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1  |  INTRODUC TION

Delineating species remains a central topic for both taxonomy 
and evolutionary research. Each species concept emphasizes 
different aspects of biological diversity and speciation pro-
cess; what constitutes a species thus correlates with a frame-
work, in which the species are delimited (Cracraft,  1983; de 
Queiroz,  2007; Freudenstein et  al.,  2017; Mallet,  2008; Wang 
et al., 2020). Defining species as independently evolving lineages 
(de Queiroz,  1998) is a widely accepted approach; however, the 

interpretation of what constitutes evolutionary independence 
may be subjective given the continuous nature of the speciation 
process (de Queiroz, 2007; Stankowski & Ravinet, 2021). Genetic 
similarities between closely related sibling taxa are traditionally 
contributed to the incomplete lineage sorting, or to the homog-
enizing effect of gene flow that actively hampers the speciation 
process (Carstens & Knowles, 2007; Leache et al., 2014; Smadja & 
Butlin, 2011). Nevertheless, there is increasing evidence that spe-
ciation in the presence of gene flow is prevalent in nature (Jiao & 
Yang, 2021; Martin et al., 2013; Morales et al., 2017; Nosil, 2008; 
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Abstract
The outcome of species delimitation depends on many factors, including conceptual 
framework, study design, data availability, methodology employed and subjective de-
cision making. Obtaining sufficient taxon sampling in endangered or rare taxa might 
be difficult, particularly when non-lethal tissue collection cannot be utilized. The need 
to avoid overexploitation of the natural populations may thus limit methodological 
framework available for downstream data analyses and bias the results. We test spe-
cies boundaries in rare North American trapdoor spider genus Cyclocosmia Ausserer 
(1871) inhabiting the Southern Coastal Plain biodiversity hotspot with the use of 
genomic data and two multispecies coalescent model methods. We evaluate the 
performance of each methodology within a limited sampling framework. To mitigate 
the risk of species over splitting, common in taxa with highly structured populations, 
we subsequently implement a species validation step via genealogical diversification 
index (gdi), which accounts for both genetic isolation and gene flow. We delimited 
eight geographically restricted lineages within sampled North American Cyclocosmia, 
suggesting that major river drainages in the region are likely barriers to dispersal. Our 
results suggest that utilizing BPP in the species discovery step might be a good op-
tion for datasets comprising hundreds of loci, but fewer individuals, which may be a 
common scenario for rare taxa. However, we also show that such results should be 
validated via gdi, in order to avoid over splitting.
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Papadopulos et al., 2011). Although low background levels of gene 
flow do not significantly affect delimitation outcomes for some 
methodologies (Zhang et al., 2011), current methodological frame-
work commonly used for phylogenetic inference and species de-
limitation (Bouckaert et al., 2019; Pons, 2006; Yang, 2015; Zhang 
et al., 2013) does not explicitly account for the presence of gene 
flow, introgression or recombination. Consequently, it may yield 
biased results (Camargo et al., 2012; Carstens et al., 2017; Chan 
et al., 2020).

Study design (Carstens et al., 2013, 2017), which includes sam-
pling strategy (Chambers & Hillis, 2020; Pentinsaari et al., 2017; 
Talavera et  al.,  2013), may influence species delimitation out-
comes as much as data type and analytical framework. Single-
locus approaches based on mitochondrial data routinely yield 
inflated lineage/species numbers, particularly in sedentary taxa 
with allopatric or fragmented population distributions (Hamilton 
et al., 2014; Opatova & Arnedo, 2014b). Therefore, transitioning 
towards an implementation of multi-locus, and subsequently ge-
nomic data, in coalescent-based analyses appeared to be a via-
ble option to avoid over splitting (Dupuis et al., 2012; Edwards & 
Knowles, 2014). Unfortunately, the increasing amount of data also 
reveals finer population structure that can be erroneously inter-
preted as species-level diversity (Leaché et al., 2019; Sukumaran 
& Knowles, 2017). Species delimitation should thus be performed 
in an integrative framework, allowing putative species, delimited 
from molecular data in the species discovery step, to be validated 
by other evidence, such as morphology and ecological/behavioural 
data (Carstens et al., 2013; Edwards & Knowles, 2014). However, 
in case of, for example, morphologically conserved and rare taxa, 
molecular data may sometimes constitute the only data type that 
is easily accessible.

Several approaches have been proposed to guide decision mak-
ing about species boundaries when delimitation is based solely 
on molecular data. Applying a threshold of the ‘10x rule’ of intra- 
versus inter-specific variation (Hebert et  al.,  2004) to detect the 
‘barcoding gap’ has been shown to be overly simplistic at large phy-
logenetic scales (Čandek & Kuntner,  2015; Koroiva & Kvist,  2018; 
Kvist, 2016). Therefore, some authors have argued for establishing 
a divergence threshold based on well-studied reference groups (e.g. 
human–chimp divergence for mammals) (Galtier, 2019) that could be 
applied to the delimited lineages. Additionally, the independence of 
the putative lineages could be validated by assessing and quantify-
ing the gene flow levels among them (Hey, 2009; Jackson, Morales, 
et al., 2017). However, such approach is time-consuming, requires 
significant computational effort and might not be suitable for large 
datasets comprising many loci and many putative lineages (Jackson, 
Morales, et  al.,  2017). Implementation of the genealogical diver-
gence index (gdi) (Jackson, Carstens, et al., 2017; Leaché et al., 2019) 
which accounts for a compounded effect of both genetic isolation 
and gene flow may represent an elegant solution. The gdi is a heu-
ristic metric ranging from 0 (panmixia) to 1 (strong divergence). Low 
values thus correlate with intra-specific diversity (gdi < 0.2), while 
higher ones indicate (gdi > 0.7) species-level divergence (Jackson, 

Carstens, et al., 2017; Leaché et al., 2019). Although large portion of 
the spectrum represents an ambiguous outcome, gdi was effectively 
used in species delimitation of vertebrate taxa (Chan et  al.,  2020; 
Chan & Grismer,  2019; Jackson, Carstens, et  al.,  2017; Leaché 
et al., 2020; Mays et al., 2019). Implementation of the gdi estimation 
might be particularly useful in conservation where accurate species 
boundaries assessment and individual population differentiation is 
crucial for developing effective management strategies and pro-
tection plans (Coimbra et  al.,  2021; Devitt et  al.,  2019; Hosegood 
et al., 2020; Johnson et al., 2018).

