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Ecography Relative to its size, tropical Asia is likely to be the richest region in terms of biodiver-
2024: 07586 sity. However, the factors of species diversity formation and maintenance in Southeast
doi: 1 0 1111/ 07586 (SE) Asia and neighboring regions remain poorly understood. Here we infer the evo-

or €cos: lutionary relationships within psilodercid spiders by incorporating fossil information
Subject Editor: Wolf L. Eiserhardt into a robust, unprecedentedly complete species-level phylogeny of 202 extant spe-

Editor-in-Chief: cies to explore potential abiotic drivers and ecological features underlying their stable
Christine N. Meynard diversification history. The combination of extant and extinct historical biogeographic
Accepted 02 November 2024 data indicates that in situ speciation is the predominant form of diversification in

tropical Asia but diverse Cretaceous psilodercids in Myanmar ambers were replaced
by other biogeographical lineages during the northward movements of the Burma
Terrane. Furthermore, our diversification analyses show no diversification rate changes
through time and across geographic space in this family, but the genus Althepus dis-
plays an accelerated rate of species diversification driven by the remarkable expansion
of leg length. Trait evolution analysis shows that ecological trait divergence contributes
to the diversification and accumulation of tropical spiders by facilitating species coex-
istence. These findings provide empirical evidence that the ecological trait divergence
over evolutionary time scales is key to forming species diversity hotspots in SE Asia.
Thus, this study integrating molecular evidence and paleontological interpretation
provides a new framework for understanding the evolution of tropical species diversity.
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Introduction

Tropical forests hold nearly two-thirds of Earth’s biodiversity, and their astonishing
species richness has attracted biologists to explore the evolution of these biodiversity
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hotspots (Weir and Schluter 2007, Estoque et al. 2019,
Harvey et al. 2020, Liu et al. 2021). Specifically, Borneo and
Indochina have proven to be major evolutionary hotspots for
Southeast (SE) Asian biodiversity (de Bruyn et al. 2014). The
diversity of species in SE Asia has long been explained by
traditional abiotic factors related to colonization, speciation,
and extinction rates, such as ancient geological history and
long-time climatic stability (Wiens et al. 2006, Li and Wiens
2019). Since the Mesozoic, the Asian land area has increased,
providing suitable habitat for the immigration of terrestrial
species and opportunities for subsequent in situ speciation.
For example, the Burma-Asia collision mediated the biotic
interchange between the Burma Terrane and mainland Asia
(Wood and Wunderlich 2023). In addition, divergent traits
contributing to variation in niche use are also a major gen-
erator of diversity (Arnegard et al. 2014). Divergence in
traits underlying niche use is an effective way to maintain
high species diversity in the tropics with high levels of habi-
tat heterogeneity (Merckx et al. 2015). However, the ways
in which biotic and abiotic factors interact to promote and
sustain species diversity in tropical Asia remain uncertain.
Additionally, most large-scale biodiversity studies have focus
on plants, vertebrates and marine invertebrates (Moyle et al.
2016, Bansal et al. 2022, Tian et al. 2024), leaving the diver-
sity patterns of terrestrial invertebrates largely unexplored.
Spiders are not only among the most diverse invertebrates
on Earth, with more than 50 000 species (World Spider
Catalog 2024), but are also representative in the study of key
phenotypic evolution, evolutionary diversity, and tropical
Asian biodiversity hotspots (Piel 2018, Wolff et al. 2022).
These makes spiders an ideal model for exploring biodiversity
patterns and their underlying causes. Despite the advances in
spider molecular phylogenetics, we know little about spider
diversification through space and time, especially in tropi-
cal regions (Dimitrov and Hormiga 2021). Here, we focus

on the species-rich family Psilodercidae (Araneae), one of
the ancient and endemic web-building spider groups distrib-
uted in tropical Asia. Species diversity of extinct psilodercids
in Myanmar suggests they were already an important and
diverse component of tropical rainforests in SE Asia during
the Cretaceous (Magalhaes et al. 2021). However, the largely
unresolved relationships within the family have hampered
our understanding of diversification in this large SE Asian
group and limited examination of the broader drivers of trop-
ical evolution.

Aiming to assess the relative role of classic biogeographi-
cal and ecological drivers in generating the hotspots of spe-
cies diversity in SE Asia, we use molecular phylogenetics and
biogeographical and diversification analyses for 202 living
and five extinct species of the ancient family Psilodercidae.
Psilodercidae currently contains 224 species in ten extant
genera, and eighteen species in two extinct genera from mid-
Cretaceous Burmese amber (Wunderlich 2012, 2015, 2017,
Wunderlich and Muller 2018, Magalhaes etal. 2021, Xin etal.
2022). Most genera are endemic to limited geographic areas,
whereas the genus Althepus with divergent body size, leg
length and spinneret spigots is widespread and coexists with
other genera across the SE Asian continent and numerous
islands (Fig. 1, Supporting information). Furthermore, the
fossil record of psilodercids provides a unique and comple-
mentary window to studying species generation in SE Asia.
Psilodercid species are considered short-range endemics with
ancient evolutionary histories (Deeleman-Reinhold 1995,
Harvey 2002), making them excellent candidate models for
studying the evolution of SE Asian biological diversity in
deep time. Here, we used a total-evidence analysis to clarify
the diverse evolution of psilodercid spiders, revealing eco-
logical divergence and time are the main factors to promote
the formation and maintenance of the SE Asian biodiversity
hotspots.
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Figure 1. Geographic distribution of ten extant genera of sampled psilodercid spiders in SE Asia and neighboring regions. (A) The distribu-
tion pattern of clade I, including Leclercera, Luzoncera and Althepus. (B) The distribution pattern of clade II, including Psiloderces, Sinoderces,

Merizocera, Thaiderces, Flexicrurum, Relictocera and Qiongocera.
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Material and methods
Morphological and molecular data

The lack of a fully resolved phylogeny for Psilodercidae
still hinders an understanding of the relationships among
genera and the evolution of diversity within the family. In
particular, the phylogenetic positions of the extinct genus
Priscaleclercera, and the extant genera Althepus and Leclercera
have been strongly debated. Due to the poor preservation
of the extinct genus Aculeatosoma and the absence of defin-
ing characteristics typical of psilodercids (such as a bulbus
attached to the basal part of the cymbium and spigots on
posterior spinnerets arranged in a row) (Wunderlich 2017),
it cannot be confidently classified within Psilodercidae.
Therefore, Priscaleclercera, which includes numerous well-
preserved fossil species, was selected for study. Firstly, to
resolve the phylogenetic relationships between them, we have
established a total-evidence dataset comprising 202 of 267
extant (75.7%) and five extinct psilodercid species, represent-
ing all ten extant and one extinct genus. Based on a previous
morphological matrix (Tong and Li 2008) and identification
keys (Deeleman-Reinhold 1995, Liu 2017, Magalhaes et al.
2021), the dataset comprises 46 morphological characters and
6013 molecular characters, consisting of five nuclear markers
(18s, 28s, h3, wingless, and actin 5¢) and two mitochondrial
genes (165 and cox1) (for details see Supporting information).
Moreover, we also established a molecular dataset only com-
prising 202 extant species for downstream analyses. Of these,
900 sequences are novel and 418 sequences are from previous
studies. In the above datasets, an additional species, Loxosceles
rufescens, which is inferred to be sister to Psilodercidae, was
used as the outgroup. DNA extraction, polymerase chain
reaction, sequencing procedures, and primers were reported
in Li et al. (2020). We aligned sequences using different
methods of MAFFT 7 (http://mafft.cbre.jp/alignment/serv
er). Alignments of the protein-coding 43, wingless, actin 5c
and coxI genes were produced using the L-INS-i method due
to the lack of gaps and manually adjusted in MEGA X using
the genetic codes (Kumar et al. 2018). Due to the highly vari-
able nature of ribosomal genes, the E-INS-i method, which
incorporates affine gap costs, was used to generate alignments
of 165, 28s and 18s.

