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ARTICLE INFO ABSTRACT

Keywords: The Karoo region of South Africa is a unique and sensitive ecosystem which is facing pressure for development
TraEd""r'SPider due to economic incentives such as mining, farming and shale gas exploration. The species diversity of many taxa
Stasimopus in the area is largely unknown. A phylogenetic analysis of the cork-lid trapdoor spider genus, Stasimopus (Sta-
Species delimitation . . . .. . . . .

Phylogenetics simopidae) was undertaken in order to gain insight into the relationships between the species that may be
KaZoog present in the area. The species within Stasimopus are challenging to identify and define using traditional

morphological methods due to a high degree of morphological conservatism within the genus. For this reason,
multiple coalescent based species delimitation methods were used to attempt to determine the species present for
Stasimopus in the region which was tested against the morphological identifications and genetic clades (based on
CO1, 16S and EF-1y). We tested single-locus methods Automatic Barcode Gap Discovery (ABGD), Bayesian
implementation of Poisson Tree Processes (bPTP) and General Mixed Yule- Coalescent (GMYC), as well as multi-
locus Brownie. The phylogenetic analysis of Stasimopus in the Karoo showed that there is a high degree of genetic
diversity within the genus. The species delimitation results proved unfruitful for the genus, as they appear to
delimit population structure rather than species for most methods. Alternative methods should be investigated to

aid in the identification of the species in order truly understand the species diversity of the genus.

1. Introduction

Mygalomorph spiders are notoriously difficult to study for a number
of reasons such as outdated literature, the challenge of sampling these
cryptic organisms, sexual dimorphism (making linking the sexes
morphologically difficult) and their highly conservative morphologies
(Wilson et al. 2018). This combination makes species level identifica-
tions and descriptions incredibly challenging, which leads to poorly
defined conservation statuses across numerous mygalomorph taxa.
Resolving this has become increasingly important with the reported
population declines in these spiders especially as they tend to be short
range endemics exposed to an ever-changing environment.

The spider infraorder Mygalomorphae is a primitive group of spiders
which have largely retained their ancestral traits. These plesiomorphic
characters include longitudinal fangs, no specialisation of the spinning
structures and the retention of two pairs of book lungs (Beavis et al.,
2011; Godwin et al., 2018). Mygalomorph spiders live in retreats

* Corresponding authors.

comprising vertical silk-lined burrows or chambers under rocks or on
trees (Dippenaar-Schoeman, 2002; Mason et al., 2018). The females lead
sedentary lifestyles, only exiting the burrow to capture prey within
reach of the burrow entrance (Engelbrecht and Prendini, 2011; Satler
et al., 2013). The males however, are nomadic in nature, wandering to
locate females and thus being the drivers of nuclear genome dispersal.
Once mature enough the offspring will leave the mothers burrow but
only move a few meters before making a new burrow to live in. This
behaviour leads to extensive population structuring (Bond et al., 2001;
Newton et al., 2020; Satler et al., 2013). Mygalomorph spiders have life
history traits of long life spans and sedentary habits, making them ideal
candidates for both phylogenetic and phylogeographic studies as well as
biodiversity monitoring (Ferretti et al., 2014; Kremen et al., 1993;
Leavitt et al., 2015; Mason et al., 2018; Newton et al., 2020).

The focal taxon for this study is the genus Stasimopus (Simon, 1892)
(African cork-lid trapdoor spider) of the family Stasimopidae (Opatova
et al., 2019). Stasimopus is endemic to Southern Africa, consisting of 47
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described species (World Spider Catalog, 2022), but the true diversity in
the genus could be significantly higher (Engelbrecht and Prendini,
2011). Based on the taxonomic literature, five species of Stasimopus are
known from within the part of the Karoo accessed in this study and two
species from nearby the area (Dippenaar-Schoeman et al., 2010).

Stasimopus and other mygalomorphs were historically described and
taxonomically placed on the basis of morphological characters. In Sta-
simopus, features such as the shape of the palpal bulb, length of the
pedipalp in relation to the first leg, spination patterns on the legs and eye
patterns are used for identification (Engelbrecht and Prendini, 2012;
Hendrixson and Bond, 2004). The retention of ancestral traits has led to
a group of spiders with highly conservative morphologies, which makes
species level identifications challenging (Hamilton et al., 2014; Newton
et al., 2020; Opatova et al., 2019; Rix et al., 2018). Genetic methods
have been used to aid in the identification of mygalomorphs at species
level by creating phylogenies, which indicate divergent groups or
separate evolutionary lineages. To define a species one should start by
using species delimitation methods and then confirm the putative spe-
cies by using multiple lines of evidence, such as morphological, genetic
and ecological data (De Queiroz, 2007; Derkarabetian and Hedin, 2014).
Coalescent-based species delimitation makes use of molecular data to
determine species boundaries (De Queiroz, 2007; Fujita et al., 2012).
The coalescent approach provides objectivity, as specific probabilities of
speciation events are produced which is sustained by the evolutionary
and population genetic history of the taxa (Carstens et al., 2013; Fujita
et al., 2012; Fyjita et al., 2011).

There are two broad types of delimitation approaches based on in-
formation availability: discovery approaches and validation approaches.
Discovery approaches are used in instances where prior knowledge is
limited and populations or taxonomy is not adequately defined and
putative groups must be created (Carstens et al., 2013). This is done by
the use of molecular methods or morphology (Carstens et al., 2013;
Fujita et al., 2012; Satler et al., 2013). Species validation approaches
require prior information such as predetermined species tree topologies
and individuals already allocated to different putative species. It has
been demonstrated that multiple delimitation approaches should be
applied to a data set and that results which are congruent across the
methodologies are considered reliable (Carstens et al., 2013; Fujita
et al., 2012).

