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ABSTRACT
Aim: Cave fish have long fascinated biologists due to their unusual morphology, biology and physiology. Here, we developed the 
first database of cave fish occurrences, provided the first map of cave fish diversity patterns and evaluated how environmental 
changes are threatening cave fish diversity across the globe.
Location: Global.
Time Period: 21st century.
Major Taxa Studies: Cave fish, classified as Stygobionts and Stygophiles, are widespread across the phylogeny of freshwater 
fish, with more than one-third of fish orders (17/45) and one-fifth of freshwater fish families (37/185).
Methods: We collected 1017 records of cave fish through a review of 378 publications and field surveys. We then used species 
distribution models to project the current and future global distribution of cave fish under varying climatic and geomorphic con-
ditions, while assessing threats posed by multiple environmental stressors.
Results: We show that a few places in South America and Asia host a striking richness in cave fish species, whereas other regions 
are almost free from such species. We moreover reveal that almost two-thirds of the species are not formally named and that 
knowledge of cave fish diversity is lacunary in several regions from the Global South. Limited dispersal capacities of cave fish are 
expected to result in substantial habitat loss, as newly suitable or restored habitats remain inaccessible, thereby pushing species 
at risk of extinction across the globe. Arsenic contamination in groundwater and dam construction were identified as further 
threats to cave fish in karst and non-karst regions, respectively.
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Conclusions: We mapped the global patterns of cave fish diversity and richness, assessed exposure risks under changing envi-
ronmental conditions and revealed substantial knowledge gaps. Our work constitutes a primer for cave fish ecology and paves the 
way for further studies on the impact of global changes on the fragile but unique subterranean ecosystems.

1   |   Introduction

With more than 17,000 species, freshwater fish account for 
one fourth of all vertebrates (Su et al. 2021). They are found 
in all freshwater environments with the exception of the poles 
and colonise almost all habitats, from temporary pools to large 
rivers and deep lakes (Matthews 2012). Caves are among the 
most extreme habitats colonised by freshwater fishes (Zhao 
and Zhang 2006), where they represent the most species-rich 
group of vertebrates, with 460 species currently identified 
(Culver and Pipan  2019; Niemiller et  al.  2019). Due to their 
long-term adaptation to stable, aphotic and food-limited cave 
environments, cave fishes have evolved a range of adaptive 
traits, such as reduced or absent eyes, loss of pigmentation, de-
creased metabolic rates, and the absence of circadian rhythms 
(Howarth  1993; Jeffery  2001; Rétaux and Casane  2013; 
Borowsky 2018; Soares and Niemiller 2020). The unique bio-
logical traits and evolutionary characteristics of cave fish have 
long fascinated biologists (von Rintelen et  al.  2012; Protas 
and Jeffery 2012). Although a few species, such as Astyanax 
mexicanus, have become leading models in various biologi-
cal fields, including evolution, development and neuroscience 
(Keene et al. 2015), knowledge of cave fish ecology and bioge-
ography remains lacunary, with a lack of understanding of the 
global patterns of diversity of cave fish species.

Cave fish are often local endemics with small population sizes 
living in the environmentally stable environment of caves, 
probably making them highly sensitive to global changes 
(Zhao et al. 2022). Among them, the rise of cave temperatures, 
environmental pollution and non-native species invasions has 
been listed as potential detrimental effects to cave fish ecol-
ogy (Mermillod-Blondin et  al.  2013; Proudlove  2001; Zhao 
et al. 2022). As a result, there remains a notable lack of global-
scale studies on cave fish distribution and on their exposure 
risks to multiple environmental stressors. In particular, flu-
oride and arsenic pollutants are recognised as a major global 
threat to groundwater ecosystems (Podgorski and Berg 2022, 
2020), along with extreme heat waves that can cause thermal 
instability (Mermillod-Blondin et  al.  2013) and dams that 
disturb water availability and dispersal for non-obligatory 
cave fish (stygophile) species (Zhao et  al.  2011; Barbarossa 
et al. 2020).

To fill this gap, we developed a global database of cave fish diver-
sity, and projected the spatial patterns of this diversity under cli-
mate change and exposure risk to environmental threats. Based 
on an extensive literature review, we collected more than 350 
literature sources and online databases to provide the first map 
of cave fish species diversity across the globe. We then modelled 
habitat requirements of the cave fish genera through species dis-
tribution models (SDMs) using the widely employed Maximum 
Entropy (MaxEnt) algorithm (Phillips et  al.  2006) that allows 
assessing ecological niches for numerous taxa across terrestrial, 

freshwater, and marine environments (Guisan and Thuiller 2005; 
Elith and Leathwick 2009; Guisan et al. 2013; Robinson et al. 2017; 
Hao et al. 2019; Sofaer et al. 2019). Finally, we used these models 
to predict how climate and land use changes will affect cave fish 
richness across the world. We further assessed how other major 
globally recognised threats to groundwater ecosystems, including 
chemical (fluoride, arsenic), and physical (dams and extreme heat 
risk) disturbances will put at risk cave fish diversity.