Furthermore, the genus Althepus prefer to build webs in
tree buttresses and river embankments, while other genera
build lower webs in leaf litter. Aerial web builders tend to have
evolved longer legs than spiders of other guilds (Wolff et al.
2022). Therefore, we collected and analyzed morphological
data associated with web height, such as leg length, body size,
and relative leg length (leg/carapace ratio) to characterize the
ecological niches of psilodercid genera (see the Supporting
information for morphological data from all records). We
compared traits of genera using Tukey’s test with GraphPad
Prism ver. 9.5.0 for Windows (GraphPad Software, www.
graphpad.com). This approach aimed to explore the relation-
ship between biotic factors and diversity, focusing on these

morphological traits, which significantly vary across different
ecological niches (Wolff et al. 2022, Shao et al. 2023).

Phylogenetic reconstruction and divergence time
analyses

We used PartitionFinder ver. 2.1.1 (Lanfear et al. 2017)
to select best-fit partitioning schemes and models for the
molecular data only comprising extant species based on the
Bayesian information criterion. The phylogenetic analysis
using molecular dataset was performed in RAXML ver. 7.2.6
(Stamatakis 2014) using the best nucleotide substitution
model for each partition (Supporting information) and rapid
bootstrap analyses with 1000 replicates. The total-evidence
dataset comprising both extant and extinct species was ana-
lyzed in IQ-TREE ver. 2.2.0 (Minh et al. 2020) using the best
nucleotide substitution model for each partition (Supporting
information) selected by ModelFinder. To evaluate the stabil-
ity of the topology, we also inferred Bayesian inference (BI)
topologies with MrBayes ver. 3.2.7 (Ronquist et al. 2012)
using the best partitioning strategy and the best nucleotide
substitution model.

We estimated divergence times of the molecular dataset
using an uncorrelated relaxed clock model in BEAST ver.
1.10.4 (Drummond et al. 2012). We used three secondary
calibrations derived from recent molecular dating estimates
of Araneae (Li et al. 2020) to provide an even distribution
of calibrations across the phylogeny. This recent molecular
study used ten fossil calibrations to calibrate the Araneae
phylogeny. The resulting tree sparsely sampled Psilodercidae
(seven species) but included nodes shared with our sampling.
First, the oldest calibration point was placed as the crown age
of Psilodercidae at 154—97 Ma. Second, the ancestral node
of Sinoderces and Flexicrurum was set to 80-31 Ma. Third,
the timing of the common ancestor of Merizocera, Sinoderces,
and Flexicrurum was constrained at 128-68 Ma (Supporting
information). Further, we ran analyses using GTR substi-
tution model with Gamma +Invariant category count of
4 under Yule prior and birth—death prior, separately. Each
analysis was run using a tree sampled every 1000 generations
in the three independent MCMC runs with 60 million gen-
erations. The stationarity of runs was examined using Tracer
ver. 1.6 with an ESS > 200 for all parameters after combin-
ing all runs. Path sampling and stepping-stone sampling
were used for model selection, employing 100 path steps
with each chain running for 500 000 iterations (Supporting
information).

Biogeographic reconstruction with and without
fossil taxa

Biogeographic areas and habitats were assigned as traits for
each species in the dated phylogeny. Based on previous phy-
loregions defined by de Bruyn et al. (2014), and paleoclimate
and paleogeography (Westerweel et al. 2019), we delim-
ited nine biogeographic areas: A) India and Sri Lanka; B)
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south China; C) Indochina; D) Thai-Malay Peninsula and
Sumatra, and Java (Sumatra); E) Borneo; F) Philippines; G)
Sulawesi; H) Himalayas; I) Burma Terrane. Among them,
the Burma Terrane was once part of a Trans-Tethyan island
arc, located at a near-equatorial southern latitude around
95 million years ago, indicating the Burma Terrane should
be treated separately. Areas C+D+E+F+G+] represent SE
Asia and areas A+B+H represent the neighboring regions.
DPsilodercidae species were assigned to areas according to their
distributional data (Supporting information). As psilodercids
lack the ability to jump between remote geographical regions
(Deeleman-Reinhold 1995, Ree and Sanmartin 2018), the
evolutionary history of the family was inferred using a dispe
rsal-extinction-cladogenesis (DEC) model (Ree et al. 2005,
Ree and Smith 2008), a likelihood version of dispersal-
vicariance (DIVALIKE) model (Ronquist 1997), and a
likelihood version of the BayArea (BAYAREALIKE) model
(Landis et al. 2013) in BioGeoBEARS (Matzke 2013). The
maximum range size was set to two. The models were evalu-
ated by AICc and AICc_wt values (Supporting information).
The time-stratified analysis used four time slices (130-90 Ma,
90-60 Ma, 60—-30 Ma and 30-0 Ma) to reflect the changing
connectivity of biogeographic areas caused by plate tectonics
(Supporting information). The connectivity of areas in each
analysis was modeled with four dispersal probability catego-
ries (1, 0.5, 0.1 and 0.01). Considering that fossil occurrences
may affect the final inference, we also reconstructed the bio-
geographical history with extinct taxa. Because taxa in the
genus Priscaleclercera are morphologically highly similar and
all of them are from mid-Cretaceous amber from northern
Myanmar (Dunlop et al. 2019), we incorporated one fossil
species into the dated phylogeny based on its phylogenetic
placement and minimum age. Third, we ran the models with
the same settings to evaluate the impact of fossil occurrences
on biogeographic inference.

To test the relationship between orogeny and diversity
evolution, we reconstructed the ancestral state of living psi-
lodercid spiders. Based on previous studies, we categorized
the habitat into four elevation states (Toussaint et al. 2014):
lowland < 700 m, Premontane 700-1500 m, Montane
1500-3000 m, and Alpine > 3000 m (Supporting informa-
tion). Further, we used the Bayesian binary MCMC (BBM)
analysis implemented in RASP (Yu et al. 2015) to reconstruct
the ancestral habitat with JC (Jukes—Cantor) and 10 million
cycles, sampling every 1000 cycles.

