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ABSTRACT

The family Dysderidae is a highly diverse group of nocturnal ground-dwelling and active-hunter spiders. Dysderids are mostly
restricted to the Western Palearctic, and particularly rich and abundant around the Mediterranean region. Interestingly, the dis-
tribution of species richness among its 24 genera and three subfamilies is highly biased—80% of its 644 documented species
belong to just two genera, Dysdera (326) and Harpactea (211). Dysderidae provides an excellent study case for evolutionary and
ecological research. It includes cases of trophic specialization, which are uncommon among spiders, and exhibit other remark-
able biological (e.g. holocentric chromosomes), behavioural (e.g. cryptic female choice), evolutionary (e.g. adaptive radiation)
and ecological features (e.g. recurrent colonization of the subterranean environment). The lack of a quantitative hypothesis on
its phylogenetic structure has hampered its potential as a testing ground for evolutionary, biogeographical and ecological
hypotheses. Here, we present the results of a target, multi-locus phylogenetic analysis, using mitochondrial (cox1, 16s and 12s)
and nuclear genes (h3, 28s and 18s), of the most exhaustive taxonomic sample within Dysderidae (104 spp.) to date and across
related families (Synspermiata) (83 spp.). We estimate divergence times using a combination of fossil and biogeographic node
calibrations and use this timeline to identify shifts in diversification rates. Our results support the monophyly of the Dysderidae
subfamilies Rhodinae and Dysderinae but reject Harpacteinae as currently defined. Moreover, the clades recovered within Har-
pacteinae do not support its current taxonomy. The origin of the family most likely post-dated the break-up of Pangea, and cave
colonization may be older than previously considered. After correcting for the taxonomic artefacts, we identified a significant
shift in diversification rates at the base of the genus Dysdera. Although the unique coexistence of specialist and generalist diets
within the lineage could be suggested as the potential driver for the rate acceleration, further quantitative analyses would be nec-
essary to test this hypothesis.
© 2024 The Author(s). Cladistics published by John Wiley & Sons Ltd on behalf of Willi Hennig Society.

Introduction

The spider family Dysderidae C.L. Koch, 1837, also
known as red devil spiders or dysderids, is a group of
medium-size ground dwelling spiders (Fig. 1), usually
found in warm and wet, but not damp, shaded ground

habitats. Most species are nocturnal wandering hunters
that spend daylight in silk retreats, in the leaf-litter,
under stones or dead logs (�Rez�a�c et al., 2007). Dysder-
ids are mostly found in forested areas, but they are not
uncommon in open habitats. They are also among the
most frequent and diverse groups of spiders in Mediter-
ranean caves (Deltshev, 1999; Culver and Sket, 2000;
Ribera, 2004; Mammola et al., 2018). Some species have
evolved morphological adaptations to the underground
habitat (i.e. troglobiomorphism), including eye reduc-
tion, appendage elongation and depigmentation.
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Dysderidae is mostly restricted to the Western Pale-
arctic, but it is particularly diverse around the Medi-
terranean Basin (Fig. 2). Its geographic distribution
extends from the European and North African Atlan-
tic coast eastward as far as Kashmir, southward to the
dry belt that runs from the Arabian Desert to the
Sahara and northward to about parallel 58°, above
which winters become too harsh to complete species
development. Most genera have relatively narrow dis-
tributions that largely correspond to the main Mediter-
ranean peninsulas. However, the distribution ranges of

the genera Harpactea Bristowe, 1939 and Dysdera
Latreille, 1804, match or, in the case of Dysdera,
extend beyond those of the rest of the family. Dysdera
has managed to colonize the Macaronesian archipela-
goes, a group of oceanic islands of volcanic origin on
the eastern side of the North Atlantic Ocean. In these
islands, Dysdera underwent a major diversification
process (e.g. more than 50 endemic species in the
Canary Islands (Arnedo et al., 2001) and 12 in
the Madeiran Archipelago (Crespo et al., 2021a)).
Moreover, the synanthropic species Dysdera crocata

Fig. 1. Representatives of the family Dysderidae. (a) Speleoharpactea levantina (Harpacteinae), credit A. Sendra; (b) Stalagtia hercegovinensis
(Harpacteinae), credit Jana Bedek; (c) Parastalita stygia (Rhodinae), credit Fulvio Gasparo; (d) Dysdera verneaui (Dysderinae), credit Pedro
Orom�ı.

Fig. 2. Dysderidae family distribution by subfamily. Areas where the only species present is the synanthropic Dysdera crocata are shown apart.
Distribution information obtained from the World Spider Catalogue (World Spider Catalog, 2023).
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C.L. Koch, 1839 has been introduced all over the
world (Cooke, 1965) (Fig. 2), and it is presently con-
sidered an alien invasive species (http://www.issg.org/),
although its effect on endemic invertebrates that
inhabit similar niches remains unknown.
Dysderidae is part of the superfamily Dysderoidea,

along with the worldwide distributed families Segestrii-
dae Simon, 1893 and Oonopidae Simon, 1890 and the
Gondwanan Orsolobiidae Cooke, 1965. The superfam-
ily monophyly is supported by the advanced location
of posterior tracheal spiracles, immediately behind the
spiracles of the book lungs, and the development of
the posterior wall of the bursal cavity of the female
vulva (Forster and Platnick, 1985). The four families
are also characterized by unusual holocentric chromo-
somes, which could constitute an additional synapo-
morphy (Kr�al et al., 2006). Cladistic analyses of
morphological data supported both the monophyly
of the superfamily and the sister relationship between
Oonopidae and Orsolobidae, but failed to resolve rela-
tionships among the remaining families (Platnick
et al., 1991; Ram�ırez, 2000).
The phylogenetic position of Dysderidae has also

been scrutinized using phylogenomic data in the con-
text of resolving interfamily relationships within spi-
ders. Most studies agreed in supporting Dysderoidea
and its sister group relationship with Caponiidae
Simon, 1890 and Trogloraptoridae Griswold, Audisio
& Ledford, 2012 (Garrison et al., 2016). However, they
disagreed in considering either Orsolobidae (Fern�andez
et al., 2018; Michalik et al., 2019; Kulkarni
et al., 2021; Ram�ırez et al., 2021) or Oonopidae as sis-
ter to Dysderidae (Kallal et al., 2021). Surprisingly,
recent analyses using ultra-conserved elements have
recovered a sister group relationship of Orsolobidae
and Segestriidae, which are in turn sister to Dysderi-
dae, albeit with low support (Kulkarni et al., 2023).
Although the monophyly of Dysderidae has never been

called into question, it has never been rigorously tested
either. The polarity of the characters generally used to
diagnose the family (labium long; parallel maxillae, longer
than labium; chitinous projections of lateral areas of the
sternum encircling the coxae, monopectinate claws, auto-
spasy between coxa and trochanter) have never been dis-
cussed. The only putative synapomorphy of the family is
the presence of an extremely elongated acrosomal vacuole
in the sperm cells (Michalik et al., 2004).
The family currently includes 644 species, ranking

18th among the 135 spider families (World Spider Cat-
alog, 2023). Dysderid species are grouped in 24 genera
and three subfamilies, Harpacteinae, Rhodinae and
Dysderinae, which are defined by the shape of the
frontal margin of the sternum and the presence of a
scopula, a tuft of dense hairs, replacing the middle tar-
sal claw (Cooke, 1965; Deeleman-Reinhold and Deele-
man, 1988). The shared presence of a wide labial

sternum border suggests that Rhodinae and Dysderi-
nae may be more closely related.
The distribution of species diversity among dysderid

genera, on the other hand, is highly skewed. Most of
the genera include barely a dozen species, seven
of them being monotypic. However, Harpactea (211
spp.) and Dysdera (326 spp.) are among the most
species-rich genera of spiders and make up more than
80% of the family diversity (World Spider Cata-
log, 2023). Several species groups have been proposed
to further classify the diversity of these two genera
(Alicata, 1966; Brignoli, 1978; Deeleman-Reinhold,
1993), and according to some authors the species
groups within Harpactea may deserve full genus status
(Alicata, 1966; Deltshev, 2011).
To date, most phylogenetic studies within the family

