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Abstract

The karst ecosystem in southwestern China is a global hotspot for cavefish diversity research, yet the origins and
evolutionary history of this diversity remain poorly understood. To elucidate their evolutionary origins and history,
we analyzed 183 cavefish species and their close relatives from ten clades. Our findings indicate that freshwater
fishes began colonizing caves ~44 million years ago (Ma). Speciation was driven by in situ diversification, starting
around 43.2 Ma, increasing sharply by ~35 Ma and 18 Ma, and peaking at ~8.3 Ma, 2.5 Ma, and 1.5 Ma. Distinct
hydrological basins exhibited divergent diversification patterns. Dispersal between the Pearl and Yangtze River basins
began by ~24.1 Ma, accelerated around 21 Ma, 13 Ma, and 9.6 Ma, and peaked at ~13 Ma, 5 Ma, and 2 Ma. We
propose that river drainages in southwestern China developed stepwise from the late Eocene to early Pleistocene,
with connectivity between the Pearl and Yangtze basins established by the late Oligocene (~26 Ma). The origin and
diversification of cavefishes are closely linked to the evolution of karst landscapes, shaped by orogeny and monsoon-
driven climate changes since the late Eocene. These insights are crucial for informing conservation strategies for

these unique habitats under ongoing climate change.
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Introduction

The evolution of natural landscapes in Asia is closely linked to geotectonic processes and paleoclimatic changes'.
The current consensus is that the Indian—Eurasian collision during the Cenozoic resulted in the uplift of the Qinghai—
Tibet Plateau (QTP)>, an event that fundamentally altered the region’s geomorphology' and shaped the evolutionary
trajectory of species across Asia*. Following the formation of the QTP, subsequent orogenic events further
influenced the development of major drainages and contributed to the reorganization of East Asia’s paleoclimate®.
These geological processes were instrumental in the origin of the Yangtze River’ and the Pearl River®, the Asian
monsoon*®, and the diversification of regional biota>”!°, Under the combined influence of paleogeological and
climatic conditions, subterranean ecosystems underwent substantial transformations'!, playing a pivotal role in
shaping and preserving regional biodiversity'>!3. However, a comprehensive understanding of the spatiotemporal
evolution of Asian cave systems and their impact on the diversity of subterranean biota remains elusive, primarily
due to the limited extent of current research.

The geologic processes shaping natural landscapes and their influence on evolutionary processes have
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profoundly influenced the diversification of the extant biota *’, a concept now widely accepted in biogeography
As such, reconstructing the phylogeography of diverse extant species can provide valuable insights into geological
evolution'®!°. Caves can be considered as subterranean ecological islands with distinct characteristics, interconnected
with surface environments through rivers or karst aquifers®’, and paleogeoclimatic events have strongly influenced
cave biodiversity'?. Among vertebrates, the cavefishes are exemplary species exhibiting unique adaptations to
subterranean life, the most notable being the degeneration or absence of pigmentation, eyes, and scales®!. Based on
their differential dependence on cave environments, cavefishes are divided into two ecological types: troglomorphic

)?23; a dichotomous classification scheme

(typical, stygobionts) and non-troglomorphic (atypical, stygophiles
adopted here. Cavefishes are obligate freshwater inhabitants of caves, and closely related species are often found in
surface waters. Consequently, the biogeographic dynamics of cavefishes can, in theory, be reconstructed as a response
to the historical processes of cave formation and evolution. However, current studies on the biogeographic patterns
of cavefishes are frequently limited to single taxa'*2*?. In the context of global warming, potential droughts and

2627 underscoring the critical

diminished groundwater recharge in caves may irreversibly impact cavefish populations
need to advance our understanding of subterranean biodiversity and its evolutionary origins.

In China, cavefishes are primarily documented in the southwestern region, particularly in the karst areas of the
upper Pearl River (including the Beipanjiang, Guijiang—Hejiang, Hongshui, Zuojiang—Youjiang, and Liujiang rivers),
the upper Yangtze River (encompassing the Jinshajiang, Wujiang, and Yuanjiang rivers), and the Red River Basin?®.
However, despite being recognized as a biodiversity hotspot and conservation priority, the diversity of these
subterranean fishes remains severely underestimated due to insufficient field surveys and systematic research, and
their evolutionary history remains poorly understood. Although several studies based on incomplete sampling and
reduced-representation genomic data have revealed the important roles of paleoclimatic history and gene flow in

driving the speciation and radiation of Sinocyclocheilus®

, their limited taxonomic scope still precludes a
comprehensive understanding of the evolutionary history of Chinese cavefishes and the associated geomorphological
evolution—such as river formation and connectivity. Furthermore, it remains unclear whether historically warm
climates in geological time promoted diversification bursts or had the opposite effect. Therefore, integrated

evolutionary analyses of multiple cavefish clades will help predict their response trajectories under global warming



and inform adaptive conservation strategies and interventions.

In this study, we compiled a species list of Chinese cavefishes and reconstructed the most extensive phylogeny
to date, comprising 208 species in ten phylogenetic trees, representing two orders, six families, and 22 genera. We
employed fossil-based and secondary calibration methods to estimate the origin and divergence times of cavefishes
(see the Supplementary Note 1 for details), and further assessed their diversification history. Combining this evidence
with the distribution of species sheds light on the origin and diversification dynamics of Chinese cavefishes, as well
as the history of connectivity between the Pearl and Yangtze Rivers.

Results

Biodiversity hotspots of Chinese cavefishes

A literature search obtained data for ~199 species of cavefishes in China described as of October 31, 2025
(Supplementary Data 1). Eastern Yunnan, southern Guizhou, and northwestern Guangxi, provinces in the karst region
of southwestern China, were identified as biodiversity hotspots for cavefishes in Asian (Fig. 1A). In these regions,
species richness exceeded eight species per grid cell. We also employed records from the upper Yangtze River, India,
and Indochina (Fig. 1A).

