylogenetic signal.
According to the p-distances, haplotypes of the nuclear and
mitochondrial genes were less variable or even ﬁxed within caves.
However, between caves the genetic differentiation was great,
which was consistent with the long branches among caves and
short branches within caves in the phylogenetic trees. This scenario is also consistent with their relict status, which is

If we leave aside various species concepts and criteria, the
diversity of the T. cucurbitina species complex is still high. These
populations has been experiencing long-term of isolation, which
leaves them little morphological variation and huge genetic distances, and therefore great genetic diversity. Since our sample
was relatively sparse, we expect that a more exhaustive search
would yield a considerable number of undiscovered species. What
is illuminated by our work was not the discovery of 15 putative
cryptic species, but the unpredictable potential of great diversity
in the caves of South China. In summary, the present study strongly
suggests that the diversity in South China caves is far higher than
previously realized.
The diversity harbored within each cave constitutes a unique
portion of the local biodiversity, which is extremely high. We propose that the T. cucurbitina species complex is not a special example because the cave fauna of South China, especially terrestrial
invertebrates with limited dispersal ability, is diverse. The caves
in South China are suggested as a global hotspot of biodiversity
(Shu et al., 2013), and our work, which has revealed the hidden
diversity of the T. cucurbitina cave spider species complex, conﬁrms
this view. Moreover, we suggest that morphological data may lead
to underestimate diversity, and therefore the acquisition of molecular data is a necessity but not a complementary method for investigating cryptic diversity and assessing the biodiversity of cave
organisms. According to our study, the diversity (especially cryptic
diversity) of cave spiders is high and has been largely overlooked.
Our work highlights the importance of protecting karstic massifs in
the decision-making process of conservation strategies.
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