2   |   Methods

2.1   |   Cave Fish Occurrences

Cave fish occurrence data were primarily collected through a lit-
erature review of scientific peer-reviewed articles. We conducted 
a literature search using the keywords cavefish, cavefishes, cave 
fish, cave-dwelling fish, blind fish, hypogean fish and subterra-
nean fishes across Web of Science (WOS), Google Scholar and the 
Chinese CNKI database. In total, 378 articles and books were se-
lected for data extraction (Appendix S2), from which information 
on species taxonomy and locality of occurrence was compiled. 
Details of the search process, inclusion/exclusion criteria and 
screening steps are provided in Note S1 in Appendix S1. Additional 
occurrence data were also extracted from GBIF (https://​www.​gbif.​
org/​), FishBase (https://​fishb​ase.​se/​) and grey literature, and in-
cluded in the database after a careful quality check. Taxonomy 
was checked for all records using the latest literature, monographs, 
FishBase (Froese and Pauly 2024) and Eschmeyer's Catalogue of 
Fishes (Fricke et al. 2024), and the spatial accuracy of the records 
was also verified by checking the consistency between the textual 
description and the coordinates of each record in Google Earth 
(https://​earth.​google.​com/​). To buffer the possible heterogeneity 
in sampling effort, occurrence data records were thinned (Boria 
et  al.  2014; Aiello-Lammens et  al.  2015), retaining a single re-
cord per grid cell at a spatial resolution of 2.5 arc minutes (Steen 
et al. 2021).

For occurrence data with specific coordinates, we evaluate the 
survey status of regional sites in conjunction with the IUCN Red 
List (https://​www.​iucnr​edlist.​org/​). For cave fish survey events 
without specific coordinates, we integrate them with the occur-
rence data at the national scale to conduct species diversity sta-
tistics and analysis.

2.2   |   Predictor Variables Selection

The selection of predictor variables can significantly affect the 
quantification of niches, thereby impacting the temporal and spa-
tial transferability of individual SDMs (Peterson et al. 2007). Here 
we retained environmental variables known as influential on cave 
ecology, namely annual mean temperature (BIO1), annual precipi-
tation (BIO12), land cover (LC) and karst topography (KRT).
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Cave temperatures are relatively stable, and little influenced by 
seasonal variations of surface temperatures, but they are highly 
correlated with BIO1 (Moore and Sullivan  1964; Mammola 
et al. 2019). The situation is similar for water supply, which is 
correlated to BIO12. LC is related to the food sources of cave fish 
because subterranean ecosystems are highly dependent on ex-
ternal ecosystems for essential energy and organic matter inputs 
(Gibert and Deharveng 2002), that can reach the caves through 
the water input (Wilhelm et al. 2006) or be actively transported 
in the caves environment by bat defecation (guano) and corpses 
(Ferreira and Martins  1999; Culver and Pipan  2019). Because 
bat distributions are influenced by LC (Razgour et al. 2016), LC 
can therefore also indirectly affect cave ecosystems. KRT di-
rectly indicates the presence of cave environments, which are 
thus crucial for cave fish as a higher spatial extent of karsts in a 
region will increase habitat availability of cave fishes.

To ensure consistency with the occurrence data grid, categor-
ical variables (LC, KRT) were resampled to 2.5 arc minutes 
using the nearest-neighbour method, which is recommended 
for preserving class values (Appelhans et al. 2022). The BIO1 
and BIO12 climate factors at a resolution of 2.5 arc minutes 
were obtained from the WorldClim database (http://​www.​
world​clim.​org) (Hijmans et al. 2005). The LC data are derived 
from 2010 MODIS data at a resolution of 500 m and include 12 
land use types such as grassland, shrubland, cropland, various 
forest types, urban land and so on (Rolf 2023). KRT represents 
karst landscape data (Goldscheider and Drew 2007; Hartmann 
and Moosdorf  2012; Chen et  al.  2017), which we simplified 
into binary data (1 for karst landscape, 0 for non-karst land-
scape) for modelling purposes. To avoid overfitting and col-
linearity effects (De Marco and Nóbrega 2018), we tested for 
collinearity among BIO1, BIO12, LC and KRT across the seven 
study regions. To balance statistical rigour with ecological rel-
evance, variables were deemed suitable for modelling when 
the variance inflation factor (VIF) was below 10 (Table S1 in 
Appendix  S1) and the absolute value of the Pearson correla-
tion coefficient (|r|) was below 0.8 (Figure S1 in Appendix S1), 
thresholds that are widely adopted in species distribution 
modelling as indicators of acceptable multicollinearity (Naimi 
et al. 2014; Yu et al. 2013; Liu et al. 2019; Bai et al. 2024, 2025; 
Zhou et  al.  2025). Although stricter criteria (e.g., VIF < 3 or 
|r| < 0.7) may further reduce collinearity, they could also ex-
clude ecologically relevant predictors and compromise model 
interpretability and performance (Alves-Ferreira et al. 2024; 
Li et al. 2025).