Obtaining sufficient taxon sampling is important in the spe-
cies delimitation process (Chambers & Hillis,  2020; Pentinsaari 
et al., 2017; Talavera et al., 2013); however, it might be difficult in 
endangered or rare taxa. In order to avoid overexploitation, the sam-
pling strategy usually relies on non-lethal tissue collection (Hamm 
et al., 2010; Machkour M'Rabet et al., 2009; Ožana et al., 2020) or 
alternatively on completely non-invasive approaches such as anal-
yses of shed hair and faeces (Beja-Pereira et  al.,  2009; Dufresnes 
et al., 2019; Waits & Paetkau, 2005). Unfortunately, implementing 
such sampling methods might be challenging in some invertebrate 
taxa due to, for example, small body size, cryptic lifestyle and the 
risk of subsequent wound-related infection. Whole specimen col-
lection is thus often inevitable. For example, dissection of specific 
body parts or internal structures may be necessary for correct iden-
tification (Araujo et al., 2020; Christophoryová et al., 2023; Homma 
et  al.,  2020; Kergoat et  al.,  2015), sufficient DNA yield requires 
whole body extraction in small organisms or a reference voucher 
is needed (Català et al., 2021; Johnson et al., 2018). In case of un-
avoidable whole specimen sampling, the necessity to prevent the 
overexploitation of the species' natural populations may thus further 
restrict the number of collected individuals (Hedin,  2015; Jacobs 
et al., 2018). Conversely, similar situation may also arise due the lack 
of resources. As a consequence, for example, presence of singletons 
and insufficient sampling for population size parameter estima-
tions may subsequently limit the methodological framework avail-
able for downstream data analyses and bias the results (Bouckaert 
et al., 2019; Flouri et al., 2018; Huang et al., 2020).

Mygalomorph spiders (tarantula, trap door and funnel web spi-
ders) represent an ancient group of sedentary animals. Their cur-
rent family-level distribution is linked to major continental-level 
vicariate events (Godwin et al., 2018; Opatova et al., 2020; Opatova 
& Arnedo,  2014a) and they typically evolve in allopatry (Bond 
et  al.,  2012). Phenotype in mygalomorph spiders is strongly cor-
related with their behavioural niche, particularly their foraging 
strategy and web/burrow construction (Wilson et  al.,  2023). As 
a consequence, repeated patterns of both morphological stasis 
and homoplasy are present among distantly related taxa (Hedin 
et al., 2019; Opatova et al., 2020; Wilson et al., 2023). Morphological 
homogeneity is particularly common at shallow phylogenetic level, 
but at the same time, mygalomorphs often possess a remarkably 
deep intra-specific genetic structuring (Bond et al., 2001). For these 
particular reasons mygalomorph spiders represent intriguing model 
in molecular species delimitation research (Bond & Stockman, 2008; 
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    |  3OPATOVA et al.

Candia-Ramírez & Francke, 2021; Hamilton et al., 2011; Hedin, 2015; 
Leavitt et al., 2015; Montes de Oca et al., 2016; Newton et al., 2020; 
Satler et al., 2013).

The trapdoor spider genus Cyclocosmia Ausserer (1871) com-
prises 10 species with a disjunct distribution, seven inhabit south-
eastern Asia and three North America (two are known from the 
Southeastern USA, one from eastern Mexico) (World Spider 
Catalogue, 2023). The abdomen of the genus is uniquely modified for 
phragmosis – a defence strategy when a modified body part serves 
for closing the burrow/nest. It is highly sclerotized and truncated 
with a disk-shaped plate covered with ribs and grooves and rimmed 
with thick setae (Gertsch & Platnick, 1975; Zhu et  al.,  2006). This 
modification likely evolved as a defence mechanism against parasitic 
wasps and predators. The abdomen acts like a shield, tightly fitting 
into the steeply narrowing bottom part of the burrow, where the spi-
der retreats in case of danger (Gertsch & Platnick, 1975; Hunt, 1975). 
Species descriptions and taxonomy of the genus is primarily based 
on the morphological differences (number of ribs, groves, setation) 
found on the truncated abdominal plate (Gertsch & Platnick, 1975; 
Xu et al., 2017; Zhu et al., 2006).

Two Cyclocosmia species inhabit the Southeastern United States, 
a region recently defined as the Southern Coastal Plain biodiversity 
hotspot (Noss et  al.,  2015). Cyclocosmia truncata (Hentz 1841) is 
known from Alabama, central-southern Tennessee and northwest-
ern Georgia; C. torreya (Gertsch & Platnick, 1975) is only known from 
southwestern Georgia and northwestern Florida. The secondary 
sexual characteristics (male pedipalp and mating clasper, female 
spermathecae) are homogeneous for these two species; the diag-
nosis is based on the differences in abdominal truncation. The rim 
is more protruding in C. torreya than in C. truncata, and there is gen-
erally a difference in the pattern of gaps along the ventral edge (see 
morphology-based hypothesis H1 below). Setae projecting off the 
rim are more numerous in C. torreya and the number of ribs on the 
truncation is slightly higher in C. truncata (Gertsch & Platnick, 1975). 
Both species have affinities towards well-preserved forest hab-
itats, humid ravines and stream banks. Reduced by landscape de-
velopment, such habitats are now typically highly fragmented with 
Cyclocosmia not particularly abundant even at suitable localities, 
which many years ago led Gertsch and Platnick  (1975) to consider 
the genus as threatened.

In this article, we aim to assess species boundaries and species 
diversity of the trapdoor spider genus Cyclocosmia, inhabiting the 
Southern Coastal Plain biodiversity hotspot, based on samples from 
across most of its geographic range and genomic data. We perform 
molecular species delimitation with two different methods (BFD, 
BPP) and then evaluate their performance on our dataset. We also 
implement the gdi metric to validate the species delimitation out-
come. Delimiting species in organisms that are rare and occur in low 
abundance, which is a relatively common phenomenon among ar-
thropods (Coddington et al., 2009), presents certain analytical chal-
lenges. We assess various approaches using the Cyclocosmia dataset 
and make recommendations on how to fine tune inferences when 
based on sparse sampling.