Biogeographic events and the corresponding relative ages

Although a comprehensive list of ~199 species was initially compiled, practical constraints ultimately led us to
employ ten independent time-calibrated phylogenies, encompassing 183 species and their close relatives, to
investigate the diversification of Chinese cavefishes (Figs. 2 and Supplementary Fig. 1-10; Supplementary Tables 2—
8; Supplementary Data 2-4). An ancestral habitat and region reconstruction using these ten time-calibrated
phylogenies revealed 376 events associated with the speciation and diversification of cavefishes (Supplementary Figs.
11-23). These comprised 49 dispersal events (13.0%), 307 in situ diversification events (81.7%), 20 instances of
migration into caves (5.3%), and two instances of migration outside of caves (Supplementary Tables 9-11;
Supplementary Data 5). The respective mean times of occurrence for these events were 10.0 million years ago (Ma)
(95% CI=12.3-8.0), 8.0 Ma (95% CI = 8.9-7.2),20.9 Ma (95% CI =27.8-14.7), and 19.9 Ma (95% CI =20.6-19.3)
(Table 1). There was a notable clustering of events around ~10 Ma, particularly between the Pearl River and the
Yangtze River (Table 1). This dense concentration of diversification events in the late Miocene suggests the
occurrence of distinct paleogeoclimatic events in southwest China during this period.

Dynamics of diversification events through time

The dynamics of in situ diversification, dispersal, and lineage divergence rates have remained relatively stable over
time under most biogeographic models. The ancestors of Chinese cavefishes began to enter caves as early as the late
Paleocene (~44 Ma), with colonization accelerating ~42 Ma and 9 Ma, and peaking at ~32 Ma, 26 Ma, and 13 Ma
(Supplementary Fig. 24A, Supplementary Table 12). Dispersal, in situ diversification, and lineage divergence events
associated with Chinese cavefishes occurred ~33 Ma, 43 Ma, and 39 Ma, respectively (Fig. 3A, Supplementary Data
5). The rates of in situ diversification, dispersal, and lineage divergence remained relatively low, gradually increasing
from ~45 to 35 Ma. Starting at ~35 Ma, the rate of in situ diversification increased sharply, accelerated further around
18 Ma, reached its first peak at ~8.3 Ma before declining to a valley at ~3.4 Ma, then rose to a second peak at ~2.5 Ma
followed by a third peak at ~1.45 Ma and a subsequent rapid decrease (Fig. 3A; Supplementary Table 12). Dispersal
events gradually increased from ~34 to 4.5 Ma, accelerated around 23.5 Ma, 14.2 Ma, and 4.2 Ma, and peaked at
~16 Ma, 5.9 Ma, and 4.4 Ma. Distinct valleys occurred at around 17.6 Ma, 8.2 Ma, and 13.8 Ma, followed by a rapid



decline after ~4 Ma. Lineage divergence, starting from ~39.5 Ma, accelerated around 35.6 Ma and 15.1 Ma, reached
peaks at approximately 9.0 Ma, 2.48 Ma, and 1.4 Ma, with corresponding valleys at about 24.7 Ma, 13.6 Ma, and
3.4 Ma, and decreased rapidly after ~1 Ma (Fig. 3A; Supplementary Table 12). Overall, these patterns indicate a
gradual increase in diversification from the late Eocene to the Pleistocene. The dynamics of diversification align with
both the Stepwise and Late-uplift hypotheses regarding the origin of the QTP (Fig. 3G).

We also assessed the in situ diversification of cavefishes across ten river drainages, whose geological locations
are shown in Figure 1B. The maximum number of observed in situ diversification events per 0.3 million years
(MDivE) revealed an asynchronous pattern (Fig. 3B). Diversification events in the drainages of the Guijiang—Hejiang,
Nanpanjiang, Zuojiang-Youjiang, Hongshui, and Liujiang Rivers began during the late Eocene to mid-Oligocene
(~39 to 27 Ma); these were followed by the Miocene drainages of the Wujiang, Yuanjiang, Jinshajiang, and
Panlongjiang Rivers (~22 to 11 Ma) (Supplementary Table 13). In situ diversification in the Beipanjiang River
occurred last, during the late Oligocene (~9 Ma) (Fig. 3B, Supplementary Table 13). The Nanpanjiang, Hongshui,
and Liujiang rivers display distinct temporal patterns in their evolutionary histories: the Nanpanjiang River is
characterized by three peaks (at ~22 Ma, 8.8 Ma and 4.1 Ma) and two valley (at ~18.3 Ma and 7.1 Ma); the Hongshui
River exhibits three prominent peaks (at ~26.0 Ma, 16.5 Ma, and 2.5 Ma) and two valleys (at ~21.6 Ma and 13.8 Ma);
while the Liujiang River shows four peaks (at ~13.4 Ma, 9.5 Ma, 5.0 Ma, and 0.9 Ma) and three valleys (at ~12.5
Ma, 7.6 Ma, and 3.9 Ma) (Fig. 3B). In contrast, the remaining rivers are marked by a single prominent peak occurring
between ~11.0 Ma and 4.0 Ma (Fig. 3B).

Biotic interchange between the Pearl and Yangtze Rivers

The ancestors of cavefishes from the karst region of southern China were likely to have inhabited the paleo-Pearl
River (Supplementary Figs. 21-23). The dispersal of cavefishes from the Pearl River to the Yangtze River occurred
around ~24.1 Ma (95% CI: 26.1-17.4), earlier than the dispersal from the Yangtze River to the Pearl River, which
occurred ~13.0 Ma (95% CI: 13.5-10.0) (Fig. 3C, Supplementary Tables 12 and 14). Both dispersal events
accelerated at ~21.7 Ma, ~13.2 Ma and 9.6 Ma (Supplementary Fig. 240 and 24P, Supplementary Table 12), and
peaked at ~13 Ma, 2 Ma, and 5 Ma, respectively (Fig. 3C, Supplementary Table 12). Overall, the patterns of cavefish
interchange between the two river systems were broadly similar yet intermittent, particularly for the dispersal from
the Yangtze River to the Pearl River (Fig. 3C). This intermittency suggests that hydrological connectivity between
these major rivers was likely dynamic, appearing and disappearing multiple times over their geological history.
Discussion