Diversification analysis through time, among
lineages, and across geographic space

As combining taxonomy and phylogeny can improve the
performance of the diversification rate, we added unsampled
species at the genus level based on the number of species
via taxonomic addition for complete trees (TATC) method
(Chang et al. 2020) following the World Spider Catalog
(2024). Based on this tree, we explored the diversification
dynamics through time, and among lineages. Firstly, we
explored the pulled diversification index proposed by Louca
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and Pennell (2020). Secondly, we used the “TESS’ library
(Hohna et al. 2016) in R to estimate parameters under any
time-dependent birth—death process, which assumes the
diversification rates are constant but can change episodically
through time across all lineages. The number, timing, and
magnitude of shifts in diversification rates are then run using
reversible-jump MCMC until ESS values are > 200. In addi-
tion, we used Bayesian analysis of macroevolutionary mix-
tures (BAMM; Rabosky et al. 2013) to detect and quantify
heterogeneity in evolutionary rates through time and among
lineages. The BAMM analysis was run for 10 million genera-
tions, sampling every 1000 generations. Convergence of the
run was assessed by the log-likelihood trace and ESS of the
log-likelihood. BAMM has been criticized by Laudanno et al.
(2021) for giving spurious results. We thus used the lineage-
specific birth—death-shift model (LSBDS) implemented in
RevBayes (Hohna et al. 2019) and the cladogenetic diver-
sification rate shift (ClaDS) model (Maliet et al. 2019) to
estimate shifts in diversification rates dynamically. The
code used for diversification analysis can be found at Dryad
(Li et al. 2024).

To assess diversification rates across different geographic
spaces, we used the regional LT'T (Schenk et al. 2013) and the
hidden state-dependent speciation and extinction (HiSSE)
(Beaulieu and O’Meara 2016) on the molecular tree com-
prising 202 extant species. There is a major biogeographic
boundary on the Kangar—Pattani (KP) line where the cli-
mate changes from Malay-type evergreen rain forest to Thai—
Burmese type wet seasonal evergreen rain forest (Woodruff
2003). Thus, we used the KP line as the boundary to divide
the distribution into two geographic spaces: north of the line
including A, B, C, F and H, and south of the line includ-
ing D, E and G. We compared the lineage accumulations
between the two geographic spaces. As the HiSSE reduces
the possibility of falsely associating a character with diversi-
fication rate heterogeneity by incorporating a second, unob-
served character, we explored the speciation, extinction, and
net diversification rates of the two geographic spaces using
this model. HiSSE also accounts for unsampled species and
traits by applying a specified sampling fraction (202/267). We
employed MCMC with the model to estimate spatial diver-
sification rates for 5000 generations, and used RevGadgets
(Tribble et al. 2022) to generate plots and visually explore the
posterior distributions of sampled parameters.

Results

Phylogeny and divergence time

We constructed a comprehensive species-level dataset for
the family Psilodercidae, which includes seven gene mark-
ers from 202 species belonging to all ten extant genera. BI
and ML analyses of this dataset yielded a consistent topol-
ogy (Supporting information). Extant psilodercids can be
divided into two major clades: clade I, with relatively larger
body size (Supporting information), contains Leclercera,

85UB017 SUOWWIOD aAIEa1D) a|qeal|dde ay) Aq pausench afe sopiLe YO ‘8sn Jo Se|n Joj Aeiq1T auluo A8]I/M UO (SUONIPUOD-PpUe-SWLB)/W0D A8 | 1M Alelq 1 BU1|UO//SANY) SUONIPUOD pue SWe | 8y 89S *[6Z02/T0/9T] o Aiqiauluo A1 ‘9850 6008/TTTT 0T/I0p/W0o A3 | im Atelqpuljuo's euno fosu/sdny wouy pepeojumod ‘0 ‘/850009T



Althepus and Luzonacera, and clade II consists of Psiloderces,
Sinoderces, Merizocera, Thaiderces, Flexicrurum, Relictocera
and Qiongocera. All psilodercid genera except for Qiongcera
and Sinoderces were recovered as monophyletic. Qiongcera
is monophyletic only in the topology inferred from the
BEAST analysis. Psiloderces fredstonei is more closely related
to Sinoderces than to the remaining species of Psiloderces. In
addition, the unresolved relationships between extant and
extinct species also need to be specified. Thus, a genus-level
phylogenetic tree including the extinct genus Priscaleclercera
was constructed by total evidence analysis. The total-evi-
dence dataset comprised 202 extant species and five extinct
species. The results showed that monophylic Priscaleclercera
was the sister group of the insular Leclercera, which had
multiple strong setae in the palpal femur of Leclercera males
(Supporting information). The relationship of Priscaleclercera
with other extant genera generally agrees with the previous
study (Magalhaes et al. 2021). Moreover, the morphologi-
cal analysis showed that only the genus Althepus is signifi-
cantly different from all other genera in relative leg length (p
< 0.0001).

For divergence time estimation, path sampling and stepping-
stone sampling supported the Yule model, based on the com-
parison of marginal likelihoods between Yule and birth—death
models (Supporting information). The chronogram based on
the molecular data suggests an carly Cretaceous divergence
of Psilodercidae at 129.85 Ma (95% credibility interval (CI)
143-115 Ma). Subsequently, clades I and II began to diversify
at 120.63 Ma (135.73-105.28 Ma) and 110.38 Ma (122.31—
97.91 Ma) (Fig. 2A, Supporting information). In clade I, the
Philippine genus Luzonacera split from the widespread genus
Althepus in the late Cretaceous. In clade II, the mainland genus
Relictocera diverged from the other three genera, and the genus
Sinoderces diverged from the remaining two Hainan Island gen-
era in the late Cretaceous. In addition, the split of Psiloderces
from the remaining two insular genera, and the divergence
of Thaiderces from the genus Merizocera, also occurred in the
late Cretaceous. The genera Leclercera, Althepus, Merizocera,
Psiloderces and Thaiderces dating back to the Cretaceous, sur-
vived the Cretaceous—Paleogene (K-Pg) event. For example, the
diversification of the genus Althepus began at the K-Pg bound-
ary age of 70.43 Ma (81-59 Ma), similar to previous studies (Li
and Li 2018). However, other genera began to diversify from
the middle Paleocene to the early Miocene.

Biogeographic and habitat inference

The DEC model with the highest AICc_wt value was selected
as the best model (Supporting information). The biogeo-
graphic analyses in BioGeoBEARS based on DEC models
with or without extinct taxa produced consistent scenarios
for major lineages (Fig. 3, Supporting information). The
results inferred with or without fossils are similar because
Priscaleclercera does not belong to the basal lineage of the
phylogeny. Incorporating fossils as terminal taxa enables
the inference of evolutionary history for both fossil taxa
and their living relatives. Thus, the calibrated tree including

both extinct and extant taxa was used in the subsequent
analysis. The ancestor of Psilodercidae inhabited Indochina
and Sumatra during the early Cretaceous when Sibumasu
and Indochina formed a single landmass, followed by the
vicariance between the two clades. Clade I and clade II have
similar evolutionary routes. They both separately originated
from Indochina and Sumatra, and Indochina, respectively,
then dispersed into other areas following the collision events
between major land masses in SE Asia. Specifically, during
the early Cretaceous, Leclercera (including their fossil rela-
tive Priscaleclercera) have an estimated ancestral range in the
Indochina and Sumatra. In the mid-Cretaceous, Leclercera
dispersed from Sumatra to Burma and diversified as a domi-
nant Burmese amber taxon. During the Paleocene, there were
two events of range expansion out of Indochina and into the
Himalayas. At the same time, psilodercid spiders colonized
the Indian subcontinent from Sumatra around 62 Ma (71—
53 Ma). During the Eocene to Oligocene, clade I and clade
IT separately dispersed eastward and eventually colonized the
Philippines. Taken together, the diversity of the dispersal-
limited Psilodercidae arose through the combination of 177
in situ diversification events and 25 colonizations between
nine biogeographic areas.