2.3   |   MaxEnt Modelling and Prediction

Prior to model construction, and to avoid the model overfitting, 
we considered cave fish diversity at the genera level and re-
tained for modelling fish genera with more than five occurrence 
records (Mi et  al.  2023). The final database used to build the 
models counts 31 genera and 263 species distributed over five 
continents and seven study regions (Table S2 in Appendix S1). 
The delineation of the study regions is based on the first-level 
basin divisions of GRNWRZ Version 2.0, which is based on a 
comprehensive consideration of the basin area and whether 
river connectivity within the water resource zone can be fully 
highlighted (Yan et al. 2022).

We used the megaSDM package (Version 2.0.0; Shipley 
et  al.  2022) on the R platform to build the MaxEnt model 
for cave fish at the genus level. This framework incorpo-
rates several recent advancements in SDMs, including using 
background points instead of pseudo-absence points to re-
place true absence points more efficiently, and applying geo-
graphical and environmental filtering to species occurrence 
records and/or background points (Shipley et al. 2022; Dong 
et al. 2024). These techniques effectively reduce inherent sam-
pling bias in presence records and background points, thereby 
significantly improving the model's predictive performance 
(Kramer-Schadt et  al.  2013; Varela et  al.  2014; Castellanos 
et  al.  2019). Unlike many studies that rely solely on the 
MaxEnt software (Yu et  al.  2013; Zhang et  al.  2014; Makki 
et  al.  2023) to generate background points, the megaSDM 
package generates background points in two steps. The first 
step randomly selects 50% of the background points from the 
entire study area, while the second step draws the remaining 
50% from buffers (with a radius equal to twice the 95% quan-
tile of the minimum distance between each occurrence point) 
around true occurrence points (Shipley et  al.  2022). In con-
trast, using MaxEnt software alone typically performs only 
the first step. Our model-building process consists of gener-
ating up to 10,000 background points, ensuring this number 
was significantly larger than the number of occurrence points. 
We then randomly split the filtered occurrence dataset into 
a training set (70%) and a testing set (30%) using the ‘boot-
strap’ method. Model performance was evaluated using the 
area under the receiver operating characteristic (ROC) curve 
(AUC) (Shipley et al. 2022). Finally, we repeated the dataset 
splitting and model performance evaluation steps 10 times to 
reduce the bias caused by data partitioning and increase the 
robustness of the results.

This study initially modelled cave fish distribution for the 
2000–2020 period (2010s). Subsequently, predictions were 
made using future climate data for the 2050s (average val-
ues for 2041–2060) and 2090s (average values for 2081–2100), 
while keeping all factors except climate variables unchanged. 
LC and KRT were held constant in future projections due to 
the lack of reliable future data for LC and the near-constancy 
of KRT over the study's time scale. The use of static non-
climatic variables in predicting the impacts of climate change 
is widely accepted (Peterson et al. 2002). Moreover, previous 
studies have demonstrated that models incorporating both 
static and dynamic variables perform better than those that 
obscure or exclude static variables (Iverson and Prasad 1998; 
Stanton et  al.  2012). To reduce uncertainty in future projec-
tions, we selected climatic data from three widely used global 
circulation models (CanESM5, CNRM-ESM2-1 and MIROC-
ES2L) (Table S3 in Appendix S1) and averaged the cave fish 
richness distributions derived from these climate models 
(Hole et  al.  2009; Mi et  al.  2023). Considering the impact of 
human carbon emissions and societal development pathways 
on meteorological outcomes, we predicted cave fish habitat 
distribution under two scenarios: SSP1-2.6 (a sustainable de-
velopment pathway; by the end of this century, the tempera-
ture is projected to rise by 2.0°C compared to pre-industrial 
levels, which is still higher than the Paris Agreement goal) 
and SSP5-8.5 (a fossil fuel-intensive pathway; by the end of 
this century, the temperature is forecasted to ascend by 
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5.4°C compared to pre-industrial levels) (Zhou et  al.  2021; 
Urban 2024).