The diversification of Chinese cavefishes is closely linked to orogeny and the creation of the monsoon climate. The
diversification curves for the maximum number of observed migration events into caves per 0.3 million years (MCE),
the lineage divergence events per 0.3 million years (MDE), and dispersal events per 0.3 million years (MDisE)
indicate that Chinese freshwater fishes first entered caves during the middle Eocene (~44 Ma). In situ diversification,
lineage divergence, and dispersal began near the middle Eocene to Eocene—Oligocene boundary (~44—33 Ma), with
rates accelerating at ~35, 15, and 23 Ma, and a marked increase occurred ~35 Ma (Fig. 3A, Supplementary Table 12).
These times align with key orogeny events in Asia, such as the India—Asia hard collision (~45 Ma)*®3!, rapid uplift
along the eastern margin of the QTP (~45-35 Ma, Fig. 3D)?, left-lateral extrusion of Indochina started ~35Ma3*33,
and the rapid uplift of the QTP (~25-15 Ma, Fig. 3D)?. Concurrent with these orogenic events, the Youjiang region,

Gunagxi—a hotspot for Chinese cavefishes (Fig. 1 A)—developed a series of NW-trending fault zones and associated



basins through left-lateral strike-slip motion during the Cenozoic*®**’ (Fig. 1C). This tectonic framework likely
provided potential pathways for the early ancestors of cavefishes to colonize subterranean habitats and facilitated
subsequent karst erosion processes. The dramatic decline in global temperatures at the Eocene—Oligocene boundary
(~34 Ma) may have catalyzed the initial cave colonization and subsequent subterranean adaptation of cavefish
ancestors*®*. During this process, their ancestors innovatively evolved specialized morphological and genetic
functions, exemplified by the regression of energy-consuming organs (e.g., eyes, scale, and pigmentation)?**,
enhancement of energy-storage and sensory organs (e.g., the caudal adipose keel and the distinctive horns or humps
in some cave-adapted Sinocyclocheilus species)’>***!, and unique genetic regulatory mechanisms***. This
hypothesis is chronologically consistent with the estimated timing of cave colonization (Figs. 3A and 4), and may
have preceded the emergence of in situ speciation (Fig. 4). In addition, palacobotanical fossils and paleoclimatic
evidence suggest that the establishment of the East Asian summer monsoon during the late Oligocene (~25 Ma)

1 446 3 period which coincides with and may have accelerated the observed pulses of in

brought substantial rainfal
situ diversification and lineage divergence at ~25 Ma (Fig. 3A). From 25 to 5 Ma, the MDivE, MDisE, and MDE
curves increased almost linearly, with MDivE and MDE showing four smaller phases: 25-21, 21-13, 13-4, and 4—
2.5 Ma (Fig. 3A). These phases essentially correspond to the rapid uplift of the QTP (25-15 Ma, 5.3-2.5 Ma)*>*’ (Fig.
4) and the extrusion of Indochina (35-16 Ma, 11-5 Ma)*>¥34_ Furthermore, the increased intensity of the East
Asian monsoon from ~15 to 4 Ma likely contributed to the rapid radiation of cavefishes®**! (Fig. 4). Despite global
temperatures experiencing a shift from cool to colder periods *° from 25 to 2 Ma, recent climate simulations suggest
that southwestern China experienced relatively stable temperatures in the range of ~16-20°C or even experienced a
slight increase'. The combined effects of ongoing orogeny, intensified monsoon rainfall, and relatively stable regional
climates likely created conditions conducive to accelerated karst erosion and cave formation'!>2, These processes, in
turn, may have facilitated the observed burst in in situ speciation of cavefishes (Fig. 4). Although the specific
influences of cave and groundwater on cavefish diversification cannot be precisely reconstructed at present, their role
in shaping dispersal, in situ diversification, and distribution patterns should not be underestimated.

In situ diversification dynamics of Chinese cavefishes show a close correspondence with phased karst
development. Our MDivE analysis revealed three accelerated phases of cavefish diversification: ~35-25 Ma, 254
Ma, and from 4 Ma to the present. These phases broadly correspond to the three previously proposed phases of karst
formation in southern China based on geological evidence: S1 (~66-23 Ma), S2 (~23-2.5 Ma), and S3 (~2.5 Ma—
present)!!. These phases occurred to varying degrees across Yunnan, Guangxi, and Guizhou Provinces in
southwestern China'!. During the S1 phase, isolated lake basins formed as a result of the late Cretaceous to the late
Paleocene orogeny, and many more lakes were created by the continued orogeny. However, numerous cave
ecosystems and underground rivers had not yet appeared''. The relatively stable geological movements during this
phase align with the gradual increases in MDivE, MDisE, and MDE observed between ~35 and 25 Ma (Fig. 3A).
During this period, the ancestors of the cavefish began to be isolated into multiple small ancestral populations, and
in situ speciation emerged (Fig. 4). During the S2 phase, the Darong movement in Guangxi accelerated uplift in the
western regions, prompting rivers to shift from west to east and marking the end of the lake basin era''. This phase

23248,53.54 3 relatively warm and humid climate', and increased monsoon

was also characterized by intense orogeny
rainfall'%#460_conditions considered favorable for the development of karst cave environments'. The MDivE,

MDisE, and MDE analyses support a potential link between the accelerated diversification from 25 to 4 Ma and the



rapid formation of S2-phase karst caves. This period of extensive karstification coincides with and may have
facilitated the observed in situ speciation burst (Figs. 3A and 4). Entering the S3 phase, i.e., the Pleistocene, the key
features included the formation of East Asian landscapes', a weakening of orogeny'>*°, decreased CO; levels (Fig.
3E)"%, and a decline in global temperatures and monsoon rainfall due to the onset of the glacial period (Fig. 3F)
1.39.50 These factors may have contributed to a deceleration in karst cave formation. This slowdown coincides with a
gradual decline in diversification rates after ~5 Ma (Fig. 3A), suggesting a potential linkage. In other words, while
long-term global temperature rise could theoretically promote cavefish diversification under idealized conditions, the
current degradation of subterranean ecosystems and the need to balance conservation with sustainable human benefits
render in situ protection of cavefishes urgently needed. Integrating our three-phase MDivE model with current

1156 we suggest a revised timeline for karst formation in southwestern China: (1) from the

geological evidence
Paleocene to the late Oligocene (~66—25 Ma); (2) from the late Oligocene to the early Pliocene (~25-5 Ma); (3) from
the Pliocene to the current (~5 Ma—present)*. This revision shifts the onset of the final stage forward by at least 2.5
Ma, placing its initiation in the Pliocene rather than the Pleistocene. The updated chronology aligns with recent
evolutionary biogeographic studies in the region'>**%7. However, given the unique climatic conditions of the
Pleistocene and the presence of glacial refugia in southern China, the S3 phase may be further subdivided into two
substages—>5 to 2.5 Ma and 2.5 Ma to present—to better reflect the diversification patterns and demographic histories
observed across different regions and taxa!?2%3%57,