Species delimitation techniques have been employed to several
mygalomorph groups with varying degrees of success (Hamilton et al.,
2014; Hedin, 2015; Leavitt et al., 2015; Opatova and Arnedo, 2014;
Satler et al., 2013, 2011). These largely empirical studies found that
mygalomorph spiders tend to exhibit strong genetic structuring, leading
to contentious species limits, thus species delimitation methods tend to
oversplit the data (Hamilton et al., 2014; Leavitt et al., 2015; Opatova
and Arnedo, 2014). These studies tend to rely on only a single gene
region (usually mitochondrial) or only single locus methods, the
delimitations can thus likely be improved by the addition of more gene
regions (especially nuclear genes) or other delimiting characters such as
morphology (Hedin, 2015; Satler et al., 2013). These studies did how-
ever find coalescent species delimitation useful for uncovering species
complexes in cases of crypsis, such as Satler et al. (2013) for the Aliatypus
genus in California. By uncovering cases of crypsis, or simply under-
standing the species diversity of a taxon, conservation efforts can be
more directed and effective.

Concise and effective conservation is vital when dealing with sensi-
tive ecosystems which have slow recovery to disturbance. An area for
concern in South Africa is the Karoo region. This is a unique semi-arid
area, in the interior of the country characterised by several mountain
ranges. The Karoo is seeing large scale land use changes for mining,
farming, renewable energy, intensive shale gas exploration and the
Square Kilometre Array (SKA) (Sethusa, 2016). In 2016 the Karoo Bio-
gaps project was undertaken to gain insight into the biodiversity
standing of the region, which until then had never been fully assessed
(Holness et al., 2016; Sethusa, 2016). This provided the opportunity to
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try to unravel the species diversity of Stasimopus in this unique
ecosystem. This study is a stepping stone to increasing our under-
standing of the greater diversity of the entire genus, which given greater
funding opportunities, should be addressed in the future. We hypothe-
sise that a combination of species delimitation techniques will be able to
identify species clusters which match morphological identifications and
monophyletic groupings.

This paper therefore aims to investigate i) the phylogenetic rela-
tionship between the various Stasimopus specimens within the Karoo
region of South Africa and ii) to determine the species boundaries and
estimate the number of species present in the region using coalescent
species delimitation and confirm their accuracy against both the pres-
ence of monophyletic genetic clusters and morphological identification.

2. Methods and materials
2.1. Taxon sampling

Stasimopus specimens were collected from part of the Great Karoo,
South Africa. The area is within the demarcated area for potential shale
gas fracking. The boundary of the area is set approximately by the
following coordinates: —30.88688, 26.29295 and -33.03079, 20.01661
(Fig. 1). The sites were selected by the Karoo BioGaps team to cover the
range of environmental conditions present in the region. A total of 79
sites were sampled, on average 50 km apart (Fig. 1). Stasimopus speci-
mens were collected at 55 of these sites. Females and juveniles were
collected by actively excavating their burrows, while males were found
active while crossing isolated roads on rainy evenings. All specimens
were euthanised in a solution of cold alcohol and kept in an ice box.
Specimens were later preserved in 80 % ethanol in glass polytop vials for
long term storage.

Additional recently collected museum specimens (Stasimopus hewitti)
as well as individuals collected on other sampling trips from the Karoo
area and Hluhluwe (KwaZulu-Natal) were included in the Stasimopus
dataset. All locality information is available in Table S1. All newly
collected material was deposited in the National Collection of Arachnida
(NCA) of the Agricultural Research Council (ARC), Roodeplaat, South
Africa.

2.2. Morphological classification

All adult specimens were examined against existing species de-
scriptions and all type specimens of the genus. All adults were then
assigned to morphospecies, based solely on the morphological species
concept. Following this, species were assigned to existing species based
on current species descriptions and types. All morphospecies which
could not be classified into an existing species were classified as
‘undescribed’. The examined morphological characters are in a char-
acter matrix available in Appendix A.

2.3. DNA extraction, sequencing and alignment

Genomic DNA was extracted from the removed third right leg of each
specimen. DNA extraction was performed using the Macherey-Nagel
NucleoSpin® Tissue kit (Diiren, Germany) following the manufac-
turer’s instructions.

Three genes were selected for sequencing to account for the differing
mutational rate changes over time as well as different patterns of in-
heritance. These were ribosomal 16S, mitochondrial cytochrome c oxi-
dase subunit 1 (CO1) and nuclear elongation factor 1 gamma (EF-1y).
The rationale for selecting these three gene regions was that they allow
for the maximisation of phylogenetically informative data at a very fine
genetic scale (species level variation). Histone H3 (H3) was also
sequenced but was found to not be phylogenetically informative at this
level. The phylogenetic topologies of the three genes will show if the
gene trees reflect the species tree by congruence (Doyle, 1992;
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Fig. 1. Map of the study area in the greater Karoo, in the south-western part of South Africa. Markers indicate the 55 sites where Stasimopus specimens were found.
Specimens are divided into proposed morphospecies. Red polygons indicate areas identified for shale gas exploration. Map created in QGIS version 3.4.8-Madeira
(2019), . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

available at: http://qgis.osgeo.org

Maddison, 1997).