2  |  MATERIAL S AND METHODS

2.1  |  Taxon sampling, molecular protocols and 
phylogenomic analyses

Twenty-three specimens were used in this study. The genus 
Cyclocosmia was represented by 19 specimens; outgroup taxa com-
prised four species of the Holanoproctidae genera Ummidia Thorell, 
1875 and Hebestatis Simon, 1903 (Godwin et  al.,  2018; Opatova 
et al., 2020). Representatives of the genus Cyclocosmia, inhabiting the 
Southern Coastal Plain biodiversity hotspot, were sampled through-
out most of their known geographic range. Fourteen samples mor-
phologically corresponded to C. truncata and three to C. torreya. Two 
additional Cyclocosmia specimens from Southeast Asia were included 
in the study. Most of the genomic data was newly generated for this 
study, additional Cyclocosmia sequences and outgroup sequences 
were obtained from Godwin et al.  (2018). Details regarding the se-
quence data and taxon sampling are provided in Table S1.

Whole genomic DNA was extracted using the DNeasy Blood 
and Tissue Kit (Qiagen), following the manufacturer's guidelines; 
RNase A was added to the mix following the tissue lysis step in 
order to ensure complete digestion of residual RNA. Library prepa-
ration, enrichment and sequencing were performed at the Center 
for Anchored Phylogenomics at Florida State University (http://​
ancho​redph​yloge​ny.​com/​) following the methods described in 
detail in Lemmon et  al.  (2012), Hamilton, Lemmon, et  al.  (2016) 
and Godwin et  al.  (2018). Briefly, up to 500 ng of genomic DNA 
of each sample was sonicated with a Covaris E220 ultrasonicator 
to a fragment size of ~300–800 bp. Indexed libraries were pre-
pared following Meyer and Kircher (2010) with a modifications for 
Beckman Coulter Biomek FXp liquid-handling robot (see Hamilton, 
Lemmon, et al., 2016 for details). Following the blunt-end repair, 
size selection was performed with SPRI beads (Beckman Coulter, 
Inc.). Indexed samples were pooled at equal quantities, each pool 
consisting of 16 samples, and enriched with the AHE Spider Probe 
kit from Hamilton, Lemmon, et al. (2016) available at the Center for 
Anchored Phylogenomics at Florida State University. The enriched 
libraries were then sequenced on PE150 Illumina HiSeq 2500 plat-
form at Florida State University Translational Science Laboratory 
in the College of Medicine. Orthology was determined among the 
homologous consensus sequences at each locus following Prum 
et al. (2015) and Hamilton, Lemmon, et al. (2016). Sequences in each 
locus were aligned using MAFFT v7.23b (Katoh & Standley, 2013), 
implementing the E-INS-I algorithm with –genafpair and –maxit-
erate 1000 flags. Allelic phases were determined for each individ-
ual from homologous within-individual sequence clusters at each 
locus (Lemmon & Lemmon,  2012). The resulting alignment was 
subsequently trimmed following Hamilton, Lemmon, et al. (2016). 
In order to have a complete ingroup sequence representation at 
each locus for downstream species delimitation analyses (see 
below), only 415 from the 601 recovered loci were retained for the 
analyses. The quality of the alignment at each locus was scored 
for accuracy in ALISCORE (Misof & Misof, 2009) and ambiguously 
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4  |    OPATOVA et al.

aligned positions were removed with ALICUT (Kück,  2009). The 
quality of the individual alignments was visually inspected in 
Geneious 10.1.3 (https://​www.​genei​ous.​com).

In order to assess the monophyly of both C. truncata and C. torreya, 
and reconstruct their internal relationships, the 415 loci were con-
catenated with FASconCAT (Kück & Longo,  2014), in a supermatrix 
comprising 19 Cyclocosmia terminals and 4 outgroup taxa (hereafter 
‘Concat’ matrix); all individuals were represented by a single allele, 
each. Partitioning schemes under the GTR + G model were selected 
based on AICc criterion in PartitionFinder 2 (Lanfear et al., 2016) using 
the rcluster algorithm (Lanfear et al., 2014) with RAxML implementa-
tion (Stamatakis, 2014). Partitioning by codon was not considered in 
the analyses because ambiguously aligned positions were removed 
with ALICUT. Maximum likelihood analyses (ML) were conducted in 
RAxML v 8.2.9 (Stamatakis, 2014), using the 88 partition scheme and 
an independent GTR + G model assigned to each partition. Ummidia 
samples were used to root the tree. The best ML tree was selected 
from 1000 iterations, each starting from an independent parsimo-
ny-based tree. The node support was inferred from 1000 bootstrap 
replicates. Bayesian inference (BI) was conducted in ExaBayes v 1.4.1 
(Aberer et al., 2014) implementing the same partition scheme and nu-
cleotide substitution model as in the ML analyses. Two independent 
runs of 4 × 107 generations with four coupled chains each, starting 
from a parsimony tree with re-sampling every 1000 generations, were 
run simultaneously. Standard deviation of split frequencies was mon-
itored (<0.01) and the first 25% were discarded as a burn-in for the 
analyses. An extended majority rule consensus tree was obtained with 
the ExaBayes accompanying program consense (Aberer et al., 2014).

2.2  |  Molecular species delimitation

We used two independent molecular species Bayesian framework de-
limitation approaches under the multispecies coalescent model (MSC) 
in order to assess species boundaries in sampled North American 
Cyclocosmia. As a species discovery step, we used both Bayes factor 
delimitation (BFD) approach (Grummer et al., 2014) and joint species 
delimitation and species tree estimation (A11) approach implemented 
in the program BPP (Flouri et al., 2018; Yang & Rannala, 2014). Both 
approaches can be applied to large datasets and neither is limited to 
species delimitation over one fixed topology in the species discovery 
step, eliminating potentially biased results. The BFD relies on test-
ing multiple delimitation scenarios based on different topologies 
(Grummer et al., 2014), while the topology can be directly estimated 
in BPP analyses (Flouri et al., 2018; Yang & Rannala, 2014). The status 
of the delimited lineages was subsequently tested by assessing the 
gdi values among sister taxa in the species validation step. In order 
to fulfil the MCS model assumption and still use singletons in our 
analyses, sequences of all individuals were phased (see earlier) and 
therefore represented by two alleles at each locus.