The evolution of Chinese cavefishes aligns with both the Stepwise Hypothesis®® and the Late Orogeny
Hypothesis*’, as well as with models that have recently been proposed to explain the uplift of the QTP (Fig. 3G). The
temporal progression of these geological events coincides with the early and late stages of cavefish diversification,
including the origin in the Paleocene (with the origin of the genus Horaglanis in India between 69.26 and 53.92 Ma,
Supplementary Fig. 8), the initial acceleration during the Miocene, and the peak in the late Pliocene (Fig. 3A,
Supplementary Table 12). Thus, for biota located far from the QTP orogenic belt, integrating both hypotheses may
provide a comprehensive framework for explaining their historical diversification. The diversification curve
accelerated slightly during each phase, consistent with a model of cave formation in southwest China that was non-
uniform or episodic.

Finally, although our study reveals a coupling between paleoclimatic changes and bursts of cavefish
diversification, incomplete sampling of both cave-adapted and surface-dwelling relatives, and extinction of surface
lineages may influence the robustness of these findings. Additionally, the contribution of genetic factors such as gene
flow to cavefish diversification remains incompletely understood—a key limitation of this work. For instance,
previous studies have demonstrated that gene flow facilitated adaptive radiations in primates®>*°, voles®!, bats®?, QTP
fishes®, and cichlids®*. While phylogenomic analyses of Sinocyclocheilus® have revealed how gene flow and
paleoclimatic shifts jointly promoted its radiation, it remains unclear whether similar mechanisms operate in other
cavefish groups or what genomic features characterize introgressed regions. Thus, future phylogenomic studies
encompassing broader taxonomic groups will be essential to advance understanding of the origins, diversification
bursts, and adaptive radiation of the cavefish hotspot in the karst regions of southwestern China.

Phylogenetic evidence supports the stepwise formation of river drainages in southwestern China. The
diversification patterns of cavefishes exhibit a strong temporal correlation with this asynchronous river development.

Our MDivE analysis supports the hypothesis that the in situ diversification of cavefishes originated at different times



across various drainages (Fig. 3B). MDivE analyses of the Hongshui, Guijiang—Hejiang, Nanpanjiang, Zuojiang—
Youjiang, and Liujiang rivers indicate that the in situ diversification of Chinese cavefishes originated at 39.9 (95%
CI: 40.8-31.5), 37.4 (95% CI: 45.0-12.9), 33.6 (95% CI: 33.3-31.2), 33.3 (95% CI: 34.20-23.40), and 27.6 (95%
CI: 29.1-23.9) Ma, respectively, with accelerated rates occurring between 28 and 8 Ma (Fig. 3B and Supplementary
Table 13). This suggests that these river systems in the Pearl River Basin likely originated during the late Eocene to
Oligocene, with accelerated formation occurring from the late Oligocene to middle Miocene®. These patterns
correspond to the accelerated left-lateral extrusion of the Indochina (35-16 Ma)*?-*3%, the rapid uplift of the QTP

4546

(25-15 Ma)?, and intensified monsoon events in the Zuojiang-Youjiang*>*°, as indicated by geological evidence.

During this period, the southeastern extrusion of Indochina was estimated to cover at least 500 km at a rate of 4 to 5

324849 sufficient to cover the entire extant distribution of the Chinese cavefishes (Fig. 1), and the timing

cm/year
coincided with the extent of river drainages, especially the Nanpanjiang River. From 16 to 8 Ma, the MDivE of the

Nanpanjiang River, Liujiang River, and Zuojiang-Youjiang River increased sharply, peaking at ~9.5 Ma, aligning

35,67,68 50,69

with the right-lateral extrusion of Indochina , maximum Asian Monsoon intensification*”, faster erosion of
landforms>%° during the late Miocene. This extrusion occurred at an average rate of 5 mm/year over at least 25 km’°.
Thermochronological data (8.4—6.8 Ma) from the Ailao Shan region further support this hypothesis . The combined
effects of the right-lateral extrusion of Indochina (11-5 Ma) 7370 and the intensification of the East Asian monsoon
(154 Ma) *° may have facilitated the formation of several other rivers, including the Jinshajiang (~12 Ma),
Panlongjiang (~12 Ma), Yuanjiang (~11 Ma), and Beipanjiang (~9 Ma). The MDivE of the Hongshui River originated
at 39.9 Ma (95% CI: 40.8-31.5) and accelerated at 16.9 Ma (95% CI: 19.39-14.47), consistent with geological
evidence indicating that the river itself originated during the late Eocene-early Oligocene® and underwent rapid
formation in the Late Oligocene?®. Similarly, the MDivE for the upper Yangtze-Wujiang River at ~22.4 Ma (95% CI:
27.6-13.2) aligns with geological evidence, indicating that the modern Yangtze River formed during the late
Oligocene and early Miocene”’"”?, Additionally, the first distinct peak in MDivE across 90% of the river basins
occurred between 11 and 5 Ma (Fig. 3B), consistent with geological evidence indicating rapid karst landscape

3069 and favorable

development driven by the combined effects of orogeny®”%*7°, Asian monsoon intensification
climatic conditions. This period aligns with the key stages of karst evolution in southern China, i.e., according to the
classical model of geomorphic evolution, this region sequentially experienced the Mountain-Basin Stage, the
Planation Period, the Fenglin Stage, and the Shilin Stage''. The MDivE peaks of the Nanpanjiang, Hongshui, upper
Yangtze-Wujiang, Beipanjiang, and Jinshajiang rivers, dated to ~5.0-1.0 Ma, correspond to the Nanpanjiang,
Hongshui, and Wujiang—Jialingjiang stages of karst evolution in the S3 phase ''.