2.4   |   Species Richness Gap Assessment Under 
Dispersal Limitations for Cave Fish

Freshwater fish are generally poor dispersers (Shurin 
et al. 2009), which makes it challenging for them to track suit-
able climate conditions beyond their existing river networks 
(Bush and Hoskins 2017; Comte and Grenouillet 2015; Lenoir 
et al. 2020). The underground cave environment exacerbates 
this issue by creating an ‘island effect’ (Wu 1993), which may 
further restrict the dispersal ability of cave fish compared to 
typical freshwater species. As a result, cave fish have limited 
dispersal opportunities and must either persist in situ or face 
local extinction if environmental conditions fail to meet their 
ecological requirements (Mammola et  al.  2019). To evaluate 
the impact of dispersal limitations, we considered two ex-
treme dispersal scenarios: (1) cave fish can reach any suitable 
habitat within the study region; and (2) cave fish cannot move 
from their current spatial range. Based on these two scenar-
ios, we calculated the annual richness gap of cave fish for each 
study region due to dispersal limitations over the 21st century 
using the following formula:

where RG is the abbreviation of richness gap; SRI and SRII represent 
the cave fish richness in 2090s under dispersal scenarios (1) and 
(2) over this century, respectively; HSi,2010s, HSi,2050s and HSi,2090s 
correspond to the richness of the ith genus of cave fish during the 
years 2010s, 2050s and 2090s, where i = 1, 2, … ,n ; n = 31.

Richness gap is therefore defined as a specific form of habitat 
loss, representing the number of species in each grid cell that 
cannot persist in their current habitat under future climate 
conditions because dispersal limitations prevent them from 
reaching newly suitable or restored habitats (Robinson and 
Handel 1993; Baur 2014; Di Musciano et al. 2020).

2.5   |   Multiple Exposure Risk Assessment

Cave fishes are intrinsically linked to groundwater (Zhao and 
Zhang 2006), making them vulnerable to groundwater pollu-
tion, which poses a remarkable threat to cave fish. Here, we 
considered the concentrations of fluoride and heavy metals, 
such as arsenic, that are a global concern to subterranean ecol-
ogy (Podgorski and Berg 2022, 2020). High fluoride levels can 
have detrimental effects on fish, including inhibited growth 
(Chen et al. 2013; Shi et al. 2009; Yoshitomi and Nagano 2012), 
developmental disorders (Camargo 2003), metabolic diseases 
(Bajpai and Tripathi 2010; Chen et al. 2012) and behavioural 

changes (Camargo 2003; Tripathi et al. 2004). Similarly, arse-
nic exposure can disrupt the skin, vascular and nervous sys-
tems of species living in groundwater and increase cancer risk 
(Smith et  al.  2000; Hughes  2002). Furthermore, stygophiles 
may occasionally leave the nearly temperature-stable cave 
environment to inhabit river systems where they would be 
exposed to extreme high temperatures, which could be fatal 
for these sensitive species (Mermillod-Blondin et  al.  2013). 
Artificial reservoirs and dams utilise groundwater, and the 
frequent and irregular water level changes in these reservoirs 
affect the subterranean habitat of cave fish (Zhao et al. 2011). 
Additionally, they can block the foraging and migration 
of stygophiles entering surface river systems (Barbarossa 
et  al.  2020). Therefore, we selected the probability of fluo-
ride (> 1.5 mg/L) presence (Podgorski and Berg 2022) and the 
probability of arsenic (> 10 μg/L) presence (Podgorski and 
Berg  2020) to represent groundwater exposure factors, and 
selected dam density (Vörösmarty et al. 2010) and the proba-
bility of extreme heat (> 30°C) presence (Tuholske et al. 2021) 
to represent surface water exposure factors.

For this study, we used global karst landscape data 
(Goldscheider and Drew 2007; Hartmann and Moosdorf 2012; 
Chen et al. 2017) to delineate cave environments. Since karst 
cave water systems are typically connected to groundwater 
(Chen et al. 2017), the exposure factors inside and outside the 
cave environment are represented by groundwater and sur-
face water exposure factors, respectively. To maintain consis-
tency in future assessments, the exposure factors were kept 
unchanged, and the exposure risk of cave fish was evaluated 
using the following equation:

where SR represents the species richness of cave fish; KRT 
denotes whether a grid is karst topography (KRT = 1) or not 
(KRT = 0); EG and ES are the groundwater and surface water 
exposure factors, respectively, each ranging between 0 and 1; 
The subscripts i and j represent the ith groundwater exposure 
factor and the jth surface water exposure factor, respectively. 
The resulting exposure risk (ER) was calculated as the product 
of species richness and the maximum value of multiple exposure 
factors in karst or non-karst landscape. For the purpose of sta-
tistical analysis, areas where cave fish were at risk of exposure 
to the considered environmental stressors (ER ≥ 1) were catego-
rised as CARE.