have largely focused on particular genera or species
groups (Arnedo et al., 2001, 2007, 2009; Mac�ıas-Hern-
�andez et al., 2008, 2010; �Rez�a�c et al., 2018; Crespo
et al., 2021a, b). The only subfamily to have been well
represented in molecular phylogenies is Dysderinae,
which has been found to be monophyletic, and its
internal structure is well supported (Bidegaray-Batista
and Arnedo, 2011; Bidegaray-Batista et al., 2014).
Conversely, the other two subfamilies have only been
represented by few representatives and studies have
yielded contrasting results. Wheeler et al. (2017) found
Harpacteinae to be sister to Dysderinae based on a
Sanger multi-locus approach, while Adri�an-Serrano
et al. (2021) recovered Rhodinae as sister to Harpactei-
nae using mitogenomic data. Platania et al. (2020) con-
ducted a Sanger mutli-locus analysis on a more
extended taxonomic sampling within Harpacteinae,
which revealed polyphyly of the subfamily, with one
lineage being closer to Rhodinae and the other one to
Dysderinae.
Dysderids are exceptionally conservative in terms of

morphology and ecology, and intrageneric diagnostic
characters are almost exclusively restricted to genitalia.
As haplogyne spiders, male palp and female vulva are
presumed to be simple. However, the dysderid repro-
ductive system shows several peculiarities. The copula-
tory bulb exhibits a large variation that spans from
the all-fused, pyriform bulb of Harpactocrates Simon,
1914 to well-developed distal haematodocha and tegu-
lar and embolic apophyses, as in Dysdera. On the
other hand, the typical single-duct vulva of haplogyne
spiders has been suggested to favour first male sperm
priority (Austad, 1984). However, the vulval structures
of some dysderids appear rather complex (Cooke, 1966;
Uhl, 2000a; Burger and Kropf, 2007), which has been
interpreted as evidence of cryptic female choice and/or
conflict between the sexes over removal or reposition-
ing of stored sperm within the female (Uhl, 2000b).
Finally, dysderid spiders are also known to possess a
peculiar sperm transfer form known as synspermia,
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characterized by fused spermatozoa surrounded by a
secreted sheath (Michalik and Ram�ırez, 2014). The
presence of synspermia is shared with other families
and constitutes the synapomorphy of the group known
as Synspermiata.
Some dysderids are also peculiar regarding their

feeding behaviour. Spiders, including dysderids, are
usually considered euryphagous predators, i.e. they
consume a large variety of prey. However, some spe-
cies within the species rich genus Dysdera have special-
ized on feeding on woodlice (Crustacea, Isopoda,
Oniscoidea). Woodlice are usually avoided by general-
ist predators because of their morphological (e.g. a
hard dorsal armour), chemical (e.g. repugnatorial
glands) and behavioural (e.g. rolling or clinging)
defences (Tuf and �Durajkov�a, 2022). Nonetheless, spe-
cialist predators, including some species of Dysdera,
grow faster and more efficiently while feeding on
woodlice (Pek�ar et al., 2016). Dysdera species special-
ized in feeding on woodlice have evolved modified che-
licerae with different morphologies (elongated, concave
or flattened), leading to different capture tactics (�Rez�a�c
et al., 2008). The degree of prey specialization corre-
lates with the degree of phenotypic modification and
physiological nutritional adaptation (�Rez�a�c
and Pek�ar, 2007; Bellvert et al., 2023). Interestingly, it
has recently been shown that prey specialization
evolved multiple times independently within the diver-
sification of Dysdera in the Canary Islands (�Rez�a�c
et al., 2021; Bellvert et al., 2023). Moreover, the
numerous species with overlapping distributions in the
archipelago tend to diverge in phenotypic characters,
which hints at the putative key role of intraspecific
competition in structuring local communities (Arnedo
et al., 2007).
Because of their peculiar anatomy, contrasting ecol-

ogy, high diversity and circumscribed distribution,
Dysderidae provide an excellent testing ground to eval-
uate competing hypotheses on species diversification
and its drivers. The extremely biased distribution of
species richness across its genera, for instance, pro-
vides ample opportunities for investigating external
and intrinsic factors responsible for shifts in diversifi-
cation rates. Similarly, the family is exceptionally well
suited for the study of insular evolution and offers a
comparative framework to study the tempo and mode
of evolution between islands and continents. More-
over, the restricted distributions of most genera
coupled with the well-known geochronology of the
Mediterranean region provide multiple biogeographic
calibrations to infer time-stamped phylogenetic trees
(Bidegaray-Batista and Arnedo, 2011), which helps to
alleviate the limitations of a sparse fossil record inher-
ent to many family level relationships with spiders and
other arthropods.

Central to the study of the evolutionary questions
posed by the family is the inference of a thoroughly
sampled, well-supported phylogeny. Here, we present
the results of a Sanger multi-locus phylogenetic analy-
sis, using mitochondrial (cox1, 16s and 12s) and
nuclear genes (h3, 28s and 18s) of an extensive taxo-
nomic sample within Dysderidae and across related
families in the clade Synspermiata. We further com-
bined fossil and biogeographic calibrations to estimate
a timeline of the evolution of the family and we used
this information to identify putative shifts in the diver-
sification rates of the group.

Materials and methods

Taxon sampling

Taxonomic information and the localities of specimens analysed
in the present study are listed in Table S1. We included all known
genera within Dysderidae, except for the monotypic genera Stalito-
chara Simon, 1913 and Rhodera Deeleman-Reinhold, 1989, which
may actually be junior synonyms of Dysdera (Ribera and
Arnedo, 1994). We sampled most of the species groups proposed in
the literature within the species-rich genera Dysdera and Harpactea,
and paid special attention to cave-dwelling representatives within
Rhodinae and Harpacteinae. Our outgroup included representatives
of all remaining families within the clade Synspermiata, to which the
Dysderidae belong (Michalik and Ram�ırez, 2014), except for Psilo-
dercidae and Telemidae. We rooted all trees assuming the families
Hypochilidae Marx, 1888, and Filistatidae Ausserer, 1867 are the
sister-groups to Synspermiata, as recovered in recent phylogenomic
analyses of spiders (Garrison et al., 2016; Fern�andez et al., 2018;
Shao and Li, 2018; Kallal et al., 2021).

Most Dysderidae specimens were collected in the field by the
authors, with the help of some colleagues. Several Harpacteinae and
Rhodinae specimens collected in the Dinaric Alps were kindly pro-
vided by the Croatian Biospeleological Society. Additional material
was kindly provided by many colleagues. Most outgroup sequences
were downloaded from the NCBI (National Center of Biotechnology
Information) public database (Geer et al., 2010).

Molecular procedures

Specimens collected in the field were fixed in 95% ethanol and
stored at �20 °C at the Universitat de Barcelona. In some cases, we
had to rely on specimens from 75% ethanol collections, which
yielded reasonable quality DNA for times of storage shorter than
5 years. Vouchers have been deposited at the Centre de Recursos de
Biodiversitat Animal (http://www.ub.es/crba/) in Barcelona, Spain,
and at the Croatian Biospeleological Society collection (https://www.
hbsd.hr/?lang=en) in Zagreb, Croatia.

We removed genitalia as vouchers and extracted total genomic
DNA from the second and third right legs or, if smaller than 5 mm,
from the whole specimen. We used two different commercial kits:
the Speedtools Tissue DNA Extraction Kit (Biotools) for general
extractions and the QIAamp DNA Micro Kit (Qiagen) for old or
poorly preserved samples (e.g. 75% ethanol stored at room
temperature).

DNA fragments of six genes were targeted in the present study,
three mitochondrial, namely cytochrome c oxidase subunit I (cox1)
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 10960031, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cla.12595 by C

ochrane C
roatia, W

iley O
nline L

ibrary on [24/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.ub.es/crba/
https://www.hbsd.hr/?lang=en
https://www.hbsd.hr/?lang=en
https://www.hbsd.hr/?lang=en
https://www.hbsd.hr/?lang=en


and the large (16s) and small (12s) ribosomal subunits, and three
nuclear, namely histone 3 (h3) and the large (28s) and small (18s)
ribosomal subunits. Sequences of all target genes were obtained in-
house, except for the 12s, which were downloaded from NCBI.
DNA amplification was carried out in a 20 lL reaction volume,
including 5 lL of MyTaq Red Reaction Buffer from Bioline (which
contains the four types of dNTPs (5 mM), MgCl2 (15 mM), stabilizers
and enhancers), 0.2 lL of both forward and reverse 0.1 lM primers,
0.2 lL of MyTaq Red DNA Polymerase from Bioline, 2–4 lL of
genomic DNA (depending on the quality of the sample) and ultra-
pure Milli-Q water to make up the final volume. The primer
sequences used in the amplification and subsequent sequencing are
listed in Table S2. The PCR conditions set for the amplification of
each gene and additional details about primer combinations and
their performance are included as Supporting Information
(Tables S3 and S4).