Genomic DNA was amplified by polymerase chain reaction (PCR) for
the target genes using previously published primer sequences indicated
in Table S2 (Ayoub et al., 2007; Cognato and Vogler, 2001; Folmer et al.,
1994; Kornilios et al., 2016; Simon et al., 1994). Amplification mixtures
were prepared to reach a final volume of 50 pL containing: 2.5 mM
MgCl,, 20 pmol of each primer, 10 mM dNTPs, 1 X PCR buffer, one unit
of TagDNApolymerase (Supertherm® DNA polymerase, Separation
Scientific SA (Pty) 1td, South Africa) or Emerald Amp®MAX HS PCR
Mastermix (TAKARA BIO Inc., Otsu, Shiga, Japan), for problematic
samples as well as the EF-1y gene region, in combination with 10-50 ng
of extracted genomic DNA template. The PCR cycling parameters per-
formed for the CO1 and 16S gene regions can be viewed in Table S3, and
the parameters for EF-1y were as stated in Table S4. Purification of the
successful amplifications was done using the Macherey-Nagel Nucleo-
Spin® Gel and PCR Clean-up kit (Diiren, Germany) according to man-
ufacturer’s specifications. Samples which presented double bands were
gel purified following the manufacturer’s specifications. The BigDye®
Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City,
USA) was used for the cycle sequence reactions in both sequence di-
rections. The cycle sequencing products were precipitated using the
standard protocol of sodium acetate and ethanol. All sequences gener-
ated were assembled in CLC Bio Main Workbench Version 6.9 (htt
p://www.clcbio.com). All four gene regions were submitted to Gen-
Bank and the accession numbers are recorded in Table S1. All the se-
quences generated from the barcoding CO1 region will be submitted to
the Barcode of life database (BOLD).

The CO1, 16S and EF-1y datasets were concatenated using FAScon-
CAT v1.11 (Kiick and Meusemann, 2010). The edited sequences for each
gene were aligned using MAFFT online (Katoh, 2005; Katoh and Toh,
2008). The ‘Auto’ strategy for alignment was used in MAFFT followed by

visual inspection.

2.4. Phylogenetic analysis

All analyses were applied to the individual gene regions and
concatenated molecular datasets for the Stasimopus data. The Akaike
information criterion (AIC) and the Bayesian information criterion (BIC)
were both implemented within jModelTest v2.1.7 (Posada, 2008).

Maximum likelihood (RAXML v8.1.20; Stamatakis, 2014) analyses
were performed in RAXML implementing a General Time Reversible
(GTR) model, with coding genes further partitioned for codon position.
A maximum likelihood search was done to find the best tree, followed by
bootstrapping for support of 1000 pseudoreplicates (Felsenstein, 1985).

For the Bayesian inference (MrBayes v3.2.5; Ronquist and Huelsen-
beck, 2003) analyses, the parameters for each partition were unlinked in
order to obtain separate estimates for each gene, the rate-prior was set to
variable and flat Dirichlet-priors used. The analysis was run by two
simultaneous Monte-Carlo-Markov-Chains, each with three hot and one
cold chain (Drummond and Rambaut, 2007). This ran for 10,000,000
iterations, sampling every 500th iteration. This produced 20,000 trees of
which the first 25 % (5000) were discarded as burn-in.

Tracer v1.7.1 was used to confirm convergence (Rambaut et al.,
2018). The individual runs per dataset were then compiled to ensure a
normal distribution.

Outgroups were selected based on the most recent Mygalomorphae
revision by Opatova et al. (2019). The sister clade to Stasimopidae in this
study is the ‘Venom clade’, composed of Atracidae and Actinopodidae,
represented by Hadronyche and Actinopus genera respectively. Addi-
tional outgroup representation was included with the nemesioids
(genera: Calisoga (Nemesiidae), Kiama (Microstigmatidae), Pionothele
(Pycnothelidae)) and an paratropidid (Paratropis) as this added
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additional support.

2.4.1. Ultrametric tree preparation

Two of the species delimitation methods tested require an ultra-
metric tree as a prior. To comply with this, ultrametric trees were con-
structed for each gene (some of the species delimitation approaches test
only single locus data) using BEAST v1.10.4 (Suchard et al., 2018). For
CO1 and 16S, a combined tree was produced as there is mitochondrial
linkage (Rubinoff and Holland, 2005). The priors were set in BEAUTi
(Suchard et al., 2018) as follows: The nucleotide substitution was set
according to the results of jModelTest for each gene and codon parti-
tioning was implemented for CO1 and EF-1y; rate of molecular evolution
to a relaxed clock with a lognormal distribution (this allows mutational
rates to vary over the tree) (Michonneau, 2017); the MCMC chains were
set to a chain length of 100,000,000 with echo states and log parameters
to 1000. The last prior altered, was the model describing the branching
pattern of the tree. For this prior we aimed to test two models for the
GMYC method: the Yule model (all branching is covered by a constant
speciation rate) and the Coalescent model with a constant population
size (usually used for datasets which have individuals from the same
species) (Michonneau, 2017). We decided to test both of these priors as
it would allow for numerous (Yule model) or a few species (Coalescent
model) (Michonneau, 2017). All other priors were left on the default
settings in BEAUTI. Both files (Yule and Coalescent model priors) were
then executed in BEAST. This was repeated four times per dataset and
model to ensure convergence.

Tracer v1.7.1 was again used to confirm convergence (Rambaut
et al., 2018). Log Combiner v1.10.4 (Suchard et al., 2018) was used to
combine the tree files into one file per model and per gene and was set
with a burn-in of 25,000,000.