These findings suggest that our dynamic meta-analysis, based on the biogeography of multiple taxa, is a
plausible model for understanding the formation of drainages in southwestern China. We observed multiple distinct
inflection points in the MDivE curve (Supplementary Table 13), indicating that the formation of these drainages
involved several distinct acceleration events rather than being a uniform process. Based on phylogenetic evidence,
we propose a five-step hypothesis for the formation of these drainages in southwestern China: (1) from the middle to
late Eocene (~45-35 Ma); (2) from the late Eocene to the late Oligocene (~35-25 Ma); (3) from the late Oligocene
to the early Miocene (~25—-18 Ma); (4) from the early to late Miocene (~18—7 Ma); and (5) from the Pliocene to the
present (~5—0 Ma). This hypothesis contrasts with geologic models that suggest that the Pearl River basin began to

develop in the late Oligocene® or Miocene®. The asynchronous and non-uniform nature of river formation in



southwestern China is likely a far-field response to paleo-geoclimatic events driven by the Indo-Asian collision.
Nevertheless, our proposed stepwise river formation hypothesis may be influenced by limited data, possibly
explaining the partial mismatch between in situ diversification peaks in Figure 3C and those in Supplementary
Table 13. Future studies with more comprehensive data could help substantiate this hypothesis.

Biological evidence suggests a historical connection between the Yangtze and Pearl Rivers, which may have
become linked as early as the late Oligocene. Geological studies place the formation age of the present-day Yangtze
River system to ~36.5-23.0 Ma’ or late Miocene’!, with the first bend occurring ~35 Ma’?. Conversely, the origin of
the Pearl River dates to the late Oligocene, 27-23 Ma®, with the modern drainage basin pattern beginning to develop
in the mid-Miocene, around 16.0—13.8 Ma®. Our MDisE analysis indicated that dispersal from the Pearl River to the
Yangtze River commenced around ~24.1 Ma (95% CI: 26.10-17.4) and persisted until ~1.0 Ma (Fig. 3C), while
reverse dispersal from the Yangtze to the Pearl River began at ~13.0 Ma (95% CI: 13.50-10.0) and continued until
~0.5 Ma. These results suggest that ancestral populations of cavefishes from the Paleo-Pearl River dispersed into the
Paleo-Yangtze River as late as the late Oligocene, providing further evidence that by the Oligocene—Miocene
boundary (~23 Ma), the modern Yangtze River had not yet formed’® and the Paleo-Jinshajiang likely flowed
southward into a river analogous to the modern Nanpanjiang River. This hypothesis of a southward-flowing Paleo-

72,74 posits that prior to substantial QTP uplift, this river drained

Jinshajiang River, supported by zircon U-Pb dating
into the South China Sea. Subsequently, between ~35 and 28 Ma, the river is inferred to have shifted
northeastward’>—an event known as the Paleo-Jinshajiang diversion—forming the upper reaches of the modern
Yangtze River. This earlier river system was ultimately eliminated by the QTP uplift between ~23 and 15 Ma’>7,
Independent biogeographic evidence also indicates dispersal of East Asian cyprinids from the Pearl River to the
Yangtze River at ~23 Ma, with reverse dispersal occurring as early as ~15 Ma’>. Our results are therefore consistent
with evidence from both geology and biogeography. Collectively, these independent lines of evidence converge to
suggest that the Yangtze and Pearl Rivers were likely connected by at least the Oligocene—Miocene boundary.
Asynchronous dispersal patterns observed between the Pearl and Yangtze River basins are temporally associated
with differences in the formation timelines of their subterranean river—lake complex ecosystems. This phase
corresponds temporally with the rapid uplift of the QTP (25-15 Ma)? and left-lateral extrusion of Indochina (35—
16 Ma)*>35, with dispersal rates declining as these orogenic events waned—a pattern consistent with the stepwise
uplift hypothesis of the QTP®. In contrast, dispersal from the Yangtze to the Pearl accelerated during 144 Ma,
peaking at ~5.0 Ma, and subsequently declined (Fig. 3C). This later phase aligns with Middle Pliocene uplift of the
QTP* and intensification of the Asian monsoon (~15-4 Ma)**%°. An asymmetric dispersal peak from the Pearl to the
Yangtze was also observed at ~2 Ma. We hypothesize that repeated, short-lived connections between adjacent
subterranean rivers—Ilater rapidly disrupted—may have limited dispersal into the Pearl River basin. This is
exemplified by the Sinocyclocheilus multipunctatus complex, distributed across both basins but exhibiting recent
divergence among populations. Additionally, local orogeny along basin boundaries may have contributed to this
asymmetry. For example, geological evidence suggests that the Wumeng—Miaoling Mountains, which formed during
the far-field effects of the QTP orogeny*”-’>, likely served as a barrier between the Pearl and Yangtze River basins in
Guizhou, particularly from the Pliocene (~5.33-2.58 Ma) through the Pleistocene (~2.58 Ma). Collectively, the
observed dispersal patterns suggest a strong association between cavefish dispersal across the Yangtze and Pearl

River basins and major orogenic and monsoon-driven climatic events since the Miocene. These findings are



consistent with the interpretation that the Pear]l and Yangtze Rivers maintained well-developed subterranean river-
lake ecosystems’® during the middle Oligocene-Miocene and Middle Miocene—Pliocene, respectively. By aligning
biological diversification events with independent geological timelines, our study offers a biological perspective that
is consistent with and refines the estimated chronology of major geological and ecological events in the evolutionary
histories of these river systems. This integrative approach advances our understanding of their development and
establishes a paradigm for reconstructing subterranean aquatic ecosystems. However, the limited taxonomic
representation of cavefishes across these two basins may affect the robustness of our findings. Future studies
incorporating a broader range of subterranean and surface-dwelling lineages would help to test, strengthen, and
extend the proposed framework.