Unpurified PCR products were Sanger sequenced in both direc-
tions at Macrogen Inc. (Madrid, Spain), using the same amplifica-
tion primers. Raw sequences were assembled, edited and handled
using the software Geneious v11.1.2 (Kearse et al., 2012). The con-
tigs were queried against the online NCBI BLAST database to dis-
card possible contamination.

Phylogenetic analyses

Because of the absence of indel mutations, alignments of the cox1
and h3 protein coding genes were trivial. The ribosomal genes were
aligned using the online version of the program MAFFT v. 7 (Katoh
et al., 2019, available at http://mafft.cbrc.jp). We tried different
alignment strategies which yielded similar results, and selected the
G-INS-I algorithm, with default values (0.53 gap penalty, 0.123 off-
set value) for final concatenation.

Topological incongruence between genes was examined by infer-
ring individual gene trees using maximum likelihood as implemented
in the IQ-TREE software v1.6.1 (Nguyen et al., 2015) under a gener-
alized time-reversible model and 1000 replicates of ultrafast boot-
strap (Thi Hoang et al., 2018) (Figs S1–S6). Since we did not find
any significant incongruences, individual gene alignments were
concatenated in a supermatrix with Geneious. Non-sequenced frag-
ments were considered as missing data. The final matrix included
194 terminals and 6690 characters, with 48.18% missing data.

We assessed the impact of missing data on the results by analysing
matrices with increasing levels of compactness. We used trimAL v1.2
(Capella-Guti�errez et al., 2009) to generate matrices by removing col-
umns with more than 75, 50 and 25% gaps, respectively. The best
maximum likelihood tree for each matrix was inferred with IQtree
(same settings as before). The results proved that removal of missing
data had marginal or no effect either in the topology or on the sup-
port of the recovered clades (Figs S7–S10). Therefore, all subsequent
analyses were conducted on the entire data matrix.

We conducted phylogenetic analyses under different inference
methods (i.e. parsimony, maximum likelihood and Bayesian infer-
ence), to assess systematic error, i.e. the sensitivity of the results to
changes in methodological assumptions (Wheeler, 1995; Ribeiro
et al., 2012). Phylogeny reconstruction methods that incorporate
explicit models of evolution (e.g. maximum likelihood) have been
suggested to outperform non-parametric approaches (e.g. parsimony)
(Huelsenbeck, 1998; Felsenstein, 2004; but see Siddall and Whit-
ing, 1999; Pol and Siddall, 2001) because of their lesser sensitivity to
the presence of long branches in non-related taxa, i.e. the long
branch attraction artefact (Hendy, 1989). In recent years, the charac-
terization of more realistic evolutionary properties of nucleotide
sequences has sparked an ongoing debate on the relative perfor-
mance and advantages of parsimony vs. maximum likelihood
(Kolaczkowski and Thornton, 2004; Lockhart and Steel, 2005; Spen-
cer et al., 2005; Thornton and Kolaczkowski, 2005; Lockhart

et al., 2006; Simmons et al., 2006). Particularly controversial is the
concept of “heterotachy”, defined as the differences of evolutionary
rates at specific sites among lineages because of changing selective
constraints (Lopez et al., 2002). The relevance of heterotachy in the
context of phylogenetic reconstruction is that current maximum
likelihood implementations assume an identically distributed evolu-
tionary process for all sequence sites. A recent simulation study sug-
gested that parsimony can be better than standard likelihood at
recovering the true tree given heterotachy (Kolaczkowski and Thorn-
ton, 2004), although the results and conclusions have been criticized
on methodological and empirical grounds (Philippe et al., 2005;
Spencer et al., 2005). The limitations of current inference methods
advocate for a pluralistic approach, followed by a critical evaluation
of the results obtained under parsimony and model-based analyses
(Thornton and Kolaczkowski, 2005).

Parsimony analyses were conducted with TNT v1.5 (Goloboff and
Catalano, 2016). We implemented a driven new technology search
strategy consisting in the combination of sectorial searches, ratchet,
drift and tree fusing, set to hit independently 10 times the minimum
length. Support values were estimated by jackknifing frequencies
derived from 1000 resampled matrices, using 10 random addition
sequences, and retaining 10 trees per replication, followed by TBR
(tree bisection and reconecction) and TBR collapsing to calculate the
consensus. Parsimony analyses were conducted under two different
gap scoring strategies. First, we analysed the complete matrix, con-
sidering the gaps as missing data. Second, we scored the gaps as
additional presence/absence characters according to a set of rules
based on gap overlapping and sharing of the 50 and/or the 30 termini
(Simmons and Ochoterena, 2000). This coding implementation mini-
mizes the effect of increasing the weight of overlapping multiple
non-homologous gaps that results from scoring gaps as an additional
state (Pons and Vogler, 2006). Automatic recording of the gaps was
conducted with the program FastGap v1.2 (Borchsenius, 2009).

The best-fit partitioning scheme and nucleotide substitution
models for model-based inference were selected with Partition Finder
v2.1.1 (Lanfear et al., 2017). We predefined 10 partition blocks and
six possible partition combination schemes (Table S5) and tested
them based on the Bayesian information criterion. Preliminary trees
were obtained with PhyML (Guindon et al., 2010) assuming linked
branches. The best partition scheme consisted of 10 partitions (by
gene and by codon position in protein coding sequences). Further
information on partition scores and best-fit nucleotide evolution
models are summarized in Tables S5 and S6.

Maximum likelihood analyses on the concatenated matrix were
carried out with two different programs, IQtree v1.6.2 (Nguyen
et al., 2015) and RAxML v8.2.10 (Stamatakis, 2014). The IQtree
analysis was run under the preferred partition and evolutionary
models, with 1000 replicates of complete non-parametric bootstrap
and edge equal partition model (Chernomor et al., 2016). For the
RaxML analysis, we defined the preferred partition scheme, but used
the generalized time-reversible model instead. We accounted for het-
erogeneity with the CAT approximation, which integrates rate
heterogeneity at a low computational cost (Stamatakis, 2006). The
tree search strategy in RAxML consisted of 1000 iterations (distinct
starting trees). Support values were estimated with multi-parametric
bootstrapping and a random seed value of 12 345. Bootstrapping
was halted automatically when it fulfilled the extended majority-rule
consensus tree criterion (autoMRE), which ensures enough bootstrap
replicates to recover stable support values.

Bayesian inference was implemented with MrBayes v3.2.6 (Ron-
quist and Huelsenbeck, 2003) under two different partition schemes,
the best partition scheme (10 partitions) and a simplified partition
scheme by gene (six partitions) (Tables S5 and S6). In both cases,
the analysis consisted of two Markov Chain Monte Carlo runs of 50
million generations, sampling trees and parameters every 1000 gener-
ations. Each run included eight chains with a “heating temperature”
of 0.15. We ensured that the Markov chains had reached
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stationarity, and we examined the effective sample size values and
the convergence of the independent run chains with the program
TRACER v. 1.7 (Rambaut et al., 2018). The burn-in was set to the
25% first generations, after confirming in TRACER that it was
enough to remove suboptimal generations. The posterior probability
of the clades was used as a measure of support. All model-based
analyses were run remotely on the CIPRES Science Gateway (Miller
et al., 2010).

The obtained trees were visualized with FigTree v1.4.3 (Ram-
baut, 2009). To assess the sensitivity of the recovered clades to
changes in the analytical procedure (i.e. inference methods, gap cod-
ing strategies and software), we selected the best resolved tree and
mapped on it the support levels obtained for each clade with each of
the methodologies.

Timetree estimation

We inferred a timeline for the diversification of Dysderidae and
related outgroups within a Bayesian framework. Before running the
analyses, and to reduce the branch length heterogeneity, we removed
terminals with branch lengths over 0.25, as estimated in the consen-
sus tree inferred in MrBayes with 10 partitions, unless they were the
only representative of its family. Additionally, we removed short
branches (<0.02), unless they involved calibration points (see below),
under the assumption that they most likely represented coalescent
relationships within species. Each coalescent clade was represented
by the member with the greater number of sequenced genes.