For ancestral state reconstruction, results inferred using
RASP recovered a lowland origin with strong support (prob-
ability: 99.65) (Fig. 3, Supporting information). This character
state also was recovered in the ancestors of clade I and clade
IT with strong support (probability: 98.69 and 99.75). The
lowland habitat preference is shared with species distributed
in Indochina. However, some species in the Himalayas and
Burma developed a stronger bond with higher altitudes. The
adaption to high-altitude habitats is estimated to have occurred
independently four or five times and follows colonization
events from Indochina to the Himalayas and Burma (Fig. 3).

Diversification dynamics

Combining the results of the pulled diversification rates,
TESS, LSBDS, ClaDS and BAMM, we found that psiloder-
cid diversification has been relatively steady since the origin
of this family, lacking an early burst. Psilodercid lineages have
accumulated gradually through time (Fig. 4A, Supporting
information). Diversification through time analyses did not
find evidence for shifts in diversification rate over the history
of the group aside from a drop within the past 1 Ma likely
resulting from unsampled intraspecific diversity (Fig. 1A,
Supporting information). We further calculated the diver-
sification rate on the phylogenetic tree. LSBDS shows that
Althepus experienced an accelerated rate of species diversifi-
cation near the origin of this clade (Fig. 4C). BAMM says
that 12% posterior has a shift on the branches of Althepus
(Supporting information). ClaDS reveals that Althepus have
a higher probability of speciating and having offspring than
other lineages (Supporting information). To test whether the
remarkable lineage diversification of Althepus was associated
with ecological factors, we now focus on the traits that help
distinguish Althepus from other Psilodercidae. Ancestral state
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Figure 2. Dated phylogeny with morphological diversity. (A) Time-calibrated phylogenetic tree for Psilodercidae inferred from BEAST.
Circles represent calibration points. Different colors refer to different genera. Purple bars represent 95% credible intervals for age estima-
tion; A tree with tip labels is shown in the Supporting information. (B) The extinct genus Priscaleclercera was distributed in northern
Myanmar during the middle Cretaceous. (C) Amber piece including Priscaleclercera species. (D) Leg:carapace ratio at the genus level.
Tukey’s test, ***P < 0.0001. The boxplots are colored according to figure (A).
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Figure 4. Diversification analysis through time, among lineages, and across geographic space. (A) TESS shows the gradual accumulation of
species over time. (B) LSBDS shows that Althepus experienced accelerated rated of species diversification near the origin of this clade. (C)
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the family Psilodercidae (Althepus are highlighted in red). The vertical positions of nodes in phenograms depict the reconstructed values of
a given trait, whereas their horizontal position reflect the underlying phylogeny.

reconstructions detect an increase in mean body size and leg
length at the origin of Althepus and indicate that these traits
maintained comparatively higher values within this genus
throughout its entire diversification process (Fig. 4D, E).
When mapped onto geography, psilodercid species are
evenly distributed across SE Asia. Based on the two geographic
spaces, we found similar speciation rates and extinction rates
between the north and the south regions of the KP line using
the regional LT'T and HiSSE model (Supporting information).

Discussion

Compared with the Afrotropical region and Latin American
region, tropical Asia is likely to be proportionately richest for
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biodiversity in general for its size (Raven et al. 2020), but the
evolution of its biodiversity is still poorly understood. We
used the evolutionary history of psilodercid spiders that are
endemic to SE Asia as a typical case to explore the evolution of
the SE Asian biodiversity hotspots. Combining extant diver-
sity dynamics with fossil records, we found that the long-term
species accumulation due to a combination of ancient geo-
logical history and long-time climatic stability, and ecologi-
cal divergence, mediated by leg length differentiation, likely
played a critical role in evolution and maintenance of species
diversity of the family Psilodercidae in SE Asia. This study
provides an important perspective for understanding the rich
spider diversity in tropical Asia. It also sheds light on the role
of biotic and abiotic factors as evolutionary drivers of the dis-
tribution and dynamics of tropical terrestrial biodiversity.

85UB017 SUOWWIOD aAIEa1D) a|qeal|dde ay) Aq pausench afe sopiLe YO ‘8sn Jo Se|n Joj Aeiq1T auluo A8]I/M UO (SUONIPUOD-PpUe-SWLB)/W0D A8 | 1M Alelq 1 BU1|UO//SANY) SUONIPUOD pue SWe | 8y 89S *[6Z02/T0/9T] o Aiqiauluo A1 ‘9850 6008/TTTT 0T/I0p/W0o A3 | im Atelqpuljuo's euno fosu/sdny wouy pepeojumod ‘0 ‘/850009T



Diversification since the Cretaceous

Based on a decade of diversity surveys, we constructed
the most comprehensive phylogenetic tree of the family
Psilodercidae at the species level, representing 202 of 267
species. The stable and mostly well-resolved tree topology was
highly concordant with previous phylogenomic results, such
as analyses of transcriptome data and hundreds of molecu-
lar markers (Li et al. 2020, Shao et al. 2023). Our study
inferred that the earliest divergence of Psilodercidae dated
back to the early Cretaceous. This is consistent with previous
studies, such as the reconstructed phylogenomic relationship
covering 105 families (Shao et al. 2023). Moreover, middle
Cretaceous fossilized remains of psilodercid spiders compris-
ing approximately two genera and 18 species indicate that a
clade existed during a specific geological period (Wunderlich
2012, 2015, 2017, Wunderlich and Muller 2018, Xin et al.
2022). The oldest psilodercid assemblage preserved in amber
provides insight into the potentially diverse mid-Cretaceous
Paleotropics. Notably, Leclercera diverged 120.9-89.7 Ma,
and the species-rich genera (Althepus, Psiloderces, Merizocera
and Thaiderces) diverged within the last 10 Myr of the
Cretaceous, and the other five genera diversified after the
Cretaceous to Palacogene (K-Pg) boundary. Luzoncera,
restricted to the Philippines, presents a long branch in the
chronogram from extinction events or sparse taxon sam-
pling. Our timetree implies a late Cretaceous prehistory to
‘modern spiders” with diversification that continued into the
Palacogene. Furthermore, our diversification analyses also
supported no significant rate increases during the early or
middle Eocene (Fig. 4, Supporting information). Therefore,
the diversification dynamics of psilodercids rejected the radi-
ation model following the K-Pg extinction.

Under the current dating scheme and fossil evidence, the
diversity of psilodercids can be explained by the gradual accu-
mulation of species. This macroevolutionary model is con-
sistent with neotropical birds whose speciation is relatively
stable over most of the group’s history (Harvey et al. 2020). In
addition, biodiversity across temporal and spatial dimensions
is closely interconnected. Species diversity of Psilodercidae is
shaped not only by time-related factors but is further com-
plicated by spatial influences like SE Asian geological history
and niche differentiation.