2.5. Species delimitation

A variety of different species delimitation approaches were tested to
determine i) if there is congruence among methods and ii) to test if these
approaches can accurately delimit Stasimopus species given the strong
population structuring of mygalomorph spiders. All the species delimi-
tation results were tested against the morphological identifications of
the specimens and monophyletic clusters, for this reason only identified
adult specimens or juveniles whose identity could be inferred geneti-
cally were included.

2.5.1. Automated Barcode Gap Discovery (ABDG)

Automated Barcode Gap Discovery (Puillandre et al., 2012) uses the
aligned gene sequences to determine species delimitations based upon
the degree difference between individuals. The programme identifies
the different thresholds for determining species boundaries specific to a
particular taxon. This is done instead of the traditional method of having
a set cut off divergence value a priori to determine species delimitations
(Puillandre et al., 2012). The method uses the first barcode gap esti-
mated at a distance limit deemed large enough to delimit intraspecific
variation (using the population mutation rate estimated from the data-
set) (Puillandre et al., 2012). This is given as the incursive value for the
various P — distances partitions. The recursive value adds an addition
step to this and takes into account the variability in mutation rate across
the taxa in the dataset as well as the overlap of the intraspecific and
interspecific variations (Puillandre et al., 2012). The recursive partition
is thus considered more reliable (Puillandre et al., 2012).

The online tool was used (available at: http://wwwabi.snv.jussieu.
fr/public/abgd/abgdweb.html) and the analysis parameters set to:
pmin = 0.03; pmax = 0.6; x = 0.5; number of steps = 30, number of bins
(Nb) = 50 and Kimura distance (TS/TV) left at the default setting (TS/
TV = 2.0). The minimum and maximum p-value was determined itera-
tively by testing different combinations until more than one putative
species was given as an output. For this reason, the range of intraspecific
divergence values selected was between 0.0300 and 0.0618 as the
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species threshold. The species delimitations were then assessed con-
gruency against the morphological identifications, genetic clustering
and other delimitation methods.

2.5.2. General Mixed Yule coalescent (GMYC)

The GMYC model of species delimitation uses an algorithm which
attempts to determine where a swap in branching pattern of a tree is due
to a speciation event (which would place one lineage in a species) or due
to coalescent events within a species (places multiple lineages in a
species) (Michonneau, 2017; Pons et al., 2006).

The GMYC is applied to single locus data, for this reason EF-1y and
the combined CO1 / 16S were analysed separately. The ultrametric trees
were then imported into R v3.4.3 (R Core Team, 2017) and analysed
using the packages ape, paran and splits with the GMYC method (Dinno,
2014; Ezard et al., 2014; Paradis and Schliep, 2019). Both the Yule
speciation and Coalescent speciation models were tested.

2.5.3. Bayesian Poisson tree processes (bPTP)

The Bayesian implementation of the Poisson Tree Processes (bPTP)
model makes use of jumps in the branching patterns to determine dif-
ferences between and within species. The model then links the number
of nucleotide substitutions in a gene tree (the branch length) to model
speciation events — assuming that there is a higher number of sub-
stitutions per site between species than within a species (Zhang et al.,
2013).

To implement the PTP model with Bayesian support we used the
bPTP server (Zhang et al., 2013). We performed the analyses EF-1y and
the combined CO1 / 16S separately. The RAXML tree with outgroup was
uploaded and the rooted option was selected. All datasets were run for
500,000 MCMC generations. The burn-in was set to 0.25. All other pa-
rameters were left on default.

2.5.4. Brownie species delimitation

The heuristic method for species delimitation, produced by O’Meara
(2009), makes use of the concept of gene tree congruence in a clade
reflecting a cohesive species and incongruence of the gene trees for the
clade reflecting variation within a species (O’Meara, 2010). Brownie
takes gene trees as input files, performs a heuristic search comparing the
topologies of the gene trees and locates areas where there is congruence
in the gene trees (within a species) and areas of extensive incongruence
(between species). This then sets species limits and estimates the species
tree (O’Meara, 2010). The programme represents a species by a poly-
tomy of the related samples. The programme does not inherently pro-
duce an estimation of uncertainty, but this can be estimated by
bootstrapping (O'Meara, 2010).

Brownie v2.1.2 was run on a Mac OS (O’Meara, 2010). The ultra-
metric gene trees were imported to R v3.4.3 (R Core Team, 2017) and
edited using the ‘ape’ package (Paradis and Schliep, 2019). This was
done to remove tips for taxa which were not present across all three gene
regions (14 taxa removed from CO1, 21 from 16S and 4 from EF-1y).
This was done as Brownie requires complete coverage of each gene re-
gion. The edited individual ultrametric gene trees were used as the input
data in NEXUS format in a combined file. The heuristic settings were all
left on default. These analyses were repeated ten times to ensure
consistent results.

The best trees selected by the program from each run were then used
to create a consensus tree, from which another overall consensus tree
was constructed using PAUP v4.0a (Swofford, 2002).