Multiple calibrations are desirable when using relaxed-clock
models because they help to identify the patterns of evolutionary
rate variation among lineages (Ho and Phillips, 2009). Here, we
combined calibration points based on both fossil data (seven, includ-
ing root constraint) and biogeographic events (six) (see Table S7 and
Figs S17 and S18). Fossil calibration points were mostly defined
according to the revision on the fossil record of spiders by Magal-
haes et al. (2020). The only exception was Dasumiana emicans Wun-
derlich, 2004, from Baltic amber, originally proposed as a crown
Harpacteinae assuming its close relationship to extant genus Dasu-
mia Thorell, 1875. However, our results (“Timetree estimation” sec-
tion) suggests that Dasumia may not be monophyletic, and hence we
used it as a minimum constraint for the stem Harpacteinae instead.
We included fossil constraint information as prior log–normal distri-
butions of the selected nodes. Because of the sparse fossil record of
spiders, we used a hyperprior (uniform distribution) on the mean
(M ) of the log–normal prior distribution to avoid a false sense of
accuracy on any specific number. Additionally, we constrained the
root of the tree by defining a uniform prior ranging from 164 Ma—
the minimum age of Eoplectreurys gertschi Selden & Huang, 2012
(Daohugou Beds, China), which has been interpreted as a stem Syn-
spermiata (Magalhaes et al., 2020)—to 374 Ma (South Mountain,
New York), the minimum age for the split of spiders (Araneae) from
their sister extinct lineage Uraraneida (Selden et al., 2008).

We derived biogeographic information on time from two main
sources, namely vicariant events and colonization of oceanic islands.
We included two vicariant events, the Hercynian belt opening, dated
at 33–25 Ma (Rosenbaum et al., 2002; Schettino and Turco, 2006),
and the opening of the Strait of Gibraltar, dated at approximately
5.3 Ma. Previous studies have demonstrated that the split of the Ibe-
rian and the island species of the dysderid genus Parachtes Alicata,
1964 was most likely the result of the opening of the western Medi-
terranean Basin resulting from the Hercynian belt opening
(Bidegaray-Batista and Arnedo, 2011). Therefore, we constrained a
normal prior distribution on the corresponding node with mean
29 Ma and standard deviation 2.5. Similarly, the opening of the
Strait of Gibraltar, following the Messinian Salinity Crisis, was
assumed to have caused the split of the Iberian species Dysdera iner-
mis Ferr�andez, 1984 and its sister species in Morocco. In this case

we set a normal prior distribution to the corresponding node in the
tree with mean 5.3 and standard deviation 0.5.

Regarding island colonization events, the chronological arrange-
ment of islands in volcanic hot-spot archipelagos provides hard max-
imum bounds on divergence times for the lineages inhabiting the
islands (Fleischer et al., 1998), assuming that the diversification was
a consequence of the island colonization but may have occurred
much later than the island formation (Ho and Phillips, 2009). The
diversification of the genus Dysdera in the Canary Islands provides
multiple examples of sister species, or populations, distributed on
neighbouring islands (Mac�ıas-Hern�andez et al., 2008, 2016), which
can be used as calibration points. Specifically, we used the age of La
Palma (2 Ma) (Carracedo and Day, 2002) as a maximum bound for
the split of the sister lineages within the species D. silvatica Schmidt,
1981 and D. calderensis Wunderlich, 1987 in La Gomera and La
Palma. Similarly, the age of El Hierro (1.2 Ma) (Carracedo and
Day, 2002) was established as a maximum bound for the split of the
sister lineages of both D. silvatica and D. gomerensis Strand, 1911 in
La Gomera and El Hierro. To account for the possibility of
within-island divergences predating the colonization of the new
island, as well as the possibility that colonization post-dated island
emergence, we defined a normal prior distribution on the split of the
corresponding island lineages, with the island age as mean and stan-
dard deviation 1 for La Palma and 0.5 for El Hierro (Table S6).

Since the use of geological events (Hipsley and M€uller, 2014) and
island age (Heads, 2011) for time estimation has been criticized, we
conduct analyses with and without biogeographic information. Con-
strained nodes were forced to be monophyletic to ensure that prior
distributions were correctly assigned and to speed up analyses. In all
cases, the constrained nodes had already been shown to be sup-
ported in non-time-aware phylogenetic analyses, except for the sister
group relationship of the Synspermiata and the Hypochilidae + Filis-
tatidae lineage, which was not supported in our analyses but has
been systematically recovered and supported in phylogenomic ana-
lyses (Garrison et al., 2016) and in analyses with more extensive tax-
onomic sampling (Wheeler et al., 2017).

Time divergence estimation analyses were conducted under a Bayes-
ian uncorrelated relaxed molecular clock approach as implemented in
BEAST v2.6.3 (Bouckaert et al., 2019). To facilitate correct mixing
and chain convergence, we reduced the number of parameters by
defining a partition by gene (six partitions) instead of the preferred 10
partition scheme (Table S8). The best-fit models selected by Partition-
finder for each partition are given in Table S9. The best tree prior and
clock for each individual gene were selected using Bayes factors, esti-
mated by means of Path and Stepping Stone sampling (Baele
et al., 2013) (Table S9). We generated a starting tree including time
constraints with the program PATHd8 (Britton et al., 2007).

Preliminary analyses were conducted to cross-validate the multiple
calibration points included and to fine tune the different parameters.
These analyses consisted of single chain runs of 50 million genera-
tions, sampling every 10 000 generations. For the final analyses,
three independent chains were run under selected priors for 100 mil-
lion generations, sampling every 10 000 generations. Convergence
among runs and correct mixing of the chains was monitored with
TRACER v.1.7 (Rambaut et al., 2018). In the analyses that included
biogeographic calibrations, the first 15% of generations from each
chain were removed as burn-in. For analyses without biogeographic
information the burn-in was set to 10, 10 and 30% of
generations respectively. Finally, runs were combined with the help
of the BEAST accompanying programs LOGCOMBINER and
TREEANNOTATOR.

Diversification rates

We investigated shifts in diversification rates within the family in
a Bayesian framework using the computer program BAMM
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(Rabosky, 2014; Rabosky et al., 2017) and the R package BAMM-
tools (Rabosky et al., 2014). We accounted for undersampling by
estimating the proportion of species represented in the analyses out
of the total species known in each genus (sampling fraction). In the
case of genera that were recovered as non-monphyletic, we assigned
non-sampled currently accepted species (World Spider Catalog, 2023)
to the identified clades based on morphological traits. Our current
knowledge of dysderid taxonomy is far from complete, and many
new species await formal description. For each genus/clade, we did
correct the total number of species by adding species that we are
aware are awaiting formal description, based either on our own
knowledge or from personal communication from collaborators
(Table S11). We assessed the impact of prior parameterization on
our results by conducting analyses under different priors for the
number of expected shifts (expectedNumberofShifts = 0.1; 1; 5; 10).

Results

The final dataset consisted of 220 specimens repre-
senting 18 families, 16 of them belonging to the Syn-
spermiata clade, plus Hypochilidae and Filistatidae,
which were included to root the trees. The family Dys-
deridae was exhaustively sampled, including 115 speci-
mens representing at least 66 species and 23 out of the
25 recognized genera. The final data matrix consisted
of 194 terminals. To maximize matrix occupancy, we
combined sequences of different specimens into 22 sin-
gle chimeric terminals (see Table S1). After

concatenation, we obtained 6690 characters
(cox1 = 1076 bp, 16s = 558 aligned positions,
18s = 1785 aligned positions, 28s = 2562 aligned posi-
tions, h3 = 328 bp, 12 s = 381 aligned positions)
(Table S4). About 48% of the entries were
missing data.

Phylogenetic inference

The trees inferred with the different analytical proce-
dures were topologically highly congruent. We used
the maximum likelihood tree topology obtained with
RAxML to summarize the support values obtained in
all of the analyses (Figs 3–6). Trees from each analysis
are available as supplementary material (Figs S11–
S16).
In general, posterior probabilities provided higher

support values, followed by the maximum likelihood
bootstrap and the parsimony jackknife. Overall, parsi-
mony trees were less resolved, particularly at the
higher taxonomic levels, but in agreement with
the other methods. The topology and supports in the
parsimony trees obtained with the gaps as missing data
and the gaps scored as absence/presence did not differ
significantly, and hence the model-based analyses were
conducted with the gaps as missing data only.