Cavefishes are recognized as valuable models for biogeographic studies, with substantial evidence supporting
their utility in revealing how paleogeographic events have shaped speciation and adaptive evolution in subterranean
ecosystems! 2423294076 However, investigations focused on a single taxonomic group may have limited capacity to
fully reconstruct how paleoclimatic and geological processes have influenced biodiversity evolution across broader
spatial and temporal scales. Our study builds upon and extends prior work in several key dimensions. For instance, a
recent phylogenomic study by Mao et al.”’ provided critical insights into the roles of paleoclimate and gene flow in
the radiation of the genus Sinocyclocheilus. While both studies document a strong association between paleoclimatic
events and cavefish evolutionary history, our work expands the scope in notable ways. First, we incorporated a
substantially broader taxonomic sample (183 species, representing ~92% of known extant Chinese cavefishes) by
integrating newly sequenced and publicly available data, offering a more comprehensive perspective on the origins

1.2 employed reduced-representation genomic data

of the regional cavefish diversity hotspot. Second, while Mao et a
to reveal complex gene flow patterns within Sinocyclocheilus, our study utilized mitochondrial markers. Multiple
studies have validated the utility of mitochondrial data, particularly with comprehensive node calibration, for
inferring deep diversification histories and biogeographic events'>!%1%3577-80 Third, beyond shared focal drivers like
QTP uplift and monsoon evolution, our analytical framework explicitly incorporated the effects of additional
geophysical processes—including Indochina extrusion, phased karst development, and river capture events—and
quantitatively reconstructed drainage network evolution through in situ diversification and dispersal metrics. In
summary, the methodological and analytical differences between these studies provide complementary insights into
the evolutionary history of Chinese cavefishes. Patterns such as cross-species gene flow identified at the genomic
level may help explain biological events not fully resolved by phylogenetic methods alone?. Future phylogenomic
studies with expanded taxon sampling across diverse cavefish lineages will be essential to integrate these perspectives
and further elucidate the mechanisms of speciation and diversification in this unique fauna.

In conclusion, this study compiled data for 199 currently recognized Chinese cavefishes, identifying two major
diversity hotspots. By integrating genetic data from 183 cave-adapted and related surface-dwelling species, we
reconstructed a comprehensive phylogeny to explore their diversification history. To our knowledge, this represents
the most taxonomically inclusive phylogenetic framework for Chinese cavefishes to date. Our analyses indicate that
cave colonization likely began in the middle Eocene (~44 Ma), with in situ diversification emerging as the
predominant mode of speciation. This process started around 43.2 Ma, accelerated markedly by ~35 Ma and 18 Ma,
and exhibited two major peaks at ~8.3 Ma and 2.5 Ma, with a notable decline at ~3.3 Ma. Diversification patterns

varied regionally across river basins, showing staggered origins and asynchronous periods of acceleration and peak



periods. In summary, this work establishes a valuable spatiotemporal framework for understanding speciation and
biogeography in subterranean environments, offering a compelling case study of the interplay between tectonic,
climatic, and biological evolution. However, limitations such as persistent gaps in taxon sampling and the current
lack of genome-scale data may affect phylogenetic resolution and obscure the role of processes like gene flow. Future
studies should prioritize expanded taxonomic sampling and generate high-quality genomic resources to further
elucidate the diversification history, evolutionary mechanisms, and ecological adaptations of these unique
subterranean biotas.

Methods

Collection of distribution data

We compiled a catalog and distribution records of cavefishes in China and adjacent regions through long-term field

surveys, a comprehensive literature review, and database searches (https://www.fishbase.de; https://www.gbif.org/).

Distribution data for newly described species were obtained from Google Scholar and CNKI (https://www.cnki.net/)

using the following keywords: “cave fish,” “blind fish,” and “cave-dwelling fishes”. The scientific names of each
species were carefully checked to avoid potential synonyms. In total, 370 occurrence sites for 221 species were
included in the analysis (Supplementary Data 1). The distribution sites for each species were rasterized to a 0.5° X
0.5° resolution (~50 km x 55 km) grid system using ArcGIS v.10.4. Species richness was determined by summing
the total number of species present in each grid cell.

Taxon sampling, sequencing, and data collection

In total, 87 tissue samples from 12 genera across three families were collected in the Karst region of southwest China
between 2016 and 2024. All sampling procedures were performed with ethical consideration, whereby fin clips were
collected non-invasively from fish anesthetized with Tricaine (150 mg/ml) that were subsequently revived and
released, or were obtained only after natural death. Genomic DNA was extracted from the muscle tissues of fish
preserved in 95% anhydrous ethanol using a standard extraction kit (Vazyme Biotech, Nanjing, China). We have
complied with all relevant ethical regulations for animal use.

For mitochondrial genome sequencing, library preparation was performed for each sample with Illumina
sequencing libraries containing 300—500 bp insert fragments, followed by sequencing on an [llumina NovaSeq 6000
platform at TsingKe Biotech Co., Ltd (Chengdu, China). The raw reads were quality-trimmed using fastp v.0.23.2%!
and then assembled into mitochondrial genomes with MitoFinder v.1.4.1%% under default parameters, using
Troglonectes furcocaudalis (GenBank: NC 073138) as the reference. For selected species, mitochondrial gene
fragments (CO1, Cyt b, 16S, ND4, and ND5) and nuclear gene fragments (EGRI, EGR2B, EGR3, IRBP2, RAG1,
RHI1, and MYH6) were amplified. PCR amplification for all samples was performed under the following conditions:
initial denaturation at 98 °C for 3 min; followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 50-55 °C
for 40 s, and extension at 72 °C for 1 min; with a final extension at 72 °C for 10 min. The corresponding PCR primers
and detailed annealing temperatures are provided in Supplementary Table 1. Purified PCR products were directly
sequenced in both directions using an ABI Prism 3730 automated DNA sequencer (Tsingke Biotech Co., Ltd.,
Chengdu, China). Mitochondrial genomes and fragments, as well as nuclear gene sequences, available in GenBank
were retrieved to expand the sequence data matrix (Supplementary Tables 2—8; Supplementary Data 2—4).
Estimation of divergence times

Sequence alignment was performed with PhyloSuite v.1.2.3% using MAFFT v.7.520% for each gene fragment,



followed by manual adjustments by MEGA v.7.0%. To ensure robust phylogenetic reconstruction and divergence time
estimation, we utilized three main types of sequence matrices, depending on the available data for each specific
lineage comparison: 1) concatenated mitochondrial and nuclear genes (Supplementary Data 3 and 4; Supplementary
Tables 4-6); 2) concatenated mitochondrial genes only (Supplementary Tables 2, 3, and 7); 3) mitochondrial Cyt b
gene only (Supplementary Table 8). PartitionFinder v.2.1.1 was used to identify the best-fit evolutionary model®®
under the Bayesian information criterion, where each gene segment was defined as a partition. For each dataset, the
divergence times were estimated in BEAST v.2.4.7%7 using the uncorrelated relaxed molecular clock, a Yule prior,
and the best-fit model. For our BEAST analyses, we employed a strategy combining fossil calibrations and secondary
calibrations to derive time-calibrated phylogenies®® (see the Supplementary Note 1 for more details). Tracer v.1.7.1%
was used to assess an appropriate burn-in fraction and a sufficient effective sample size (> 200).