3   |   Results

3.1   |   Global Patterns of Cave Fish Diversity

Synthesis of global occurrence information of cave fish revealed 
at least 398 described species worldwide, belonging to 17 orders, 
37 families and 115 genera. Of these species, 284 are strictly liv-
ing in caves (stygobionts) and 104 are also found in the surface 
waters (stygophiles). In addition, 73 putative unnamed species 
are also known, leveraging cave fish global diversity to 471 spe-
cies in 17 orders, 40 families and 124 genera, with 347 stygobi-
onts and 114 stygophiles (Figure 1b).

RG = SRI − SRII

SRI =

n
∑

i= 1

HSi,2090s

SRII =

n
∑

i= 1

min
(

HSi,2010s, HSi,2050s, HSi,2090s
)

ER = SR ×
[

KRT ×max
(

EGi

)

+ (1 − KRT) ×max
(

ESj
)]
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China holds the highest diversity of cave fish species globally, 
with a total of 195 described species, followed by Brazil with 46 
described and 36 unnamed species. Most cave fish are concen-
trated in mid to low-latitude regions, while only a few species 
have been reported from high-latitude areas. Cave fish have 
been reported in 43 countries, but 27 of these countries host 
fewer than five species, and more than 10 cave fish species 
have been documented in only seven countries (Figure 1a).

The highest number of cave fish sites is found around the 
Gulf of Mexico, in central and eastern South America, the 
Yunnan-Guizhou Plateau in China and the Indian Peninsula 
(Figure  1c). According to the International Union for 
Conservation of Nature (IUCN) Red List assessments, cave 
fish around the Gulf of Mexico are predominantly classified 
as Endangered or Critically Endangered, while the living con-
ditions of those in the Yunnan-Guizhou Plateau of China are 
mostly Not Evaluated or Data Deficient. On a global scale, 
63.4% of cave fish species—including stygophiles and stygo-
bionts—have not been evaluated and an additional 21.5% of 
them are threatened (Figure 1d). Moreover, the proportion of 
threatened species for stygobionts is higher than stygophiles, 
with the former being 24.2% and the latter being 11.2%.

3.2   |   Current Species Distribution

SDMs, built using MaxEnt for the 31 most occurring genera, 
yielded a mean AUC of 0.91. All models are reliable for predicting 
the current and future spatial distribution of the species, reach-
ing AUC values greater than 0.72 (Figure S2 in Appendix S1). Fish 
distributions were primarily influenced by karst landscape (KRT), 
annual mean temperature (BIO1), annual precipitation (BIO12) 
and land cover (LC) contributing on average 37.3%, 34.2%, 15.8% 
and 12.5%, respectively (Table S4 in Appendix S1).

The potential global species richness (SR) of cave fish, as pre-
dicted by the MaxEnt models across 31 genera, is depicted in 
Figure 2a. It can be clearly observed that nearly all occurrences 
were successfully forecasted by our models and cave fish could 
occupy a broader range than that which has been recorded 
worldwide (Figure  1c). Moreover, our results indicated that 
southwestern China (part of AS1; details of the study regions 
can be found in Figure 2b) hosts the highest species richness, 
with SR of greater than 100 covering areas up to 5.29 × 105 km2. 
In contrast, Oceania (OC) contained no regions suitable for 
more than five cave fish species. South America (SA) exhibited 
the widest distribution of cave fish spanning 1.59 × 107 km2. 

FIGURE 1    |    Global survey results of cave fish. (a) Distribution of cave fish species by country; the size and colour of the dot indicates the 
number of species; Countries without pie charts means all cave fish species within them belong to described species to the exception of Germany 
where the sole cavefish species is unnamed. (b) Number of stygophiles, stygobionts, Species, Genus, Family and Order of cave fish, as reported 
from Described and Unnamed species, respectively. (c) Occurrence points of cave fish across different IUCN Red List assessment categories 
and classifications, along with the global karst landscape distribution represented in light green; NDL represents the IUCN Red List assessment 
categories of Not Evaluated, Data Deficient and Least Concern; NV represents the IUCN Red List assessment categories of Near Threatened 
and Vulnerable; EC represents the IUCN Red List assessment categories of Endangered and Critically Endangered. (d) Proportion of cave fish 
species in different IUCN Red List assessment categories; Unnamed species are considered as Not Evaluated. No species was to date recorded 
as Extinct in the wild or Extinct.
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Additionally, Coastal Africa (AF), India and surrounding areas 
(AS2) and North America (NA) host more than 10 cave fish 
species, across areas of 6.53 × 104, 1.67 × 105 and 1.33 × 105 km2, 
respectively.