Filistatidae
Caponiidae

Ochyroceratidae
Scytodidae

Periegopidae
Drymusidae

Sicariidae
Tetrablemmidae

Plectreuridae
Diguetidae

Pacullidae
Pholcidae

Trogloraptoridae
Segestriidae

Orsolobidae
Oonopidae

Dysderidae

0.3

Harpacteinae

Rhodinae

Kaemis clade

Dysderinae

Hypochilidae

SCYTODOIDEA

PHOLCOIDEA

DYSDEROIDEA

SY
N

SP
ER

M
IA

TA

Fig. 3. Summary phylogenetic tree from concatenated analyses. RAxML maximum likelihood tree summarizing parsimony, maximum likelihood
and Bayesian inference supports. Clade supports indicated in each node. Black square, supported by parsimony jackknife and maximum likeli-
hood bootstrap >80%, or posterior probability >0.95; grey square, clade recovered but support <80% or 0.95 respectively; white squares, clade
not recovered. Left column, parsimony, gaps as missing data (above), gaps as absence/presence (below); central column, maximum likelihood,
IQtree (above), RAxML (below); right column, Bayesian inference, six partitions (above), 10 partitions (below).
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The model-based analyses recovered monophyly of
all of the included families, most of them supported.
However, interfamily relationships were poorly
resolved. The superfamilies Dysderoidea, Scytodoidea
and Pholcoidea were recovered in model-based
approaches and supported in Bayesian analyses. Parsi-
mony analyses, on the other hand, failed to recover
the monophyly of Dysderidae, and also Filistatidae
and Oonopidae in the case of the “absence/presence”
coding. The position of Caponiidae and Trogloraptori-
dae was conflicting across analyses, yet poorly sup-
ported. Caponiidae was never recovered as sister to
Dysderoidea, as found in recent phylogenomic ana-
lyses (e.g. Kallal et al., 2021; Kulkarni et al., 2021),
and its unstable position was responsible for the para-
phyly of Synspermiata, recovered in most analyses
albeit with low support. Our analyses recovered, albeit
with low support with parsimony, the sister group
relationship of Scytodoidea and Pholcoidea. Interest-
ingly, branches in Pholcidae, C. L. Koch, 1850 and, to
a lesser extent, Scytodidae Blackwall, 1864 and Oono-
pidae, were all longer than the average, suggesting an
acceleration of the substitution rates in these lineages.
In all analyses, except parsimony with gaps re-

coded, the world-wide distributed family Oonopidae
was recovered sister to Dysderidae, albeit with low
support. Within the family Dysderidae (Figs 4–6), the
different analytical procedures generally converged in
similar topologies. The subfamilies Rhodinae and

Dysderinae were recovered as monophyletic and sup-
ported in most of the analyses. Conversely, Harpactei-
nae was not recovered as monophyletic in any of the
analyses, mostly owing to the unstable position of a
supported clade (Kaemis clade henceforth) formed by
the genus Kaemis Deeleman-Reinhold, 1993, and the
monotypic cave-dwelling genera Sardostalita Gasparo,
1999 and Speleoharpactea Ribera, 1982. The Kaemis
clade was recovered as sister to Dysderinae in the
model-based analyses, a relationship supported by
Bayesian inference. The remaining Harpacteinae
formed a supported clade (Harpacteinae henceforth),
recovered as sister to the Dysderinae + the Kaemis
clade, albeit with low support except in the Bayesian
analyses.
All genera within Rhodinae and Dysderinae (Figs 4

and 5) were recovered as monophyletic. Conversely,
most genera within Harpacteinae (Fig. 6) did not form
monophyletic groups. Specifically, the genus Folkia
Kratochv�ıl, 1970 was split into three distantly related
lineages, and the representatives of Harpactea and
Dasumia were intermingled within the clade.

Timetree estimation

After removal of too long and too short branches,
the final data matrix for the dating analyses consisted
of 157 terminals, 97 of them belonging to Dysderidae.
The Bayes factor comparisons yielded strong evidence

RHODINAE

Stalita taenaria (HR) MP041

Rhode magnifica (ME) MP001

Parastalita stygia (SI) K461

Rhodinae Gen. sp. (HR) PK0866

Stalita hadzii (SI) K456

Mesostalita sp. 1 (HR) MP111

Mesostalita sp. 3 (HR) MP036

Rhode scutiventris (MA) K353

Mesostalita kratochvili (BA) MP004

Stalita pretneri (HR) MP026

Stalitella noseki (ME) PK0868

Mesostalita nocturna (SI) K459

Mesostalita comottii (HR) PK0871

Stalita taenaria (SI) K457

Mesostalita sp. 2 (HR) MP107

Rhode sp. 2 (HR) MP093

Rhode sp. 1 (HR) PK0859
Rhode stalitoides (BA) PK0870

Rhode sp. 1 (HR) MP123

Rhode biscutata (IT) K351

Rhode aspinifera (SI) PK0801

0.3
Harpacteinae

RHODINAE
Kaemis clade

Dysderinae

Fig. 4. Detail of the subfamily Rhodinae as recovered in Fig. 3. Supports coded as in Fig. 3. Species names coloured by genus. Terminals in
black are either species represented by a single specimen or unidentified. Photo: Stalita pretneri (Rhodinae), credit Tin Ro�zman.
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for the use of the Birth–Death tree and the relaxed
log–normal clock priors, under both the path and the
stepping-stone sampling (Table S10).
The results of the Bayesian tree dating inference are

summarized in Fig. 7. Comparison between results of
the analysis conducted using all calibration points and
only those referred to fossils (Figs S17–S19) revealed a
consistent pattern of slightly older ages (approximately
10 Ma in average) in the second, although confidence
values largely overlapped. These differences were also
reflected in the estimated substitution rates (ucdl.mean
parameter) of the mitochondrial genes, which were
higher in the analyses with all calibrations—0.011
(0.008–0.013), 0.006 (0.005–0.007), 0.006 (0.005–0.007)
for cox1, 16s and 12s, respectively—than in the

analyses with fossil calibrations only—0.009 (0.007),
0.005 (0.004–0.0055) and 0.005 (0.004–0.006). Differ-
ences in the rates of the nuclear genes, on the other
hand, were hardly noticeable. Since estimates of the
substitution rates with all calibration points are closer
to estimates available in the literature from former
studies, and they are more in agreement with indepen-
dent evidence for the origin of some land masses (e.g.
the Canaries), we will further discuss the results of
analyses with all calibrations only.
The topology of the dating tree mostly mirrored the

results of the non-time-constrained Bayesian phyloge-
netic analyses. The Dysderidae split from its sister
group, the Oonopidae, at 121.1 Ma (95% confidence
interval 132.3–110.2 Ma) and its extant diversity was

Kaemis CLADE

DYSDERINAE

Dysdera calderensis G (ES-CN) N358

Dysdera cf. inermis (MA) K226

Dysderocrates silvestris (HR) K158

Dysdera gomerensis G (ES-CN) LB132

Dysdera inermis (ES) K228

Speleoharpactea levantina (ES) K288

Kaemis sp. n. 1 (ES) LB108

Dysdera silvatica P (ES-CN) N347 / K016

Kaemis aeruginosus (ES) K201

Dysdera calderensis P (ES-CN) K103

Dysdera silvatica G (ES-CN) K094

Dysderocrates egregius (RO) LB107

Dysdera silvatica H (ES-CN) N362 / X117
Dysdera gomerensis H (ES-CN) LB133

Dysdera catalonica (ES) K105

Dysdera sp. (gr. aculeata) (AZ) K304
Dysdera festai (GR) K375

Dysdera alegranzaensis (ES-CN) K112

Dysdera crocata (ES) K418

Dysdera ninnii (SI) X107
Dysdera punctata (GR) K323

Tedia oxygnatha (LB) K408

Dysdera westringii (CY) K309

Harpactocrates apennicola (IT) K350

Sardostalita patrizii (IT-88) G83

Kut troglophilus (TR) K306

Parachtes romandiolae (IT) K352

DDysderocratess sp.. (TR)) K396

Parachtes limbarae (IT-88) K475
Parachtes teruelis (ES) K204

Parachtes loboi (ES) LB106
Hygrocrates lycaoniae (GR) K376

Harpactocrates globifer (ES) K382

Kaemis sp. n. 2 (IT-88) LB313

Harpactocrates radulifer (ES) K060

Cryptoparachtes sp. (TR) K484

Dysdera caspica (AZ) K293

Dysdera cf. asiatica (TR) K399

Dysdera longirostris (GR) K302

Dysderinae Gen. sp. (GR) G46

0.3
Harpacteinae

Rhodinae
Kaemis CLADE

DYSDERINAE

Fig. 5. Detail of the subfamily Dysderinae and the Kaemis clade as recovered in Fig. 3. Supports coded as in Fig. 3. Species names coloured by
genus. Terminals in black are either species represented by a single specimen or unidentified. Photos: Kaemis paitidarum (Kaemis clade, above),
credit Marc Dom�enech Andreu; and Dysdera portsensis (Dysderidae, bellow), credit Marc Dom�enech Andreu.
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traced back to 112.1 Ma (124.2–99.9 Ma), both during
the Early Cretaceous. The diversification of its four
main lineages started at a similar time window, during
the Late Cretaceous: 88 Ma (101.5–73.7 Ma) for the
Rhodinae, 77.5 Ma (88–67 Ma) for the Dysderinae,