3. Results
3.1. Taxon sampling
A total of 125 Stasimopus individuals were collected. An additional 4

Stasimopus individuals were genetically analysed from outside the study
area. These additional samples were included to aid in the identification
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Fig. 2. (Part A). Majority-rule (MrBayes) consensus tree for the concatenated dataset of CO1, 16S and EF-1y for the Stasimopus dataset from the Karoo. Posterior
probabilities above 0.95 are shown by the red bars. Bootstrap support values above 70 are given on the corresponding node. The morphologically identified species
are indicated along the right. Specimens in red indicate juveniles that could not be morphologically identified or attributed to species clades. Broader clades are
indicated on the tree. Fig. 2 (Part B). Majority-rule (MrBayes) consensus tree for the concatenated dataset of CO1, 16S and EF-1y for the Stasimopus dataset from the
Karoo. Posterior probabilities above 0.95 are shown by the red bars. Bootstrap support values above 70 are given on the corresponding node. The morphologically
identified species are indicated along the right. Specimens in red indicate juveniles that could not be morphologically identified or attributed to species clades.
Broader clades are indicated on the tree. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of the various lineages produced. At the majority of collecting sites only
a few individuals were found during sampling. However, at a few sites,
Stasimopus were especially abundant and easily found (due to high
density or clear burrow entrances). The majority of specimens found
were juveniles (61), followed by mature females (43) with few adult
males collected (21). Seventeen morphospecies were morphologically
assigned, nine of which could be assigned to existing Stasimopus species
(S. astutus, S. erythrognathus, S. hewitti, S. leipoldti, S. mandelai, S. maraisi,
S. schrieneri, S. rufidens, and S. unispinosus). While the other eight species
did not match any existing species descriptions or type specimens and
were denoted as ‘undescribed’.

3.2. Phylogenetic analysis

The number of individuals and base pairs per gene region are sum-
marised in Table S5. The table also indicates the nucleotide substitution
model selected by jModelTest for the Akaike Information Criterion (AIC)
and the Bayesian Information Criterion (BIC).

3.3. Stasimopus phylogenies and identities

Stasimopus is a well-supported monophyletic clade from the data (BS:
93; PP:0.97). The individual sample of Stasimopus cf. rufidens from
KwaZulu-Natal (denoted as SUH) is sister to the rest of the Stasimopus
samples (Fig. 2). The remainder of the phylogram is then divided into
ten distinct genetic clades (Fig. 2, A-K).

Clade K is composed of one individual, this is however with weak
support. This individual being in its own evolutionary lineage is sup-
ported by the results of the species delimitation analyses and
morphology. This individual could not be matched to any described
species (‘Undescribed species 7’). Clade J could not be identified as it is
comprised of only juveniles and is likely a separate species. Clade I is a
large clade, morphologically identified to be Stasimopus maraisi. In-
dividuals from site 47 occur in both clades I and J, indicating synoptic
species occurring at this locality. Clade H (BS: 96; PP: > 0.95) consists of
individuals from only locality 31. This lineage is supported by the spe-
cies delimitation and does not match any previously described species
morphologically and was donated as ‘Undescribed species 3'. Clade G
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(BS: 92; PP: 0.99) has been morphologically identified as S. unispinosus,
but the 02 samples could not be confirmed due to only being juveniles.
Clade F (BS: 78; PP: 0.95) did not match any described species (‘Unde-
scribed species 1'). The terminal nodes of the clade have much higher
support values than the internal nodes. Individuals from site 7 are placed
in clade F and I, indicating another case of syntopic species. Clade E (BS:
93; PP: 0.97) did not match any described species (‘Undescribed species
2'). Clade D has many samples which could not be identified (NCRA (2),
35 (2) and 53 (3)) as they are juveniles, whereas the rest were identified
as S. astutus. Individuals from Site 38B and 35 occur in both clades D and
I. Clade C is comprised solely of individuals from site 13, these samples
have been identified as S. leipoldti. The most derived clades are A, and B.
Clade B contains multiple morphologically distinct species, each repre-
sented by only a few individuals. These species are S. mandelai,
S. schrieneri, ‘Undescribed species 6. and ‘Undescribed species 8'. In-
dividuals from site 05B are placed in clades C, F and H, individuals from
site 59B are in both clades B and G, and individuals from SOUJ are in
clades B, D and E. Clade A also comprises of multiple species. The two SH
individuals are Stasimopus hewitti. One individual from locality 36 could
also not be matched to any described species (‘Undescribed species 5').
The most derived portion is an apparent species complex of
S. erythrognathus and another species which did not match any existing
species descriptions (‘Undescribed species 4'). Individuals from site
NCRA occur in clades A and E.

3.4. Species delimitation

3.4.1. Automated Barcode Gap Discovery species delimitation

ABDG produced various species delimitations based on the different
prior maximal distance (P) values used in the input. The larger the P
value given, the more split the data became (more species were
delimited). When the P value was smaller than 0.0300, more than 60
species were delimited. When the P value was larger than 0.0623 only
one species was delimited (Fig. 3).

The initial distance value is more conservative in the number of
species delimited than the recursive. The smallest distance value (P =
0.0623) classifies all the samples as one species (Grey, Fig. 3). The
incursive results for P 0.033 and 0.037 were identical, thus only 0.033
(D) is shown. The results of the 0.411 and 0.455 distance values were also
identical and only 0.0455 is shown in Fig. 3. The incursive results for P
0.0455 and 0.0561 were identical, thus only 0.0561 (I) is shown. This
was again true for the distance values of 0.505 and 0.561, and only
0.0561 is shown.