3.3   |   Richness Gap Under Climate Change

The cave fish richness gap defined as the number of species 
unable to persist in their current habitat under future climate 
conditions over a 100-year period (see Section  2) is peaking 
in Asian regions with a predicted loss of more than five spe-
cies per site in India and China. South America also appears 
sensitive to global changes, with predicted species losses 
throughout the region (Figure 3). Under the SSP1-2.6 scenario, 
the largest area with a richness gap of cave fish (richness gap 
> 1) was found in South America, covering 1.54 × 107 km2. 
Additionally, areas with a richness gap > 10 were mostly con-
fined to eastern Asia (AS1), covering 5.68 × 105 km2, while 
other regions had areas smaller than 1.00 × 102 km2. The area 
and degree of cave fish richness gap increased substantially 
under the SSP5-8.5 scenario. The area with a richness gap 
> 5 expanded in AS1, AS2, AS3 and SA, with increases of 
0.66, 1.50, 3.02 and 4.90 times, respectively. The area with a 

richness gap > 5 in AF and NA expanded even more sharply, 
with increases of 34.95 and 13.72 times. Furthermore, the area 
with a richness gap > 10 in AS1 also increased by 0.40 times 
(Table S5 in Appendix S1).

3.4   |   Exposure Risk of Cave Fish

The temporal variation of exposure risks for cave fish to com-
bined stressors including fluoride and arsenic pollution, dam-
driven fragmentation and extreme heatwaves is illustrated in 
Figure 4. SA contained the largest area where cave fish are at risk 
of exposure to the considered environmental stressors (CARE), 
averaging 1.24 × 107 km2 across the three periods. Except for 
AS3, all regions showed an increase in CARE area over time, 
with greater expansion under the SSP5-8.5 than the SSP1-2.6 
scenario. Under the SSP5-8.5 scenario, CARE areas experienced 
the largest increase in OC (981.3%) by the 2090s, followed by 
AF (269.3%) and NA (113.3%). In contrast, the SSP1-2.6 scenario 
resulted in smaller increases, with OC rising by 644.6%, AF 
by 92.7% and NA by 38.8%. The increases in AS1, AS2 and SA 
were generally lower across both scenarios, with the SSP5-8.5 
scenario showing slightly higher overall increases (Table S6 in 
Appendix S1).

FIGURE 2    |    Global cave fish species richness and study regions (NA, North America; SA, South America; AF, Africa; AS1, Eastern Asia, AS2, 
Central Asia; AS3, Western Asia; OC, Oceania). The values shown are estimates based on MaxEnt modelling. (a) Distribution of species richness; 
note the distinct colour scale for AS1. (b) Study regions for modelling, showing the number of species (Sp) and genera (Ge); note that the number of 
Sp in AS1 is not proportional to the length of the bar.
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4   |   Discussion

Synthesis of global occurrence information of cave fish revealed 
at least 398 described species worldwide, accounting for about 2% 
of the freshwater fish species. Surprisingly, they are widespread 
across the phylogeny of freshwater fish with more than a third of 
fish orders (17/45) and a fifth of freshwater fish families (37/185) 
counting cave species. Among them, 71% of the species (284/398) 
are only found in caves (stygobionts), whereas the remaining are 
also found in surface waters (stygophiles). Although individual 
caves usually host only a few species, cave ecosystems as a whole 
gather unique lineages that constitute a substantial part of the 
freshwater fish tree of life. This perspective contrasts with the com-
mon belief that caves are species-poor environments with only a 
few trapped fishes. Our study also confirms the potential existence 
of many undescribed fish species in caves (Zhao and Zhang 2009; 
Zhao et al. 2011; Niemiller et al. 2019). Caves are thus an extreme 
but very important environment harbouring an underestimated 
fish diversity (Riesch et al. 2015), with at least 15% (73/471) of the 
known cave fish diversity still unnamed (Figure 1a,b).

Combining cave fish sites with the IUCN Red List, it was re-
vealed that the Chinese Yunnan–Guizhou Plateau is the most 
densely concentrated area for cave fish sites. For most of those 
species, conservation status is unknown (Figure  1c), probably 

because most of them were recently discovered due to their 
small populations and sparse distributions. In contrast, around 
the Gulf of Mexico, where stygobiont sites are the most con-
centrated, IUCN evaluation reveals the unsustainable conser-
vation status of most described species (59.6% are threatened), 
(Figure 1c). This may indicate that more scientific and conser-
vation efforts in this region are needed.