76.9 Ma (88.7–66) for the Harpacteinae and 68 Ma
(82.6–54 Ma) for the Kaemis clade.
Interestingly, some lineages formed mostly by cave-

adapted species had long stem branches, dating back
to the Palaeocene or earlier, but they did not start

Rubicunda

Hombergi

Corticalis

Lepida

H
A

R
PA

C
TE

IN
A

E

Harpactea damini (HR) MP165

Folkia sp. 2 (HR) MP141

Stalagtia hercegovinensis (HR) K255

Holissus unciger (FR-COR) K480

Folkia sp. 4 (HR) MP170

Stalagtia skadarensis (ME) MP177

Harpactea sp. 4 (HR) MP181

Folkia sp. 5 (HR) MP127

Harpactea cf. longobarda (UA) K431

Harpactea hombergi (ES) K031

Stalagtia sp. 1 (HR) MP168

Harpactea deltshevi (BG) K445

Folkia mrazeki (ME) MP136

Harpactea sp. 22 (BA) MP140

Harpactea rucnerorum (HR) K254

Folkia sp. (BA) MP135

Harpactea sp. 2 (HR) MP142

Folkia inermis (HR) K451

Harpactea grisea (IT) K452

Stalagtia sp. 3 (ME) MP175

Harpactea cf. rucnerorum (HR) MP148

Harpactea cf. coccifera (GR) K319

Stalagtia monospina (ME) MP130

Harpactea fageli (ES) K247

Stalagtia sp. 2 (HR) MP161

Stalagtia hercegovinensis (BA) MP137

Folkia haasi (HR) K257

Stalagtia sp. 3 (BA) MP169

Harpactea sp. 3 (HR) MP145

Stalagtia sp. 4 (HR) MP128

Harpactea villehardouini (GR) K440

Dasumia taeniifera (IT) K349

cf. Stalagtia sp. (TR) K443

Harpactea catholica (GR-M) G47

Harpactea cecconii (CY) PK0844

Dasumia sp. (LB) PK0816

Harpactea persephone (GR-M) RA086
Dasumia crassipalpis (IL) PK0831

Harpactea rubicunda (UA) K429

Harpactea cf. rubicunda (BG) K446

Dasumia sp. 6 (GR) K303

Dasumia sp. 2 (HR) PK0836

Harpactea sturanyi (GR) K377
Dasumia amoena (HR) MP147

Minotauria attemsi (GR-M) K453

Dasumia canestrinii (IT) K449

Dasumia carpatica (CZ) K332

Folkia cf. boudewĳni (HR) MP134
Folkia sp. 1 (HR) MP143

Folkia sp. 6 (HR) MP150

0.3
HARPACTEINAE

Rhodinae
Kaemis clade

Dysderinae

Fig. 6. Detail of the Harpacteinae clade as recovered in Fig. 3. Supports coded as in Fig. 3. Species names coloured by genus. Terminals in
black are either species represented by a single specimen or unidentified. Photo: Harpactea hombergi (Harpacteinae), credit Marc Dom�enech
Andreu.
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Fig. 7. Chronogram inferred with BEAST. Node labels correspond to the estimated age. Bars on nodes show the 95% confidence intervals on the
node age. Red circles correspond to supported nodes (posterior probability >0.95). Collapsed groups within Dysderidae correspond to nominal gen-
era in the case of Dysderinae, Rhodinae and Kaemis clade, and to species groups as coded for the BAMM diversification analyses for Harpacteinae.
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diversifying until the Early Oligocene. Specifically, the
Rhodinae lineage including Mesostalita Deeleman-
Reinhold, 1993, Parastalita Absolon & Kratochv�ıl,
1932, Stalita Schi€odte, 1847 and Stalitella Absolon &
Kratochv�ıl, 1932 split from Rhode Simon, 1882 at 88
Ma (101.5–73.7 Ma), although extant diversity in the
group was much more modern, and dated back to
30.3 Ma (37.8–23.7 Ma). Similarly, the Folkia lineages
split from its closest relatives at 60.6 Ma (71–50.1 Ma)
and 69.6 Ma (81–58.2 Ma), respectively, but did not
start diversifying until 21.1 Ma (27.3–15.5 Ma), 17.8
(22.5–13.1 Ma) and 33.8 Ma (44.7–23.1 Ma),
respectively. Other relevant estimates involved the
cave-dwellers Sardostalita patrizii (Roewer, 1956) from
Sardinia and the northeastern Iberian Speleoharpactea
levantina Ribera, 1982, which split at 35.3 Ma (58.1–
13.7 Ma).

Diversification rates

The use of alternative priors on the number of rate
shifts had little effect on the results, suggesting that
the analyses were robust to prior influence. Therefore,
we only report the results obtained with prior rate
shift of 1, summarized in Tables S12–S14. BAMM
identified up to five rate shifts, although the three with
the highest posterior probability accounted for almost
80% of the probability. Bayes factors indicated strong
evidence for a shift in diversification dynamics some-
where near the origin of Dysdera (Fig. 8). The configu-
ration with the highest probability indicated a shift
along the branch leading to Dysdera with the exclusion
of the first offshoot within the genus, encompassing D.
adriatica Kulczy�nski, 1897 and D. caspica (posterior
distribution = 0.68). The second shift was assigned
along the branch leading to the last common ancestor
of Tedia Simon, 1882 and Dysdera (0.21), and the
third to the branch leading to Dysdera (0.06). The esti-
mated speciation rates in the nodes with shifting rates
(lowest 0.13, quartiles = 0.07–0.021) were more than
twice the overall tree rate (0.06, 0.05–0.08).

DISCUSSION

Origin and diversification of Dysderidae

Because of their conservative morphology and ecol-
ogy, the monophyly of Dysderidae has never been seri-
ously questioned. Surprisingly, some of our analyses
either did not recover (parsimony) or yielded low sup-
port (maximum likelihood) for the family’s mono-
phyly. Oonopidae was the closest Dysderidae relative
in all our analyses, albeit with low support, and the
few instances of non-monophyly were due to the inclu-
sion of this family within the Dysderidae (Fig. 3;

Figs S11–S16). However, most previous studies have
either recovered (Wheeler et al., 2017) or unambigu-
ously supported (Fern�andez et al., 2018; Michalik
et al., 2019; Kulkarni et al., 2021; Ram�ırez et al.,
2021) the Gondwanic family Orsolobidae as sister to
Dysderidae. The long branches of the oonopids
observed in our trees may hint at an artefactual posi-
tion owing to a long branch attraction effect (Berg-
sten, 2005). Although most of the outgroup sequences
used in our study come from Wheeler et al. (2017), the
sparser taxonomic sampling across outgroups in our
study may have exacerbated the branch length dissimi-
larity. It is interesting to note that a previous study on
false violin spiders (Synspermiata: Drymusidae Simon,
1889) using similar markers and outgroup sampling
also recovered Oonopidae as sister to Dysderidae
(Labarque et al., 2018).
Our time estimates traced the origin of the Dysderi-