Certain samples are consistently recovered as separate species. Sta-
simopus hewitti (SHOZ2; thistle), S. leipoldti (13STAS02; blue violet),
S. unispinosus (03STAS01, 03STAS02; cyan) and ‘Undescribed species 7'.
(36STASO01; cadet blue), are all separate species on their own in all
distance values except for P = 0.0623 (Fig. 3). A few species are
recovered most of the time (except for the distance values of 0.0561 (I)
and 0.0623). These include ‘Undescribed species 4. (SAMC7293),
‘Undescribed species 5/, ‘Undescribed species 8 and S. schrieneri (Fig. 3).
Stasimopus astutus, ‘Undescribed species 1’ and S. maraisi were only
recovered at the lower distance values, whereas for ‘Undescribed species
6’ this is true of the middle-distance values (Fig. 3). Stasimopus eryth-
rognathus, ‘Undescribed species 1’ and ‘Undescribed species 3’ were
never fully recovered as they were always overspilt and in the case of
S. erythrognathus also had additional species included according to ge-
netic clustering and morphology.

The species complex described in the phylogeny (Fig. 2) is apparent
here again between S. erythrognathus and ‘Undescribed species 4/,
whereas ELKSTAS06 (ELK (1) - Fig. 2) is never recovered as a separate
species (Fig. 3).

3.4.2. General Mixed Yule coalescent (GMYC)
The General Mixed Yule Coalescent (GMYC) gave fairly similar re-
sults between the Yule and coalescent model of speciation for each gene
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region. The CO1_16S gene region presented with 2 putative species
(coalescent Confidence interval (CI): 1-10—; yule CI: 1-4) and 2 distinct
genetic clusters (coalescent CI: 1-7, yule CI: 1-4) which were identical
for the Yule and Coalescent trees. The LR test was not significant for
both. The results for the EF-1y region were also not significant under the
LR test and presented with more putative species. The coalescent model
predicted 8 putative species (CI: 1-17) whereas the yule model predicted
18 putative species (CI: 1-24). The confidence ranges are exceptionally
wide for this gene region. The putative species are given for each gene
region in Figs. 4 and 5.

3.4.3. Bayesian Poisson tree Process (bPTP)

The Bayesian Poisson Tree Process (bPTP) method of species de-
limitation results vary between the different gene regions. The two
mitochondrial genes (CO1_16S) have a lower number of putative species
(36 or 53) than the nuclear gene (29 or 75) (Table 1). There is a wide
margin of error as the estimated number of species is a large range,
approximately 30 species between the minimum and maximum for each
gene region. The acceptance rate is much higher for EF-1y (0.889) than
CO1_16S (0.417). The putative species are given for each gene region in
Figs. 4 and 5. The number of species for each confidence interval is given
in Table S6 as well as putative species acceptance rates in tables S7 — S8.

3.4.4. Summary of single locus coalescent methods

The species delimitation results for linked CO1 and 16S are not
congruent between the GMYC and bPTP methodologies (Fig. 4). The
bPTP method severely overspilt the dataset, whereas GMYC lumps the
data when compared to the morphological identities of the specimens as
well as the monophyletic clades. There are only individuals constituting
a ‘species’ for the bPTP method while matching the morphology and
genetic clusters: ‘Undescribed species 4 (SAMC7293), ‘Undescribed
species 5/, S. hewitti, S. schrieneri, S. leipoldti, S. unispinosus ‘Undescribed
species 8’ and ‘Undescribed species 7’ (Fig. 4).

EF-1y species delimitation has a different result to the CO1_16S. The
GMYC method is more conservative than the bPTP method with 8 or 18
putative species as opposed to 29 or 75 putative species (Fig. 5). No
species is congruent across methodologies. The phylogeny produced for
the EF-ly is however not in agreement with the morphological
identifications.

Across the two separate gene regions’ species delimitation results, no
species are congruent and neither method could resolve the
S. erythrognathus and ‘Undescribed species 4’ complex.

3.4.5. Brownie species delimitation

The results of the heuristic search run in brownie are inconclusive.
The analyses produced 633 tree topologies from the ten runs. However,
there is no true congruence between these trees. Individuals constantly
swap between the different putative species — having no true placement.
A 50 % majority-rule consensus tree is shown as Figure S1. The tree has a
hard polytomy, meaning that no real putative species could be delimi-
ted. When testing for accuracy within Brownie, either 51 or 53 species
were constantly delimited (individuals in the species are not given).

4. Discussion
4.1. Stasimopus diversity

This study is the first detailed phylogenetic study on the group
including the use of species delimitation methods. The study generated
extensive sequence data for a severly understudied organism in a
potentially threatened and sensitive ecosystem. These resources can be
used in future studies to better understand the genus.The Stasimopus
samples assessed in this study form a well-supported monophyletic
clade. The phylogeny consists of 17 morphospecies and juvenile speci-
mens which could not be identified, based on morphology. Fifteen
species were only recovered from a single or few localities which were
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Table 1
The number of species delimited for each gene region (CO1_16S and EF-1y) with
the Bayesian Poisson Tree Process (bPTP) species delimitation methodology.

CO1_16S EF-1y
Acceptance rate 0.417 0.889
Estimated number of species 26-68 29-76
Mean number of species 49.34 55.86
Bayesian Inference species estimation 53 75
Maximum likelihood species estimation 36 29

all in close proximity, indicating that these species are ‘short-range en-
demics’. Short-range endemics are species which have a naturally nar-
row distribution (<10,000 km?) (Harvey, 2002; Harvey et al., 2011;
Mason et al., 2018). Short-range endemics often have life history traits
such as poor dispersal ability, reliance on rare or fragmented habitats
and low fecundity (Harvey et al., 2011). Stasimopus, like most of the
Mygalomorphae, are known to exhibit sedentarily habits and have short
dispersal distances (Leavitt et al., 2015) These factors would make a
species which is a short-range endemic especially sensitive to climate
change, degradation of the habitat or habitat loss (Harvey et al., 2011).
This is vital information in light of the slew of land use change proposed
for the Karoo region. The morphologically identified species S. maraisi
and S. erythrognathus have wide distributions across the Karoo, and are
not short-range endemics. Several species sampled appear to experience
sympatry at multiple locations. This indicates that the species may have
an unknown ecological niche separation or are syntopic in nature
(Wilson et al. 2018).