Biogeographic and habitat analyses

In southern China, the upper reaches of the Yangtze and Pearl Rivers demonstrate the highest species richness of
cavefishes. We used the R package BioGeoBEARS® to infer the biotic interchange of cavefishes between these two
river drainages based on dispersal-extinction—cladogenesis (DEC)’!, dispersal-vicariance analysis (DIVALIKE)*?, a
Bayesian biogeographical inference model (BAYAREALIKE)®, and the corresponding long-distance jumping (j)
models. The six models were assessed using the time tree as the input (Supplementary Tables 9-11), and the optimal
models were those with the maximum values of the log-likelihood and AICc model weights. A total of three major
biogeographic regions were defined for ancestral region reconstruction: (1) the Pearl River basin, including the
Beipanjiang, Guijiang—Hejiang, Hongshui, Jinshajiang, Liujiang, Nanpanjiang, Panlongjiang, and Zuojiang-Youjiang
Rivers; (2) the Yangtze River basin, including the Wujiang and Yuanjiang Rivers, and (3) the rest of the world. The
maximum range size was set to two.

The ancestral states of sister clade nodes were assessed using Bayesian Binary MCMC within RASP v.4.0% to
infer the evolutionary origin of cavefishes following Li et al.'?. The habitat status of each species was coded as cave-
dwelling or epigean according to established criteria®*?*, based on actual surveys and reports in the literature
(Supplementary Data 1). To minimize the effects of phylogenetic uncertainty, we used 2,000 trees obtained from the
BEAST analyses and ran 1,000 sampling posterior distributions using a fixed JC + G model, with 10 simultaneous
chains running for 5 x 10° generations'2.

Dynamic meta-analysis of lineage divergence
The dates of cave entry and the diversification dynamics of cavefishes were inferred using previously employed

1977 concerning the phylogeny to categorize events into four categories, i.e., migration into caves, dispersal,

criteria
in situ diversification, and lineage divergence. The results of the BEAST and BBM analyses were then summarized
to obtain the time intervals for the 95% confidence intervals (Cls) of these events. The respective events were defined
as the maximum number of observed migrations into caves per 0.3 million years (MCE), the maximum number of
observed dispersal events per 0.3 million years (MDisE), the maximum number of observed in situ diversification
events per 0.3 million years (MDivE), and the maximum number of observed lineage divergence events per 0.3
million years (MDE)'®!%77_In addition, the exchange of taxa between the Pearl and Yangtze Rivers was divided into
two types, i.e., Pearl River dispersal to the Yangtze River and vice versa.

To estimate the 95% confidence intervals for the origins, peaks, and valleys of the diversification curves, we

generated 1,000 bootstrap pseudo-replicates from the original confidence intervals using the R package sample



function. We then repeated the calculations to identify the origins and peaks of the MCE, MDE, MDivE, and MDisE
curves. Diversification breakpoint detection was conducted in R v.4.2.2 using piecewise regression analysis® via the
segmented package®®, with models containing one to three inflection points evaluated across 1000 bootstrap iterations
based on the Bayesian Information Criterion (Supplementary Fig. 24, Supplementary Tables 12, 13, and 18). The
model with the lowest Bayesian Information Criterion value’’ was selected. Once the optimal model was determined,
95% confidence intervals were calculated for each key inflection point.

Statistics and reproducibility

All statistical analyses were performed using R v.4.2.2. The event counts were obtained from biogeographic and
ancestral trait reconstructions based on ten time-calibrated trees, using 95% confidence intervals of node divergence
times, as detailed in the Methods. Diversification events were quantified by counting concurrent events at 0.3 Ma
intervals over 45 Ma. Temporal patterns were smoothed using a 1.5 Ma moving average window. Descriptive statistics
for each diversification event were calculated as the mean with its 95% confidence interval. Breakpoints in
diversification rates were detected using piecewise regression, with model selection based on the Bayesian
Information Criterion and confidence intervals estimated via bootstrap resampling (1,000 iterations). Statistical
significance is indicated as follows: p <0.05 (¥), p <0.01 (**), p <0.001 (***), and p < 0.0001 (****). All tests were
two-sided, with p <0.05 considered statistically significant. The analyzed event types include dispersal (n = 49), in
situ diversification (n = 307), migration into caves (n = 20), and lineage divergences (n = 190). For in situ
diversification within river basins, the events are distributed as follows: Beipanjiang (n = 7), Guijiang-Hejiang (n =
10), Hongshui (n = 61), Jinshajiang (n = 11), Liujiang (n = 59), Nanpanjiang (n = 86), Panlongjiang (n = 5), Upper
Yangtze-Wujiang (n = 19), Yuanjiang (n = 5), and Zuojiang-Youjiang (n = 22). Additionally, dispersal events from
the Pearl River to the Yangtze River and the reverse dispersal number 7 and 6, respectively. Detailed information is

provided in Supplementary Data 5 and 6. Analysis code is available in the Science Data Bank®.



Data availability

The sequences reported in this paper have been deposited in GenBank (accession nos. ON116493—-ON116532,
ON148332-ON148334, OP473612-0P473909, 0Q754141-0Q754145, 0Q754148-0Q754150, 0Q754152,
0Q754154, 0Q754155, 0Q754157-0Q754159, PQ222367-PQ222376, PX715913-PX715924). All publicly
available sequence data (e.g., GenBank accessions) used in this study are detailed in Supplementary Tables 1-8 and
Supplementary Data 2—4. Source data underlying Fig. 1 are provided in Supplementary Data 1. Source data for Fig.
2 have been deposited in the Science Data Bank (https://doi.org/10.57760/sciencedb.35098)%%. Source data for Fig.
3A, 3B, 3C, 3D, 3E, and 3F are provided in Supplementary Data 5, Supplementary Data 6, Supplementary Table 14,
Supplementary Table 15, Supplementary Table 16, and PANGAEA (https://doi.org/10.1594/PANGAEA.917503)%°7
(Supplementary Table 17), respectively. Source data underlying Fig. 4 are available in PANGAEA
(https://doi.org/10.1594/PANGAEA.917503)**°7 and included in Supplementary Table 17. All other datasets are
provided in the supplementary information and data files associated with this publication. Source data for sequence
alignments, time-calibrated phylogenies, diversification analyses, and paleoenvironmental reconstructions are

available from the Science Data Bank. (https://doi.org/10.57760/sciencedb.35098).