dae back to the Early Cretaceous, approximately
120 Ma (95% confidence interval 132.3–110.2 Ma)
(Fig. 7). Interestingly, these estimates match the time
of formation of the Tethys Sea, which marked the
complete separation of Gondwana from Laurasia,
approximately 120–100 Ma (McIntyre et al., 2017). If
the sisterhood between the Gondwanic Orsolobidae
and the Laurasian Dysderidae, supported in multiple
phylogenomic analyses, holds, our time estimates will
point towards the involvement of the continental split
in the origin of Dysderidae. On the other hand, tec-
tonic and palaeogeographic–palaeoenvironmental
reconstructions indicate that during the Late Creta-
ceous (100.5–66 Ma), a shallow epicontinental sea dot-
ted with variously sized islands covered most of what
is now Europe (Seton et al., 2009; Csiki-Sava
et al., 2015). The isolation or colonization of the pri-
mary land masses within this Cretaceous archipelago
offers an alternative plausible explanation for the
family’s origin, characterized by its relatively con-
strained distribution, predominantly confined to the
circum-Mediterranean region, despite its remarkable
species richness. Additionally, these factors probably
contributed to the divergence of its major lineages.
Our results suggest a substantial temporal overlap with
the divergence of Dysderidae subfamilies, with a time
window of 120–80 Ma.
It is important to note that one of our calibration

points depends on the monophyly of the
Onychoceratidae family. This family was found in the
most up-to-date spider phylogeny, in terms of markers
and taxonomic sampling, albeit with low support
(Kulkarni et al., 2023). However, this finding has been
challenged by recent total evidence analyses of the Scy-
todoidea superfamily (Magalhaes et al., 2022).
Overall, our phylogenetic analyses supported cur-

rent subfamily divisions of dysderids, except for Har-
pacteinae that was resolved as paraphyletic regarding
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Dysderinae. These results were already advanced by
Platania et al. (2020), although with a sparser taxo-
nomic sampling. Although never explicitly tested, the
shared presence of a long labial margin of the ster-
num suggested that Rhodinae and Dysderinae were
more closely related (Deeleman-Reinhold and Deele-
man, 1988), which stand at odds with our results.
Our analyses split Harpacteinae into two well-
supported clades, one including the bulk of the gen-
era and a second one, closer to Dysderinae (the Kae-
mis clade), encompassing the two cave-dwelling
monotypic genera Sardostalita and Speleoharpactea,

and the mostly edaphic genus Kaemis (Figs 5 and 6).
The last genera were originally included in Harpactei-
nae owing to the trapezoidal frontal margin of the
sternum and the absence of claw tufts. However, they
share some traits that differ from the rest of Harpac-
teinae and support their monophyly, such as spineless
legs, barrel-like male palpal tegulum, and large and
long posterior diverticle of the vulva. Nevertheless,
there are no evident morphological synapomorphies
to support its closest relationship to Dysderinae.
Based on current knowledge we suggest that the Kae-
mis clade could constitute a fourth subfamily within
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Dysderidae, but that will be dealt with in further
research.
Additional characters are needed to support subfam-

ily relationships and reject Harpacteinae monophyly,
as only model-based approaches recovered the sister
group relationships among Dysderinae, the Kaemis
clade and Harpacteinae.

An unexpected lineage

Interestingly, the Kaemis clade lineage (Fig. 5)
includes both cave-dwellers and edaphic species, some
of which have been found in deep pitfall traps in the
mesovoid shallow substratum. This highlights the pos-
sible role of the mesovoid shallow substratum as a
stepping-stone stage towards cave adaptation (White
and Culver, 2007). The closer relationship recovered
between Spleoharpactea and Sardostalita is supported
by their cheliceral teeth. Both bear three teeth on the
promargin and one basal tooth on the retromargin,
while Kaemis has two on the promargin and two on
the retromargin, the same condition as observed in
Harpacteinae. Sardostalita patrizii is endemic to Sar-
dinia and Speleoharpactea levantina is found in the
karstic region between northern Valencia and southern
Catalonia, in the northeastern Iberian Peninsula. Inter-
estingly, before the early Oligocene (30 Ma), these
areas were part of a continuous block called “Greater
Iberia”, but subsequently fragmented and separated
during the opening of the Western Mediterranean
Basin (Siravo et al., 2023). Our timeline estimates are
fully congruent with these geological events (time of
split 35.3, 58.1–13.7 Ma), providing additional evi-
dence of the relevance of tectonic events for the diver-
sification of Mediterranean biota (Bidegaray-Batista
and Arnedo, 2011).

A taxonomic nightmare

Our results indicate a state of taxonomic confusion
in the core lineage of Harpacteinae, with almost all
genera found to be non-monophyletic (Fig. 6). These
results were largely expected, since several authors had
already acknowledged the rather poor definition of the
Harpacteinae genera (Chatzaki and Arnedo, 2006;
Deltshev, 2011). It has long been accepted that Har-
pactea was not a natural group, but rather a general-
ized form from which more specialized lineages
evolved (Deeleman-Reinhold, 1993). The recent molec-
ular analysis in Platania et al. (2020) already corrobo-
rated these observations, confirming the polyphyly of
Harpactea. Several species groups have been proposed
in the literature to further classify Harpactea species
owing to their heterogeneity (Alicata, 1966;
Brignoli, 1978; Deeleman-Reinhold, 1993). Deeleman-
Reinhold’s classification (1993) has been mostly

adopted by subsequent authors, either describing new
species or completing former descriptions. It includes
four groups, namely corticalis, hombergi, lepida and
rubicunda, defined by female vulva traits, which were
more reliable than the male bulb traits used in Alica-
ta’s and Brignoli’s proposal (although some groups
partially overlap). Some authors have already pro-
posed to elevate these groups to the genus level (Delt-
shev, 2011). Mapping species groups onto our
phylogenetic trees would partially support their generic
status (Fig. 6). The rubicunda group would also
include the nominal species of Dasumia and Mino-
tauria Kulczy�nski, 1903. Deeleman-Reinhold (1993)
already recognized the blurred limits between Dasumia
and the rubicunda group, and suggested the inclusion
in the group of the epigean Stalagtia Kratochv�ıl, 1970
from the Aegean and Anatolia, represented and con-
firmed in our analysis by cf. Stalagtia sp. (TR). The
lepida group was recovered as monophyletic, support-
ing the results of Platania et al. (2020), which included
a larger sampling of this particular group. Finally, the
corticalis group rendered the hombergi group as para-
phyletic. It should be borne in mind, however, there
are still numerous lineages that would not fit into this
classification.
The genus Folkia was also split into different lineages

in our analysis. The first clade would probably include
the nominal species Folkia boudewijni Deeleman-
Reinhold, 1993, and was recovered as more closely
related to the rubicunda group + Dasumia + Mino-
tauria clade. A second clade, encompassing the type spe-
cies Folkia inermis (Absolon & Kratochv�ıl, 1933) and
the nominal species Folkia haasi (Reimoser, 1929), was
recovered in all analyses as sister to a clade that
included the species Folkia mrazeki (Nosek, 1904), but
also all Stalagtia species from the Dinarides, including
the type species Stalagtia hercegovinensis (Nosek, 1905).
Both the structure of the male palp and the geographic
distribution seem to support these three distinct line-
ages: the lineage including the type species of Folkia is
mostly distributed in middle and south Dalmatian
islands and nearby continental land, the lineage includ-
ing F. boudewijni and relatives would be found near the
coast and on Dalmatian islands circumscribing the for-
mer localities, and the lineage including F. mrazeki is
found deeper in the continent and to the south, in Bos-
nia and Herzegovina and in Montenegro.
A definitive redefinition of the Harpacteinae at

generic levels falls outside the limits of the present
study. This will have to wait for a more exhaustive
species sampling and a careful evaluation of the mor-
phological traits. If morphological criteria alone fail to
univocally delimit generic groups, an interesting alter-
native would be to explore the use of taxa age limits,
as has been proposed in taxonomically challenging
butterfly groups (Talavera et al., 2013).
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The dark side of the red devils