BFD allows for comparison of the marginal likelihoods of the 
competing models (i.e. species delimitation hypotheses) and their 
subsequent ranking. Marginal likelihood estimates (MLEs) were 

obtained via stepping stone (SS) analyses (Xie et  al.,  2011), an ap-
proach known to yield consistently reliable results (Baele et al., 2012; 
Grummer et  al.,  2014), implemented in the BEAST v 2 program 
package (Bouckaert et al., 2019). To overcome the extreme compu-
tational demands of the species tree estimation and MLEs impeding 
the analyses of the full dataset (415 loci) in a time-feasible manner, 
we created 10 subsets of 50 loci independently selected at random 
(Morales et  al.,  2017; O'Neill et  al.,  2013). The sets comprised all 
sampled North American Cyclocosmia individuals and Cyclocosmia sp. 
from Thailand; all individuals were represented by both alleles of each 
locus. Additionally, two sets comprising 50 of the most and the least 
phylogenetically informative loci, respectively, were created. The loci 
were selected based on the proportion of parsimony informative (pi) 
sites calculated from the nucleotide alignment of the North American 
Cyclocosmia in Mega 7 (Kumar et al., 2016). The list of randomly se-
lected loci and their respective variability is reported in the Table S2.

Five competing species delimitation hypotheses were tested on 
all 12 sets of 50 loci. The morphology-based hypothesis (H1, three 
species: C. torreya, C. truncata, Cyclocosmia sp. from Thailand) tested 
the validity of the current taxonomic scheme and the monophyly of 
C. truncata. Hypotheses 2, 3 and 4 (H2, four species; H3, five spe-
cies; H4, seven species) were derived from the results of the con-
catenated analyses (see Figure  1a) and tested whether the clades 
recovered within Cyclocosmia correspond to independent lineages 
(Figure  2a, Table  S3). In these hypotheses, the samples morpho-
logically identified as C. truncata were parcelled from two to five 
groups respectively. In order to test the reliability of the BFD results 
(Grummer et al., 2014), we also tested an ‘over splitting’ hypothe-
sis (H5, 15 species), where individuals from each sampling locality 
(or sites within 20 km of each other) were treated as species. This 
decision was guided by both our knowledge of trapdoor spider ge-
netic background (e.g. each population tends to be delimited as an 
independent GMYC lineage; Opatova & Arnedo,  2014b; Opatova 
et  al.,  2016) and the results of the concatenated analyses (lack of 
clade geographic overlap). Additionally, a ‘reassignment’ hypothesis 
(H6, 4 species), where C. torreya samples were lumped together with 
distantly related C. truncata samples from the clade I (see results of 
the concatenated analyses) was also tested.

Both MLEs, obtained with SS analyses for all 12 sets, and species 
tree analyses were inferred from two independent runs of multispe-
cies coalescent analyses in *BEAST v 2 (Heled & Drummond, 2010). 
Independent HKY + G substitution models with empirical base fre-
quencies and strict clock models with log normal distribution were 
defined for each partition. The Yule speciation model was set as a 
tree prior; diffuse parameters (M = 15, S = 2) were assigned to the 
log normal distribution of the birthRate prior. The monophyly of 
North American Cyclocosmia was enforced (see results of the con-
catenated analyses) in all analyses in order to speed up the compu-
tation time. The analyses were run for 2 × 108 generations, retaining 
samples every 5000 generations. Convergence between the runs 
and the correct mixing within each run were visualized with TRACER 
(Rambaut & Drummond, 2009). Individual runs were combined in the 
BEAST accompanying program LOGCOMBINER, discarding the first 
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20% of the generations of each run as a burn-in. A consensus species 
tree was inferred with TREEANNOTATOR. Stepping stone analyses 
(α = 0.3) were performed in two independent runs of 50 steps, each 
step running for 1 × 108 generations. The first 5 × 106 generations 
of samples were set as a pre burn-in and were not retained, an ad-
ditional 20% of the generations were discarded as a burn-in for the 
analyses. The convergence of each step was evaluated through the 
ESS values ≥100 respectively. The resulting MLEs of both indepen-
dent SS runs were averaged for subsequent BFD. Bayes factors were 
calculated as two times the difference of the –lnlikelihood (2lnBf) 
and interpreted following the methods of Kass and Raftery (1995), 
i.e. 2lnBf 0–2: ‘not worth more than a bare mention’, 2lnBf 2–6: ‘pos-
itive’ support, 2lnBf 5–10: ‘strong’ support, 2lnBf >10: ‘decisive’ sup-
port in distinguishing between competing hypotheses.

To complement the BFD approach, we also implemented rjMCMC 
algorithm in the program BPP (joint species delimitation and species 
tree estimation; A11 analysis) (Flouri et al., 2018; Yang & Rannala, 2014). 
The assignment of the individuals corresponded to the ‘over splitting’ 
hypothesis defined for BFD (H5, 15 species), where individuals from 
each sampling locality (or sites 20 km apart) were treated as species. 
The analyses were conducted independently on all 12 sets of 50 loci 
and also on the dataset comprising all 415 loci (‘set_all’); all individu-
als were represented by both alleles of each locus. All rooted species 
trees were assigned equal probabilities (Prior 1; Yang & Rannala, 2014). 
Within each species tree model, we assigned inverse-gamma prior 
θ ~ IG (3, 0.02) for all θ parameters and τ ~ IG (3, 0.01) for the root ages. 
The IG (α, β) values for β were empirical, following (Flouri et al., 2018), 
while α = 3 represented a diffuse prior. First 100,000 generations were 
discarded as a burn-in for the analyses, 100,000 samples were col-
lected from the MCMC run, sampling every tenth generation. Three 
independent runs starting from two different starting topologies: (out, 
((sp1, sp2), (((sp3, sp4), (sp5, (sp6, sp7))), ((sp8, (sp9, sp10)), (sp11, (sp12, 

(sp13, sp14))))))); and (out,((sp8,(sp1,sp2)),(((sp13,sp4),(sp5,(sp6,sp7))),((s
p9,sp10),((sp11,sp12),(sp3,sp14)))))) (Figure 2b) were ran for each set of 
50 loci in order to assess the convergence of the analyses. Four inde-
pendent runs were conducted for the ‘set_all’ dataset.