The species S. erythrognathus distribution is not completely known
but appears very wide (sampled in the eastern portion of the Karoo and
the type locailty being Worcester which are 600 km apart) and likely
extends to other unsampled parts of South Africa. There were no spec-
imens found between these two localities during our sampling. This
indicates that further sampling needs to be performed in order to
determine if this whole range is still occupied or if these may be relict
populations/ remnants or perhaps a species complex.

Stasimopus erythrognathus and ‘Undescribed species 4. appear to
form a genetic species complex as one specimen is ‘Undescribed species
4’ and falls within the S. erythrognathus clade. One specimen is placed
sister to the S. erythrognathus clade as is also ‘Undescribed species 4. All
of these specimens were collected in the eastern Karoo and within fairly
close geographic proximity. These two species are morphologically
distinct and more gene regions are required to resovle the genetic
complex found here.

The placement of Stasimopus cf. rufidens, from Hluhluwe (KwaZulu-
Natal) indicates that there is a great amount of genetic distance between
the Stasimopus of the coastal area and that of the interior Karoo.

4.2. Uncertainty in the phylogenies

Low support values on internal branches couldbe due to factors such
as homoplasy, low genetic signal or incomplete lineage sorting (Buckley
et al., 2006).

The incongruence of the ML and BI Mygalomorphae and Stasimopus
trees, as well as low support values may be the impact of missing data or
an insufficient number of loci to resolve these family-level relationships.
Methods such as concatenation assume that the different genes used
have moderately similar evolutionary histories, thus not considering
that different genes evolve at different rates (mitochondrial genes evolve
more rapidly than nuclear genes due to the pattern of inheritance) (Xi
et al., 2016). Thus, when comparing a species for which only mito-
chondrial information is available to one with only nuclear information
in the same phylogeny, would put the individual with the mitochondrial
information on a longer branch. This may be the case with clade D of the
Stasimopus phylogeny. This would make it appear as though there are
different rates of evolution between the species which is untrue.
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Concatenation methods do however fair well with missing data if the
data is evenly distributed among the taxa and gene regions (Xi et al.,
2016). Our data sets had fairly evenly distributed missing data.

It is also noted that the phylogenetic inference and species delimi-
tation may be impacted by the scattered phylogenetic sampling. The
Karoo region was throughly sampled, but this region has no natural
boundaries limiting the distribution of taxa, and thus their full ranges
were not captured by these data. This may affect the accuracy of the
species delimition models (Papadopoulou et al. 2009). These methods
can also be affected by using ‘singleton’ representatives of species, this is
however largely unavoidable when working with unforthcoming taxa
(Ahrens et al. 2016). Future studies should expand on this sampling
effort to better encaptulate the distribution of the genus as well as
attempt to include multiple representatives of each species.

4.3. Coalescent species delimitation

Stasimopus as a genus is challenging to identify using morphology
alone at species level. For this reason, use of coalescent based species
delimitation was investigated as a tool to determine how many species
can be identified from a genetic dataset and validated using both
morphology and genetic clustering. It is also important to note that the
study used not only mitochondrial data, but a nuclear region too.The
Automated Barcode Gap Discovery (ABDG) online tool delimited the
most species in the largest partition (>0.03) which severely oversplit the
CO1 dataset, placing each locality into its own species. This delimitation
of 46 species is highly unlikely. This most likely reflects the genetic
structure between sites, as a result of limited dispersal. A species de-
limitation study on the Nemesiidae returned a similar result where each
locality was returned as a putative species, the over estimation is most
likely due to genetic substructuring which occurs in mygalomorph spi-
ders at small geographic scales (Leavitt et al., 2015). Another example of
this was seen in Idiopidae studied in the Canary islands (Opatova and
Arnedo, 2014). This appears to be the case with the 0.03 and 0.033
distance values. The largest distance value (0.0623) lumped all in-
dividuals into one species. The result of one species is inaccurate as from
the males and females collected, 17 separate morphospecies were
morphologically identified. This lumping is most likely because the
barcode gap is overshot: (P) prior maximum divergence of the intra-
specific diversity is too large and overshadows the interspecific diversity
(Puillandre et al., 2012). The distance value with the closest results is
0.0561, where the initial distance value which suggests 13 species and
recursive suggests 21. The recursive 0.0561 partition delimits most
species correctly except the S. erythrognathus / ‘Undescribed species 4/
complex, and oversplits ‘Undescribed species 1’ and ‘Undescribed spe-
cies 6'. This partition being the most reliable is also supported by the fact
that the recursive partition is usually considered more reliable than the
incursive due to taking more factors in the dataset into account (Puil-
landre et al., 2012). This methodology appears to have delivered the
most plausible results.