Although cave fish have been reported in 43 countries around 
the globe, species diversity peaks in China with almost half of the 
described species (195/398), most of them being concentrated in 
the southwestern province of Yunnan-Guizhou Plateau and its 
surrounding areas (Zhao and Zhang 2006, Figure 2a). This may 
be attributed to the extensive limestone karst landscapes in the 
region, which provide abundant habitats for cave fishes, com-
bined with the extensive exploration of caves since the 1980s, lead-
ing to the discovery of numerous species (Proudlove et al. 2010; 
Niemiller and Soares  2014). Additionally, the rapid uplift of the 
Tibetan Plateau may have promoted species radiation in certain 
cave fish genera, such as Triplophysa (Qian et al. 2023). Still North, 
Central and South America, together with India harbour an im-
portant species diversity with more than 20 species per country. 
In contrast the Western Palearctic (Europe) counts no more than 
five described species, with most countries hosting no or a single 
recently described species by 2024 (Behrmann-Godel et al. 2017, 

FIGURE 3    |    Species richness gaps of cave fish under dispersal limitation for (a) SSP1-2.6 and (b) SSP5-8.5 scenarios.
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2024; Kleinschmidt et al. 2024). Africa also counts very few cave 
fish species, despite extensive karst landscapes, for instance in 
the non-desert coastal areas of northern Africa (Chen et al. 2017). 
As African caves remain understudied, the scarcity of cave fishes 
there should be considered with caution, and further studies on 
African cave ecosystems are necessary. Interestingly, the amounts 
of unnamed species remain high in the areas richest in species, 
with the exception of China and India where relatively more re-
search efforts were devoted to cave fish (Zhao and Zhang 2006), 
indicating that further taxonomic efforts are required to for-
mally name these fishes, as a prerequisite to conservation actions 
(Mace 2004) (Figure 1).

One-quarter of freshwater species are currently found at risk of 
extinction (Sayer et al. 2025), and this proportion is expected to 
increase in the future due to climate change (Urban 2024). The 
diversity of freshwater fish becomes one of the aspects that human 
beings are most concerned about. However, surface-water fish 
species have received significantly more attention than subterra-
nean species, the latter being considered as protected from global 
changes due to their remote habitats. Yet, climate change is alter-
ing the microclimate of underground environments (Domínguez-
Villar et al. 2015; Šebela et al. 2015; Pipan et al. 2019), exacerbating 
the survival crisis faced by cave organisms including cave fish.

The global CARE distribution pattern differs from the richness 
pattern of cave fish species (Figures 1a and 3a,b), primarily due 
to the uneven spatial distribution of exposure sources (Figure S3 
in Appendix  S1). For instance, although the cave fish species 
richness in India and surrounding areas is moderate, the high 

density of dams and frequent extreme temperatures in non-karst 
landscapes make it one of the three regions (AS1, SA and AS2) 
with the most widespread exposure risk for cave fish. From a 
temporal perspective, both the habitat centre and CARE are 
projected to expand towards higher latitudes in the forthcom-
ing decades. Under the SSP5-8.5 scenario, this trend becomes 
more pronounced (Figure  S4a in Appendix  S1; Figure  4). Yet, 
the expansion of the habitat centre and CARE should be con-
sidered with caution, because it implies an unlimited dispersal 
of the species, which is likely unrealistic, explaining differences 
between predicted and observed spatial shifts, as shown for 
Onychostoma macrolepis in Chinese caves (Dong et al. 2024).

Although the dispersal capacities of cave fish remain largely un-
known, most cave-dwelling animals cannot adapt to changing 
conditions through dispersal and microhabitat utilisation, as 
long-distance dispersal is unfeasible for them. Consequently, 
their only viable strategy in response to climate change is to 
remain and adapt in  situ (Mammola et  al.  2019). Considering 
dispersal and no-dispersal hypotheses thus appears reasonable. 
Under both hypotheses, we found that cave fish will lose a sub-
stantial amount of habitat (Figure  3). This loss is exacerbated 
under the SSP5-8.5 scenario. In addition to their limited disper-
sal capability, the ability of cave fish to respond to and recover 
from habitat perturbations is also quite restricted due to the 
stable environmental conditions found in caves. Thus, cave fish 
generally do not adapt well to environmental changes; they are 
for instance highly sensitive to low temperature variations, and a 
temperature variation of only 2°C (e.g., in terms of global warm-
ing, it is equivalent to the output of SSP1-2.6 by the end of this 
century) may be fatal to them (Mermillod-Blondin et al. 2013).