The resulting delimitation model obtained from the ‘set_all’ was 
further tested in the species verification step. Values of gdi were 
calculated for pairs of delimited sister lineages in order to assess 
the level of their divergence due to the compounded effect genetic 
isolation and gene flow. The gdi was calculated using the follow-
ing equation: gdi = 1 – e-2τ/θ. The level of differentiation of lineage 
A from lineage B was assessed with 2τAB/θA, whereas 2τAB/θB was 
used to differentiate B from A (Jackson, Carstens, et al., 2017; Leaché 
et al., 2019). The gdi values were calculated using Excel from the pos-
terior distribution of lineage-specific θ and τ parameter states esti-
mated under the MSC model in the within-model inference approach 
(A00 analysis) in BPP (Rannala & Yang, 2003) and retained in MCMC 
runs. The resulting density of gdi was visualized in TRACER (Rambaut 
& Drummond, 2009). The gdi values were interpreted as follows: gdi 
<0.2 correspond to intra-specific diversity, gdi >0.7 corresponds to 
species-level divergence, 0.2 < gdi < 0.7 represents an ambiguous re-
sult (Jackson, Carstens, et al., 2017; Leaché et al., 2019). The settings 
of inverse-gamma priors and MCMC sampling conditions of the A00 
analyses were the same as described earlier. Two independent runs of 
each analysis were conducted on the ‘set_all’ dataset, and (out, (((sp1, 
sp2), (sp3sp4, (sp5, (sp6, sp7)))), (sp8, ((sp9, sp10), (sp12, (sp11, (sp13, 
sp14))))))), topology in order to check the convergence. Sister termi-
nals with gdi <0.7 were merged into one species and the resulting 
topology was used for subsequent A00 analyses (Figure 3, Figure S2). 
In cases where one terminal was statistically different from its sister 
(gdi > 0.7), but not vice versa, we maintained the terminals as separate 
lineages in the downstream analyses (Figure 3, Table 2). The topology 
and support values of the resulting species delimitation scheme were 

F I G U R E  1  Phylogenetic trees of 
Cyclocosmia relationships obtained in 
concatenated analyses. Topology obtained 
in the maximum likelihood analyses. 
Values on nodes denote support values 
obtained in each approach (left to right): 
RAxML bootstrap support, ExaBayes 
Bayesian posterior probabilities (PP), dots 
denote full support (bootstrap = 100, 
PP >0.95). (a) Relationships among 
North American Cyclocosmia in detail. 
(b) Phylogenetic position and reciprocal 
monophyly of Cyclocosmia clades.

(a)

(b)
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6  |    OPATOVA et al.

inferred in BPP A01 analyses. To assess the convergence of the runs, 
we ran the analyses twice from two different starting topologies 
(Figure S1) and the parameter setting described earlier. Additionally, 
we also conducted several exploratory analyses, where terminal pairs 
were merged even when only of the terminals within the pair of sister 
lineages obtained gdi > 0.7 (Figure S2).

All phylogenetic and species delimitation analyses were run on 
the Hopper Community Cluster at Auburn University.

3  |  RESULTS

3.1  |  Concatenated analyses

The complete dataset ‘Concat’ supermatrix comprised 415 loci (131,383 
nucleotides) for 23 specimens representing the genus Cyclocosmia (19 
specimens) and outgroup taxa (Table  S1). The alignment possessed 
complete locus-wise representation. Each individual was represented 
by a single allele at each locus. The proportion of gaps and missing 

data was 5.32% in the dataset. The trimming of the alignments was 
minimal (Portik & Wiens, 2021) in the majority of loci, only 35 loci out 
of 415 were trimmed more than 30%. The resulting alignment is avail-
able from Dryad Digital repository (see Data Availability Statement). 
Both analyses yielded the same topology (Figure  1a,b). All nodes 
were fully supported in the BI (PP = 1); ML topology (−ln 384,709.63) 
received lower supports (bootstrap = 67–70) among North American 
Cyclocosmia clades. The genus Cyclocosmia was recovered as mono-
phyletic in all analyses. Two Cyclocosmia species from Southeast Asia 
formed a clade sister to the North American taxa; both clades were re-
covered with full support in all analyses. The monophyly of C. truncata 
was not recovered in our analyses. Its diversity was divided across two 
clades (clade I, II) with C. truncata clade II as sister to C. torreya.

3.2  |  Species delimitation – Discovery step

The list of the 50 loci forming each set and the respective variabil-
ity of each locus derived from the proportion of pi sites within the 

F I G U R E  2  Species discovery step delimitation hypotheses and starting topologies. (a) Topology obtained in the concatenated analyses. 
Colour coding corresponds to the assignments of individuals to different delimitation hypotheses (on the right). 1: Morphology driven 
hypothesis (adapted from Gertsch & Platnick, 1975), 2–4: hypotheses derived from the structure of Cyclocosmia phylogenetic relationships, 
5: over split hypothesis (localities assigned as species), 6: reassign arrangement. (b) Starting topologies in BPP A11 analyses. Delimitation 
scenario and terminal colour coding correspond to over split hypothesis (localities assigned as species, H5). 7: Topology derived from the 
structure of Cyclocosmia phylogenetic relationships (H5), 8: randomly generated topology for the over split delimitation hypothesis H5.

(a)

(b)
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    |  7OPATOVA et al.

ingroup (North American Cyclocosmia) is reported in the Table S2. 
Ten sets comprised 50 randomly selected loci, and two additional 
sets represented the most and least variable loci from the pool of 
415 loci. MLEs were obtained via two independent SS analyses for 
all defined species delimitation hypotheses and averaged for sub-
sequent BF calculation. Convergence of most steps of the SS anal-
yses was achieved in all sets of loci and all defined hypotheses with 
the exception of the ‘over splitting’ hypothesis (H5, 15 species). 
The lack of convergence in case of the ‘over splitting’ hypothesis 
was consistent across all sets of loci and tested hypotheses. On 
average, less than 10 out of 50 steps of the SS analyses achieved 
ESS >100 (results not shown). The resulting MLEs average values 
of the ‘over splitting’ hypothesis were thus excluded from the 

subsequent BFD delimitation, despite being the lowest (i.e. the 
best) (Table 1). The resulting averages of MLEs of the competing 
species delimitation hypotheses and their ranking according to 
BFD results (2lnBF) in the Table 1. The seven-species delimitation 
model (hypothesis H4) received the best MLEs consistently across 
the sets. The BF comparison between the favoured model and any 
other hypotheses/delimitation models yielded values well above 
2lnBf >10 in all sets; that is we obtained a ‘decisive’ support for 
distinguishing between competing hypotheses.