The Bayesian Poisson Tree Process (bPTP) results were the least
conservative for the EF-1y gene region, estimating 29 or 75 putative
species. The number of putative species predicted for the CO1_16S re-
gion also appears to be unrealistically high too. The number of species
predicted by this analysis would be lower (and possibly more accurate)
if nodes with low support values (<0.80) are collapsed (Zhang et al.,
2013). There is also incongruence between the gene tree produced for
the EF-1y dataset and the morphology. This is clear from the one
S. atutus and S. marasi samples that are embedded in clade A. This
pattern is however not seen in the mitochondrial gene tree, nor the
combined tree. More nuclear genes need to be added to investigate this
fully. This may in part be responsible for the poor performance of the
species delimitation methods.

The General Mixed Yule Coalescent (GMYC) gave similar results
between the coalescent and yule model of speciation for the CO1_16S
dataset. The Yule model assumes a constant speciation rate across
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branches and is often used in cases where the individuals are from
numerous species, whereas the Coalescent model (constant growth rate)
is often used in cases with a few species (Michonneau, 2017). It appears
that the speciation model of the ultrametric tree only had a significant
effect on the EF-1y data set where the number of delimited species
changed from 18 (Yule) to 8 (Coalescent), but this result was not sig-
nificant under the LR test. The species were however incorrectly
delimited according to morphology and monophyletic clusters. The
discrepancy between the mitochondrial genes (CO1 and 16S) and the
nuclear gene in the number of putative species produced may be
attributed to the fact that these two parts of the genome have very
different rates of evolution. For the class Arachnida, the rate of mito-
chondrial evolution is on average 3.1 times faster than nuclear evolution
(Allio et al., 2017). The GMYC appears to have lumped the CO1_16S
dataset into only two species, which is in reality not feasible based on the
monophyletic clades and morphology. GMYC is commonly cited as
oversplitting data for the mygalomorph group due to the strong popu-
lation structuring observed in spiders with sedentary lifestyles, whereas
the opposite was observed (Hamilton et al., 2014; Hedin, 2015; Opatova
and Arnedo, 2014; Satler et al., 2013).

As a whole, the single-locus methods of species delimitation per-
formed poorly at delimiting species for the Stasimopus genus when
validated against the morphological identifications as well as genetic
clustering. There was no full congruence across methods for any of the
gene regions. The Automated Barcode Gap Discovery (ABDG) shows the
most promising results for the CO1 region, where both bPTP and GMYC
oversplit the data. Overall, CO1 and DNA barcoding may need to be
interpreted with caution when used in isolation, as it may not capture all
the variation present and may be lacking some resolving power (Galtier
et al., 2009). Galtier et al. (2009) found that many of the underlying
principles of mitochondrial DNA which supports barcoding may be false.
Some of these characteristics include mitochondrial DNA undergoes
recombination, positive selection as well as an evolutionary rate which
changes over time (Galtier et al., 2009). This emphasises that species
delimitation cannot be performed using only a single gene region, as no
single gene region is impervious to these factors. This means that mul-
tiple gene regions should be considered when delimiting species or that
the species delimitation tools must be developed so that the variation
between different gene regions is taken into account (Hedin et al.,
2015).

Brownie (multilocus species delimitation) provided inconclusive
results as no congruence was found between the trees produced by the
analysis. A study conducted on frogs in South America by Correa et al.
(2017) had the same result from analyses run by Brownie. They recov-
ered a consensus tree with a hard polytomy - resulting in no reliable
species being delimited (Correa et al., 2017).

This study has disproven the hypothesis as none of the species
delimition techniques were able to acurately produce species clusters
when compared to each other, morphology or monophyletic clusters.
From the results of the species delimitation analyses one of three sce-
narios are likely taking place. Firstly, there is the possibility that there
are approximately 40 species of Stasimopus in this region of the Karoo.
This result was recovered in part by all the methods, but is highly un-
likely. Secondly, the Stasimopus of the Karoo are undergoing speciation.
This may be a possibility as the life history traits of the genus makes
them prime candidates to undergo allopatric speciation. The largely
sedentary lifestyles of females and limited dispersal of spiderlings tends
to lead to extensive population structuring which are referred to as
‘microallopatric populations’ within a species (Bond et al., 2001; Satler
et al., 2013). These populations may then remain isolated for extensive
periods of time leading to speciation events. This scenario is supported
by the short terminal branches of the phylogeny, which is a common
indicator of speciation events. The last scenario is simply that due to the
extensive population structure (microallopatric populations), the spe-
cies delimitation methods used are not suitable for resolving the re-
lationships and are prone to oversplitting the dataset (except for GMYC)
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(Satler et al., 2013). This scenario is supported as coalescent species
delimitation techniques appear to delimit genetic structure, not species
(Sukumaran and Knowles, 2017).

5. Conclusion

The phylogenetic diversity of Stasimopus within the Karoo region of
South Africa is higher than previously believed with eight undescribed
species identified. Stasimopus and other trapdoor spiders have not been
extensively researched, but are a significant part of the Karoo fauna. For
this reason, they should be considered for inclusion in environmental
impact assessments, evaluated for placement on the IUCN Red List and
other conservation initiatives. It is suggested that species delimitation is
not purely based on barcoding genes but a multi-locus approach should
always be implemented. From the results of the species delimitation, we
find that these methods are not suitable to delimit species for the genus
as the population has extensive substructure at fine geographical scales,
leading to ‘microallopatric populations’. More research is needed to find
gene regions which have greater resolution for this group of spiders. The
way forward is to determine the evolutionary history and environmental
pressures which may be causing the divergence in the populations by
implementing a phylogeographic analysis of the data.
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