Rhodinae monophyly was supported by all the ana-
lyses (Fig. 4). Its internal structure was well resolved,
with all its genera recovered as monophyletic. With 18
species (World Spider Catalog, 2023), Rhodinae is rel-
atively species poor compared with the other Dysderi-
dae subfamilies. Its main centre of diversification
seems to lie in the Dinarides, where four out of the
five known genera and most of the species are local-
ized. Only Rhode has been reported outside the region,
with species in Corsica, the Iberian Peninsula, north-
ern Africa, and Italy.
The classification of non-Rhode dinarid cave-

dwelling species into four different genera (Deeleman-
Reinhold and Deeleman, 1988) has been questioned by
several authors based on their close phenotypic resem-
blance. Our results recovered the monophyly of the
two non-monotypic genera. Nevertheless, they also
revealed that their divergence times are much younger
than those observed among most of the currently rec-
ognized genera within the family (Fig. 7), providing
further support for the synonymy of all four genera
under a single genus, Stalita.
Rhodinae holds a great evolutionary interest for

the study of cave evolution, since four of its genera
(Mesostalita, Parastalita, Stalita and Stalitella) are
exclusively troglobiotic, and the fifth (Rhode) also
includes cave-dwelling species, all of which are dis-
tributed in the Dinaric Alps. The stem of the troglo-
biotic clade is much longer that the one observed in
Rhode, and one of the largest branches in the red
devil spider tree. A long branch may be indicative
of recurrent extinction events within the lineage, as
proposed, for example, to explain the restricted dis-
tribution of the dysderini genus Harpactocrates in
western European mountain ranges (Bidegaray-
Batista et al., 2014). Our estimated timeline suggests
that the extant Stalita-like species, including all Rho-
dinae genera but Rhode, would be the descendants
of a single lineage that survived the Eocene–Oligo-
cene Transition, which occurred about 33.9 Ma. This
period was crucial in the history of the Earth
because it was a time when the climate began to
resemble the modern ‘icehouse’ climate with the for-
mation of large ice sheets in Antarctica. This led to
significant changes in ocean circulation and global
climate. As a result, there were also major turnovers
in marine and terrestrial biotas (Prothero and Bergg-
ren, 1992). Subsequent episodes of general cooling
and a decrease in precipitation, such as those
recorded during the Middle Miocene Climatic Tran-
sition (~14 Ma) in southern Europe (Botsyun
et al., 2022), could have driven surviving lineages to
find refuge in the underground environment in
search of more humid and stable conditions

(Mammola et al., 2015; Ballarin and Li, 2018). It is
worth highlighting that similar crown ages were also
inferred for the two strictly cave-dwelling clades in
the subfamily Harpacteinae, namely Folkia and Folk-
ia + Stalagtia, which would provide further support
for this scenario.

The success of specialization

Our results provide univocal support for the mono-
phyly of the subfamily Dysderinae (Fig. 5). The results
support the replacement of the middle claw by hair
tufts (scopulae) in all legs as a synapomorphy of the
subfamily (the Harpacteinae genus Dasumia also bears
claw tufts but only in posterior legs). Unlike Harpactei-
nae, internal relationships within Dysderinae were con-
gruent with the current taxonomic classification. Our
results mirrored those found in previous studies
(Bidegaray-Batista and Arnedo, 2011; Bidegaray-
Batista et al., 2014) regarding topology. However, our
time estimates were older, yet with overlapping confi-
dence intervals (Fig. 7). Upon comparison, we found
an error in former molecular analyses owing to misla-
belling: Dysderocrates sp. (TR) and Kut troglophilus
were mispositioned. The sister group relationships of
Cryptoparachtes and Kut is further supported by the
similar structure of the vulva of these two genera. We
found support for Tedia as the closest relative to Dys-
dera across all analyses. Tedia strongly resembles
Dysdera in both somatic morphology and female geni-
talia. The differences between the two genera are
restricted to the male bulb, which has an extremely
reduced (or absent) distal haemathodocha in Tedia. In
the closest related genera Dysderocrates Deeleman-
Reinhold and Deeleman, 1988 and Hygrocrates
Deeleman-Reinhold and Deeleman, 1988, the distal
haemathodocha is also poorly developed. Conse-
quently, the presence of a well-developed distal hae-
mathodoca could be considered a synapomorphy of
Dysdera. It should be borne in mind, however, that the
monophyly of Dysdera is recovered, but not supported
in any of the analyses. Additional data would be
required to confirm the reciprocal monophyly of Tedia
and Dysdera, or otherwise to synonymize the two
genera.
Our results confirmed that the remarkable species

richness observed in Dysdera is not a taxonomic arte-
fact. Indeed, the results of the BAMM analyses identi-
fied an increase in diversification rates at the base of
Dysdera (Fig. 8). Conversely, after correcting for taxo-
nomic inconsistencies, the same was not observed in
Harpactea, the other remarkable species-rich genus
in the family. However, the results of the BAMM ana-
lyses should be taken with a pinch of salt, owing to
the sparse taxonomic sampling. In some cases, fewer
than 10% of the species were sampled, and many
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species were assigned to the clades identified in our
phylogenetic analyses on an ad hoc basis. Addition-
ally, several recent studies have expressed some con-
cerns on the validity of the results of BAMM analyses
(Moore et al., 2016; Meyer et al., 2018). While some
of the criticisms have been shown to be unfounded
(Rabosky et al., 2017), a certain caution should be
exerted with regards to the strength of our results.
The evolutionary success of Dysdera, in terms of

number of species, is probably due to multiple factors
that are yet to be quantitatively tested. While the
investigation of the importance of those factors is
beyond the scope of the present paper, we will take
the opportunity to propose some hypotheses that
could be interesting to test in further research.
Trait variation has been proposed to drive more

tightly packed distribution and ultimately morespecies-
rich communities, by preventing competition with
neighbouring species (Barab�as et al., 2022). One of the
most evident morphological traits, distinguishing Dys-
dera from any other dysderid genera (except Parasta-
lita), is the presence of protruding chelicerae.
Moreover, across the genus, the size and shape of the
chelicerae vary, which is unusual for spiders, which are
usually conservative in these traits within genera.
These cheliceral modifications have been related to a
shift in dietary preferences to specialize in feeding on
woodlice (onychophagy) (Arnedo et al., 2007; �Rez�a�c
et al., 2021; Bellvert et al., 2023), a prey usually
rejected by most predators (Pek�ar et al., 2016). Similar
adaptations have also been observed at the metabolic,
physiological and genetic level (Hopkin and Mar-
tin, 1985; Toft and Mac�ıas-Hern�andez, 2017; Vizueta
et al., 2019). The coexistence of different predatory
strategies could explain the remarkably high levels of
species co-occurrence reported in Dysdera.
Although less important, another potential driver of

diversification in Dysdera is ecological shifts. Dysder-
ids are generally very conservative in terms of ecology
and habitat preferences. The major exception across
the family is adaptation to the underground environ-
ment that, as discussed above, is prevalent in some of
the main evolutionary lineages. There are also exam-
ples of cave-adapted Dysdera (Deltshev, 1999; Arnedo
et al., 2007). Moreover, Dysdera is exceptional within
Dysderidae in the existence of species adapted to the
intertidal environment (Deeleman-Reinhold and Deele-
man, 1988; Mac�ıas-Hern�andez et al., 2010).
Finally, the holokinetic structure of Dysdera chro-

mosomes (Kr�al et al., 2006) may have further contrib-
uted to Dysdera diversification. A recent study on the
Dysdera erythrina species complex (�Rez�a�c et al., 2018)
revealed that closely related species differ in karyotype
number and exhibit chromosome fusions, fissions and
translocations. This observation suggested that chro-
mosome rearrangements generating reproductive

incompatibility may have played a primary role in spe-
ciation within Dysdera (�Rez�a�c et al., 2018).

Conclusions

Dysderidae is a well-suited model system for study-
ing diverse evolutionary questions. Nevertheless, its
internal phylogenetic structure has yet to receive much
attention. We have aimed to overcome this limitation
by conducting a concatenated targeted gene phyloge-
netic and time divergence analysis of an extensive tax-
onomic sample within Dysderidae, complete at the
genus level, and related families. The family originated
and diversified in the Early to Middle Cretaceous, pre-
sumably favoured by isolation following the split of
Pangea and the subsequent establishment of an island
archipelago in present-day Europe. Our results identi-
fied four main evolutionary lineages: the already well-
established Rhodinae and Dysderinae subfamilies, and
two well-supported clades derived from the paraphyly
of Harpacteinae. Additionally, we unveiled a great
deal of taxonomical incongruence within the subfamily
Harpacteinae, which needs a profound revision of the
generic diagnostic traits to adapt its taxonomic classifi-
cation to the actual phylogeny.
Our results support a significant increase in diversifi-

cation rates at the base of the genus Dysdera. The
unique presence in this genus of interspecific variability
in mouthpart morphology, which has been linked to
dietary specialization (�Rez�a�c et al., 2008; Bellvert
et al., 2023), could be identified as a potential driver.
Further quantitative tests will be required to test this
hypothesis. Conversely, the internal structure of Har-
pactea suggests that its diversity is an artefact derived
from a poor definition of the genus.
Finally, the prevalence of cave adaptation within the

family results from the combination of adaptive
behaviours and long-term climatic changes, while time
estimates of island colonization events are compatible
with Mediterranean geochronology.
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