The species tree topology obtained in *BEAST for the fa-
voured seven-species delimitation model differed among the dif-
ferent sets of loci (Figure S3). The topology shared among the sets 
4, 6 and 9 placed C. torreya as sister to all the remaining lineages 

F I G U R E  3  Species validation 
step. Hierarchical process of applying 
genealogical divergence index (gdi) to 
parameter estimates obtained in A00 
analyses in BPP. Tested species trees on 
the right, posterior probabilities of gdi 
on the left, gdi <0.2 indicates a single 
species (white), 0.2 < gdi < 0.7 ambiguous 
status (grey), gdi >0.7 indicates district 
species (black). Lineages were merged 
when 0.2 < gdi < 0.7 in both tested sister 
lineages. (a) gdi analyses performed on 
the resulting topology from the species 
discovery step in BPP (A11 analyses based 
on 425 loci), (b) gdi analyses performed 
on a merged 14 species topology, (c) gdi 
analyses performed on a merged 11 
species topology. The gdi values for each 
validation step are reported in Table 2.
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    |  9OPATOVA et al.

morphologically corresponding to C. truncata. The same position of 
C. torreya was also recovered in the set 7 and the set of the least vari-
able loci respectively. However, the remaining relationships differed 
among the topologies. An alternative topology, shared by the sets 3 
and 5 is in agreement with the topology recovered in the concate-
nated analyses.

The results of joint species delimitation and species tree esti-
mation (A11 analysis), starting from two different 15-terminal guide 
trees (see above), implemented in the program BPP differed among 
the sets of loci (Table  S4). Fourteen species were delimited from 
eight sets of loci; however, the delimitation model received a consis-
tent support across all runs (PP > 0.95) only in four sets of loci (1, 9, 
10 and the set of most variable loci). Thirteen species were delimited 
from three sets of loci, but without support. Finally, two runs out 
of three supported an 11-species delimitation model in the set of 
least variable loci. All four independent runs performed on the full 
set of 415 loci (‘set_all’) highly supported (PP >0.99) 14 species de-
limitation model. The resulting topology of the delimited species was 
consistent with the topology obtained in the concatenated analyses.

3.3  |  Species delimitation – Validation step

Because of the consistency of the results and computational fea-
sibility, the species validation step via gdi was performed only on 
the 14 species delimitation model and the ‘set_all’ dataset com-
prising 415 loci. The results of the gdi values for each analysis are 
reported in Table 2. The analyses subsequently reduced the num-
ber of terminals (i.e. delimited species) to 11, 10 and finally 9. We 
encountered in several cases that the gdi values supported the in-
dependent status of one species in the sister taxa pair, but not vice 
versa. The topology and support of the final species delimitation 
scheme (nine species, including the outgroup) obtained in the BPP 
A01 analyses are depicted in Figure  4a, Figure  S1; the topology 
is consistent with the results of the concatenated analyses. This 
delimitation model supports a division of C. truncata into seven in-
dependent lineages (Figure 3).

In our exploratory analyses, where we proceeded to progres-
sively merge all terminals unless they showed values of gdi >0.7 
reciprocally, we reduced the number of terminals in each round of 
analyses from 14 to 10, 8, 6, 4, 3 and finally 2. The entire sampled 
North American Cyclocosmia diversity was thus merged into one 
species (Figure 4a,c, Figure S2).

4  |  DISCUSSION

4.1  |  Species discovery step

Our delimitation analyses yielded significantly different outcomes, 
depending both on the size of the analysed datasets and delimitation 
method. Bayesian factor delimitation (BFD) performed on 10 sets of 
50 randomly selected loci and 2 sets of the 50 most and least variable 
loci delimited 6 North American Cyclocosmia lineages in the species 
discovery step, whereas the A11 analyses performed in BPP delim-
ited up to 13. It is not uncommon for different analytical methods 
to produce different number of delimited units (Jacobs et al., 2018; 
Magoga et al., 2021; Petzold & Hassanin, 2020). To an extent, both 
BFD and BPP may be prone to confounding population struc-
ture with species boundaries (i.e. species over splitting) (Jackson, 
Morales, et al., 2017; Leaché et al., 2019). However, why BFD de-
limited lower number of species likely stems from a combination of 
insufficient data sampling and need for predefined hypotheses test-
ing. The results of the two methods are thus not directly compara-
ble. The number of sequences per lineage is particularly influential in 
the multispecies coalescent delimitation (Huang et al., 2020). In the 
case of Cyclocosmia, the majority of the terminals in the ‘over split-
ting’ hypothesis (H5, 15 species) were represented by only two al-
leles that likely did not contain sufficient information for parameter 
estimation in the *BEAST and SS analyses. The majority of the steps 
of the SS analyses thus did not converge (Oaks et al., 2019) and the 
results for this delimitation scenario could not be used in the BFD. 
The favoured delimitation model for BFD thus artefactually became 
the seven-species hypothesis (H4, Figure 2a), representing the next 
highest number of species tested after the ‘over splitting’ hypothesis. 
These results highlight the potential problems stemming from prior 
specimen assignment to units, because explicit testing of all the pos-
sible delimitation scenarios is likely not feasible for most datasets. 
Nevertheless, the results of the seven-species hypothesis remained 
ambiguous, because different sets of loci favoured different topol-
ogy (Figure S3). Such an outcome suggests that the respective 50 
loci sets might contain more information about species delimitation 
than about the relationships among the delimited taxa (Yang, 2015).

We also encountered inconsistencies in the results of BPP dis-
covery step proceeding from the datasets limited to 50 loci; 13, 
12 and 10 North American Cyclocosmia species were delimited, 
respectively, with a varying degree of support (Table S4). The sce-
nario comprising 13 North American species was the most sup-
ported hypothesis among the different 50 loci sets and it was also 
consistently supported in all the analyses based on 415 loci (set_all). 

TA B L E  2  The gdi values for each pair of lineages and each 
validation step, values indicating independent status (gdi >0.7) 
marked in bold.

Hypothesis Species A, B gdi A > B gdi B > A

14 Species sp1, sp2 0.65 0.64

sp6, sp7 0.42 0.54

sp9, sp10 0.57 0.95

sp13, sp14 0.5 0.33

11 Species sp5, sp6+7 0.81 0.39

sp9, sp10 0.57 0.95

sp12, sp13+14 0.54 0.37

10 Species sp5, sp6+7 0.81 0.39

sp9, sp10 0.57 0.95

sp11, sp12+13+14 0.37 0.17
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10  |    OPATOVA et al.