Indochina is the primary source of SE Asian
biodiversity

Our results taking advantage of the relatively complete
diversity information and ancient evolutionary histories
of psilodercid spiders have significantly enhanced our
understanding of how biodiversity has been shaped and
assembled over evolutionary timescales. As sit-and-wait
predators, their behavior reflects not only their hunting
strategies but also their history of range expansion. Our
results exemplify how biological groups dispersed and iso-
lated in response to the geological changes in SE Asia. We

reported a high level of in situ diversification and biotic
interchange among SE Asian regions, totaling 177 in situ
speciation events and 25 dispersal events (Fig. 3B). Among
them, Indochina not only generated enormous in situ
diversity (99 species across all genera) but also produced
17 lineages that dispersed to other regions throughout the
Cretaceous. Although Indochina and Sumatra are both
psilodercid ancestral areas, Indochina stands out as the
primary source of diversity because of its larger size and
the longer emergent history (de Bruyn et al. 2014). Most
of these dispersal events were to Burma (5 lineages) and
Sumatra (4 lineages), followed by dispersals into subtropi-
cal regions, such as the Himalayas and south China. We
recorded a higher interchange of lineages between regions
with similar environments than with environmental differ-
ences. Biotic interchange has taken place for > 120 million
years and generally increased toward the present. The total
amount of time lineages spend in a region appears to be
the strongest predictor of migration events. Recent studies
of 61 phylogenetic datasets have also shown Indochina,
the largest SE Asian area, has been a major diversification
hotspot through time and a key source for lineage disper-
sal across the region (de Bruyn et al. 2014). Therefore, the
immigration of lineages into SE Asia has only occurred
one or two times (Fig. 3B), which indicates that coloniza-
tion is not a primary driver of elevated SE Asian diversity.

Dispersal events of psilodercid spiders were influenced
by changes in the geographical distribution of land, sea,
and surface topography, especially the northward motion
of the Burma Terrane coupled with the Indian Plate.
Our phylogenetic analyses support the sister relation-
ship between the Burmese Priscaleclercera and the Insular
Leclercera (Fig. 2, Supporting information). The move-
ment trajectory of the Burma Terrane, passing through the
Insular region during the Cretaceous and moving north-
wards, might have induced the colonization of the amber
lineage from Sumatra to Burma (Westerweel et al. 2019,
Fig. 3F). In contrast to the Gondwana origin model,
which suggests that the Burmese amber fauna has ties to
Gondwana (Poinar 2018, Wood and Wunderlich 2023),
the biogeographic pattern of Psilodercidae provides one
new explanation for the origin and evolution of Cretaceous
amber biota. The closure of the Neo-Tethys Ocean allowed
the mainland Leclercera to disperse from Indochina to
the Himalayas during the late Cretaceous. Subsequently,
along with the Greater Indian lithosphere impinging
northward into and subducting beneath the Asian litho-
sphere (Ding et al. 2022), two Paleocene colonization
events of the genus Merizocera occurred from Indochina
to the Indian subcontinent (Fig. 3E). The ancestral charac-
ter state reconstructions reveal that ancestral psilodercids
might have colonized lower altitudes and undergone pas-
sive uplift to the high alticudes. During the - 60-40 Ma
stage of Himalaya uplift, two lowland lineages adapted to
montane habitats. These biogeographic data reflect tecto-
nism and surface uplift in SE Asia.
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Geography and climate in SE Asia contribute to
steady diversification

The steady dynamics of psilodercids are similar to the pat-
tern found in many other groups in the Neotropics (Weir
and Schluter 2007, Harvey et al. 2020). There are multiple
potential causes for the absence of rate shifts (Wiens 2011,
Rabosky and Hurlbert 2015). For instance, the psilodercid
radiation may have been less subject to episodic ecological
opportunity associated with the relative stability of geog-
raphy and climate in SE Asia. Psilodercidae is an ancient
group of spiders known from fossils and phylogenetic dating
analyses and is believed to have originated in the Cretaceous
(Li et al. 2020). The collision of land masses on the eastern
edge of Gondwana with Eurasia during the late Triassic con-
tributed to the formation of the Malay Peninsula (Metcalfe
2013). Thus, the appearance of the SE Asian continental
core—Indochina and Sundaland since the end of the Mesozoic
provides a stable geological environment for organisms that
originated or diversified during the same period. Moreover,
tropics are characterized by modest seasonality in tempera-
ture and precipitation and more minor changes in climate
through geologic time. Recent studies indicated that envi-
ronmental variables mediate the number of species in an
area, which drives speciation variation (Harvey et al. 2020).
Therefore, stable climatic environments have preserved the
original biological richness of SE Asia (Raven et al. 2020).

Recently, Louca and Pennell (2020) clarified the limits
of fully reconstructing diversification dynamics from extant
timetrees because different parameterizations can lead to
different inferences. Following the constantly improving
fossil information of Psilodercidae, we will integrate the
fossils and the molecular timetree into diversification analy-
ses in future work. Fossils will correct the molecular time-
tree and provide greater insights for deep-time questions
(Upham et al. 2021).

Ecological divergence is a major driver of
biodiversity

Our model uncovered the universal associations of morpho-
logical innovations and diversification rate increases. Our
analyses indicate that the increase in leg length in Althepus
may correlate with a rise in its speciation rate (Fig. 4C-E).
Spiders interact with their environments through varied webs
and morphological features (Ceccarelli et al. 2019), with
aerial web builders evolving longer legs compared to other
groups (Wolfl et al. 2022). In particular, the genus Althepus
exhibits a notably longer leg and larger body size than other
genera, which has enabled it to build webs in higher space
rather than leaf litter. This vertical stratification, with species
inhabiting different spatial heights within the same locality,
may have facilitated its diversification. The genus Althepus is
significantly different in ecological traits from other genera,
meaning that the distinct body size, spinneret morphology,
and vertically stratified habitat may promote the coexistence
of different genera in SE Asia (Fig. 2D). Many arthropods
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including spiders use the complex and plentiful biological
habitats to coexist in SE Asia.

We conclude that our comprehensive analyses combin-
ing fossil information and biogeographic history provide a
strong insight into the fundamental importance of abiotic
and ecological features in the generation and maintenance
of psilodercid diversity. Meanwhile, our total-evidence anal-
yses provide the Asian origin inference of Myanmar amber
biota in the Cretaceous, which reveals that a series of geo-
logical events have shaped the spatiotemporal history of both
extant and extinct lineages. Thus, reconstructing the diver-
sity dynamics of the family Psilodercidae, a SE Asian repre-
sentative group, offers the opportunity to reveal the causes
of origin and evolution for relatively unknown invertebrate
diversity in SE Asia. This study contributes to understanding
the spatial and temporal dynamics of biodiversity in SE Asia,
thereby preserving the integrity of biodiversity hotspots.

Significance statement

Compared with good dispersers, web-weaving psilodercid
spiders with well-preserved fossils and poor dispersal capa-
bilities are a more appropriate model to study how biotic and
abiotic factors shape the spatial and temporal diversification
patterns in Southeast Asian biodiversity hotspot. We com-
bined biogeographic with ecological analyses to systemati-
cally resolve the evolutionary history of these tropical spiders
and reveal the central role of ecological trait divergence over
evolutionary time scales in the origin and maintenance of
tropical spider diversity from a unique angle.