Given the isolation of cave habitats and the low dispersal capacity 
of cave fishes, the non-dispersal hypothesis appears to be the most 
plausible one. Under such a hypothesis, the habitat centre of cave 
fish does not actually exhibit a significant trend of shifting towards 
higher latitudes (Figure S4b in Appendix S1). Our results also indi-
cate that some local extinctions might occur. It is for instance the 
case for species from the Sinocyclocheilus and Triplophysa genera 
in AS1, as well as for loaches from the Nemacheilus genus in AS2 
(Figure 2b), that are predicted to be pushed to extinction before 
the end of the century under the SSP5-8.5 climate change scenario.

Given their limited distribution, the fragile balance of subterra-
nean habitats, anthropogenic pressures (Zhao et al. 2011), and 
our findings, cave fish should be prioritised at the forefront of 
conservation agendas. To ensure targeted measures for conser-
vation, attention should be given to the arsenic exposure that 
threatens all cave environments with the exception of the east-
ern part of SA (Figures S5 and S6 in Appendix S1). Additionally, 
the distribution of CARE due to dam construction closely 
aligns with areas where cave fish species richness is peaking 
(Figure S7 in Appendix S1). Under future scenarios, exposure 
risks from dams are expected to decline in China, but increase 
in India and surrounding regions. This is mainly attributed to 
the fact that cave fish communities in China are projected to 
move towards higher latitudes with lower dam density, whereas 
this trend is not as evident in India. Cave fish in these areas also 
face disproportionately high threats from extreme high tem-
peratures (Figure S8 in Appendix S1). To mitigate these risks, 
groundwater quality monitoring must be strengthened, and 

FIGURE 4    |    Cave fish's historical and future exposure risk. (a, b) The 
distribution of areas where cave fish are at risk of exposure to the con-
sidered environmental stressors (CARE) under SSP1-2.6 and SSP5-8.5, 
respectively; 1 indicates an extinction of risk, while 0 represents areas 
not considered at risk. For example, ‘1 1 1’ for a single grid in figure a 
or b means that CARE exists in the 2010s, 2050s and 2090s, while ‘1 1 
0’ means that CARE exists in the 2010s and 2050s, but does not exist in 
the 2090s.
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tolerance thresholds of cave fish to pollutants should be assessed 
to ensure that cave fish can better resist harmful contaminants 
like arsenic and fluoride. In addition, more attention should be 
given to the stygophiles, which intermittently leave the stable 
cave environments and appear on the surface, as they may be 
more vulnerable to extreme temperatures and to the effects of 
dams compared to typical surface freshwater fish.

Limited research and data in this field constrain our study, and 
caution is thus needed on the models' outputs. We modelled cave 
fish at the genus level, which may overlook species-specific be-
havioural differences, due to the lack of occurrence data. The 
difficulty in sampling subterranean fish, including both stygobi-
onts and stygophiles, highlights this issue. This study assessed 
the impact of dispersal limitations on cave fish richness using 
two extreme dispersal scenarios. Although the megaSDM pack-
age (Version 2.0.0; Shipley et al. 2022) allows for species-specific 
dispersal rates, we excluded this due to a lack of reliable estima-
tion methods. Future studies should consider species-specific 
dispersal limitations, as suggested for surface freshwater fish 
(Manjarrés-Hernández et al. 2021). H2S is also a common toxic 
substance in caves (Hose et al. 2000), alongside arsenic and flu-
oride. However, Poecilia mexicana from the Cueva del Azufre 
cave in the tropical region of Mexico can adapt to this toxicity, 
although it sacrifices some body condition and reduces high-
energy behaviours to enhance its ability to cope with metabolic 
toxicity (Tobler et  al.  2006). This suggests that cave fish may 
adapt to environmental toxicity through unique evolutionary 
traits or behavioural changes, and the specific mechanisms war-
rant further attention in future studies.

Even if there are limitations and uncertainties, this study pro-
vides a comprehensive, global-scale assessment of species rich-
ness patterns of cave fish and their current and future exposure 
risks to environmental stressors. The results reveal a striking 
imbalance in the global distribution of cave fish species rich-
ness and underscore considerable knowledge gaps. Our find-
ings also provide an early warning of the potential exposure 
risks faced by cave fish amid global changes. Global-scale as-
sessments on the impact of global change (e.g., IPBES) overlook 
such ecosystems that sustain unique and vulnerable faunas. 
Therefore, we urge the inclusion of subterranean ecosystems 
monitoring and conservation into intergovernmental policies, 
in order to protect these ecosystems and the unique biodiversity 
they support.
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