Increasing number of loci is known to improve both consistency 
and support for the delimited species (Huang et al., 2020); how-
ever, it may also allow for detection of finer structure within the 
data and thus potentially lead to over splitting (Leaché et al., 2019; 
Sukumaran & Knowles, 2017). In case of sampled North American 
Cyclocosmia, the number of delimited species in the discovery step 
practically equalled the number of sampled localities (13 species vs. 
14 localities). Such results are typically obtained from mitochon-
drial data-based single-locus species delimitations in sedentary 
taxa. For instance, most localities formed unique GMYC entities 
in trapdoor spider genera Titanidiops (Opatova & Arnedo 2014b) 
and Ummidia despite the fact that the spiderlings of the latter are 
capable of aerial dispersal via ballooning (Opatova et  al.,  2016). 
Similar results are also documented from other mygalomorph lin-
eages (Hamilton et al., 2014), scorpions (Klesser et al., 2021) and 
pseudoscorpions (Ohira et  al.,  2018) and generally regarded as 
inflated in terms of the number of species it delimits. However, 

it is also possible that these results are a consequence of limited 
Cyclocosmia sampling. Gradual divergence among populations may 
be missed, creating a false perception of deeper phylogenetic 
breaks when sampling is sparse in terms of geographic coverage 
and the number of sampled individuals per locality (Chambers & 
Hillis, 2020). Nevertheless, taking into account the multi-lineage 
merging during the species validation step (see below), our results 
accentuate the species discovery might yield unrealistic results re-
gardless of data type.

4.2  |  Species validation step

The gdi metric was successfully used for species validation in a 
variety of animal groups such as reptiles and amphibians (Chan 
et  al.,  2020; Chan & Grismer,  2019; Leaché et  al.,  2020), bats 
(Jackson, Carstens, et al., 2017) and penguins (Mays et al., 2019) 

F I G U R E  4  Delimitation results obtained in BFD and BPP analyses. (a) Species delimitation results mapped on the topology obtained in 
the concatenated analyses; left: results of species discovery step, performed on 12 sets of 50 loci in BFD; right: results of the validation step 
via gdi based on estimates obtained in the BPP analyses; colour coding corresponds to the geographic sampling location of the delimited 
species (b). (c) Left to right: two most commonly inferred topologies in *Beast analyses for the BFD species delimitation H4 (7 species), 
topology inferred in four independent runs of the BPP A01 analyses for the final delimitation scenario obtained in the species validation step 
via gdi. (d) Adult female of Cyclocosmia truncata sp 5.

(a)

(c)

(d)

(b)
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and our results suggest that it seems to mitigate taxon over split-
ting also in philopatric organisms such as mygalomorph spiders. 
When evaluating the resulting gdi values, we opted for a conserva-
tive approach and only interpreted gdi >0.7 as significant; that is, 
only warranting a species status when that threshold was achieved 
(Jackson, Carstens, et  al.,  2017; Leaché et  al.,  2019). During the 
species validation process, a pair of putative species was merged 
on five occasions (Figure 3), resulting thus in delimitation of eight 
hypothesized North American Cyclocosmia species. The gdi values 
did not reach reciprocal significance within a pair of putative spe-
cies in two instances (‘sp9’ vs. ‘sp10’ and ‘sp5’ vs. ‘sp6+7’; Figure 3, 
Table 2), which likely stems from the shortcomings of Cyclocosmia 
sampling. Such situation has been reported from frogs (Leaché 
et al., 2019) and penguins (Mays et al., 2019) as a consequence of 
differences in sample sizes between the compared species pair. 
Similarly to the previous studies, we considered those species as 
independent, because merging unilaterally differing lineages may 
lead to excessive lumping, as revealed by our exploratory analyses 
(Figure S2).

When sister lineages were merged despite obtaining a gdi >0.7, 
all the North American Cyclocosmia lineages within our dataset, in-
cluding morphologically district C. torreya, were merged into a single 
species. Under this scenario, C. torreya would represent ‘local’ geo-
graphic morphological variation. However, such explanation seems 
unlikely because of the differences also in Cyclocosmia phenology. 
Adult males of C. torreya emerge in the spring, whereas the males 
morphologically corresponding to C. truncata appear to be active in 
the fall (Gertsch & Platnick,  1975). Excessive lumping in this case 
might be caused by merging two divergent lineages into one and 
thus biasing subsequent population parameter and coalescent time 
estimations (Flouri et al., 2018).

4.3  |  How many species of Cyclocosmia are there?

Although many unrecognized lineages have been detected among 
mygalomorph spiders by molecular species delimitation, they have 
been relatively rarely described as species (Hamilton, Hendrixson, 
et al., 2016). The formal description is usually hampered by conflict-
ing results among the delimitation methods, lack of adult stages 
of both sexes and apprehension of potential species over splitting 
(Candia-Ramírez & Francke,  2021; Opatova & Arnedo, 2014b; Rix 
et al., 2020). The results of our discovery versus validation step show 
that the risk of over splitting remains in mygalomorph spiders also 
while using genomic data; however, it can be reduced with a proper 
delimitation pipeline. The correct selection of θ and τ parameters 
in BPP analyses is an essential step (Flouri et al., 2018). The values 
appropriate for ‘large populations and shallow divergences’ (Flouri 
et al., 2018; Yang, 2015) might be vastly different from those derived 
from the empirical data in sedentary taxa (Chan & Grismer, 2019; 
this study) and thus bias the results towards over splitting. Using 
empirical values may therefore lead to a better delimitation outcome 
(Chan & Grismer, 2019).

The two-step process delimited eight species within Cyclocosmia 
inhabiting the Southern Coastal Plain biodiversity hotspot, seven 
being morphologically homogeneous and consistent with C. truncata 
identification. Ideally, other sources of evidence would be taken 
into account and the validation would be performed in an integra-
tive framework (Carstens et al., 2013; Edwards & Knowles, 2014). 
Cytogenetics data (Řezáč et  al.,  2018; Štundlová et  al.,  2019), 
geometric morphometry (Christophoryová et  al.,  2023; Korba 
et al., 2022) and species distribution modelling (Newton et al., 2020; 
Stockman & Bond, 2007) were used for delineating taxa boundaries 
in morphologically homogeneous arachnids. Unfortunately, our final 
delimitation hypothesis does not allow statistical validation by the 
latter two methods, because the majority of the delimited taxa is 
composed of few individuals and singletons.