We integrated divergence time estimates, key trait mea-
surements, biogeographic reconstruction, and diversification
analyses for extant and extinct spiders to infer the evolution-
ary history of the family Psilodercidae and examine abiotic
drivers and ecological features behind the evolution of diver-
sity. These findings suggest that psilodercids were already an
important and diverse component of tropical rainforests in
SE Asia during the Cretaceous, which was maintained by
ecological trait divergence over evolutionary time.

Acknowledgements — We thank Jianglang Wu, Hongguang Liu,
Huifeng Zhao, Xiaoqing Zhang, Qingyuan Zhao, Yunchun Li,
Zilong Bai, Zhiyuan Yao, Zhigang Chen, Francesco Ballarin, and
Prasit Wongprom for specimen collections, and Prasit Wongprom
for the use of pictures for Fig. 1. We also thank Zhonge Hou for her
valuable comments on an earlier version of this article.

Funding — This study was supported by the National Natural
Sciences Foundation of China (NSFC-32200357), the Science
& Technology Fundamental Resources Investigation Program of
China (2023FY100200), the National Natural Science Foundation
of China (NSFC-32430015), and the Postdoctoral Fellowship of
the Peking-Tsinghua Center for Life Science.

Author contributions

Fengyuan Li and Tongyao Jiang contributed equally to
this publication. Fengyuan Li: Conceptualization (equal),

85UB017 SUOWWIOD aAIEa1D) a|qeal|dde ay) Aq pausench afe sopiLe YO ‘8sn Jo Se|n Joj Aeiq1T auluo A8]I/M UO (SUONIPUOD-PpUe-SWLB)/W0D A8 | 1M Alelq 1 BU1|UO//SANY) SUONIPUOD pue SWe | 8y 89S *[6Z02/T0/9T] o Aiqiauluo A1 ‘9850 6008/TTTT 0T/I0p/W0o A3 | im Atelqpuljuo's euno fosu/sdny wouy pepeojumod ‘0 ‘/850009T



Data curation (equal), Formal analysis (equal), Funding
acquisition (equal), Investigation (equal), Methodology
(equal), Writing - review and editing (equal). Tongyao
Jiang: Formal analysis (equal), Methodology (equal). Wei
Zhang: Conceptualization (equal), Writing - review and edit-
ing (equal). Shuqiang Li: Conceptualization (equal), Data
curation (equal), Supervision (equal), Writing - review and
editing (equal).

Transparent peer review

The peer review history for this article is available at hteps://
www.webofscience.com/api/gateway/wos/ peer-review/ecog.

07586.

Data availability statement

Sequence data are available from GenBank (Supporting infor-
mation). Morphological alignment, concatenated alignment,
phylogenetic trees, dated trees, species distribution, R scripts
and codes are available from the Dryad Digital Repository:
hteps://doi.org/10.5061/dryad.8sf7mOctb (Li et al. 2024).

Supporting information

The Supporting information associated with this article is
available with the online version.

References

Arnegard, M. E., McGee, M. D., Matthews, B., Marchinko, K. B.,
Conte, G. L., Kabir, S., Bedford, N., Bergek, S., Chan, Y. E,
Jones, E C., Kingsley, D. M., Peichel, C. L. and Schluter, D.
2014. Genetics of ecological divergence during speciation. —
Nature 511: 307-311.

Bansal, M., Morley, R. J., Nagaraju, S. K., Dutta, S., Mishra, A.
K., Selveraj, J., Kumar, S., Niyolia, D., Harish, S. M., Abdel-
rahim, O. B., Hasan, S. E., Ramesh, B. R., Dayanandan, S.,
Morley, H. P, Ashton, P S. and Prasad, V. 2022. Southeast
Asian Dipterocarp origin and diversification driven by Africa-
India floristic interchange. — Science 375: 455-460.

Beaulieu, J. M. and O'Meara, B. C. 2016. Detecting hidden diver-
sification shifts in models of trait-dependent speciation and
extinction. — Syst. Biol. 65: 583-601.

Ceccarelli, E S., Koch, N. M., Soto, E. M., Barone, M. L., Arnedo,
M. A. and Ramirez, M. J. 2019. The grass was greener: repeated
evolution of specialized morphologies and habitat shifts in
ghost spiders following grassland expansion in South America.
— Syst. Biol. 68: 63-77.

Chang, J., Rabosky, D. L. and Alfaro, M. E. 2020. Estimating diver-
sification rates on incompletely sampled phylogenies: theoretical
concerns and practical solutions. — Syst. Biol. 69: 602-611.

de Bruyn, M., Stelbrink, B., Motley, R. J., Hall, R., Carvalho, G.
R., Cannon, C. H., van den Bergh, G., Meijaard, E., Metcalfe,
I., Boitani, L., Maiorano, L., Shoup, R. and von Rintelen, T.
2014. Borneo and Indochina are major evolutionary hotspots
for Southeast Asian biodiversity. — Syst. Biol. 63: 879-901.

Deeleman-Reinhold, C. L. 1995. The Ochyroceratidae of the Indo-
Pacific region (Araneae). — Raffles Bull. Zool. Suppl. 2: 1-103.

Dimitrov, D. and Hormiga, G. 2021. Spider diversification through
space and time. — Annu. Rev. Entomol. 66: 225-241.

Ding, L., Kapp, P, Cai, E, Garzione, C. N., Xiong, Z., Wang, H.
and Wang, C. 2022. Timing and mechanisms of Tibetan Pla-
teau uplift. — Nat. Rev. Earth Environ. 3: 652-667.

Drummond, A. J., Suchard, M. A., Xie, D. and Rambaut, A. 2012.
Bayesian phylogenetics with BEAUt and the BEAST 1.7. —
Mol. Biol. Evol. 29: 1969-1973.

Dunlop, J. A., Penney, D. and Jekel, D. 2020. A summary list
of fossil spiders and their relatives. — In: World Spider Cat-
alog, Natural History Museum Bern, http://wsc.nmbe.ch,
ver. 20.6.

Estoque, R. C., Ooba, M., Avitabile, V., Hijioka, Y., DasGupta, R.,
Togawa, T. and Murayama, Y. 2019. The future of Southeast
Asia's forests. — Nat. Commun. 10: 1829.

Harvey, M. G. et al. 2020. The evolution of a tropical biodiversity
hotspot. — Science 370: 1343-1348.

Harvey, M. S. 2002. Short-range endemism amongst the Australian
fauna: some examples from non-marine environments. — Inver-
tebr. Syst. 16: 555-570.

Hohna, S., May, M. R. and Moore, B. R. 2016. TESS: an R pack-
age for efficiently simulating phylogenetic trees and performing
Bayesian inference of lineage diversification rates. — Bioinfor-
matics 32: 789-791.

Hohna, S., Freyman, W. A., Nolen, Z., Huelsenbeck, J. P, May,
M. R. and Moore, B. R. 2019. A Bayesian approach for estimat-
ing branch-specific speciation and extinction rates. — bioRxiv
555805, https://doi.org/10.1101/555805.

Kumar, S., Stecher, G., Li, M., Knyaz, C. and Tamura, K. 2018.
MEGA X: molecular evolutionary genetics analysis across com-
puting platforms. — Mol. Biol. Evol. 35: 1547-1549.

Landis, M. J., Matzke, N. J., Moore, B. R. and Huelsenbeck, J. P.
2013. Bayesian analysis of biogeography when the number of
areas is large. — Syst. Biol. 62: 789-804.