Code availability

All analyses were conducted using open-source software tools, with detailed parameters specified in the
corresponding methods sections Scripts used for generating the associated figures have been archived at Science Data
Bank (https://doi.org/10.57760/sciencedb.35098).
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Figure and Table captions

Fig. 1 Map of study area. (A) Spatial patterns of species diversity of cavefishes as measured by the number of species.
The purple line denotes the Ailao Shan—Red River shear zone (ARSZ). The inset images show representative cavefish
from southwestern China: Sinocyclocheilus microphthalmus (top) and Troglonectes microphthalmus (bottom, photo
by Mr. Jia-Hu Lan). The karst distribution was referenced from Jiang et al®®. (B) Hydrology of the upper Yangtze and
Pearl Rivers. Abbreviation: GHR, Guijiang-Hejiang River; LJR, Liujiang River; HSR, Hongshui River; ZYR,
Zuojiang-Youjiang River, BPR, Beipanjiang River, NPR, Nanpanjiang River; UYR, upper Yangtze River; YJR,
Yuanjiang River; WJR, Wujiang River; CSR, Chishui River; JSR, Jinshajiang River; DMR, Dadu-Minjiang River;
PLR, Panlongjiang River; LXR, Lixianjiang River; YR, Yuan River. (C) Map of the Youjiang region showing the

distribution of fault zones®’.

Fig. 2 An overview of the time tree used for the phylogeographic analysis. The red color indicates cave species.

Fig. 3 Dynamic rates of Chinese cavefish diversification and the potential driving factors. (A) The rates of dispersal
(n=49 events), in situ diversification (n=307 events), migration into caves (n=20 events), and lineage divergences
(n=190 events) through time. The S1-S3 phases were modified from the three-phase hypothesis of karst evolution in
southern China proposed by Che and Yu!!. The grey rectangular boxes represent time frames that are not included in
the three phases. (B) In situ diversification dynamics in different drainages, based on the maximum number of
observed in situ diversification events per million years (MDivE). Beipanjiang (n= seven events), Guijiang-Hejiang
(n= ten events), Hongshui (n= 61 events), Jinshajiang (n= 11 events), Liujiang (n= 59 events), Nanpanjiang (n= 86
events), Panlongjiang (n= five events), Upper Yangtze-Wujiang (n= 19 events), Yuanjiang (n= four events), Zuojiang-
Youjiang (n= 22 events). (C) Dispersal dynamics based on the observed maximum number of dispersal events per
Ma (MDisE) between the Yangtze and Pearl River basins. Pearl to Yangtze (n= seven events) and Yangtze to Pearl
(n= six events). Erosion data modified from Wan et al.>*> (D) The stepwise uplift history of the Qinghai-Tibet Plateau
(QTP), showing the Himalayas and the India—Asia suture, the Lhasa—Qiangtang suture valley, and the eastern QTP2.
Error bars indicate the range of temporal and corresponding paleoelevation data. (E) Evolutionary dynamics of the
sediment budget in the Pearl River/South China basins®. (F) Illustration of climatic evolution from the late Eocene
to the present, showing global climate (deep-sea oxygen isotope records (8'%0) (dark grey)*® and estimated ocean
temperatures (orange)’) and East Asian monsoon conditions (mean annual precipitation at idealized CO- levels®).
The cross-shaped symbols represent individual data points of the 3'*0 values. (G) The uplift history and expected
biotic assembly processes of the QTP since ~60 Ma, Refer to Ding et al.>® and Xu et al.'’. The red solid circles denote
key time points. The Stepwise Hypothesis posits that the QTP initiated its uplift during the early Paleocene through
a series of stepwise uplift events, with accelerated uplift occurring later during the Miocene (23—15 Ma) before
reaching its present elevation. In contrast, the Late Orogeny Hypothesis proposes that the QTP began its major uplift
in the early Miocene and reached the current elevations much later (~7.0-3.2 Ma). Abbreviation: Pli., Pliocene; Q.,

Quaternary.

Fig. 4 Evolution of karst cavefish in southwestern China in relation to climatic and geological history. (A) Major

events associated with cavefish diversification and their relative contributions. (B) Adaptive evolution in morphology



and genetics has shaped the diverse and unique cave biota in cavefishes. (C) Schematic representation of karst cave
and cavefish formation across four evolutionary phases from the late Eocene to the present. Illustration of climatic
evolution from the late Eocene to the present, showing global climate (deep-sea oxygen isotope records (6'30) (dark
grey)* and estimated ocean temperatures (orange)>’) and East Asian monsoon conditions (mean annual precipitation
at idealized CO: levels®). The data used to plot the paleoclimate are the same as in Figure 3F, but are only shown for
35 Ma to the present. The schematic uplift of the Qinghai—Tibet Plateau (QTP) illustrates how tectonic processes
created extensive fragmented subterranean landscapes, providing ecological opportunities for in situ diversification
of cavefish (reference to Ding et al.?). Light blue lines indicate rivers. The phylogenetic diagram indicates the relative
number of in situ speciation events (reference to Lu et al.”®). Abbreviation: Morph, Morphology; Genet, Genetics;

De-evo, De-evolution; Co-evo, Co-evolution; Ada-evo, Adaptive-evolution; Pli., Pliocene; Q., Quaternary.



Table 1. Numbers and mean ages of cavefishes involved in various biogeographic events and their 95% confidence

intervals.

Biogeographic event type Number Mean age (95% CI) (Ma)
Dispersal 49 10.0 (12.3-8.0)

In situ diversification 307 8.0 (8.9-7.2)
Migrations into caves 20 20.9 (27.8-14.7)
Migration outside the caves 190 8.2 (9.3-7.1)
Lineage divergences 2 19.9 (20.6-19.3)
From Pearl River dispersal to Yangtze River 7 11.3 (16.0-6.1)
From Yangtze River dispersal to Pearl River 6 6.2 (7.94.7)

Editorial Summary: An integrated multi-taxa biogeographic analysis of 183 cavefish species endemic to China
suggest that the origin and diversification of cavefishes are closely linked to the evolution of karst landscape since

the late Eocene.
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