Our results suggest that major rivers act as a dispersal barrier for 
Cyclocosmia. Cyclocosmia sp. 5, 6, 7 and C. torreya inhabit the region 
south-eastern of the Alabama river, Cyclocosmia sp. 1 and 2 occur 
north of the Tennessee river and Cyclocosmia sp. 3 and 4 are confined 
to the area in between. Large rivers were identified as dispersal bar-
riers in other sedentary spiders such as the Iberian cork oak myga-
lomorph spider Macrothele calpeiana (Arnedo & Ferrández,  2007) 
and the Chinese primitively segmented trapdoor spider Ganthela 
(Xu et  al.,  2018), but they also affect species distributions in ver-
tebrates (Barrow et al., 2018; Soltis et al., 2006). The rivers play a 
particularly important role in the Southern Coastal Plain biodiversity 
hotspot, their changing course and local flooding created a system 
of patchy habitats that helped promote diversification in the region 
(Noss et al., 2015). Similarly to less vagile vertebrate groups, such as 
frogs and toads (Barrow et al., 2018), the dynamic geologic past of 
the region also likely promoted diversification in Cyclocosmia.

From the molecular species delimitation standpoint, the delim-
ited Cyclocosmia lineages fulfil the expectations of how divergent an 
independent species should be from its closest relatives even under 
the strictest approach (gdi >0.7). Whether the delimited lineages 
should be recognized and formally described as species is however 
an inherently subjective question, which should not be expected 
to be resolved by molecular data analyses (Leaché et al., 2019). In 
the case of Cyclocosmia, species over splitting of C. truncata cannot 
be entirely ruled out even after the gdi validation, because of the 
limited sampling in our study (Leaché et al., 2020). However, based 
on the non-monophyletic nature of the morphologically defined 
C. truncata, the genus most certainly harbours cryptic species diver-
sity. Our results show that Cyclocosmia exhibits strong tendency for 
short-range endemism combined with morphological stasis (Hedin 
et  al.,  2019; Opatova et  al.,  2020; Wilson et  al.,  2023). In seden-
tary taxa, chromosomal rearrangements, likely creating reproduc-
tion barriers, may arise even across very short distances (Kotrbová 
et al., 2016) without being accompanied by morphological differen-
tiation. This is particularly likely if the organisms occupy the same 
niche (Cerca et al., 2020). The pressure for morphological differen-
tiation also might not be strong in organisms where the mating part-
ner recognition is not based on morphological appearance (Adams 
& Tsutsui, 2020). Visual cues are involved in courtship behaviour of 
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spiders with a good eye sight such as jumping spiders and wolf spi-
ders; however, most spider groups rely on chemical communication 
and specific vibration pattern (Mitoyen et al., 2019).

Even when considering potential over splitting of C. truncata caused 
by limited sampling and some of the geographically proximate inde-
pendent lineages would rather correspond to populations; these pop-
ulations would still likely show higher levels of genetic differentiation 
(0.2 < gdi < 0.7) (Jackson, Carstens, et al., 2017; Leaché et al., 2019). In 
both cases, habitat loss may pose a danger for Cyclocosmia diversity in 
general, either via endangering highly geographically constrained lin-
eages of C. truncata or by reducing its intra-specific variability (Amos 
& Balmford, 2001). Denser sampling, albeit difficult, would be required 
in order mitigate potential taxa over splitting and ultimately reaching a 
conclusive decision. Obtaining enough fresh material might not be pos-
sible, given the rarity of species. Sequencing of museum specimens, 
enabled by novel genomic protocols (Wood et  al.,  2018), combined 
with geographically targeted sampling guided by the findings in this 
study, might increase the sample size and help to circumvent this issue.

4.4  |  Best practices for genomic data-based 
species delimitation from small datasets

Limited taxon sampling may be a common impediment for stud-
ies tackling the genetic background of endangered or rare taxa 
(Hedin,  2015; Jacobs et  al.,  2018). In some cases, it can be avoided 
by implementation of non-lethal or non-invasive sampling approaches 
(Dufresnes et  al., 2019; Ožana et  al., 2020) or analyses of historical 
museum samples (Derkarabetian et al., 2022; Hedin et al., 2018; Wood 
et al., 2018). Our study shows that assessing population structure and 
species boundaries with genomic data might be possible even for small 
datasets, where obtaining additional samples might be difficult. The 
methodological pipeline outlined in this article (see Figure S4 for sche-
matic overview) could be particularly helpful for pilot studies aimed 
at detecting potential cryptic diversity and deeply divergent and iso-
lated populations to ensure preservation of unique lineages and intra-
specific diversity in taxa requiring conservation management (Amos & 
Balmford, 2001). Our results suggest that using BPP for both species 
discovery and species validation (via gdi) is possible in a feasible com-
putational time frame in small dataset (415 loci, 36 terminals). Unlike 
the BFD approach, it is not prone to bias stemming from the prior as-
signment of individuals into species and the need of exhaustive test-
ing of all the delimitations scenarios. However, it is important to select 
appropriate (empirical) values for θ and τ parameters in BPP analyses 
to avoid over splitting in both steps, particularly when the taxa of inter-
est are characterized by sedentary lifestyle and small population sizes.

5  |  CONCLUSIONS

The results of our analyses suggest that the North American trapdoor 
spider genus Cyclocosmia harbours cryptic diversity. Cyclocosmia 
truncata, which comprises seven lineages, was recovered as 

paraphyletic with respect to C. torreya. The delimited lineages have 
narrow distributions and the major rivers in the region likely repre-
sent dispersal barriers. Unfortunately, limited sampling might be in-
evitable in rare and endangered taxa and some species delimitation 
approaches thus may not be applicable. The results from Cyclocosmia 
delimitation suggest that utilizing BPP in the species discovery step 
might be an appropriate option in situations where the delimitation 
is performed on genomic data and fewer individuals because of the 
comparatively low computational demand (compared to BFD) and 
consistency in convergence. However, the results should be vali-
dated via gdi in order to avoid over splitting.
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