Lanfear, R., Frandsen, 2. B., Wright, A. M., Senfeld, T. and Calcott,
B. 2017. PartitionFinder 2: new methods for selecting parti-
tioned models of evolution for molecular and morphological
phylogenetic analyses. — Mol. Biol. Evol. 34: 772-773.

Laudanno, G., Haegeman, B., Rabosky, D. L. and Etienne, R. S.
2021. Detecting lineage-specific shifts in diversification: a
proper likelihood approach. — Syst. Biol. 70: 389-407.

Li, F. and Li, S. 2018. Paleocene—Eocene and Plio—Pleistocene
sea-level changes as “species pumps” in Southeast Asia: evi-
dence from Althepus spiders. — Mol. Phylogenet. Evol. 127:
545-555.

Li, E, Shao, L. and Li, S. 2020. Tropical niche conservatism explains
the Eocene migration from India to Southeast Asian ochyrocer-
atid spiders. — Syst. Biol. 69: 987-998.

Li, E, Jiang, T., Zhang, W. and Li, S. 2024. Data from: Ecological
trait divergence over evolutionary time underlies the origin and
maintenance of tropical spider diversity. — Dryad Digital Repos-
itory, https://doi.org/10.5061/dryad.8sf7mOctb.

Li, H. and Wiens, J. J. 2019. Time explains regional richness pat-
terns within clades more often than diversification rates or area.
— Am. Nat. 193: 514-529.

Liu, C. L., Li, E, Li, S. and Zheng, S. 2017. Five new genera of
the subfamily Psilodercinae (Araneae: Ochyroceratidae) from
Southeast Asia. — Zool. Syst. 42: 395-417.

Liu, J., Lindstrom, A. J., Nagalingum, N. S., Wiens, ]. J. and Gong,
X. 2021. Testing the causes of richness patterns in the paleo-
tropics: time and diversification in cycads (Cycadaceae). — Ecog-

raphy 44: 1606-1618.

Page 11 of 13

85UB017 SUOWWIOD aAIEa1D) a|qeal|dde ay) Aq pausench afe sopiLe YO ‘8sn Jo Se|n Joj Aeiq1T auluo A8]I/M UO (SUONIPUOD-PpUe-SWLB)/W0D A8 | 1M Alelq 1 BU1|UO//SANY) SUONIPUOD pue SWe | 8y 89S *[6Z02/T0/9T] o Aiqiauluo A1 ‘9850 6008/TTTT 0T/I0p/W0o A3 | im Atelqpuljuo's euno fosu/sdny wouy pepeojumod ‘0 ‘/850009T


https://
www.webofscience.com/api/gateway/wos/peer-review/ecog.
07586
https://
www.webofscience.com/api/gateway/wos/peer-review/ecog.
07586
https://
www.webofscience.com/api/gateway/wos/peer-review/ecog.
07586
https://doi.org/10.5061/dryad.8sf7m0ctb
http://wsc.nmbe.ch
https://doi.org/10.1101/555805
https://doi.org/10.5061/dryad.8sf7m0ctb

Louca, S. and Pennell, M. W. 2020. Extant timetrees are consistent
with a myriad of diversification histories. — Nature 580:
502-505.

Magalhaes, I. L. E, Porta, A. O., Wunderlich, J., Proud, D. N.,
Ramirez, M. J. and Pérez-Gonzélez, A. 2021. Taxonomic revi-
sion of fossil Psilodercidae and Ochyroceratidae spiders (Ara-
neae: Synspermiata), with a new species of Priscaleclercera from
mid-Cretaceous Burmese amber, northern Myanmar. — Cret.
Res. 121: 104751.

Maliet, O., Hartig, E and Morlon, H. 2019. A model with many
small shifts for estimating species-specific diversification rates.
— Nat. Ecol. Evol. 3: 1086-1092.

Matzke, N. J. 2013. Probabilistic historical biogeography: new
models for founder-event speciation, imperfect detection, and
fossils allow improved accuracy and model-testing. — Front.
Biogeogr. 5: 242-248.

Merckx, V. S. et al. 2015. Evolution of endemism on a young
tropical mountain. — Nature 524: 347-350.

Metcalfe, 1. 2013. Tectonic evolution of the Malay Peninsula. — J.
Asian Earth Sci. 76: 195-213.

Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D.,
Woodhams, M. D., von Haeseler, A. and Lanfear, R. 2020.
IQ-TREE 2: New models and eflicient methods for phyloge-
netic inference in the genomic era. — Mol. Biol. Evol. 37:
1530-1534.

Moyle, R. G., Oliveros, C. H., Andersen, M. J., Hosner, P. A., Benz,
B. W., Manthey, J. D., Travers, S. L., Brown, R. M. and Faircloth,
B. C. 2016. Tectonic collision and uplift of Wallacea triggered
the global songbird radiation. — Nat. Commun. 7: 12709.

O'Meara, B. C., Ané, C,, Sanderson, M. J. and Wainwright, P. C.
2006. Testing for different rates of continuous trait evolution
using likelihood. — Evolution 60: 922-933.

Piel, W. H. 2018. The global latitudinal diversity gradient pattern
in spiders. — J. Biogeogr. 45: 1896-1904.

Poinar, G. 2018. Burmese amber: evidence of Gondwanan origin
and Cretaceous dispersion. — Hist. Biol. 31: 1-6.

Rabosky, D. L. and Hurlbert, A. H. 2015. Species richness at con-
tinental scales is dominated by ecological limits. — Am. Nat.
185: 572-583.

Rabosky, D. L., Santini, E, Eastman, J., Smith, S. A., Sidlauskas,
B., Chang, J. and Alfaro, M. E. 2013. Rates of speciation and
morphological evolution are correlated across the largest verte-
brate radiation. — Nat. Commun. 4: 1958.

Raven, P. H., Gereau, R. E., Phillipson, P. B., Chatelain, C., Jen-
kins, C. N. and Ulloa Ulloa, C. 2020. The distribution of bio-
diversity richness in the tropics. — Sci. Adv. 6: eabc6228.

Ree, R. H. and Sanmartin, I. 2018. Conceptual and statistical prob-
lems with the DEC+] model of founder-event speciation and
its comparison with DEC via model selection. — J. Biogeogr.
45: 741-749.

Ree, R. H. and Smith, S. A. 2008. Maximum likelihood inference
of geographic range evolution by dispersal, local extinction, and
cladogenesis. — Syst. Biol. 57: 4-14.

Ree, R. H., Moore, B. R., Webb, C. O. and Donoghue, M. J. 2005.
A likelihood framework for inferring the evolution of geo-
graphic range on phylogenetic trees. — Evolution 59: 2299-2311.

Ronquist, E 1997. Dispersal-vicariance analysis: a new approach to
the quantification of historical biogeography. — Syst. Biol. 46:
195-203.

Ronquist, E, Teslenko, M., van der Mark, P, Ayres, D. L., Darling,
A., Hohna, S., Larget, B., Liu, L., Suchard, M. A. and Huelsen-
beck, J. P. 2012. MrBayes 3.2: efficient Bayesian phylogenetic

Page 12 of 13

inference and model choice across a large model space. — Syst.
Biol. 61: 539-542.

Schenk, J. J., Rowe, K. C. and Steppan, S. J. 2013. Ecological
opportunity and incumbency in the diversification of repeated
continental colonizations by muroid rodents. — Syst. Biol. 62:
837-864.

Shao, L., Zhao, Z. and Li, S. 2023. Is phenotypic evolution affected
by spiders' construction behaviors? — Syst. Biol. 72: 319-340.

Stamatakis, A. 2014. RAxML version 8: a tool for phylogenetic
analysis and post-analysis of large phylogenies. — Bioinformatics
30: 1312-1313.

Tian, S. Y., Yasuhara, M., Condamine, E L., Huang, H. M., Fer-
nando, A. G. S., Aguilar, Y. M., Pandita, H., Irizuki, T., Iwatani,
H., Shin, C. P, Renema, W. and Kase, T. 2024. Cenozoic his-
tory of the tropical marine biodiversity hotspot. — Nature 632:
343-349.

Tong, Y. and Li, S. 2008. Tetrablemmidae (Arachnida, Araneae), a
spider family newly recorded from China. — Organ. Divers.
Evol. 8: 84-98.

Toussaint, E. E A., Hall, R., Monaghan, M. T., Sagata, K., Ibalim,
S., Shaverdo, H. V., Vogler, A. P, Pons, J. and Balke, M. 2014.
The towering orogeny of New Guinea as a trigger for arthropod
megadiversity. — Nat. Commun. 5: 4001.

Tribble, C. M., Freyman, W. A., Landis, M. ]., Lim, J. Y., Barido-
Sottani, J., Kopperud, B. T., H6hna, S. and May, M. R. 2022.
RevGadgets: an R package for visualizing Bayesian phylogenetic
analyses from RevBayes. — Methods Ecol. Evol. 13: 314-323.

Upham, N. S., Esselstyn, J. A. and Jetz, W. 2021. Molecules and
fossils tell distinct yet complementary stories of mammal diver-
sification. — Curr. Biol. 31: 4195-4206.¢3.

Weir, J. T. and Schluter, D. 2007. The latitudinal gradient in recent
speciation and extinction rates of birds and mammals. — Science
315: 1574-1576.

Westerweel, J., Roperch, P, Licht, A., Dupont-Nivet, G., Win, Z.,
Poblete, E, Ruffet, G., Swe, H. H., Thi, M. K. and Aung, D.
W. 2019. Burma Terrane part of the Trans-Tethyan arc during
collision with India according to palacomagnetic data. — Nat.
Geosci. 12: 863-868.

Wiens, J. J. 2011. The causes of species richness patterns across
space, time, and clades and the role of “ecological limits”. — Q.
Rev. Biol. 86: 75-96.

Wiens, J. J., Graham, C. H., Moen, D. S., Smith, S. A. and Reeder,
T. W. 2006. Evolutionary and ecological causes of the latitudi-
nal diversity gradient in hylid frogs: treefrog trees unearth the
roots of high tropical diversity. — Am. Nat. 168: 579-596.

Wolff, J. O., Wierucka, K., Paterno, G. B., Coddington, J. A,
Hormiga, G., Kelly, M. B. J., Herberstein, M. E. and Ramirez,
M. J. 2022. Stabilized morphological evolution of spiders
despite mosaic changes in foraging ecology. — Syst. Biol. 71:
1487-1503.

Wood, H. M. and Wunderlich, J. 2023. Burma terrane amber fauna
shows connections to Gondwana and transported Gondwanan
lineages to the Northern Hemisphere (Aranecae: Palpiman-
oidea). — Syst. Biol. 72: 1233-1246.

Woodruff, D. S. 2003. Neogene marine transgressions, palacoge-
ography and biogeographic transitions on the Thai-Malay Pen-
insula. — J. Biogeogr. 30: 551-567.

World Spider Catalog 2024. World spider catalog. — Natural His-
tory Museum Bern, http://wsc.nmbe.ch, ver. 25.5, doi:
10.24436/2.

Waunderlich, J. 2012. On the fossil spider (Araneae) fauna in
Cretaceous ambers, with descriptions of new taxa from

85UB017 SUOWWIOD aAIEa1D) a|qeal|dde ay) Aq pausench afe sopiLe YO ‘8sn Jo Se|n Joj Aeiq1T auluo A8]I/M UO (SUONIPUOD-PpUe-SWLB)/W0D A8 | 1M Alelq 1 BU1|UO//SANY) SUONIPUOD pue SWe | 8y 89S *[6Z02/T0/9T] o Aiqiauluo A1 ‘9850 6008/TTTT 0T/I0p/W0o A3 | im Atelqpuljuo's euno fosu/sdny wouy pepeojumod ‘0 ‘/850009T


http://wsc.nmbe.ch
10.24436/2.

Burmese (Burma) and Jordan, and on the relationships
of the superfamily Leptonetoidea. — Beitr. Araneologie 7:
157-232.

Waunderlich, J. 2015. On the evolution and the classification of
spiders, the Mesozoic spider faunas, and descriptions of new
Cretaceous taxa mainly in amber from Myanmar (Burma)
(Arachnida: Araneae). — Beitr. Araneologie 9: 21-408.

Wunderlich, J. 2017. New and rare fossil spiders (Araneae) in mid-
Cretaceous amber from Myanmar (Burma), including the
description of new extinct families of the suborders Mesothelae

and Opisthothelae as well as notes on the taxonomy. — Beitr.
Araneologie 10: 72-279.

Wunderlich, J. and Muller, 2. 2018. Fossil spiders (Araneae) in
Cretaceous Burmese amber. — Beitr. Araneologie 11: 1-167.

Xin, Y. et al. 2022. Twenty new spider species (Arachnida: Araneae)
from Late Cretaceous Kachin amber (Myanmar). — Zool. Res.
47: 1-65.

Yu, Y., Harris, A. J., Blair, C. and He, X. 2015. RASP (Reconstruct
ancestral state in phylogenies): a tool for historical biogeogra-

phy. — Mol. Phylogenet. Evol. 87: 46-49.

Page 13 of 13

85UB017 SUOWWIOD aAIEa1D) a|qeal|dde ay) Aq pausench afe sopiLe YO ‘8sn Jo Se|n Joj Aeiq1T auluo A8]I/M UO (SUONIPUOD-PpUe-SWLB)/W0D A8 | 1M Alelq 1 BU1|UO//SANY) SUONIPUOD pue SWe | 8y 89S *[6Z02/T0/9T] o Aiqiauluo A1 ‘9850 6008/TTTT 0T/I0p/W0o A3 | im Atelqpuljuo's euno fosu/sdny wouy pepeojumod ‘0 ‘/850009T



	Introduction
	Material and methods
	Morphological and molecular data
	Phylogenetic reconstruction and divergence time analyses
	Biogeographic reconstruction with and without fossil taxa
	Diversification analysis through time, among lineages, and across geographic space

	Results
	Phylogeny and divergence time
	Biogeographic and habitat inference
	Diversification dynamics

	Discussion
	Diversification since the Cretaceous
	Indochina is the primary source of SE Asian biodiversity
	Geography and climate in SE Asia contribute to steady diversification
	Ecological divergence is a major driver of biodiversity
	Significance statement

	References

